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ABSTRACT: Radiology reports are essential for clinical decision-making and diagnosis, containing
complex and detailed information. However, their unstructured nature makes efficient processing and
analysis challenging, increasing the workload of healthcare professionals and slowing down clinical
workflows. Natural Language Processing (NLP) techniques provide effective solutions by extracting
meaningful information from such texts, reducing expert workload, and expediting decision-making
processes. This study focuses on Named Entity Recognition (NER) in chest radiology reports using
the RadGraph dataset, annotated with four tag types. The objective is to compare the performance of
two NLP models—BERT (Bidirectional Encoder Representations from Transformers) and LSTM
(Long Short-Term Memory) —to identify the most suitable approach for clinical data. Various
training parameters, including learning rate, optimization algorithm, and input size, were optimized
to enhance model performance. To address the class imbalance in the dataset, data augmentation
techniques were applied, and both models were fine-tuned. The results revealed that BERT,
leveraging its attention mechanism, demonstrated superior performance in identifying complex terms
and entities, outperforming LSTM in accuracy, precision, recall, and F1 score. While LSTM
effectively captured long-term dependencies, it required longer training times. This research
highlights the potential of NLP in automating the extraction of clinical entities from radiology reports.
It provides valuable insights for optimizing models and developing clinical decision support systems,
ultimately aiming to enhance the efficiency of healthcare workflows.

Keywords: Deep learning, Natural language processing, Named entity recognition, Radiological
report, BERT
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1. INTRODUCTION

In recent years, artificial intelligence technologies have revolutionized many areas of life and
attracted attention with innovative solutions. NLP technologies, one of the most prominent of these
developments, are gaining more and more importance, especially in the healthcare sector. The
complex expressions and findings often encountered in radiology reports can make it difficult to
interpret the reports correctly, especially for inexperienced physicians, and can lead to misdiagnoses
(Yamashita et al., 2022; Nishio et al., 2024). At this point, integrating NLP methods can play a critical
role in overcoming these challenges. Integration of NLP into the healthcare system can provide
significant improvements in diagnosis and treatment processes by offering various advantages to both
physicians and patients.

This study focuses on the automatic, accurate and efficient labeling of important findings and
comments in radiology reports using NLP techniques. The study examines how effective NER
techniques in these reports are and how these techniques perform with different models. The
hypothesis of the study is that by integrating BERT and LSTM models with NER techniques, critical
information in radiology reports can be accurately and quickly labeled and the most effective method
can be determined by comparing the performance of these models.

As a result of the literature review, the RadGraph dataset was studied (RadGraph Dataset,
2021). When the dataset was analyzed, it was seen that there was an unbalanced distribution between
the number of tags (“ANAT-DP=5366", “OBS-DP=5046", “OBS-U=584", and “OBS-DA=1389").
To overcome this problem, the dataset was expanded. In the data preprocessing stage, the data were
processed according to the needs of the selected dataset in order to present the data more consistently
and to improve the performance of the model (M. Wang and Hu, 2021; Uskaner Hepsag et al., 2023).
After 2019, most of the NLP studies focus on deep learning architectures (Nag et al., 2024; C. Pereira
et al., 2024). In this context, both RNN (Recurrent Neural Network) based LSTM model and
Transformer architecture-based BERT model are considered in our study (Uskaner Hepsag et al.,
2023; Rani et al., 2024). Different training parameters were tested on the models and the most
successful performing parameters were determined (Yan et al., 2022).

As a result, when this study was completed, significant progress was made in the automatic
analysis of radiology reports and the extraction of important findings. By comparing BERT and
LSTM models, it became possible to determine the most appropriate NLP methods for supporting the
diagnosis and treatment processes of physicians.

2. MATERIALS AND METHODS
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Figure 1. Workflow applied in the study
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The study focuses on NER, which aims to speed up the evaluation of radiology reports by
physicians and reduce errors in diagnoses. The steps planned in the study process were implemented
as shown in the workflow diagram in Figure 1.

2.1 Dataset Selection

The study was conducted with the Radgraph (RadGraph Dataset, 2021) dataset, which includes
the MIMIC-CXR and CheXpert datasets offered in the PhysioNET Database. In order to access the
dataset, it was requested to complete the trainings prepared by the dataset providers and to achieve a
90% success rate in the exams. This process consisting of 2 sections and 16 modules was completed
and the dataset was accessed. The RadGraph dataset was created by tagging chest radiology reports
from the MIMIC-CXR and CheXpert datasets. The MIMIC-CXR dataset was created in collaboration
with Massachusetts General Hospital and MIT Laboratory for Computational Physiology and de-
identified personal health information (PHI) in accordance with HIPAA requirements. The CheXpert
dataset was developed by Stanford University and was similarly de-identified in accordance with
HIPAA requirements, and PHI was replaced with fake PHI using automated and manual methods.
During the development of the RadGraph dataset, the MIMIC-CXR and CheXpert datasets were used
to identify radiology reports entity names and relationships. In the tagging process, three radiologists
tagged the reports according to the schema developed by Dr. Curt Langlotz on the Datasaur.ai
platform. As a training set, 425 MIMIC-CXR reports were used, 75 reports were used for
development and 50 MIMIC-CXR and 50 CheXpert reports were used for testing. The dataset used
includes four entities—ANAT-DP (Anatomical Descriptor Present), OBS-DP (Observation
Descriptor Present), OBS-DA (Observation Descriptor Absent), and OBS-U (Observation Descriptor
Uncertain)—as well as three relationship types, aimed at structuring clinical information in radiology
reports. Four entity labels were used in the study.

TN TRG REPORT EXAMINATION
e compared e effusion
pleural effusion

OMPARTSON
b e e e PORTABLE APy o

o~ chest radiograph
Q: O old nan pulmonary edema: rt siz
normal

Y

lung

patient

= righte
()

clear

IMPRESSION:char

Figure 2. Commonly used words from the RadGraph dataset

‘ —t FINDING pneumonia old woman S

2.2 Model Selection and Parameter Settings
The analysis of radiological reports has become the focus of deep learning methods today. The
literature in this field reveals that RNN and Transformer deep learning architectures are increasingly
used for processing radiology reports (Sun et al., 2023). These methods are of great importance for
understanding the complexity of text data, extracting the information they contain, and effectively
classifying reports. Deep learning techniques offer powerful tools for obtaining valuable insights from
radiology reports (C. Pereira et al., 2024).
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RNN is a deep learning model for processing sequential data. Especially when used in areas
such as time series data and natural language processing, it takes into account the sequential structure
of the data and associates the information from previous steps with the current steps. Because of this
feature, it provides successful results in language processing problems (Zhang et al., 2018).

The “Transformer” architecture is a deep learning model based on the attention mechanism
developed by Google in 2017 and presented in the paper “All You Need is Attention” (Vaswani et
al., 2017). Traditionally used sequential processing structures such as RNN or Long Short-Term
Memory (LSTM) are replaced by attention-based mechanisms in the Transformer architecture.
Attention-based mechanisms are particularly notable for their “Multi-Head Attention” structure. This
structure ensures that attention-oriented vectors are generated for each input token. The input tokens
and vectors are combined to create an output. The importance of each token in the text relative to
other tokens is determined and the contextual relations of the text are modeled more effectively
(Brasoveanu & Andonie, 2020). The Transformer model has revolutionized the field of natural
language processing and has achieved the best results in many tasks (Rahali and Akhloufi, 2023).

This study focuses on deep learning architectures such as the LSTM model based on RNN
architecture and the BERT model based on “Transformer” architecture. The features of the models
used in the study are given below.

2.2.1 LSTM (Long short-term memory)

LSTM is a special kind of RNN family and is designed to solve the problem of long-term
dependency over time. It works using specialized memory units called cells. These cells can control
information through input, output and forget gates. Thanks to these structures, LSTM can more
effectively learn long-term dependencies and relationships in extensive texts (M. Tarwani and Edem,
2017). In this study, the performance of the LSTM model will be evaluated using an English-
language dataset in the medical field. The model scheme presented in Figure 3 forms the basis of the
study and the input representation is integrated into the architecture of the model (Uskaner Hepsag et
al., 2023).

LSTM Layer

( \

|
I LSTM Layer LSTM Layer LSTM Layer |

FINAL REPORT
EXAMINATION 3
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IMPRESSION 8 6 \

Compared to chest Output

radiographs .
Patient has been
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hilar silhouettes and
pleural surfaces .

Data preprocessing

Figure 3. Schematic of the LSTM model used in the study
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At the core of the LSTM architecture are the “Cell State” and various gates. “Cell State” is the
channel through which information is carried in memory. The gates decide which information is
important. The Forget Gate makes decisions about previous knowledge (ht) and current knowledge
(xt). Sigmoid activation determines which information to forget. Input Gate updates the cell state.
Sigmoid operation decides which information to update. Tanh activation organizes the data. The
information to be updated is determined by multiplying the results. Output Gate determines the input
of the next cell (ht+1). It is also used for prediction. The sigmoid operation helps to determine the
input, while the tanh operation determines the state of the current information. Using these
mechanisms, LSTM can effectively learn long-term dependencies and process complex language
structure. Therefore, it is frequently used in the field of natural language processing, especially in
tasks such as text prediction, translation, sentiment analysis, Entity Name Extraction (Rahman et al.,
2021).

2.2.2 BERT (Bidirectional encoder representations from transformers)

BERT is a deep learning model based on the Transformer architecture developed by Google,
which is an important milestone in the field of natural language processing (Vaswani et al., 2017). It
is based on the masked language model. Some words in the text are subjected to random masking to
improve the model's ability to understand the context. Its main architecture is a bidirectional
transformer encoder. When processing a text by a given language model, allows to learn the context
of each word with the influence of both preceding and following words. It provides a more powerful
model that can use a wider context to determine the meaning of a word in a text. BERT is pre-trained
on a large training dataset. In the training phase, a large amount of text data is used to improve the
model's overall language understanding capability (Turchin et al., 2023). Figure 4 shows the
schematic of the BERT model used in this study (Uskaner Hepsag et al., 2023).
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Figure 4. Schematic of the BERT model used in the study
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In the diagram, the input layer receives the text of the radiological report and creates a basic
structure to operate on this text. The word embedding process converts the words into numeric values
to better capture the semantic relations of the text and enable the model to process the words in a
more meaningful way. The encoder block processes the words in the text and extracts their features.
The parallel attention mechanism determines the importance of each word and feature, allowing the
model to give more weight to important words. In this way, the model can focus more on critical
information in the text for more effective entity name extraction.

2.3 Data Augmentation

In this study, a BERT-based data augmentation technique was applied to increase the
representation of classes with low tag counts (Abuzayed et al., 2021, Liu et al., 2022). To address the
tag imbalances in the dataset, several steps were taken to reach the target number of tags for each
class. First, the amount of boosting required to reach the targeted number was calculated by
considering the current number of each tag. As presented in Table 1, sentences with a small number
of tags in the raw dataset were extracted from the dataset and certain words in these sentences were
masked. This was done by preserving the context of the sentence. The BERT model was used to
predict the masked words. The BERT model performed possible word predictions based on the
context of the masked word and the most likely word predictions were selected. These predicted
words were used to replace the missing words in the masked sentences and new sentences were
generated. Finally, the new sentences generated in this way and the corresponding tags were added
to the dataset. As a result of this process, the number of tags in the augmented dataset presented in
Table 1 was reached. Because of this approach, the number of labels with a small number of tags
increased, allowing the model to learn them better.

The use of the BERT model played a critical role in gaining a deeper understanding of the
language context and making accurate word predictions. This data augmentation method can be
considered as an effective strategy to improve the performance of the model in class imbalanced
datasets, especially in the field of natural language processing (NLP).

Table 1. Raw- Augmented dataset tag counts

Tag Raw Data Set Augmented Data Set
ANAT-DP 5366 5366
OBS-DP 5046 5046
OBS-DA 1389 6041
OBS-U 584 3904

2.3 Evaluation Metrics
The performances of the LSTM and BERT-based models used in this study are compared
through the evaluation metrics presented in Table 2.

Table 2. Evaluation Metrics

Metric Formula Description
Accuracy Accuracy=Correct Predictions/ Represents the proportion of correctly identified
Total Predictions entities out of the total extracted entities. This metric

measures the overall success of the model.

Precision Precision= True Positives / Indicates how many of the entities identified by the
True Positives + False Positives  model are correct. High precision reflects the model's
ability to make accurate predictions.
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Table 2. Evaluation Metrics (continued)

Metric Formula Description
Recall Recall= True Positives/ Shows how well the model can identify actual
True Positives + entities present in the reports. High recall indicates that
False Negatives the model is capable of capturing most of the true
entities.
F1 Score F1 Score=2xPrecisiontRecall/ The harmonic means of precision and recall, the
Precision x Recall F1 score balances these two metrics, particularly in

cases where the dataset has imbalanced labels. This
metric assesses whether the model performs well in both
precision and recall.

3. RESULTS AND DISCUSSION

3.1 Results
This study was performed on the Google Colab Pro+ platform using the A100 GPU. Various
hyperparameter combinations were examined on LSTM and BERT models. The parameters that
provide the highest performance were optimized. With these parameters, data augmentation methods
were applied and model training and testing were performed on the enriched data set obtained at the
end of this process. The experimental studies aimed to maximize the performance of the models and
provide the highest accuracy rate on medical data.

3.1.1 Determination of the optimization algorithm
In the first stage, the performance of ADAM (Adaptive Moment Estimation) and SGD
(Stochastic Gradient Descent) optimization algorithms were evaluated in detail using LSTM and
BERT models on the RadGraph dataset. In the training process, early stopping technique was applied
and training was performed for a total of 50 epochs. The impact of both algorithms is compared in
terms of performance metrics such as model accuracy, loss and processing time. The test results and
the success levels of the optimization algorithms are presented in Table 3.

Table 3. Performance results of different optimization algorithms in BERT and LSTM models

BERT LSTM
ADAM SGD ADAM SGD
Accuracy (%) 89.25 90.10 78.21 79
Precision (%0) 87.10 87.96 75.36 76.21
Recall (%0) 88.40 88.75 76.45 77.14
F1 Score (%) 87.75 88.35 75.90 76.67

As a result of the analysis of the test results, no significant performance difference was found
between the ADAM and SGD optimization algorithms. At the same time, the SGD algorithm resulted
in longer training times. Therefore, in order to minimize the computational cost, the studies were
continued with the ADAM optimization algorithm.

3.1.2 Determining the learning rate
Within the scope of the study, the learning rates presented in Table 4 were tested with the
ADAM optimization algorithm. As a result of the experiments, the learning rate providing the highest
performance was determined and presented in Table 5.
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Table 4. Learning rates used in the study

Literature Learning Rate
Houlsby et al., 2019 1x10*
Lamproudis et al.,2021 1x10°
Choi et al., 2020 2x10°

As a result of the examination of the test results, it was determined that the learning rate
providing the highest success was 1 x 10 in the BERT model and 1 x 10 in the LSTM model. In
line with these findings, the studies were continued on the learning rates that provided the highest
success.

Table 5. Performance results of different learning rates in BERT and LSTM models.

BERT LSTM
2x105  1x10° 1x10% 2x10° 1x10° 1x10%
Accuracy (%) 89.25 90.24 90.10 78.21 79.56 79.74
Precision (%) 87.10 89.34 88.80 75.36 78.12 78.99
Recall (%) 88.40 88.98 88.98 76.45 78.96 79.90
F1 Score (%) 87.75 89.16 88.89 75.90 78.54 79.44

3.1.3 Determining the learning rate
The effects of different input sizes (64, 128, 256) on the performance of the models were
investigated. In the training process, the optimization algorithm, learning rate and epoch parameters
determined in the previous steps were used. The results obtained are presented in Table 6 to evaluate
the effects of input sizes on model performance.

Table 6. Effect of different input sizes on model performance in BERT and LSTM models

BERT LSTM
64 128 256 64 128 256
Accuracy (%) 85.69 90.24 90.84 76.52 79.74 80.11
Precision (%0) 89.42 89.34 89.97 77.75 78.99 79.45
Recall (%0) 85.63 88.98 90.26 76.69 79.90 79.68
F1 Score (%) 87.48 89.16 90.11 77.22 79.44 79.56

3.1.4 Model performance evaluation on augmented data set
As a result of the training performed with the RadGraph dataset using the parameter values
specified in the previous work packages, the optimum hyperparameters were determined. In line with
these optimum parameters, the model training was performed on the new data set created by the data
augmentation process applied to the RadGraph data set. The training results are presented in Table 7.

Table 7 Performance results of LSTM and BERT models on the augmented dataset

BERT LSTM
Accuracy (%) 95.48 85.26
Precision (%0) 94.23 83.57
Recall (%0) 96.69 84.88
F1 Score (%) 95.44 84.22
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According to the training results, as observed in the RadGraph dataset, the BERT model
achieved a higher success rate compared to the LSTM model. While the F1 score of the BERT model
was 95.44, the F1 score of the LSTM model was 84.22.

Figure 5(a) and (b) show the confusion matrices of the LSTM and BERT models, respectively.
When the confusion matrices are analyzed, it is seen that the BERT model misclassifies medical
entities such as ANAT-DP, OBS-DP, OBS-DA, and OBS-U much less than the LSTM model. It is
observed that the BERT model recognizes common entities such as ANAT-DP and OBS-DP with
high accuracy. On the other hand, the LSTM model has higher error rates, especially in the rarer
OBS-DA and OBS-U classes. This is evident in the LSTM confusion matrix in Figure 5, where the
false positive and false negative rates are more pronounced.

One of the main reasons why the BERT model is more successful is its transformer-based
structure. BERT is better able to model long-distance dependencies between words in the text, and
thanks to its bidirectional language model, it produces more accurate results by taking into account
both the preceding and following context. Especially in datasets where contextual information is
critical, such as medical reports, the high performance of the BERT model makes it more
advantageous than the LSTM.

BERT Model Confusion Matrix LSTM Model Confusion Matrix
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Figure 5. (a) Confusion matrix of BERT model, (b) Confusion matrix of LSTM model

Figures 6(a) and (b) show the loss function plots of the LSTM and BERT models respectively
during the training process. It is observed that the loss curve of the LSTM model is wavy and slow.
This wavy structure indicates that the LSTM model experiences instability in the learning process
and has difficulty in optimizing the parameters of the model. The sequential processing structure of
the LSTM can cause gradient loss in long sentences and complex contextual relations. This slows
down the learning process of the model, especially for long and complex texts such as the one used
in this dataset, and causes it to face more noise. In contrast, the loss curve of the BERT model was
smoother and faster. Due to the advantages of the attention mechanisms, the BERT model learned
contextual information more effectively at each step and reduced errors faster. This steady reduction
suggests that the model generalizes the dataset better and produces more optimized results at each
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learning step. Moreover, this regular structure in BERT's training process enabled it to achieve higher
performance in less time and significantly reduce training loss.

Training Loss Over 50 Epochs BERT Training Loss Over 50 Epochs (LSTM)
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In this study, while comparing the performance of BERT and LSTM models on the augmented
RadGraph dataset, the basic metrics of precision, recall, accuracy and F1 score are taken into account.
The results show that the BERT model outperforms the LSTM model in all of these metrics. The
higher precision of the BERT model indicates that the model increases the number of true positive
classifications and decreases the number of false positive predictions. This is particularly evident for
the ANAT-DP and OBS-DP tags. The fact that the BERT model classifies entities in medical reports
more carefully and accurately provides a significant advantage in preventing misdiagnosis. In terms
of recall, the BERT model was also more successful than the LSTM. The BERT model successfully
identified a large proportion of positive examples that should be labeled correctly. Especially in
medical texts, the recall rate is critical to prevent false negatives. Since false negatives can have
serious consequences, for example if a disease is missed, this superiority in recall rate shows that the
BERT model offers a significant advantage for medical data analysis.

Finally, the F1 score measures the overall performance of the model by balancing both metrics,
precision and recall. The BERT model has a high F1 score of 95.44%, indicating that the overall
performance of the model is consistent and reliable. These results show that the BERT model is more
effective than the LSTM in the task of named entity recognition in medical texts and provides more
accurate results with fewer errors.

3.2 Discussion
The studies conducted in literature were examined and compared with the developed model as
shown in Table 8.

Table 8. Comparison of this study with other studies in the literature

Study Dataset Dataset Privacy Method Results (F1 score)
Thurkal et al. (2023) Chest X-Ray Private BERT 78.97

. . PubMed
Jain et al. (2021) RadGraph Public BERT 0.86

10
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Table 8. Comparison of this study with other studies in the literatiire (continued)

Study Dataset Dataset Privacy Method Results (F1 score)
Lopez-U t al. :
(2052602) Ubedacta Chest CT Private LSTM 75.77

Chest X-Ray . CNN and CNN 0.90
Yuan et al. (2019) Public LSTM LSTM 0.90
Banerjee et al. (2019) Chest CT Private RNN 0.77
Cornegruta et al. (2016) Chest X-Ray Private BiLSTM 0.90

. LSTM and LSTM 0.84

Proposed Method Augmented RadGraph Public BERT BERT 0.95

When the table presented above is examined, it is seen that Thurkal et al. on a special dataset
of chest X-ray radiology reports, an F1 score of 78.97 was reported using the BERT model (Thurkal
et al., 2023). In another study with the RadGraph dataset, Jain et al. utilized the PubMed BERT model
and obtained an F1 score of 0.86 (Jain et al., 2021). Lopez-Ubeda et al. analyzed chest CT radiology
reports with the LSTM model and achieved an F1 score of 75.77 (Lopez-Ubeda et al., 2020). In the
study by Yuan et al. in 2019, both CNN and LSTM models were tested on Chest X-Ray reports and
an F1 score of 0.90 was recorded in both models (Yuan et al., 2019). Banerjee et al. reported an F1
score of 0.77 in their study with the RNN model on Chest CT reports (Banerjee et al., 2019). In 2019,
Cornegruta et al. obtained a successful result with an F1 score of 0.90 using BiLSTM model on private
Chest X-Ray radiology reports (Cornegruta et al., 2016).

In this study, unlike other studies in the literature, a comprehensive parameter optimization is
performed on both BERT and LSTM models. These parameters are applied to the publicly available
RadGraph dataset. The unbalanced label distribution in the RadGraph dataset was balanced with data
augmentation techniques to improve the performance of the model. A comparison was made between
the BERT and LSTM models using this newly created balanced dataset, and the results showed that
the BERT model not only outperformed the LSTM model with a 95% success rate, but also
outperformed other studies in the literature (Tokgoz et al.,2021; Yang et al.,2019).

4. CONCLUSIONS

In this study, BERT and LSTM models are studied using the publicly available RadGraph
dataset of chest radiology reports. In the first stage, different optimization algorithms were tested for
both models and it was determined that the ADAM algorithm gave the best results for both models.
Then, various experiments were performed on the learning rate parameter and optimization was
performed to determine the optimal value. In addition, as a result of the comparisons made on the
maximum length parameter, a value of 256 was selected as the most appropriate parameter. After
determining the parameters, improvements were made to the dataset in order to minimize the label
imbalance in the dataset. The data augmentation process enabled the model to learn rare classes better
and thus increased the overall performance rate. At this stage, labels with a small number of instances
were increased to homogenize the overall distribution in the dataset. The regularized dataset was
tested in BERT and LSTM models in line with the specified parameters. The comparison results
showed that the BERT model performed better than the LSTM model, with an F1 score of 95% for
the BERT model and 84% for the LSTM model. In the future, this study is planned to be optimized
with different parameters to further improve the F1 score. In addition, the results obtained have the

11



Ergiin, U., Orcin, S., Barin S. JournalMM (2025), 6(1) 1-14

potential to be integrated with Hospital Information Management Systems (HIMS) to provide support
to specialist physicians.
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OZET: Aliiminyum alasimlar endiistride oldukga sik tercih edilen malzemelerdendir. Aliiminyumun
en 6nemli 6zelliklerinden biri yogunluklarinin diisiik olmasidir. Bu sayede otomotiv sektorii de dahil
olmak iizere bircok sektdrde onemli bir mithendislik malzemesi olarak yerini almistir. Otomotiv
sektoriinde kullanilan aliiminyum alagimlardan bir tanesi de 6082 serisi aliiminyum alagimidir.
Tekrarl yiiklere maruz kalan makine pargalarinda zamanla mikro catlaklar olusarak birikir ve bu
catlaklar ani kirilmalara sebep olur. Malzemelerde yorulma olarak bilinen bu olgunun anlasilmasi ve
yorulma deneylerinin yapilarak kirilma cevrim sayilarmin belirlenmesi biiylik 6nem tasir. Bu
caligmada 6082 aliiminyum alagiminin yorulma testleri sirasinda DCPD (Direct Current Potential
Drop) teknigiyle numune iizerinden akim ve gerilim degerleri toplanirken, uygulanan kuvvet ve
meydana gelen deplasman verileri de es zamanli olarak kaydedilmistir. Daha sonra bu veriler karar
agaci, ekstra agaclar, rastgele orman, XGBoost (Asir1 Gradyan Arttirma) ve KNN (K-En Yakin
Komsu) olmak tizere 5 farkli makine 6grenmesi algoritmasina girdi olarak verilmis ve ¢evrim sayilari
tahmin edilmistir. Test edilen modeller arasinda R-kare (R?) ve ortalama mutlak yiizde hata (MAPE)
degerleri baz alindiginda en iyi performansi karar agaci ve ekstra agaclar makine 6grenmesi modelleri
gdstermistir.
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Fatigue Life Prediction of 6082 Aluminum Alloy with Machine Learning

ABSTRACT: Aluminum alloys are one of the most preferred materials in industry. One of the most
important properties of aluminum is its low density. In this way, it has taken its place as an important
engineering material in many sectors, including the automotive sector. One of the aluminum alloys
used in the automotive industry is the 6082 series aluminum alloy. Machine parts subjected to
repetitive loads develop and accumulate micro cracks over time and these cracks cause sudden
breakage. It is of great importance to understand this phenomenon known as fatigue in materials and
to determine the number of fracture cycles by performing fatigue tests. In this study, during the fatigue
tests of 6082 aluminum alloy, current and voltage values were collected from the specimen using
DCPD (Direct Current Potential Drop) technique, while the applied force and displacement data were
recorded simultaneously. These data were then given as input to 5 different machine learning
algorithms: decision tree, extra trees, random forest, XGBoost (eXtreme Gradient Boosting) and
KNN (K-Nearest Neighbor) and the number of cycles were estimated. Among the tested models, the
decision tree and extra trees machine learning model performed the best based on R-square (R?) and
mean absolute percentage error (MAPE) values.

Keywords: Fatigue, DCPD, 6082 Aluminum alloy, Machine learning, Prediction

1. GIRIS

Aliiminyum alagimlar gelismis mekanik Ozelliklerinden dolayr ¢esitli sektorlerde yaygin
kullanima sahiptirler (Sagar ve ark., 2023). Ornegin, havacilik sektdriinde aliiminyum alasimlar
biliylik 6l¢iide kullanilirlar (Malek ve ark., 2020). Bununla birlikte Avrupa’daki otomobillerde
kullanilan aliiminyum igeriginin 2022’de 205 kg iken, 2026'da 237 kg'a (+%15.6) ve 2030'da arag
basina 256 kg'a (+%24.9) ¢ikacag dngoriilmektedir (European Aluminium, 2023).

Al-Si-Mg-Mn alasimlari, 200 MPa'nin iizerinde yiiksek bir akma dayanimina sahiptir (Cai ve
ark., 2020). 6xxx serisi alagimlar, sahip olduklar1 ekstriide edilebilirlik 6zelligi ile metal tasarim
sekillerinin, karmasik mimari formlarin ve tek sekillerin iiretilmesine olanak tanirlar. 6082 Al
alasiminin ana uygulamalar1 agisindan otomotiv sektorii benzersiz bir sektordiir (Kumar ve ark.,
2024). Aliminyumun tasarim ve boyutlandirma siiregleri ¢elik i¢in kullanilanlara benzer olsa da
onemli fiziksel farkliliklar vardir (Gitter, 2006). Aliiminyum gibi bazi metallerin tek eksenli gerilim
altinda siirli uzamalara sahip oldugu ve kirilmadan 6nce diisiikk uzama nedeniyle ¢ekme testlerinin
dogrulugunu olumsuz etkiledigi bildirilmistir (Olguner ve Bozdana, 2020).

Metallerin yorulma kirilmasi endiistride sik karsilasilir ve bu sebeple, tasarim yorulma omrii
ilgi ¢ceken bir arastirma konusu olmustur (He ve ark., 2021). Genelde, aliiminyum malzemelerin
yorulma Omiirleri, giivenilirligini degerlendirmek i¢in farkli {iretim ortamlarinda 6l¢iiliir (Lian ve
ark., 2022). Celiklerde gbzlemlenen catlak biiylime hiz1 ile ¢atlak uzunlugu arasindaki dogrusalligin,
aliminyum 6082-T6 alagiminda da gecerli oldugu dogrulanmistir (JiSa ve ark., 2010). Bu alagiminin
yorulma Omrii tahmini i¢in literatiirdeki bir ¢alismada Onerilen yaklasimin, degisken genlikli
yiiklemelerde, yorulma omrii tahminine uygulanabilir oldugu ifade edilmistir (Guo ve ark., 2022).
6082 alasiminin farkli varyantlariyla yapilan bir ¢alismada saflik arttikca yorulma o6zelliklerinin
tyilestigi de bildirilmistir (Sarkar ve ark., 2024).

Maliyetleri azaltma ¢abasi tasarim siirecine de uygulanmali ve giivenilir malzeme verileri elde
etmek, pahali deneysel ¢alismalar gerektirmemelidir (Karolczuk ve ark., 2022). Ayrica, bazi fiziksel
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temeller kullanilmasina ragmen segilen gerilme/gerinim biiyiikliikkleri ve malzeme parametreleri,
deneysel sonuglara en iyi uyumu elde etmek icin keyfi sekilde formiile edilmis parametrik
fonksiyonlarla iliskilendirilir (Karolczuk ve ark., 2022). Bu sebeplerle farkli yapay zeka modellerinin,
ornegin sinir ag1 modellerinin, ¢ekme dayaniminin modellenmesi gibi (Yilmaz ve ark., 2016),
malzemelerin mekanik 6zelliklerinin tahmin edilmesinde kullanmak oldukg¢a elverislidir. Sinir ag1
modelleri, yorulma ile ilgili yapilan ¢alismalarda da 6nemli bir etki olusturmus ve bu etkinin yapay
zeka alanindaki son gelismelerle birlikte hizla artmasi beklenmektedir (Chen ve Liu, 2022).
Aliiminyum alagimlarda korozyona bagli yorulma ¢atlak biiylime oranimin artirimli 6grenme
stratejine dayali tahmini (Peng ve ark., 2024), yapay sinir ag1 modelinin lamine kompozitlerin
yorulma Omriiniin tahmini (Mirzaei ve ark., 2024), yapay sinir aglar1 ve destek vektor regresyon
modelleri uygulanarak yorulma émrii tahmini (Li ve ark., 2024) gibi literatiirde yorulma dmriiniin
tahminiyle ilgili bircok calisma mevcuttur. Karmasik bir dogaya sahip olan yorulma olgusunun
tahmini i¢in makine 6grenmesi modellerinin iyi performans gostermesi beklendiginden, bu ¢alismada
yorulma deneylerinden elde edilen verilerle yapilacak tahminlerde makine 6grenmesi modelleri
kullanildi.

Literatiirdeki bazi calismalarda da (Silva ve Pinho, 2002; Doré ve Maddox, 2013; Arunachalam
ve Fawaz, 2016; Funk ve Bér, 2019;) oldugu gibi, catlak yayilimi ve biiylimesini 6lgmek igin
kullanilan yontemlerden biri de DCPD yontemidir. DCPD ydntemi bir numunenin tiim kesitinden
gecen homojen bir dogru akimin, numunedeki ¢atlaklarin neden oldugu potansiyel diisiisiin meydana
gelmesini temel alarak calisir (Cerny, 2004). DCPD yonteminde, yorulma ¢atlaginin bulundugu
numuneden sabit bir elektrik akimi gegirilir ve elektrik potansiyel diisiisii 6l¢iiliir (Vecchiato ve ark.,
2021). Iki potansiyel arasindaki fark ve oran, catlak ilerleme davranisindaki farkliliklari tanimlamak
icin yararli parametrelerdir (Funk ve Bér, 2019). Yapilan bir calismada arastirmacilar, 6082-T6
aliminyum alasimindan {iretilen tek kenarli centik gerilimi (SENT) numunesi ile yorulma
deneylerinde 6zel bir DCPD yontemi kullanmislar ve bu teknigin ¢ok kisa ¢atlaklara sahip aliiminyum
alagimlarina uygulanabilir oldugunu kanitlamislardir (Mann ve ark., 2007).

Literatiirde T6 1s1l islemi gormiis 6082 aliiminyum alasimi i¢in DCPD y6ntemiyle toplanan
verilerin yaninda, aksiyal deplasman ve aksiyal kuvvet verilerinin de kullanildigi ve bu veriler
kullanilarak gelistirilen makine 6grenmesi modelleri ile ¢evrim sayilarinin tahmin edildigi bir
caligmaya rastlamadik. Bu ¢alismada, T6 1s1l islemi gormiis 6082 aliiminyum alagimi i¢in, DCPD
yontemi ile topladigimiz verilerle birlikte es zamanli toplanan kuvvet ve deplasman verileri, veri 6n
isleme yapilarak birlestirilip, makine 6grenmesi algoritmalarina girdi olarak verildi. Gelistirilen 5
farkli makine 6grenmesi modeliyle numunelerin ¢evrim sayilari tahmin edildi. Bu modellerin 6082
serisi aliminyum alasimlarinin yorulma testlerindeki ¢evrim sayilarini tahmin etme performansi
gosterildi.

2. MATERYAL VE YONTEM

Yaptigimiz yorulma deneylerinde, kimyasal bilesim sinirlar1 Cizelge 1.’de verilen 6082 serisi
aliminyum alasimi kullanildu.

Cizelge 1. 6082 Aliminyum alasimini kimyasal bilesimi (Agirlikga %) (ASTM, 2021).

Diger Elementler
Si Fe Cu Mn Mg Cr Zn Ti  Herbiri Toplam  Aliiminyum
07-1.3 05 01 0401 06-1.2 025 02 0.1 0.05 0.15 Kalan
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Deney numuneleri ASTM E466 standardina gore hazirlandi. Hazirlanan numune sekli ve
Olgtleri Sekil 1.’de verilmistir. Numunenin en ince kesiti 6 mm’dir.
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Sekil 1. a) Test numunesi sekli (ASTM, 2002) b) Uretilen test numunesi dlgiileri
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Sekil 2. a) Uretilen test numunesi b) Deney sonrasi kirilmis test numunesi

Sekil 2a.’da iiretilen test numunesi ve Sekil 2b’de yapilan deneyler sonucunda kirllan numune
goriilmektedir.

DCPD yontemiyle akim ve gerilim degerlerinin Ol¢iilebilmesi i¢in, test problarinin numune
iizerinde durmasini kolaylastiracak bir aparat tasarimi yapildi. Tasarlanan aparatta numuneye uygun
sekilde yerlestirilebilen 4 adet prob bulunmaktadir. Aparat tasariminda, literatiirde bulunan bir
calismada (Vecchiato ve ark., 2021) kullanilan aparattan esinlenildi. fletkenligin yiiksek olmasi i¢in
bakir gubuklar kullanilarak aparata yerlestirildi. Elektriksel 6l¢timler i¢in Sekil 4.”de goriilen Keithley
2634B cihazi kullanildi.
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R

Sekil 3. a) Tasarlanan aparat b) Deney diizenegine montaj1 yapilan aparat

Sekil 3a’da numuneye bagl aparat, Sekil 3b’de ise yorulma deney cihazina bagli numune
goriilmektedir. Yorulma deneyleri MTS Landmark masaiistii yorulma test cithazi kullanilarak yapildi.
Bu test cihaz1 maksimum 100 Hz ve 15 kN yiikte calisabilir. Baz1 deneysel ¢alismalarda 6082 serisi
aliminyum alagimin akma dayanimi yaklasik olarak 300 MPa bulunmustur. (Birol ve ark., 2016).

Sekil 4. Keithley 2634B Sourcemeter cihazi.

Deneyler sabit kuvvet uygulanarak gerilme araligt R=-1 yiikleme durumunda yapildi.
Uygulanan kuvvet ve gerilim degerleri Cizelge 2’de verilmistir.

Cizelge 2. Numunelere uygulanan kuvvet, gerilim ve yorulma kirilmasinin gergeklestigi ¢evrim degerleri

Numune Kuvvet (N) Gerilim (MPa) Cevrim
Numune 1 5500 195 38035
Numune 2 6000 212 45828
Numune 3 6500 230 9547

Cizelge 2 incelenecek olursa Numune 2’ye uygulanan kuvvet Numune 1’e uygulanan kuvvetten
fazla olmasma karsi yorulma kirilmasmin gerceklestigi ¢evrim sayisinin daha fazla oldugu
goriilmektedir. Bu iki deger birbirine olduk¢a yakindir. Numune 1’in kirilma ¢evrim sayisi yaklagik
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olarak 4x10*iken, Numune 2’nin kirilma ¢evrim sayis1 4.5x10* gevrimdir. Numune 3 ise yaklasik 10%
cevrimde kirilmistir. Cizelge 3 incelenirse, numunelere uygulanan gerilim degerlerinin hepsi akma
dayanimina yakindir.

Cizelge 3. 6082-T6 Aliiminyum alagiminin mekanik 6zellikleri (ASTM, 2021)

Malzeme  Minimum Cekme Dayamimi (Mpa) Minimum Akma Dayamim (Mpa) Uzama (%)
6082-T6 310 260 6-8

Paris-Erdogan modelinden (Paris ve Erdogan, 1963) de bilindigi iizere, ¢atlak gelisimi ¢evrim
basina catlak biiylimesi lizerinden diisiiniilecek olursa, minimum ve maksimum gerilim yigilma
faktorleri arasindaki farkla iliskilendirildiginde, yorulma kirilmasinin 3 temel asamadan gerceklestigi
soylenebilir. Ikinci asama lineer bir davranis sergilese de ilk ve son asama daha belirsizdir. Ozellikle
son asamada catlak hizla ilerleyerek kirilma gerceklesir. Bu asamalar dikkate alindiginda yorulma
omrii, malzemelerin mikroyapilarina oldukga baglidir. Literatiirde bulunan bir ¢alismada (Winter ve
ark., 2020), ortalama gerilim duyarhiliginin, kabul gérmiis bir goriise gore, yalnizca c¢ekme
dayanimindan degil, ayn1 zamanda malzemenin mikro yapisal ve mekanik &zelliklerinin yaninda
isleme gegmisinden de etkilendigi ve basing yiiklemesinin yiiksek ¢evrimli yorulma rejiminde, ¢cekme
kadar énemli oldugu bildirilmistir. ifade edildigi gibi mikroyap1 kusurlar1 yorulma émrii iizerinde
onemli bir etkiye sahiptir ve c¢atlaklarin ilerleme hizini etkiler. Malzemeler ayni olsa dahi mikro
yapidaki farkliliklar, kullanilan makine elemanlarinin yorulma Omriiniin tahmin edilmesi
giiclestirmektedir. Buradaki mikroyap1 farkliliklarindan kasit, mikroyapida bulunan kusurlarin tiirii
ve sayisl, yeni olusan veya daha 6nceden mevcut olan mikro ¢atlaklarin biiytikliigii, sayis1 ve ilerleme
dogrultusu gibi her numuneye 6zel farkli parametrelerdir. Yaptigimiz deneylerde de buna benzer
sonuclar elde edilmistir. Numune 1’e gére Numune 2’ye uygulanan kuvvetin artmasina karsi ¢evrim
sayist da bir miktar artmistir. Bu durumun sebebinin, her numune igin bahsedilen mikroyap1
farkliliklarinin oldugu diisiiniilmektedir.

DCPD yontemi yorulma i¢in tercih edilen yaygin deneysel yontemlerden biridir (Pokharel ve
ark., 2023). DCPD yonteminin temel ¢alisma prensibinde, numuneye sabit bir akim verilerek ¢atlak
boyunca potansiyel farkin Ol¢lilmesi yatar, uzayan catlak boyu numunedeki elektriksel direnci
artirarak Olciilen potansiyel diisiisiin artmasina neden olur (Doremus ve ark., 2015).

Hazirlanan numunelere Sekil 5°’te gosterilen 3-4 noktalari arasindan, Sekil 4’te goriilen
Keithley 2634B Sourcemeter cihazi kullanilarak sabit 1 amper akim verildi. Deneyler yapilirken 1-2
ve 3-4 noktalar1 arasindaki akim ve gerilim degerleri DCPD ydntemiyle anlik olarak saniyede 30 veri
kaydedildi. Ayrica deney sirasinda uygulanan kuvvet ve deplasman verileri de es zamanl olarak
saniyede 30 veri alinarak toplandi. Toplanan bu veriler daha sonra birlestirilerek makine 6grenmesi
algoritmalariyla ¢evrim sayilarinin tahmini i¢in kullanildi.

Verilerin 6n islemesi i¢in Python programindan faydalanildi. Ham veriler programda farkl veri
setleri olarak alind1 ve daha sonra tek veri setindeki siitunlar yan yana gelecek sekilde birlestirildi.
Eksik degerler bir sonraki satirda bulunan degerler kullanilarak dolduruldu. Olusan yeni veri seti
makine 6grenmesi algoritmalarinda kullanildi.

Toplamda 3 numune igin 92895 satir ve 5 6zellik bulunan veri seti, makine &grenmesi
modellerini egitmek icin kullanildi. Bagimli degisken olarak yorulma deneylerinden elde edilen
cevrim sayilar1 secildi. Bu degisken sifirdan kirilmanin gergeklesti§i cevrim sayisina kadar
artmaktadir. Bagimsiz degiskenler ise aksiyal deplasman, aksiyal kuvvet ve numunelerden 6l¢iilen
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elektriksel gerilim degerleridir. Veri setinde bulunan degiskenlerin minimum ve maksimum degerleri
Cizelge 4’te verilmektedir.

Cizelge 4. Veri setindeki bagimli ve bagimsiz degiskenlerin minimum ve maksimum degerleri

Deplasman 1-2 Arasi Gerillim  3-4 Arasi Gerillim
(mm) Kuvvet (N) V) V) Cevrim Sayis1
Min. Mak. Min. Mak.  Min. Mak. Min. Mak. Min. Mak.
Numunel -0.17 8.51 -5536 5539 0.001931 0.000098 0.34964 0.384992 0 38035
Numune?2  -0.16 6.7 -6036 6048 0.001888 0.000226 0.35045 0.355692 0 45828
Numune3  -0.19 3.43 -6526 6532 0.001888 0.000184 0.34967 0.352607 0 9547

Deneyler sirasinda numune iizerine problarin temas ettigi noktalar ve bu noktalar arasi
mesafeler Sekil 5’ te gosterilmektedir.

3
A
w To]
© <
b g V
-
N

Sekil 5. Problarin numune tizerindeki temas noktalarinin mesafeleri

Her bir numune icin toplanan veriler %80 ve %20 oraninda egitim ve test verisi olmak {izere
rastgele ayrildi. Egitim verileri kullanilarak egitilen farkli makine 6grenmesi modelleriyle,
numunelerin egitim ve test verileri izerinde ¢evrim sayilarinin tahminleri yapildi. Karar agaci, ekstra
agaclar, rastgele orman, XGBoost (Asir1 Gradyan Arttirma) ve KNN (K-En Yakin Komsu) olmak
tizere 5 farkli makine 6grenmesi algoritmasi kullanildi ve egitilen modeller test verileri kullanilarak
test edildi. Hiperparametrelerin en iyi kombinasyonunu bulmak i¢in 1zgara arama teknigiyle her bir
model i¢in belirlenen en iyi parametreler kullanilarak modeller egitildi ve numunelerin ¢evrim
sayilar1 tahmin edildi. Izgara arama yontemiyle belirlenen en iyi hiperparametreler Cizelge 5’de
verilmistir.
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Cizelge 5. Sirasiyla tiim numuneler i¢in 1zgara arama yontemiyle belirlenerek makine 6grenmesi modellerinde kullanilan
en iyi hiperparametreler

max_depth  min_samples _leaf min_samples split

Karar

Agaci None-None-20 1 5-2-2
Ekstra max_depth max_features min_samples leaf min_samples split  n_estimators
Agaclar None-None-30 sgrt - sgrt - log2 1 2 200-200-100
Rastgele max_depth max_features min_samples leaf min_samples split n_estimators
Orman None-None-30 sqrt-log2-sqrt 1 2 200
algorithm leaf size n_neighbors p weights
KNN auto 10 9-7-5 1 distance
colsample_bytree learning_rate max_depth n_estimators subsample
XGBoost 1 0.2 7 200 0.6-0.8-1.0

Model performanslar1 R-kare (R?) ve ortalama mutlak yiizde hata (MAPE) metrikleriyle
Olclilmiistiir.
R? degeri Denklem 1. (Elmousalami, 2020) ile hesaplanabilir.

Y i — 90)?

R?=1- — 1
ANCOE W
Burada;
y;: Gergek degeri,
¥;: Tahmin edilen degeri,
v : Gergek degerlerin ortalamasini ifade etmektedir.
MAPE degerini hesaplamak i¢in Denklem 2. (Elmousalami, 2020) kullanilabilir.
1 yi — 94l
MAPE = —Zu x 100 (2)
nm

Burada;

v;:Gercek degeri,

¥;:Tahmin edilen degeri

n: veri kilmesindeki toplam 6rnek sayisini, ifade etmektedir
Elde edilen bulgular cizelge ve grafiklerle sunulmustur.

3. BULGULAR VE TARTISMA

3.1 Bulgular
Numunelerin Sekil 5’te gosterilen 1-2 noktalari arasindan alinan gerilim degerlerinin 1.
dereceden egilim grafigi Sekil 6’da verilmistir. Biitiin numunelerdeki Slgiilen elektriksel gerilim
degerleri gevrim sayisi arttik¢a artmaktadir. Numune igindeki ¢atlak miktar1 arttigindan, numuneden
akimin gegmesi zorlasmis ve Olgililen gerilim degeri de akimin sabit tutulmasi sebebiyle artma egilimi
gostermistir.
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Sekil 6. Numune tizerindeki 1-2 noktalar1 arasindan 6l¢iilen gerilim degerlerinin 1. dereceden egilim grafigi

Her numunenin egitim verilerindeki tahminlerine bagl olarak hesaplanan R? hata ve MAPE
degerleri Cizelge 6’da sunulmustur.

Cizelge 6. Makine 6grenmesi modellerinin egitim verileri lizerindeki performanslari

Numune —oarar Agaci Ekstra Agaglar  Rastgele Orman  XGBoost KNN
R? MAPE R? MAPE  R? MAPE R? MAPE R? VIAPE
Numune1 1.00  0.00 1.00  0.00 1.00 0.06 1.00 164 1.00 0.00
Numune 2 1.00  0.00 1.00  0.00 1.00 0.06 099 0.38 1.00 0.00
Numune 3 1.00 0.01 1.00 0.00 1.00 0.07 1.00 0.26 1.00 0.00

Test verilerindeki tahminler sonucunda hesaplanan R? hata ve MAPE ise Cizelge 7’de
gosterilmektedir.

Cizelge 7. Makine 6grenmesi modellerinin test verileri iizerindeki performanslart

Numune Karar Agaci Ekstra Agaclar Rastgele Orman XGBoost KNN
R? MAPE R? MAPE R? MAPE R? MAPE R? MAPE
Numunel 0.99  0.05 099 0.04 0.99 0.08 099 055 0.95 1.10
Numune2 0.99 0.08 0.99 0.07 0.99 0.17 099 0.66 0.85 1.61
Numune 3 0.98  0.06 099 0.04 0.99 0.08 099 0.17 0.51 1.55

Cizelge 7°de bulunan degerler tiim numuneler i¢in degerlendirildiginde KNN modeli hari¢ tim
modellerin yiiksek bir R? degerine sahip oldugu goriilebilir. R? degerinin 1°e yakin olmasi modellerin
veri seti lizerinde 1y1 uyum sagladigini géstermektedir. Hata degerlendirmeleri i¢in kullanilan MAPE
degerleri ise tiim numuneler i¢in karar agaci ve ekstra agaglar modellerinde 0.1’in altindadir. En iy1
MAPE degerlerine sahip olan bu iki model i¢in egitim ve test verileri kullanilarak elde edilen tahmin
ve ger¢ek deger nokta grafikleri Sekil 7 ve Sekil 8’de verilmistir.
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Sekil 7. Siralanmig gergek ve tahmin edilen degerler i¢in karar agaci modelinin nokta grafigi

Sekil 7°de gergek ve karar agacit modeli ile tahmin edilen degerler goriilmektedir. Model daha
once gormedigi test verilerinde bazi biiyiik hatalar yapmasina karsilik, modelin genel performansi
oldukea iyidir. Nitekim Cizelge 7°deki R? ve MAPE degerleri bunu desteklemektedir. Ayrica egitim
verisi lizerinde de Numune 1 ve Numune 2 i¢in baz1 degerleri hatali tahmin ettigi de goriilmektedir.

Egitim verileri lizerindeki performansi test verilerine gore daha basarilidir.
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Sekil 8. Siralanmis gergek ve tahmin edilen degerler icin ekstra agaglar modelinin nokta grafigi

Sekil 8’de ise gercek ve ekstra agaclar modeli ile tahmin edilen degerler goriilmektedir. Ekstra
agaclar modeli test veri setinde, karar agact modeline gore daha kiiciik hatalar yapsa da hata sayisi
karar agaci modeline gore biraz daha fazladir. Egitim veri setinde ise karar agact modeline gore daha
basarilidir.

Karar agac1 ve ekstra agaglar makine 6grenmesi modelleri, numunelerin ¢evrim sayilarini
tahmin etmede R? ve MAPE metrikleriyle degerlendirildiginde, birbirlerine yakin performans
gosterdiler. MAPE degerleri tiim numuneler i¢in 0.1 degerinden daha kiiciiktiir. Bu ise her iki modelin
de yiiksek bir dogruluk orani yakaladigini ve yapilan hatalarin kabul edilebilir aralikta oldugunu
gostermektedir. MAPE degerleriyle birlikte degerlendirildiginde, her iki modelin de R? degerlerinin
0,97’nin {izerinde olmas1 modellerin iyi performans sergilediklerinin gostergesidir. Rastgele orman
algoritmasi kullanilarak gelistirilen model ise Numune 2 i¢in yapilan tahminde MAPE degeri 0.1’in
iizerine ¢cikmistir. Bu deger biraz biiylik goriinse de kabul edilebilir hata sinirlart igerisindedir.
Rastgele orman modeli de karar agaci ve ekstra agaclar modeline yakin performans sergilemistir.
Diger makine dgrenmesi modellerinde de R? degerleri yiiksektir. Bu sonuglar modelin veriye iyi
uyum sagladigini gosterse de MAPE degerlerinin karar agaci, ekstra agaglar ve rastgele orman
modellerine gore yiiksek olmasi, modelin tahminlerde yaptig1 hata sayilarinin veya degerlerinin
yiksek olmasmin bir sonucudur. Veri Olgeklemesi yaparak ya da 1zgara arama parametreleri
genisletilerek diger modellerden de daha iyi sonuclar elde edilebilir.

3.2 Tartisma
Yapilan bir aragtirmada (Doré ve Maddox, 2013), 6082 T651 aliminyum alagiminda ¢atlak
biliylimesi hizlanmasinin temel olarak, diisiik yiikiin ardindan etkin ¢atlak ucu ortalama gerilimindeki
artisgtan kaynaklandigi ileri siiriilmektedir. Yorulma catlagi biiylime davranisi genellikle mikro
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yapimin i¢sel morfolojisi ve malzemede bulunan faz sayisindan etkilendigi gosterilen baska bir
caligmada (Ojo ve ark., 2022) ise, enerji biriktirme eklemeli iiretim yontemiyle iiretilen Ti—6AI-4V
alasimlart i¢in, iki farkli yonelimli yorulma c¢atlag:i biiylime Ozelliklerinde onemli anizotropi
gosterdigi ve kivrimli c¢atlak yollarma sahip numunelerin, piirlizsiiz catlak yollar1 gosteren
numunelere kiyasla daha diisiik yorulma gatlagi biiylime oranlarina sahip oldugu ifade edilmistir.

Laboratuvar ortaminda yaygin olarak kullanilan ¢atlak biiylimesi izleme tekniklerinden biride,
dogru akim potansiyel diisiisii (DCPD) teknigidir (Ni ve ark., 2024). Yiiksek ¢oziintirliiklii bir DC
potansiyel diisiisii 6l¢climiiyle, bir ¢atlagin ¢ok erken tespit edilebilecegi, ancak ilk catlagin gercek
seklini ve yerini goriintiilemenin miimkiin olmadig1 sdylenen bir ¢alismada (Funk ve Bir, 2019), tek
kenar1 ¢entikli (SEN) numuneleri iizerinde iki bagimsiz potansiyel probu ile yapilan yorulma catlagi
yayilma deneylerinin, dlgiilen potansiyel degerlerinde belirgin farkliliklar gosterdigi belirtilmistir.
Ayrica literatiirdeki bir diger ¢alismada (Vavouliotis ve ark., 2011) ise, yorulma yiiklemesine maruz
izotropik karbon elyaf takviyeli laminatlarin elektrik direnci tepkisinin dogrudan hasar birikimiyle
baglantili oldugu sdylenmistir. Biz de yaptigimiz ¢alismada yorulma tahmini i¢in makine 6grenmesi
modeline girdi olarak kullanilacak verileri DCPD yontemi ile topladik. Literatiirdeki tim bu
caligmalar1 destekleyici nitelikte, yaptigimiz calismada numunelerin gerilim degerlerinin, Sekil 6’da
bulunan egilim ¢izgilerinden de goriilecegi lizere, cevrim sayisina paralel bir degisim i¢inde oldugunu
gosterdik.

Yapilan bir calismada (Pokharel ve ark., 2023) arastirmacilar DCPD yontemiyle topladiklar
verileri, LSTM (uzun kisa stireli bellekli) mimarisinde kullanarak ve Inconel 718 (IN718) siiper
alasiminin diisiik ¢evrimli yorulma yiiklemelerindeki oOnceki catlak sigramalarmma dayanarak
gelecekteki catlak olaylarini tahmin edebildiklerini, modelin daha fazla deney yapilmadan tiim ara
kosullar iiretebilecegini ve bunun da daha iyi hasar modelleri iiretmek icin bir ara¢ saglayacagini
ifade etmislerdir. Diger bir ¢calismada (Lian ve ark., 2022) da sadece bilesim ve temperleme girdileri
kullanilarak Al alagimlarinin yorulma dayaniminin tahmini i¢in glivenilir bir model sunulmugtur.
Farkl1 bir calismada (Abdullatef ve ark., 2023) ise ¢esitli makine 6grenmesi teknikleriyle saf burulma
yiiklemesi altinda yiiksek mukavemetli 2090-T83 aliiminyum alagiminin yorulma 6mrii tahmininde,
geleneksel yaklagimlara kiyasla, sinir ag1 ve noro-bulanik modellerin daha 1yi sonuglar iirettigi,
giiclendirme yinelemeleri teknigi kullanilarak egitilen sinir ag1 modellerinin en iyi performansi
sagladigr ifade edilmistir. Yapay sinir agmin (ANN) Monte-Carlo yontemi (MCM) ile
iliskilendirildigi diger bir calismada (Song ve ark., 2022) arastirmacilar, kalint1 yorulma 6mrii tahmin
modeli olusturmuslar ve olusturulan modelin kullanilarak kalint1 yorulma dmriinii %3,264 bagil hata
oraniyla tahmin ettiklerini belirtmislerdir. Farkli bir calismada (Guo ve ark., 2023) demir
alagimlarinin yorulma dmiirlerinin tahmini i¢in Bayes optimizasyon algoritmasi ile optimize edilmis
rastgele orman regresyonu kullaniminin, dogrusal regresyon, yapay sinir ag1, karar agaci regresyonu
ve destek vektor regresyonu ile karsilastirildiginda istiin performans ve dogruluk gosterdigini
belirtilmistir. 17-4 PH paslanmaz ¢eliklerin yorulma omrii ve catlak biiylime oranini analiz etmek
icin, KNN, karar agaci, rastgele ormanlar ve asir1 gradyan artirma algoritmalar1 kullanilan diger bir
caligmada (Kalita ve ark., 2024) ise hiper parametreleri optimize ettikten sonra egitilen modellerin,
goriilmemis verileri, egitilen veriler kadar iyi tahmin ettigi ve en iyi performanst XGB modelinin
gosterdigi sdylenmistir. Ostenitik paslanmaz geliklerin yorulma émrii tahminleri icin 4 makine
ogrenmesi ve 1 yapay sinir ag1 modeli gelistirilen literatiirdeki farkli bir calismada (Bhardwaj ve
Shukla, 2024), yapay sinir ag1 modelinin klasik modellere ve makine 6grenimi modellerine gore
tahmin dogrulugunu artirdigi ifade edilmistir. Yapilan diger bir ¢alismada (Cavdar ve ark., 2024) ise
AISI H11 sicak 15 takim celiginin kutu borlama teknigiyle borlanmasinda islem sicaklig1 ve siiresinin
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kaplama kalinligi, ylizey piiriizliligi, sertlifi ve korozyon oranma etkisini makine &grenmesi
yontemleriyle modelleyerek, kaplama kalinlig1 ve korozyon orani i¢cin SVR, yiizey piiriizliliigi ve
mikrosertlik i¢in RF algoritmalariin en iyi sonuclari verdigi ifade edilmistir.

Yaptigimiz ¢aligmada en iyi performansi karar agaci ve ekstra agaglar modelleri gosterirken,
en kotli performanst KNN modeli gosterdi. Literatiirde bulunan ¢alismalardaki modellerin
performanslariyla ilgili temel farklilik, yapilan ¢alismalardaki toplanan veri yapilariin farkli olmasi
ve modellerin farkli verilerde, farkli dogruluk oranlarim1i vermesinden kaynaklandig:
disiinilmektedir. Deney verilerinin ve secilen hiperparametrelerin  optimizasyonu yapilarak
gelistirilen diger makine 6grenmesi algoritmalarinin da yiiksek dogruluk ve diisiik MAPE degerlerine
sahip tahminler yapmasi saglanabilir. Yaptigimiz ¢alisma, bahsedilen ¢alismalarda da gosterildigi
gibi, gelistirilen makine 6grenmesi modellerinin yorulma g¢evrim sayilarinin tahmin edilmesinde
basaril araglar olarak kullanilabilecegini desteklemektedir.

Makine 6grenmesi algoritmalarinin iyi bir genelleme yaparak, dogru performans géstermesinin
en onemli etkenlerinden biri de hiperparametre ayarlarinin iyi se¢ilmis olmasidir. Hiperparametre
ayarlar1 her problem ve veri setine gore degiskenlik gosterir. Karar agaclarinda bulunan bir karar
agaci, karar diigiimleri, dallar ve agacin daha fazla ayrilamayacag: yaprak diigiimlerinden olusur
(Efeoglu, 2022). Ekstra Agaglar algoritmasi, klasik yukaridan asagiya prosediire gore budanmamis
karar veya regresyon agacglarindan olusan bir topluluk olusturur. Diger aga¢ tabanli topluluk
yontemleriyle arasindaki iki ana fark, diigimleri tamamen rastgele secerek diigiimleri bolmesi ve
agaclar bliylitmek i¢in tiim 6grenme Ornegini kullanmasidir (Geurts ve ark., 2006). Karar agaci ve
ekstra agaclar algoritmalari dogrusal olmayan iligkilerde daha iyi sonug¢ verebilirler. Rastgele
ormanlar, her agacin ormandaki tiim agaglar i¢in bagimsiz olarak ve ayni dagilimla 6rneklenen
rastgele bir vektoriin degerlerine bagli oldugu aga¢ dngoriiciilerinin bir kombinasyonudur ve agag
siniflandiricilarindan olusan bir ormanin genelleme hatasi, ormandaki bireysel agaglarin giicline ve
bunlar arasindaki korelasyona baglidir (Breiman, 2001). Rastgele ormanda rastgele secime bagl
olarak model ¢esitliligi artarken, asiri uyumun azaltilmasi hedeflenir. Cok fazla ¢esitlilik olmasi ise
baz1 veri yapilarinda cesitliligin birbirini dengelemesi ile dogruluk oraninin azalmasina neden olur.
Yaptigimiz calismada rastgele orman modeli, karar agact ve ekstra agacglar modellerine yakin
performans sergilese de Numune 2 i¢in MAPE degeri 0.1’in lizerine ¢ikmistir. XGBoost (eXtreme
Gradient Boosting), esnek ve tasinabilir, optimum dagitilmis karar gradyan arttirma kitapligidir
(Chen ve ark., 2020). Bir¢ok zayif 6greniciyi bir araya getirerek gii¢lii bir tahmin modeli olusturmaya
ve her adimda modelin hatalarin1 diizeltmeye ¢alisir. Bu durum modelin daha karmasik hale
gelmesine sebep olarak dogruluk oranini diisiirebilir. KNN algoritmasi, siniflandirma ve regresyon
icin parametrik olmayan bir yontemdir. Giris, her alandaki en yakin k 6rnekten olusur. Verilen N
egitim vektori icin, k-en yakin komsu algoritmasi k sayida en yakin komsuyu tanimlar (Pandey ve
Jain, 2017). Bu ¢alisma kapsaminda en kotii tahmini KNN modeli yapmistir. Bunun sebebinin,
bahsedildigi gibi KNN algoritmasinin komsu verileri dikkate almasia bagli olarak, veri setinin
biiyiikliigii nedeni ile kotii performans gosterdigi diistiniilmektedir.

4. SONUC

Bu ¢aligmada 6082 aliiminyum alagiminin yorulma deneyleri yapildi. Deneyler sirasinda DCPD
yontemi kullanilarak degisen potansiyel fark verileri toplandi. Ayrica ger¢ek zamanli olarak, deneyler
sirasinda deplasman ve kuvvet verileri de es zamanli olarak kaydedildi. Daha sonra karar agaci, ekstra
agaclar, rastgele orman, XGBoost (eXtreme Gradient Boosting) ve KNN (K-En Yakin Komsu) olmak
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izere 5 farkli makine 6grenmesi algoritmasina bu veriler girdi olarak verildi ve egitilen modellerle
numunelerin ¢evrim sayilar1 tahmin edildi.

Tahminlerde karar agaci ve ekstra agaglar algoritmalar ile gelistirilen modeller, tiim numuneler
icin MAPE degerleri 0.1’in altinda kalarak en iyi performansi gosterdi. Rastgele orman algoritmasi
kullanilarak gelistirilen model ise Numune 2 i¢in hesaplanan MAPE degerinin 0.1’in {izerinde
olmasina ragmen karar agaci ve ekstra aga¢lar modellerine benzer performans gosterdi. Cizelge 7°de
verilen degerler incelendiginde, XGBoost modeli kullanilarak yapilan tahminlerde R? degerleri
istenildigi gibi 1’¢ yakindir. Fakat, MAPE degerlerinin beklenenden yiiksek oldugu goriilmektedir.
Bu sonuglar, XGBoost modelinin verilere iyi uyum sagladigin1 gostersede, bazi degerler icin gercek
ve tahmin edilen degerler arasindaki farkin, dolayisiyla da hata oraninin yiiksek oldugunu ifade eder.
KNN algoritmasi kullanilarak gelistirilen model en kotii performansi gosterdi. Numune 1 i¢in MAPE
degeri istenen gibi 1’e yakin olsa da diger numuneler 0.9 degerinden kiigiiktiir. Ayrica MAPE
degerleri de 1’in iizerindedir. KNN modeli diger modellere gore en ¢cok hata yapan modeldir.
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1. INTRODUCTION

Electric vehicles (EVs) have begun to replace internal combustion vehicles in today's world.
Various companies engaged in this sector focus on designing high efficiency EVs. Various battery
packs and electric motors are used in these vehicles. Permanent Magnet Synchronous Motors
(PMSMs) typically find application in larger electric or hybrid vehicles, whereas BLDC motors are
favoured for smaller light EVs. Light EVs are typically scooters, small cars or cargo bikes with a
carrying capacity of 50-100 kg and a speed of 25-50 km/h (Soyaslan, 2023).

BLDC motors used in light EVs can be classified into two types based on their structure: radial
flux and axial flux. The studies conducted compare radial and axial flux motors in terms of efficiency,
cost, and volume. Radial flux motors are further classified into two types: internal and outer rotor
designs. While internal rotor motors are utilized in certain applications to transfer motion, outer rotor
designs also referred to as in-wheel motors are the preferred choice for direct wheel drive applications.
In outer rotor EV designs, parameters such as slot/pole ratio, axial length, winding structures, magnet
type, and thickness are generally optimized (Cabuk et al., 2019; Chawrasia et al., 2020; Cagislar et
al., 2020; Akar et al., 2021; Aliyadin et al., 2022; Ozupak, 2022; Tosun and Serteller, 2022; Soyaslan,
2023).

Rotor and stator designs and the effects of single or double rotors and stators on performance
have been investigated (Zuki et al. 2020; Lee et al, 2020; Vadde and Sachin, 2021; Hussain et al.
2021). Studies have been carried out to minimize cogging torque and torque fluctuation for more
vibration-free and comfortable motors. In these studies, various pole embraces (ratio of magnetic pole
arc to pole pitch), skewing stator or rotor laminations technique, and various magnet shapes, and
various control techniques were used (Ocak et al., 2016; Soyaslan et al., 2019; Minh et al., 2021;
Rupam and Marwaha, 2021; Anuja and Doss, 2021; Anuja et al., 2022; Ozupak and Cinar, 2023).

In this paper, 2 kW outer rotor BLDC motor with 36/32 slot-pole was designed for a light EV.
Distance between stator tooth tips (Bso) was optimized for minimizing cogging torque. Parametric
optimization method was used for achieving the optimum Bso value. This study aims to reduce
cogging torque by focusing on the distance between stator tooth tips, demonstrating that cogging
torque minimization is possible without the need for the complex operations used in previous studies.
The current density and magnetic flux density (B) values were kept below 4-5 A/mm? and 1.6 Tesla,
respectively. In addition, stator slot fill factor value was selected below 50% for a more suitable
winding. The motor design was validated after analytical and electromagnetic analyses. Prototype
motor was produced and tested in the test setup and EV, confirming that the analysis results aligned
with the test outcomes.

2. MATERIALS AND METHODS

2.1 Dynamic Model of EV

The EV’s characteristics for racetrack conditions with low angle of slope were computed. Table
1 summarizes the vehicle parameters used based on track conditions. Racetrack view can be seen
from Figure 1. The track is 1.950 km long, 10-12 meters wide and designed to turn clockwise. The
total number of bends on the track is 9, 4 on the right and 5 on the left, and the highest longitudinal
slope on the track is 1%. The selection of parameters, including slope angle and acceleration values,
is based on typical driving conditions in electric vehicle races. The goal is to achieve the desired
acceleration values, power output, and high motor efficiency based on the maximum slope angle on
the race track and vehicle dynamics.
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Table 1. EV characteristics.
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Parameter Value
Total mass, M (kg) 210
Rolling resistance coefficient, Cy 0.007
Air density, p (kg/m®) 1.2
Drag coefficient, Cq 0.3427
Frontal area, A (m?) 1.29
Velocity of vehicle, V (m/s) 12.5
Acceleration, a (m/s?) 0.12
Tire radius, r (m) 0.2921
Surface slope angle, 9 (°) 1.2
Gravity acceleration, g (m/s?) 9.81

Figure 1. EV racetrack view

The dynamic model of the vehicle is shown in Figure 2. The maximum torque requirement for
an EV arises during full-load conditions on an inclined road, particularly when accelerating from zero
speed to its nominal speed. The torque calculations for the BLDC motor are based on the torque
required to achieve this acceleration, considering the maximum incline values of the race track.
According to EV’s dynamic model, traction force Ft and BLDC motor’s output torque Tm was
calculated. Three different forces acting on the vehicle in the opposite direction of movement are
expressed in (1-3) (Soyaslan, 2023; Krasopoulos et al., 2017). These forces are aerodynamic
resistance Far, rolling resistance Frr and weight component of EV along sloped surface Fus. Far force
is calculated at the nominal speed of the vehicle which is taken 45 km/h (12.5 m/s). Tire radius is 23
inch, rotational speed and angular velocity are 408.6 rpm and 42.8 rad/s respectively. According to
Newton's second law for the dynamic model of the EV, Fi was calculated with (4) as 124.2 N.
Consequently, the required torque value (Tm) for the vehicle to move at the desired nominal speed
has been calculated from (5) as 36.28 Nm, and the power value (Pout) has been calculated from (6) as
1552 W. Since the slope angles of different tracks are greater and the acceleration can be bigger, the
output power value Poyt has been updated to 2000 W and the rotational speed (N) to 526.42 rpm to
achieve the desired speeds. Thus, the designed motor will be able to provide the desired torque even
on high slope angle roads and with bigger acceleration values.
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Figure 2. Dynamic model of the EV

Fur = 5 pAC,V? @

F.. = C.,mgcos(0) (2)
E,s = mgsin(0) (3)

M.a = F — Fyr — By — Eys 4)
Ty, = Fyr (5)

Pyt = Thw (6)

2.2 Outer Rotor BLDC Motor Design

The output torque expression for motor basic sizing is used as given in (7). Here, k is a constant,
D is the air gap diameter, and L is the motor length. The region where rotational force is generated in
motors is the air gap zone, where the interaction between the stator and rotor occurs. For inner rotor
motors, the rotor diameter is generally used for D in the equation, while for outer rotor motors, the
air gap diameter (Dag) or stator outer diameter (Dso) is employed. In analytical motor calculations, the
rotational speed in revolutions per second (rps, n) and the power per revolution (Ps) are obtained
using (8) and (9), respectively. The air gap flux density (Bg) and specific electric loading (ac) values
are selected from the graph in Figure 3 (Tosun and Serteller, 2022; Giirdal, 2001). The pole embrace
value (am), representing the ratio of the magnetic pole arc to the pole pitch, is taken as 0.7. The
average air gap flux density (Bav) and the motor output coefficient (Co) are calculated using (10) and
(12).

T, = kD?L (7
N
nlt ®)
P = P ::t )
By = By ap (10)
C, = m?B,, ac 1073 (11)
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Figure 3. a) Power per round per second-Air gap flux density graph, b) Power per round per second-Specific electrical
loading graph.
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The volume of the motor's active components is closely related to Dag?L, and the rated torque
is proportional to Pout/n. Therefore, the size-to-power relationship for an outer rotor BLDC motor is
expressed using (12). According to this equation, the product of the motor stator diameter and length
is determined. Subsequently, the motor's axial length to pole-pitch ratio (L/z ) must be defined.
Various studies have examined this topic, selecting different ratios based on motor dimensions and
power requirements. The pole-pitch ratio (z) is calculated using (13), where Np represents the total
number of poles. For surface-mounted brushless motors, z values are typically chosen between 1 and
3 to minimize manufacturing costs (Murali et al., 2020). In this study, experiments with different ¢
values were conducted, ultimately deciding on = = 3. The motor parameters derived from the given
equations and selections are presented in Table 2. Based on these values, Dqg is calculated as 225.23
mm, and L as 66.33 mm. However, due to mechanical constraints and the requirement for EV
installation, the axial length L was updated to 55 mm. The air gap thickness was set to 1 mm,
considering manufacturing tolerances, and Dso was selected as 224 mm.

DggL _ Pyt * 10 3 (12)
Con
Dy (13)
T =
Np
Table 2. BLDC motor parameters

Parameter Value
Output power, Poy: (Watt) 2000
Pole number, N, 32
Slot number, Ns 36
Round per minute, N (rpm) 526.42
Round per second, n (rps) 8.773
Power per round per second, Ps (watt/rps) 227.954
Airgap flux density, By (Tesla) 0.57
Specific electrical loading, ac (kA/m) 17200
Magnetic pole arc to pole pitch ratio, am 0.7
Average airgap flux density, Ba, (Tesla) 0.399
Output coefficient value, C, 67.733
Motor axial length to pole pitch ratio, L/z 3
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2.3 Dimensions and Cogging Torque Optimization

Fundamental sizing calculations were performed based on calculated values. After the basic
sizing, parameter selections were refined through parametric testing. The stator slot dimensions were
chosen to ensure sufficient space for windings and optimal flux flow. To reduce saturation in corner
regions, radii were applied to the stator tooth tips. Excessively thick stator teeth narrow the slot area,
reducing winding space, while overly thin teeth lead to saturation in the silicon steel. Therefore, the
stator tooth width was selected to optimize magnetic flux density. The rotor core thickness was set to
11.25 mm, and the magnet thickness to 3.5 mm, aiming for the optimal thickness to produce the
required torque. The magnets were embedded in slots created within the rotor using the wire erosion
method, with a slot depth of 1.25 mm for secure magnet installation. The motor cross-sectional
variables are shown in Figure 4, with their dimensions detailed in Table 3.

Figure 4. Dimensions of BLDC Motor

Table 3. BLDC motor dimension values

Motor Paremeter Value
Stator outer diamater, Dso 224 mm
Stator inner diameter, Dy 145 mm
Rotor outer diamater, Dy, 253 mm
Stack length, L 55 mm
Magnet height, Hn 3.5 mm
Stator tooth width, Wy 6.3 mm
Tooth tip gap, Bso 5mm
Tooth tip height, Hso 3mm
Tooth tip Radius, Hs1 3mm
Slot height, Hs» 21 mm

The reduction of cogging torque is essential to improve the efficiency and to reduce permanent
magnet requirements of electric motors (Smolka and Nowacka, 2022; Jhankal, 2023). In the context
of vibration and noise reduction, cogging torque has been identified as a significant factor affecting
the smooth rotation of the rotor and the life of electric motors (Soyaslan et al., 2019, Kim et al., 2006).
To minimize cogging torque and torque fluctuations in external rotor BLDC motors, various effective
methods have been proposed in the literature. Adjusting the punching layout and applying placement
irregularities in rotor magnets were used to reduce the cogging torque (Anuja and Doss, 2021; Leitner
et al., 2019). Asymmetric magnets, step skewing and shifting angles have been experimentally
applied to reduce harmonics of cogging torque (Doss et al., 2016; Avsar et al., 2024a). Optimizing
BLDC motors by utilizing a skew angle on the stator or rotor core, along with enlarging the air gap,
has shown significant reductions in cogging torque (Mandasari, 2023). Skewing the rotor and
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implementing a Halbach magnet array on the permanent magnet surface has been suggested to
eliminate torque ripples and reduce cogging torque in permanent magnet BLDC motors (Minh et al.,
2021). Additionally, adjusting slot and tooth widths, employing permanent magnet skewing, creating
auxiliary teeth, using slot-less armatures, and incorporating notches in the rotor structure have been
identified as effective methods to minimize cogging torque magnitude (Karthick et al., 2021).
Furthermore, the reduction of cogging torque is crucial in direct-drive systems where there are no
gears to minimize or absorb the cogging torque (Sarac, 2019). These methods play a crucial role in
enhancing motor efficiency, reducing noise, and improving overall performance in a wide range of
applications. In this study, stator tooth tip gap (Bso) was selected as an optimization parameter for
reducing the cogging torque. The objective function for the optimization was defined as the cogging
torque, which the optimization sought to minimize. Parametric optimization method was used
between 4-6 mm with 0.1 mm step. The parametric optimization results indicated that a Bso value of
5 mm yielded one of the lowest cogging torque values. The optimized result is depicted in Figure 5.
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Figure 5. Cogging torque values regarding to Bs, value

3. RESULTS AND DISCUSSION

3.1 Analyses Results
Electromagnetic analysis was conducted based on the specified stator and rotor dimensions.
The winding scheme and hall effect sensors placement, derived using the Winding Scheme Calculator
tool, are presented in Figure 6 (Niessen, 2019). A double-layer concentrated winding technique was
applied to achieve high power density (Soyaslan, 2020).

T Hall Effect
~if Sensors

AaABbBCcCAaABbBCcCAaABbBCcCAaABbBCcC

Figure 6. BLDC motor 36/32 Slot-Pole combination winding scheme
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The electromagnetic transient analysis results obtained using Ansys Maxwell software are
presented in Figures 7-9. Magnetic vector potential was used to determine the distribution and
intensity of the magnetic field. A uniform distribution of this potential indicates an efficient magnetic
circuit, while imbalances can reduce motor efficiency. Figure 7 demonstrates a uniform flux line
distribution. Magnetic flux density (B) indicates the efficiency of the magnetic materials in the motor's
magnetic circuits. Excessively high B values suggest the material is approaching magnetic saturation,
increasing iron losses, while low B values indicate underutilization, reducing power efficiency.
Operating in the knee region of the B—H curve ensures optimal motor performance (Avsar et al.,
2024b). As seen in Figure 8, the magnetic flux densities lie in the knee region of the B-H curve of the
utilized steel material, indicating maximum efficiency without saturation. The current densities in the
windings are shown in Figure 9, with an average current density of 3.7 A/mm? and a maximum of
4.41 A/mm?, demonstrating that the motor operates within safe limits even under high loads.
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Figure 10 shows the motor's RMS current as 31.9 A, while Figure 11 indicates a nominal
efficiency of 90.5%. The output torque graph in Figure 12 reveals a torque ripple of +4.3 Nm,
equivalent to 11.83% of the nominal output torque of 36.35 Nm, which is within acceptable limits for
BLDC motors.
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Figure 10. Time-current graph
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Figure 11. Speed-efficiency graph
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In electric motors, windings experience the highest temperatures. Since the magnets are not in
direct contact with the windings and rotate with the rotor, their temperatures remain lower than the
stator windings. Thus, the maximum winding temperature reflects the motor's maximum internal
temperature (Soyaslan, 2020).

Thermal analyses were conducted by linking Ansys Maxwell and Ansys Workbench (Bazazian,
2022). Results obtained from the Ansys Maxwell 2D module were transferred to the Steady-State
Thermal module in Ansys Workbench. Thermal properties of materials were defined, contact surfaces
specified, and heat generation data and mesh structures imported from Maxwell. The ambient
temperature was set to 40°C for the analysis. At full load, the motor reached a steady-state
temperature, with results shown in Figure 13. Maximum temperatures of 65.79°C for the windings
and 51.75°C for the magnets indicate safe thermal operation.

,)

Figure 13. a) Directional heat flux, b) Temperature distribution

3.1 Production and Test Results
Following the electromagnetic and thermal validations, the 3D design and technical drawing
for direct wheel drive were created, as shown in Figure 14. An aluminum hub was used between the
motor shaft and stator core. Slots for the magnets were machined into the rotor via wire erosion,
ensuring consistent spacing between magnets. The motor's nameplate values are provided in Table 4,
and production images of the motor components are displayed in Figure 15.
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Figure 14. a) 3D model of the BLDC motor, b) Placement of the motor on the EV

Table 4. BLDC motor nameplate values

Parameter Value
Power (kW) 2

Voltage (V) 72
Efficiency (%) 90.5

Rated torque (Nm) 36.35
Rated speed (rpm) 561.5
Rated rms current (A) 31.9

Slot number 36

Pole number 32
Winding type Double layer, Y
Magnet type N40SH
Magnet thickness (mm) 35

Stator material M350-50A
Output diameter (mm) 253

Stack length (mm) 55
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Figure 15. Production of the motor parts

After manufacturing the motor, load tests were conducted on the test bench shown in Figure
16. The test results were compared with the analysis results, demonstrating agreement in Figure 17.
Finally, the motor mounted on the electric vehicle is shown in Figure 18. Track tests confirmed the
vehicle's operation at expected current values based on road slope. The test results showed that the
nominal efficiency value matched the analysis results and was found to be 91%. Also it has been
observed that the motor remained within its thermal limits under full load conditions. The differences
between the test results and the analysis results stem from the sensitivity of the experimental setup.
The small deviations in the obtained results are evaluated within the defined acceptable tolerance
ranges.

Power and Measurement Unit

. Magnetic Powder
Motor Driver BLDC Motor Brake

Figure 16. Motor loading tests
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Figure 18. EV with BLDC motor mounted

4. CONCLUSIONS

This study presented the design, production, and validation of a 2 kW outer rotor BLDC motor
specifically developed for light electric vehicle applications. The motor was integrated into the
vehicle's wheel rim, optimizing weight distribution and improving system efficiency. A dynamic
model of the vehicle was constructed to determine the required motor specifications, taking into
account the vehicle's characteristics and predefined racetrack conditions. The motor was designed
with a 36/32 slot-pole ratio, and the stator tooth tip gap was optimized to minimize cogging torque
and improve overall motor performance. Analytical and 2D finite element analyses validated the
design, demonstrating that the average magnetic flux density and current density values were kept
within safe operational limits. Additionally, parametric optimization yielded an optimal stator tooth
tip gap of 5 mm, effectively reducing cogging torque. Thermal analysis confirmed the motor’s
capability to operate within acceptable temperature ranges, with maximum stator winding
temperatures of 65.79 °C and magnet temperatures of 51.75 °C under full load conditions.

Experimental tests of the prototype motor corroborated the analytical and simulation results,
achieving a peak efficiency of 90.5% and a rated torque of 36.35 Nm. Torque ripple and temperature
performance were within acceptable limits, ensuring reliability and smooth operation. The study
highlights the importance of integrating electromagnetic, mechanical, and thermal optimization
techniques in motor design to enhance efficiency and performance in light electric vehicle
applications. Future work could explore advanced control strategies and alternative cooling solutions
to further optimize the performance of outer rotor BLDC motors in similar applications. With
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advanced control techniques, motor operation can be made more efficient and quieter. These
techniques optimize the motor's torque and speed in real-time, minimizing unwanted vibrations and
acoustic noise. Additionally, cooling systems can reduce the motor sizes, and current densities can be
improved. These advancements enhance the motor's thermal management, allowing it to operate
safely at higher current densities while maintaining optimal temperatures, thus enabling more
compact and powerful motor designs for high-performance applications such as electric vehicles.
This research contributes to the development of compact, high-efficiency motor solutions, paving the
way for innovative designs in the electric vehicle industry.
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ABSTRACT: Animal manure, agricultural wastes and sewage sludge are the most widely used
organic wastes in biogas production. In our country, manure from animals such as cattle, sheep and
chickens is an important source for biogas production. The mixing process in the digestion tank of
the reactors used for biogas production significantly affects the biogas production efficiency. In recent
years, it is known that the geometric structure of the digestion tank where the mixing process is carried
out also affects this efficiency. In the mixing process, the most commonly used mixing type is
mechanical mixing with the help of an propeller/impeller. Due to the high cost and time-consuming
aspect of experimental studies, in recent years, the flow characteristics inside the digestion tank have
been studied with the help of computational fluid dynamics software. In this context, velocity,
turbulent eddy dissipation rate and turbulent Kinetic energy distributions in the velocity range 50-175
rpm were investigated in a 60° slope digestion tank with a 6-flat-bladed impeller and the potential
effects on biogas production were interpreted. The working fluid in the tank is considered by
modeling dairy cattle manure as a non-Newtonian fluid. The results show that the velocity, turbulent
kinetic energy and turbulent eddy dissipation rate distributions are generally more effective in the
impeller region and at the impeller blade tips. In addition, as the impeller angular velocity increased
from 50 rpm to 175 rpm, the amount of volume in the tank with velocity values higher than 0.1 m/s
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1. INTRODUCTION

Anaerobically digesting organic waste is an economical solution for the sustainable use of
energy. The mixing process is an important operation that homogenizes the anaerobic bacteria,
nutrients, and temperature inside the reactor digestion tank in order to improve biogas production.
Among the most common mixing methods are gas mixing, mechanical mixing, and mechanical
pumping; among these, it is known that mechanical mixing is the most efficient method (Wu, 2009).
The mechanical mixing process is generally carried out in a closed cylindrical tank, commonly
referred to as a digester, which has a large diameter-to-height ratio. To obtain a highly efficient mixing
process on an industrial scale, testing different mixing regimes in the digester to understand the
physical properties of the mixing is quite costly economically. Therefore, in the study of the mixing
performance of full-scale anaerobic digestion tanks, utilizing computational fluid dynamics (CFD)
software is considered a highly suitable approach in terms of both cost-effectiveness and time savings
(Sadino-Riquelme et al., 2018). Moreover, visualizing the flow model of the mixing process carried
out in a biogas reactor using CFD software can provide researchers with information about flow
behavior (Wang et al., 2018). In the future, considering the increasing energy demand and
consequently the demand for biogas as a renewable energy source, it is expected that interest in the
mixing process technology occurring within the reactor digestion tank will also increase. Moreover,
CFD has the capability to assist in the design of the reactor digestion tank and optimal impeller/mixer
designs before the actual reactor manufacturing. In this sense, it is obvious that CFD softwares will
continue to be a useful tool in the development of mixing technologies. To date, studies numerically
examining the effects of a broad variety of impeller types, both with and without buffles, on
mechanical mixing in the reactor digestion tank have been summarized in Table 1.
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Table 1. Literature studies investigating flow characteristics in a reactor digestion tank

Study Impeller type Working fluid Tank geometry Buffle Angular The parameter being Main findings
velocity examined
. . Effects of different . . .
Lightning A310 ) o Smagorinsky—Lilly, wall-adapting local eddy
. Non-Newtonian o sliding mesh methodson | =~ . o
(Wu, 2012) (3-pitched- Cylindrical None 500 rpm ) .. | viscosity and kinetic energy transfer models
(cattle manure slurry) velocity distribution in o )
bladed) . . have shown similar flow field results.
Large Eddy Simulation.
Lightning A310 )
(3-pitched In the cases where the total solid content (TS) =
-pitched- )
. The effect of 6 different | 7.5% and TS = 12%, the standard k-¢, RNG k-
bladed) Non-Newtonian o . 250-500
(Wu, 2011) Cylindrical Exists turbulence models on ¢, and realizable k-¢ models yielded higher
PMSL 3LS39 (cattle manure slurry) rpm o o o
] the flow coefficient. mixing flow coefficients compared to the other
(3-pitched-
models.
bladed)
The difference has
- compared various
] Bulb-shaped P ) It has been stated that the mixing density level
. Non-Newtonian 400-750 turbulence models in .
(Wu, 2010) 2-spiral-bladed None . . (W/m3) of the bulb-shaped tank geometry is
(cattle manure slurry) rpm different TSs in terms N o
L . more efficient compared to the cylindrical one.
Cylindrical of mixing intensity
levels.
) The effect of the
Newtonian (water) ) In the case of TS < 5.4%, a homogeneous
. o 216-410 impeller’s position o
(Wu, 2009) 2-spiral-bladed Cylindrical None o velocity distribution was observed for all
Non-Newtonian rpm inside the tank on the .
o examined cases.
(Cattle manure Slurry) Ve|OCIty dIStI’Ibutlon.
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Tablo 1. Literature studies investigating flow characteristics in a reactor digestion tank (continued)

gradient.

Study Impeller type Working fluid Tank geometry Buffle Angular The parameter being Main findings
velocity examined
-It has been observed that the standard k-¢
. The effect of different turbulence model is quite close to the
Newtonian . . . . .
(Abu-Farah et al., Rushton (6-flat- o 350-750 impeller angular experimental dispersion behavior.
(Cyclohexane/water Cylindrical None » . . o
2010) bladed) ixture) rpm velocities on velocity -1t has been determined that the minimum
mixture
distribution. impeller velocity for complete dispersion is
approximately 550 rpm.
-They have observed that as TS increases, the
-The effect of TS content L
volume of the dead zone inside the tank also
on dead zone volume. .
) ) ) increases.
) 2 pieces of 2- Non-Newtonian o -The effect of different ) ) o .
(Bridgeman, 2012) Cylindrical None 20-200 rpm | -Even with the increase in impeller velocity
flat-bladed (sewage slurry) impeller angular .
. ] from 100 rpm to 200 rpm, very little change
velocities on the velocity .
. has been observed in the turbulence
gradient. o )
characteristics of the flow field (1/s).
The effects of different
1 pieces of 2- . .
impeller designs and . .
pitched-bladed ) -They stated that 3 pieces of 2-pitched-bladed
numbers on the velocity | . . .
o impeller at 80 rpm provided better results in
) ) and turbulence kinetic o
2 pieces of 2- Non-Newtonian (rice L terms of the affected volume ratio in the tank.
(Shen et al., 2013) . lurry) Cylindrical None 20-160 rpm | energy (TKE) Thev ob d that the TKE i 4
i - straw slurr -They observed that the increased from
pitched-bladed y distribution within the Y
. 0.014 m?*s? to 0.02 m?s? as the angular
tank have been examined o
3 pieces of 2- ) velocity increased from 120 rpm to 160 rpm.
at different angular
pitched-bladed -
velocities.
) . Effects of angular It has been stated that within the examined
. Non-Newtonian o Exists (4 . . . . o
(Sindall et al., 2013) 4-flat-bladed Cylindrical ] 50-200 rpm | velocity on the velocity angular velocity range, the velocity gradient is
(sewage slurry) pieces)

less than 10 s in 20%-85% of the tank.
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Tablo 1. Literature studies investigating flow characteristics in a reactor digestion tank (continued)

intensity, and velocity

gradient distribution.

Study Impeller type Working fluid Tank geometry Buffle Angular The parameter being Main findings
velocity examined
Chemineer S-4
The effect of the . .
(4-bladed) . . The pitched-bladed impeller has created a
_ ) o Exists (4 impeller type and o
(Rasool et al., 2017) 4-pitched- Newtonian (water) Cylindrical . 60-135 rpm . smaller weak mixing zone compared to the
pieces) angular velocity on the . .
bladed T Chemineer impeller.
velocity distribution.
Spiral-bladed
The effect of tank -In TS = 4% and 40 rpm conditions, they
] ] Cylindrical geometry and angular observed that the dead zone volume was
2 pieces of 3- Non-Newtonian (mud . ]
(Cao et al., 2018) ) None 10-40 rpm velocity on velocity smaller.
pitched-bladed slurry) . -
Oval distribution and dead -The results of both tank geometries are
zone volume. similar in terms of velocity distribution.
2 pieces of 3- The effects of different
pitched-bladed impeller designs and TSs | -The affected volume ratio of the tank is
in additionto 1 | Non-Newtonian on the velocity highest at 60%-98% (TS = 2.5%) when using
(Oates et al., 2020) pieces of 2- (water-glycerin Cylindrical None 2.5-12 rpm distribution and the a spiral-bladed impeller; it is highest at 12%-
pitched-bladed | mixture) affected volume ratio of | 67% (TK = 5.4%) when using the other
) the tank have been configuration.
Spiral-bladed .
examined.
-The dead zone volume has been determined
to be 10% within the examined angular
The effect of angular velocity range.
] ) . velocity on velocity, -The turbulence intensity distribution is
(Servati and Non-Newtonian (mud o Exists (4 o .
. 4-flat-bladed Cylindrical . 50-200 rpm | TKE, turbulence similar at all angular velocities.
Hajinezhad, 2020) slurry) pieces)

- The turbulence intensity is less than 10%-
20% in areas close to the tank walls; 20%-
30% in the rotating part, and 10% in the other
part.
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Tablo 1. Literature studies investigating flow characteristics in a reactor digestion tank (continued)

bladed)

distribution of velocity,
TKE, TED ratio, and

dead zone volume.

Study Impeller type Working fluid Tank geometry Buffle Angular The parameter being Main findings
velocity examined
Rushton (6-flat- The effect of different ) o
. . -The highest TKE value was obtained in the
bladed) impeller designs and )
. Rushton impeller.
. angular velocities on the . . .
o ) o Exists (4 201-401 o ) - The highest TED ratio value was obtained
(Hoseini et al., 2021) Newtonian (water) Cylindrical ] distribution of velocity, )
6-V shape- pieces) rpm for the 6-U shape-bladed impeller.
TKE, and turbulence . ) )
bladed o -The highest radial velocity value was
eddy dissipation rate o .
obtained in the Rushton impeller.
6-U shape- (TED).
bladed
The effect of different -They have observed that the volume of the
1 pieces of 2- . . . . .
designs, different TSs, dead zone decreases with the increase in
flat-bladed . . .
Non-Newtonian o and different angular angular velocity.
(Thakur et al., 2023) Cylindrical None 50-600 rpm . . )
(sewage slurry) velocities on the dead -When using 2 pieces of 4-flat-bladed
2 pieces of 4- . . .
zone volume and impeller, the maximum velocity value
flat-bladed e .
velocity distribution. increases.
The effect of tank
geometry and impeller -In the case of using a 60° slope tank, they
. Rushton (6-flat- . o angular velocity on the observed that the dead zone volume decreased
(Celik et al., 2024) Newtonian (water) Cylindrical None 25-100 rpm

and the maximum velocity, TKE, and TED

ratio increased.
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For biogas production, animal (cattle, sheep, poultry, slaughterhouse waste, etc.), plant,
household, and industrial wastes are commonly used. These wastes are mixed with water to form a
slurry and then transferred to the reactor digestion tank. Here, during the mechanical mixing process
of the slurry, the slurry waste is broken down by bacteria present in an anaerobic environment,
resulting in a mixture of methane, carbon dioxide, and other gases known as biogas. Since the slurry
in question behaves like a non-Newtonian fluid, its thermophysical and rheological properties must
be accurately defined in the computational domain generated by CFD. Otherwise, using the input
parameters (impeller angular velocity, impeller geometry, tank geometry, etc.) in the simulation, the
results obtained from the simulations cannot be expected in practice. However, of course, by defining
a Newtonian fluid like water in the reactor digestion tank, it can be determined which type of impeller
or which tank geometry is more effective with CFD. As seen in Table 1, some researchers have
numerically examined the flow behavior inside the reactor slurry tank, modeling the working fluid as
Newtonian, while others have modeled it as a non-Newtonian fluid. Although a very wide range of
impeller angular velocities is generally adopted in the literature, simulations have mostly been
conducted for the traditional 90° slope (cylindrical) tank geometry. However, in a very recent study
(Celik et al., 2024), it is stated that the dead zone volume decreases when using a 60° slope tank
geometry compared to using a traditional 90° slope (cylindrical) tank geometry. Additionally, no
study has been found that addresses dairy cattle manure as the working fluid in terms of thermo-
physical and rheological properties. The modeling of the working fluid in the reactor tank as a real
manure slurry is another unique aspect of the current study, especially providing an insight for
researchers working in the field of biogas.

In order to address the lack of literature on the subject, in this study, dairy cattle manure was
modelled as a non-Newtonian fluid in a 60° slope and 4 buffles reactor digestion tank with a 6-flat-
bladed Rushton impeller and the flow behaviour inside the tank at different impeller angular velocities
was numerically investigated (with ANSYS Fluent software) in terms of velocity distribution, TKE
and TED rate.

2. MATERIALS AND METHODS

2.1 Physical Model and Computational Domain

The geometric dimensions and schematic view of the reactor digestion tank and the 6-flat-
bladed impeller inside it are shown in Figure 1. There are four buffles with the same geometric
dimensions on the tank wall. The impeller is mounted accurately in the center of the tank. The 3D
view of the computational domain consisting of the tank and impeller is shown in Figure 2. The
choice to set the impeller's angular velocity at 175 rpm or below is due to the possible danger that
increased velocities might harm microbiological organisms in practical terms, hence negatively
affecting biogas production.
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Figure 1. Geometric dimensions and schematic view of the tank and impeller

Figure 2. 3D view of the computational domain consisting of tank and impeller
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2.2 Thermo-physical and Rheological Properties of Dairy Cattle Manure
The rheological and thermo-physical properties of the working fluid were calculated at T =298
Kand TS = 12%. Within the parameters of total solids ranging from 2.5% to 12% and temperatures
stretching from 20°C to 60°C, dairy cattle manure exhibits characteristics of a pseudoplastic fluid.
Given these parameters, it's possible to derive the consistency coefficient (K) and the behavior index
through the following calculations (Achkari-Begdouri and Goodrich, 1992):

K = (8.722¢830/T)+058319(S)) 5 1010 @

n = 0.6894 + 0.0046831(T — 273) — 0.042813(TS) )

Here, the temperature, T, is in Kelvin and TS is in percent.

For the range of 10% to 50% of TS, the density of dairy cattle manure can be calculated as
follows (Wang et al., 2019):

p = 0.0367(TS)3 — 2.38(TS)? + 14.6(TS) + 1000 ©)

2.3 Governing Equations
Since it was assumed that the temperature inside the reactor digestion tank is constant, the
energy conservation equation was not taken into account. Additionally, it has been assumed that the
flow inside the tank is steady. In this way, the continuity equation in the rotating reference frame of
the reactor tank can be expressed as follows:

7-V=0 4)

With the same assumptions, the momentum equations (Mousavi et al., 2019) for the stationary
part of the reactor tank (inertial reference frame) and the rotating part (rotating reference frame) are
respectively shown in Equation 5 and Equation 6:

pV(VV)=-Vp+V -1+ pg ()
pV(VV)z—Vp+\7-T+p§+ﬁ' (6)

The expression on the left side of Equation 5 and Equation 6 denotes the convective (local)
acceleration. The initial, subsequent, and tertiary terms on the right side of both equations denote the
pressure gradient, internal stress forces (viscous effects), and external body forces (attributable to
gravitational influence), respectively. The fourth term of Equation 6, denoted as F, represents the
force arising from the rotating reference frame (the added/body forces acting on the fluid).

The shear stress, 1, in Equation 5 and Equation 6 can be expressed as follows:

2 7
T = Uers [(VV +vVT) - §|7VI] ()

57



Elibol, E. A. JournalMM (2025), 6(1) 49-67

2.4 Turbulence Model
The standard k-¢ turbulence model was used to describe the turbulent flow inside the reactor
tank. The turbulent kinetic energy (k) equation and turbulent eddy dissipation rate (g) equation
(Launder and Spalding, 1972; Versteeg and Malalasekera, 2007) for the standard k-¢ turbulence
model are as follows, respectively:

pv(Vk) =7 (’;—T Vk) + Gy — pe 8)
k
pv(Ve) =V (‘;—T \75) + z (C1eGr — Crope) ©)
&

Here, Gk is the turbulence due to shear (which can also be caused by mean velocity gradients),
ok is the turbulence Prandtl number for k. o is the turbulence Prandtl number for ¢, and C1c and Co;
are the associated constants. The values of turbulence related constants Cie, C2:, ok and o¢ In the
standard k-¢ turbulent model are 1.44, 1.92, 1.0 and 1.3, respectively. Also, ut is the eddy viscosity
and can be expressed as:

k? (10)
e = ply—

Here, C, equals to 0.09.

In the computational domain, a non-slip boundary condition was applied on the outer and lower
surfaces of the tank. Furthermore, the rotating and stationary parts were automatically connected to
each other (interfaces) by means of a general connection boundary condition.

2.5 Non-Newtonian Fluid Model

Slurry fluids with TS > 2.5% can be defined as non-Newtonian pseudoplastic fluids. k-¢
turbulence model was originally derived for Newtonian fluids. However, it can be extended to non-
Newtonian fluids with some modifications. The ‘power law’ model is a simplified rheological model
often used to describe the non-Newtonian behaviour of fluids, especially those exhibiting shear
thinning or shear thickening behaviour. There are other mathematical models for modelling non-
Newtonian fluids in the literature, such as Carreau (Carreau et al., 2021). In the ‘power law’ model,
the inherent viscosity, 1, can be determined at each point in the flow field. The model for the inherent
viscosity of dairy cattle manure in slurry form, which is considered as a non-Newtonian fluid, can be
expressed as follows (Wu and Chen, 2008):

pu=Ky"! (11)

Here, K is the coefficient of consistency (a measure of the average viscosity of the fluid), T is
the shear per unit time and n is the behaviour/power law index (a measure of the deviation of the fluid
from Newtonian behaviour). In this study, n <1, i.e. the fluid class is shear-thinning (pseudoplastics)
flow.

U (12)
Uerr = —
erf Ur
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2.6 Numerical Procedure and Mesh Structure

The computational domain is comprised of two distinct components: the inner section, which
encompasses the rotating space, and the outer section, which contains the fixed volume of the
remaining stirred tank reactor. To delineate the inner section, the Sliding Mesh (SM) technique was
employed, resulting in the partitioning of the computational domain into two distinct components.
One component engages with the stirrer, whereas the other remains in a state of rest. The COUPLED
algorithm, one of the pressure-velocity conjugate solution options, was used since faster convergence
was desired. The second order Upwind method was used to discretize the conservation equations,
while the first order Upwind method was used to discretize the turbulence model equations. The
residue criteria of the equations were set to 10°°.

By comparing the results obtained from different mesh numbers, the optimal number of cells
for the accurate solution was determined as 8165238. A sample tetrahedral mesh structure is shown
in Figure 3.

W

L NATATA
Py
N

Figure 3. Mesh structure in an example solution

2.7 Model Validation
Before proceeding to the original part of the current study, the results were verified by adopting
the same configurations based on the literature study (Celik et al., 2024) that was performed as a
numerical. As shown in Figure 4, both studies are compared with regards to dead zone volume.
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Accordingly, it is seen that the dead zone volume obtained in this study and the dead zone volume in
the aforementioned literature study are very close to each other (< 10%).

0.0035 +
0.0030 ' x Present study

] X —e—  Celiketal., 2024
0.0025
0.0020 A
0.0015

0.0010 1

Dead zone volume, m?

0.0005

0.0000 - J . \ : :
20 40 60 80 100
rpm

Figure 4. Variation of dead zone volume with respect to impeller angular velocity

3. RESULTS AND DISCUSSION

Figure 5 shows the velocity distribution obtained for different angular velocities of the impeller.
Given that the fluid motion along the axial direction significantly influences the overall mixing within
the digester tank, the axial velocity at the central vertical surface was selected to illustrate the
simulation results. As expected, the maximum velocity value inside the reactor tank increases with
increasing angular velocity. It can also be seen that the velocity variations in the impeller region are
more effective, similar to those in the literature (Bridgeman, 2012). The maximum velocities in the
selected plane are 0.608, 0.891, 1.200, 1.507, 1.818 and 2.126 m/s for 50, 75, 100, 125, 150 and 175
rpm angular velocities of the impeller, respectively. Near the bottom of the reactor digester tank, the
velocity is lower, so much so that it is almost stagnant. The possible reason for this is that the non-
Newtonian fluid in these areas is subjected to relatively low driving forces due to the impeller. In this
case, stagnant regions are formed, resulting in a weak mixing effect in localised areas. Furthermore,
the use of buffles on the tank walls has helped to reduce to some extent the low mixing zones that can
occur on a tank wall without buffles (see literature studies (Hoseini et al., 2021; Celik et al., 2024)).

In order to understand whether an effective mixing is provided in the reactor tank, the velocity
value of 0.1 m/s is determined as the critical velocity and the volume occupied by these regions in
the reactor tank for 50 and 175 rpm values are presented in Figure 6. Accordingly, the volume with
velocity values above the critical velocity for 50 rpm angular velocity is 0.000323 m?® while this value
is 0.00262 m?® for 175 rpm angular velocity.
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Figure 5. Side view of velocity distribution at different angular velocities: (a) 50 rpm, (b) 75 rpm, (c) 100 rpm, (d) 125

rpm, (e) 150 rpm and (f) 175 rpm
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Figure 6. Side view of the volume inside the tank at different angular velocities where the velocity is higher than 0.1 m/s:
(a) 50 rpm and (b) 175 rpm.

Figure 7 shows the turbulence kinetic energy distribution obtained for different angular
velocities of the impeller. Similar to the velocity distribution, the TKE is more effective in the regions
close to the impeller and the impeller shaft wall. In the other literature studies (Shen et al., 2013;
Kong et al., 2014), it has also observed that the TKE distribution and magnitude are more intense and
larger in the rotating part, i.e. close to the impeller, and become more sparse and smaller in the regions
away from these regions. The maximum TKE in the selected plane is 0.063, 0.140, 0.140, 0.247,
0.382, 0.382, 0.535 and 0.715 m?/s? for angular velocities of 50, 75, 100, 125, 150 and 175 rpm,
respectively. The turbulence kinetic energy (TKE) equation incorporates physical terms that indicate
TKE arises from the interaction of microbiological organisms within the slurry in the tank, influenced
by turbulence during the mixing process. Consequently, in the analysis of flow characteristics, it is
essential to consider the turbulent kinetic energy (TKE), as it directly influences the efficiency of
mixing.
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Figure 7. Side view of TKE distribution at different angular velocities: (a) 50 rpm, (b) 75 rpm, (c) 100 rpm, (d) 125 rpm,
(e) 150 rpm and (f) 175 rpm.

Figure 8 shows the TED rate distribution obtained for the angular velocity range of 50-175 rpm.
According to the figure, the maximum TED rate is 47.210, 112.634, 245.653, 456.622, 757.008 and
1169.555 m?/s® for angular velocities of 50, 75, 100, 125, 150 and 175 rpm, respectively. The figure
clearly illustrates the buffles used on the tank walls ensured that the TED rate distribution is effective
in almost most regions in the considered plane. There are other studies in the literature (Fan et al.,
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2015, Vilardi and Verdone, 2020) which observe that the TED rate distribution is more effective in
the rotating region. Considering that a high TED rate is a measure of the rate at which TKE is

converted into heat (internal energy) due to viscous losses (viscous dissipation), it can be considered
that it can provide a positive effect for biogas production.
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Figure 8. Side view of TED fate distribution at different angular velocities: (a) 50 rpm, (b) 75 rpm, (c) 100 rpm, (d) 125
rpm, (e) 150 rpm and (f) 175 rpm.
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4. CONCLUSIONS

In this study, dairy cattle manure was modelled as a non-Newtonian fluid in a biogas reactor
digester tank with a 60° slope and 4 buffles, and the flow behaviour in the tank at different angular
velocities of a 6-flat-bladed Rushton impeller was numerically investigated. The thermo-physical and
rheological properties of dairy manure were considered at 298 K and TS = 12%. The results were
presented in terms of velocity, TKE and TED rate distributions. Some important findings obtained
from the study can be listed as follows:

e It was observed that the velocity distribution was not effective in the lower parts of the
impeller zone in the digester tank. For more effective mixing process in the lower parts, the
impeller angular velocity should be selected higher than 175 rpm.

e By increasing the impeller angular velocity from 50 rpm to 175 rpm, the amount of volume
in the tank with velocities higher than the critical velocity value of 0.1 m/s increased by
approximately 710%, i.e. the dead zone volume was greatly reduced, resulting in a more
effective mechanical mixing process in the tank. The volume with velocity values above the
critical velocity for 50 rpm angular velocity is 0.000323 m? while this value is 0.00262 m? for
175 rpm angular velocity.

e Considering the results of the studies carried out in the literature for the reactor digester tank
without an buffle, the use of buffles provided a more effective TKE and TED rate distribution
near the tank walls.

Viscosity-induced losses, which significantly affect the turbulence behaviour in non-Newtonian
fluids, can cause local temperature increase especially at high impeller angular velocities. Moreover,
these local temperature changes may affect the thermo-physical and rheological properties of the
fertiliser slurry. Therefore, the limitations of the present study can be eliminated by considering the
energy equation in future studies.
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OZET: Yapay sinir ag1 (YSA), polimer kompozitlerin tribolojik performansi gibi karmagik
miihendislik problemlerini ¢6zmek icin kullanilan etkili tekniklerden biridir. Bu ¢alismanin amaci
bor karbiir (B4C) ve grafit (Gr) dolgulu epoksi matrisli kompozit malzemenin asinma performansini
YSA ile modellemektir. Cam elyaf takviyeli epoksi regine igerisinde agirlikca %S5, %10 ve %15
oraninda B4C ve Gr dolgulu kompozitler basit elle yatirma teknigi ile hazirlanmistir. Bu kompozitlere,
Taguchi'nin ortogonal dizi tasarimina gore kuru kayma kosullarinda asimnma deneyleri
gergeklestirilmistir. Deneysel veriler kullanilarak, asinma davranigi lizerinde ¢esitli kontrol
faktorlerinin etkisini tahmin etmek amaciyla bir YSA modeli egitilmis ve test edilmistir. Olusturulan
Y SA modelinde, ag yapist ileri beslemeli ve geri yayilimli, egitim algoritmasi Levenberg—Marquardt,
transfer fonksiyonu tansig kullanarak deneysel sonuglar tahmin edilmistir. Siirtiinme katsayis1 (COF)
icin egitim, dogrulama, test ve genel regresyon katsay1 degerleri sirasiyla 0,9936 — 0,99996 — 0,99807
ve 0,9911 iken, asinma orani igin ise 0,9968 — 0,99891 — 0,83971 ve 0,93886 olarak elde edilmistir.
Asinma oran1 ve COF degerleri i¢in olusturulan YSA modelinden elde edilen regresyon katsayisi
degerlerine gore, deneysel sonuglarin yiiksek dogruluk oranlartyla tutarli oldugu goriilmiistiir.
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Prediction of Tribological Properties of Micro-Particle-Filled Composites Using Artificial
Neural Network

ABSTRACT: Atrtificial neural network (ANN) is one of the effective techniques used to solve
complex engineering problems such as tribological performance of polymer composites. The aim of
this study is to model the wear performance of boron carbide (B4C) and graphite (Gr) filled epoxy
matrix composite material with ANN. Composites with 5 wt.%, 10 wt. % and 15 wt. % B4C and Gr
fillers in glass fiber reinforced epoxy resin were prepared by simple hand lay-up technique. Wear
tests were performed on these composites under dry sliding conditions according to Taguchi's
orthogonal array design. Using experimental data, an ANN model was trained and tested to predict
the effect of various control factors on wear behavior. In the created ANN model, the network
structure is feed forward and back propagation, Levenberg—Marquardt training algorithm, tansig
transfer function is used to estimate experimental results. The values of the training, validation, testing
and general regression coefficients for coefficient of friction (COF) were 0.9936 — 0.99996 — 0.99807
and 0.9911, respectively, while for the wear rate, they were 0.9968 —0.99891 —0.83971 and 0.93886.
According to the regression coefficient values obtained from the ANN model created for the wear
rate and COF values, the experimental results were consistent with high accuracy rates.

Keywords: Micro particle, Glass fiber, Composite, Wear, Artificial neural networks

1. GIRIS

Glinlimiiz diinyasinda, elyaf takviyeli polimer kompozitler (ETPK), havacilik endiistrisi, sihhi
tesisat borulama sistemleri, gemi insasi, rulmanlar, otomobil iiretimi, disli ve riizgar tiirbini kanadi
imalati gibi bir¢ok alanda genis uygulama alanina sahiptir. Bu kompozitler, hafiflik, olaganiistii 6zgiil
dayanim/rijitlik, daha iyi korozyon direnci ve anizotropik davranig gibi {istiin mekanik 6zelliklere
sahiptir (Thakur ve Singh, 2020; Jayan ve ark., 2021). ETPK'ler ve polimer kompozitler, kuru
siirtiinme kosullarinda metallere kiyasla daha diisiik siirtlinme degerlerine sahip olmalar1 nedeniyle
biyiik ilgi gormektedir (Friedrich, 2018). Polimer kompozitler, kuru siirtiinme kosullarina maruz
kalan birgok uygulamada kendiliginden yaglama 6zellikleri sayesinde metal muadillerinin yerini
almaktadir (Cetkin ve ark., 2022; Ouyang ve ark., 2022). Polimer kompozitler yapisal malzemelerde
ve tasarimda genis Ol¢iide kullanilmaktadir. Genellikle polimer kompozitler metal temas yiizeyi ile
etkilesim halindedir. ETPK’lerde dolgu malzemelerinin kullanimi mekanik ve tribolojik 6zelliklerin
gelistirilmesi agisindan 6nemlidir. Dolgu maddelerinin kullanim amaci iki temel Kategoriye
ayrilabilir: birincisi, mekanik, termal veya tribolojik 6zellikleri 1yilestirmek; ikincisi ise bilesenin
maliyetini diigiirmektir. Seramik veya metal parcaciklarindan olusan sert pargacik dolgular ve camdan
yapilmis elyaf dolgular, giinlimiizde dogal lif kompozitlerinde asinma direnci gibi mekanik 6zellikleri
onemli Olgiide iyilestirmek igin kullanilmaktadir (Ray, 2021). Tribolojik uygulamalarda yaygin
kullanimlar1 nedeniyle, polimer kompozitlerin tribolojik o6zellikleri bir¢ok arastirmaci tarafindan
incelenmistir (Demir ve ark., 2019; Negi ve ark., 2019; Kumar ve Singh, 2020; Turaka ve ark., 2021).
Epoksi, yiiksek mukavemeti ve modiilii, diisiik cekme seviyeleri ve uguculugu, daha iyi yapisma ve
kimyasal diren¢ gibi 6zelliklerinin yaninda islenme kolaylig1 nedeniyle en yaygin kullanilan matris
malzemesidir (Zhao ve ark., 2016; Li ve ark., 2017; Singh ve ark., 2021). Literatiir arastirmalari, cam,
karbon ve kevlar gibi liflerle polimer recinelerinin takviye edilmesinin, metal temas ylizeyi karsisinda
kuru siirtinme kosullarinda polimerlerin asinma direncini 6nemli Ol¢lide artirdigin1  ortaya
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koymustur. Kompozitlerde aginma stiregleri, birgok calisma degiskenini igeren karmasik olgudur ve
kompozitlerin aginma 6zelliklerinin farkli ¢aligma kosullarindan nasil etkilendigini anlamak esastir
(Padhi ve Satapathy, 2013). Ancak, elyaf yonelimi, matris bilesimi ve uygulanan yiik, kayma
ortamlari, sicaklik ve kayma hizi gibi test parametreleri de tribolojik performans iizerinde énemli bir
etkiye sahiptir (Findik ve ark., 2004; Chowdhury ve Helali, 2008; Agrawal ve ark., 2016). Bununla
birlikte eklenen dolgu parcaciklarinin sekli, boyutu, hacim fraksiyonu ve spesifik yiizey alani da,
kompozitlerin tribolojik 6zelliklerini biiyiik dl¢iide etkilemektedir (Kranthi ve Satapathy 2010).

Asinma oranmi ve slirtiinme katsayisi (COF) gibi tribolojik 6zelliklerin degerlendirilmesine
yonelik aragtirma ¢aligmalari, tekrar eden deneyler gerektirdigi icin olduk¢a zaman almaktadir. Deney
stiresinden tasarruf saglamak amaciyla, parametrik modelleme, regresyon modeli, bulanik mantik ve
yapay sinir ag1 (YSA) gibi gesitli modelleme yontemleri kullanilmaktadir (Jiang ve ark., 2007;
Gyurova ve Friedrich, 2011; Chowdhury ve ark., 2019). Ancak, literatiirde yer alan g¢alismalar,
YSA'min diger modelleme yontemlerine kiyasla daha yiiksek bir dogruluga sahip oldugunu
gostermektedir. YSA kullanilarak tahmin edilen degerler, hedef degerlerle gii¢lii bir korelasyon
gostermekte ve bu sayede diger modelleme yontemlerine gére daha yiiksek dogruluk saglamaktadir
(Shtub ve Versano, 1999; Ciurana ve ark., 2008). Hem dolgulu kompozitler ile ilgili deneysel
caligmalar ve hem de deneysel verilerin YSA yontemi ile modellendigi birgok ¢aligma mevcuttur
(Padhi ve Satapathy, 2013; Divya ve ark., 2023; Teli ve ark., 2023; Demir, 2024; Demir ve ark., 2024;
Kose ve ark., 2024). Zhang ve arkadaslari, YSA kullanarak kisa fiber takviyeli poliamid 4,6
kompozitinin spesifik asinma oran1 ve siirtiinme katsayisin1 tahmin etmistir. Farkli egitim
algoritmalarmin (Bayesian diizenlemesi, Levenberg-Marquardt vb.) etkisini tahmin etmek i¢in geri
yayilim yontemiyle ¢ok katmanli algilayict kullanmislardir. Calisma, sinirli sayida 6l¢lim sonucuna
dayanarak, YSA'nin malzeme tasariminda, parametrelerin incelenmesinde ve polimer kompozit
ozelliklerinin analizinde faydali bir matematiksel ara¢ oldugunu géstermistir (Zhang ve ark., 2002).
Kumar ve ark. AlSilOMg — MWCNT bazli kompozit fren balatasinin aginmasini, yiik ve ¢aligma
stiresi gibi girdileri alarak tahmin etmek i¢in YSA'y1 uygulamislardir. Ayrica deneysel sonuglarin
tahmininde 0,99447'lik bir korelasyon katsayisi elde etmislerdir (Kumar ve ark., 2021a). Kumar ve
ark. bir diger caligmalarinda ise normal kuvvet, sicaklik ve diskin devir sayisi olmak {izere {i¢ girdi
alarak NiSO4 kompozit fren balatasi i¢in bir YSA modeli gelistirmislerdir. Kiitle kayb1 ve siirtiinme
katsayisini (COF) sirastyla 0,99073 ve 0,98217 korelasyon katsayilari ile tahmin etmislerdir (Kumar
ve ark., 2021b). Rodrigues ve ark. silan uygulanmis B4C'nin epoksi reginesine eklenmesiyle mekanik
ozelliklerde onemli bir iyilesme saglamiglardir. Kompozitlerin egilme ve ¢ekme mukavemetlerinin
sirastyla yaklasik %24 ve %56 oraninda arttigini belirlemislerdir (Rodrigues & Broughton, 2013).
Abenojar ve ark. ortalama pargacik boyutu 23 um olan %6 oraninda B4C pargaciklarinin epoksiye
eklenmesinin, 7 um parcacik iceren kompozitlere kiyasla daha diisiik bir asinma orani sagladigini
bulmuslardir. Ancak, B4C parcacik boyutu artirildiginda tersine bir etki yaptigint gézlemlemislerdir.
B4C dolgusunun, cam-epoksi kompozitlere ilave edildiginde, kompozitlerin asinma &zelliklerini
iyilestirdigini belirlemislerdir (Abenojar ve ark., 2009).

Elyaf takviyeli kompozitlerde dolgu tipi ve dolgu oran1 aginma 6zellikleri iizerinde 6nemli bir
etkiye sahiptir. Bu kompozitlerin endiistriyel uygulamalarda farkli alanlarda ¢aligma sartlarina baglh
olarak birbirleriyle temaslarindan dolayr malzemelerde asmma sonucu Kkiitle kayiplar1 ve
deformasyonlar meydana gelmekte ve bdylece islevlerini kaybetmektedirler. Ortaya ¢ikan bu durum
kompozitlerde maliyet artirict bir unsur olarak karsimiza c¢ikmaktadir. Bu yiizden asinma
parametrelerinin ve malzeme 6zelliklerinin birbirleriyle olan etkilesimlerinin belirlenmesinde, zaman
ve maliyet agisindan farkli modelleme ve optimizasyon yontemlerinin kullanilmasi 6nem arz
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etmektedir. Bu baglamda, bu calismada ¢esitli parametrelerin ve bunlarin etkilesimlerinin etkisini
incelemek ve siirtiinme katsayisi ile aginma oranmi tahmin etmek amaciyla YSA yontemi
kullanilmagtir.

2. MATERYAL VE YONTEM

2.1 Kompozitlerin Uretimi

Bu calismada, farkli agirlik yiizdelerinde dolgu tipi i¢ceren polimer kompozitler, basit el yatirma
teknigi ile tiretilmistir. Matris malzemesi olan ARC 152 epoksi re¢ine ve sertlestiricisi “ARC Marine”
firmasindan temin edilmistir. Cam elyaf takviye malzemesi olarak diiz dokuma cam elyaf, karbomid
firmasindan, Gr ve B4C dolgu pargaciklari ise Ege Nanotek firmasindan temin edilmistir. Sertlestirici,
epoksi regine i¢ine dortte bir oraninda katilmistir. Dolgu parcaciklart 6ncelikle belirlenen oranlarda
hassas terazide tartilarak epoksi recine igine katilmig ve homojenligin saglanmasi amaciyla mekanik
bir ¢ubukla 15 dakika karigtirilmistir. Matris orant %50 oraninda tutulmustur. B4C ve Gr dolgulari
icin ayr1 ayr1 agirlik yiizdesi, %5, 10 ve 15 olmak iizere 3 farkli oranda matris malzeme iginde
karistirildiktan sonra 30 x 30 cm boyutlarindaki her cam elyaf katmanina siiriilerek plakalar
hazirlanmistir. Ortalama 5 mm numune kalinhigir elde etmek amaciyla 13 katman cam elyaf
kullanilarak dolgulu 6 tip kompozit panel iretilmistir. Plakalarin kurumasi i¢in 1 giin boyunca
kiirlesmeye birakilmistir. Asinma testleri igin 40 mm x 40 mm x 4 mm boyutlarinda kompozitler
kesilmistir. Bu ¢alismada laminatlarin tiretiminde kullanilan matris, takviye ve dolgu maddelerinin
ozellikleri Cizelge 1'de sunulmustur. Kompozitlerin iiretim agamalar1 ve aginma test diizenegi Sekil
1’de verilmistir.

Cizelge 1. Cam elyaf ve dolgu parcaciklarinin 6zellikleri

Cam Elyaf Gr B4C
Agirhik 220 gr/m? Toz Boyutu 30 mikron 30 mikron
Kopma Uzamasi %2,50 Yogunluk 2,09-2,23 g/cm?® 2,562 g/cm?®
Cekme Mukavemeti 1300 MPa Saflik % 99,9 % 96
Elastisite Modiilii 65 GPa Sertlik 0,32 GPa 44 GPa

Asinma
numunesi

Kompozitlerin Uretim Asamasi Asinma Test Cihazi

Sekil 1. Kompozitlerin iiretilmesi ve asinma deney diizenegi (Giirbiiz ve ark., 2024)

2.2 Asinma Testi
Dolgulu kompozitlerin aginma testleri icin degisken yiik, kayma hizi, dolgu orani gibi tiim
deney kombinasyonlarinin birbiri ile etkilesiminin aragtirilmasi gerekmektedir. Bu calismada deney
sayisinin  belirlenmesinde Taguchi metodu kullanilmistir. Taguchi deneysel tasariminin
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kullanilmasinin amaci, asinma testlerindeki tiim parametreleri kapsayan daha az deneyle tiim
parametreler arasindaki iliskileri belirlemektir. Asinma deneyleri 250 m, 500 m, 750 m kayma
mesafesi ve 5 N, 10 N ile 15 N yiikte gerceklestirilmistir. Asinma testlerindeki numuneler Turkyus
marka pin on disk cihazinda 300 dev/dk hizinda 6 mm c¢aptaki celik bilye ile asindirilmigtir. Testler
ASTM G99 standardina gore yapilmis olup, asinma oraninin belirlenmesinde kullanilan formiil
Esitlik 1°de verilmistir.

AH =2+ R[r? xsin — 1(a/2 * 1) — (a/4) * (4 * r% — a?]V/? (1)

Burada R: iz ¢apini, AH: asinma oraniny, r: bilye ¢apini ve a: ise iz genisligini ifade etmektedir.

2.3 Taguchi Modelleme

Bu caligmada deney sayisini diisiirerek hem finansal hem de zaman agisindan kazangli olmak
icin deney tasarim yontemlerinden biri olan Taguchi metodu kullanilmigtir. Taguchi metodunda giris
parametreleri olarak dolgu malzemesi, katki orani, kuvvet ve kayma mesafesi iken ¢ikis parametreleri
olarak asinma orani ve siirtinme katsayis1 secilmistir. Giris parametrelerin ¢ikis parametreleri
iizerindeki etkisini belirlemek icin ii¢ faktorlii karisik seviye tasarimi kullanilmistir. Deney sayisi,
L18 (271-3"3) diizeni Taguchi mixed (karisik) tasarim olarak se¢ilmistir. Asinma orani ve siirtiinme
katsayis1 deneyleri icin giris parametreleri ve seviyeleri Cizelge 2’te verilmistir.

Cizelge 2. Asinma deneyleri i¢in giris parametreleri ve seviyeleri

. Dolgu Kayma Dolgu oranlari
Seviyeler malzemesi  mesafesi (m) Kuvvet (N) (%)
1 B4C 250 5 5
2 Gr 500 10 10
3 750 15 15
2.4 YSA Analizi

YSA, girdilerin ¢iktilar {izerindeki etkisini tahmin etmek i¢in veri tabani egitimi igeren bir
tekniktir. Iyi tasarlanms bir YSA’y1 egitmek icin belirli bir miktarda deneysel sonuca ihtiyag
duyulmaktadir. YSA, ¢6ziilmesi gii¢ olan denklemleri 6grendikten sonra ¢ok sayida deney yapmaya
gerek kalmadan sonuglar1 tahmin edilebilmektedir. YSA, néron adi verilen bir¢ok ¢apraz bagli basit
islem biriminden olusan bir sistemdir. Ag, seri bagh ii¢ kisimdan olusur. Bunlar giris katmani, gizli
katman ve ¢ikis katmanidir. YSA’da giris katmani islenmemis verileri kabul eder, gizli katmanda bu
veriler iglenir ve ¢ikis katmani aracilifiyla sonuglar disa aktarilir (Pati, 2019). Asinma orani ve COF
degerinin tahmin etmek amaciyla, dort noéronlu bir giris katmani (dolgu tipi, dolgu igerigi, uygulanan
yiik ve kayma mesafesi), 10-8-3 noronlu ii¢ gizli katmanli ve iki noronlu bir ¢ikis katmani (asinma
orani ve COF) ile YSA modeli olusturulmustur. Olusturulan YSA modeli Sekil 2’de gosterilmistir.
Gizli katmandaki ndron sayisinin belirlenmesi, ortalama kare hata kriterine dayali olarak deneme-
yanilma yontemiyle yapilmistir. YSA’y1 gelistirmek ve giris parametrelerine baglh olarak ¢ikis
parametrelerini tahmin etmek amaciyla, COF i¢in 18 veri kiimesi ve asinma orani i¢in 18 veri
kiimesinden olusan deneysel bir veri taban1 kullanilmis, Cizelge 5 ve Cizelge 6'da gosterilmistir.
Olusturulan YSA modelinde, deneysel verilerin, %70’ni egitim ve %15’ini test verileri ve geriye
kalan %15’ini dogrulama verileri olarak se¢ilmis ve MATLAB programina yiiklenmistir. Bu
calismada, COF ve asinma oranlarini tahmin etmek i¢in ileri beslemeli geri yayiliml ag tipi (Feed-
Forward Back Propagation Network), Levenberg—Marquardt egitim algoritmasi ve tansig transfer
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fonksiyonu uygulanmistir. YSA modelinde verilerin tahmininde kullanilan genel formiil Esitlik 2°de
verilmistir.

z (2)
NETi = ZWU + Wpi
=1

[13%3] (13 2

Burada; satir numarasini “i”, deney sayisini “n”, siitiin numarasini “j”’, néronlarin agirhigini “w
ve agirliga ait dengelemeyi “wp” ifade etmektedir. Kullanilan transfer fonksiyonu Esitlik 3’te
verilmistir.

[13%2]
1

Z (3)

tansig(n) = m -1

YSA modellemesi icin MATLAB yazilim paketi kullanmilmigtir. Tahmini hata miktarinin
hesaplanmasinda Esitlik 4’deki formiil kullanilmstir.

Tahmini hata = (Deneysel veri — YSA verisi) 4)

Deney parametrelerinin 0-1 arasinda olmasi YSA modelinin daha dogru sonuglar vermesini
saglamaktadir. Bu amacla deney parametrelerinin minimize edilmesinde kullanilan formiil Esitlik
5’te verilmistir.

(X — Xmin) )
(xmax - xmin)

X =

Bu esitlikte X normalize edilmis veriyi, X;,,;, en diisiik veriyi, X;,4, €n biiylik veriyi ve X ise
oOlgiilen veriyi ifade etmektedir. Regresyon katsayisinin hesaplanmasinda kullanilan formiil Esitlik
6’te verilmistir.

Z?:l(zgergek—ztahmini)z (6)

R*=1- n 2
Zl’:l(zgen;ek—zortalama)

Esitlik 6’da Zgercex gercek veriyi, Zigpmin; tahmin edilen veriyi, Z,riq1amq Verilerin
ortalamasini, R? regresyon katsayisini ve n ise toplam gdzlem sayisini ifade etmektedir.
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Kayma
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Sekil 2. Deneysel verilerin YSA modeli

3. BULGULAR VE TARTISMA

Asinma ve COF i¢in Levenberg—Marquardt egitim algoritmasi siirecinden elde edilen degerler
Cizelge 3 ve Cizelge 4’te verilmistir. COF igin egitim algoritmast 12. dongiide, aginma orani igin ise
7. dongiide tamamlanmistir. Mu degeri, Levenberg-Marquardt algoritmasinin egitim siirecinde
ayarlanan bir parametre olarak kullanilmaktadir. Bu parametre baslangigta 0,001 olarak belirlenmis
ve egitim siireci ilerledik¢e 1e-07 degerine kadar diismiistiir. Burada Mu degerinin baslangictan
itibaren belirgin sekilde azaldig1 gézlenmistir.

Cizelge 3. COF i¢in Levenberg—Marquardt egitim algoritmasi siireci

Egitim Islemi Baslangi¢c Degeri Durma Degeri  Hedef Deger

Dongii 0 12 1000
Gegen Siire - 00:00:00 -
Performans 0,152 7,96e-21 -
Gradient 0,352 9,23e-12 le-07
Mu 0,001 le-07 le+10
Dogrulama 0 3 6

Cizelge 4. Asinma orani i¢in Levenberg—Marquardt algoritmasi egitim prosesi

Egitim islemi Baslangic Durma Degeri Hedef Deger
Déngii 0 7 1000
Gegen Siire 0 00:00:00 -
Performans 157 1,16E-18 0
Gradient 385 1,44E-08 le-07
Mu 0,001 0,00001 le+10
Dogrulama 0 3 6

COF ve asinma oranlari i¢in olusturulan YSA’dan elde edilen hata histogram grafikleri Sekil
3a ve Sekil 3b’de sunulmustur. Deneysel verilerin hata histogramini gosteren Sekil 3a ve Sekil
3b’deki veri kiimelerinin ¢ogunun sifir hata ¢izgisine yakin olan -0,00293 ve -0,1512’lik bir hataya
sahip oldugu ortaya ¢ikmistir. COF ve asinma orani i¢in elde edilen genel veri kiimelerinin hata
miktarlariin sirasiyla 0,07'den ve 4,6’dan az oldugu gozlenmistir ve bu da tiim deneyler igin

74



Giirbiiz, H., Demir, M. E., Baday, S., Akcan, 1. H.

JournalMM (2025), 6(1) 68-82

minimum bir hata oldugunu kanitlamaktadir. Bu nedenle, deneysel veriler igin gelistirilen YSA

modelinin tutarlt ve dogru oldugu kabul edilebilir.

Hata Histogrami

Hata Histogrami
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Sekil 3. Hata histogramz1: a) COF, b) Asinma orant

COF ve aginma oranina ait deneysel verilerin performans grafikleri Sekil 4’te verilmistir. Sekil
4’te verilen dogrulama performans grafigi, YSA modelinin dogrulugunu 6zetlemekte ve verilerin
biitiinltiglinii degerlendirmek i¢in kullanilmaktadir. Sekil 4a’daki modelin 12. dongiliye kadar
egitildigi, en iyi performans degerinin 9. dongiide elde edildigi ve 9. dongiideki ortalama kare hata
degerinin 0,0017084 oldugu belirlenmistir. 9. dongiiden sonra ger¢ek degerler ve tahmini degerler
arasindaki hata orani artifindan dolay1 program bu dongiide sonlanmistir. Bu, ortalama kare hata
degerinin sifira yakin olmasi YSA modelinin ¢ok iyi egitildigini ve dolayisiyla gelistirilen modelin
hedef degerlere ¢ok yakin degerleri tahmin edebilecegini gostermektedir. Sekil 4b’de ise asinma orant
icin modelin 7. dongiiye kadar egitildigi ve en iyi performansin 4. dongiide elde edildigi ve 4. dongii
ortalama kare hata degerinin 12,9078 oldugu tespit edilmistir. Sekil 4a ve Sekil 4b’de verilen COF
ve aginma oranlarina ait egitim hata degerlerinin artan dongii sayisiyla azaldig1 gézlenmistir.

e o e o o o o e e e e o E e e e o e e e mm e =y
I Enoiyi dogrulama performansi 0.0017084 9.dongiide 11 En iyi performans degeri 12.9078 4.dongiide I
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Sekil 4. Performans grafigi: a) COF, b) Asinma orani

Dolgulu cam elyaf takviyeli kompozitlerin COF ve asinma oranlarina ait deneysel veriler
egitildikten sonra elde edilen regresyon grafikleri Sekil 5a ve Sekil 5b’de verilmistir. Sekil 5’teki
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COF ve aginma orani igin verilen grafikler egitim, dogrulama, test ve genel regresyon grafiklerini
icermektedir. Sekil 5a ve Sekil 5b’deki grafiklerde goriilen 45 derecelik agiya sahip ¢izginin etrafinda
yer alan hedef ve ¢iktilarin birbirine yakin degerlerde olmasi istenmektedir.
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Sekil 5. Regresyon grafikleri: a) COF b) Asinma orant

COF ig¢in egitim, dogrulama, test ve genel regresyon katsayr degerleri sirasiyla 0,9936 —
0,99996 — 0,99807 ve 0,99111 olarak elde edilmistir. Asinma oraninda ise egitim, dogrulama, test ve
genel regresyon katsayir degerleri sirasiyla 0,9968 — 0,99891 — 0,83971 ve 0,93886 olarak ortaya
¢ikmistir. Hem COF hem de asinma orani i¢in elde edilen regresyon degerlerinin 1’e ¢cok yakin elde
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edilmesi, agin iyi egitildigini, giivenilir oldugunu ve deneysel veriler ile arasinda giiglii bir korelasyon
oldugunu kanitlamaktadir. Bu sonuglar, gelistirilen ag modelinin deney sonuglarindan ¢ok az
sapmayla aginma oranini1 ve COF degerini tahmin etmedeki etkinligini dogrulamaktadir. Sekil 5b’de
yer alan test regresyon katsayr degeri digerlerine gore daha diisiik ¢ikmistir. Bunun nedeni olarak
deneysel verilerin alinmasi sirasindaki hata payindan kaynaklandigi distiniilmektedir. COF ve
asinma orani i¢in hedef, ¢ikt1 ve hata degerleri Sekil 6’da verilmistir. Sekil 6a’da COF degerlerinin
tahmin edilmesinde en fazla sapma miktar1 9. ve 10. deney verilerinde meydana gelmistir. Genel
olarak COF degerlerinin tahmin edilmesinde sapma miktarlarinin ¢ok diistik oldugu gézlenmis, hedef
ve ¢ikt1 degerlerinin birbiriyle ortiistiigli Sekil 6a’daki grafikten anlasilmaktadir. Sekil 6b’deki asinma
orani degerlerinin tahmininde 1, 4 ve 7. deney verilerinin diger deney verilerine goére sapma
miktarinin biraz daha fazla ¢iktig1 tespit edilmistir. COF deneysel verilerinin tahmini, aginma orant
verilerinin tahminine gore daha basarili oldugu Sekil 6a ve Sekil 6b’ deki ¢ikt1 ve hedef grafiklerinden
anlagilmaktadir.
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Farkli parametrelere bagli olarak elde edilen COF ve asinma orani i¢in deneysel veriler, tahmin
degerleri ve sapma miktarlart Cizelge 5 ve Cizelge 6’da verilmistir. Cizelge 5°teki degerler
incelendiginde YSA analizi ile elde edilen tahmini COF degerlerinin deneysel veriler ile olduk¢a
ortiistiigi goriilmektedir. En diisiik ve en yiiksek sapma degerleri sirasiyla 0,00009 ve 0,072 olarak
elde edilmistir. Asinma oranlar1 i¢in verilen Cizelge 6’ daki degerler incelendiginde tahmin degerleri
ile deneysel degerlerin birbirine genel olarak yakin oldugu tespit edilmistir. En yiiksek sapma miktari
7. deney verisinde (4,72707) ve en diisiik sapma degeri ise 2. deney verisinde (0,00147) ortaya
cikmistir. COF ve asinma orani tahminlerindeki sapma miktarlarini sifira yakin elde edilmesi
deneysel veriler i¢in uygulanan YSA modelinin gecerliligini gdstermektedir.

Cizelge 5. Farkli parametrelere bagli gercek ve tahmini COF degerleri

Katki Dolgu orani (%) Kuvvet Mesafe Gercek COF Tahmini COF Sapma
Gr 5 5 250 0,758695327 0,76613 0,0070
Gr 10 10 500 0,522985143 0,52609 0,0030
Gr 15 15 750 0,410057631 0,41098 0,00009
Gr 5 5 250 0,758695321 0,76613 0,00700
Gr 10 10 500 0,522985143 0,52609 0,0030
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Cizelge 5. Farkli parametrelere bagli gercek ve tahmini COF degerleri (devami)

Katki  Dolgu oram (%)  Kuvvet Mesafe Gercek COF Tahmini COF Sapma
Gr 15 15 750 0,410000004 0,41098 0,0009
Gr 5 5 500 0,915565003 0,93852 0,0229
Gr 10 10 750 0,489149649 0,48796 -0,0010
Gr 15 15 250 0,320000000 0,24889 -0,0710

B4C 5 5 750 0,738546406 0,8109 0,0720
B4C 10 10 250 0,655046567 0,66538 0,0100
B4C 15 15 500 0,378975930 0,35354 -0,0250
B4C 5 10 750 0,496672426 0,48895 -0,0070
B4C 10 15 250 0,335832063 0,33411 -0,0010
B4C 15 5 500 0,647040914 0,641314 -0,0050
B4C 5 10 750 0,496672426 0,48895 -0,0070
B4C 10 15 250 0,335832063 0,33411 -0,0010
B4C 15 5 500 0,647040914 0,64131 -0,0050

Cizelge 6. Farkli parametrelere bagh gercek ve tahmini aginma orani degerleri

Gercek Asinma Tahmini Asinma

Katki  Dolgu orani1 (%) Kuvvet Mesafe Sapma
Orani Orani
Gr 5 5 250 4,550992 0,523157 -4,02784
Gr 10 10 500 7,205745 7,204267 -0,00147
Gr 15 15 750 7,223641 6,842672 -0,38097
Gr 5 5 250 4,550992 0,523157 -4,02784
Gr 10 10 500 7,205745 7,204267 -0,00148
Gr 15 15 750 7,223643 6,842672 -0,38097
Gr 5 5 500 3,777776 -0,94929 -4,72707
Gr 10 10 750 8,372175 8,240603 -0,13157
Gr 15 15 250 9,013273 8,319442 -0,69383
B4C 5 5 750 8,808456 8,829651 0,021196
B4C 10 10 250 13,41386 13,55868 0,144815
B4C 15 15 500 20,09887 21,68337 1,584496
B4C 5 10 750 12,63095 12,63568 0,004729
B.C 10 15 250 16,21653 16,60995 0,393425
B4C 15 5 500 9,193006 9,202908 0,009902
B4C 5 10 750 12,63095 12,63568 0,004729
B4C 10 15 250 16,21653 16,60995 0,393425
B.C 15 5 500 9,193006 9,202908 0,009902

Cizelge 5°te dolgu tiplerinin etkisi incelendiginde, Gr dolgulu cam elyafli kompozitlerin
sirtiinme katsayilarimin B4C dolgulu cam elyafli kompozitlere nazaran daha diisiik oldugu
anlasilmaktadir. Bu durumun asinma sirasinda B4C parcaciklarinin matris i¢inden ¢ikarak celik pin
ile malzeme arasinda sikisip siirtiinme katsayisinin artisina neden oldugu diistiniilmektedir. Dolgu
oraninin etkisine bakildiginda ise artan dolgu oranlarinda hem Gr hem de B4C dolgulu kompozitlerin
strtinme katsayilarinin distiigii gozlemlenmistir. Gr pargaciklarinin yaglayict 6zelligi ve B4C
parcaciklarinin yiiksek sertligi Gr ve B4C dolgulu kompozitlerin siirtiinme katsayilarinin artan dolgu
oranlarinda diismesini saglamistir. Cizelge 6’daki asinma oranlart incelendiginde, B4C dolgusunun
Gr dolgusuna kiyasla asinma oranini daha ¢ok arttirdigi anlagilmaktadir. Literatiir incelendiginde
Gr’nin kati1 yaglayict 6zellige sahip olmasindan Otlirli asinmaya karsi olan direnci arttirdigi
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bilinmektedir (Bheemappa ve ark., 2007; Sudheer ve ark., 2014). Uygulanan yiikiin aginma orani
tizerindeki etkisi incelendiginde yiik artisinin asinma oranmi belirgin  Olgiide arttirdigi
anlasilmaktadir. Elde edilen sonuglar literatiir ¢alismalariyla paralellik arz etmektedir (Kim ve ark.,
2012; Arun ve Kumar Singh, 2017).

4. SONUC

Mikro parcacik dolgulu cam elyaf takviyeli kompozitlerde farkli dolgu pargaciklarinin ve
asinma parametrelerinin COF ve aginma orani iizerindeki etkisi YSA ile incelenmis ve elde edilen
sonuclar asagida maddeler halinde verilmistir.

» Gelistirilen ag modelindeki hata histogramina gore veri kiimelerinin ¢ogunun sifir hata
cizgisine yakin olan -0,00293 ve -0,1512’lik bir hataya sahip oldugu goriilmiistiir.

» Olusturulan YSA modelinden elde edilen COF igin regresyon katsayr degerleri; egitim,
dogrulama, test ve genel olmak iizere sirasiyla 0,9936 — 0,99996 — 0,99807 ve 0,99111
degerlerinde elde edilmistir. Asinma orani igin regresyon katsayr degerleri ise egitim,
dogrulama, test ve genel olmak tizere sirastyla 0,9968 — 0,99891 — 0,83971 ve 0,93886 olarak
ortaya ¢ikmustir.

» YSA analizi ile elde edilen tahmin sonuglarina gore en diisiik ve en yiiksek COF ve asinma
oranlarmin sapma degerleri sirasiyla 0,00009 — 0,072 ve 0,00147 — 4,72707 olarak elde
edilmistir. Asinma oran1 ve COF degerlerinin tahmini sapma miktarlarinin sifira yakin olarak
elde edilmesi olusturulan YSA modelinin gecerli oldugunu gostermistir.

» YSA modelinin aginma oran1 ve COF degerlerini tahmin etmede oldukga yiiksek dogruluk
oranlarina sahip oldugu goriilmiistiir.

[lave edilen hem Gr hem de B4C dolgu tipide kompozitlerin asinma direnglerini arttirdig: tespit
edilmisgtir.
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1. INTRODUCTION

FGMs are abundantly studied by researchers for their significant and unique resistance to
environmental conditions. FGMs are researched in many different structure types such as plate, beam,
hollow pipe, sphere or as shell to these specific structure types (Abuteir and Boutagouga, 2022; Akgoz
and Civalek, 2014; Chen et al., 2022; Ozalp and Esen, 2025). These models are used as helpful for
the production of dental applications, space technology, smart nanoelectromechanical systems,
nanosensors, and invisibility technology.

FGMs are not just produced as one material as they are produced of generally metal and ceramic
materials in terms of different volumes along the thickness. This characteristic of FGMs features a
distinct and specific response to environmental conditions compared to composites. Also FGMs can
be used with different structure types such as a plate with pure metal foam core between two FGM
surface layers (Al-Walily et al., 2022). Additionally, honeycomb can be used instead of foam core and
supply different results for different conditions.

Because of its cellular design, honeycomb structures have special mechanical qualities that
enable effective distribution of load and energy absorption. Geometric setup, material anisotropy, and
temperature fluctuations all affect these structures' thermal buckling response. For instance, the angle
parameter of honeycomb cell will have the largest load capacity. This can be seen in the nanobeam's
lowest level of displacement and its highest level of critical buckling stress. Different results are
obtained with auxetic honeycomb structures compared to materials with positive Poisson's ratios.
These structures have variable stiffness and negative Poisson's ratios, which are affected by their
geometric features (Van Lieu et al., 2024).

FGMs are made with different properties that can be changed to lower stress levels and make
them more resistant to heat. A lot of research has been conducted on the thermal buckling of
cylindrical shells with FGM coatings. This studies show how defective cylinder shells react to thermal
stress (Dang et al., 2024; Wang et al., 2016). The results show that the difference in the material's
properties has a big effect on the critical buckling temperature. This shows that FGMs can make
honeycomb structures more resistant to heat. The addition of auxetic materials to honeycomb
constructions is very helpful in situations where high energy absorption and structural resilience are
needed.

One important feature of honeycomb structures is how they change when they are hit.
Experiments are conducted to assess the damage patterns that happen when high-speed impact hit
honeycomb sandwich structures with FGM face plates (Arslan and Gunes, 2018). The test results
showed that changing the FGM face plates' material makeup changed the types of damage they could
take, how much energy they could absorb, and how well they could withstand impacts. There was
also energy absorption from the honeycomb core through plastic buckling of the cell walls and lateral
crushing deformations.

Spaceship bus designs should make designs more flexible and lighter without sacrificing
functionality. To keep the needed rigidity while minimizing mass, a spacecraft structure needs to be
very efficient. Because they are light, stiff, and strong in bending, honeycomb sandwich shapes are
being used more and more in industry (Boudjemai et al., 2013).

Modern computing methods, like finite element analysis (FEA), have led to more about how
honeycomb FGM plates react to temperature changes. The study of how new re-entrant circular
auxetic honeycombs react to dynamic crushing shows how accurate numerical models can be at
predicting what complex structures will behave under different loading conditions. Results show that
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design factors might make honeycomb-FGM structures work better in terms of heat and force (Qi et
al., 2022).

Biological tissues, including bone, wood, and sponge, demonstrate hierarchical cellular
structures that are lightweight and exhibit enhanced energy absorption properties. A study on bio-
inspired hierarchical honeycombs demonstrates the ability of these materials to exhibit improved
reliability and energy absorption characteristics (Yin et al., 2018). Plates also can be utilized in many
areas at nanoscale such as nanocardboard could be used as a structural element for scanning probe
cantilevers, microflyer or interstellar lightsail wings, and other microscopic and macroscopic systems
(Lin etal., 2018)

Mentioned literature reveals that the examination of FG surface plates with honeycomb core
sandwich structures affected by temperature forms a relatively unexplored research area. Recent
studies have concentrated on these structures because of the remarkable mechanical and thermal
properties associated with honeycomb configurations. Honeycomb structures, due to their
metamaterial characteristics, have the potential for novel applications in various fields. This study
examines the thermomechanical buckling properties of composite nanoplates, consisting of a
honeycomb core layer and FG metal/ceramic surface layers. This research provides a comprehensive
analysis of the thermomechanical buckling response of sandwich nanoplates, with findings presented
in detail. The investigation's results demonstrated that the buckling response of the sandwich
nanoplate can be substantially altered to meet defined conditions and requirements. The findings of
this study will contribute to important application areas, such as aerospace and submarine vehicles,
which need protection against ultrasonic and mechanical waves in both standard and high temperature
conditions. The results obtained are expected to be relevant for radar stealth applications and for the
protection of nanoelectromechanical systems operating in high noise and vibration environments.

2. FG NANOPLATE SANDWICH STRUCTURE

Figure 1 presents a schematic representation of the sandwich nanoplate under investigation,
while Figure 2 depicts core layer structure comprised of honeycomb. The sandwich structure consists
of a honeycomb core layer (Ti-6Al-4V) between top and bottom FGM layers (Ti-6Al-4V; Al>Og).
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Figure 1. (a) Top and bottom FGM plates with honeycomb core (b) SSSS plate boundary conditions
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Figure 2. Honeycomb core layer and dimension symbols

2.1 Core Layer
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Gibson formula (Gibson, 2003) is used to find the properties of honeycomb layer changing with

structural dimensions as follows:

Ec(330059

Eiq =
17 (g, + sinB)sin26
_ Ec5%(4y + sing)

E22 -

cos36

E.r =
337 2(g, + sinf)cos@

Ed3(2+41)

[1 - ¢5%cot?6)]

[1 - ¢5%(¢ysec? 6 + tan?0))]

cos?0

V12 = (¢; + sinf@)sind [
_ Ec§5° (G + sing)
4,214 2g,)cos

12

Gc (3

1 — {5%csc?6)]

_ Gc(3cos0

Gro=—22""
137 ¢, +sind

{1 + sin@ {1 + 2sin?6

Goa =
23 ™ 2cosh (14 2¢;)cos@  2(¢; + sinf)

c

C —

lpC

_ Priaw$3(§1 + 2)
2cos6({; + sinf)

ariaw$z(§y + 2)

~ 2c0sH({; + sind)

_ Yriawv3 ({1 +2)
2c0s0({; + sinf)
¢ = a
tC
(3= @

)
(2)
3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)

(12)

Gij ik jk » Vij, Eiz jj and p denote Shear moduli, Poisson's ratio, Elastic modulus, and density,
respectively, for the hexagonal core. i denotes the thermal conductivity coefficient while « is thermal
expansion coefficient. Coefficient subscript ¢ stands for the honeycomb material (eg., E. as Elastic
moduli). For other honeycomb coefficients, a., b.., and t. denote inclined lengths, vertical length and
thickness of the cell rib respectively, while 8 represents the inclination degree. {; denotes length ratio
and {5 represents thickness ratio (Figure 1, 2).
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2.2 FGM Face Layers
Numerous distribution functions have been proposed in the literature for the simulation of FGM
structures (Touloukian, 1967). This research examines the applied Voigt model (Markworth et al.,
1995).

Top layer:
z 1\?
P = [P — Rt B, Vo= (345),  VetVp=1, (13a)
h, <z < hg

Bottom layer:

z 1\
P) =[P =Bl + B Vo= (345) Vet V=1, (130)
hy <z<h

Each layer can have a different P(z) which symbolizes effective material parameter and it
changes along the z-direction. P¢ stands for the properties of ceramic constituent and Pm denotes metal
property characteristics. The volume fraction of the ceramic material is represented by V¢ and Vm
correspond to ceramic and metal material, also the power distribution, denoted as p, ranges from zero
to infinity. In the condition of p=co, the layer completely contains metal, but at p=0, it purely contains
ceramic (Equation 13a, 13b). From h, to h; are the boundaries of bottom plate thickness and from
h, to hs is defined as top plate thickness boundaries. For the core plate thickness boundaries range
from h, to h,.

The calculation of temperature dependent material coefficients can be conducted using a
nonlinear temperature function (Table 1), as accounting for the temperature effect is crucial for
precise predictions of the structure's behavior (Markworth et al., 1995).

Py =Py (P_iT™+ 1+ P,T + P,T? + P;T3) (14)

The characteristics of each material are determined by its P; (i=0,1,2,3) values, corresponding
to various temperature ( T ) values.

2.3 The Temperature Effect
To find uniform, linear and nonlinear temperature rise in the equation, FG nanoplate
temperature is raised to its final temperature in the condition of initial temperature is To=300K and
plate is stress-free.

AT =T —T, (15)
Based on the assumption that the temperature increases linearly (LTR) from Tt to Ty across the
thicknesses, the temperature of a horizontal surface that extends in the z-axis with the temperatures

of its bottom and upper surfaces, Tp and T, respectively, can be computed as follows (Kiani and
Eslami, 2013):
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T(z) =T, + (T, —Tp) (h il 22) (16)
2h
Table 1. Temperature dependent coefficients of the FG sandwich plate (Reddy and Chin, 1998)

Material Property P4 Po P1 P, P3
E(Pa) 0 122.56x10° -4.586x10* 0 0
v 0 0.2884 1.121x10* 0 0
Ti-6Al-4V a(K™) 0 7.5788x10°® 6.638x10 -3.147x10° 0
P(W/mK) 0 1.000 1.704x107 0 0
p(kg/m3) 0 4420 0 0 0

E(Pa) 0 349.55 x10° -3.853 x10* 4.027 x107 -1.673 x101°
v 0 0.26 0 0 0
AlLOs a(K™1) 0 6.8269 x10°® 1.838 x10* 0
YW/mK) 2'3_ 6 -14.087 -6.227 x1073 0 0
p(kg/m?) 0 3750 0 0 0

The one-dimensional heat transfer problem can be analyzed under conditions of a nonlinear
temperature increase (NLTR) across the thickness of the nanoplates, utilizing defined temperature
boundary limits to determine the upper and lower surface temperatures (Tp and T¢) of the plate (Ozalp

ApoD)-o 1) (-

Y represents the thermal conductivity coefficient. The temperature at any position along the
thickness of the z-axis, given a specific boundary condition, can be determined as follows:

and Esen, 2024).

z 1
o Sl

T(2) =Ty + (T, = Tp) I :

g RO

2.4 Application of Nonlocal Strain Gradient Elasticity
The calculations for shear and normal stresses at any particular position can be performed using
al, and al, the total stress in the xz and xy directions as follows (Arani, 2017):

t _— 2
Oxx = Jxx -V Jxx

t _— 2
Oxz = ze -V sz
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Where:
Oty = fVE(z)aO(x’,x, eo)Exy(xHdV'’ (20a)
ol =12 fVE(z)al(x’,x, e,a)VeL, (x)dV'’ (20b)
0%, = '[;/G(z)ao(x’,x, eoa) &y, (xdV’ (20c)
ol =12 fVG(z)al(x’,x, e,a)VeL,(x"dV' (20d)

Here, o¢ and o represent the normal and shear stresses of higher-order and classical types,
with V utilized as the Laplacian operator. Additionally, the size parameter I quantifies the impact of
size at the nanoscale. The functions ao (x', x, eya) and a1 (x', x, e;a) denote the nonlocal weakening
functions associated with the strains &, and &,,,. Additionally, V signifies volume. The nonlocality
coefficients are represented as eo and e; (Arani and Jalaei, 2017). Assuming eo = e1, and utilizing a
linear differential operator, we can derive the next equation pertaining to the Nonlocal Strain Gradient
Theory (NSGT) (Lim et al., 2015):

[1 — (epa)® V?]at, = [1— I4V?]E(2)ex, (21a)
[1 = (eoa)? V?]at, = [1—14V?]G(2)ey, (21b)

where &,,, denotes normal strain, y,., signifies the shear strain, and o¢ represents the total stress:

d%at d%¢

Ohx —(€0a ) ——= = [sxx — = ] E(z) (222)
d%ot 0%y,

O-ng - ( eod )2 axzz = lyxz - lrzn axzz I G(Z) (22b)

2.5 Displacement Fields and Strains
The HSDT (Shimpi, 2002) is developed based on the subsequent assumptions:

ow ow
w (6,20 = ulxy,0) =22~ f(2) 2> (23a)
ow,, 0w,
u,(x,y,z,t) =v(x,y,t) — Za—y - f(2) 3y (23b)
us(x,y,z,t) =wy(x,y,t) + wg(x,y,t) (23c)

Here, f(2) = —z/4 + 5z3/3h2. The displacements along the coordinate directions (x, y, z) are
represented by u4, u,, us. The variables u and v indicate the displacements of a point on the midplane
along the x and y directions. For the transverse displacement, w, is shear component and w,, is
bending component. The variable h signifies the thickness length. The HSDT, as stated earlier,
neglects the effect of the thickness stretching considering a uniform transverse displacement
throughout the thickness. The displacement field in equation (23c) is altered by integrating
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supplementary variables addressing the thickness stretching that signifies the transverse
displacement.

u3(ny'ZJ t) = Wb(x' Y t) + Ws(x'y' t) + g(Z)WZ(X,y, t) (24)

The displacement function w, denotes an unspecified function that accounts for the influence
of thickness stretching. The shape function g(z) is established in accordance with the stress-free
boundary conditions at the upper and lower surfaces of the nanoplate. Utilizing the same methods
described by Reddy, the form function g(z) is derived as (Reddy, 1984):

5 472
9D =1-f@ =Z(1—h—i) 25)

The linear strains associated with the newly established displacement field in equations (23, 24)
are as follows:

" _ _ 26a
o ox 0x? /@) 0x2 (262)
ov  0%w, 0%wy
2 _ 26b
w=g," "5 DG (26)
& = g'(2)w, (26¢)
ou ov 0*wy, 0%wg
=— 4 —— - 26d
Vay dy Ox Zaxay f( )axay (26d)
dwg  dw,
= 26e
_ (E)WS N (’)Wz) (266)
Vyz - g(Z) ay ay
The tensions develop due to constitutive interactions.
Oy 7 1 -v —v 0 0 0 Exx 117
Oz _ 1 |-v —v 1 0 0 0 €22 1
o |TE@|0 0 0 20+w) 0 0 Yay | THAT o] @7
Oxz 0O 0 0 O 21+v) 0 Yxz 0
[0y | o 0 0 0 0 2(1 + v)1lYyz L0-
Ciji, represents the three-dimensional elastic constants.
1+v) %
& =g O T @) Ty + adTy;; (28a)
B E(2) { 4 v } EaAT 28b
T+ T A —20)) 12wl (28b)
0;j = Cijkl(gkl - aATSkl) and &j = Sijklo-kl - C(AT)/U (28C)
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E(2) VE (2)
Cijri = 20+ VaYjr + VikYj) + 1= 2v)(1 ) YijYki (28d)
d+v)
Sijlr = 2E(2) ——— (raVjr + YieVjr) — E(z ))’U)’kl (28e)

In the absence of the thickness stretching effect (i.e., &,=0), Equation (27) is modified for
constitutive relations as follows:

1 v 0 0 0
. v 1 0 0 0 |, 1-
9 a2y 1l
Iacjcyyl—L R " yexyy 4 Ledl 1 (29)
IayZJ| 1-v" 0 o (1217) 0o n: 1_2"8
O-xZ (1_v) )/xZ _0_

00 0 -

Given the negligible influence of Poisson's ratio on the response of FG plates (Kitipornchai et
al., 2006; Yang et al., 2005), it is assumed to be constant for simplicity. This study suggests that
elastic moduli exhibits variation throughout the nanoplate thickness, following a power-law
distribution based on the volume fraction of the constituents.

The mathematical expression for the strain energy of the nanoplate is as follows:

=3 (>

The area is denoted by A. By replacing equation (26) into equation (27) and subsequently
applying the results in equation (30) allows for the reformulation of the strain energy expression as:

(oxex + 0y&y + 0,6, + Oy Vuy + OuzVaz + ayzyyz)dz> dA (30)

hn-1

_ _ s Mb _MS
oz Mg Y My G My 5

U= J k+1vx (a_:axa_v)_zw Pwy e P (o 2%) 4, <6Ws awz>)dA (31)

Y\dy = ox oxdy - Y oxdy ox

/ ou L Pw, o 9Pw v 9w, 9%w; R

Here N, M, Q, and R represent the specified stress resultants.

3 n,

(N N, N. y) ZJ (ax,ay,axy)dz (32a)
hn-1
n= 3 N

(M2, M2, M2,) = Z J (G, Oy, Oy ) dz (32b)
hn-1

(Mfg, ij) ZL (O‘x,O'y, axy)f(z)dz (32¢)
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(00:0y) = Z [ (Gueore)atrdz (320)
hp—1
hn

R, = Z f 0,9'(z)dz (32¢)
n=1"hn-1

Replacing equation (25) into equation (26) and subsequently incorporating the resulting values
into equation (32) allows for the representation of stress resultants in the form of displacement
components (U, V, Wp, Ws, Wy).

N, = Ay, Z—Z + Ay, gv B, aa;‘;” _ By, a;;;” BS, a;x; BS, a;;;s + Xypaw, (33a)
N, = A g—’; + 4y, g; By, aazxz ~B,, a;;;” B, a;;;s —BS, Ei,;y“;s + Xpsw, (33b)
Nyy = Age (g_; + g_Z) — 2Dge 52_1/;; —2B3s aa;—lg; (33c)
ME =1 3%+ B~ D Vb, aayW;’ s, 2 (330)
Mb =B, g—z + B,, g; Dy, aa:;” Dy, aa;;” — D5, % — D5, a;—;;s + Yyaw, (33e)
3 n,

=2 | wg @z (331)

n=1"Im-1
MS =BS, 37; +BS, g; DS, a;;;” DS, a;;;” HS, %2:‘;5 —HS, a;;f YW, (33g)
My =B7, 3_1; + B3, gv D3, aa;:;b D3, aaz;;b HY, a;;S H3, 662;5 + V33w, (33h)
M3y = Bge (Z_u g_Z)_ ge%_ZHsseij—‘g; (33i)
R, = X13 Z_Z + Xo3 Z; Yis aa;:;b Y23 6;;1/2 — Y% aa M;S Y23 a;;;s + Z33w, (33))

Where
(A, A3, Bij, B, Dij, D HY) = Z Jh (1,9%2f,2% fz,f2)C;dz (34)
ne1

(Xu Yo ¥i 245) = Z fh (9'.9'%.9'f 9™)Cydz (3)

net
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The effects of transverse loads g which are externally applied can be expressed as follows:

V=-— f q(wy, + wg + gw,) dA (36)
A

The expression for Kinetic energy is:

e (>

n=1"fn-1

p(u? +ué + ug)dz> dA (37)

The axial force due to temperature variation is specified for both directions.

hn
NL =b M ()T (2)d 38
Zl fh " @@ (382)
3 n,
My =ay [ @ PTG (380)
n=1"ln-1

From the mid-plane distance (z) at a particular layer (n); the variable a™ denotes coefficient
of thermal expansion of the FG sandwich plate. Q11 represents the honeycomb core elastic moduli.
The external potential energy of thermal loads and in-plane mechanical loads are N,, and N,

V= f [(_Nox - Ngx)(wb,xx + Ws,xx) + (_Noy - N;Y)(vayy + WS,yy)] df) (39)
QO
_ aZWb _ aZWb _ 2°w _ %w
Where Whaxx = ox2 Whyy = a_yz v Wsxx = axzs_, Wsyy = ayzs

Here, Hamilton's principle is applied to determine the equations of motion. The following is an
analytical expression for the principle:

T
fS(U+V—K)dt=O (40)
0

The variational operator is J. Replacing the formulas for U, V, and K from equations (23, 24,

37, 39) into equation (40), integrating, and collecting the coefficients of (du, v, dws, ows, dW;) yields
the subsequent motion equations as:

ON,  ONyy owy, 0w
: =Jyit — [} — — 41a
ou 0x dy lot =1 d0x S dx (413)
any (?Ny aWb aWs
. 2= -] —— 41b
o + 3y oV —1Ih 3y N1 3y (41b)
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9°MP 9°Mb, 0?Mb
Wy —— + =
dx? oxdy  0y?

+ (N;y + Noy)(Wb,yy + Ws,yy) (41c)

—-q + (N;x + Nox)(Wb,xx + Ws,xx)

- ) du 0v 2 2
= IO(Wb + WS) +]0WZ + 11 (a + @) - Izv Wp _jzv Wq

C0*ME _0°M3,  0°M; L 00 0Qyz

5Ws- q + (N;x + Nox)WO,xx

0x?2 + oxdy  0y? 0x dy (41d)
+ (N;y + Noy)(Wb,yy + Ws,yy)

anz aQyz
-~ T oy R, — 9q + (N 4 Noy) (Wp xxe + W xx) + (N + Noy ) (W yy + Ws yy) (41¢)

=]0(Wb + Ws) + Kow,

Swy:

The following is the definition of the mass moments of inertia, which are denoted by I;, Ji, Ki.

3
(o) I, 1) = Z fh " (2,2 pdz (42a)
n=1 ""m-1
3,
Gotid = | " (o fpdz (42b)
n=1 "Mm-1
3,
Kok = ) [ (0.1 f2)pdz (420
n=1 ""m-1

Using HSDT, the motion equations are generated by equation (41) if the influence of thickness
stretching effect is ignored (w,=0) (Thai and Choi, 2011; Thai; Thai and Choi, 2012; Thali, et al.,

2012).
Replacing equation (27) into equation (32) allows for the expression of the motion equations in

forms of displacements (u, v, Wp, Ws, W-).

B=(1 — (L) V) ()
D=(1 —(eoa)* v?) (+30)
92 92 92 03 Dwp
Aqq # + Age a_ylzl + (A1 + Age) ﬁ —Bu ?M;b — (Biz + 2B56) ax;);z
% _BS 63Ws_(BS +ZBS )m+X aWZ 43
11 53 12 667 gxayz | 13 gx (9
_ y 0wy, 0ws
—Q(Iou - L—"—] E)

2y 2y 0%u 3wy,

( \
B k 5 5, w, awz) (43d)

Wb D,
—(Byz + ZBse)m + Bzza_yg — (Bi2 + 2Bg)
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—1)(1 5] oWy, 6W5>
= oV 1 dy J1 dy

3u o3u 3v 23v 0*wy,
Bi4 Fr (B12 + 2Bee) x0y? o2 3y + By EEln Dy, W\\

4 4 4
d2*wy, awb_ 0*wy

|
— |
y |
0*wy 0*w, azwz / (43e)

_2(D12 + 2D66)a 2 a 2
- - . ) } aw av
=LV, — VAW + To(Wp + W) + JoW, — 11

—q + (N;x + Nox)(Wb XX + stx) + (N;y + Noy)(Wbyy + Wsyy)

3 3 3 3 4
B, Gt + (B8 +2820) (o + e ) 485 32— D
*wy, o*wy, o*wy
—D3 —— 3" —2(D{, +2D8e) == ax2 0y H11W
0*wy 0*wy 0%wy 0%wy

—H3, —— 3" —2(H{; + 2H66)a 29y? + Azs 522 44552 (43f)

0*w 0*w
+(¥75 + Ags) _ZZ + (Y35 + ALl a_zz +q
. . ow, 0, . .
Loty 1) = Joti + 1 (G + 5 ) = SV — Kol — g

+(N9?x + Nox)(Wb,xx + Ws,xx) + (N;y + Noy)(Wb,yy + Ws,yy)

ou ov 0*wy, 0’w 0%w;
_X136 X236 + Vi3 3x2 + Y23 32 +(Y13 + Az 5)6—2
B s R ’w, - 0w,
+(Y23+A44) +A55 522 +A44a—yz—z33Wz 43g)

-9 (]O(Wb + Ws) + (N;x + Nox)(Wb,xx + Ws,xx))
+KoWr,+(Ngy + Noy ) (Wp yy + Ws )

2.6 Closed-Form Solutions
The Navier method is used to get the analytical solutions to equation (43) for simply supported
plates. The Navier approach states as follows:

u(x,y,t) = Z Z Umneiwt cos ax sinfy (44a)
m=1n=1
v(x,y,t) = Z Z Vipne'“t sin ax cosfy (44b)

1 1

3
I
3
[
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wy(x,y,t) = z Z Wymne'®t sin ax sinfy (44c)
m=1n=1

wg(x,y,t) = Z Z Wymne @t sin ax sinfy (44d)
m=1n=1

w,(x,y,t) = z Z W,mne 't sin ax sinfy (44e)

3
Il
=
S
Il
=

Here, i=+v-1, a=mn/a, B =nn/b. The coefficients are denoted as
(U Vi Womm Wemmn» Waemn)- IN this context, w denotes the angular frequency. A modification in
the double-Fourier sine series is used to represent the transverse load g.

q(x,y) = Z Z Qmmn Sin ax sinfy (45)

m=1n=

The following lists the coefficients Q,,,,, for a number of sample loads:

4 a rb
Qmn = —j j q(x,y) sin ax sinfy dxdy
ab J, J,

do for sinusoidally distributed load (46)
= 11640 for uniformly distributed load
mr?

The uniform distributed load is denoted as g,. The closed-form solutions can be obtained by
replacing equation (43), with equations (44, 45).

When the thickness stretching effect is eliminated (i.e., &; =0), the precise HSDT solutions are
given as (Thai and Choi, 2011; Thai; Thai and Choi, 2012; Thai, et al., 2012).:

[k11 kiz kiz kig kls] [M1 0 my3; my, O N[ Umnn 17T 0 1
kiz kiyy ks kaso Kas | 0 My Ma3z My, 0 [ ] an | 0 |
kizs kys ki ksy ki3s|— w? |m13 Mp3 Mgz May m35| |Wbmn| =10Qmn (47)
kis kos ks kg kys Mg Myy M3zy My, m4—5J lM/san Qmn
kis kis kss kus Kss 0 0 m3s mys mssl/ LW, 0
Where
1—v 1+v
kll =A<0(2 +Tﬁz> Cz, k12 :TAaﬁCZ (488)
—v
kzz = A( 0(2 + ’BZ) Cz, k13 = —BO[(O(Z + ﬁZ)CZ (48b)
ki3 = —Ba(a? + B?)c,, ki, = —BSa(a? + f?)c, (48¢)
kia = —Ba(a® + B*)c,, k23 = —BB(a* + B*)c; (48d)
kyy = —B*B(a”* + B*)c,, ks = D(a® + B?)?c, + € (48e)
ks, = DS(a? + B?)?c, + €, koo = (H(@? + B2 + A5(a® + B?))cy + € (48f)
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My = Myy = [yCy, My3 = Myy = —alicy (489)
My3 = Myy = —Plic, M3z = Iy + L(@* + )y (48h)
msy = I +]2(“2 + ﬁz)cp Myy = Iy + Kz(az + ,32)6'1 (48i)
€ = (—q+(NL + No)a? + (NI, + Noy)B?)cy (48))
c; = (1 + (epa)?)(@? + B2),c; = (1 + (Lp)?) (@ + B?) (48Kk)
3. h
n E
(4,B,BS,D, DS, H) = Z f (1,2 f, 22 zf, fZ)L)Zdz (48)
n=1"hn-1 I=v

S (Mt g2E(2)
AS = Z f = dz (48m)

h . 2(1+v)

n=1 "m-1

[k11 ki kiz kqa k15” Unn 1 [O]
|k12 Koz kaz kas Kas|| Vin | |O]
|kiz  kaz ksz ks kss||Wpma|=10]
[km Kos ksa kus s |Wsan| llOJl

0

l (49a)
k15 k25 k35 k45 k55 VVZTflTl

With

an
d =|Wymn (49b)
VVsmn
M/Zmn

The stiffness matrix K incorporates all thermal and external loads as specified in equation (48).
By setting the determinant of K to zero, one can derive the critical buckling loads. When the K matrix
equals zero, the thermal force terms are moved to the right, and the terms on the left are divided by
the coefficients of the force terms to determine the critical buckling load NZ.(m,n) as presented in
equation (52).

(K)d = 0 (50)

NT.(m, n) = det(K)lp— wNT (51)

Under the assumption that the determinant of the K=0, the entire set of coefficients for the
thermal force of magnitude NTin the equation is represented by the symbol .
The dimensionless buckling load of the modes (m, n) is represented by the following equation:
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12(1 — v?)N,,.a?

E (52)
C

Aer(m,n) =

The critical buckling load is denoted by 4., and E. is the ceramic material's elasticity moduli.

3. NUMERICAL RESULTS

A sandwich plate with the dimensions of a=b=L=500 nm, FG face-layers comprised of Ti-6Al-
4V and Al;O3 with Ti-6Al-4V honeycomb is studied for the present study. The nondimensional
buckling response A, is observed according to applied thermal environment with the change of p, {3,
(3, 0, eyga, L,,, parameters.

It is observed that p rise in FG face plates drops down the buckling load 4, in Figure 3a. At
p=0, 1, 2, 10, buckling temperatures are 2161 K, 2131 K, 2106 K, 2006 K respectively. Furthermore,
at fixed temperature analysis with respect to p raise, p=0 shows higher buckling load results. p rise
slopes down the dimensionless buckling load as it is seen in Figure 3b. Thermal expansion ratio
directly affects the result as it is fully ceramic at p=0.
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Figure 3. Relationship between the dimensionless buckling load and (a) temperature rise for different values of p (0, 1,
2, 10), (b) material grading index p of face-plates (0-5) for different values of temperature rise (AT=0, 50, 100, 125 K);
hc=0.2h, hy,=0.4h, h=L/10

Increase in length ratio (;) doesn’t affect the response of buckling load very much (Figure 4a),
however thickness ratio rise (¢3) and especially incline angle (8) rise directly change the A, response
(Figure 4b and 4c). After an intersection point, buckling load curve starts sloping down with increase
of {5. Before intersection point larger {5 values cause higher buckling load. Unlike {5, 8 rise drops
down the A, response and after intersection point, A, response rises together with 6 rise.
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Figure 3. Relationship between the dimensionless buckling load and temperature rise for different values of (a) ¢1=(1.5,
3,5,7,10), (b) (3=(0.05, 0.1, 0.15, 0.2, 0.25) (c) 6=(15°, 30°, 45°, 60°) ; hc=0.8h, h,=0.1h, h=L/10

At p=1 which is %50 Ti-6Al-4V and %50 Al>Oz constituent FG face layers, sandwich plate
buckling load decreases with nonlocal parameter (e, a) rise due to softening effect (Figure 5a). Unlike
eoa, size parameter (1,,,) shows opposite results and [,,, increases the A, due to hardening effect. For
(e,a)*=0, 1, 2, 4 nm? nondimensional buckling loads are 23.93, 19.98, 17.18, 13.37 at 1500 K,
respectively. Additionally, for ( I, )>=0, 1, 2, 4 nm? nondimensional buckling loads are 23.93, 28.65,
33.31, 42.81 at 1500 K respectively
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Figure 4. Relationship between the dimensionless buckling load and temperature rise for different values of (a) (eqa)*=
(0, 1,2, 4 nm?), (b) (I,,)*= (0, 1, 2, 4 nm?); h,=0.3h, h,=0.35h, h=L/10.
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4. CONCLUSIONS

A FGM sandwich nanoplate with honeycomb core layer and FG surface plates is analyzed in
thermal environment to observe dimensionless buckling load according to changing parameters as p,
{1, {3, 0, ega, L,. For the solution higher-order shear deformation theory is considered. Using the
Hamilton principle, the equations of motion of the plate are derived and written in terms of the
displacement components. Assuming simply supported boundary conditions, the Navier solution is
considered for the displacement components and rotation using the time harmonic function and
harmonic solution along the plate length.

In summary, the results demonstrate that the structural stability of FGM sandwich nanoplates
is highly sensitive to material gradation, geometric parameters, and nonlocal effects. The ceramic-
rich composition (lower p values) enhances buckling resistance, while variations in thickness ratio
(¢3) and incline angle () exhibit nonlinear trends, with critical intersection points dictating their
influence on structural performance. Additionally, the softening effect associated with the nonlocal
parameter (ey,a) reduces buckling strength, whereas the hardening effect linked to the size parameter
(L,,,) improves it. These findings contribute to the optimization and design of advanced nanostructures
for applications requiring superior thermal and mechanical performance in fields such as nanosensors,
aerospace technology, and dental applications.
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1. INTRODUCTION

Magneto-electro-elastic (MEE) materials are a unique class of smart materials that exhibit
piezoelectric and piezomagnetic properties in a layered configuration (Mahesh et al., 2022). These
materials, also known as multiferroics, have gained significant attention due to their ability to
effectively couple different phases, making them valuable in various industries (Moshtagh et al.,
2019). The magnetoelectric coupling effects in MEE materials have led to their widespread use in
engineering applications such as sensors, actuators, robotics, structural health monitoring, vibration
control, and medical instruments (Park and Han, 2018). Researchers have explored the development
of multiphase magneto-electro-elastic (MMEE) materials by varying the volume fractions of different
components like BaTiO3z and CoFe>04 (Mahesh and Kattimani, 2019). The study of magneto-electro-
elastic nanoplates has shown that surface effects play a crucial role in the propagation of anti-plane
shear waves in these materials (Wu et al., 2015). Moreover, polymer-based magneto-electro-elastic
composites have emerged as promising materials with macro-scale magneto-electric coupling
achieved through homogenization techniques (Miehe and Vallicotti, 2015). The mechanical behavior
of magneto-electro-elastic structures has been a subject of intense research, with studies focusing on
areas such as buckling analysis, free vibration analysis, and crack propagation in these materials
(Aboudi, 2001; Pan and Han, 2005; Zhou et al., 2018). Investigations into the effects of imperfections
like cracks and dislocations on the magneto-electro-elastic properties of solids have been conducted
to understand their structural stability (Wang and Kuna, 2015). Additionally, the study of functionally
graded magneto-electro-elastic materials has revealed insights into their fracture mechanical
behaviors and stress analysis (Bagheri et al., 2017; Ma et al., 2007).

Auxetic materials are a unique class of materials that exhibit a negative Poisson's ratio, meaning
they expand laterally when stretched longitudinally and contract laterally when compressed
longitudinally (Aktas and Giiveng, 2024; Wright et al., 2012). These materials have garnered
significant interest due to their unconventional properties, such as improved toughness, resilience,
shear resistance, impact resistance, and shape fitting ability (Shukla and Behera, 2023). Auxetic
materials include a variety of forms such as auxetic polymers, fibers, yarns, fabrics, and composites
(Kamrul et al., 2022; Zulifgar and Hu, 2019). They have been applied in diverse fields including civil
engineering, architecture, sports clothing, and high-performance equipment (Xu et al., 2020).
Research on auxetic materials has led to the development of auxetic textiles, which have shown
promise in various applications due to their adaptability and structural variability (Gao and Chen,
2024). Additionally, auxetic structures have been explored for their mechanical properties, with
improvements noted in shear, impact, and bending resistance (Pelinski et al., 2020). The creation of
ultra-light auxetic meta-materials with enhanced stiffness and strength has been highlighted as a
practical advancement in the field (Rayneau-Kirkhope, 2018).

The thermomechanical behavior of smart plate systems is an increasingly critical area of
research, as highlighted in previous studies. This study is unique in that it focuses on modeling
advanced sandwich plates featuring Auxetic core layers alongside electroelastic and magnetostrictive
surface layers, which has not been widely explored. The use of high-order plate theory enables an
accurate representation of the complex behavior of these plates, setting this work apart from other
research in the field. The primary goal was to investigate the thermomechanical buckling behavior of
these smart sandwich plates within an integrated framework that considers the synergy of the core
and surface layers. Additionally, a thorough analysis of the thermomechanical properties of the
piezomagnetic materials used in the surface plates was performed, contributing to the development
of a highly precise and robust model. This work offers groundbreaking insights that are directly
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applicable to cutting-edge aerospace and space applications, where metamaterial properties and
thermal performance are paramount. Furthermore, the findings hold promise for advancing
electromechanical smart systems and provide valuable solutions for vibration and impact damping in
high-temperature environments, distinguishing it from other conventional studies in the field.

2. MATHEMATICAL FORMULATION

As depicted in Figure 1, the rectangular plate is supposed to be thick, composed of metal auxetic
core and piezo magnetic materials, with dimensions of length a, breadth b, and thickness h. It is
situated between two piezo-electromagnetic patches with thicknesses of hy.

Figure 1. The schematic view of the smart sandwich plate and auxetic cell

The origin is situated in the middle plane, at the center of the plate, and the Cartesian coordinate
system is used for this problem. The following is the assumption underlying the current formulation
(Ersoy et al., 2018):

1.  The three layers of the sandwich plate are perfectly connected to one another, preventing

any slippage at their interfaces.

2. The properties of the top and bottom piezo-electromagnetic layers are identical and

homogeneous.

2.1 Auxetic Core Properties

The core layer of the proposed sandwich plate is composed of an auxetic material with a
negative Poisson's ratio, which exhibits superior mechanical properties under mechanical loads and
strains. When the auxetic core structure is subjected to compressive and tensile loadings, it will
expand and contract accordingly. Figure 1 displays the geometrical specifications of the auxetic unit
cell used in the structure's core, such as the inclined angle (6), rib thickness (t), vertical wall length
(d), and inclined wall length (1). Nickel is the substance of the auxetic core in this investigation. As
a result, the following equations (L.i et al., 2022a) will connect the mass density and equivalent elastic
characteristics of the auxetic core to the properties of the nickel (Li et al., 2022b; Nouraei et al., 2023):

(B1 —sin(0)B3
[(Bisec?(6) + tan2(8))B2 + 1]cos3(0)

Efi =En (1)
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o B3
b = ba l(ﬁ% F tan?(8)) (cos (9)B; — cos(e)sin<0)>l ?

. B3
6% = £ |G @) X

. 2sin?(8) + B;  —sin(8) + B B3
Gy = Gy lz(ﬂl — sin(6)) * 28 +1 ] 2cos(0) “
[ Bacos(®)
Gz3 = Gy B, — sin(0) ©)
. (2 + B1)Bs (6)
P~ = Pal 2(B, — sin(8))cos(H)

where 43 = t/l and f1 = d/I. On the other hand, Poisson’'s ratio can be obtained directly(Li et al.,
2022b) from the geometrical parameters of the auxetic unit cells (Li et al., 2022b; Nouraei et al.,
2023). Equations (7a) and (7b) calculate the Poisson ratios of a material in the x-y and y-x directions
depending on the geometric and material parameters and take into account the direction and effect of
structural deformations.

¢ (sin(8) — B1)(sin(0))(1 — B3)

Viz = cos2(0)[B2(B,sec?(0) + tan2(0)) + 1] (72)

vE, = (B3 — Dsin(6) (7b)

(B1 — sin(6)) (B2 + tan?(0))

Figure 1 is shown to examine the impact of the cell inclination angle (#) on the Poisson's ratio
of the auxetic core, with 3=0.0138571 and f1 varying between 1 and 4. It is simple to infer from this
picture that positive values of lead to negative Poisson's ratios, which is an indication of the auxetic
core. This figure also shows that when f1 drops, greater values of Poisson's ratio are obtained.

Determining the temperature-dependent features is essential for accurately forecasting the
behaviour of the structure. Therefore, the coefficients of thermal conductivity wer, Poisson's ratio vef,,
thermal expansion kef, and effective modulus of elasticity Eer, may all be explained by a nonlinear
temperature function (Abdelmola and Carlsson, 2019).

P =Py(P_;T '+ 1+ P,T+P,T? + P,T3) (8)
The Po, P-1, P1, P2 and P3 values of each material with temperature T orders (-1, 0, 1, 2, and 3)
define P, which in this case stands for the temperature-dependent characteristics of constituents.

Moreover, according to the effective material properties, temperature variations have very little effect
on the mass density p(z), which is solely a function of z.
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2.2 The types of The Temperature Increase
Equations for uniform (UTI), nonlinear (NLTI), and linear (LTI) variations in temperature are
available for each thickness of the sandwich nanoplate.
If it is assumed that the temperature rises linearly (LTI) from the bottom surface T;, to the top
surface T, along the thickness, the temperature of a plane extending along the z-axis can be found
using the following the equation (Kiani and Eslami, 2013):

h+Zz>

2h ®)

T(2) =T, + (T, = T)

In the event of nonlinear temperature increase (NLTI) through the thickness, the temperatures
of the sandwich nanoplate's top T, and bottom T}, surfaces can be determined using equation 9 (Zhang,
2014).

D=0 e (e

The temperature of the entire FGM sandwich nanoplate, whose initial temperature rises
consistently from T, to T, may be calculated at a uniform temperature increase (UTI) using the
following equation:

AT =T —T, (11)
T, — T, z
T(z) =T, + E( e 1) ]h k(2)dz 12
Zh Ld(z) 2
— k(z)

Here k(z) denotes the thermal conductivity coefficient. In this study the nonlinear temperature
rise (12) is used for analysis.

2.3 Displacement Field
Because shear deformations are significant in the current plate and this system requires a high
degree of precision, the displacement field is modeled using two SSDT variables, as stated in
(Tornabene and Viola, 2009)

u(x,y,2,t) = o (x,y, t) — z L2 f(7) P, (13)
v(6,3,2,1) = vo(x,y, 1) = 2 7EHD — f () XD, (14)
w(x,y,z,t) = wy(x,y,t) + wg(x,y,t) (15)

where Uo Vo, Wh, and ws are the mid-surface components of displacement and u, v, and w are the
displacement components of the plate in the directions of x, y, and z. Note that the transverse
displacements resulting from shearing and bending are represented by the values ws and wh,
respectively. The shape function, f(z), is also equal to (Yuan and Dawe, 2002):
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f(2)=z7— gsin (%) (16)

The strain tensor components about the displacement field in Eqg. (9, 10, 11 and, 12) are as
follows:

ou  0%*w, 0%wy
gxx_a_ axz _f()az
ov  0%*w, 0%wy
yy =307 > — (@) 5
dy dy dy (17)
_0v N ou ) 0%wy, ) 0%wy
Yo =52 e T P axay Y D
_ adwg
sz g(Z) ay
where:
92)=1-f'(2) (18)

where the normal strain component is &ii and the shear strain component is vyij (ii=xx, yy and
1j=Xy, yz, Xz), respectively.

2.4 Stress-Strain Relations

2.4.1 Auxetic plate
The nonlocal theory defines the stress-strain relations for the porous core as follows (Yuan and
Dawe, 2002):

(Oxx €11 C12 0 0 0 7 (Exx)
! Oyy [521 €22 0 0 0 U &yy !

[1 - ,LLZVZ] Oyz p = 0 0 Cyq 0 Vyz (19)

l Lyxz J

Yxy

0
LO-xZJ 0 0 0 Css 0
O'xy

0 0 0 0 «ce
where c;; are the stiffness matrix arrays, V2 is the Laplacian operator, ojj are the stress

components, and p=eia and is the nonlocal parameter that is determined by molecular dynamics,
experimental research, and molecular structural mechanics.

E(z) vE(z)
C11 = €2 = 1_v2 Ci2 = C21 = 1— 02 (20)

2.5 Solution Procedure
The motion equations are derived using Hamilton's concept. This idea is stated as follows:

t2

(8U — 8T — SW)dt = 0 (21)

t1
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U, T, and W stand for external work, kinetic energy, and strain energy, respectively.

For equations of motion involving plates with easily supported boundary conditions, there is an
analytical solution. The displacements are regarded as functions that at least meet the different
geometric boundary conditions based on Navier's solution.

1
L : o) 1 (22)
? m=1 n=1 < W,sin (m”x) sin (m;y) -
[

In this case, the maximum values of the displacement components, electric and magnetic
potentials, and unknown coefficients are denoted by the variables i, 7, w,, g, ¢, and . Natural
frequency is also ®. The following relation results from inserting the suggested functions into the
equations of motion:

(K] — w?[M])d = {0} (23)

where:

{d} = {11, v, Wb' M_/S' (ﬁ' IE}T (24)

The "Appendix™ section contains an explanation of the arrays of [K] and [M] matrices. The
properties of piezo magnetic materials used in this study are presented in Table 1, and the material
properties of Auxetic core material Ni are shown in Table 2.

Table 1. The magnetic, piezo, electro and thermal properties of CoFe,O, and BaTiO; (Esen and Ozmen, 2024; Tocci
Monaco et al., 2021)

CoFe;0,4 BaTiO3
Ci1 [GPa] 286 166
Cys 286 166
C33 269.5 162
C1y 173 77
Ci3 170.5 78
Cy3 170.5 78
Cys 45.3 43
Css 45.3 43
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Table 1. The magnetic, piezo, electro and thermal properties of CoFe,O, and BaTiOs (Esen and Ozmen, 2024; Tocci

Monaco et al., 2021) (continued)

CoFe;04 BaTiO3
Coe 56.5 44.5
es1 [C/m?] 0 -4.4
€3, 0 4.4
€33 0 18.6
g31 [N/A.m] 580.3 0
gs32 580.3 0
q33 699.7 0
&1 [10°C?/N.m?] 0.08 11.2
&y 0.08 11.2
&33 0.093 12.6
(11 = (22 = {33 [s/m] 0 0
X11 [10°N.s?/C] -590 5
X22 -590 5
X33 157 10
P11 = P22 [107C/m?K] 0 0
P33 0 -114
A1 = 4y, [10°Wb/m?K] 0 0
A33 -36.2 0
a; = a, [10°K7] 10 15.8
o) [kg/m®] 5800 5300
Table 2. Material properties of the Auxetic core layer (Esen et al., 2022)
Material Property P Po P1 P2 Ps
p (kg/md) 0 8900 0 0 0
E (Pa) 0 223.95x 10° -2.794x10* 3.998x10° 0
Nickel ) 0 0.31 0 0 0
a (1K1 0 9.9209x10° 8.705x10* 0 0
w (W/mK) 0 58.74 -4.614x10* 6.670x107  -1.523x101°

3. RESULTS AND DISCUSSION
3.1 Effect of The Auxetic Cell Parameters on The Mechanical Properties of The Core

Layer

Since it is a value frequently used in comparable research in the literature and was thought to
be a suitable parameter to guarantee the model's accuracy, the value of £ was set at 2. Furthermore,
early analytical and experimental evaluations verified that this choice best captures the system's
physical behavior (Kog et al., 2024; Yildiz and Esen, 2024).
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Figure 2. Variation of the Young Moduli of auxetic layer depending on the inclination angle @ for thickness ratio f3 =
0.1, 0.15, 0.2 and, 0.25; and for length ratio f1= 2; a) E11; b) Ex

In Figure 2a, the Elasticity Module E11 change at the § curvature angle between 5°-85° and the
thickness ratio 3 = 0.1, 0.15, 0.20 and, 0.25 for the length ratio 1 = 2 is presented. Figure 3b shows
the change of Ez, Elasticity Module in the y direction for the same parameters. As seen in Figure 3a,
E11 gradually increases linearly for the inclination angle between 6 = 5° and 50°. Between 50° and
70°, the increase increases rapidly non-linearly, and between 70° and 85° it increases exponentially
very quickly. For 3= 0.1, the E11 value at @ = 5° was calculated as 4x108 Pa, at & = 50° the E11 value
was calculated as 9x10® Pa, at & = 70° the E11 value was calculated as 4,3x10° Pa and at 6 = 85° the
E11 value was calculated as 6,3x10'° Pa. When 8 = 5° to 50°, the E11 value increased 23 times. When
6 = increased from 50° to 70°, the E11 value increased 4.8 times; When 6 = 70° to 85°, the E11 value
increased 14.4 times.

As seen in Figure 2b, E2 decreased very rapidly between 6 = 5° and 40°. At @ =40° to 85°, the
E22 value decreased approximately linearly. For f3= 0.1, the E2; value at 6 = 5° was calculated as
6x108 Pa, the Ej; value at 6 = 40° was calculated as 2,7x108 Pa, and the Ez, value for 8 = 85° was
calculated as 1,8x107 Pa. From # = 5° to 40°, the E2» value decreased by 2.2 times, and from 0 = 40°
to 85°, the E22 value decreased by 15.4 times.

=2 =
x10° by x10"" B

——3,=01
—B=015
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Figure 3. Variation of the Shear Moduli of auxetic layer depending on the inclination angle 8 for thickness ratio 3= 0.1,
0.15, 0.2 and, 0.25; and for length ratio p1=2; a) Gi2; b) Gizc) Gz

In Figure 3a, the Shear Modulus Gi2> change in the xy direction at the # inclination angle
between 5°-85° and the thickness ratio 3 = 0.1, 0.15, 0.20 and, 0.25 for the length ratio 1 = 2 is
presented. In Figures 3b and 3c, Shear Modules Gi3 and Gzz in Xz and yz directions are given for the
same parameters. As seen in Figure 3a, the Shear Module gradually increases linearly at the
inclination angle between Gi12 6 = 5°-70°. Between 70° and 85°, it increases exponentially very
quickly. For Bs= 0.1, the Gi2 value at & = 5° was calculated as 2,1x107 Pa, at & = 70° the G12 value
was calculated as 60013700 Pa, and at 6 = 85° the G, value was calculated as 2x108 Pa. When 0 =
5° to 70°, G2 value increased by 2.9 times. When 6 = 70° to 85°, G1» value increased 3.9 times.

The result obtained in Figure 3b is similar to Figure 3a. Gi3 value, Shear Module gradually
increases linearly at the inclination angle between 6 = 5°-70°. Between 70° and 85°, it increases
exponentially very quickly. For 5= 0.1, the Gi3 value at 8 = 5° was calculated as 9,4x10° Pa, at 0 =
70° the Gi3 value was calculated as 3,5x10%° Pa, at # = 85° the Gi3 value was calculated as 1,4x10™
Pa. When 6 = 5° to 70°, Gz value increased by 3.7 times. When 8 = 70° to 85°, G13 value increased
4.1 times.

In Figure 3c, G2 value, Shear Module increases linearly at the inclination angle between 6 =
5°-30°. When 6 = 30°, Gz3 value is maximum. Between 30 and 85, the Shear Modulus gradually
decreases. For f5= 0.1, the Gzs value at § = 5° was calculated as 4,1x10° Pa, at § = 30° the Gz3 value
was calculated as 4,5x10° Pa, and at & = 85° the Gz3 value was calculated as 6,8x108 Pa. When 6 = 5°
to 30°, Ga3 value increased by 1.1 times. When 6 = 30° to 85°, G23 value decreased by 6.65 times.

In Figure 4, the density (p) change at the thickness ratio 3 = 0.1, 0.15, 0.20 and, 0.25 values
for the @ inclination angle between 5° and 85° and the length ratio 1 = 2 is presented. As seen in
Figure 5, the density (p) gradually increases linearly at the inclination angle between 6 = 5°-70°.
Between 70° and 85°, it increases exponentially very quickly. For 3= 0.1, the p value at = 5° was
calculated as 934.106 kg/m?, at # = 70° the p value was calculated as 4908.36 kg/m?, and at = 85°
the p value was calculated as 20345.8 kg/m3. When 6= 5° to 70°, the p value increased by 5.25 times.
When 6 = 70° to 85°, the p value increased 4.15 times.
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Figure 4. Variation of the density p of auxetic layer depending on the inclination angle 6 for thickness ratio 3= 0.1, 0.15,
0.2 and, 0.25; and for length ratio 1= 2.
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Figure 5. Variation of the Poisson ratios of auxetic layer depending on the inclination angle 6 for thickness ratio f3=0.1,
0.15, 0.2 and, 0.25; and for length ratio p1=2; a) v12; b) va1

In Figure 5a, the variation of the Poisson ratio v12 in the xy direction at the thickness ratio f3 =
0.1, 0.15, 0.20 and, 0.25 for the # inclination angle between 5° and 85° and the length ratio 1 = 2 is
presented. Figure 5b shows the Poisson ratio v21 in the yx direction for the same parameters. As seen
in Figure 5a, the Poisson ratio (112) gradually increases linearly in the negative direction at the
inclination angle between 6 = 5°-60°. Between 60° and 85°, it increases exponentially and very
rapidly in the negative direction. For f3= 0.1, v12 value at § = 5° was calculated as -0.148194, v12
value at 8 = 60° was calculated as -3.18503, and v12 value at @ = 85° was calculated as -23.9868.
When 0 = 5° to 60°, v12 value increased 21.5 times in the negative direction. When 6 = 60° to 85°,
v12 value increased by 7.53 times in the negative direction.

In the results obtained in Figure 5b, first a peak is seen in the negative direction and then it
decreases nonlinearly towards zero as the inclination angle increases. We can list the points with
peaks in the negative direction as follows: At 3=0.1, v21 value at 8 =6° is -2.59397, at f3=0.15, at ¢
=9°, v21 value is -2.59397, at £3=0.2, § =12° v21 value at -1.30753, 3=0.25, v21 value at 8 =15° is -
1.03767. At 3 = 0.1, between 0 = 5° and 40°, the Poisson ratio first reached its maximum value and
then increased exponentially towards zero. At 6 = 5°, the v»1 value was calculated as -2.5506, and at
6 = 40°, the v21 value was calculated as -0.656603. Between 6 = 40°-85°, the Poisson ratio slows
down and approaches zero. At 6§ = 85°, v»1 value is calculated as -0.0075197. When the ¢ = value
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increased from 5° to 40°, the v21 value increased by 3.88 times. When 6 = 40° to 85°, v21 value
increased 87.3 times.
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Figure 6. Variation of the Thermal expansion coefficients of auxetic layer depending on the inclination angle 6 for
thickness ratio #3=0.1, 0.15, 0.2 and, 0.25; and for length ratio 1= 2; a) a11; b) a2

In Figure 6a, the change of thermal expansion coefficients a11 in the xx direction for the 6
inclination angle between 5°-85° and the thickness ratio 3 = 0.1, 0.15, 0.20 and, 0.25 for the length
ratio 1 = 2 is presented. Figure 6b shows the thermal expansion coefficients a2 in the yy direction
for the same parameters. As seen in Figure 6a, thermal expansion coefficients (a11) increase linearly
in the negative direction at the inclination angle between a11 6 = 5°-85°. For 3= 0.1, the a11 value at
0 = 5° was calculated as 5.97x107, and at # = 85°, the a11 value was calculated as -3.64x108. When
6 = 5° to 85°, the a1 value increased 21.5 times in the negative direction. When 6 = 60° to 85°, a11
value increased 16.4 times in the negative direction.

In Figure 6b, while the a2 value increases linearly at the inclination angle between 6 = 5°-70°,
it increases rapidly exponentially between 6 = 70°-85°. For 3= 0.1, the a2 value at 6 = 5° was
calculated as 5.24x107, at & = 70° the a2, value was calculated as 2.15x10°®, and at # = 85° the a2
value was calculated as 8.60x10°. When 6 = 5° to 70°, the az2 value increased by 4.1 times. When 6
= 70° to 85°, the a2 value increased 4 times.

4. CONCLUSIONS

The study examines the thermomechanical characteristics of auxetic core smart sandwich plates
utilizing high-order shear deformation theory. The outer layers of the smart plate consist of
electroelastic BaTiO3 (Barium Titanate) and magnetostrictive CoFe>O4 (Cobalt Ferrite) materials.
The mechanical properties of the core layer, encompassing elastic modulus, shear modulus, density,
Poisson's ratios, and thermal expansion coefficients, are derived from the parameters of the auxetic
cell, including length, thickness, and inclination angle. The results obtained are summarized as
follows:

The elastic moduli in the E11 and E2> directions are significantly influenced by the length
parameter £1 and the thickness parameter f3 of the auxetic layer cell, contingent upon the inclination
angle. The elastic modulus in the E11 direction demonstrates exponential growth as the inclination
angle 0 increases, particularly beyond 6 = 60°. Until § attains 60°, the ascent velocity is comparatively
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gradual. Conversely, E22 exhibits an exponential decline until 4 attains 40°. After @ = 40°, the descent
rate markedly decreases.

The shear moduli in the G12, G13, and G»s directions are substantially influenced by the length
parameter B1 and the thickness parameter 3 of the auxetic layer cell, contingent upon the inclination
angle. The shear modulus in the G12 and G13 axes demonstrates exponential growth as the inclination
angle @ increases, particularly beyond 6 = 60°. The ascent rate remains comparatively gradual until 6
attains 60°. Conversely, Gz3 exhibits an increase until 0 attains 30°. The descent rate exhibits an
exponential decline at an angle of 9 = 40°.

The density p is significantly influenced by the length parameter 1 and the thickness parameter
3 of the auxetic layer cell, contingent upon the inclination angle. The object's density increases
proportionally with the elevation of the inclination angle 6. At an angle of 6 = 60°, the precipitation
amount undergoes exponential growth.

The length parameter 1 and the thickness parameter f3 of the auxetic layer cell are significantly
influenced by the Poisson ratios in the v12 and v21 directions, which are contingent upon the
inclination angle. The Poisson ratio in the v12 direction diminishes as the inclination angle 6 rises.
The value undergoes exponential growth after @ = 60°. In contrast, v21 initially declines until 6 = 5°,
after which it exhibits exponential growth.

The thermal expansion coefficients in the a11 and a2 directions are significantly influenced by
the length parameter £1 and the thickness parameter 3 of the auxetic layer cell, which are contingent
upon the inclination angle. The thermal expansion coefficients in the a11 direction exhibit a linear
decline with increasing inclination angle 6. Conversely, as the angle of inclination increases, a22 also
rises, exhibiting an exponential growth pattern, particularly beyond 6 = 60°.
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Koo = 7520 + b—2522 + S30

My = My, = -1
My; = Mys = Mys = Mg = Mys = Mgs = Msg = Mg = Myg = M36 = My = Mgg = 0,

M; =1
13 1
M, =1
14 2
M,; =1
23 1[
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M44 = - IO + 1577.' < 2 _>

120



JOURNAL of

MATERIALS and MECHATRONICS:A

e-ISSN 2717-8811
JournalMM, 2025, 6(1), 121-134
https://doi.org/10.55546/jmm.1601100

Arastirma Makalesi / Research Article

Titresim Spektrum Analizi ve ivme Olciimleri ile Rulman Saghgi Degerlendirmesi: Deneysel
Bir inceleme

Ahmet KOKEN?Y", Sultan Seda ULGER?, Abdurrahman KARABULUT?

" Kiitahya Dumlupinar Universitesi, Makine ve Metal Teknolojileri Bsliimii, Kiitahya, Tiirkiye,
ORCID ID: https://orcid.org/0000-0002-7047-5832, ahmet.koken@dpu.edu.tr
2 Afyon Kocatepe Universitesi, Fen Bilimleri Enstitiisii, Makine Miihendisligi Anabilim Dali, Afyonkarahisar, Tiirkiye
ORCID ID: https://orcid.org/0000-0003-0580-5900, s.sedaa@hotmail.com
3 Afyon Kocatepe Universitesi, Teknoloji Fakiiltesi, Makine Miihendisligi Béliimii, Afyonkarahisar, Tiirkiye,
ORCID ID: https://orcid.org/0000-0002-7663-2579, akarabulut@aku.edu.tr

Gelis/ Received: 13.12.2024; Revize/Revised: 04.02.2025 Kabul / Accepted: 09.03.2025

OZET: Bu calisma, rulman saghiginin degerlendirilmesinde ve hasar tespitinde titresim spektrum
analizleri ve ivme Ol¢limlerinin etkinligini arastirmaktadir. Deneysel analizler, saglam (Al ve B1) ve
i¢ bilezigi hasarli (A2 ve B2) rulmanlar lizerinde gergeklestirilmistir. Saglam rulmanlarin titresim
spektrumlarinda diisiik genlikli ve belirgin olmayan pikler gozlemlenirken, hasarli rulmanlarda
karakteristik frekanslarda yiiksek genlikli pikler ve ivme Ol¢iimlerinde 6nemli hata sapmalari tespit
edilmistir. A2 rulmaninda 15,4 Hz, 27 Hz, 48,2 Hz ve 136,9 Hz frekanslarinda belirgin pikler
gozlemlenmistir. B2 rulmaninda ise 80 Hz ve 160 Hz frekanslarindaki ivme Olglimleri, rulman
hasarinin neden oldugu 6nemli sapmalari ortaya koymustur. Elde edilen bulgular, titresim analizinin
rulman arizalarinin erken teshisi i¢in giivenilir bir yontem oldugunu ve diizenli bakimin rulman
Oomriinii uzatabilecegini gostermektedir.
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Vibration Spectrum Analysis and Acceleration Measurements for Bearing Health
Assessment: An Experimental Investigation

ABSTRACT: This research explores the efficacy of vibration spectrum analysis and acceleration
measurements for evaluating bearing health and detecting faults. Experimental investigations were
performed on both healthy (Al and B1) and inner race damaged (A2 and B2) bearings. The vibration
spectra of healthy bearings exhibited low-amplitude and indistinct peaks, whereas damaged bearings
demonstrated high-amplitude peaks at characteristic frequencies, along with significant error
deviations in acceleration measurements. Notable peaks were observed in bearing A2 at frequencies
of 15.4 Hz, 27 Hz, 48.2 Hz, and 136.9 Hz. Moreover, acceleration measurements at 80 Hz and 160
Hz for bearing B2 revealed substantial deviations attributable to the bearing damage. These findings
suggest that vibration analysis offers a reliable approach for the early diagnosis of bearing failures,
and that routine maintenance can contribute to prolonging bearing service life.

Keywords: Vibration analysis, Bearing health, Fault detection, Acceleration measurement

1. GIRIS

Donen makinelerin temel bilesenlerinden biri olan rulmanlarin saglik durumu, makinenin
titresim analizleri ile dogrudan iliskilidir. Makine yataklarindan 6l¢iilen titresim verileri, rulmanlarda
meydana gelebilecek olast sorunlar hakkinda kritik bilgiler saglamaktadir. Rulmanlarda, {iretim
hatalar1, yetersiz yaglama, asindirici partikiiller ve nem gibi faktorler nedeniyle ¢esitli arizalar ortaya
cikabilmektedir (Cimen, 2015). Bu arizalarin erken tespiti ve dnlenmesi amaciyla titresim analizi
yontemi yaygin bir sekilde kullanilmaktadir. Bu yontemde, makinelerden periyodik olarak alinan
titresim sinyalleri analiz edilerek, arizanin tiirii ve siddeti belirlenmektedir. Elde edilen sonuglara
gore, makine i¢in bakim planlamasi yapilmasi veya arizali par¢anin degistirilmesi gibi dnlemler
uygulanmaktadir. Titresim verilerinin diizenli olarak toplanmasi ve analiz edilmesi, makinelerin
omriinii uzatirken, plansiz duruslar ve gereksiz parga degisimlerini dnlemektedir.

Mekanik sistemlerin titresim analizinin amaci, sistem davraniglarini farkli dinamik kosullar
altinda elde etmektir (Caska ve ark., 2023; De Luca ve Book, 2016). Farkli dinamik kosullar altinda
sOnlim orani, artik titresimler ve dogal frekanslar gibi sistem davraniglarini elde etmek, mekanik
sistemlerde titresim analizinin amagclarindandir (Yavuz ve ark., 2018). Titresim analizi, bakim
stratejilerinde ongoriicii bakima gecisi saglayarak bakim maliyetlerini 6nemli 6l¢lide azaltmaktadir.
Mobley (1990) tarafindan yapilan arastirmaya gore, tiiretim maliyetleri icerisinde bakim
maliyetlerinin pay1 sektorlere bagl olarak %15 ile %40 arasinda degismektedir. Gereksiz bakim
faaliyetleri, toplam bakim maliyetlerinin yaklasik tigte birini olusturmaktadir. Bu nedenle, titresim
analizi yoluyla arizalarin erken teshisi, planli bakim uygulamalarinin yayginlastirilmas: ve bakim
maliyetlerinin optimize edilmesi biiyiik 6nem tagimaktadir.

Rulmanlarda titresim analizi yoluyla ariza tespiti, 1950'lerden bu yana miihendislik
literatiiriinde yogun bir sekilde incelenen bir konudur. Bu alandaki ilk ¢alismalar, rulmanlarin titresim
ozelliklerinin matematiksel olarak modellenmesi ve elde edilen verilerin ¢esitli sinyal isleme
teknikleri kullanilarak analiz edilmesine odaklanmistir. Bu siire¢, rulman arizalarinin erken teshisi
icin Onemli bir veri tabaninin olusturulmasma katki saglamistir. Literatiirde bu konuda
gerceklestirilen caligmalardan bazilari su sekildedir: Darmo ve ark. (2022), bur¢ yatak arizalari, yag
disli pompalarinda temel ariza nedenlerinden biri olarak belirtilmistir. Burg yatak veya diiz yatak i¢

122



Koken, A., Ulger, S. S., Karabulut, A. JournalMM (2025), 6(1) 121-134

halkasinda meydana gelen aginma, gevsemeye neden olmakta ve bu durum dislilerin zarar gérmesine
yol agmaktadir. Bu tiir arizalar, donme hiz1 frekansinin harmonikleri ile tespit edilebilmekte olup, bu
harmonikler arizanin hem belirtisi hem de nedeni olarak ifade edilmektedir. Jamaludin ve ark. (2002),
akustik emisyon yontemi kullanilarak diisiik devirlerde ¢alisan rulmanlardaki hasarlarin tespitinde bu
yontemin etkinligini ortaya koymuslardir. Calismada, 1,2 dev/dk agisal hiziyla donen bir rulmanda
yuvarlanma elemanu, i¢ bilezik, dis bilezik hasari, gevsek i¢ bilezik ve gevsek dis bilezik durumlari
icin titresim Olgilimleri yapmislar ve analiz etmislerdir. Williams ve ark. (2001), rulmanlarin é6mriinii
belirlemek amaciyla saglikli rulmanlar sabit ve degisken devirlerde hasar olusuncaya kadar test
etmislerdir. Bu deneysel c¢alisma, rulmanlarin farklt c¢alisma kosullarindaki dayanimini
degerlendirmeyi hedeflemislerdir. Madar ve ark. (2022), sadece i¢ halka, dis halka, bilyeler ve kafeste
rulman ariza sikligin1 gostermekle kalmamis, ayni1 zamanda dogal frekans uyariminin da rulmana
zarar verebilecegini ve ariza belirtilerine yol agabilecegini belirtmislerdir. Sivi halka kompresor igin
titresim analizi ve sinyal isleme yontemleri kullanilarak, dogal frekanslarin rulman ariza analizinde
nasil kullanilabilecegini ortaya koymuslardir. Dron ve ark. (2001), bilyeli rulmanlardaki titresim
analizinde parametrik spektrum analiz yontemini kullanmis ve hasar teshisi i¢in yliksek ¢oziintirliiklii
bir teknik uygulamislardir. Bu yontem sayesinde, rulmanlardaki hasarlarin daha detayli ve dogru bir
sekilde tespit edilebilecegini belirtmislerdir. Aktiirk ve ark. (2000), agisal temasl iki rulman iizerine
yataklanmis bir mil sistemi olusturarak, rulman kaynakli titresimlerin olusum mekanizmalarini
incelemislerdir. Bu ¢aligmada, hem saglikli rulmanlarin neden oldugu titresim frekanslart hem de
rulmanlardaki {iretim hatalarinin titresimlere olan etkilerini detayli bir sekilde analiz etmislerdir.
Hemati ve ark. (2023), rulmanlarin statik ve dinamik yiikleri tolere eden hayati bir bilesen oldugunu
belirtmislerdir. Rulmanlarin kalan Omriinii hesaplamak i¢in bir¢ok faktoriin 6nemli oldugunu
vurgulamislardir. Oluklu ariza ve kacak akim gibi etkenlerin rulmanlarin arizalanmasina neden
oldugunu ifade etmislerdir. Rulman oluklu arizas1 i¢in titresim analizi ve sinyal isleme yontemlerini
kullanarak rulman ariza analizini arastirmislardir. Brie (2000), tek noktadan hasarli bir rulmandaki
titresim sinyallerini matematiksel olarak modellemistir. Rubini ve ark. (2001), normal g¢aligma
kosullarinda rulmanlardaki yorulma hasarlarinin tespiti i¢in klasik spektrum ve zarf analizi
yontemlerinin yaygin olarak kullanildigini belirtmislerdir. Ancak bu arastirmacilar, bu yontemlerin
her zaman yeterli olmadigini ve baz1 durumlarda rulmanlardaki yorulma hasarlarinin tam olarak tespit
edilemeyebilecegini vurgulamislardir. Mishra ve ark. (2022), santrifiij pompadaki bilyeli rulman
ariza analizini arastirmiglardir. MATLAB yazilimini kullanarak, toplanan deneysel verilere dayali
olarak ariza analizi gergeklestirmislerdir. Rulman igine su giriginin, rulman émrii tizerinde zararli bir
etkiye sahip oldugunu belirtmislerdir. Yildirnm ve Karahan (2015), kompresér rulmanlarinda
gerceklestirilen titresim analizi sayesinde hem dis hem de i¢ bileziklerde olusan hasarlarin tespit
edildigini ve bu analizlerin kestirimci bakim c¢aligmalarina veri sagladigini belirtmislerdir. Ghazwani
ve Pham (2024), bilyeli yataklarin teorik frekansini hesaplamak i¢in Hertz temasina dayali bir
matematiksel model kullanmislardir. igne yatagmin degisken hareketi nedeniyle, iki darbe aras
stireyl dikkate alarak arizali darbe frekansim1 tahmin etmek i¢in yeni bir matematiksel model
Oonermislerdir.

Miihendislik sistemlerinin modellenmesinde deneysel yontemlerden giin gectikce daha fazla
faydalanilmaktadir (Caska ve Dokuz, 2022). Bu arastirmada, rulman arizalarinin titresim analizi
yontemiyle belirlenmesine yonelik bir deneysel diizenek tasarlanmistir. Referans olarak saglikli
rulmanlardan elde edilen temel titresim verileri, i¢ bilezik bilye yuvarlanma yolu hatas1 bulunan
rulmanlardan toplanan verilerle karsilastirilmistir. Bu karsilastirma sayesinde, bahsi gegen hasarin
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titresim sinyalleri {lizerindeki etkileri ayrintili olarak incelenmistir. Sonuglar, grafiksel olarak
sunularak kapsamli bir degerlendirme yapilmasi saglanmaistir.

1.1 Frekans Analizi

Rulmanlar, operasyon esnasinda dogal yipranma veya yapisal defektler nedeniyle karakteristik
frekanslarda titresimler iiretirler. I¢ bilezik, dis bilezik ve yuvarlanma elemanlarindaki (bilyeler)
hasarlar, rulmanin geometrik 6zelliklerine bagl olarak farkli frekans bilesenlerinin ortaya ¢ikmasina
neden olur. Bu frekans bilesenlerinin analizi, arizanin tiirii ve ilerleme durumu hakkinda 6nemli
bilgiler saglamaktadir. Titresim spektrumunda, frekans degeri arizanin tipini belirtirken, genlik degeri
arizanin siddetini yansitir. Ariza frekanslari, motorun donme hizi ile dogrudan iliskilidir; motor devri
degistik¢e, yuvarlanma elemanlarinin hasarli bolge iizerinden gegme sikligi da degisir ve bu durum
ariza frekanslarinda kaymaya yol acar. Rulmanlara iligkin genel ariza frekanslan Esitlik 1, 2, 3 ve
4’te sunulmustur (Aliustaoglu ve ark., 2007).

_fs Rp]
Temel Frekans (TF) = —=|1 — — 1)

2 dm]

d /Ry \°
Bilye Donme Frekanst (BD) = é—m 1- (—b) 2
2 R, [\d,

Dis Bilezik Frekanst = N (TF) (3)
I¢ Bilezik Frekansi (IB) = N (f, — TF) (4)

Esitlik 1-4 de belirtilen f; parametresi donme frekansini, R;,, parametresi bilye ¢capii ve d,,
parametresi ise bilye merkezleri arasindaki mesafeyi temsil etmektedir.

Rulman ariza frekanslari; rulman geometrisindeki varyasyonlar, temas agisi, kayma hareketi ve
mil donme hiz1 gibi cesitli faktdrlerden etkilenebilir. Bu sebeple, deneysel olarak ol¢iilen titresim
frekanslar1 ile teorik olarak hesaplanan frekanslar arasinda kiigiik farkliliklarin olugmasi olasidir.
Hasarli bir rulmanin titresim spektrumunda gbézlemlenen evreler, asagidaki sekilde tanimlanabilir
(Orhan ve ark., 2003):

e Erken Evre: Spektrum analizlerinde, temel ariza frekansimin kendisinden ziyade, bu
frekansin harmonik bilesenleri 6n plana ¢ikar. Bu asamada temel ariza frekansinin
belirginligi diisiiktiir.

e Orta Evre: Arizanin ilerlemesiyle birlikte, ariza frekansinin daha yogun harmonikleri
tespit edilir. Ariza frekanslar1, mil ddnme hiz1 ile modiilasyona ugrayarak yan bantlarin
olusmasina yol agar. Yan bant genliklerinin, temel frekansin genligini agmasi, arizanin
kritik bir diizeye ulagtiginin gostergesidir.

e Geg Evre: Spektrumda, ariza frekansinin harmonik ve yan bantlarina ek olarak, temel
ariza frekansi da belirgin bir sekilde ortaya cikar.

e Ileri Evre: Rulmanin siirekli bozulmasi, i¢ bosluklarin artmasina sebep olur. Bu durum,
rulman elemanlar1 arasindaki garpismalar1 siddetlendirir. Bu ¢arpigsmalar, spektrumda
genis bantli bir giiriiltii olusumuna yol acar. Titresim genlikleri azalabilir ve bu genis
bantl1 giiriiltiinlin ayirt edilmesi gii¢lesebilir.
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2. MATERYAL VE YONTEM

Bu aragtirmada, rulman arizalarinin titresim analizi ile teshisi amaciyla deneysel bir ¢alisma
yiritiilmis ve Sekil 1'de goriilen bir deney diizenegi hazirlanmistir. Deney diizenegi, rulmanlarin
operasyonel kosullarini simiile etmek icin basit bir saft-rulman sisteminden olusmaktadir. Sistem, bir
elektrik motoru vasitasiyla tahrik edilen V kayislar aracilifiyla dondiiriilmektedir. Rulman yataklar1
ve mil, rulmanlarin uygun sekilde konumlandirilmas: i¢in tasarlanmistir. Sistemdeki titresimleri
minimize etmek amaciyla, V kayis gerginligi optimize edilmistir.

Schenck akillt \‘ b
balans cihazi ¥ %

Rulman yatag:

Sekil 1. Deney diizeneginin tiim bilesenlerini gosteren genel bir goriinim

Bu deneyde, rulmanlarin titresim analizlerinin gergeklestirilmesi i¢in Schenck akilli balans
cihaz1 kullanilmigtir. Elektrik motoruna bagli mil-rulman sisteminde meydana gelen titresimler,
balans Olger araciligiyla Olgiilerek veri toplama sistemine aktarilmistir. Rulman yataklarina
konumlandirilan titresim sensorleri vasitasiyla, saglam ve hasarli rulmanlara ait titresim verileri
karsilastirilmistir. Deney diizeneginde analiz edilen UC204 tipi rulmanlarin geometrik 6zellikleri
Sekil 2'de, boyutlari ise Cizelge 1'de sunulmustur.

Co

= A

I )
5. A

— B —
Dep|da| T — — + |d

(@)
Y

! %

Sekil 2. UC204 test rulmanina ait geometrik 6zellikler
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Cizelge 1. Rulman boyutlar1 (mm)

Boyutlar Sembol Deger
Dis cap Dsp 47
Ic cap d 20
Genislik B 31
Dis halka genisligi C 17
I¢ halka kaburga ¢api d1 27,56
Yuvarlanma yolu mesafesi S 12,7
Dis mesafesi A 5
Conta toplam genisligi C2 16,8
Yaglama deligine mesafe Ca 4,2
Diiz yiizey genisligi W 3

Bu caligmada, rulman arizalarinin erken teshisine yonelik titresim analizi yOntemi
kullanilmistir. Elektrik motoruna bagli bir test diizeneginde farkli kondisyondaki rulmanlardan elde
edilen titresim verileri, ivmedlcer ve hiz transdiiseri araciligiyla kaydedilmistir. Elde edilen verilerin
frekans spektrumu analizi, rulman arizalarina 6zgli karakteristik frekanslarin belirlenmesinde
kullanilmigtir. Deney sonuglarinin, titresim sensoriiniin konumlandirilmasi ve isletme kosullar gibi
faktorlerden etkilenebilecegi dikkate alinmalidir.

Rulmanlarin giivenilirligi ve 6mrii, endiistriyel uygulamalar i¢in kritik dneme sahiptir. Bu
arastirmada, rulman arizalarmin titresim analizi ile tespitine yonelik deneysel bir inceleme
yapilmistir. Farkli hasar seviyelerindeki rulmanlardan elde edilen titresim verileri, frekans ortaminda
analiz edilerek, arizanin tiirii ve siddeti hakkinda bilgi elde edilmistir. Calisma sonuglari, rulmanlarin
giivenilirligini artirma ve bakim stratejilerini gelistirme konusunda 6nemli veriler sunmaktadir.

3. BULGULAR VE TARTISMA

Yeni {retilen rulmanlarda bile, yilizey pirizliliginden kaynaklanan hata frekanslar
gbzlemlenmistir. Rulman bilezigindeki mikroskobik piiriizler, diisiik genlikli frekans bilesenleri
olusturarak, titresim analizlerinde belirginlesmistir. Bu diisiik genlikli frekans bilesenleri, hasarin
ilerlemesi siirecinde 6nemli bir gosterge olarak kullanilabilir.

3.1 Saglam Rulman Analizleri

Saglam (A1) rulmaninin titresim spektrumu analizine ait sonuglar Sekil 3'te sunulmaktadir.
Spektrum incelemesinde 0,5 Hz, 11,23 Hz, 26,8 Hz ve 37,3 Hz frekanslarinda belirgin pikler
gozlemlenmistir. Bu piklere karsilik gelen genlik degerleri sirasiyla 0,164 mm/s, 0,027 mm/s, 0,014
mm/s ve 0,049 mm/s olarak tespit edilmistir. 0,5 Hz'deki pik, ¢evresel titresimler veya sistemin yavas
hareketleri gibi mekanik olmayan etkilerden kaynaklanabilir. Diger frekanslardaki (11,23 Hz, 26,8
Hz ve 37,3 Hz) pikler ise rulmanin doniis hizi veya sistemdeki diger mekanik bilesenlerin
etkilesimleri ile iligkili olabilir. Tiim piklerin genlik degerleri olduk¢a diisliktlir ve bu, rulmanin
saglam oldugunu ve herhangi bir ciddi hasar belirtisi gostermedigini ortaya koymaktadir. Spektrumda
harmonikler veya yan bantlar gibi hasar belirtileri gézlemlenmemistir. Bu bulgular, rulmanin diizgiin
calistigini ve saglam durumunu korudugunu gostermektedir. Rulmanin bu durumunu stirdiirmek i¢in
diizenli bakim ve titresim analizi 6nerilmektedir.
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Sekil 3. Saglam rulman (A1) titresimleri

Saglam (A1) rulmaninin titresim analizleri sonucunda elde edilen dis ve i¢ bilezik hata
frekanslari, Sekil 4(a)'da gosterilmekte olup, bu bulgular Sekil 4(b)'de grafiksel olarak sunulmustur.
Elde edilen 6l¢iim degerlerine gore, dis bilezik ariza frekansi yaklasik 53 Hz, i¢ bilezik ariza frekansi
ise yaklagik 63 Hz olarak belirlenmistir. Yeni iiretilmis rulmanlarda dahi, idealden sapmalar
nedeniyle bolgesel hata karakteristikleri tespit edilebilir. Bu durum, rulman yiizeylerinin mutlak
plirtizsiizliikten uzak olmasindan kaynaklanmaktadir. Nitekim, Sekil 4'te sunulan saglam bir rulmana
ait titresim verileri lizerinde yapilan analizler, rulman hata frekanslarinin varligini ortaya
koymaktadir. i¢ ve dis bileziklerde bulunan mikroskobik yiizey kusurlari, diisiik genlikli frekans
bilesenlerinin olusmasina neden olmaktadir. Bu genlik degerleri, hasar gelisiminin izlenmesinde
temel referans noktalar1 olarak degerlendirilmelidir. Bu bulgular 1518inda, tamamen titresimsiz bir
mekanik sistemin varliginin teorik bir ideal oldugu soylenebilir.

0,2
Saglam (A1) rulmani

0,151 65
Dis bilezik ~
— T

) : =~ 60
E gl o o g bilezik e

N $ 55
I L=
8

0,05 CI“ 50

45 )
Dis bilezik I¢ bilezik
45 50 55 60 65 70 75
Frekans (Hz)
(a) (b)

Sekil 4. Saglam (A1) rulmani; (a) titresim frekans spektrumu, (b) hata frekanslar

Saglam (B1) rulmanina ait titresim spektrumu analiz sonuglar1 Sekil 5'te gosterilmektedir.
Spektrumda 0,5 Hz, 14,7 Hz, 18,6 Hz ve 24,38 Hz frekanslarinda belirgin pikler tespit edilmistir. Bu
piklerin genlik degerleri sirasiyla 0,159 mm/s, 0,027 mm/s, 0,038 mm/s ve 0,042 mm/s olarak
Olclilmiistiir. 0,5 Hz'deki pik, gevresel titresimler veya sistemin yavas hareketleri gibi mekanik
olmayan etkilerden kaynaklanabilir. Diger frekanslardaki (14,7 Hz, 18,6 Hz ve 24,38 Hz) pikler ise
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rulmanin doniis hiz1 veya sistemdeki diger mekanik bilesenlerin etkilesimleri ile iligkili olabilir. Tiim
piklerin genlik degerleri oldukc¢a diisiiktlir ve bu, rulmanin saglam oldugunu ve herhangi bir ciddi
hasar belirtisi gostermedigini ortaya koymaktadir. Spektrumda harmonikler veya yan bantlar gibi
hasar belirtileri gozlemlenmemistir. Bu bulgular, rulmanin diizgiin ¢alistigin1 ve saglam durumunu
korudugunu gostermektedir. Rulmanin bu durumunu siirdiirmek i¢in diizenli bakim ve titresim analizi
onerilmektedir.
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Sekil 5. Saglam (B1) rulman titresim spektrum analizi

Saglam (B1) rulmanina ait dis ve i¢ bileziklerdeki olas1 ariza frekanslari, titresim analizi ile
tespit edilmis olup (Sekil 6(a)), elde edilen bu bulgular Sekil 6(b)'de grafiksel olarak ifade edilmistir.
Olgiimler sonucunda, dis bilezik hasar frekansmnin yaklasik 50 Hz, i¢ bilezik hasar frekansinin ise
yaklagik 59 Hz oldugu tespit edilmistir. Yeni liretilen rulmanlarda dahi, ideal yiizey piiriizliiliigiinden
sapmalar nedeniyle bolgesel hata karakteristikleri gozlemlenebilir. Sekil 6'da sunulan titresim
analizleri, saglam bir rulmanda bile rulman hata frekanslarmin bulundugunu géstermektedir. i¢ ve dis
bileziklerdeki mikroskobik kusurlar, diisiik genlikli frekans bilesenlerine yol agarak, hasar
gelisiminin izlenmesinde referans noktasi olarak kullanilabilecek veriler sunmaktadir. Bu nedenle,
tamamen titresimsiz bir mekanik sistemin varligy, teorik bir ideal olarak kabul edilebilir.

0,2
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Sekil 6. Saglam (B1) rulmani; (a) titresim frekans spektrumu, (b) hata frekanslar

Spektrum analizlerinde (Sekil 3 ve 5), diisiik genlikli fakat belirgin pikler, rulman yiizeyindeki
mikroskobik piiriizliiliklerin neden oldugu harmonik frekanslar1 isaret etmektedir. Bu durum,
makroskobik olarak saglam kabul edilen rulmanlarda dahi yiizey kalitesinde idealden sapmalar
oldugunu gostermektedir. Doner makinelerde siklikla karsilasilan kiiclik seviyedeki dengesizlikler,
teorik olarak titresimsiz olmasi beklenen sistemlerde pratikte kaginilmazdir. Rulman yataginda tam
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kavrama saglanamamasi sonucu olugan mekanik gevseklik, milin dengelenmesinde yetersizlik
oldugunu ortaya koymaktadir. Bu tiir mekanik gevseklikler, titresim seviyelerini yiikselterek
rulmanlarin hizmet 6mriinii kisaltma potansiyeline sahiptir.

RMS (karekok ortalama), bir sinyalin genel biiyilikliglinii veya enerjisini Olger. Titresim
analizinde, sistemin titresim seviyesini ifade etmek icin kullanilir. RMS degerleri Esitlik 5
kullanilarak hesaplanabilir.

2 k-1 2
RMS = _0 A _k 5
o+ 1 +- (5)
i=

Burada;

Ao = Sinyalin sabit bileseninin genligi,

Ai = Sinyalin i. harmonik bileseninin genligi,

Ax = Sinyalin son harmonik bileseninin genligi,

k-1 A? = 1. harmonikten (k-1). harmonik bilesenine kadar olan genliklerin karelerinin toplamu.

Eger Ay, 2. harmonikten sonraki bir bileseni temsil ediyorsa, K en az 3 olmalidir. Ornegin, eger
Ax = Asise, k=3 olur.

Spektral bir ¢izginin genligi “A” ile gosterilmistir. Saglam (A1) rulmani i¢in, Esitlik 5’te, Ao =
0,164 mm/s, A1 = 0,027 mm/s, Az = 0,014 mm/s, Ax = 0,049 mm/s ve k = 3 alindiginda RMS = 0,1288
mm/s olarak hesaplanmistir. Bu sonug, Sekil 7(a)'da sunulan test cihazi 6l¢timiinde elde edilen 0,129
mm/s'lik RMS degeri ile uyumluluk gostermektedir.

Saglam B1 rulmani i¢in, Esitlik 5’te, Ao = 0,159 mm/s, A1 = 0,027 mm/s, A2 = 0,038 mm/s, A«
= 0,042 mm/s ve k =3 alindiginda, RMS = 0,1264 mm/s olarak hesaplanmistir. Elde edilen bu sonug,
Sekil 7(b)'de gosterilen test cihazi 6l¢limiinde saptanan 0,126 mm/s RMS degeri ile teyit edilmistir.
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Sekil 7. Saglam rulman titresimleri; (a) Al rulmani, (b) B1 rulmani

3.2 i¢ Bilezigi Hasarlh Rulman Analizleri
Sekil 8(a)'da i¢ bileziginde hasar bulunan rulmana (A2) ait frekans spektrumu analiz sonuglari
gosterilmektedir. Titresim frekansi ve harmonikleri spektrumda 15,4 Hz, 27 Hz, 48,2 Hz ve 136,9 Hz
frekanslarinda titresim yogunlugunun arttig1 belirlenmistir. Bu frekanslardaki titresim genlikleri ise
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strastyla 0,186 mm/s, 0,198 mm/s, 0,178 mm/s ve 0,122 mm/s olarak 6l¢iilmiistiir. 15,4 Hz'deki pik,
rulmanin karakteristik i¢ bilezik hasar frekansi (BPFI) olarak degerlendirilebilir ve bu frekans, ana
harmonik bileseni temsil etmektedir. 27 Hz'deki pik, 15,4 Hz'deki ana harmonik frekansin ikinci
harmonik bileseni olabilir ve bu durum, i¢ bilezik hasarin periyodik dogasini1 gostermektedir. 48,2
Hz'deki pik ise tiglincii harmonik bilesen olarak yorumlanabilir. 136,9 Hz'deki daha diisiik genlikli
pik (0,122 mm/s), sistemin dogal frekansi veya rezonans frekansi ile iliskili olabilir. Bu frekans,
rulman hasari ile dogrudan iligkili olmayan bir bilesen olarak degerlendirilebilir, ancak bu frekansta
bir genlik artis1 gozlemlenmesi, sistemin bu frekans civarinda rezonansa girebilecegini
diistindiirmektedir. Spektrumda gozlemlenen frekanslar, sistemin farkli modal frekanslarina da
karsilik gelebilir. Ozellikle 15,4 Hz ve 27 Hz'deki yiiksek genlikler, sistemin bu frekanslarda modal
titresimler Urettigini gosterebilir. Bu modal frekanslar, rulmanin i¢ bilezigindeki hasarin etkisiyle
daha belirgin hale gelmis olabilir. Ozellikle 15,4 Hz ve 27 Hz frekanslarindaki yiiksek genlikler
(0,186 mm/s ve 0,198 mm/s), rulmanin i¢ bileziginde ciddi bir hasarin varligina isaret etmektedir. Bu
frekanslar, rulmanin karakteristik i¢ bilezik hasar frekans1 (BPFI) ve bunun ikinci harmonik bileseni
ile uyumlu olabilir. 136,9 Hz'deki daha diisiikk genlikli pik (0,122 mm/s) ise rulman hasar1 ile
dogrudan iliskili olmayan bir bilesen olarak degerlendirilebilir. Bu bulgular, rulmanin i¢ bileziginde
ciddi bir hasar oldugunu gostermekte olup, rulmanin durumunun daha detayli incelenmesi ve gerekli
bakim veya degisim islemlerinin planlanmasi 6nerilmektedir.

Sekil 8(b)'de sunulan i¢ bilezigi hasarli rulman (B2) titresimlerine ait spektrum analizi
grafiginde, bilye ge¢is titresim frekansi ve harmonikleri 15,9 Hz, 28,3 Hz, 49,5 Hz ve 75 Hz
frekanslarinda belirgin pikler saptanmistir. Bu piklerin genlik degerleri ise sirasiyla 0,167 mm/s,
0,216 mm/s, 0,219 mm/s ve 0,122 mm/s olarak ol¢tilmiistiir. 15,9 Hz'deki pik, rulmanin karakteristik
bilye gecis frekansi (BPFI) olarak degerlendirilebilir ve bu frekans, ana harmonik bileseni temsil
etmektedir. 28,3 Hz ve 49,5 Hz'deki pikler, 15,9 Hz'deki ana harmonik frekansin sirastyla ikinci ve
iiclinci harmonik bilesenleri olabilir ve bu durum, i¢ bilezik hasarinin periyodik dogasini
gostermektedir. 75 Hz'deki daha diisiik genlikli pik (0,122 mm/s), sistemin dogal frekansi veya
rezonans frekansi ile iligkili olabilir. Bu frekans, rulman hasari ile dogrudan iliskili olmayan bir
bilesen olarak degerlendirilebilir, ancak bu frekansta bir genlik artis1 gdzlemlenmesi, sistemin bu
frekans civarinda rezonansa girebilecegini diisiindiirmektedir. Spektrumda gozlemlenen frekanslar,
sistemin farkli modal frekanslarma da karsilik gelebilir. Ozellikle 28,3 Hz ve 49,5 Hz'deki yiiksek
genlikler, sistemin bu frekanslarda modal titresimler iirettigini gosterebilir. Bu modal frekanslar,
rulmanin i¢ bilezigindeki hasarm etkisiyle daha belirgin hale gelmis olabilir. Ozellikle 28,3 Hz ve
49,5 Hz frekanslarindaki yiiksek genlikler, rulmanin i¢ bileziginde bir hasarin varligina isaret
etmektedir. Bu frekanslar, rulmanin karakteristik bilye gecis frekansi (BPFI) ve bunun harmonik
bilesenleri ile uyumlu olabilir. 75 Hz'deki daha diisiik genlikli pik ise rulman hasar1 ile dogrudan
iligkili olmayan bir bilesen olarak degerlendirilebilir. Bu bulgular, rulmanin i¢ bileziginde ciddi bir
hasar oldugunu gostermekte olup, rulmanin durumunun daha detayli incelenmesi ve gerekli bakim
veya degisim islemlerinin planlanmasi 6nerilmektedir.
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Sekil 8. i¢ bilezigi hasarli rulman titresimleri; (a) A2 rulmani, (b) B2 rulmam

I¢ bilezigi hasarli (B2) rulman i¢in 80 Hz frekansinda 6lciilen ivme degerleri ve hata sapmalari
Sekil 9'da sunulmustur. Uygulanan ivme degerleri ile 6l¢iilen ivme degerleri arasindaki fark, rulman
hasarmin sistem iizerindeki etkisini acik¢a gostermektedir. Biiyiik hata sapmalari, rulmanin ig
bilezigindeki hasarin ciddi boyutlarda oldugunu ve sistemde onemli titresimlere neden oldugunu
isaret etmektedir. Bu sapmalar, rulmanin diizgiin ¢alismasin1 engelleyerek sistemin dinamik
performansini olumsuz etkilemektedir. Bu bulgular, rulmanin acil bakim veya degisim gerektirdigini
ortaya koymaktadir. Rulmanin durumunu daha iyi degerlendirmek i¢in, farkli frekanslarda benzer
Ol¢iimler yapilmasi ve zaman dalga formu analizi gibi ek yontemlerin kullanilmasi1 6nerilmektedir.
Bu sayede, hasarin nedenleri daha detayli incelenebilir ve olasi arizalar 6nlenebilir.

Hasarli (B2) rulmani - 80Hz
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Hata sapma (m/s?)

Uygulanan ivme degeri (m/s2)

Sekil 9. i¢ bilezigi hasarli rulmandan (B2) 80 Hz’de 6lciilen ivme degerleri

I¢ bilezigi hasarli (B2) rulman i¢in 160 Hz frekansinda 6lgiilen ivme degerleri ve hata sapmalari
Sekil 10'da sunulmustur. i¢ bilezigi hasarli rulman (B2) igin 160 Hz'de dlciilen ivme degerleri ve
bliylik hata sapmalari, rulman hasarinin sistem iizerinde ciddi titresimlere ve dinamik performans
kaybina neden oldugunu gostermektedir. Ozellikle 160 Hz gibi yiiksek frekanslarda gdzlemlenen bu
sapmalar, rulman hasarinin mekanik sistem tizerinde yarattig1 stresin bir gostergesidir. Bu bulgular,
rulmanin acil bakim veya degisim gerektirdigini ortaya koyarken, hasarin detayli analizi i¢in farkli
frekanslarda dl¢limler ve zaman dalga formu analizi gibi ileri yontemler 6nerilmektedir.
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Sekil 10. i¢ bilezigi hasarli rulmandan (B2) 160 Hz’de &lgiilen ivme degerleri

4. SONUC

Bu calismada, saglam ve hasarli rulmanlarin titresim spektrum analizleri ve ivme Ol¢limleri
incelenmis, rulman sagliginin belirlenmesi ve hasar tespiti agisindan 6nemli bulgular elde edilmistir.

Saglam rulmanlarin (A1 ve B1) titresim spektrumlarinda, diisiik genlikli ve belirgin olmayan
pikler gdzlemlenmistir. Ornegin, A1 rulmaninda 0,5 Hz, 11,23 Hz, 26,8 Hz ve 37,3 Hz frekanslarinda
sirastyla 0,164 mm/s, 0,027 mm/s, 0,014 mm/s ve 0,049 mm/s genlik degerlerinde pikler tespit
edilmistir. B1 rulmaninda ise 0,5 Hz, 14,7 Hz, 18,6 Hz ve 24,38 Hz frekanslarinda sirasiyla 0,159
mm/s, 0,027 mm/s, 0,038 mm/s ve 0,042 mm/s genlik degerlerinde pikler gézlemlenmistir. Bu
piklerin genlik degerleri oldukca diisiiktiir ve saglam rulmanlarin herhangi bir ciddi hasar belirtisi
gostermedigini ortaya koymaktadir.

I¢ bilezigi hasarli rulmanlarin (A2 ve B2) titresim spektrumlarinda ise karakteristik frekanslarda
belirgin ve yiiksek genlikli pikler gozlemlenmistir. Ornegin, A2 rulmaninda 15,4 Hz, 27 Hz, 48,2 Hz
ve 136,9 Hz frekanslarinda sirasiyla 0,186 mm/s, 0,198 mm/s, 0,178 mm/s ve 0,122 mm/s genlik
degerlerinde pikler tespit edilmistir. B2 rulmaninda ise 80 Hz ve 160 Hz frekanslarinda yapilan ivme
Olctimleri, uygulanan ivme degerleri ile olcililen ivme degerleri arasinda onemli hata sapmalari
oldugunu gdstermistir. Bu sapmalar, rulman hasarinin sistemde ciddi titresimlere ve dinamik
bozulmalara neden oldugunu dogrulamaktadir.

Sonug olarak, bu c¢alisma, titresim analizi ve ivme Ol¢limlerinin rulman sagligim
degerlendirmede etkili bir yontem oldugunu gostermistir. Saglam rulmanlarin titresim
spektrumlarinda diisiik genlikli pikler gozlemlenirken, hasarli rulmanlarda karakteristik frekanslarda
yiiksek genlikli pikler ve dnemli hata sapmalar tespit edilmistir. Rulmanlarin dmriinii uzatmak ve
olast arizalar1 Onlemek i¢in diizenli bakim ve titresim analizi Onerilmektedir. Ayrica, benzer
caligsmalarda zaman dalga formu analizi ve farkl frekanslarda dlgtimler yapilarak, rulman sagligimin
daha kapsamli bir sekilde degerlendirilmesi miimkiindiir.

5. TESEKKUR

Bu calismanin deneysel calismalari ORMEC Miihendislik tarafindan desteklenmis ve
tesislerinde gerceklestirilmistir. Yazarlar, calismaya katkilarindan dolayr Sn. Cem DENIiZ'e igten
tesekkiirlerini sunar.
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6. CIKAR CATISMASI

Yazarlar, bilinen herhangi bir ¢ikar ¢atismasi veya herhangi bir kurum/kurulus ya da kisi ile
ortak c¢ikar bulunmadigini onaylamaktadirlar.

7. YAZAR KATKISI

Bu ¢alismada Ahmet KOKEN arastirmanin kavramsal ¢ergevesinin olusturulmasi, metodolojik
tasarim1 ve makale taslaginin hazirlanmasindan sorumlu olmustur; Sultan Seda ULGER ¢alismanin
kavramsal yapisinin gelistirilmesi, tasarim siireclerinin yonetimi, veri toplama ve bilimsel igerigin
elestirel analizini gergeklestirmistir; Abdurrahman KARABULUT ise verilerin analizi,
yorumlanmasi ve makalenin akademik igeriginin bilimsel degerlendirmesini iistlenmistir. Tim
yazarlar ¢calismanin her asamasina aktif katilim saglamis, makalenin nihai versiyonunu incelemis,
onaylamis ve ¢alismadan tam sorumlulugu paylasmislardir.
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OZET: Bu calismada, Samaryum ve Gadolinyum elementlerinin farkli izotoplar1 icin (n,2n)
reaksiyonlariin tesir kesiti hesaplamalarinda denge ve denge-oncesi niikleer reaksiyon modellerinin
etkilerinin incelenmesi amaglanmistir. Bu kapsamda, Samaryum elementinin 144, 148, 150, 152 ve
154 kiitle numarali izotoplar1 ile Gadolinyum elementinin 155, 156, 157, 158 ve 160 kiitle numaral
izotoplar1 i¢in (n,2n) reaksiyonlarina ait tesir kesiti hesaplamalarinda TALYS ve EMPIRE isimli
kodlar kullanilmistir. TALYS kodunun 1.8 versiyonun kullamldigi hesaplamalarda iki Bilesenli
Eksiton Model ve Hauser-Feshbach Model, EMPIRE kodunun 3.2 versiyonun kullanildig:
hesaplamalarda ise PCROSS Eksiton Model ve Hauser-Feshbach Model denge ve denge-6ncesi
etkilerin analiz edilebilmesi i¢in se¢ilmis olan modellerdir. Elde edilen hesaplama sonuglari, EXFOR
veritabanindan temin edilen deneysel verilerle karsilastirilmis ve bulgular her bir reaksiyon igin
grafiksel olarak gorsellestirilmistir. Calismanin sonuglar1 bir biitiin olarak degerlendirildiginde
ciktilarin literatiirde de mevcut olan iki durumu destekleyecek nitelikte oldugu soylenebilmektedir.
Bunlardan ilki deneysel c¢aligmalarin gerceklestirilemedigi durumlarda teorik hesaplama
yontemlerinin bilimsel aragtirmalar icin bir alternatif olabilecegi iken digeri ise bu tarz ¢aligmalarin
hesaplamalarda kullanilan teorik modellerin gelisimine destek saglayabilecegi 6ngoriisiidiir.
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Investigation of the Effects of Some Samarium and Gadolinium Isotopes on Cross Section
Calculations of Theoretical Models in (n,2n) Reactions

ABSTRACT: This study aims to investigate the effects of equilibrium and pre-equilibrium nuclear
reaction models on cross-section calculations for (n,2n) reactions of different isotopes of Samarium
and Gadolinium elements. In this context, cross-section calculations for (n,2n) reactions of the
isotopes 144, 148, 150, 152, 154 of Samarium and 155, 156, 157, 158, 160 of Gadolinium elements
were performed using the TALYS and EMPIRE codes. In the calculations performed with version
1.8 of the TALYS code, the Two-Component Exciton Model and Hauser-Feshbach Model were
employed, while in the calculations using version 3.2 of the EMPIRE code, the PCROSS Exciton
Model and Hauser-Feshbach Model were chosen to analyze the effects of equilibrium and pre-
equilibrium mechanisms. The obtained theoretical results were examined with experimental data
sourced from the EXFOR database, and the findings were visualized graphically for each reaction.
When the outcomes of the study are examined as a whole, it is possible to say that the outputs support
two situations that are also present in the literature. The first among them is that theoretical calculation
methods can be an alternative for scientific research in situations where experimental works may not
possible to be carried out, while the other is the prediction that such studies can support the
development of theoretical models used in calculations.

Keywords: Samarium, Gadolinium, Crosss-section, TALYS, EMPIRE, EXFOR

1. GIRIS

Modern diinyada enerji ihtiyacinin hizla artmasi yiiksek verimli, uzun omiirlii ve kesintisiz
stirdiiriilebilen enerji kaynaklarina olan talebin artmasimna neden olmustur (Sekerci, 2018). Bu
gelismeler cercevesinde niikleer giic santralleri, enerji iretiminde bu hususlarda 6n plana
cikmiglardir. Uluslararast Atom Enerjisi Ajansi’nin (IAEA) Gili¢ Reaktorii Bilgi Sistemi (Power
Reactor Information System — PRIS) verilerine gore, 15 Ocak 2025 itibariyle enerji iiretimi amaciyla
aktif reaktor sayis1 416 iken, 23 adet durdurulmus operasyonel reaktor ve 62 adet yapim asamasindaki
reaktér bulunmaktadir (IAEA, 2025). Niikleer reaktorlerde, kontrollii zincirleme fisyon
reaksiyonlarinin giivenli ve verimli bir sekilde yiiriitiilebilmesi i¢in reaktdér kontrol gubuklarinin
dogru tasarimi ise tiim siire¢ igerisinde oldukca yiiksek 6nem derecesine sahip bir durumdur (DOE,
2025; IAEA, 1995; IAEA, 2000; IAEA, 2007; IAEA, 2025).

Bu noktada samaryum ve gadolinyum elementleri, yiiksek ndtron absorpsiyon kapasiteleri
nedeniyle reaktor kontrol g¢ubuklarinda yaygin olarak kullanilmalarindan dolayr 6n plana
cikmaktadirlar (Ashby ve Smidman, 2010; IAEA, 1995; TAEA, 1996; IAEA, 2000; IAEA, 2007;
Kalcheva ve Koonen, 2007). Bu elementlerin farkli izotoplarinin niikleer reaksiyon siireclerindeki
davraniglarinin detayli incelenmesi, hem teorik model dogrulamasinin saglanmasi hem de pratik
uygulamalarda reaktdr kontrol sistemlerinin giivenliginin ve verimliliginin artirilmasi agisindan
biiyiik 6nem tagimaktadir.

Bu motivasyonla bu ¢calismada; samaryumun 144, 148, 150, 152 ve 154, gadolinyumun ise 155,
156, 157, 158 ve 160 kiitle numaras1 tasiyan izotoplarmin (n,2n) reaksiyonlar: i¢in tesir kesiti
hesaplamalar1 gergeklestirilmis ve bu hesaplamalarda denge ve denge-Oncesi niikleer reaksiyon
modellerinin etkileri analiz edilmistir. Tesir kesiti degeri en kolay anlasilabilecek anlatimi ile bir
niikleer reaksiyonun meydana gelme olasilig1 olarak tanimlanabilir ve bu deger deneysel olarak
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olgiilebilecegi gibi gelismis teorik modellerin kullanilmasiyla da hesaplanabilir. Hesaplamalarin bir
aragtirmaci tarafindan elle yapilmasi durumunda karsilasilabilecek hatalarin ortadan kaldirilmasi igin
ise ¢esitli yazilimlar olusturulmustur. Bu amagla gelistirilmis ve literatiirde pek ¢ok ¢aligmada da
(Aydin vd., 2013; Kaplan vd., 2016; Kaplan vd., 2017; Kaplan, 2013; Ozdogan vd., 2019; Ozdogan
vd., 2023; Ozdogan vd., 2024; Sekerci vd., 2019; Uncii vd., 2023) tercih edilmis olan kodlardan en
cok bilinenleri ise TALYS (Koning vd., 2023) ve EMPIRE (Herman vd., 2007) kodlaridir.

Bu calismada TALYS kodunun 1.8 versiyonunda iki Bilesenli Eksiton ve Hauser-Feshbach
modelleri, EMPIRE kodunun 3.2 versiyonunda ise PCROSS Eksiton ve Hauser-Feshbach modelleri,
denge ve denge-oncesi siireglerin etkilerini analiz etmek iizere kullanilmiglardir. Bu ¢alismada da
kullanilan bu kodlar, yani hem TALY'S hem de EMIPRE kodlari, literatiirde pek ¢ok ¢aligsmada tercih
edildigi goriilen ve 6zellikle deneysel verilerin mevcut olmadiglr durumlarda arastirmacilar i¢in son
derece 6nemli olan Ongdriileri sunabilecek yetkinlikte olan araglardir. Bu yeteneklerini ve genis
kullanim yelpazelerini goz onilinde bulundurarak yapilmis ve literatiirde mevcut olan pek c¢ok
caligmada; bu programlar ve bu programlarin kullanicilarina sunduklar ¢esitli hesaplama modelleri
ile hesaplama sonuglarina etkisi olabilecek olan parametrelerin tesir kesiti gibi 6nemli degerlerin
hesaplanmasindaki etkilerinin arastirilmas1 amaciyla deneysel veriler ile teorik hesaplama
sonuclarinin karsilastirmali olarak kiyaslandigi goriilmektedir (Biiylikuslu, 2025; Ozdogan vd., 2025;
Yigit vd., 2024; Kiicliksucu vd., 2024; Kara vd., 2024; Yigit, 2023; Yettou vd., 2023; Kavun vd.,
2022; Biiylikuslu, 2019). Bu ¢alismada elde edilen teorik hesaplamalarin sonuglari, EXFOR (Otuka
vd., 2014) veri tabanindan alinan deneysel tesir kesiti verileriyle karsilastirilarak degerlendirilmis ve
bulgular gorsel olarak analiz edilebilmek amaciyla grafiksel olarak gorsellestirilmistir. Bu grafiklerde
ayrica TENDL (Sublet vd., 2016) olarak bilinen TALYS tabanli degerlendirilmis niikleer veri
kitapligindan alinan tesir kesiti degerlerine de yer verilmistir. Elde edilen sonuglar, iki temel olguyu
destekler niteliktedir: Birincisi, deneysel c¢alismalarin miimkiin olmadigi durumlarda teorik
modellerin bilimsel arastirmalara 6nemli bir alternatif sundugudur. Ikincisi ise, bu tiir teorik
caligmalarin, kullanilan modellerin gelistirilmesine ve daha genis bir uygulama alanina
uyarlanmasina katki saglayabilecegidir.

2. MATERYAL VE YONTEM

Bu ¢alismada; samaryumun ve gadolinyumun daha 6nce belirtilmis olan kiitle numaralarina
sahip izotoplarinin (n,2n) reaksiyonlarina ait tesir kesiti hesaplamalarinda, niikleer reaksiyonlarin
teorik analizinde yaygin olarak kullanilan TALYS ve EMPIRE kodlar1 kullanilmistir. Bu kodlar;
denge ve denge-oncesi siire¢lerin analizi igin farkli teorik modelleri hesaplamalara entegre edebilme
ozelliklerine sahiptirler ve bu sayede niikleer reaksiyonlarin detayli bir sekilde incelenmesine olanak
saglarlar. Kullanilan modellerin isleyis mekanizmalar1 ve teorik yapilari, bu g¢alismanin temel
bilesenlerini olusturan unsurlardandir. TALYS 1.8 kodu, genis bir enerji araliginda niikleer
reaksiyonlarin teorik analizini yapabilen, kapsamli bir yazilimdir (Koning vd., 2023). Kullanici
taniml1 girdi dosyasi ile ¢alisan TALYS kodunda mevcut yiizlerce anahtar kelime ile bir reaksiyona
ait istenilen hesaplama i¢in farkli model ve parametrelerin tetiklendigi pek ¢ok kombinasyonun elde
edilmesi miimkiindiir. Bunlar arasinda bu ¢alismada, ¢alismanin motivasyonuna uygun olarak denge
ve denge-oncesi reaksiyon mekanizmalarinin etkilerinin incelenebilmesi amaciyla ki Bilesenli
Eksiton Model ve Hauser-Feshbach Model ayr1 ayr1 kullanilarak tesir kesiti hesaplamalari yapilmustir.

Eksiton modeli, niikleer reaksiyonlarda denge-oncesi siireglerin anlasilmasinda 6nemli bir yere
sahiptir. Eksitonlar, reaksiyon sirasinda olusan parcacik-desik ciftlerini ifade eder ve bu ¢iftlerin
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sayis1, enerjinin ve momentumun sistem icinde nasil dagildigin1 belirler. ki bilesenli eksiton model,
ndtronlar ve protonlar i¢in ayr1 ayr1 enerji ve momentum dagilimlarini ele alarak, daha hassas sonuglar
elde edilmesini saglamay1 amaglar. Bu model, 6zellikle yiiksek enerjili reaksiyonlarda denge-6ncesi
siireglerin etkilerinin dogru bir sekilde analiz edilmesi i¢in de oldukca kullanighidir (Koning vd.,
2007). TALYS ile ger¢eklestirilen tesir kesiti hesaplamalarinda kullanilan bir diger model ise Hauser-
Feshbach Modeli’dir. Bu model, bilesik ¢ekirdek reaksiyonlarini istatistiksel olarak analiz eden bir
yaklagima sahiptir. Reaksiyonun denge durumunda gergeklestigini varsayan bu model, bilesik
cekirdegin cesitli kanallara parcacik veya gama 1sin1 yaymimi yapma olasiliklarini da hesaplar.
Niikleer seviyelerin yogunlugu ve gecis olasiliklar1 gibi parametreleri kullanan bu model, hem diigiik
enerji seviyelerindeki reaksiyonlarin hem de daha karmasik siireglerin dogru bir sekilde
modellenmesine olanak taniyacak yetkinliktedir (Koning vd., 2007).

Literatiirde TALYS kadar popiiler olan ve kullanicilarin siklikla tercih ettikleri, bu ¢alismada
da kullanilan diger kod ise EMPIRE kodudur. Olduk¢a kapsaml1 bir gelistirme slirecine neticesinde
arastirmacilarin kullanimina sunulmus olan EMPIRE kodunun bu ¢alismada kullanilan versiyonu ise
3.2°dir. EMPIRE, modiiler yapisiyla niikleer reaksiyonlarin teorik analizi i¢in genis bir uygulama
alan1 sunar. Bu ¢alismada, EMPIRE kodunda mevcut olan PCROSS Eksiton ve Hauser-Feshbach
modelleri tetiklenerek tesir kesiti hesaplamalari incelenen her bir reaksiyon igin birbirlerinden
bagimsiz olacak sekilde tekrarli adimlarda tamamlanmistir. PCROSS, denge-Oncesi siireglerin
modellenmesinde kullanilan bir eksiton modelidir. Bu model; eksitonlarin olusum ve evrim
stireclerini izlerken, ayn1 zamanda kompleks parcacik yayimnimini da dikkate almaktadir. Bu baglamda
model, eksitonlarin dinamik davraniglarini detayli bir sekilde ele alan bir model olarak bilinir ve
ayrica bu ve diger ozellikleri sayesinde yliksek enerjili reaksiyonlarda enerjinin nasil dagildigini
anlamak i¢in de tercih edilir (Herman vd., 2007). Hauser-Feshbach Modeli ise bilesik ¢cekirdek
reaksiyonlarinin istatistiksel analizi i¢in temel bir aractir. Enerji seviyelerinin yogunlugu ve gegis
olasiliklar1 gibi parametreleri kullanarak farkli yayinim kanallarinin olasiliklarin1 hesaplayan bu
model, hem diisiik hem de yiiksek enerjili slireclerde genis bir uygulama alania sahiptir (Herman
vd., 2007).

Hem TALYS hem de EMPIRE kodlar1 bircok parametre ve modelin kullanici tarafindan
tanimlanarak hesaplamalarin bu parametre ve model ve parametrelerin etkileri ile gergeklestirilmesini
saglayabilecek yetkinliktedirler. Bu ¢alismanin motivasyonunda ise incelenmek {izere segilen
reaksiyonlarda TALYS ve EMPIRE kodlarindaki denge ve denge-Oncesi reaksiyon modellerinin
etkilerinin tesir kesiti hesaplamalar1 {izerine olan etkilerinin incelenmesi amacglanmistir. Bu
motivasyona uygun olarak hesaplamalarda TALYS ve EMPIRE kodlarinin mevcut secenekler
arasindan kullanicinin tercihine izin verdigi pek ¢ok parametre her iki kodun da kendi 6n taniml
varsayllan degerinde tutularak kullanilmistir. Bu sayede kodlarin genis parametre segenekleri
arasindan sadece bu calisma motivasyonuna uygun parametrelerin degistirilmesi durumunda
hesaplamalarin nasil etkileneceginin incelenmesi saglanabilmistir. Calismanin motivasyonuna uygun
olarak incelenmek iizere se¢ilmis reaksiyonlarda TALYS ve EMPIRE kodlar1 kullanilarak yapilan
hesaplamalar sonucunda elde edilen tesir kesiti degerleri hem birbirleri ile hem de deneysel veriler
ile karsilastirilmistir. Buradaki amaclardan bir tanesi, incelenen reaksiyon 6zelinde denge ve denge-
oncesi reaksiyon mekanizmalarina ait modellerden hangisinin deneysel veriler ile daha uyumlu
sonuglar ortaya koydugunu anlayabilmek iken bir diger ama¢ da TALYS ve EMPIRE kodlari
kullanilmas1 durumunda sonuglarda nasil farklilasmalar olacagini inceleyebilmektedir. Hesaplama
sonuclart ve deneysel veriler arasindaki iliskinin daha rahat gozlemlenerek yorumlanabilmesi
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amaciyla her bir incelenen reaksiyon icin hesaplama sonuglar1 ve deneysel veriler birlikte olacak
sekilde grafikler olugturulmustur.

TALYS ve EMPIRE kodlar kullanilarak yapilan hesaplamalar sonucunda her bir reaksiyon
icin elde edilen tesir kesiti degerleri, ilgili reaksiyona ait EXFOR’dan temin edilmis deneysel veriler
ve TALYS tabanli degerlendirilmis veri taban1 olan TENDL’dan alinmis hesaplama verileri ile
birlikte grafiklestirilmistir. Bu asamadan 6nce hesaplama islemlerinde dikkat edilen bir hususun
burada agiklanmasi yerinde olacaktir. incelenen her bir reaksiyon icin EXFOR veri taban1 kontrol
edilerek deneysel verilerin mevcudiyeti goriildiikten sonra gergeklestirilen hesaplama islemlerinde
kullanilan enerji degerleri, deneysel verilerdeki enerji degerleri ile ayn1 olacak sekilde secilmistir. Bu
durum; TENDL veri tabanindan ilgili reaksiyona ait tesir kesiti sonuglarina erisim asamasinda da
gecerli olmustur. Bu sayede, incelenen her bir reaksiyon i¢in dogru kiyaslama yapilabilecek uygun
enerji araligi kendiliginden secilmistir. Bu durum ayni zamanda kiyaslamada biitiinciil bir yap1
olusturarak okuyucularin daha rahat bir sekilde yorum yapabilmelerine olanak saglamay1
amaclamistir. Ayrica bu amaca destek olacak sekilde olusturulan tiim grafiklerde yatay eksende enerji
degerleri, dikey eksende ise tesir kesiti verileri yerlesecek sekilde sistematik bir gésterim yapilmistir.

3. BULGULAR VE TARTISMA

Denge ve denge-oncesi niikleer reaksiyon mekanizmalarinin incelenebilmesine olanak
saglayacak yapida gelistirilmis olan niikleer reaksiyon modellerini iceren TALYS ve EMPIRE
kodlar1 ile 144148150.152154G g 195.156157.18.160G( jzotoplarin (n,2n) reaksiyonlarinda tesir kesiti
hesaplama sonuglarinin EXFOR’dan temin edilmis olan deneysel sonuglar ve TENDL’dan edinilen
hesaplama verileri ile kiyaslanmasinin amaclandig: bu ¢alismada elde edilen bulgular bu béliimde
gosterilmistir. Bulgularin daha kolay sekilde yorumlanabilmesi amaciyla incelenen her bir reaksiyon
icin x-ekseninde enerji ve y-ekseninde tesir kesiti degeri olacak sekilde bulgular grafik olarak
sunulmustur.
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Sekil 1. *4Sm(n,2n)*3Sm reaksiyonu igin hesaplama sonuglari, deneysel veriler ve TENDL verileri
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Bu ¢alismada incelenen ilk reaksiyon olan **Sm(n,2n)'*3Sm reaksiyonu kapsaminda yapilan
hesaplama islemlerinin sonuglart ve bu sonuclarin deneysel verilerle kiyaslanmasi Sekil 1°de
gosterilmigtir. Bu reaksiyon ozelinde incelenen tiim enerji aralifi géz Oniinde bulundurulursa
modellerin kullanilmasi ile elde edilen hesaplama sonuglarimin birbirleri ile benzer bir dagilim
sergiledikleri goriilmektedir. Bunun yani sira, hesaplamalarda kullanilan modellerin tirettikleri
sonuglar arasinda digerlerine nazaran daha basarili olaninin 15.5 MeV’den biiyiik enerji degerlerinde
deneysel sonuglara daha yakin degerlerde sonuglarin da elde edildigi TALYS 1.8 kodunun Hauser—
Feshbach modeli oldugu goriilmiistiir.
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Sekil 2. 1*8Sm(n,2n)*4"Sm reaksiyonu i¢in hesaplama sonuglari, deneysel veriler ve TENDL verileri

Literatiirden temin edilmis olan deneysel ¢alismalara ait tesir kesiti verileri ile diger modellere
nazaran daha uyumlu sonuglar veren modelin TALYS 1.8 kodunun Iki Bilesenli Eksiton Modeli olan
hesaplama sonuglarinin elde edildigi *8Sm(n,2n)'¥’Sm reaksiyonuna ait grafik, Sekil 2’de
sunulmustur. Sekilden kolaylikla goriilebilen bir diger sonug ise, ndtron gelme enerjisinin yaklasik
olarak 10.5 MeV’den biiyiik oldugu durumlarda TALYS Iki Bilesenli Eksiton Model kullanilarak
elde edilen tesir kesiti hesaplama sonuglar1 ile TENDL verileri arasindaki farkliliginin ortadan
kalkmaya baslamasi ve bu degerden sonraki enerji degerlerinde neredeyse ayni tesir kesiti
degerlerinde sonugclar elde edilmis olmasidir.
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Sekil 3. $°Sm(n,2n)**°Sm reaksiyonu i¢in hesaplama sonuglari, deneysel veriler ve TENDL verileri

130Sm(n,2n)**Sm’ye ait sonuglar Sekil 3°de gosterilmistir. Literatiirdeki deneysel veriler ile
ayn1 olacak sekilde segilen bu reaksiyonda incelenen enerji araliginda neredeyse tiim deneysel tesit
kesiti sonuglarin1 yakalayacak kadar uyumlu tesir kesiti hesaplamasi yapabilen model TALYS 1.8
kodunun Iki Bilesenli Eksiton Modeli olarak éne ¢ikmaktadir. Bu duruma ek olarak, hesaplamalarin
gerceklestirildigi her iki kodda kullanilan her iki modelin de deneysel verilerinkine benzer geometrik
yapilar olusturabildiginden rahatlikla bahsedilebilir. Bu hususta gézden kagmayan 6nemli bir durum
ise; aymi enerji degerleri i¢in EMPIRE kodu kullanilarak yapilan hesaplamalarda elde edilen
sonuclarin, hem deneysel verilerden hem de TALYS kodu kullanilarak elde edilen hesaplamalarda
daha yiiksek degerlerde tesir kesiti sonuglart vermis olmasidir.
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Sekil 4. 12Sm(n,2n)'%'Sm reaksiyonu igin hesaplama sonuglari, deneysel veriler ve TENDL verileri
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Sekil 4, ¥2Sm(n,2n)®!Sm reaksiyonuna ait sonuglarin gosterildigi grafigi icermektedir.
Sekilden kolaylikla anlasilabilecegi tlizere deneysel veriler ile modellerin kullanildigi hesaplama
sonuclar1 tam olarak uyusmamakta ancak hesaplama sonuclari deneysel verilerin olusturduklar
dagilima benzer bir yap1 sergilemektedirler. Bu baglamda Sekil 4’{in incelenmesi ile deneysel veriler
ile digerlerine kiyasla daha uyumlu olabilecek hesaplama sonuglari tireten modelin TALYS 1.8’den
iki Bilesenli Eksiton Model oldugu kanisina varilabilmektedir. °2Sm(n,2n)*>'Sm reaksiyonu
sonuglariin dikkat ¢ekici bir diger durumu ise, TENDL verilerinin deneysel verilere hem TALYS
hem de EMPIRE kodu ile yapilan hesaplama sonuglarindan daha uyumlu olarak elde edilmis
olmasidir.
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Noétron Enerjisi (MeV)
Sekil 5. **Sm(n,2n)*%3Sm reaksiyonu igin hesaplama sonuglari, deneysel veriler ve TENDL verileri

Sekil 5 ile **Sm(n,2n)1>3Sm reaksiyonu kapsaminda yapilan hesaplama sonuglar1 neticesinde
elde edilen tesir kesiti sonuglari ile literatiirde mevcut deneysel veriler birliktegrafiklestirilerek
sonuclarin gorsel olarak analiz edilebilmesi amaclanmistir. Sekil 5’den kolaylikla anlasilabilecegi
gibi, hem denge hem de denge-oncesi modeller kullanilarak elde edilen hesaplama sonuglarinin
incelenen ayni enerji degeri icin birbirlerinden farkli degerlerde olduklar: goriildiigii halde, tiim enerji
aralifinin bir biitlin olarak degerlendirilmesi ile genel olarak deneysel veriler ile uyumlu bir yap1
olusturabildikleri sdylenebilir. Bu reaksiyon i¢in yapilan hesaplamalar sonucunda diger modeller
arasindan deneysel veriler ile daha uyumlu sonuglari iireten modelin TALYS 1.8 Iki Bilesenli Eksiton
Model oldugu goriilmektedir. Bununla birlikte bu sonuglarin TENDL veriler ile de neredeyse ayni
degerlerde oldugu soylenebilir.
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Sekil 6. 1°Gd(n,2n)***Gd reaksiyonu i¢in hesaplama sonuglari, deneysel veriler ve TENDL verileri

15Gd izotopu igin (n,2n) reaksiyonuna ait karsilastirmalar Sekil 6 ile gosterilmistir. Bu
reaksiyon i¢in yapilan hesaplamalarin sonuglar1 ve deneysel verilerin kiyaslanmasi bir biitiin olarak
diisiiniildiigiinde; deneysel veriler ile digerlerine oranla daha uyumlu sonuglar iireten kod ve model
olarak TALYS kodu ve Iki Bilesenli Eksiton Model isaret edilebilir. Ote yandan, deneysel verilerin
nétron gelme enerjisine gore gostermis oldugu tesir kesiti hesaplamasindaki degisimin diger modeller
tarafindan da benzer bir yap1 olusturacak sekilde elde edildigi goriilmiis ancak, TALYS Iki Bilesenli
Eksiton Model tarafindan tiretilmis olan hesaplama sonuglarindan daha yiiksek tesir kesiti hesaplama
sonuglar iirettikleri anlasilmistir. TALYS Iki Bilesenli Eksiton Model kullanilarak elde edilen tesir
kesiti hesaplama sonuglarinin 6zellikle 9-12 MeV araligindaki ndtron gelme enerjisi bdlgesinde
deneysel veriler olduk¢a uyumlu olduklari, 12 MeV sonrasindaki bolgede ise deneysel veriler ile
neredeyse ayni sonuglarda olduklar1 dikkat ¢ekmektedir.
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Sekil 7. %°Gd(n,2n)'**Gd reaksiyonu i¢in hesaplama sonuglari, deneysel veriler ve TENDL verileri
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Bu calismada incelenmek iizere secilmis olan bir diger gadolinyum izotopu olan ¥*°Gd icin
(n,2n) reaksiyonu tesir kesiti hesaplamalarinin sonuglar1 Sekil 7°de gosterilmistir. Bu reaksiyonda da
maksimum nétron gelme enerjisi 15 MeV’dir ve bu reaksiyon i¢in de literatiirde mevcut deneysel
veri aralig1 baz alinarak hesaplamalar yapilmistir. Bu hesaplamalar neticesinde deneysel veriler ile en
uyumlu hesaplama sonuglarmin TALYS 1.8 kodunun Iiki Bilesenli Eksiton Model kullanilmasi
durumunda elde edildigi gériilmiistiir. Ote yandan; bu reaksiyonda bu model ile eslde edilen
hesaplama sonuglarmin deneysel verileri bir 6nceki reaksiyon olan *Gd(n,2n)*>*Gd reaksiyonuna
gore daha az miktarda yakalayabildigi de goriilmektedir. Bu duruma ragmen, tiim enerji aralig1 bir
biitiin olarak degerlendirildiginde modeller kullanilarak elde edilen tesir kesiti hesaplama
sonuclarinin deneysel verilerin olusturduguna benzer bir yap1 sergileyebildikleri de goriilmektedir.
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Sekil 8. *>’Gd(n,2n)**6Gd reaksiyonu i¢in hesaplama sonuglari, deneysel veriler ve TENDL verileri

Sekil 8, 1¥’Gd(n,2n)***Gd reaksiyonuna ait hesaplamalarin gosterildigi sekildir. Bu reaksiyona
ait hesaplamalar sonucunda, tiim modellerin irettikleri sonuglarin deneysel verilerle uyumlu bir
geometrik sekil ortaya ¢ikarmis oldugu goriilmektedir. Ote yandan tiim hesaplamalar iginde tiim
enerji bolgelerinde diger modellere kiyasla daha basarili hesaplama sonuglart veren modelin TALYS
1.8 kodunun Iki Bilesenli Eksiton Modeli oldugu da rahatlikla Sekil 8°den goriilmektedir. TENDL
verilerinin de, hem deneysel veriler hem de TALYS Iki Bilesenli Eksiton Model hesaplamalari ile
uyum i¢inde oldugu goriilmektedir.
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Sekil 9. %¥Gd(n,2n)*>"Gd reaksiyonu i¢in hesaplama sonuglari, deneysel veriler ve TENDL verileri

18Gd(n,2n)¥Gd reaksiyonuna ait sonuglar Sekil 9’da sunulmustur. Bu ¢alisma kapsaminda
incelenmis olup simdiye kadar sonuglarindan bahsedilen diger gadolinyum izotoplarina ait (n,2n)
reaksiyonlarinda oldugu gibi, *8Gd(n,2n)**’Gd reaksiyonunda da deneysel veriler ile diger
modellerin kullanilmasi1 durumunda elde edilen sonuglardan daha uyumlu hesaplama sonuglari
iiretebilmis olan model TALYS kodunun Iki Bilesenli Eksiton Modeli olmustur. Diger modellerin
kullanilmas: ile elde edilmis olan hesaplama sonuclarinin ise, 6zellikle artan enerji degerleri ile
birlikte tesir kesiti sonuglarinin degisim egilimi géz oniinde bulunduruldugunda, bundan 6nceki
gadolinyum izotoplar1 i¢in yapilan hesaplama sonuglarindakine benzer bir diizende elde edildigi de
acikca goriilebilmektedir.
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Sekil 10. °Gd(n,2n)'**Gd reaksiyonu i¢in hesaplama sonuglari, deneysel veriler ve TENDL verileri
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Gadolinyumun nétron girisli reaksiyonlarda incelenen son izotopu olan ®°Gd igin
gerceklestirilen (n,2n) reaksiyonuna ait hesaplamalarin deneysel veriler ile karsilagtirmalar Sekil
10°da verilmistir. Bu reaksiyonda bu izotop i¢in yapilan hesaplamalarin sonuglarinin bir biitiin olarak
degerlendirilmesi ile tesir kesiti hesaplamalarinin gerceklestirildigi modeller arasinda deneysel
veriler ile digerlerine gore daha uyumlu sonuglar1 veren modelin TALYS kodunun Iki Bilesenli
Eksiton Modeli oldugu rahatlikla sdylenebilir. Bu ¢alismada incelenen diger gadolinyum izotoplari
icin yapilan (n,2n) reaksiyon hesaplamalar1 arasinda TENDL verileri ile en uyumlu sonuglarinin bu
izotop i¢in oldugu da goriilmektedir.

4. SONUC

Bu calismada, samaryum ve gadolinyum elementlerinin 144,148,150,152,154Sm ve
155,156,157,158,160Gd izotoplarina ait (n,2n) reaksiyonlarinin tesir kesiti hesaplamalari, TALY'S ve
EMPIRE kodlar kullanilarak gergeklestirilmistir. Bu siiregte bu kodlarin kullanicilara kullanim
imkani sundugu farkli modeller ile denge ve denge-oncesi siireglere ait etkilerin de incelenmesi
amaglanmistir. Teorik hesaplama sonuclari, EXFOR veri tabanindan alinan deneysel veriler ve
TENDL veri tabanindaki hesaplamali metotlarla elde edilmis tesir kesiti degerleri ile karsilagtirilarak
degerlendirilmistir.

Elde edilen bulgular, teorik modellerin kullanildigi hesaplamalarla iiretilmis tesir kesiti
degerlerinin deneysel verilerle genellikle uyumlu olacak sekilde elde edildigi sonucunu ortaya
koymaktadir. Ozellikle TALYS kodunun iki Bilesenli Eksiton Modeli, bu ¢alismada incelenen birgok
reaksiyon i¢in deneysel verilere en yakin sonuglar1 saglayan model olmustur. Bu sonug sayesinde bu
modelin, bu ¢alismada incelenen spesifik enerji araligindaki reaksiyonlarda denge-6ncesi siirecleri
dogru bir sekilde temsil edebildigi yorumu yapilabilir. Benzer sekilde, Hauser-Feshbach modeli de
bilesik ¢ekirdek reaksiyonlarinin analizi i¢in giivenilir sonuglar tiretmistir. EMPIRE kodu ile yapilan
hesaplamalar da genel olarak deneysel verilerle uyumlu bir egilim goézlemlenmis, ancak bazi
durumlarda TALY'S koduna kiyasla tesir kesiti hesaplamalarinin sonuglarini daha yiiksek degerlerde
olacak sekilde tirettigi goriilmiistiir. Bu durum, farkli modellerin ve kodlarin teorik hesaplamalarda
nasil farkliliklar yaratabilecegini de agik¢a gostermektedir.

Calismanin sonuglari; teorik hesaplama yoOntemlerinin, deneysel calismalarin miimkiin
olmadig1 durumlarda niikleer reaksiyonlarin anlagilmasinda énemli bir alternatif sundugunu ortaya
koymaktadir. Ayrica; bu tiir calismalarin, kullanilan modellerin gelistirilmesine ve daha genis bir
uygulama alanina uyarlanmasina katki saglama potansiyeline sahip oldugu da 6ngoriilebilecek bir
diger sonuctur. Ote yandan, dzellikle niikleer reaktdr kontrol cubuklarinda kullanilan samaryum ve
gadolinyum gibi elementlerin izotoplarinin niikleer reaksiyon siireglerindeki davraniglarinin detayli
bir sekilde incelenmesi, hem teorik hem de pratik agidan 6nemli sonuglar dogurabilecek niteliktedir.

Sonug olarak; bu caligsma, niikleer reaksiyonlarin teorik modelleme ve hesaplama araglari ile
detayli bir sekilde analiz edilebilecegini ve bu analizlerin deneysel verilerle desteklenerek bilimsel
aragtirmalara onemli katkilar saglayabilecegini gosteren dnemli bir ¢aligmadir. Bu tiir ¢alismalar,
niikleer bilim ve teknoloji alaninda gelecekteki arastirmalar i¢in giiclii bir temel olusturmakta ve
enerji Uretimi, medikal uygulamalar ve diger endiistriyel alanlarda katki saglayabilecek caligmalara
zemin hazirlayabilecek niteliktedir.
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5. TESEKKUR

Bu c¢alismanm baglantili oldugu Doktora tezi Siileyman Demirel Universitesi Bilimsel
Arastirma Projeleri Koordinasyon Birimi tarafindan 4599-D2-16 kodlu proje ile desteklenmistir.

6. CIKAR CATISMASI

Yazarlar, bilinen herhangi bir ¢ikar ¢atismasi veya herhangi bir kurum/kurulus ya da kisi ile
ortak c¢ikar bulunmadigini onaylamaktadirlar.

7. YAZAR KATKISI

Bu calismada Mert SEKERCI calismanin kavramsal ve tasarim siireclerinin belirlenmesi,
caligmanin kavramsal ve tasarim siireclerinin yonetimi, veri toplama, veri analizi ve yorumlama,
makale taslaginin olusturulmasi, son onay ve tam sorumluluk konusunda, Abdullah KAPLAN
calismanin kavramsal ve tasarim siireglerinin belirlenmesi, c¢alismanin kavramsal ve tasarim
stireclerinin yOnetimi, veri analizi ve yorumlama, fikirsel icerigin elestirel incelemesi, son onay ve
tam sorumluluk konusunda katki saglamistir.
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ABSTRACT: The intricacy of decision variables, multiple objectives, and nonlinear restrictions
make it difficult to find suitable solutions for mechanical design problems. An alternative approach
to these difficult challenges, the Grey Wolf Optimizer (GWO) is recognized for its ease of use,
flexibility, scalability, and unique balance between exploration and exploitation. Like every
stochastic approach, GWO has drawbacks, though, and numerous enhanced variants have been put
up to overcome them. The GWO algorithm and its variants are examined in this investigation. It
conducts an experimental comparison of the original approach and its two variations. It examines
how the approaches behave with various combinations of parameters. Five mechanical design
problems are used to test the algorithms' effectiveness utilizing statistical analysis and search
performance. In the literature, the performance of alternative approaches is also contrasted with the
ideal outcomes.
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1. INTRODUCTION

Engineering design across disciplines such as machinery, mechatronics, and construction is a
crucial research domain focused on attaining a precise equilibrium between technical specifications
and cost efficiency. Issues in this domain encompass diverse complexities, including linear and
nonlinear constraints stemming from geometric, kinematic, and material considerations, alongside
challenges related to high dimensionality (Gupta et al., 2021). Traditional optimization techniques
encounter challenges such as premature convergence, entrapment in local minima, and sluggish
convergence rates (Ezugwu et al., 2022). The nonlinearity of the issues or constraints restricts the
application of linear methods (Lee et al., 2025). These challenges hinder traditional methods from
achieving optimal solutions, resulting in inadequacies in addressing real-world problems due to their
restricted applicability. The growing integration of disciplines like operations research, drug
discovery, and engineering design with machine learning and technological advancements heightens
the significance of optimization methods and necessitates the development of more advanced
techniques to address complex challenges (Ozcan and Kuntalp, 2017; Cetinkaya and Taskiran, 2022;
Aygahoglu et al., 2023; Kababulut et al., 2023; Giirkan Kuntalp et al., 2024).

In view of the escalating intricacy of real-world optimization problems in engineering,
researchers are increasingly adopting meta-heuristic algorithms sas a viable solution (Li et al., 2024).
While these stochastically structured algorithms do not consistently ensure optimal solutions, they
provide a resilient alternative to conventional methods for addressing complex problems marked by
nonlinearity and high dimensionality (Debnath et al., 2024). Over the past thirty years, numerous
meta-heuristic algorithms have been devised and utilized for optimization challenges in engineering
disciplines such as mechanical precision engineering (Ransegnola et al., 2019; Cui et al., 2020),
automotive sector (Millo et al., 2018; Sun et al., 2018; Xu et al., 2025), structural design optimization
(Hamza et al., 2018; Jahangiri et al., 2020), and power system issues (Eke et al., 2021; Coban and
Saka, 2024). Nonetheless, it is prevalent that even these sophisticated algorithms often succumb to
local minima and fail to address every problem with robustness.

Traditional meta-heuristics, including genetic algorithms (GA) (Holland, 1992), particle swarm
optimization (PSO) (Eberhart and Kennedy, 1995), differential evolution (DE) (Storn and Price,
2009), and ant colony optimization (ACO) (Socha and Dorigo, 2008), have been extensively utilized
in the past. The NFL theorem (Wolpert and Macready, 1997) and the difficulty of addressing complex
optimization problems have compelled researchers to develop novel methods, resulting in an increase
of meta-heuristic algorithms to over 500 (Li et al., 2024). Recent methodologies established,
including the grasshopper optimization algorithm (Saremi, Mirjalili and Lewis, 2017), salp swarm
optimization (Mirjalili et al., 2017), whale optimization algorithm (Mirjalili and Lewis, 2016),
pathfinder algorithm (Yapici and Cetinkaya, 2019), equilibrium optimization (Faramarzi et al., 2020),
harris hawks optimization (Heidari et al., 2019), and student psychology-based optimization (Das et
al., 2020), have been employed by numerous researchers and have attained contemporary popularity.
Furthermore, recently proposed methodologies, including artificial circulatory system algorithm
(Ozcan et al., 2025), african vulture optimization algorithm (Abdollahzadeh et al., 2021), animated
oat optimization algorithm (Wang et al., 2025) and enzyme action optimizer (Rodan et al., 2025),
have garnered attention due to their competitive efficacy.

Exploration and exploitation constitute the two primary phases in the optimization process of
meta-heuristic algorithms, and these phases directly influence the algorithm's efficacy in addressing
optimization challenges (Gezici, 2023). The intricacy of the issue restricts algorithms' capacity to
explore and exploit. Exploration is linked to the capacity to transcend local minima, allowing the
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algorithm to conduct a global search of the search space. Exploitation denotes the capacity to conduct
localized searches, enhancing the quality of solutions within particular areas. Performance is linked
to a judicious equilibrium between these two phases. Proposing novel meta-heuristic algorithms and
refining established algorithms is a prevalent strategy to enhance exploration and exploitation
capabilities.

Grey Wolf Optimization (GWO) is a metaheuristic algorithm inspired from the hunting
behavior and social structure of grey wolves (Mirjalili et al., 2014). Since its introduction, GWO has
garnered considerable attention owing to its simplicity, efficiency, and capacity to address complex
optimization challenges. The algorithm's capacity to equilibrate exploration and exploitation enables
it to adeptly traverse the search space, rendering it an invaluable asset for practitioners in pursuit of
optimal solutions. Nonetheless, akin to numerous metaheuristics, GWO exhibits limitations including
sluggish convergence rate, susceptibility to local optima, and an imbalance between exploration and
exploitation. Numerous adaptations of GWO have been suggested, each presenting distinct strategies
to tackle these challenges and enhance the algorithm's efficacy (Faris et al., 2018).

This paper examines GWO methodologies. The primary justifications for selecting this method
are: (1) its popularity, ease of implementation, and algorithmic stability, and (2) its efficacy in
addressing unconstrained and discrete optimization problems in preliminary assessments. The
investigation offers an extensive summary of the algorithm and its modifications. It analyzes the
enhancements, contributions, and applications of the GWO method. It also undertakes an
experimental procedure to execute optimization tasks in the manufacturing processes of mechanical
design issues. It seeks to achieve optimal solutions to problems through parameter optimization. It
contrasts the outcomes derived from the GWO algorithm with its two modifications and the optimal
solutions reported in the literature.

Section Il provides a thorough literature review on the implementations, evolution, and current
variations of the popular optimization algorithm, which serves as the theoretical foundation of the
study. Section 11l presents the biological motivation and mathematical modeling of the GWO
algorithm, as well as technical details of R-Walk and Improved GWO modifications. Section 1V
provides technical details on mathematical formulations of mechanical design problems, boundary
conditions, and problem specifications. Section V details experimental methods, parameter
optimization strategies, and findings, including quantitative and qualitative analyses, comparative
algorithm performances, and statistical significance levels. Section VI critically discusses results,
presents theoretical and practical implications, and presents limitations and suggestions for future
research, integrating recent literature and academic rigor.

2. RELEATED WORKS

The GWO is a swarm intelligence algorithm created by Mirjalili et al. in 2014 and is widely
regarded as one of the most prominent meta-heuristic algorithms among researchers (Mirjalili et al.,
2014). The algorithm's efficacy has inspired other researchers to employ this method for addressing
various optimization challenges. GWO has been utilized in machine learning for diverse applications,
including feature selection (Emary et al., 2016), neural network training (Altay and Varol, 2023), and
clustering tasks (Zhang and Zhou, 2015). It has also been utilized in image processing (Khairuzzaman
and Chaudhury, 2017), bioinformatics applications (Jayapriya and Arock, 2015), and environmental
prediction models (Song et al., 2015).
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Other possible uses of GWO encompass a diverse array of engineering challenges. In control
engineering, it has emerged as a commonly employed algorithm for tuning the parameters of
controllers, including integral (I), proportional-integral (PI), and proportional-integral-derivative
(PID) controllers, as well as addressing power distribution challenges related to optimal load
distribution for resource operation and planning, robotics technologies, road planning, and wireless
sensor network issues (Li and Wang, 2015; Sulaiman et al., 2015; Zhang et al., 2016; Saka, 2024).
Research indicates that GWO markedly enhances the efficacy of the optimized components.
Furthermore, GWO surpasses other optimization methods, including GA, PSO, and DE, regarding
accuracy and efficiency. Nonetheless, certain researchers have identified limitations in the
implementation of GWO owing to the intricate nature of real-world optimization challenges. The
GWO algorithm has been redesigned to align with the search space of intricate domains.

Researchers seeking to enhance the efficacy of the GWO can be classified into four categories
based on the nature of modifications they suggest for the GWO: (1) Research endeavors aimed at
enhancing the equilibrium between exploration and exploitation processes concentrated on refining
GWO mechanisms. Mittal et al. investigated the potential enhancement of the exploration process in
GWO by reducing the value of a through an exponential decay function rather than employing a linear
modification (Mittal et al., 2016). Malik et al. employed an alternative methodology for updating
individual positions. Rather than employing a simple average of the best individuals, they utilized a
weighted average of the positions of alpha, beta, and gamma wolves (Malik et al., 2015). Rodriguez
et al. devised a methodology utilizing weighted averages and fuzzy logic to update the positions of
omega wolves (Rodriguez et al., 2017). (2) Some researchers have concentrated on examining the
enhancement of GWO performance through the incorporation of novel operators, such as crossover,
or by employing a local search algorithm. Kishor et al. proposed a modified version of GWO to
enhance population diversity by incorporating a straightforward crossover operator between two
randomly selected distinct individuals. The transition operator's function is to enhance information
exchange among individuals within the swarm (Kishor and Singh, 2016). Zhou et al. proposed the
optimization of the parameters of the equivalent model for the small hydro generator swarm by
integrating GWO with chaotic local search (Zhou et al., 2016).

(3) Ina study (Luo et al., 2016), a variant of GWO was introduced wherein individuals possess
distinct coding schemes. The authors employed a complex-valued coding approach rather than the
conventional real-valued coding method. In this coding, the individual's genes consist of two primary
components: an imaginary component and a real component. The authors contended that this
technique can augment the information capacity of the individual and enhance the diversity of the
population. (4) Another study employed a modified population structure and hierarchy (Yang et al.,
2017). In contrast to the four distinct wolf types in the traditional GWO, the population is segmented
into two autonomous subpopulations: the first is designated as the cooperative hunting group, and the
second as the random scout group. The objective of the scout group is to conduct extensive
exploration, whereas the objective of the cooperative hunting group is to perform intensive
exploitation. The alterations were not confined to this. Given that the GWO algorithm addresses
single-objective problems, multi-objective variants of GWO have been introduced in the literature to
tackle multi-objective challenges (Mirjalili et al., 2016). Moreover, certain researchers have
suggested various hybrid approaches by integrating GWO to leverage the strengths and capabilities
of alternative optimizers (Kamboj, 2016).

Despite a great deal of investigation on GWO and its many variations, certain gaps persist in
the literature. The optimization of GWO parameters is inadequately explored in the literature.
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Parameter tuning is essential for all optimization algorithms when addressing real-world problems.
Moreover, GWO and its subsequent versions can be evaluated under equal experimental conditions
on actual problems featuring intricate and varied constraints. This should be addressed to enhance
comprehension of the current version of GWO and to evaluate its merits and drawbacks in relation to
other variants of GWO. Consequently, our study has thoroughly examined the GWO algorithm and
its two enhanced variants across five distinct mechanistic challenges. The experimental process
encompasses the examination of mean performance, statistical evaluation, and the capacity to attain
the optimal solution, as well as the influence of algorithmic parameters, including population structure
and iteration count, on fitness landscapes. The number of GWO modifications was limited to two in
order to be able to be analyzed in detail and to avoid complexity. Popular variants defined in the same
library were preferred to avoid any superiority in the coding of the algorithms.

3. GREY WOLF OPTIMIZERS

3.1 Overview of the GWO

The primary inspiration for the GWO algorithm is the leadership structure and hunting tactics
of grey wolves. The following sections elaborate on these essential components:

Leadership Hierarchy: The GWO follows to a rigid hierarchical framework, governed by
wolves with distinct divisions of labor. Leaders, referred to as alphas, make critical decisions for the
pack regarding activities such as hunting, selecting sleeping locations, and determining waking hours.
Beta wolves are subordinate members of the pack who aid the alpha in decision-making and various
activities. Delta wolves oversee territorial boundaries and alert the pack to potential threats. They
safeguard and ensure the security of the pack, assisting the alphas and betas in hunting and procuring
sustenance for the group. The omega wolves, the lowest-ranking members of the grey wolf hierarchy,
monitor the other wolves and execute their directives. In the GWO algorithm, roles identified
throughout the search process are assigned to solutions.

Hunting Mechanism: The algorithm emulates the encircling, hunting, and attacking behaviors
of grey wolves during a hunt. This is accomplished via mathematical models that revise the locations
of the search agents (wolves) within the solution space.

(1) Encircling prey - Wolves encircle prey by modifying their positions in relation to the
optimal solution identified thus far. It employs the subsequent equations to mathematically
represent the encircling behavior:

X(t+1)=X(t)—A.D 1)
where X(t+1) represents the subsequent position of the wolf, X(t) denotes the current position,
A is a coefficient matrix, and D is a vector contingent upon the prey's location (by Xp), computed as

follows:

D=|c.Xxp(t) - X(®)| 2

where,

C=2r, 3)
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The random components of the aforementioned equations replicate varying step lengths and
velocities of grey wolves. The equations that delineate their values are as follows:

A= Za.rl_a (4)

where a is a vector whose values diminish linearly from 2 to 0 throughout the execution. ry is
a vector generated randomly from the interval [0,1].

(2) Hunting - Grey wolves possess the capability to detect and encircle their prey. The alpha
typically directs the prey. In the mathematical simulation of grey wolf hunting behavior, the
alpha is regarded as possessing superior knowledge regarding the probable locations of
prey. Consequently, it retains the initial three optimal solutions acquired and adjusts the
positions of the remaining wolves based on this data. In this context, the subsequent
formulas are employed.

1 1 1
X(t+1= X1 +3Xe 43X, )

where X1 and X2 and Xs are calculated with Eq. 6.

X1 - Xa(t) + Al'DO(
X3 == Xﬁ(t) + A3.D5

where Da and Dg and Ds are calculated using Eq. 7.

D,=|C. X, —X|
Dg = |Co. X — X| @)
DS = |C3.X§ —Xl

(3) Attacking the prey - As the search advances, the algorithm transitions from exploration to
exploitation, and the wolves near their target. To mathematically model the prey's approach,
we reduce a. The variable vector A within the interval [-2a, 2a] diminishes a from 2 to 0
across successive iterations.

The algorithm continues to iterate until a termination condition is satisfied, enhancing its

solutions with each iteration and achieving the optimal solution.

3.2 Random Walk GWO

The Random Walk GWO algorithm is derived from the conventional GWO method, which is
based on the hunting behavior and social hierarchy of grey wolves (Gupta and Deep, 2019). The
primary distinction between this method and classical GWO lies in the incorporation of a random
walk in the algorithm’s exploration strategy, with the step size derived from the Cauchy distribution.
The rationale for contemplating a random step size is the infinite variance of the Cauchy distribution.
This concept posits that during periods of inactivity in the exploration of the search space, the
dominant wolves are inclined to investigate potential optimal solutions by making significant leaps.
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The algorithm is founded on the fundamental mathematical formulations of the original GWO.
Nevertheless, it offers enhancement of the random walk through Eq. 8 for the modification of the
random walk.

t
)

maxno of iterations )
M=2b.r;—b

b=2-2(

The wolves' expression around the prey is updated with Eq. 9.
X(t+1)=X({t)—n.D 9)

3.3 Improved GWO

The Improved GWO is a modification of the traditional GWO algorithm designed to refine the
optimization process (Kaveh and Zakian, 2018). It refines the optimization process by calibrating the
parameter settings and seeks to enhance the outcomes through the implementation of novel
techniques. Moreover, Enhanced GWO incorporates supplementary internal parameters that enhance
flexibility and adaptability in complex problems, accelerating the optimization process and elevating
solution quality relative to classical GWO.

In the Original GWO (as per Eg. 4), a uniform linear decreasing function is established for
alpha, beta, and delta wolves. In Improved GWO, distinct functions are established for each scenario
based on dominance principles to augment the exploration and application of the algorithm. In Eqg.
10, alpha, beta, and delta exhibit the following exponentially decreasing functions for a single
parameter:

, l 1 Amin
aq (i) = Apaxexp((;—)% In (——)
Umax Amax

N l s Amin (]_0)
a5 (i) = @maxexp((—)" In ()
max max

ag = (a,(i) + a5 (i))/2

where apax, @mins i imax, Do @Nd N are the upper bound of a, lower bound of a, current
iteration, maximum number of iteration, growth factor of alpha and growth factor of delta,
respectively.

4. MECHANICAL DESIGN PROBLEMS

Mechanical design optimization problems encompass numerous nonlinear constraints and
intricate variables associated with kinematics, geometric conditions, and material strength. Over the
past three decades, optimization methods have been utilized to tackle numerous engineering problems
and real-world challenges. This paper analyzes five prevalent problems to perform a comparative
assessment of GWO variants and Table 1 delineates the critical informations regarding these
problems.
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Table 1. Summary of five mechanical optimization problems.

Problem Name Abbr Dimension Constraints
Cantilever Beam Problem CBP 5 1
Tubular Column Design TCD 2 6
Piston Lever Design PLD 4 4
Corrugated Bulkhead Problem CBHD 4 6
Reinforced Concrete Beam RCB 3 2

Figure 1 illustrates these problems graphically, with their definitions detailed in the
subheadings. Various versions of the issues exist in the literature, and scholars have tailored the
fitness function and limitations to align with their research objectives. In our research, we utilized the
Enoppy library, which encompasses a standardized problem repository to facilitate comparisons and
ensure the reproducibility of the study (Van Thieu, 2023). Mathematical expressions of the problems,
including the fitness function, constraints and variable range, can be accessed from the Supplementary
File.

Figure 1. The demonstration of the mechanical design problems. (A) CBP, (B) TCD, (C) PLD, (D) CBHD, (E) RCB

4.1 The Cantilever Beam Design (CBP)
The cantilever is a design depicted in Figure 1.A comprises five hollow square blocks of
uniform thickness. The dimensions of the blocks are represented by X1, X2, X3, X4, and Xs for height

157



Ozcan, N. JournalMM (2025), 6(1) 150-169

and width. The objective of the problem is to minimize the weight of the cantilever beam while
adhering to structural requirements and to ascertain the optimal block dimensions.

4.2 The Tubular Column Design (TCD)

The tubular column depicted in Figure 1.B is a structural component comprising a hollow
cylinder constructed from metal, concrete, or alternative materials. It is frequently utilized in
construction to reinforce beams and other structural components, as well as in bridges and various
other edifices. Tubular columns are typically more robust and efficient than solid columns due to their
ability to withstand torsional, bending, and shear forces. The goal of the problem is to optimize the
construction cost of the column by utilizing the variables d, representing the average diameter of the
column, and t, denoting the thickness of the column.

4.3 The Piston Lever Design (PLD)

The piston lever problem holds significant relevance in engineering applications, including the
automotive industry, aerospace, and mechanical engineering. The primary aim of this problem is to
optimally position the piston lever components H, B, D, and X by minimizing the oil volume as o in
the piston lever is increased from 0° to 45° in the design illustrated in Figure 1.C.

4.4 The Corrugated Bulkhead Design (CBHD)

The corrugated bulkheads are commonly utilized on vessels owing to their benefits, including
ease of maintenance and adaptability to thermal expansion and contraction. Reducing the weight of
these mechanical designs is crucial due to the current high cost of materials and constitutes the
primary objective of this problem. The structural component depicted in Figure 1.D possesses four
design variables: width (b), depth (h), length (L), and thickness (t) of the plate.

4.5 The Reinforced Concrete Beam Design (RCB)

The design of reinforced concrete beams is a challenge faced in civil engineering. The issue
pertains to a structure depicted in Figure 1.E. Concrete beams are fortified with steel bars to enhance
their resistance to internal stresses. The process is a complex optimization involving three design
variables: reinforcement area (A), beam width (b), and beam depth (h).

5. EXPERIMENTAL PROCEDURE, RESULTS AND DISCUSSION

This section presents an experimental comparison of the GWO, Improved GWO, and Random
Walk GWO algorithms. To assess the efficacy of each algorithm, they were implemented on five
distinct mechanical design challenges: CBD, TCD, PLD, CBHD, and RCB. All experiments were
performed on a PC with an Intel Core(TM) i5-12400 (2.50 GHz) processor, 512 GB SSD, 16 GB
RAM, and the Windows 11 Operating System. Furthermore, the Python programming language was
employed for all computations, and the Mealpy (Van Thieu and Mirjalili, 2023) and Enoppy (Van
Thieu, 2023) libraries were utilized alongside the fundamental libraries. In the optimization of the
fundamental parameters of the algorithms, the iteration counts were established at 100, 500, 1000,
and 5000, while the population sizes were designated as 20, 50, 100, 200, and 500, respectively. All
case studies were executed under equal experimental conditions. Each algorithm was executed 25
times to assess the robustness of the comparative methods in solving the problem. The experimental
methodologies and the resultant findings are elaborated upon in the subsequent subsections.

158



Ozcan, N. JournalMM (2025), 6(1) 150-169

5.1 Average Efficacy
Figure 2 illustrates average values derived from the application of the three optimization models
to five problems. The averages are computed based on the fitness results derived from 25 iterations
across all iteration and population size parameters of the problems.
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Figure 2. Average performance of optimization models in mechanical problems

Given that all optimization tasks are minimization problems, Improved GWO achieved the
lowest average fitness value in addressing CBP, TCD, and CBHD problems. It demonstrates superior
optimization efficacy relative to the Original method and Random Walk GWO. Conversely, in PLD
and RCB issues, Random Walk GWO emerges as the most effective model. The enhanced GWO
outperformed the original method in the PLD problem.

5.2 Statistical Assessments

The average performance graph offers a qualitative comparison of the methods, yet this is
inadequate on its own. Statistical tests were conducted in the study to assess the superiority of the
methods relative to one another and to determine if a statistically significant difference was achieved.

The results acquired for each parameter combination of the algorithms employed in the study
were regarded as a single data. To ascertain the appropriate statistical test, the normality of the data
distribution was initially assessed. The Shapiro-Wilk test was utilized for normality assessments
owing to the limited sample size (n<50). The Shapiro-Wilk test results indicated that approximately
68.5% of the total data group satisfied the p<0.05 criterion and exhibited a non-normal distribution.
The optimization method exhibiting the highest incidence of anomalies was R-walk GWO, while
TCD was the most prevalent by problem type. The propensity for normal distribution heightened with
an increase in population size.

In the second stage, a multiple comparison test was conducted to assess the statistical
significance among the methods. ANOVA was conducted when p >= 0.05, while the Kruskal-Wallis
test was utilized in other instances, as determined by the normality test. Analysis of the multiple
comparison test results revealed that the methods satisfied the p<0.05 acceptance criterion in the
majority of parameter combinations (77.7%), vyielding statistically significant differences.
Furthermore, 44.7% of the findings exhibited substantial significance (p<0.001). Systematic
superiority was particularly evident in CBP and CBHD problems.

The results indicated systematic and quantifiable differences among the three methods.
Nevertheless, comprehensive pairwise comparisons were conducted in the final stage to assess the
nature of these differences among the methods. At this juncture, Dunn's test was employed due to the
failure of the majority of normal distribution assumptions in data integrity. The average results
derived from the data (across all problems) were Improved vs Original: 0.0092 £ 0.021, Improved vs
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R-walk: 0.0004 + 0.0021, and Original vs R-walk: 0.6821 + 0.2974. The Improved GWO
demonstrated considerable superiority (p<0.01) compared to the other two methods. No systematic
difference exists between Original GWO and the R-walk variant (p>0.05). The statistical results align
with the findings of Section 5.1.

5.3 Evaluation of Parameters

In optimization problems, the objective is to identify the optimal solutions with consistent
stability. The average efficacy of an algorithm across a broad spectrum of problems appears to be a
viable strategy; however, it is not invariably adequate. Achieving optimal solutions through efficient
parameterization is essential. This section compares the results obtained from the GWO algorithm
and its two variants with parameter modifications. Figure 3-7 displays the results for the CBP, TCD,
PLD, CBHD, and RCB problems. Fitness results are normalised in graphical representations to ensure
numerical traceability and to facilitate the observation of differences in comparisons.
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Figure 3. Fitness outcomes for all parameter combinations of GWOs on CBP

Figure 3 indicates that the improved GWO method on the CBP problem consistently yields
consistent results across high iterations and population size combinations, despite minor fluctuations
in performance with decreasing parameters. Stability is evident at medium to high population
densities. The original model demonstrates highly stable behavior at an epoch value of 5000,
sustaining competitive levels despite population size decreases. However, the R-walk variant
experiences substantial performance declines when parameters drop below critical thresholds, leading
to unregulated variations and discrepancies, especially at minimal population sizes.
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Figure 4. Fitness outcomes for all parameter combinations of GWOs on TCD
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According to Figure 4, the TCD problem shows that the impact of epoch parameter is less
pronounced than in the CBP problem. GWO and the R-walk variant show similar performance at
elevated iteration and population sizes. The Original GWO yields the most consistent results with a
population size of 500 and 5000 epochs. At 5000 iterations, they exhibit generally tolerant behavior,
but minor performance declines occur as the population size diminishes. In situations with low
populations, considerable fluctuations emerge, albeit in a more regulated manner than in the Improve
model. The R-walk model demonstrates satisfactory performance only at elevated population and
epoch values.
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Figure 5. Fitness outcomes for all parameter combinations of GWOs on PLD

Figure 5 indicates that, generally, the performance of all models improves with population size
and epochs, with the Original and R-walk models showing optimality. The R-walk model achieved
lower minimum values, while the Original model had a limited spectrum of solutions, indicating
greater stability reliability. The Improved model showed competitive performance at 100 and 500
epochs, but lagged behind other methods when epochs increased. The Original model's outcomes
were concentrated on a limited spectrum, suggesting greater reliability.

Figure 6 illustrates that the Improved model offers optimal results for general applications, with
minimal error and consistent outcomes at high epoch and population sizes. The Original model is
particularly reliable in industrial-scale contexts, especially when maximum resources are used. R-
walk, despite its theoretical ability to achieve minimal fitness values, is only suitable for resource-
rich and regulated settings due to erratic deviations under low parameters. Prioritizing Improved or
Original in resource-unrestricted contexts and incorporating additional validation measures in
experimental or risk-tolerant situations is recommended.
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Figure 6. Fitness outcomes for all parameter combinations of GWOs on CBHD
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Figure 7 demonstrates the performance of Improved, Original, and R-walk models in relation
to epoch and pop_size parameters. All models yield low fitness and consistent results in high source
scenarios. The Original model excels in industrial applications due to minimal variation, while the
Improved model provides stability across parameters. R-walk achieves competitive measures in
medium-scale configurations but poses a risk of inconsistency in low-source scenarios.
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Figure 7. Fitness outcomes for all parameter combinations of GWOs on RCB

5.4 Optimal Performances and Literature Comparison
This section assesses the optimal fitness values attained by the algorithms. Table 2 presents the
experimental outcomes for five engineering optimization challenges among GWOs. Furthermore, the
outcomes of the top-performing models are juxtaposed with the advanced algorithms suggested in
the literature to address the same issues. The results are presented in Tables 3 to 7.

Table 2. The minimum outcomes of algorithms on five mechanical problems

Problem Improved Original R-walk
CBP 1.339958 1.339956 1.339957
TCD 30.149763 30.149755 30.149759
PLD 1.057401 1.057406 1.057400
CBHD 6.843375 6.843013 6.843038
RCB 159.360007 159.360037 159.360041

Table 2 illustrates notable disparities among the Improved, Original, and R-walk
methodologies. The Original algorithm demonstrated better results in CBP, TCD, and CBHD
problems, whereas the R-walk model scored in PLD. The enhanced algorithm demonstrated
superiority in RCB. These findings indicate that the selection of algorithms tailored to specific
problems is essential, with Improved being favored in particular contexts such as RCB.

Table 3. The optimal comparison of optimizers in CBP

Model Parameters Fitness
SRIME (Zhong et al., 2024) Epoch:20000, Psize:100 1.3419
LLMOA (Zhong, Hussien, et al., 2025) E:50000, Psize:100 1.3399
SHBA (Xu et al., 2024) E:50000, Psize:100 1.3400
SNS (Bayzidi et al., 2021) E:12000, Psize: Unknown 1.3399
L-SHACSO (Zhong, Wang, et al., 2025) E:10000, Psize:100 1.3400
Original GWO (This Study) E:5000, Psize:500 1.3399
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Analysis of the comparisons reveals that the GWO methodologies employed in your study
(Original GWO, R-walk, and Improved GWO) exhibit a notable performance. In the CBP problem,
Original GWO proved its computational efficiency by achieving the same fitness value (1.3399) as

LLMOA and SNS with 5 times fewer epochs (E:5000) and larger population.

Table 4. The optimal comparison of optimizers in TCD

Model Parameters Fitness
CCOA (Zhong, Zhang and Yu, 2024b) E:20000, Psize:100 30.1670
SRIME (Zhong et al., 2024) E:20000, Psize:100 30.1500
LLMOA (Zhong, Hussien, et al., 2025) E:20000, Psize:100 30.1497
SHBA (Xu et al., 2024) E:20000, Psize:100 30.1500
L-SHACSO (Zhong, Wang, et al., 2025)  E:10000, Psize:100 30.1488
Original GWO (This Study) E:5000, Psize:500 30.1497

In TCD, although L-SHACSO achieves a superior result of 30.1488, Original GWO surpasses
most methods in the literature (CCOA, SRIME) with a score of 30.1497, demonstrating a balanced

performance.

Table 5. The optimal comparison of optimizers in PLD

Model Parameters Fitness
SRIME (Zhong et al., 2024) E:40000, Psize:100 1.0574
SHBA (Xu et al., 2024) E:40000, Psize:100 1.0570
L-SHACSO (Zhong, Wang, et al., 2025)  E:10000, Psize:100 1.0743
R-walk (This Study) E:5000, Psize:500 1.0574

In PLD, R-walk yields an equivalent value to SRIME (1.0574) at one-eighth of the epoch cost,
thereby demonstrating its adaptive search efficiency.

Table 6. The optimal comparison of optimizers in CBHD

Model Parameters Fitness
CVEGE (Zhong, Zhang and Yu, 2024a) E:10000, Psize:100 6.8430
CCOA (Zhong, Zhang and Yu, 2024b) E:20000, Psize:100 6.8485
SRIME (Zhong et al., 2024) E:20000, Psize:100 6.8436
LLMOA (Zhong, Hussien, et al., 2025) E:40000, Psize:100 6.8429
SNS (Bayzidi et al., 2021) E:3125, Psize: Unknown 6.8429
L-SHACSO (Zhong, Wang, et al., 2025)  E:10000, Psize:100 6.8429
Original GWO (This Study) E:5000, Psize:500 6.8430

Despite Original GWO in CBHD trailing LLMOA and SNS by a mere 0.0001, the fact that
these methods utilize 4-8 times more epochs underscores GWO results are remarkable.

In RCB, the Improved GWO attains an equivalent fitness level as CCOA (159.3600) within
one-quarter of an epoch, underscoring the algorithm's efficacy.

Table 7. The optimal comparison of optimizers in RCB

Model Parameters Fitness
CCOA (Zhong, Zhang and Yu, 2024b)  E:20000, Psize:100 159.3600
SRIME (Zhong et al., 2024) E:20000, Psize:100 159.3700
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Table 7. The optimal comparison of optimizers in RCB (continued)

Model Parameters Fitness

LLMOA (Zhong, Hussien, et al., 2025)  E:30000, Psize:100 159.4122
SHBA (Xu et al., 2024) E:30000, Psize:100 160.3000
Improved GWO (This Study) E:5000, Psize:100 159.3600

Overall, the parameter optimization in this study has yielded results that are competitive with
existing methods in the literature, particularly regarding computational resource optimization using
the low epoch-large population strategy. The slight advantage of certain methods, such as LLMOA
and SNS in CBHD, necessitates a thorough examination of parameter adaptation mechanisms.

6. CONCLUSIONS

GWO is regarded as an effective algorithm for identifying the optimal solution to
mechanical design problems. The intricacy of the issues, encompassing complexity, mixed variables
with continuous and discrete elements, multiple objectives, and diverse nonlinear constraints
associated with performance operations, manufacturing prerequisites, and kinematic conditions,
prompted researchers to devise this efficient algorithm.

This article thoroughly examines the GWO algorithm and introduces various modifications of
this widely-used algorithm. The present investigation not only reviews the GWO literature but also
compares the original algorithm with its two variants under identical experimental conditions. The
experiments encompass three models, twenty distinct combinations of fundamental parameters (four
epochs, five population sizes) and five mechanical design challenges. The methods' performance is
assessed based on their average efficacy, the statistically significant differences attained, stability
under parameter variations, and the minimum fitness values achieved. The subsequent conclusions
can be derived from the experimental analyses:

(1) The GWO modifications yielded distinct outcomes compared to the original algorithm,
despite being based on the same methodology. This is statistically significant in the majority
of instances.

(2) The original GWO exhibits strengths including consistency across various problem types
and minimal parameter sensitivity. The substantial resource demand (5000 iterations/500
populations) constitutes a limitation of the Original GWO.

(3) In situations involving abundant resources and uncomplicated issues (e.g., RCB), the
Enhanced model demonstrates effective performance. The absence of diversification in low
populations increases the risk of local minima, representing a limitation of this method.

(4) The R-walk model demonstrates robust performance when employed by specialists in
environments where parameters are meticulously regulated and substantial populations are
feasible. Nonetheless, it may present risks when extensive and elevated parameter
requirements are unmet.

These conclusions indicate that problem type, resource limitations, and performance

consistency are interdependent factors in the selection of optimization algorithms. Given that energy
efficiency and stability are paramount in industrial systems, even minor performance variances hold
significant long-term implications. The Original model is evidently the more dependable choice
regarding resource efficiency and robustness in comparison to alternative methods. The five problems
examined in the investigations pertain solely to single-objective optimization. They have not
undergone testing in real-time dynamic environments. These are the limitations of the study.
Nonetheless, the comparative examination of the algorithms elucidates the merits and demerits of
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GWO and its variations. The study can function as a reference for researchers to tackle issues across
multiple engineering domains, including materials, machinery, automotive, and construction.

7. ACKNOWLEDGEMENTS
This study did not benefit from any support.

8. CONFLICT OF INTEREST

Author approves that to the best of their knowledge, there is not any conflict of interest or
common interest with an institution/organization or a person that may affect the review process of
the paper.

9. AUTHOR CONTRIBUTION

Nermin OZCAN has the full responsibility of the paper about determining the concept of the
research, data collection, data analysis and interpretation of the results, preparation of the manuscript
and critical analysis of the intellectual content with the final approval.

10. REFERENCES

Abdollahzadeh B., Gharehchopogh F. S., Mirjalili S., African Vultures Optimization Algorithm: A
New Nature-Inspired Metaheuristic Algorithm for Global Optimization Problems, Computers
and Industrial Engineering 158(5), 107408, 2021.

Altay O., Varol E., A Novel Hybrid Multilayer Perceptron Neural Network with Improved Grey Wolf
Optimizer, Neural Computing and Applications, 35(1), 529-556, 2023.

Aygahoglu M. E., Giimiis M. S., Cakan, A., Kalyoncu M., Dimension Optimization of Polycentric
Knee Mechanism using the Bees Algorithm And Genetic Algorithm, Journal of Materials and
Mechatronics: A 4(1), 318-332, 2023.

Bayzidi H., Talatahari S., Saraee M., Lamarche, C. P., Social Network Search for Solving
Engineering Optimization Problems, Computational Intelligence and Neuroscience 548639,
2021.

Cetinkaya M. B., Tagkiran K., Meta-Sezgisel Algoritmalara Dayal1 Retinal Damar Boliitleme, Journal
of Materials and Mechatronics: A 3(1), 79-90, 2022.

Coban M., Saka M., Directly Power System Harmonics Estimation using Equilibrium Optimizer,
Electric Power Systems Research, 234(110565), 2024.

Cui D.,Wang G., Lu Y., Sun K., Reliability Design and Optimization of The Planetary Gear by a GA
Based on the DEM and Kriging Model, Reliability Engineering & System Safety 203,107074,
2020.

Das B., Mukherjee V., Das D., Student Psychology based Optimization Algorithm: A New Population
based Optimization Algorithm for Solving Optimization Problems, Advances in Engineering
Software 146(3), 102804, 2020.

Debnath S., Debbarma S., Nama S., Saha A. K., Dhar R., Yildiz A. R., Gandomi A. H., Centroid
Opposition-Based Backtracking Search Algorithm For Global Optimization And Engineering
Problems, Advances in Engineering Software 198, 103784, 2024.

165



Ozcan, N. JournalMM (2025), 6(1) 150-169

Eberhart R., Kennedy J., New Optimizer using Particle Swarm Theory, Proceedings of the
International Symposium on Micro Machine and Human Science 39-43, 1995.

Eke I., Saka M., Gozde H., Arya Y., Taplamacioglu M. C., Heuristic Optimization based Dynamic
Weighted State Feedback Approach for 2DOF PI-Controller in Automatic VVoltage Regulator,
Engineering Science and Technology, an International Journal 24(4), 899-910, 2021.

Emary E., Zawbaa H. M., Hassanien A. E., Binary Grey Wolf Optimization Approaches for Feature
Selection, Neurocomputing 172, 371-381, 2016.

Ezugwu A. E., Agushaka J. O., Abualigah L., Mirjalili S., Gandomi A. H., Prairie Dog Optimization
Algorithm, Neural Computing and Applications 34(22), 2022.

Faramarzi A., Heidarinejad M., Stephens B., Mirjalili S., Equilibrium Optimizer: A Novel
Optimization Algorithm, Knowledge-Based Systems 191, 105190, 2020.

Faris H., Aljarah 1., Al-Betar M. A., Mirjalili S., Grey Wolf Optimizer: A Review ff Recent Variants
and Applications, Neural Computing and Applications 30(2), 413-435, 2018.

Gezici H., Improved Tuna Swarm Optimization Algorithm for Engineering Design Problems, Journal
of Materials and Mechatronics: A 4(2), 424-445, 2023.

Gupta S., Abderazek H., Yildiz B. S., Yildiz A. R., Mirjalili S., Sait, S. M., Comparison of
Metaheuristic Optimization Algorithms for Solving Constrained Mechanical Design
Optimization Problems, Expert Systems with Applications 183, 2021.

Gupta S., Deep K., A Novel Random Walk Grey Wolf Optimizer, Swarm and Evolutionary
Computation 44, 101-112, 20109.

Giirkan Kuntalp D., Ozcan N., Diizyel O., Kababulut F. Y., Kuntalp M., A Comparative Study of
Metaheuristic Feature Selection Algorithms for Respiratory Disease Classification, Diagnostics
14(19), 2244, 2024.

Hamza F., Abderazek H., Lakhdar S., Ferhat D., Yildiz A. R., Optimum Design of Cam-Roller
Follower Mechanism using a New Evolutionary Algorithm, The International Journal of
Advanced Manufacturing Technology 99(5), 1267-1282, 2018.

Heidari A. A., Mirjalili S., Faris H., Aljarah I., Mafarja M., Chen H., Harris Hawks Optimization:
Algorithm and Applications, Future Generation Computer Systems 97, 849-872, 2019.

Holland J. H., Genetic Algorithms, Scientific American 267(1), 66—72, 1992.

Jahangiri M., Hadianfard M. A., Najafgholipour M. A., Jahangiri M., Gerami M. R., Interactive
Autodidactic School: A New Metaheuristic Optimization Algorithm for Solving Mathematical
and Structural Design Optimization Problems, Computers & Structures 235, 2020.

Jayapriya J., Arock M., A Parallel GWO Technique for Aligning Multiple Molecular Sequences,
International Conference on Advances in Computing, Communications and Informatics
(ICACCI), India, 210-215, 2015.

Kababulut F. Y., Giirkan Kuntalp D., Diizyel O., Ozcan N., Kuntalp M., A New Shapley-Based
Feature Selection Method in a Clinical Decision Support System for the Identification of Lung
Diseases, Diagnostics 13(23), 3558, 2023.

Kamboj V. K., A Novel Hybrid PSO-GWO Approach for Unit Commitment Problem, Neural
Computing and Applications 27(6), 1643-1655, 2016.

Kaveh A., Zakian P., Improved GWO Algorithm for Optimal Design of Truss Structures, Engineering
with Computers 34(4), 685-707, 2018.

Khairuzzaman A. K. M., Chaudhury S., Multilevel Thresholding using Grey Wolf Optimizer for
Image Segmentation, Expert Systems with Applications 86, 64—76, 2017.

166



Ozcan, N. JournalMM (2025), 6(1) 150-169

Kishor A., Singh P. K., Empirical Study of Grey Wolf Optimizer, Proceedings of Fifth International
Conference on Soft Computing for Problem Solving, Singapore, 1037-1049, 2016.

Lee S. W., Haider A., Rahmani A. M., Arasteh B., Gharehchopogh F. S., Tang S., Liu Z., Aurangzeb
K., Hosseinzadeh M., A Survey of Beluga Whale Optimization and Its Variants: Statistical
Analysis, Advances, and Structural Reviewing, Computer Science Review 57, 2025.

Li G., Zhang T., Tsai C. Y., Yao L., Lu Y., Tang J., Review of the Metaheuristic Algorithms in
Applications: Visual Analysis based on Bibliometrics, Expert Systems with Applications 255,
2024.

Li S. X., Wang J. S., Dynamic Modeling of Steam Condenser and Design of Pi Controller based on
Grey Wolf Optimizer, Mathematical Problems in Engineering 120975, 2015.

Luo Q., Zhang S., Li Z., Zhou Y., A Novel Complex-Valued Encoding Grey Wolf Optimization
Algorithm, Algorithms 9(1), 2016.

Malik M. R. S., Mohideen E. R., Ali L., Weighted Distance Grey Wolf Optimizer for Global
Optimization Problems, IEEE International Conference on Computational Intelligence and
Computing Research (ICCIC), India, 1-6, 2015.

Millo F., Arya P. Mallamo F., Optimization of Automotive Diesel Engine Calibration using Genetic
Algorithm Techniques, Energy 158, 807-819, 2018.

Mirjalili S., Saremi S., Mirjalili S. M., Coelho L. S., Multi-Objective Grey Wolf Optimizer: A Novel
Algorithm for Multi-Criterion Optimization, Expert Systems with Applications 47, 106-119,

2016.

Mirjalili S., Lewis A., The Whale Optimization Algorithm, Advances in Engineering Software 95,
51-67, 2016.

Mirjalili S., Mirjalili S. M., Lewis A., Grey Wolf Optimizer, Advances in Engineering Software 69,
46-61, 2014.

Mirjalili S., Gandomi A. H., Mirjalili S. Z., Saremi S., Faris H., Mirjalili S. M., Salp Swarm
Algorithm: A Bio-Inspired Optimizer for Engineering Design Problems, Advances in
Engineering Software 114, 163-191, 2017.

Mittal N., Singh U., Sohi, B. S., Modified Grey Wolf Optimizer for Global Engineering Optimization,
Applied Computational Intelligence and Soft Computing, 2016(1), 2016.

Ozcan N., Kuntalp M., Determining Best HRV Indices for PAF Screening using Genetic Algorithm,
10th International Conference on Electrical and Electronics Engineering (ELECO), Bursa,
2018.

Ozcan N., Utku S. Berber T., Artificial Circulation System Algorithm: A Novel Bio-Inspired
Algorithm, CMES - Computer Modeling in Engineering and Sciences 142(1), 635-663, 2025.

Ransegnola T., Zhao X., Vacca A., A Comparison of Helical and Spur External Gear Machines for
Fluid Power Applications: Design And Optimization, Mechanism and Machine Theory 142,
2019.

Rodan A., Al-Tamimi A. K., Al-Alnemer L., Mirjalili S., Tino P., Enzyme Action Optimizer: A Novel
Bio-Inspired Optimization Algorithm, The Journal of Supercomputing 81(5), 686, 2025.
Rodriguez L., Castillo O., Soria J., Melin P., Valdez F., Gonzalez C. 1., Martinez G. E., Soto J., A
Fuzzy Hierarchical Operator in the Grey Wolf Optimizer Algorithm, Applied Soft Computing

57, 315-328, 2017.

Saka M., Novel HVsaGwo Algorithm for Non-Linear Dynamic Weighted State Feedback With
1DOF-PID based Controllers in AVR, Engineering Science and Technology, an International
Journal 59, 2024.

167



Ozcan, N. JournalMM (2025), 6(1) 150-169

Saremi S., Mirjalili S., Lewis, A., Grasshopper Optimisation Algorithm: Theory and Application,
Advances in Engineering Software 105, 3047, 2017.

Socha K., Dorigo M., Ant Colony Optimization for Continuous Domains, European Journal of
Operational Research 185(3), 1155-1173, 2008.

Song X., Tang L., Zhao S., Zhang X., Li L., Huang J., Cai W., Grey Wolf Optimizer for Parameter
Estimation in Surface Waves, Soil Dynamics and Earthquake Engineering 75, 147-157, 2015.

Storn R., Price K., Differential Evolution - A Simple and Efficient Heuristic for Global Optimization
over Continuous Spaces, Australasian Plant Pathology 38(3), 284287, 2009.

Sulaiman M. H., Mustaffa Z., Mohamed M. R., Aliman O., Using the Gray Wolf Optimizer for
Solving Optimal Reactive Power Dispatch Problem, Applied Soft Computing 32, 286-292,
2015.

Sun G,, Tian J., Liu T., Yan X., Huang X., Crashworthiness Optimization of Automotive Parts with
Tailor Rolled Blank, Engineering Structures 169, 201-215, 2018.

Van Thieu N, 2023., ENOPPY: A Python Library For Engineering Optimization Problems,
https://github.com/thieu1995/enoppy (Accessed: 23.03.2025).

Van Thieu N., Mirjalili S., MEALPY: An Open-Source Library for Latest Meta-Heuristic Algorithms
in Python, Journal of Systems Architecture 102871, 2023.

WangR.B.,HuR.B.,GengF.D., XuL.,ChuS.C.,PanJ.S.,Meng Z. Y., Mirjalili S., The Animated
Oat Optimization Algorithm: A Nature-Inspired Metaheuristic for Engineering Optimization
and A Case Study On Wireless Sensor Networks, Knowledge-Based Systems, 113589, 2025.

Wolpert D. H., Macready W. G., No Free Lunch Theorems for Optimization, IEEE Transactions on
Evolutionary Computation 1(1), 67-82, 1997.

Xu Y., Zhong R., Cao Y., Zhang C., Yu J., Symbiotic Mechanism-based Honey Badger Algorithm
for Continuous Optimization, Cluster Computing 28(2), 2024.

Xu Y., Zhong R., Zhang C., Yu J., Crested Ibis Algorithm and Its Application in Human-Powered
Aircraft Design, Knowledge-Based Systems 310, 2025.

Yang B., Zhang X., Yu T., Shu H., Fang Z., Grouped Grey Wolf Optimizer for Maximum Power
Point Tracking of Doubly-Fed Induction Generator based Wind Turbine, Energy Conversion
and Management 133, 427-443, 2017.

Yapici H., Cetinkaya N., A New Meta-Heuristic Optimizer: Pathfinder Algorithm, Applied Soft
Computing Journal 78, 545-568, 2019.

Zhang S., Zhou Y., Li Z., Pan W., Grey Wolf Optimizer for Unmanned Combat Aerial Vehicle Path
Planning, Advances in Engineering Software 99, 121-136, 2016.

Zhang S., Zhou Y., Grey Wolf Optimizer based on Powell Local Optimization Method for Clustering
Analysis, Discrete Dynamics in Nature and Society 481360, 2015.

Zhong R., Yu J., Zhang C., Munetomo M., SRIME: A Strengthened RIME with Latin Hypercube
Sampling and Embedded Distance-based Selection for Engineering Optimization Problems,
Neural Computing and Applications 36(12), 2024.

Zhong R., Hussien A. G., Yu J., Munetomo M., LLMOA: A Novel Large Language Model Assisted
Hyper-Heuristic Optimization Algorithm, Advanced Engineering Informatics 64, 2025.

Zhong R., Wang Z., Hussien A. G., Houssein E. H., Al-Shourbaji 1., Elseify M. A., Yu J., Success
History Adaptive Competitive Swarm Optimizer With Linear Population Reduction:
Performance Benchmarking and Application in Eye Disease Detection, Computers in Biology
and Medicine 186, 2025.

168



Ozcan, N. JournalMM (2025), 6(1) 150-169

Zhong R., Zhang C., Yu J., Chaotic Vegetation Evolution: Leveraging Multiple Seeding Strategies
and a Mutation Module for Global Optimization Problems, Evolutionary Intelligence 17(4),
2024.

Zhong R., Zhang C., Yu J., Cooperative Coati Optimization Algorithm with Transfer Functions for
Feature Selection and Knapsack Problems, Knowledge and Information Systems, 66(11), 2024.

Zhou J., Zhu W., Zheng Y., Li C., Precise Equivalent Model of Small Hydro Generator Cluster and
Its Parameter Identification using Improved Grey Wolf Optimiser, IET Generation,
Transmission and Distribution 10(9), 2016.

169



JOURNAL of

MATERIALS and MECHATRONICS:A

e-ISSN 2717-8811
JournalMM, 2025, 6(1), 170-184
https://doi.org/10.55546/jmm.1639413

Arastirma Makalesi / Research Article

Toz Metalurjisi ile Uretilen Nano Bor Nitriir Takviyeli Aliminyum Matrisli Kompozitlerin
Mekanik ve icyapi Ozelliklerinin incelenmesi

Hidir Sercan CUBUKY, Ugur CAVDAR?

™ Dokuz Eyliil Universitesi, Fen Bilimleri Enstitiisii, Konstriiksiyon ve Imalat Doktora Programu, {zmir, Tiirkiye,
ORCID ID: https://orcid.org/0000-0001-6598-351X, hsercancubuk@gmail.com
2 [zmir Demokrasi Universitesi, Mithendislik Fakiiltesi, Makine Miihendisligi Boliimii, Izmir, Tiirkiye,
ORCID ID: https://orcid.org/0000-0002-3434-6670, ugur.cavdar@idu.edu.tr

Gelis/ Received: 13.02.2025; Revize/Revised: 19.03.2025 Kabul / Accepted: 08.05.2025

OZET: Aliminyum, diisik yogunlugu ve yiiksek korozyon direnci nedeniyle miihendislik
uygulamalarinda yaygin olarak tercih edilen bir metaldir. Ancak, sinirli mekanik dayanimi bazi
uygulamalarda kisitlayici bir faktdr olmaktadir. Bu nedenle, mekanik ozelliklerini iyilestirmek
amaciyla seramik malzemelerle takviye edilebilmektedir. Bu ¢aligmada, Nano Bor Nitriir (NBN)
takviyeli aliiminyum matrisli kompozitler, toz metalurji yontemi ile iiretilmis ve mekanik ile mikro
yapisal 6zellikleri incelenmigtir. Saf Aliiminyum kontrol numunesine ek olarak; kiitlece %0.1, %0.5,
%1, %2 ve %5 oranlarinda NBN iceren toz karisimlart hazirlanmis, ardindan 600°C, 650°C ve 700°C
sicakliklarinda sinterlenerek toplamda 18 farkli kompozit numune elde edilmistir. Yapilan sertlik
testleri, %0.5 NBN katkili ve 600°C’de sinterlenen numunenin en yiiksek sertlik degerine ulastigini
gostermistir. Ancak, daha yliksek katki oranlar1 ve sinterleme sicakliklari sertlikte diisiise neden
olmustur. Taramal1 elektron mikroskobuyla yapilan analizde, diisiik NBN oranlarinda homojen
dagilim saglandigini, ancak %2 ve ilizeri katkilarda kiimelenme olustugunu ortaya koymustur.
Yogunluk ol¢timleri, %5 NBN katkili ve 600°C’de sinterlenen numunenin en yliksek yogunluga
ulagtigini, ancak 700°C’de gozenek olusumunun arttigini gostermistir. Genel olarak, uygun NBN
katki oram1 ve sinterleme sicakligmin belirlenmesinin, NBN takviyeli aliiminyum matrisli
kompozitlerin mekanik 6zelliklerini optimize etmek i¢in kritik bir faktor oldugu sonucuna vartlmistir.
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Investigation of Mechanical and Microstructure Properties of Nano Boron Nitride Reinforced
Aluminum Matrix Composites Produced by Powder Metallurgy

ABSTRACT: Aluminum is a metal widely preferred in engineering applications due to its low
density and high corrosion resistance. However, its limited mechanical strength is a limiting factor in
some applications. Therefore, it can be reinforced with ceramic materials to improve its mechanical
properties. In this study, Nano Boron Nitride (NBN) reinforced aluminum matrix composites were
produced by powder metallurgy method and their mechanical and microstructural properties were
investigated. In addition to the Pure Aluminum control sample; Powder mixtures containing 0.1%,
0.5%, 1%, 2% and 5% NBN were prepared and then sintered at 600°C, 650°C and 700°C to obtain a
total of 18 different composite samples. Hardness tests showed that the sample with 0.5% NBN added
and sintered at 600°C reached the highest hardness value. However, higher additive rates and
sintering temperatures caused a decrease in hardness. Analysis by scanning electron microscopy
revealed that homogeneous distribution was achieved at low NBN ratios, but clustering occurred at
2% and above contributions. Density measurements showed that sample with 5% NBN added and
sintered at 600°C reached the highest density, but pore formation increased at 700°C. Overall, it is
concluded that determining the appropriate NBN additive ratio and sintering temperature is a critical
factor to optimize the mechanical properties of NBN reinforced aluminum composites.

Keywords: Aluminum, Nano, Boron nitride, Powder metallurgy, Sintering

1. GIRIS

Aliiminyum (Al), hafifligi, yliksek mukavemet/agirlik orani ve yliksek korozyon direnci gibi
ozellikleri sayesinde diinya ¢apinda en yaygin kullanilan metallerden biridir. Bu 6zellikleri sayesinde,
havacilik, otomotiv, insaat, biyoteknoloji ve ambalajlama gibi ¢ok ¢esitli miithendislik alanlarinda
genis kullanim alanina sahiptir (Baser ve ark., 2022; Ercetin ve ark., 2022; Arora ve Saxena, 2023).
Ancak, saf Al "un diisiik mekanik dayanimi, 6zellikle yiiksek performans gerektiren uygulamalarda
smirlayicr bir faktoér olmaktadir. Bu yiizden Al matrisli kompozit malzemelerin gelistirilmesi halen
onemli bir arastirma konusudur. Ozellikle, seramik esasl takviyeler eklenerek Al matrisinin mekanik
ve fiziksel 6zelliklerinin iyilestirilmesi ve daha dayanikli ve fonksiyonel malzemelerin elde edilmesi
saglanabilmektedir (Pariyar ve ark., 2021; Pandey ve ark., 2021; Thomas ve ark., 2024). Nano Bor
Nitriir (NBN), altigen (hegzagonal) kristal yapisi (h-BN) ve grafite benzer 6zellikleriyle Al matrisli
kompozitlerde kullanilan seramik takviyelerden biridir. Yiiksek sicaklik dayanimi, kimyasal
kararlilig1 ve yaglayict 6zellikleri (Aydin, 2018) sayesinde genis bir uygulama alani bulunmaktadir.
Malzemenin nano boyutta kullanimi ise yilizey alanini artirarak fiziksel ve kimyasal aktivitelerde
tyilesmeler saglamaktadir (Pandey ve ark., 2021; Moustafa ve ark., 2022; Irshad ve ark., 2023). Bu
ozellikler, NBN'in Al matrisli kompozitlerde hem mekanik performansi artirmasin1 hem de termal
iletkenligi iyilestirmesini saglamaktadir (Lahiri ve ark., 2013).

Toz Metalurjisi (TM) yontemi, NBN takviyeli Al matrisli kompozitlerin ekonomik ve gevresel
olarak siirdiiriilebilir gsekilde tiretilmesine olanak tanimaktadir. Bu yontem sayesinde, belirli sicaklik
ve basing altinda sinterleme yoluyla homojen takviye dagilimma sahip kompozitler elde
edilebilmektedir. Homojen dagilim, kompozit malzemenin mekanik ve fiziksel oOzelliklerini
iyilestirmede kritik rol oynamaktadir. Uretilen metal matrisli kompozitlerin yogunluk 6lgiimleri,
sertlik degisimleri veya mikro yapidaki gozenek oranlari gibi degiskenler sinterleme igleminin
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basarisini belirlemektedir (Pillari ve ark., 2016; Ercetin ve ark., 2020; Monahar ve ark., 2021; Kumar
ve Bharti, 2021; Ergetin ve ark. 2023; Thomas ve ark., 2024; Cubuk ve ark., 2025).

Literatiirde, farkli NBN oranlarin ve sinterleme sicakliklarinin Al matrisli kompozitlerin
mekanik 6zellikleri tizerindeki etkileri arastirilmistir (Lahiri ve ark., 2013; Nautiyal ve ark., 2016;
Firestein ve ark., 2017; Ghosh ve ark., 2024). Nautiyal ve ark. (2016) yaptiklar1 ¢aligmada, %0.5
oraninda h-BN takviyeli Al kompozitlerini Kivilcim Plazma Sinterleme (SPS) yontemiyle iireterek,
bu takviyenin asinma direncini ve sertligi artirdigin1 bulmuslardir. Ayrica, ¢alismada optimum
performansin daha diisiik takviye oranlarinda elde edildigi vurgulamislardir. Lahiri ve ark. (2013)
yaptiklari calismada, BNNT takviyeli Al kompozitlerinde %2 BNNT oraninda maksimum mekanik
dayanim elde edildigini rapor etmis, ancak %?2'nin {lizerindeki takviye oranlarinda aglomerasyon
nedeniyle mekanik Ozelliklerde kayiplar yasandigini belirtmislerdir. Firestein ve ark. (2017)
yaptiklari ¢caligmada, Kivileim Plazma Sinterleme (SPS) yontemiyle %0.5, %1.5, %3, %4.5, %7 ve
%10 oranlarinda Bor Nitriir nano pargaciklar1 (BNNP) ve mikro parcaciklar1 (BNMP) ile takviye
edilmis Al kompozitler iiretmislerdir. Urettikleri %4.5-7 BNMP igeren numunelerde cekme
mukavemetinde en yiiksek degerlere ulastigmni rapor etmislerdir. Ote yandan Ghosh ve ark. (2024)
yaptiklar1 caligmada ise, h-BN takviyeli Al nano kompozitlerde %3 h-BN oraninda en yiiksek bagil
yogunluk elde edildigini yayimlamislardir. Bu c¢alismalarin tiimii, takviye orani ve sinterleme
kosullarinin mekanik performans tizerindeki kritik etkisini vurgulamaktadir (Lahiri ve ark., 2013;
Nautiyal ve ark., 2016; Firestein ve ark., 2017; Ghosh ve ark., 2024).

Bu calismada, saf Al ve NBN takviyeli Al kompozitleri TM yontemiyle iretilmis, farkli
sinterleme sicakliklart ve NBN oranlarinin mekanik ve mikro yapisal 6zelliklere etkisi incelenmistir.
Sertlik, mikro yapi, yogunluk ve enerji verimliligi bulgular1 degerlendirilmis ve literatiirle
karsilastirilmigtir. Ayrica burada yapilan optimizasyonlarin ileride yapilacak farkli sinterleme
yontemlerine ve malzeme secimine yol gdsterici bir nitelik saglayabilecegi diistiniilmektedir.

2. MATERYAL VE YONTEM

2.1 Materyal
Bu calismada kullanilan Al tozlari, %98.85 safliga sahiptir. Ortalama 15 pm pargacik
boyutundadir ve gaz atomizasyonu ydntemiyle {iretilmistir (Nanokar Nanoteknoloji, Istanbul). NBN
tozlart ise %99.85 saflikta olup, 65-75 nm boyut araliginda dagilim gostermektedir. Hegzagonal (h-
BN) yapiya sahiptir ve gaz atomizasyonu yontemi ile iiretilmistir (Nanografi Nano Teknoloji,
Ankara). Cizelge 1'de saf Al tozunun bazi 6zellikleri, Cizelge 2'de NBN tozunun bazi 6zellikleri ve
Sekil 1’de Al ve NBN tozlarmin SEM goriintiileri verilmektedir.

Cizelge 1. Saf aliiminyumun tozunun bazi 6zellikleri

Aliiminyum Parametreleri Degeri veya Ozelligi
Uretim Sekli Gaz Atomizasyonu
Tane Sekli Diizensiz/ Kiiresel / Pul
Tane Boyutu (um) 15
Yogunluk (gr/cm?®) 1.25-1.45

Al Fe Si Cu Diger

. 0
Bilesen (%) 98.85 05 0.35 0.15 0.15
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Cizelge 2. Nano bor nitriir tozunun bazi1 6zellikleri

Nano Bor Nitriir Parametreleri Degeri veya Ozelligi
Malzeme Saflig (%) 99.85
Ortalama Parcactk Boyutu (nm) 65-75
Gercek Yogunluk (g/cm?®) 2.25
Molekiiler Agirlik (g/mol) 24.82
Kristalite (h-BN) Hegzagonal (h-BN)
Termal Iletkenlik (W/m) 29 ila 60
Termal Genlesme (um/m) 0.54ila18
Gencin Modiilii (GPa) 14 ila 60
Tam Kiitle (g) 25,0124

Sekil 1. Calismada kullanilan &) aliiminyum ve b) nano bor nitriir tozlarinin SEM gériintiileri

2.2 Numune Hazirhg:

Bu c¢alisma katki oranlarmin, sinterleme kosullarinin ve sinterleme sicakliklarinin
optimizasyonuyla baslamistir. Katki oranlarini belirlemek amaciyla, saf Al tozundan iiretilen kontrol
numunelerine ek olarak, kiitlece %0.1, %0.5, %1, %2 ve %5 NBN igeren metal matrisli kompozitler
secilmigtir. Katki1 oranlar1 ve sicakliklar, daha once yapilmis literatiir ¢alismalar1 temel alinarak
belirlenmistir. Literatiir arastirmalarindaki katki oranlarinin, %0.1-%35 araliginda optimum mekanik
ozelliklerin elde edilebildigini; ancak %2’nin iizerindeki degerlerde aglomerasyon nedeniyle
beklenen ozellikleri olumsuz yonde degistirebilecegini gostermektedir. (Nautiyal ve ark., 2016;
Lahiri ve ark., 2013; Firestein ve ark., 2017; Antillon ve ark., 2018). Bu yiizden %5’in iizerindeki
katk1 oranlarinin mekanik performansi artirmak yerine azaltabilecegi, %0.1’in altindaki oranlarin ise
anlaml bir degisken sunmayacagi 6ngoriilerek caligma kapsamina dahil edilmemistir. Calismanin
hi¢bir asamasinda oksit giderme veya yilizey modifikasyonu gibi bir 6n islem uygulanmamustir.
Cilinkii literatiirde Al ve NBN tozlarinda olusan yiizey modifikasyonlarinin baglanmay1 zayiflatarak
homojen yogunlagmay1 engelleyebilecegi belirtilmektedir (Chen ve ark., 2015; Lv ve ark., 2025).

Bu kapsamda toplamda alt1 farkli metal matrisli kompozit tozu olusturulmustur. Her bir toz
numunesinin hassas bir sekilde hazirlanabilmesi i¢in Weightlab Instruments marka WSA-224T
model, 0.0001 g hassasiyetli elektronik terazi kullanilmistir. Daha sonra, tartilan Al ve AI-NBN esaslh
tozlar, homojen bir dagilim elde etmek amaciyla sizdirmaz V tipi bir karistiricida, 60 dakika (dak.)
boyunca 40 dev/dak. hizinda karistirilmistir. Karistirma sonucu elde edilen homojen toz karigimlari,
tek eksenli ve tek tesirli bir kalipta soguk pres yontemiyle sekillendirilmistir. Bu baglamda, “tek
eksen” terimi presleme kuvvetinin yalnizca dikey yonde uygulandigini; “tek tesir” ise bu kuvvetin
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yalnizca {ist zzmbadan iletilip alt zzmbanin sabit kaldigin1 ifade etmektedir. Boylece presleme islemi,
eksenel ve yergekimi yoniiyle ayni1 dogrultuda tek yonlii olarak gerceklestirilmistir.

Metal matrisli kompozitlerin sikistirilmasi 20 bar basingla, Hidropir marka pres kullanilarak
uygulanmistir. Kullanilan sikigtirma kalibi, alasimli sertlestirilmis ¢elikten iiretilmis bir silindirdir.
Di1s ¢ap1 56 mm ve yiiksekligi 61 mm olarak tasarlanmistir. Kaliba giren zzimbanin ¢ap1 ise 16 mm
olarak belirlenmistir. Sikistirma sonrasinda elde edilen bozuk para benzeri silindir ham numunelerin
capt 16 mm (Hata Pay1 - Error Range: E.R. £0.5%) ve kalinlig1 4.96 mm (E.R. +0.5%) olarak
Olclilmiistir. Bu asamalarin her biri, numunelerin mekanik ve mikro yapisal o6zelliklerinin
homojenligini saglamak amaciyla hassasiyetle yapilmaya calisilmistir. Sekil 2'de %5 NBN igeriginin
tartilmasi, metal matrisli kompozitlerinin kalip i¢erisine doldurulmasi ve presleme sonrasi elde edilen
ham numuneler gosterilmektedir.

Sekil 2. a) %5 NBN iceriginin tartilmasi, b) karismis ve toz haldeki metal matrisli kompozitlerin kalip igerisine
doldurulmas, c) presleme sonrasi elde edilen bozuk para benzeri silindir ham numuneler

Sikigtirma sonrast elde edilen ham numuneler, mekanik ve mikroyapisal Ozelliklerin
degerlendirilmesi amaciyla firin igerisine almmig ve 600°C, 650°C ve 700°C’de atmosfer
kosullarinda (hava ortaminda) sinterlenmistir. Bu ¢alismada firin kullanilmasinin sebebi olarak
donanim erisilebilirligi ve siire¢ kolayligi verilebilmektedir. Ayrica numune hazirlamada yiiksek
iiretim hacmine uygunlugu ve basit sinterleme kosullar1 bu yontemin uygulama acisindan pratikligini
artirmaktadir (Civi ve Atik, 2025). Alternatif yontemler arasinda yer alan SPS ve Indiiksiyon gibi
gelismis yontemler; daha hizli sinterleme siireleri, daha yiiksek bagil yogunluklar ve tane biiylimesini
sinirlayan etkileriyle 6n plana ¢ikmaktadir. Ancak bu yontemler donanim maliyeti ve karmasik yapisi
gibi dezavantajlara sahiptir ve arastiritlmasi gerekir (Firestein ve ark., 2017; Nautiyal ve ark., 2016;
Dudina ve ark., 2023; Ercetin ve ark, 2023; Sekar ve Panigrahi, 2024). Dolayisiyla bu ¢aligma
kapsaminda kullanilan firin, basit sinterleme kosullar1 ve diisitk donanim gereksinimiyle laboratuvar
Olgeginde giivenilir ve tekrarlanabilir sonuglar saglamak agisindan uygun bulunmus ve gelecek
caligmalarda gelismis sinterleme teknikleriyle karsilastirmali analizlerin yapilmasinin 6n ¢alismasi
olarak tercih edilmistir.

Islemin gerceklestigi firin, belirlenen sicakliklara 0.173°C/saniye 1sitma hiziyla ulasmistir.
Ardindan numuneler ilgili bekleme sicakliklarinda firina yerlestirilmis ve 60 dakika siireyle hava
atmosferinde sinterlendikten sonra firin disina alinarak normal atmosfer kosullarinda sogumaya
birakilmigtir. Siire¢ sonunda farkli katki oranlar ve sinterleme sicakligi parametrelerine uygun olarak
toplam 18 farkli 6zellige sahip numune iiretilmigtir. Her bir numunenin ortalama agirligi 2.5 gram
(E.R. £0.3%) olarak 6l¢iilmiistiir. Cizelge 3’te numunelerin kiitlece takviye orani ile sicakliklari, Sekil
3’te ise iiretilen numuneler gosterilmistir.
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Cizelge 3. Numunelerin kiitlece takviye orani ve sinterleme sicakliklari

Numune No. Metal Matris NBN Kiitlece Katki Orani Sicakhik
(%) °O
1 Saf Al 0 (Sifir)-Kontrol Numunesi 600°C
2 Saf Al 0.1 600°C
3 Saf Al 0.5 600°C
4 Saf Al 1 600°C
5 Saf Al 2 600°C
6 Saf Al 5 600°C
7 Saf Al 0 (Sifir)-Kontrol Numunesi 650°C
8 Saf Al 0.1 650°C
9 Saf Al 0.5 650°C
10 Saf Al 1 650°C
11 Saf Al 2 650°C
12 Saf Al 5 650°C
13 Saf Al 0 (Sifir)-Kontrol Numunesi 700°C
14 Saf Al 0.1 700°C
15 Saf Al 0.5 700°C
16 Saf Al 1 700°C
17 Saf Al 2 700°C
18 Saf Al 5 700°C

Sekil 3. Farkli katki orani ve sicaklik parametreleriyle hazirlanmis numuneler

Numunelerin analiz ve degerlendirme siirecine gegilmeden 6nce, mekanik ve mikro yapisal
testlerin gerceklestirilebilmesi igin yiizey hazirlik islemleri uygulanmistir. Bu kapsamda tiim
numuneler 100-2500 grit araliginda silisyum karbiir (SiC) zimpara kullanilarak zimparalanmus,
ardindan 6 pm ve 1 um elmas silispansiyonlu ¢uha ile parlatilmistir. Parlatma isleminden sonra mikro
yapisal detaylarin daha net bir sekilde incelenebilmesi icin, %1 hidrofliiorik asit (HF), %1.5
hidroklorik asit (HCI), %2.5 nitrik asit (HNOs) ve %95 saf su iceren Keller reaktifi ile 4 saniye
boyunca daglanmistir. Siire¢, mikro yapisal analizlerde tane siirlarinin ve faz dagiliminin daha iyi
gozlemlenmesini saglamak amaciyla kontrollii bir sekilde yiiriitilmiistiir.
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2.3 Analiz ve Degerlendirme

Numunelerin sertlikleri Metkon Duroline-LV Vickers Hardness Tester (HV) sertlik 6lgme
cihazinda ASTM E92 standardina uygun olarak 10 saniye (san.) siire ve 3 kgf yikte
gerceklestirilmistir. Sekil 4’te gosterildigi tizere, her numune iizerinde dis ¢aptan merkeze dogru bes
adet 6l¢iim noktas1 belirlenmistir. Bu bes 6l¢lim noktasinin her birinden, ayn1 konumda olmak tizere
ardisik bes sertlik 6l¢limii yapilmis (6rnegin Sekil 4’te gosterilen 3. noktadan 5 6l¢tim yapilmis) ve
elde edilen degerlerin aritmetik ortalamasi hesaplanarak (E.R.i en aza indirmek amaciyla) ilgili
noktanin ortalama sertlik degeri belirlenmistir. Sertlik 6l¢timleri, kiitlece farkli katki oranlar1 (%0.1,
%0.5, %1, %2 ve %5) ve sinterleme sicakliklarina (600°C, 650°C, 700°C) gore degerlendirilmistir.
Sekil 4’te sertlik 6l¢giim noktalarinin numune tizerindeki sematik konumu verilmektedir.

5. Nokta

3. Nokta

1. Nokta

E.R+0,5 @ 6,00

E.R*+0,5 |4,96

Sekil 4. Sertlik 6l¢iim noktalarinin numune tizerindeki sematik konumu

Numunelerin mikro yapisal 6zellikleri ise Taramali1 Elektron Mikroskobu (SEM) kullanilarak
degerlendirilmistir. SEM goriintilleme islemi FEI marka QUANTA FEG 250 model cihaz
kullanilarak yapilmigtir. SEM analizleri, NBN parcaciklarinin Al matrisindeki dagilimint ve
sinterleme siirecinde olusan degisiklikleri incelemek amaciyla gergeklestirilmistir.

Numunelerin yogunluk o6l¢iimleri, ASTM B962-17 standardina uygun olarak Arsimet
prensibiyle ger¢eklestirilmistir. Bu yontemde, sinterleme islemi sonrasi elde edilen numunelerin tarti
tizerindeki ve su igerisinde asiliyken kiitleleri dl¢tilerek deneysel yogunluklar hesaplanmistir. Teorik
yogunluk hesaplamalari ise, Esitlik 1 de verilen formiil kullanilarak, Al ve NBN bilesenlerinin
yogunluklar1 (pai= 2.70 g/cm® ve pnen = 2.25 g/cm?) ve kiitlece yiizdeleri dikkate alinarak yapilmustir.
Deneysel ve teorik yogunluk degerleri kullanilarak Esitlik 2 yardimiyla bagil yogunluk (BD) degeri
hesaplanmistir. Asagida ilgili bagintilar sunulmaktadir.

Preorik = War - pa) + Wypn - Pnen) 1)
BD(%) _ (pdeneyselyogunluk> % 100 (2)
Pteorik yogunluk

Calismada tek bir sikistirma basinct uygulandigi i¢in homojenlik veya gozeneklilik dogrudan
Olciilmemistir. Bagil yogunluk degerleri ve SEM goriintiileri degerlendirilerek c¢ikarimlarda
bulunulmustur.

Son olarak sinterleme sirasinda, firmin tiikettigi enerji miktar1 kWh cinsinden ENTES marka
E-M serisi cihaz kullanilarak ol¢lilmiistiir. Bu veriler, enerji tiiketimini optimize etmek ve sinterleme
maliyetlerini degerlendirmek i¢in kullanilmigtir.
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3. BULGULAR VE TARTISMA

Bu béliimde, saf Al ile kiitlece %0.1, %0.5, %1, %2 ve %5 oranlarinda NBN takviyesi igeren
Al matrisli kompozitlerin sinterlemesi sonrasinda elde edilen sertlik sonuglari, SEM goriintiileri,
yogunluk bulgular1 ve enerji tiiketim verilerine yer verilmistir.

3.1 Sertlik Bulgular:

Elde edilen sertlik sonuglari, 600°C’de sinterlenen %0.5 NBN katkili numunenin (3) en yiiksek
sertlik degeri olan 53.5 HV’e ulastigin1 géstermistir. Bu katki orani sertlik optimizasyonu agisindan
tepe noktayr olusturmaktadir. Ancak, %0.5 NBN katkisindan sonra, katki oranindaki artiga bagli
olarak sertlik degerlerinde lineer bir azalma gozlemlenmistir. Ayrica, ayni kimyasal kompozisyona
sahip malzemelerde sinterleme sicakliginin 600°C’den 700°C’ye yiikseltilmesi durumunda da sertlik
degerlerinde bir diisiis meydana geldigi anlasilmistir. Bunun temel sebebi, yiiksek sicakliklarin mikro
yapida gozenek olusumunu artirarak mekanik 6zellikleri olumsuz etkilemesi olabilmektedir (Senel
ve ark., 2018). Ote yandan, 700°C sinterlenen %5 NBN iceren numunede (18) sertlik degeri 28.7
HV’e kadar diigmiistiir. Bu durum, yiiksek katki oranlarinda NBN partikiillerinin homojen dagilim
gostermekte zorlanmasi ve aglomerasyon egiliminin artmasiyla agiklanabilmektedir (Aslan ve ark.,
2020).

Literatiirdeki benzer c¢aligmalarla kiyaslandiginda, %0.5 Bor Nitriir (BN) katkili Al
kompozitlerinin Kivileim Plazma Sinterleme (SPS) yontemiyle iiretildigi ve bu katki oranina kadar
sertligin arttig1, ancak daha yiiksek oranlarda aglomerasyon nedeniyle mekanik 6zelliklerin diistiigii
rapor edilmistir (Nautiyal ve ark., 2016). Bu bulgu, mevcut ¢alismada %0.5 NBN katkisinin en
yiiksek sertlik degerini saglayan katki orani oldugu sonucunu desteklemektedir. Baska bir ¢calismada
ise, BN nano parcacik (BNNT) takviyeli Al kompozitlerinde %2’den daha fazla takviye oranlarinda
aglomerasyon nedeniyle mekanik d6zelliklerde diislis yasandigi bildirilmistir (Lahiri ve ark., 2013).
Mevcut ¢alismada %2 ve %5 NBN katkisinda sertlik degerlerinde diisiisler gézlemlenmistir. Sekil
5’te sinterleme sonucunda elde edilen sertlik bulgulart verilmektedir (E.R. £+ %3.24).

a) 600°C Sinterleme Sonuclari
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Sertlik Alnan Noktalar
Sekil 5. a) 600°C sinterleme sonucunda numunelerde elde edilen sertlik bulgulari, b) 650°C sinterleme sonucunda
numunelerde elde edilen sertlik bulgulari ¢) 700°C sinterleme sonucunda numunelerde elde edilen sertlik bulgular
d) kiitlece %0.5 NBN katkisinda HV sertlik sonuglari e) kiitlece %5 NBN katkisinda HV sertlik sonuglart
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b) 650°C Sinterleme Sonuclar
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c) 700°C Sinterleme Sonuclar:
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Sicakhik ve Numune Sicakhik ve Numune

Sekil 5. a) 600°C sinterleme sonucunda numunelerde elde edilen sertlik bulgulari, b) 650°C sinterleme sonucunda
numunelerde elde edilen sertlik bulgulari ¢) 700°C sinterleme sonucunda numunelerde elde edilen sertlik bulgulari
d) kiitlece %0.5 NBN katkisinda HV sertlik sonuglari e) kiitlece %5 NBN katkisinda HV sertlik sonuglart (devami)

3.2 Mikro Yap1 Bulgularn

5 um — 100 um biiyiitme oranlarinda gerceklestirilen SEM analizleri, diisiik NBN oranlarinda
takviyenin Al matrisinde homojen dagildigini ve iyi baglandigin1 ancak %2 ve iizeri katki oranlarinda
kiimelenme egilimi gdsterdigini ortaya koymaktadir. Ayrica, 700°C sinterleme sicakliginda gozenek
olusumu belirgin hale gelmistir. Bu gézenekler sinterleme islemi sirasinda olusan gaz bosalimi ya da
yetersiz yogunlasmadan kaynaklanmaktadir. Bu gozeneklerin dagilimi ve yogunlugu, malzemenin
mekanik 6zelliklerini etkileyebilecek 6nemli bir faktor olarak degerlendirilmistir. Burada gézlenen
bulgular, sertlik sonuglariyla da paralellik tasimaktadir. Cilinkii ayn1 kimyasal kompozisyonda olup
farkli sinterleme sicakliginda islem goren numunelerde sertlik degerinin  degistigi
gozlemlenmektedir. SEM incelemelerine bakilarak, daha yiiksek sicakliklarin mikro yapida
gozeneklerin artmasi ve buna bagli olarak sertlik 6zelliklerin olumsuz etkilendigi soylenebilmektedir.
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Bu calismada gozlemlenen homojen dagilim ve yiiksek katki oranlarindaki kiimelenme egilimi
literatiirdeki sonuglarla benzerlik gostermektedir. Bor Nitriir (BN) takviyeli Al kompozitleri ile
yapilan bir ¢alismada; %2 BN katkisina kadar homojen dagilim gézlemlendigi, ancak daha yliksek
oranlarda BN partikiillerinin matriste kiimelenerek materyaldeki mekanik 6zellikleri olumsuz
etkiledigi belirtilmistir (Lahiri ve ark., 2013). Bu bulgu, mevcut ¢alismada %5 NBN katkisinda
gozlemlenen kiimelenme egilimi ile ortiismektedir. Ote yandan yiiksek sinterleme sicakligmin
(>650°C) gozenek olusumunu artirarak partikiillerin dagilimini olumsuz etkiledigi raporlanmaktadir
(Firestein ve ark., 2017). Benzer sekilde BN takviyeli Al kompozit liretiminde, 700°C ve lizerinde
gozenekli yapiya dikkat ¢ekilmektedir (Nautiyal ve ark., 2016). Literatiirdeki bu bulgular ile mevcut
calisma degerlendirildiginde; ayn1 kimyasal kompozisyondaki 600°C’de sinterlenen numunelerde
(1,2,3,4,5,6) daha homojen bir mikro yapi elde edildigi goriiliirken, 700°C’de sinterlenen
numunelerde (13,14,15,16,17,18) belirgin gdzenek ve gaz bosluklari olusumu tespit edilmistir. Sekil
6’da bazi numunelere ait SEM goriintiileri verilmektedir.

Toz Boslugu
veya Gozenek

>

3 k
Topaklanmasi . @ |
A

100 pm 50 um

Sekil 6. a)—c) 600 °C’de %0.5 NBN katkisiyla sinterlenen numunede (3) NBN’in tane sinirinda bulunmasi ve yayilimu,
d)-f) 700 °C’de %5 NBN katkisiyla sinterlenen numunede (18) gbzlenen NBN topaklanmasi, matris i¢i dagihm ve
belirgin toz bosluklari/gdzenek olusumu

3.3 Yogunluk Bulgular:

Sinterleme sicakligr ve NBN katki oraninin yogunluk degisimi ile bagil yogunluk iizerindeki
yapilan degerlendirmede, tiim numunelerde sinterleme sonrasi yogunluk degisimi gozlemlenmistir.
600 °C’de sinterlenen numunelerde gorece olarak yogunluk degisimi daha fazladir. Sinterleme
sicakligindaki artisa bagli olarak bazi numunelerde yogunluk degisiminde azalmanin oldugu
anlagilmistir. Ozellikle %5 NBN katkili numune (6) 1.399 g/cm? ile en yiiksek yogunluk degisimi
tespit edilmistir. 700 °C’de sinterlenen %0.5 NBN katkili numune ise (15), 0.581 g/cm? ile en diisiik
yogunluk degisimi saptanmistir. Bu bulgu, literatiirde belirtilen optimum sinterleme sicakliklarinin
(600°C) gozenek kapanmasini desteklemesiyle uyumludur (Lahiri ve ark., 2013; Nautiyal ve ark.,
2016; Firestein ve ark., 2017). Ancak 0zellikle 700°C’de sinterlenen numunelerde
(13,14,15,16,17,18) gdzenek olusumu ve kismi ergimeler meydana gelmistir. Sekil 7°de, 700 °C’de
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sinterlenen 15 ve 17 numarali numunelere ait kismi ergimeler gosterilmektedir. Bu durum, yiiksek
sicakligin etkisiyle matris icerisindeki gozeneklerin yeterince kapanmamasi, malzemenin ergime
sicakligma yaklasmasi veya mikro catlak olusumunun artmas ile agiklanabilmektedir (Ozcatal ve
Bagpinar, 2020; Tosun ve Kurt, 2020).

Sekil 7. 700°C’de sinterlenen ve kismi olarak ergiyen bazi numuneler

Bunun yam sira bagil yogunluk degerleri tiim numuneler i¢in %94.7 ile %97.7 araliginda
degismektedir. Olgiilen en yiiksek bagil yogunluk degeri %97.7 ile 650 °C’deki %5 NBN katkili
numuneye (12), en diisiik bagil yogunluk degeri ise 700 °C’de NBN katkis1 olmadan sinterlenen
kontrol numunesine (13) aittir. Bu oranlar, sinterleme sonrast numunelerin yogunlagabildigini ve
gozenekliligin azaldigin1 gostererek litratiirle benzer sonuglar1 vermistir. Ornegin Bor Nitriir takviyeli
Al nanokompozitleriyle yapilan bir ¢alismada; %3 katkilt Al kompozitlerinde yiiksek bagil yogunluk
(%94.11) elde edildigi gorilmiistiir (Ghosh ve ark., 2024). Ancak buradaki bagil yogunluk
degerlerinde, katki orani veya sinterleme sicaklifina bagli diizenli bir artis ya da azalis egilimi
gozlenememistir. Bunun nedeni olarak takviyenin partikiill boyutu, dagilim homojenligi,
aglomerasyon egilimi, deneysel belirsizlikler veya farkli kompozisyonlarda farkli mikroyapilarin
olusumu verilebilmektedir (Peng ve ark., 2016; Radhika ve Dobbidi, 2023). Cizelge 4’te calismada
elde edilen yogunluk bulgular1 (E.R. £ %3.94) gosterilmektedir.

Cizelge 4. Numunelerdeki yogunluk bulgulari
No Sinterleme NBN Sinterleme  Ham Sinterleme  Yogunluk Teorik Bagil
Sicakhigr Katki  Siiresi  Yogunluk Sonrasi Degisimi Yogunluk Yogunluk
(°C)  Oram  (dak) (g/cm®  Yogunluk (%) (g/cm?) (%)

(%) (gfem®)
1 600°C - 60 2.550 2.575 1.145 2.700 95.370
2 600°C 0.1 60 2.552 2.584 1.253 2.699 95.719
3 600°C 0.5 60 2.568 2.600 1.246 2.697 96.376
4 600°C 1 60 2.531 2.558 1.066 2.695 94.898
5 600°C 2 60 2.560 2.589 1.132 2.691 96.209
6 600°C 5 60 2.573 2.609 1.399 2.671 97.105
7 650°C - 60 2.551 2.569 1.024 2.700 95.148
8 650°C 0.1 60 2.554 2.584 1.174 2.699 95.719
9 650°C 0.5 60 2.551 2.575 0.940 2.697 95.449
10 650°C 1 60 2.585 2.604 0.735 2.695 96.605
11 650°C 2 60 2.562 2.589 1.053 2.691 96.209
12 650°C 5 60 2.594 2.617 0.886 2.677 97.740
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Cizelge 4. Numunelerdeki yogunluk bulgular1 (devami)

No Sinterleme NBN Sinterleme  Ham Sinterleme  Yogunluk Teorik Bagil
Sicakhigr Katki  Siiresi  Yogunluk Sonrasi Degisimi Yogunluk Yogunluk
(°C) Oram  (dak) (g/cm®) Yogunluk (%) (g/cm®) (%)
(%) (g/cm’)
13 700°C - 60 2.575 2.587 0.694 2.700 94.740
14 700°C 0.1 60 2.584 2.601 0.657 2.699 96.349
15 700°C 05 60 2.579 2.594 0.581 2.697 96.376
16 700°C 1 60 2.548 2.564 0.627 2.695 96.123
17 700°C 2 60 2.561 2.583 0.859 2.691 96.915
18  700°C 5 60 2.538 2.559 0.827 2.677 95.574

3.4 Enerji Kullanim Bulgular

Calismanin tiim asamalarinda elektrik enerjisi tiiketim verileri kaydedilmistir. Sinterleme
sicakliklarinin enerji tiiketimi {izerindeki etkisini belirleyebilmek amaciyla harcanan toplam enerji
miktari, ENTES marka E-M serisi gii¢ kalitesi ve enerji verimliligi 6l¢liim cihazi kullanilarak tespit
edilmistir. 600°C, 650°C ve 700°C sicakliklarinda gergeklestirilen sinterleme islemlerinde sirasiyla
4894 kWh, 6387 kWh ve 7431 kWh enerji tilketimi bulunmustur (E.R. + %2.29). Bulgular, sinterleme
sicaklig1 arttikca enerji tiikketiminin belirgin sekilde yiikseldigini gostermektedir. Ozellikle, alternatif
sinterleme yontemlerinin daha diisiik enerji tiiketimi sagladig1 ve geleneksel firin sinterlemenin daha
yiiksek enerji maliyetine neden oldugu yoniindeki literatiir bulgulari, mevcut calismadaki enerji
sonuclarint desteklemektedir. Bu ¢aligmalarda gelecekte enerji tiikketiminin azaltilmasi i¢in alternatif
sinterleme yontemlerinin (6rnegin, mikrodalga sinterleme, indiiksiyon sinterleme veya SPS)
kullanilmasi 6nerilmistir (Nautiyal ve ark., 2016; Firestein ve ark., 2017; Ergetin ve ark., 2024; Cubuk
ve ark., 2025). Mevcut ¢alismada tiiketilen enerji miktar1 Cizelge 5’te verilmektedir.

Cizelge 5. Elektrik enerjisi kullanim bulgulari

Sicakhik Ayarlanan Sinterleme Sicakligina Sinterleme Tiiketilen Toplam
(°0) Ulasma Hizi Siiresi Enerji
(°C/san.) (dak) (kWh)
600 °C 0.173 60 4894
650 °C 0.173 60 6387
700 °C 0.173 60 7431
4. SONUC

Bu calismada, Nano Bor Nitriir (NBN) takviyeli aliiminyum matrisli kompozitler toz
metalurjisi yontemiyle tiretilmis ve mekanik ile mikroyapisal oOzellikleri degerlendirilmistir.
600 °C’de sinterlenen katkisiz kontrol numunesinin (1) sertligi 31.78 HV olarak 6lgiiliirken, ayn1
sicaklikta %0.5 NBN katkis1 iceren numune (3) %68.34’liik bir artigla 53.5 HV’ye ulasarak en yiiksek
sertlik degerini gostermistir. Buna karsilik, 700 °C’de sinterlenen %5 NBN katkili numunede (18)
sertlik degeri %7.30 azalarak 28.7 HV ye diismiistiir. Bu bulgular, maximum sertlik degerinin 600 °C
sinterleme sicakligi ve %0.5 katki oraninda elde edildigini gostermektedir. SEM analizleri, diisiik
katki oranlarinda homojen dagilimin saglandigini; ancak %2 ve Tlzeri oranlarda parcacik
kiimelenmeleri ile birlikte 700 °C'de belirgin gozenek olusumlarinin meydana geldigini ve kismi
ergimelerin oldugunu ortaya koymustur. Yogunluk analizlerinde, sinterleme sonrasi tiim
numunelerde yogunluk artis1 gézlemlenmistir. En yiiksek degisim %5 NBN katkili numunede (6)
(1.399 g/cm?), en diisiik ise %0.5 katkili numunede (15) (0.581 g/cm?) elde edilmistir. Bunun yani
sira bagil yogunluklar %94.7-97.7 araliginda degismis ve literatiirle uyumlu sonuglar bulunmustur.
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Ancak katki orani ve sicakliga bagli diizenli bir egilim gézlenmemistir. Bu durum, takviyenin dagilim
zorluklar1 ve mikroyapisal farkliliklarla iligkilendirilerek mevcut yogunluk sonuglarinin, 600—-650 °C
sicaklikta ve %0.5-2 katki oranininda daha uygun oldugu anlasilmistir. Ayrica sinterleme sicakliginin
artig1, enerji tiikketimini artirarak malzemenin yogunlugu ve sertligi izerinde olumsuz etkilere yol
acmistir. Genel olarak bu g¢alismada yapilan mekanik ve mikroyapisal degerlendirmede, NBN
takviyeli Al matrisli kompozitler i¢cin optimum katki oraninin %0.1-1 araliginda ve 600 °C sicaklikta
olmas1 gerektigi anlasilmistir. Bu degerlerin {izerindeki katki ve sicakliklarda mekanik ve
mikroyapisal performans olumsuz etkilenmektedir.

Ileride yapilacak galismalarda, %0.2-%0.9 araligindaki katki oranlarinin incelenmesi, farkli
sinterleme teknikleriyle karsilastirilmasi ve Al disindaki matris malzemelerde NBN takviyesinin
performansinin degerlendirilmesi onerilmektedir. Ayrica, bu kompozitlerin aginma, korozyon ve
islenebilirlik gibi miihendislik uygulamalarindaki performanslarinin test edilmesi, endiistriyel
kullanim potansiyelinin belirlenmesi ac¢isindan 6nem tasimaktadir.
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OZET: Giiniimiizde siirdiiriilebilir enerji icin yenilebilir enerji kaynaklarmin kullanimi kritik bir
oneme sahiptir. Yenilenebilir enerji kaynaklarindan biri olan glines enerjisinin kullanimi i¢in yaygin
olarak fotovoltaik (PV) sistemler tercih edilmektedir. PV sistemlerin kullaniminin yayginlagsmasiyla
birlikte PV sistemlerin verimliligi de dnem kazanmugtir. Sebeke baglantili sistemlerde, sebeke ile
senkronizasyon ¢ok onemlidir. Senkronizasyonu etkileyen 6nemli etkenlerden biri donanimsal ve
yazilimsal gecikmelerdir. Evirici devrelerinde, 6ngoriilii kontrolciiler kullanilarak sistemde olusacak
gecikmelerin etkisi azaltilabilmektedir. Bu ¢alismada, 6ngériilii bir akim kontrolctisii kullanilarak
sistem verimliliginin arttirilmas1 amaglanmistir. Bundan dolayu, ti¢ fazli sebeke baglantili tek agamali
PV evirici sistem kontroliinde kullanilmasi i¢in 6ngoriilii yapay sinir ag1 (YSA) tabanli bir akim
kontrolciisii 6nerilmektedir. Bu ¢alismada ilk olarak, Matlab/Simulink ortamindan 4kVA’lik ii¢ fazli
sebeke baglantili bir PV evirici modellenmistir. Benzetimde iki farkli akim kontrolciisti kullanilmig
ve elde edilen sonuglar karsilastirilmustir. Ik PV evirici sistemde, akim kontrolciisii olarak Oransal
Integratdr (PI) kullamlmistir. Daha sonra sistemde PI akim kontrolciisii ve Referans Akim Ongoriicii
YSA (RefPNN) igeren bir benzetim yapist kullanilarak PI tabanli bir Referans Ongériilii YSA (PI-
PNN) akim kontrolciisii tasarlanmis ve egitilmistir. Yapilan simiilasyon c¢alismasindan elde edilen
sonuclar karsilastirildiginda PI-PNN’nin, PI akim kontrolciisiine gore daha verimli oldugu tespit
edilmisgtir.

Anahtar Kelimeler: Yapay sinir aglar1, Ongériilii akim kontrolciisii, Sebeke baglantili PV evirici
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ANN based Predictive Control of Three Phase Grid Connected Photovoltaic Inverter

ABSTRACT: Today, using renewable energy sources is critically essential for sustainable energy.
Photovoltaic (PV) systems are widely preferred for using solar energy, one of the renewable energy
sources. With the widespread use of PV systems, their efficiency has also gained importance. In grid-
connected systems, synchronization with the grid is critical. One of the essential factors affecting
synchronization is hardware and software delays. Inverter circuits, the effect of delays in the system
can be reduced using predictive controllers. Inverter circuits, the effect of delays in the system can be
reduced using predictive controllers. This study aims to increase the system efficiency using a
predictive current controller. Therefore, a predictive artificial neural network (ANN) based current
controller is proposed for three-phase grid-connected single-stage PV inverter system control. In this
work firstly, a 4kVA three-phase grid-connected PV inverter is modeled in a Matlab/Simulink
environment. Two different current controllers are used in the simulation, and the obtained results are
compared. The Proportional Integrator (PI) was used as the current controller in the first PV inverter
system. Then, a Pl-based Reference Predictive ANN (PI-PNN) current controller was designed and
trained using a simulation structure that includes a PI current controller and a Reference Predictive
ANN (RefPNN) in the system. When the results obtained from the simulation study were compared,
it was determined that PI-PNN was more efficient than the PI current controller.

Keywords: Artificial neural networks, Predictive current controller, Grid connected PV inverter

1. GIRIS

Giines enerjisini elektrik enerjisine donistiiren fotovoltaik (Photovoltaic, PV) evirici
sistemlerin kullanim1 son yillarda artmistir. Sebekeye bagli PV evirici sistemlerde tiretilen giic, anlik
olarak sebekeye aktarilmaktadir ve herhangi bir depolama elemanina ihtiya¢ duyulmamaktadir. Bu
sayede hem depolama maliyetinden tasarruf edilmekte hem de daha verimli bir yap1
olusturulmaktadir (Arulkumar ve ark., 2016). PV evirici sistemler, PV modiillerde iiretilen dogru
akim (DC) giiciinii, beslenecek sebekeye uygun alternatif akim (AC) giice doniistiiriirler (Carrasco ve
ark., 2006). Sebekeye bagli PV evirici sistemlerinin verimliligini etkileyen onemli bir etken de
DC'den AC'ye doniisiimiiniin verimliligidir (Boumaaraf ve ark., 2015). DC’den AC’ye gii¢ dontigiimii
ve sebeke ile senkronizasyonu, evirici devreleri kullanilarak yapilmaktadir. Gili¢ doniistimiinde ii¢
fazli voltaj kaynakli evirici (Voltage Source Inverter, VSI) devreleri yaygin olarak kullanilmaktadir.
Bir¢ok calismada, ¢ikisinda pasif filtre kullanilan VSI eviriciler tercih edilmektedir (Hannan ve ark.,
2010; Leon ve ark., 2016).

Gli¢ elektroniginde ve eviricilerde, matematiksel modelden bagimsiz olarak kullanilabilen
yaklagimlar gilinlimiizde artmistir. Boylelikle, matematiksel modele ve kontrol parametresi
ayarlamaya ihtiya¢ duyulmadan eviriciler kontrol edilebilmektedir. Bu yaklagimlardan en yaygin
olarak kullanilan yontem Yapay Sinir Aglar1 (YSA)’dir. Insan beynini taklit eden YSA igerisindeki
noronlar istenilen kontrol ¢ikisini verecek sekilde egitilmeye calisilmaktadir. Bu amagla, once
sistemin benzetimi yapilarak gerekli olan egitim veri seti gevrim dis1 olarak elde edilmektedir. (I. S.
Mohamed ve ark., 2019). Matematiksel modeli karmasik olan ve dogrusal olmayan ayrik zamanl
sistemlerin kontroliinde YSA kullanimi olduk¢a faydalidir. Ayrica YSA’lar olast hatali girislere
karsida toleransa sahiptir (Harashima ve ark., 1989; Shuzhi Sam Ge ve ark., 2008).
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PV sistemlerin verimliligini artirmak amaciyla farkli giic kademelerinde kullanilan ¢esitli YSA
caligmalar1 mevcuttur. Mohamed ve arkadaslari, (2019)’da yaptiklar1 ¢alismada ii¢ fazli sebeke
baglantili bir DC-DC déniistiiriiciisiine sahip bir PV sistem i¢in adaptif bir PI kontrolciisii 6nermisler.
Bu kontrolcii DC bara voltajini, sebekeye enjekte edilen giicii ve harmoniklerin azaltilmasini
denetlemektedir. Onerilen denetleyicide, PI kontrol parametreleri, dngdriilii sinir ag1 denetleyicisi
(Predictive Neural Network Controller, PNNC) kullanilarak stirekli olarak ayarlanmaktadir. Sistem,
MATLAB/Simulink ortaminda modellenerek farkli ¢alisma kosullar i¢in test edilmis (A. A. S.
Mohamed ve ark., 2019).

Sebeke baglantili PV sistemlerde gilines panelinin gii¢ noktasimnin takibinde veya evirici
kontroliinde de YSA’lar kullanilmaktadir. PV sistemlerinde kullanilan geleneksel Maksimum gii¢
noktasi takibi (Maximum Power Point Tracking, MPPT) yontemleri, gii¢ noktasi ¢evresinde
salinimlara neden olabilmektedir. Vora ve arkadaslan tarafindan 2024 yilinda gerceklestirilen bir
caligmada Derin 6grenme ve takviyeli 6grenmenin entegrasyonu olan Derin Q-08renme yOntemi
MATLAB/Simulink ortaminda sebekeye bagli bir PV sistem flizerinde uygulanmistir. MPPT
algoritmasi olarak tasarlanan bu kontrolcii ile DC-DC yiikseltici devresi kontrol edilmistir (Vora ve
ark., 2024). Literatiirde, MPPT fonksiyonunun yerine YSA Oneren c¢esitli calismalar mevcuttur
(Babaie ve ark., 2020; Boumaaraf ve ark., 2015).

PV sistemlerde kullanilan eviricinin kontroliine odaklanan bir baska c¢alismada,
MATLAB/Simulink ortaminda tek fazli iki asamali bir PV evirici sisteminde eviricinin kontrolii i¢in
YSA onerilmektedir (Bouaouaou ve ark., 2022; Rajab Al-Jaboury ve ark., 2024). Ayrica ii¢ fazli PV
sistemlerde evirici kontroliine odaklanan ¢alismalarda da evirici kontrolii i¢in YSA 6neren ¢aligmalar
bulunmaktadir (Babaie ve ark., 2020; Singh ve ark., 2014).

Sebeke baglantili PV evirici sistemlerde kontrolcii olarak Model Ongériilii Kontrol (Model
Predictive Control, MPC) kullanilan bazi ¢alismalar mevcuttur (Bouaouaou ve ark., 2022; Cameron
ve ark., 2020; Gopakumar ve Vijayakumari, 2017; Syed ve Raahemifar, 2015). MPC ile kontrol
edilen evirici benzetiminden elde edilen veriler ile egitilen YSA yapisina MPC tabanli YSA
denmektedir. MPC tabanli YSA yapilart genellikle MPPT kontrolii i¢in kullanilmaktadir (Khan ve
ark., 2021).

Bu calismada ise diger caligmalardan farkli olarak bir 6ngdriicii kullanilarak sebekenin faz agisi
iki kontrol adim1 dncesinden Ongdriilmiistiir. Bu 6ngorii akim referansinda kullanilarak donanim ve
yazilim kaynakli gecikmeler tolere edilmistir. Daha sonra iglemcinin islem yiikiiniin azaltilmasi i¢in
olusturulan kontrol yapisi tek bir YSA’ya doniistiiriilmiis ve referans akim Ongoriili bir YSA
olusturulmustur. Bunun i¢in ilk olarak Matlab/Simulink ortaminda sebeke baglantili tek asamali iki
seviyeli bir PV evirici sistemi olusturulmustur. Sistemde akim kontrolciisii olarak, klasik PI akim
kontrolciisii ve tasarlanan PI tabanli Referans Ongériilii YSA (PI-based Predictive Neural Network,
PI-PNN) akim kontrolciisii yontemleri kullanilmistir. Bu iki yontemden elde edilen sonuglar
karsilastirilmistir. Tasarlanmasi amaglanan PI-PNN akim kontrolciisii yapisinin egitim verilerinin
elde edilmesi amaci ile ilk olarak siniizoidal bir sinyalin iki adim (100us) sonrasini 6ngdren baska bir
YSA yapist olan Referans Akim Ongoriicii YSA (Reference Predictive Neural Network, RefPNN)
yapt gelistirilmigtir. Daha sonra hazirlanan benzetimde elde MPPT c¢ikisinda elde edilen referans
evirici akimi 6nce bu RefPNN yapisina uygulanmistir. RefPNN ¢ikis1 olan 6ngdriilen akim referansi
PI akim kontrolciisiine girilerek evirici kontrolii gergeklestirilmistir. Matlab/Simulink ortaminda
hazirlanan bu benzetim ile tasarlanmasi amaglanan PI-PNN akim kontrolciisii i¢cin gerekli egitim
verileri tiretilmistir. Tasarlanan PI-PNN akim kontrolciisii, PV sisteminin kontroliinde test edilmis ve
bu yontemin klasik PI yOntemine gore daha verimli g¢alistigi goériilmiistiir. Ayrica, elde edilen

187



Yarikkaya, S., Vardar, K. JournalMM (2025), 6(1) 185-202

ongoriili 6zelligine sahip bu YSA yapisinin sistemdeki degisikliklere daha iyi tepki lirettigi ve
herhangi parametre ayarlanmasi gerekmeden uygulanabilecegi tespit edilmistir.

Ikinci béliimiinde ii¢ fazli sebeke baglantili PV sistem ve kontrol yapist sunulmustur. Ugiincii
bolimde gerceklestirilen benzetim c¢alismasi ile Onerilen YSA ve egitimi detayli bir sekilde
anlatilmis. Ayrica bu béliimde benzetim sonuglari verilerek karsilagtirilmistir. Dordiincii boliimde
benzetim ve deneysel sonuclar karsilagtirilmali olarak verilmistir. Son boliimde ise elde edilen veriler
karsilastirilarak sunulmustur.

2. UC FAZLI SEBEKE BAGLANTILI FOTOVOLTAIK EViRiCILER

PV paneller giines enerjisini DC elektrik enerjisine doniistiirmektedir (Vardar ve ark., 2018).
PV paneller tarafindan iiretilen DC enerjinin, AC sebekeye aktarilmasi i¢in DC enerjinin AC’ye
doniistiiriilmesi  gerekmektedir. Bu doniisiim i¢in bir gili¢ elektronigi devresi olan eviriciler
kullanilmaktadir. PV sistemlerde eviricilerin iki ana gorevi vardir. Bunlar PV panellerden maksimum
giiciin ¢ekilmesi ve DC giiciin AC giice doniistimiidiir. Gii¢ dontisiimii yapilirken enerjinin sebekeye
aktarilmasi i¢in sebeke ile senkronizasyon saglanmasi gerekmektedir. Bu sebeplerden dolay1 sebeke
baglantili PV sistemlerin en 6nemli pargalardan biri eviricilerdir (Blaabjerg ve ark., 2004; Hassaine
ve ark., 2009; Jana ve ark., 2017). iki asamal1 PV sistemlerde, MPPT kisminin gergeklestirildigi ilk
asama icin bir DC-DC gii¢ devresi kullanilirken, DC giiclin AC giice doniistiiriilerek sebekeye
aktarildigi ikinci agama igin ise evirici gli¢ devresi kullanilmaktadir.

Tiim bu islemler tek bir gii¢ devresi kullanilarak gergeklestirildigi durum i¢in tek asamali terimi
kullanilmaktadir. Endiistride en yaygin kullanilan evirici tiirlerinden biri iki seviyeli voltaj kaynakli
eviricilerdir (Two Level Voltage Source Inverter, 2L-VSI). Ug fazl1 sebeke baglantili tek asamali 2L-
VSI devre semasi Sekil 1'de verilmistir. Yapida her faz ¢ikisi i¢in bir faz kolu ve her kolun pozitif (P)
ve negatif (N) baralara olan baglantilarini kontrol eden anahtarlar bulunmaktadir (Leon ve ark., 2016;
Rivera ve ark., 2015).

HF 3 5 .
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Sekil 1. Ug fazli sebeke baglantili tek asamal1 PV evirici sistemi devre semasi
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2L-VSI eviricilerde, invertoriin 6 anahtarini (S1, S2, S3, S4, S5 ve S6) kontrol etmek igin {i¢
kontrol pozisyonu yeterlidir. Bu ii¢ pozisyon Sa, Sb ve Sc ile temsil ediyorsa, bunlarin tlimleyenleri
da Sa', Sb' ve Sc' olarak tanimlanarak kullanilabilir.

1; S1=o0on ve S4=off

Sa = 0; S1=off ve S4=on
S = 1; S2=o0n ve S5=off
b= 0; S2=o0ff ve S5=on
s = 1; S3=on ve S6=off
€ L 0; S3=off ve S6=on

PV panellerin ¢ikisinda iiretilen DC gerilimin evirici girigine iletilmesi i¢in genellikle bir DC
bara hatt1 kullanilmaktadir. DC bara {izerine kondansator (Cqc) konularak DC bara gerilimi dengelenir
ve bu hattaki dalgalanmalar bastirilir. Evirici gii¢ devresi ile DC bara hatt1 gerilimi ve evirici ¢ikis
akimi kontrol edilir. Evirici ¢ikisinda filtre kullanilarak evirici ¢ikis akimu filtrelenir ve sebekeye
baglanmadan Once sinilizoidal sinyale doniistiiriiliirt. PV panellerden ¢ekilen gii¢, gilines 15181
yogunluguna bagl olarak degismektedir. Ayrica V-I karakteristik egrileri lineer olmadig1 igin
verdikleri gii¢, panellerden ¢ekilen akima gore de degismektedir. Bu yilizden anlik olarak panellerden
cekilecek maksimum gii¢ degisebilmektedir. Panellerden en yiiksek verimi almak i¢in maksimum
giic noktasinin (Maximum Power Point, MPP) tespit edilerek panellerden en uygun akimin ¢ekilmesi
ve panellerin en uygun gerilim degerinde tutulmasi gerekmektedir. Bunun i¢in gelistirilmis cesitli
MPPT algoritmalar1 bulunmaktadir (Gupta ve Saxena, 2016; Selvan ve ark., 2016). Bu algoritmalar
arasinda en ¢ok bilinen ve kullanim kolaylig1 nedeniyle siklikla tercih edilen algoritmalardan biri
hata-g6zlem (Perturb and Observation-P&O) algoritmasidir (Cinar ve ark., 2022). MPPT algoritmasi
kullanilarak DC bara referans gerilimi iiretilmektedir. Uretilen DC bara referans gerilimi ile DC bara
gerilimi arasindaki hata degeri (edc) bir PI kontrolciisii tarafindan degerlendirilerek evirici referans
akim degerini Uretir. Siniizoidal olamayan DC bara kontrolii i¢in genellikle PI kontrolciisii tercih
edilmektedir.

Sebeke baglantili PV sistemlerin sebekeye entegrasyonu i¢in Faz Kilitleme Dongiisii (Phase-
Locked Loop, PLL) kullanilarak sebekenin faz agisi izlenir. Bu sebeke faz agis1 kullanilarak birim
siniis sinyalleri iiretilir. Birim siniis sinyalleri ile DC bara kontrolciisii (PI) ¢ikiginda iiretilen referans
akim genlik carpilarak evirici referans akimi elde edilir (Ciobotaru ve ark., 2006). Ug fazh
uygulamalarda PLL olarak siklikla Senkron Doénen Referans Cerceve PLL (SRF-PLL) yontemi
kullanilmaktadir (Panigrahi ve ark., 2018; Yagan ve ark., 2018). Bu calismada PLL olarak SRF-PLL
yontemi tercih edilmistir.

3. KLASIK VE YSA TABANLI AKIM KONTROLCULERIN BENZETIMi

Matlab/Simulink ortaminda olusturulan sebeke baglantili tek asamali PV evirici sistemi
benzetimi Sekil 2°de verilmistir. Benzetimin 6rnekleme zamani, gii¢ katlarinin fiziksel bir sisteme
daha yakin olmasi i¢in 0.5 pus olarak ayarlanmistir. Ayrica, kontrol sisteminin gercek bir sistem ile
benzer ¢alisma sartlar altinda tepkisini gézlemlemek icin MPPT blogunun 6rnekleme zamani 50 ps
ve diger kontrol bloklarinin 6rnekleme siiresi 500 ps olarak ayarlanmistir.
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Sekil 2. Gergeklestirilen ti¢ fazli sebeke baglantili tek agsamali PV evirici Matlab benzetimi

Olusturulan benzetimde giines panelleri dizisi i¢in Matlab/Simulink kiitiiphanesinde bulunan
PV Array (PV Dizisi) blogu kullanilmistir. PV Dizi blogu, tek bir kolda 13 tane seri bagli SunPower
SPR-305 WHT giines panelinden olusturulmustur. Bu sekilde PV Dizi blogu MPP noktasinda
3968W maksimum gii¢ liretmektedir. DC bara dalgalanmalarinin azaltilmasi i¢in DC baraya bir
kondansator eklenmistir. Gergek bir sistemde, baslangic asamasinda PV panellerde ve kondansatorde
gerilim olacagi i¢cin kondansator baslangi¢ voltaj1 750V olarak ayarlanmistir. Evirici ¢ikisinda L filtre
kullanilarak sebeke baglantisi bu filtre iizerinden gergeklestirilmistir. Sebeke baglantili PV evirici
sistem benzetiminde kullanilan gii¢ devrelerine ait parametreler Cizelge 1’de verilmistir.

Cizelge 1. Sebeke baglantili PV evirici devre parametreleri

Devre Degeri Birimi

Paralel Dizi Sayist 1 -

Dizi Basina Seri Bagli Modiil Sayist 13 -

Panel Agik Devre Gerilimi, Voc 64.2 V
Panel Kisa Devre Akimu, Isc 5.96 A
Panel MPP Gerilimi, Vmp 54.7 \%
Panel MPP Akimi, Imp 5.58 A
Toplam PV Giicii 3968 w
DC Bara Kondansatorii 330 uF
L Filtre 6 mH
Sebeke Gerilimi 220 V
Sebeke Frekansi 50 Hz

MPPT blogu, bir Matlab fonksiyonu blogu kullanilarak hata gdzlem algoritmasinin kodlanmasi
ile olusturulmustur. Bu blok tarafindan iiretilen PV panel referans gerilim degeri, ayn1 zamanda
evirici girigi i¢in DC bara referans gerilim degeridir. MPPT blogu tarafindan iiretilen DC bara referans
gerilim degeri PI Iref bloguna uygulanmaktadir. P1_Iref blogunun ¢ikisi ise eviricinin akim referans
genlik degeridir. PLL blogu kullanilarak PV sistem i¢in gerekli olan sebeke faz acis1 bilgisi ve bu faz
acis1 degeri kullanilarak olusturulan 3 fazli birim siniis sinyalleri tiretilmektedir. PI_Iref blogunun
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cikisinda iiretilen bu akim genlik bilgisi, klasik PI kontrol yontemli benzetim i¢in PI alt blogunda ve
onerilen PI-PNN kontrol yontemli benzetim i¢in ANN alt blogunda kullanilmaktadir.

PLL blogu igerisinde Matlab/Simulink kiitiiphanesinde bulunan PLL(3ph) blogu ile Matlab
Functionl isimli fonksiyon blogu kullanilmistir. PLL(3ph) blogu, sebeke faz acgisini (wt)
izlemektedir. PLL(3ph) blogu ile bulunan faz agisi (wt), Matlab Functionl bloguna girilerek 3 faz
birim siniis sinyalleri iiretilmektedir. Benzetimde VSI yapisim1 olusturmak i¢in H-koprii yapisina
sahip Universal Bridge blogu kullanilmistir. Blokta anahtarlama gii¢ eleman1 olarak diyotlu IGBT
(Insulated Gate Bipolar Transistor) kullanilmistir. Bu yapida, 6 adet IGBT kullanilarak DC bara
gerilimi AC gerilime donustiiriilmektedir. PWM blogunda, kontrolciiler tarafindan iiretilen Vref
bilgisi 20kHz’lik bir iiggen dalga ile karsilastirilarak IGBT anahtarlama sinyalleri iiretilmektedir.
Benzetimde, PI blogu ve ANN blogu tarafindan tiretilen kontrol sinyallerinden hangisinin eviriciyi
kontrol edecegi “PlveyaANN” isimli anahtar vasitasiyla secilmektedir. Boylece tek benzetimde
herhangi farklilik olmadan iki kontrolciiden hangisinin kontrol edecegi degistirilebilmektedir.

3.1 PI Akim Kontrolciisii Kullamilan Benzetim

Matlab/Simulink ortaminda olusturulan PV evirici sisteminin kontroliinde yaygin olarak
kullanilan yontemlerden biri olan klasik PI akim kontrol yontemi kullanilmistir. Klasik PI kontrol
yontemi, dogrusal kontrolciiler sinifinda, uygulanmasi basit ve kullanimi kolay olan bir yontemdir.
Siniizoidal referans takibinde PI kontrol yontemi kullanildiginda, sistemde sabit durum hatasi
(steady-state error) olusmakta ve kii¢iik bozulmalara kars1 zayif tepki vermektedir. Bu yilizden PI
kontrol yontemi, eviricilerde kullanilirken genellikle abc-dq eksen doniisiimii yapilarak
kullanilmaktadir (Ciobotaru ve ark., 2006). PI transfer fonksiyonu Gpi(s) Esitlik 1. de verilmistir.
Denklemde K, oransal kazanci, Ki ise integrator kazancini temsil etmektedir.

Grr(s) = Ky + o ®

Klasik PI akim kontrol yontemi, benzetimde PI alt blogu icerisinde modellenmistir. Sekil 3’de
yapisi verilen PI alt blogunun dort adet girisi bulunmaktadir. Bunlar, eviriciden sebekeye aktarilan
anlik gercek akim bilgisi (Evirici labc), akim genlik referans bilgisi (Iref), PLL blogu tarafindan
tiretilen sebeke faz agis1 (wt) ve faz agis1 bilgisi kullanilarak iiretilen birim siniis sinyalleridir. (Sinpu
abc). Bu blokta, Iref ile Sinpu abc ¢arpilarak referans akim sinyali tiretilmektedir. Elde edilen referans
akim sinyali dq0 eksenine doniistiiriilerek PI akim kontrolciisii (PI CC) bloguna girilmektedir. Yine
bu bloga ayn1 zamanda, evirici akimlar1 da abc ekseninde dq0 eksenine doniisimii yapilarak
uygulanmaktadir.

I ref DC
@ b >
anc - p e aB0 P
: g " apo ? _~dq0 ! Iref_dq
Sinpu abc a > wt
Vref_dq dq0 e
) Mac avo| (1)
A r » wt
Evirici labc o» yt dq0 P Idg \ Vref
PICC
:
wt

Sekil 3. Klasik PI akim kontrolciisii benzetiminde kullanilan “PI” alt blogu i¢yapisi
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Sekil 4’te i¢ yapist verilen PI CC blogunda, d ve q eksenleri i¢in iki adet klasik PI kontrolciisii
kullanilarak dq0 eksenlerinde kontrol ¢ikis sinyali (Vref dq) iiretilir. PI bloklarindan ilki d eksen i¢in
kullanilmaktadir. “Discrete PI Controllerl” blogu girisine, Id akim bilgisi ile Iref d akim referans
bilgisinin farki alinarak girilmektedir. Uygulamamizda Q eksen i¢in referans girigine sifir girilmistir.
Reaktif gii¢ talebi oldugu durumda bu deger degistirilebilir.

D :D—> Pl(z)
1)

Discrete Pl Controller1

n I > Pl(z) |

Idg

Discrete Pl Controller2

Sekil 4. “PI” alt blogu igerisinde bulunan “PI CC” alt blogunun i¢yapisi

PI CC alt blogunun ¢ikisi olan dq0 eksenindeki referans gerilimler sonrasinda abc eksenine
dondiiriilerek PWM alt bloguna uygulanmaktadir. Burada 20kHz’lik testere disi sinyal ile
karsilastirilarak IGBT ler i¢in gerekli anahtarlama sinyalleri elde edilmektedir.

3.2 YSA Tabanh Ongoriilii Akim Kontrolciisii Tasarimi ve Benzetimi

YSA’lar biyolojik sinir aglarinin ¢aligma prensibine benzetilerek gelistirilen, modern kontrol
teknikleri arasinda yerini almis bir yapay zeka modelleme teknigidir. Ge¢mis giris-cikis verilerini
kullanarak, giris-¢ikis arasindaki iliskileri 6grenme, bu iligkileri modelleme ve optimize etme
yetenegine sahiptir. YSA’larin giivenirliligi farkli alanlarda yapilan ¢esitli ¢aligmalarda uygulanmig
ve kanitlanmistir. Cesitli mimariler arasinda ileri beslemeli YSA’lar 6ne ¢ikmaktadir. fleri beslemeli
aglar, katmanlar halinde statik bir yapidadir (I. S. Mohamed ve ark., 2019; Rivera ve ark., 2015).
Birden ¢ok ndronun birlikte kullanilmasiyla YSA’lar olusur. Ileri beslemeli ¢ok girisli tek ndronun
yapist Sekil 5’te verilmistir.

X0

_ ~7 0N e , y

- = > f(x) >
. /

. WO

Xn""

Sekil 5. Tek katmanli tek ndronlu ileri beslemeli YSA yapisi

Burada; y noron ¢ikigini, f(x) aktivasyon fonksiyonu, ¢ toplam ¢ikis sinyalini, w0 sapma (bias)
w1’den wn’e kadar agirliklandirmalar ve X1’den Xn’e kadar girisleri ifade etmektedir.

Bu c¢alismada oOncelikle, YSA tabanli oOngoriilii (PI-PNN) bir akim kontrolciisii
gerceklestirebilmek ve bu agin egitim verilerinin elde edilebilmesi i¢in ayri bir YSA ag
tasarlanmistir. Bu ag ile sinlizoidal referans akimin, iki 6rnekleme adimi 6ncesinden (100us) tahmin
edilmesi amaclanmistir. Agin egitimi igin birim siniis dalgas1 kullanilmistir. iki 6rnekleme adimi
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([k+2]) sonrasina ait referans akim degerini tahmin edebilen referans akim 6ngoriicii YSA (RefPNN)
Matlab/Simulink ortaminda tasarlanmistir. Benzetimde iki adim sonrasinin 100us olmasi i¢in, YSA
blogunun 6rnekleme zamani 50us olarak ayarlanmistir. Tasarlanan aginin egitilmesi i¢in gerekli
veriler bu benzetimden alinmistir. Agin girisi olarak, 50 Hz frekansinda iiretilen birim siniis sinyalinin
mevcut degeri ile bes gegmis degeri kullanilmistir. Agin ¢ikist ise mevcut drnekten iki 6rnekleme
zamani sonrasina ait veridir. Siniizoidal giris referansin farkli degerleri icin (anlik zaman degeri
kaydirilarak) yukaridaki giris ve ¢ikis egitim verileri olusturulmus ve kaydedilmistir. Ag, Levenberg-
Marquardt metodu ile egitilmistir. Egitilen RefPNN, bir gizli katmaninda 10 adet néron bulunan ileri
beslemeli bir YSA’dan olusturulmustur (Sekil 6). Gizli katmanda transfer fonksiyonu olarak
hyperbolic tanjant sigmoid (tansig) fonksiyonu kullanilmistir. Agin ¢ikis katmaninda ise bir adet
noron ve dogrusal aktivasyon fonksiyonu kullanilmistir.

Tasarlanmas1 amaclanan PI-PNN akim kontrolciisliniin egitim verilerini elde edilmesi i¢in
ikinci asama, RefPNN ve klasik PI akim kontrolciisiiniin birlikte simiile edilmesidir. Evirici kontrol
yapisina ongorii 6zelligi katma amaci ile tasarlanan RefPNN yapisi siniizoidal giris sinyali almasi
gereksiniminden dolay1 referans akimin girisi a-f eksenlerinde kullanilmis olup ¢ikisinda iiretilen
ongoriilmiis referans akimi PI akim kontrolciisiine uygulanacagindan, oncesinde dq0 eksenine
donistiirilmektedir. dq eksenlerine donlisimii gergeklestirilen Ongoriili referans akim, PI
kontrolciisiiniin girisine uygulanmis ve bdylelikle olugturulan RefPNN ve PI akim kontrolciisii igeren
Matlab/Simulink benzetimi ile PI-PNN akim kontrolciisiiniin egitimi i¢in gerekli egitim seti verileri
elde edilmistir. Egitim verileri icin RefPNN ve PI kontrol algoritmalarinin érnekleme adim araligi
50us olarak ayarlanmig ve her bir girig-¢ikis i¢in 1200 adetlik veri dizisi alinmistir.

Ag Yapisi

Giris Katmani Gizli Kaman Cilkig Katmam

Iref (k)

Iref (k-1)

Iref (k-2)
Tref (k+2)

Iref (k-3) O

Iref (k-4)

Iref (k-5)

QOOOO0O

Sekil 6. Tleri beslemeli RefPNN ag yapisi

Son asamada, bu veriler kullanilarak PI-PNN akim kontrolciisiiniin tasarimi ve egitimi
gerceklestirilmistir. Tasarlanan PI-PNN agi i¢in girisler, dq0 ekseninde akim hatalar1 (Id_err[k] ve
Iq_err[k]), bir 6nceki akim hatalar1 (Id_err[k-1] ve Ig_err[k-1]) ve PI CC’m bir onceki ¢ikis
(Vd_out[k-1] ve Vq_out[k-1]) verileridir. Ag ¢ikist igin ise dq0 ekseninde PI CC ¢ikis1 (Vd out[k]
ve Vq out[k]) verileri kullanilmistir. Elde edilen veriler ile 6 giris, 2 ¢ikis ve 1 gizli katmana sahip
dinamik bir ag yapist olusturulmustur. Sekil 7°de tasarlanan geri beslemeli ag yapis1 verilmistir.
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PI-PNN Ag Yapisi
Giris Katmani Gizli Katman Cikis Katmar
Id err (k)
Id err (k-1)
N \-'d_l‘ef (k) _

Vd ref(k-1) ~. /N :
Iq err (k >

qerr (k) o Vv ref (k)
Iq err (k-1) “\/ .
Vq_ref(k-1)

Sekil 7. Geri beslemeli PI-PNN akim kontrolciisii ag yapisi

Ag yapist olusturulurken agda minimum ndron kullanimi amaglanmistir ve gizli katmanda 2
adet noron kullanilmistir. Aktivasyon fonksiyonu olarak gizli katmanda tansig, ¢ikis katmaninda ise
lineer (pureline) fonksiyonu kullanilmigtir. Agin egitimi, Levenberg-Marquardt geri yayilim
(backpropagation) yontemi ile gerceklestirilmistir. Sekil 2°de verilen genel benzetimde goriilen,
tasarlanan PI-PNN’i{in kullanildig1 durumdaki “ANN alt blogu” i¢yapist Sekil 8’de verilmistir.

D
| ref DC
1d_err(k)
abc 40 d_err(k-1)  Vd_out(k)
Sinpu labc ] Vd_out(k-1) dq0
laert) abc
. Ig_err(k-1) V ref
sbe Vaouten)
Evirici labc q d
> PI-PNN
=1
1z
@D
wt

Sekil 8. PI-PNN akim kontrolciisii benzetiminde kullanilan “ANN alt blogu” igyapist

Ilk olarak blokta, siniizoidal dalga olan birim siniis (Sinpu Iabc) ile Evirici ¢ikis akimi (Evirici
Iabc) dq0 eksenlerine doniistiirtilmiistiir. Bu doniisiim i¢in sebeke faz acis1 kullanilmigtir. Birim siniis
ile DC akim referansi ¢arpilarak dq eksenlerinde referans akim genligi olusturulmustur. Daha sonra
referans akimdan, evirici akimi ¢ikartilarak dq ekseninde akim hatalar1 elde edilmistir. Bu akim
hatalarinin bir 6nceki degeri de PI-PNN bloguna girilmistir. Blok ¢ikis degerlerinin (Vd out ve
Vq_out) bir 6ndeki degerleri de yine giris i¢in geri beslenmistir. Son olarak ¢ikista, dq0 eksenlerinde
elde edilen referans gerilim abc eksenlerine doniistiiriilerek blok ¢ikisina gonderilmistir.

3.3 Benzetim Sonuglar: ve Karsilastirmalar
Bu boéliimde, iic faz sebeke baglantili PV evirici sisteminin Matlab/Simulink ortaminda
gerceklestirilen benzetim ¢alismasi sonuglar verilmistir. Onceki boliimlerde detaylar1 sunulan klasik
PI ve YSA tabanl iki farkli akim kontrolciisii kullanan sisteminin benzetim sonuclari bu boliimde
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verilerek karsilastirilmistir. Her iki kontrol yontemi de Sekil 2°de verilen tek bir benzetimde sirayla
gerceklestirilmistir. Benzetimde, PV dizisi i¢in giines 151mim siddeti 0-0.5s aras1 S00W/m?, 0.5-1s
aras1 750W/m? ve 1-1.5s aras1 1000W/m? olarak ayarlanmistir. Grafiklerdeki gii¢ degerleri, gerilim
degeri ile akim degeri garpilarak elde edilmistir. Kondansatoriin baslangi¢ anindaki voltaj degeri PV
dizesinin ¢ikisinda voltaj olacagi icin 750V olarak ayarlanmistir. PV dizesinin karakteristik akim-
gerilim ve giig-akim grafigi Sekil 9°da verilmistir.

Array type: SunPower SPR-305-WHT; 13 series modules; 1 parallel strings
T T T T T

T T T
1 kW/m?
6 L |
< 0.75 kW/m?
Z 4L i
5 0.5 kW/m? 1
S 2
©2r _0.25kWm” o 7
0 | 1 | 1 1
0 100 200 300 400 500 900
Voltage (V)
T T T T T T
4000 _.-—---""_%*wamz 4
= 3000 - -o-075KWm?
5 7___7__’7__.,-- I - .
£ 2000 g =2~ 05kWm :
T - = —- < VO
o L - R . \
1000 e e o _025kWImM?
B el e ~ C o)
0= === - —— - | | | | | R
0 100 200 300 400 500 600 700 800 900
Valtage (V)

Sekil 9. PV panel dizesinin MPP noktalarina ait akim-gerilim ve gi¢c-gerilim grafikleri

Grafikte MPP noktalar1 Matlab/simulink programi tarafindan otomatik olarak isaretlenmistir.
Bu noktalar incelendiginde panellere 1kW/m? 1smim siddeti uygulandiginda, panellerden
cekilebilecek 3968 W maksimum gii¢ i¢in panel gerilimi 711.1V olmalidir. Panellere 750 W/m? 1s1n1m
siddeti uygulandiginda 2920W maksimum gii¢ 700.1V’ta elde edilmektedir ve panellere 500 W/m?
1s1nim siddeti uygulandiginda panellerden 1890W’lik maksimum giic 684.4V’ta elde edilmektedir.

PI akim kontrolciisii kullanilarak yapilan evirici sistem benzetimde, PV panel ¢ikisina ait
gerilim, akim ve gii¢ grafikleri ile evirici akim referansina ait grafik Sekil 10°da verilmistir. Grafikte
iistten alta dogru sirayla PV panellerde olusan gerilim, panellerden ¢ekilen akim, elde edilen gii¢ ve
evirici referans akimi verilmektedir. PV gerilim grafigi incelendiginde, gerilimin kondansator
baslangi¢c degeri olan 750V’tan MPP noktas1 degeri 684.4V’a 0.094s’de ulastig1 goriilmektedir.
Isinim degisimlerinde ise sirasiyla 0.665’inci saniyede 700V’a ve 1.116’nc1 saniyede 711V’a
ulagmaktadir. Gii¢ grafigi incelendiginde ise PV panellerden ¢ekilen giiciin maksimum gii¢ degerine
hizl1 bir sekilde vardigi goriilmektedir. Sekil 10°da en altta verilen akim referans grafigi MPPT blogu
cikisinda PI Iref blogu tarafindan iiretilen akim referansinin grafigidir. Bu grafik, klasik PI akim
kontrolciisii kullanim1 esnasinda PI kontrolcii i¢in olusan referans akim genlik grafigidir.
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Sekil 10. Klasik PI kontrolciisii kullanilan benzetimde PV panel ¢ikigina ait gerilim, akim, gii¢ ve referans akim grafigi

PI-PNN akim kontrolciisii kullanilarak yapilan PV evirici benzetimde, PV panel ¢ikigini ait
gerilim, akim ve gii¢ grafikleri ile evirici referans akim grafigi Sekil 11°de verilmistir. Grafikte {istten
alta dogru sirayla PV panellerin gerilimi, panellerden ¢ekilen akim, iiretilen ¢ekilen gii¢ ve evirici
referans gerilimi verilmektedir. PV gerilim grafigi incelendiginde, 750V gerilim baslangi¢
degerinden MPP noktas1 gerilim degeri 684.4V’a 0.061s’de ulagsmistir. Isinim degisimlerinde ise
strastyla 0.661’inci saniyede 700V’a ve 1.111’inci saniyede de 711V a ulastig1 goriilmektedir. Bu
degerlere gore PV evirici sistemin hizi, PI-PNN kontrolciisii kullanildiginda klasik PI kontrolciisii
kullanildigina gore ¢ok az daha hizlidir. Gii¢ grafigi incelendiginde akim ve gerilim degisimlerinin
birbirini dengeleyerek, PV panellerden maksimum giliciin ¢ok hizli bir sekilde ¢ekildigi
goriilmektedir. Sekil 11°de en altta evirici icin MPPT blogu ¢ikisinda P1 Iref blogu tarafindan tiretilen
akim referansina ait grafik verilmistir. Bu grafik, PI-PNN akim kontrolciisii kullanim1 esnasinda
olusan referans akimin genlik grafigidir.
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Sekil 11. PI-PNN kontrolciisii kullanilan benzetimde PV panel ¢ikigina ait gerilim, akim, gii¢ ve referans akim grafigi
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Klasik Pl akim kontrolciisii ve onerilen PI-PNN akim kontrolciisii yontemlerinin uygulandigi
PV evirici sisteminin benzetim grafikleri incelendiginde, sonuglarin genel olarak birbirine oldukga
yakin oldugu fakat PI-PNN’lin degisimlere biraz daha hizli tepki verdigi goriilmektedir. Evirici akim
grafiklerine gore sistemin ilk ¢calismasinda evirici ¢ikis akiminin, PI-PNN’{in klasik PI yonteminden
30ms daha hizli bir sekilde MPP degerine ulastig1 tespit edilmistir. Bu degisim hizinin farki, PV
gerilim grafiklerinde de fark edilmektedir. PI-PNN’iin daha hizli ve stabil ¢alistig1, akim referansinin
baslangi¢ ve 1s1mim degisim anlarindaki dlgiilen tepkisi ile tespit edilmistir. Farkli ¢cevre kosullarinda
ki ¢alisma beceresi i¢in farkli 1smmim siddeti degerleri kullanilarak test edilmistir. PV panelleri
etkileyen bir diger ¢evre etkeni ise sicakliktir. Farkli sicakliklar i¢in yapilan simiilasyon testlerinde
de onerilen YSA tabanli kontrolcii ayni kontrol basarisini elde etmistir.

4. BENZETIM VE DENEYSEL SONUCLAR

Deneysel calismalar igin tasarlanan ii¢ fazli 5 kVA’lik evirici glic kartinda 7MBP50RJ120
1200V 50A IPM modiil kullanilmistir. Evirici ¢ikis akimlarinin 6lgtimii LEM LAS55-P hall sensorii
kullanilarak gergeklestirilmistir. Kontrol kartinin sebeke gerilimi ile izolasyonu i¢cin HCPL 7840
entegresi tercih secilmistir. Evirici kartin1 kontrol etmek i¢in STM32F407 mikrodenetleyicisi
kullanilirken, kaynak kodlarin derlenmesi ve yiiklenmesi icin MikroC for ARM programi
kullanilmistir.  Gergeklestirilen uygulamada, PV paneller yerine giic kartinda DC gerilime
doniistiiriilen sebeke gerilimi kullanilmistir ve evirici ¢ikist sebeke yerine RL yilike baglanmis.
Boylece DC besleme gerilimi ve ¢ekilen akim sabitlenerek gerekli testler yapilmistir. DC besleme
gerilimi 210V olarak ayarlanmstir. Filtre olarak 3mH’lik bobin ve rezistif yiik olarak 10€Q2’luk direng
yiik kullanilmistir. Sabit yiik ve sabit besleme geriliminde farkli akim referanslar i¢in evirici ¢ikis
akimlar tiretilmis ve evirici tepkisi kontrol edilmistir. Deneysel calismalar i¢in hazirlanan test
diizeneginin fotografi Sekil 12’de verilmistir.

GUg
Analizatori

e A J

[ LS

Sekil 12. Deneysel test diizenegi fotografi
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[k olarak 2A ve 4A gibi diisiik akim referans degerleri i¢in akim evirici test edilmistir. Daha
sonra evirici referans akimlart sirasiyla 2A, 5A ve 10A olarak ayarlanmistir. Bu degerler, PV evirici
sisteminde c¢ekilecek akim degerlerini kapsayan degerlerdir. Osiloskop kullanilarak 6l¢iilen evirici
cikis akim grafigi Sekil 13’te verilmistir. Grafik incelendiginde, referans akim degisimlerinin ve
siirekli durumunun takibinin evirici tarafindan basarili bir sekilde gerceklestirildigi goriilmektedir.
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Sekil 13. Deneysel test sonuglari evirici ¢ikig akim grafikleri a)2A-4A b)2A-5A-10A

Deneysel ¢alismalarda, toplam harmonik bozulma (Total Harmonic Distortion-THD) 6lgtimleri
FLUKE 43B gii¢ kalitesi analizor cihaz1 kullanilarak gerceklestirilmistir. Yapilan oOlgiimler
sonucunda, klasik PI akim kontrolciisii yontemi kullanilarak kontrol edilen evirici ¢ikis akimindaki
THD %3.2 olurken, 6nerin YSA tabanli 6ngoriilii kontrolcii kullanilarak kontrol edilen evirici ¢ikis
akimidaki THD degeri %2.4 olmustur. Benzetim ¢alismalarinda, evirici ¢ikig akimlarinda olusan
toplam harmonik bozulmalarin goriildiigii FFT analiz ekranlar1 Sekil 14’te verilmistir. PV evirici
benzetiminde analiz i¢in 1000W/m? 1s1n1m siddeti ve ikinci 5 periyotluk zaman dilimi kullanilmustir.
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Sekil 14. Benzetim sonuglarina gore evirici ¢ikis akimlarinin FFT analizi; a) PI akim kontrolciisii kullanildiginda, b)
RefPNN ile birlikte PI akim kontrolciisii kullanildiginda, c) PI-PNN akim kontrolciisii kullanildiginda
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Sekil 14. Benzetim sonuglarina gore evirici ¢ikig akimlarinin FFT analizi; a) PI akim kontrolciisii kullanildiginda, b)
RefPNN ile birlikte PI akim kontrolciisii kullanildiginda, ¢) PI-PNN akim kontrolciisii kullanildiginda (devami)

Benzetimde, klasik PI akim kontrolciisii kullanilan yontemde THD degeri %2.54 elde edilirken,
RefPNN ve PI akim kontrolciisii ile elde edilen THD degeri %2.53’tiir. Onerilen YSA tabanli PI-
PNN akim kontrolciisii kullanildiginda ise THD degeri %2.51 olmustur. Hem benzetim hem de
deneysel ¢aligmalarda, onerilen PI-PNN kontrolorii ile kontrol edilen evirici ¢ikis akiminin, klasik PI
kontroldrii ile kontrol edilen evirici ¢ikis akimina gore daha diisiik harmonik bozulmalara sahip
oldugu gozlemlenmistir.

5. SONUC

Bu c¢alismada, ii¢ fazli sebeke baglantili PV eviriciler i¢cin YSA tabanli ongériilii akim
kontrolciisti tasarlanmistir. Tasarlanan akim kontrolciisii, referans akimin iki adim sonrasini
ongorerek yazilim ve donanim kaynakli gecikmelerin 6niline gegmesi planlanmistir. Bunun igin ilk
olarak benzetim ortaminda, 2 adim sonrasini dngorebilen YSA tabanli bir referans akim 6ngoriiciisii
olusturulmustur. Klasik PI akim kontrolciisii kullanilarak, dngoriilen referans akima gore PV evirici
sistemi kontrol edilmistir. Daha sonra bu benzetim ¢alismasindan alinan veriler kullanilarak, 6nerilen
YSA tabanli 6ngoriilii akim kontrolciisii egitilmistir. Klasik PI ve onerilen PI-PNN olmak {iizere iki
farkli akim kontrolciisii kullanilarak benzetim ve deneysel ¢alismalar gerceklestirilmistir. Yapilan
benzetim c¢alismasinda, farkli giines 1simim degerleri kullanilarak PV  eviricinin tepkisi
gbzlemlenmistir. Her iki kontrol sistemiyle de degisen 1simim siddetleri altinda PV kaynagindan
sebekeye glic transferi maksimum gili¢ noktasinda ve diisiik THD degerleriyle saglanmistir. Yapilan
benzetim ¢aligmast sonucunda her ne kadar YSA tabani kontrolciiniin performansinin daha iyi olsa
da sonuglarin birbirine olduk¢a yakin oldugu gézlemlenmistir.

Deneysel caligmalara gecildiginde ise elektriksel giiriiltiiniin ve fiziksel ortamda meydana gelen
diger bozucularin etkileriyle karsilasilmaktadir. Bu tlir ortamlarda yiliksek tolerans kabiliyeti
sayesinde YSA’nin 6n plana ¢iktig1 goriilmektedir. Yapilan ¢aligmalardan elde edilen sonuglar
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karsilagtirildiginda, her iki yonteminde kullanilabilir oldugu ve 6nerilen 6ngoriilii YSA’1n klasik PI
kontrolciisiine gore daha evirici akiminda diigiik harmonik bozulma degeri elde edildigi ve daha hizli
tepki siliresine sahip oldugu tespit edilmistir. Ayrica, PI kontrol yonteminde kullanilacak
parametrelerin ayarlanma zorunlulugu bulunurken, Onerilen YSA tabanli kontrol yonteminde
herhangi bir parametre ayar1 gerektirmemektedir. Sonu¢ olarak, onerilen YSA tabanli akim
kontrolciisliniin sebeke baglantili PV evirici sistemine basarili bir sekilde uygulandigi ve harmonik
bozulmalar1 azalttigi gézlemlenmistir.

6. TESEKKUR
Bu c¢alisma Siileyman YARIKKAY A’nin Doktora tezinden iiretilmistir.

7. CIKAR CATISMASI

Yazarlar, bilinen herhangi bir ¢ikar catismasi veya herhangi bir kurum/kurulus ya da kisi ile
ortak ¢ikar bulunmadigini onaylamaktadirlar.

8. YAZAR KATKISI

Bu calismada Kadir VARDAR calismanin kavramsal ve tasarim siire¢lerinin belirlenmesi,
caligmanin kavramsal ve tasarim siire¢lerinin yonetimi, veri analizi ve yorumlama, makale taslaginin
olusturulmasi, fikirsel igerigin elestirel incelemesi, son onay ve tam sorumluluk konusunda,
Siileyman YARIKKAYA c¢alismanin kavramsal ve tasarim siire¢lerinin yonetimi, verilerinin
toplanmasi, veri analizi ve yorumlama, son onay ve tam sorumluluk konusunda katki saglamistir.
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using X-ray diffraction (XRD), scanning electron microscopy (SEM), and UV-visible spectroscopy
to evaluate their structural, morphological, and optical properties. Characterization results revealed a
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1. INTRODUCTION

Thin film solar cells have garnered significant interest due to their potential for flexibility and
low environmental impact. While Cu (In, Ga) Se, (CIGS) and CdTe demonstrate exceptional power
conversion efficiencies (PCEs) over 22% (Green et al., 2018; Wang et al., 2021), their commercial
viability is hindered by the high cost of indium and gallium and the environmental concerns
associated with cadmium. Cu2ZnSn (S, Se)s (CZTSSe), composed of abundant and inexpensive
elements, offers a promising alternative. However, its efficiency is hindered by high rates of charge
carrier recombination, resulting in short carrier lifetimes and diffusion lengths (Kim et al., 2018;
Turkoglu et al., 2019). With its non-toxic and abundant elements, suitable bandgap (~1.7 eV), and
high absorption coefficient (~10° cm™), antimony sulfide (Sh.Ss) has the potential to overcome the
limitations of other materials and contributes to the development of cost-effective, high-performance
thin-film solar cells (Kondrotas et al., 2018).

Currently, the highest efficiency attained by Sb.Ss solar cells is 8.2% (Deng et al., 2024).
Despite this endeavor, these devices fall short of the theoretical maximum efficiency predicted by the
Shockley-Queisser limit (Shockley and Queisser, 1961). To realize the complete potential of Sb,Ss
solar cells, it is crucial to develop efficient and scalable deposition techniques, as it influences the
material's morphology, structure, electrical properties, and defect density. To produce state-of-the-art
Sh,Sz thin films, researchers utilize a range of physical and chemical deposition techniques, each with
its own set of benefits and drawbacks (Ito et al., 2013; Shaji et al., 2017; Lee et al., 2020). Out of
these, hydrothermal method has gained significant interest in depositing Sh.Sz thin films. This
preference stems from the inherent advantages of hydrothermal deposition, such as low-cost, low-
temperature processing, favorable film growth, precise control over film thickness and morphology,
and high reproducibility (Liu et al., 2016; Tang et al., 2020; Chen and Chen, 2020; Jin et al., 2020).
Moreover, Sh,S3 solar cells fabricated via hydrothermal deposition currently hold the record for the
highest PCE (Deng et al., 2024).

The effectiveness of hydrothermal deposition relies heavily on the careful manipulation of
temperature, deposition time, pressure, precursor molarity, and pH, which are crucial reaction
parameters. These parameters, along with annealing conditions, directly influence final film
properties, such as thickness, crystallinity, morphology, composition, grain size, and orientation
(Zhao et al., 2009; Vavale et al., 2018). Therefore, optimizing these parameters is crucial for tailoring
thin films with desired properties for specific applications. Optimization of hydrothermal deposition
processes, specifically through doping (Myagmarsereejid et al., 2021), post-annealing treatment
(Pawar et al., 2022), and surfactant additives (Zheng et al., 2022), is the primary focus of current
studies. However, the role of precursor molarity in determining the film's microstructural and physical
properties lacks a thorough investigation.

To leverage the inherent simplicity, cost-effectiveness, and scalability offered by this deposition
process, this work aimed to investigate the hydrothermal synthesis of Sb2Ss thin films, focusing on
optimizing the molarities of Sb (Antimony potassium tartrate) and S (sodium thiosulfate
pentahydrate) sources to achieve optimal film properties. Ultimately, dense, highly crystalline Sb2S3
thin films with (hk1) preferred orientation were successfully synthesized on indium tin oxide (ITO)
coated glass substrates. The findings of this research are expected to pave the way for the development
of economically viable and efficient Sh,Ss-based solar cells.
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2. MATERIALS AND METHODS

Hydrothermal deposition was employed to produce Sh.Ssz thin films on 26 mm x 76 mm
SLG/ITO substrates with ITO thickness of 120 nm, purchased from Teknoma Technological
Materials Industrial and Trading Inc. (https://teknoma.net/). Antimony potassium tartrate
(CsH1K2012ShoexH20, 99%, Merck) and sodium thiosulfate pentahydrate (Na2S203¢5H20, 99%,
Merck) were used as Sb and S sources, respectively. 60 mL of aqueous solutions of
CgH4K2012Sh2exH20 and NaxS»03°5H.O were prepared with different molarities. Solutions were
stirred using a magnetic stirrer at 400 rpm until homogeneous mixtures were obtained and the pH of
the solutions was measured using a pH meter. To optimize Sb and S source molarities, three precursor
solutions were prepared with the compositions detailed in Table 1. The Sb2Ss thin films synthesized
from these solutions were labeled AG-S1, AG-S2, and AG-S3. After that, solutions were poured into
the Teflon tank (100 ml) of the autoclave. SLG/ITO substrates were placed in the hydrothermal
reactor with the ITO side down and oriented at a 75° angle. The autoclave was then sealed, and Sb2S3
thin films were deposited on ITO via hydrothermal treatment at 135 °C for 7.5 hours. Following their
formation, the Sh,Ss films were rinsed with deionized water and subsequently dried under ambient
conditions. Finally, thermal annealing was conducted at 325 °C, employing a temperature ramp rate
of 23 °C/min and a 15-minute dwell time, under an argon atmosphere. After annealing, samples AG-
S1, AG-S2, and AG-S3 were designated as A-S1, A-S2, and A-S3.

Scanning electron microscopy (SEM) analysis was conducted using Thermo Fisher Scientific
Apreo S LoVac SEM device to examine the morphology and determine stoichiometry of the Sb2Ss
films. Surface topographies of the prepared films were visualized using Everhart-Thornley Detector
(ETD) at 10 kX and 25 kX magnifications with 10 kV acceleration voltage and 10 spot size. To reveal
elemental compositions of the films, Energy-Dispersive X-ray Spectroscopy (EDS) measurements
were performed at 30 kV, 10 kX magnification, and 10 mm working distance. The thicknesses of the
fabricated thin films were determined using side view SEM images at 50 kX magnifications. X-ray
diffraction (XRD) was employed to analyze the crystal structure of the films. XRD measurements
were conducted on a Malvern Panalytical EMPYREAN X-Ray diffractometer in Bragg-Brentano
setup, using copper K-alpha radiation with the wavelength of 1.5406 angstroms. XRD data were
collected for all samples across a 20 range of 10°- 60°, using a step size of 0.0262° and a scan rate of
2 °/min. Band gaps of fabricated films were determined by analyzing their ultraviolet-visible (UV-
VIS) transmission spectra within the 1100 to 500 nm range using Jasco/V-750 UV/VIS
Spectrophotometer.

Table 1. The molarities of Sb and S sources in the precursor solutions employed for the synthesis of Sh,S; thin films AG-
S1, AG-S2, and AG-S3. The pH values of the respective precursor solutions

Sample Name CsH4K2012SbyexH,0 (mM) Na,S;035H,0 (mM) pH of the solution

AG-S1 30 150 5.82
AG-S2 20 160 5.85
AG-S3 20 120 5.80

3. RESULTS AND DISCUSSION

3.1 Scanning Electron Microscopy Analysis
Scanning electron microscopy (SEM) was used to examine the top-view and cross-sectional
morphologies of the fabricated Sb.Ss thin films, with Figures 1a)-i) and 2a)-f) showing the respective
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images of the as-grown and annealed films. While cross-sectional SEM images showed compact and
continuous Sh>Ss films, the top-view images primarily revealed a collection of spherical particles
both on as-deposited and annealed samples. The particles were closely packed together, forming a
dense layer. However, depending on concentrations of reactants, hollow cone-like structures were
also observed on the surface of some Sh»Ss films (Figures 1a)-f)), likely resulting from the growth
mechanisms of the materials during hydrothermal synthesis. Because the films were fabricated under
identical growth conditions, varying only the molarities of S and Sb sources, it is evident that
concentrations of the reactants impact the morphology of the hydrothermally synthesized films
(Vavale et al., 2018). The magnified SEM images presented in Figures 1c), f), and i) provided clear
visual evidence of inter-particle voids formed between some large spherical particles on the surfaces
of the films with high concentrations of S and Sb sources (A-S1 and A-S2), while the film having
lower concentration of the reactants (A-S3) did not display these inter-particle voids. It's a very
interesting point that hollow cone-like structures grew inside these inter-particle voids. The formation
of these structures is likely driven by surface energy minimization. The Sb,Sz crystals within the void
may grow in a way that minimizes their surface energy. The confined space within the void restricts
the growth of the Sbh.Ss crystals in certain directions. The hollow cone-like shape may represent a
configuration that minimizes the overall surface energy of the crystals within the confined space. This
can lead to anisotropic growth, where the crystals preferentially grow outwards from the void,
forming the hollow cone-like structures. Decreasing the concentration of reactants yielded Sb»Ss thin
films (A-S3) with a compact surface morphology and no observable morphological alterations. Thus,
optimizing the concentration of precursors is crucial for achieving high-quality Sh,Ss films.

As determined by cross-sectional SEM, as-grown samples AG-S1, AG-S2, and AG-S3
exhibited film thicknesses of 1200 nm, 885 nm, and 835 nm with a precision 4%, respectively.
Annealing resulted in film thickness reductions, yielding 1005 nm, 735 nm, and 728 nm with a
precision 4% for the samples A-S1, A-S2, and A-S3, respectively. The observed reduction in
thickness was attributed to the densification of the films during the annealing process. Specifically,
annealing provides thermal energy, facilitating the rearrangement of atoms or grains into a more
compact and denser configuration. Sample AG-S1, produced with a higher concentration of the Sb
source, possessed a greater thickness and, therefore, a higher film deposition rate. Lower thicknesses
of the AG-S2 and AG-S3 films confirmed the expected dependence of growth rate on concentration
of the Sb source.

As evidenced by EDS analysis (Table 2), the S/Sb atomic ratios of both as-deposited and
annealed films (ranging from 1.45 to 1.49) are in close alignment with the stoichiometric Sh,Ss
composition of 1.5. Notably, the observation that these ratios remained nearly constant following
annealing suggests the formation of a homogeneous Sb.Ss; film exhibiting a uniform spatial
distribution of Sb and S.

Table 2. Average atomic compositions of fabricated Sb2S3 thin films

Sample Name [S] Atomic % [Sb] Atomic % SISb
AG-S1 59.11 40.89 1.45
AG-S2 59.51 40.49 1.47
AG-S3 59.34 40.66 1.46

A-S1 59.21 40.79 1.45
A-S2 59.52 40.48 1.47
A-S3 59.77 40.23 1.49
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Figure 1. SEM images of as-grown a) AG-S1, d) AG-S2, g) AG-S3 and annealed b) A-S1, e) A-S2, h) A-S3 Sh,S3 thin
films synthesized with varying concentrations of the S and Sb precursors. Magnified views of the annealed samples ¢) A-
S1, f) A-S2, i) A-S3 are included for detailed analysis

Figure 2. Cross-sectional SEM images of as-grown a) AG-S1, b) AG-S2, ¢) AG-S3, and annealed d) A-S1, e) A-S2 and
f) A-S3 Sh,S; thin films fabricated with varying concentrations of the S and Sb precursors

3.2 X-Ray Diffraction Analysis
Figure 3 shows the X-ray diffraction patterns of deposited Sb»Sz thin films. All films were
found to be polycrystalline in nature. The XRD patterns provided confirmation of the orthorhombic
Sh2Ss phase (JCPDS # 42-1393), with diffraction peaks observed at 26 values of 17.546°, 29.249°,
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25.005°, 32.379°and 33.413°, corresponding to the (120), (211), (310), (221), (301) crystallographic
planes, respectively. The absence of impurity or secondary phase peaks, coupled with sharp
diffraction peaks, confirmed the successful synthesis of highly crystalline Sb,Ss thin films. While the
positions of the diffraction peaks remained unchanged despite variations in concentrations of
reactants, their relative intensities changed significantly.

The crystallographic orientation of Sb2S3 thin films plays a crucial role in determining solar cell
performance, as it impacts charge carrier transport mechanisms and the formation of beneficial grain
boundaries. In photovoltaic applications, vertical orientation, characterized by the c-axis orientation
perpendicular to the substrate, is considered advantageous for facilitating efficient charge carrier
transport within the absorber layer (Tang et al., 2020; Cantas et al., 2023). It was observed that the
preferential orientations of hydrothermally deposited Sb.Ss thin films are highly sensitive to the
relative concentrations of Sb and S ions in the precursor’s solution. Films synthesized with a higher
Sb (A-S1) and S (A-S2) molarities exhibited a preferential orientation along the (310), whereas film
synthesized with a lower Sb and S molarity (A-S3) showed a preference for the (211). Variations in
preferential orientation may arise from alterations in ion adsorption and surface energy. Changing
concentrations of the reactants may shift the balance of adsorbed ions, potentially favoring the growth
of planes with lower surface energies in the new environment.

For quantitative analysis of the samples' preferred orientation, texture coefficients (TCs) of the
diffraction peaks were determined based on the following equation and presented graphically in
Figure 4.

Ipkyy (1O Lk
Ty = Lohkn / <N IO(hkl))

In this formula, 1) represents the measured intensity of the (hkl) diffraction peak, loki is the
corresponding peak intensity from the reference pattern (JCPDS # 42-1393), and N is the total number
of reflections considered. The TC value directly indicates the degree of preferred orientation of
crystallites along the (hkl) plane within the film, with higher values denoting stronger orientation
(Turkoglu et al., 2022). As demonstrated in Figure 4, the film with the highest Sb molarity in the
precursor solution (A-S1) displayed the most pronounced (hk0) preferred orientation. It is postulated
that the elevated Sb molarity in the solution, which accelerates the film deposition process, may
promote a stronger (hk0) preferred orientation. A similar trend was reported in (Xie et al., 2022),
where high Sb,S3 thin film deposition rates resulted in a stronger (hkO) preferred orientation. For
films having equal Sb concentrations and similar thicknesses (A-S2 and A-S3), it is evident that a
lower sulfur concentration enhances the (hkl) preferred orientation. A comparison of the texture
coefficients (TC) for the (211) and (310) crystal planes (inset of Figure 4) also revealed that the film
prepared with lower Sb and S molarities (A-S3) had the highest TC (211)/TC (310) ratio of 1.26.
These results highlight that manipulating the concentration of the precursors enables the growth of
tilted (SbsSe) n ribbons and higher TC value for (hk1) planes.
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Figure 3. XRD spectra of Indium Tin Oxide (ITO) substrate and annealed Sbh,S; thin films (A-S1, A-S2 and A-S3)
fabricated with varying concentrations of reactants
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3.3 UV/VIS Spectrophotometer Analysis
The optical band gap energies of the Sh,Sz thin films were determined by analyzing their
ultraviolet-visible (UV-VIS) transmission spectrum within the wavelength range of 500 to 1100 nm.
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As shown in Figure 5, the observed very low transmission in both as-grown and annealed Sb,Ssz thin
films suggests that the fabricated films effectively absorb a significant portion of visible light (Chen
and Chen, 2020). The transmission spectra showed a shift towards shorter wavelengths in as-grown
Sh,S3 thin films, indicating wider band gaps compared to annealed films. The observed shift towards
shorter wavelengths after annealing is likely due to improved crystallinity and a reduction in defects,
leading to a change in the electronic band structure. Optical band gaps of the Sh,Sz thin films were
determined using Tauc equation, ahv = A(hv — E;)*/2, where o is the absorption coefficient, hv is
the photon energy, A is a constant, and Eg is the optical band gap. The bandgaps of the films were
obtained through extrapolation of the linear portions of the (ahv)? versus (hv) plots (Figure 6). As-
grown films had optical band gaps of 2.13 eV (AG-S1), 2.08 eV (AG-S2), and 2.04 eV (AG-S3),
while annealed films had band gaps of 1.67 eV (A-S1), 1.69 eV (A-S2), and 1.68 eV (A-S3). The
optical band gap values obtained in this work are consistent with previously published results (Liu et
al., 2016; Chen and Chen, 2020). In summary, optical characterization showed that the band gaps of
the Sh,Ss films are not significantly affected by molarities of precursors, and films with suitable band
gaps can be obtained via the hydrothermal method.
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Figure 5. Transmission spectra of a) as-grown and b) annealed Sh,Ss thin films with varying concentrations of the
reactants
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4. CONCLUSION

This study employed hydrothermal deposition to fabricate Sh,Szthin films on ITO coated glass
substrates. The influence of antimony potassium tartrate (CgHsK2012ShoexH20) and sodium
thiosulfate pentahydrate (Na>S203°5H20) concentrations in the precursor solution was examined.
Morphological, structural and optical properties of the films were investigated through SEM, XRD,
and UV-visible spectroscopy. Top-view SEM images revealed a consistent presence of spherical
particles on the surface of synthesized Sh,Ss samples, while cross-sectional SEM indicated
continuous film formation. However, hollow cone-like structures were observed growing within
inter-particle voids in samples A-S1 and A-S2, which were synthesized with higher S and Sb source
concentrations. This was potentially due to surface energy minimization within the voids. Low
reactant concentration yielded compact and uniform surface. The preferred orientation of Sb,Ss3 films
was also found to be highly sensitive to concentrations of the reactants. It was observed that films
synthesized with higher Sb and S concentrations displayed a preference for (hk0) orientation, whereas
those synthesized with lower concentrations exhibited a preference for (hk1) orientation. Optical
characterization showed that the band gaps of the films were not significantly affected by molarities
of precursors, and films with suitable band gaps can be obtained via the hydrothermal method. The
synthesis of Sb»S3 films with a suitable band gap, compact surface morphology, and (hk1) preferred
crystallographic orientation was successfully accomplished utilizing a precursor solution containing
20 mM antimony potassium tartrate and 120 mM sodium thiosulfate pentahydrate. To summarize,
the reactant concentration significantly influences Sb,Ss film properties, making careful control
essential for achieving consistent and desired outcomes. It is expected that these findings hold
promise for the development of efficient and cost-effective Sh,Sz-based solar cells.
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and corrosion, hence prolonging the lifespan of the materials. Moreover, implementing this
technology provides novel methods for attaining energy efficiency and environmental sustainability
objectives. This research introduced a composite material formulated with calcium stearate (CS) and
epoxy, designed as a coating solution to enhance hydrophobic qualities on surfaces. This technique
is intended to create a formulation that integrates the water-repellent characteristics of CS with the
structural resilience of epoxy for application on various surfaces. The contact angle of the composite,
derived from adding CS into epoxy at concentrations of 1%, 2%, 4%, 6%, 8%, and 10% by weight,
was assessed against pure water. Neat epoxy has a hydrophilic structure with a contact angle of 70.5°,
whereas the composite containing 8% CS demonstrates the highest hydrophobicity, with a contact
angle of 117.5°. Furthermore, adding CS led to a decrease in Shore D hardness values.
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1. INTRODUCTION

Today, due to their water resistance, corrosion resistance, and antifouling properties,
hydrophobic coatings have become necessary and have a wide range of uses. Calcium stearate (CS)
has found a place in many studies in this context due to its hydrophobic properties. CS is a water-
insoluble metallic stearate salt formed by the combination of stearic acid and calcium ions. It is
frequently used in industry as anti-wear, plastic stabilizer, water-repellent additive and surface
coating additive (Wang et al., 2020; Li & Yao, 2011). In a study where it was used as a PVC additive
due to its high thermal stability, it was stated that CS delayed thermal degradation and preserved the
structural integrity of the polymers (Wang et al., 2020). In addition, it has been observed that when
used in cement and concrete-based building materials, CS reduces the water absorption rate by
reducing the number of pores in the structure and thus increases the resistance to external factors in
the long term (Maryoto, 2017; Chen et al., 2022; Lv et al., 2022). However, its use in high-
performance polymer matrices like epoxy, especially at the micro-scale level, remains limited and
underexplored.

Due to its low surface energy, CS exhibits hydrophobic properties. When used as a coating, it
increases the contact angle against water and, therefore, the water resistance. In a study, nano-sized
CS-added coatings were prepared via a single-step dipping method, and contact angles of over 150°
against water were obtained (Bai et al., 2023). In the same study, it was revealed that the mentioned
coatings maintained their hydrophobicity for a long time (Bai et al., 2023). Superhydrophobic
coatings containing CS have high resistance to thermal shock, organic solvents, and UV rays (Bai et
al., 2023). It has been observed that the coated surfaces retain their hydrophobic properties even after
100 times of sandpaper abrasion and 300 times of tape peeling test. Therefore, it has been suggested
that CS can be used in the production of low-cost and environmentally friendly water-repellent
coatings (Bai et al., 2023). However, most literature focuses on nano-structured additives or chemical
surface modifications to achieve hydrophobicity in epoxy systems. For example, Chen et al. (2024)
showed that the contact angle increased from 60.43° to 114.66° by adding 0.89 wt% GO, significantly
improving the corrosion resistance.

Ari (2025) evaluated epoxy composites filled with ignimbrite and pine waste and found that the
contact angle increased up to 113.79°, while mechanical properties decreased with increasing filler
content. These findings highlight the need for studies that optimize both hydrophobicity and
mechanical integrity, particularly with industrially relevant micro-fillers like CS.

CS is applied with different methods to provide a hydrophobic surface for different materials.
When added to concrete mixtures, it increases the material's service life by reducing the water
absorption rate and chloride ion penetration (Chen et al., 2022). In the study, it was shown that the
optimum ratio of CS used as an additive at different rates was 4% and that when used at this rate, it
significantly reduced the water absorption rate (Chen et al., 2022). It has been suggested that when
3% CS is added to ultra-high molecular weight polyethylene (UHMWPE), the dry wear resistance of
UHMWPE increases by 4 times, the friction coefficient decreases by 1.2 times, and therefore it can
be used as a solid lubricant (Panin et al., 2015).

Epoxy resins are thermoset polymers used as matrix materials in protective coatings, structural
adhesives, and composite materials due to their high mechanical strength, chemical resistance, and
high adhesion properties (Xavier, J.R., 2020). Epoxy coatings are frequently used to protect metallic
material surfaces from corrosion. Epoxy coatings modified with various metal oxide nanopowders
greatly reduce water permeability and corrosion (Xavier et al., 2024). In addition, thin and porous
coatings may increase the contact of the substrate material with the water environment and negatively
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affect long-term durability. Therefore, different methods may need to be applied to increase the
hydrophobic properties of epoxies (Xavier et al., 2024). In one study, fluorine-based additives,
nanoparticles that increase surface roughness, and silicon-containing modifications were used to
increase the water repellency of epoxy-based coatings (Chang et al., 2022). In another study, as a
result of modification of ZIF-8 particles with DMBIM, the contact angle increased to 124.9°, and the
hydrophobicity of the coating and thus the corrosion resistance in acidic, basic, and salty
environments was significantly increased (Chen et al., 2025). In a study on epoxy composite coatings
produced with clay modification, it was observed that water permeability was reduced, and therefore,
the coatings maintained their long-term stability (Verma et al., 2024). Aparna et al. (2022) provide a
comprehensive review of superhydrophobic epoxy nanocomposites, detailing how fabrication
methods, surface roughness, and low-energy additives such as silica and carbon-based nanostructures
contribute to water repellency. However, these methods often require complex chemistry and high
costs. Doganci and Sevinc (2023) showed that epoxy coatings reinforced with stearic-acid-modified
alumina nanoparticles reached contact angles over 150° and demonstrated superior corrosion
resistance and surface roughness, especially on galvanized steel. This validates the relevance of
roughness-enhancing micro-fillers for practical applications.

This study aimed to investigate the effects of different amounts of CS addition to increase the
hydrophobic characteristics of epoxy surfaces. In the literature, it has been demonstrated that CS has
water-repellent properties in concrete and cement structures, but its effect on epoxy surfaces has not
been investigated sufficiently. Improving the hydrophobic properties of epoxy coatings can increase
corrosion resistance and extend the service life of coatings by reducing water absorption. In this
context, epoxy composites with CS additive were produced and their contact angle against water and
hardness were analyzed. The results of this study will contribute to the development of low-cost,
environmentally friendly, and high-performance hydrophobic surfaces. By evaluating CS content
ranging from 1 to 10 wt%, this study provides one of the first systematic efforts to quantify the
relationship between CS loading, hydrophobic response, and Shore D hardness in epoxy composites,
thus offering practical guidelines for material design and application.

2. MATERIALS AND METHODS

2.1 Materials

Epoxy is used as the matrix material and reinforced with CS to increase its hydrophobic
properties. MGS LR135/LH135 lamination epoxy set was provided by Dost Kimya
Company/Tiirkiye. According to the information received from the supplier company, the mixing
ratio of the resin LR135 and hardener LH135 is: 100:35 +2 g, and has a working time of 30-45
minutes, depending on the ambient temperature. Its density is 1.1-1.23 g/cm?®, and its viscosity is
1000-1500 mPas.

Melos Inc./Tiirkiye provided the CS 3701 particles. The company claims that CS3701 is
obtained from the reaction of stearic acid and lime: 2C17H3sCOOH + CaO — (C17H3sCOOQO) 2Ca +
H20. The appearance of the powders is white powder, and the melting point is 150,0 +2,0 °C.

2.2 Particle Size Distribution Measurements
Particle-size distributions of CS particles were determined using the dynamic light scattering
(DLS) method by a Malvern Mastersizer 2000 instrument, shown in Fig. 1 (Malvern Panalytical Co.,
UK), equipped with a dry measuring apparatus. First, the vacuum and compressed air flow were
started to clean the measuring system for about 2 minutes. Subsequently, an automatic background
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reset was executed while the airflow persisted. The dry sample was thereafter filled in the sample
section, and the sample feeding rate was augmented until the laser obscuration level attained 4-5%.
Subsequently, automatic measurements commenced, and the average values were taken by
conducting each analysis thrice.

Figure 1. Malvern Mastersizer 2000 particle size

alyzer instrume

2.3 Sample Preparation

Flat surface composite samples were prepared to measure contact angle against water and Shore
D hardness. Composite materials were produced with different CS additive ratios of 0%, 1%, 2%,
4%, 6%, 8%, and 10% by weight. First, the epoxy sample without additive was poured into the mold
after mixing the resin and hardener components in a 100:35 ratio by weight with a mechanical mixer
for 5 minutes. To prepare the CS-added samples, firstly, the powder CS particles in the determined
ratios were mixed with the resin component for 10 minutes. Then the resin-powder mixture was
mixed with the hardener for 5 minutes.

Composite samples were produced by pouring the epoxy mixtures into circular polyethylene
molds with a diameter of 25 mm. To prevent any effects from the mold surface texture on subsequent
measurements, the analyses were performed on the top surface of each composite, which was not in
direct contact with the mold material. The curing was performed in two steps, based on manufacturer
recommendations: initial curing at room temperature (approximately 23 + 2 °C) for 24 hours,
followed by post-curing at 80 °C for 30 minutes. During room temperature curing, the samples were
isolated from environmental pollutants by placing them inside a closed desiccator. After curing
processes, the sample surfaces were ground sequentially using sandpapers with grit sizes of 800,
1000, 1200, and 2000 and then polished with the 1 pm alumina solution. Before conducting
measurements, samples were thoroughly cleaned using aqueous detergent, followed by rinsing with
distilled water in an ultrasonic cleaner.

2.4 Surface Roughness (Ra) Measurements

The surface roughness (Ra) of the top surfaces has been assessed, where contact angles were
measured on free surfaces not in touch with the mold, as surface roughness significantly influences
the contact angle. The measurements were conducted using the Nanovea ST400 3D optical surface
profilometer (AnMo Electronics Corporation, New Taipei City, Taiwan). The profilometer is shown
in Fig. 2. The profilometer scanned the surface at a velocity of 5 mm/s throughout a 1 mm x 1 mm
region, and the measurement data were evaluated via MountainsMap software. The mean of five
measurements for each sample was recorded.
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{

Figure 2. The 3D Optical profilometer device is used in surface roughness (Ra) measurements

2.5 Contact Angle Measurements

The wettability (or conversely, hydrophobicity) of the samples was determined by contact-
angle (0) measurements using the sessile drop method at room temperature by a One Attension theta
optical goniometer (Biolin Scientific Co., Espoo, Finland). The device is shown in Fig. 3. Before
initiating 6 measurements, the surfaces of the samples were cleaned by washing with aqueous
detergent. Then, it was rinsed with distilled water. Finally, the cleaned samples were left to dry in a
vacuum oven at 60°C for 24 hours. Subsequently, the 0 measurement was started by settling about 5
uL of distilled water onto the sample using a Hamilton injector. The value at the 2" second after the
water drop was released onto the sample surface was recorded. The 6 measurements were taken from
three different points on the surface of each sample, and the values closest to the average were
recorded.

Figure 3. One Attension theta optical goniometer used for water drop contact angle measurement

2.6 Hardness Tests

5 hardness values were measured from the surface of each sample, and the average was
recorded. In this study, Shore D hardness measurements were conducted using a Shore D durometer
as per ASTM D2240, which is also commonly employed in polymeric and composite materials
research due to its reliability, ease of use, and wide industrial acceptance (Dinesh et al., 2020;
Ganapathy et al., 2021; James et al., 2020). Barcol hardness testing, while also could be preferred, is
more commonly applied to composite materials with fiber reinforcement (Ceritbinmez et al., 2021,
Ceritbinmez et al., 2022).
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3. RESULTS AND DISCUSSION

3.1 Particle Size Analysis
The d1o, dso, and dgo values (Fig. 3) show particle sizes, and 10%, 50%, and 90% of the sample
amount are smaller than these particle sizes, respectively. For example, dgo of the CS sample means
that 90% of the sample consists of particles with a size under 16.8 pm.

Volume, in (%)
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Cumulative volume, under (%)

P i iV el A A V7P .
0,1 1 10 100

Particle size (um)

Figure 4. Particle size distribution analysis of CS particles

Figure 4 revealed that the CS powder sample consisted of very fine-sized particles. Namely,
the particle size distribution varied uniformly between 0.5-60 um, and the deo value of the sample
was determined as 16.8 um. According to Figure 4, the particles constituting the CS powder were
mostly concentrated around the 6 um size. Thus, the average particle size of the sample can be
expressed as approximately 6 um. The dso value of the sample, being 5.88 um, is also an indication
of this. In addition, the CS powder sample has a narrow size distribution at the medium scale, as can
be seen from the low slope of the cumulative undersize curve. As a result, according to the particle
size distribution data, it can be said that the CS sample can form topographically homogeneous
dispersions with epoxy-like resins under appropriate conditions.

3.2 Hydrophobicity of Composites

The hydrophobic characteristics of epoxy were assessed by measuring the contact angles of the
specimens produced with water, utilizing various ratios of CS additives (0%, 1%, 2%, 4%, 6%, 8%,
and 10%). Due to its effect on contact angles, the surface roughness of the composites was measured
and is shown in Table 1. Fig. 5 depicts the effect of different CS additions on contact angles. The
contact angle of pure epoxy with water is shown in Fig. 5(b), and the angle of 70.5° indicates that it
has a hydrophilic structure. Generally, surfaces with a contact angle below 90° are termed
hydrophilic, while those above 90° are termed hydrophobic (Ma et al., 2007). Due to CS's low surface
energy, it exhibits hydrophobic properties (Bai et al., 2023), and the contact angles have significantly
increased with the addition of CS (Fig. 5). With a 1% CS addition, the contact angle increased to
104.7°, followed by small fluctuations in contact angles at 2%, 4%, and 6% (101.5°, 102.0°, and
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107.9°, respectively). The maximum contact angle attained was 117.5° using 8% CS. Despite
anticipating an increased contact angle with the addition of 10% CS, the contact angle marginally fell
to 112.5°, likely due to agglomeration effects. The reduction in contact angle with a high CS content
ratio may be related to pore formation resulting from the epoxy's inadequate wetting of CS particles
with low surface energy in specific regions.
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Figure 5. Contact angle measurement results against water (a) the graph illustrating the variation of contact angles with
water with different CS ratios, and contact angles of specimens with (b) 0%, (c) 1%, (d) 2%, (e) 4%, (f) 6%, (g) 8% and
(h) 10% CS additions

A study on coatings using CS nanoparticles found contact angles of 150° against water,
indicating good mechanical durability and resistance to UV radiation, thermal shock, and organic
solvents (Bai et al., 2023). Similarly, adding CS to cement and concrete lowers the amount of water
that can penetrate structures and the amount of chloride ions that can get in (Chen et al., 2022; Lv et
al., 2024).

It has been demonstrated in various studies that the hydrophobic properties of epoxy can be
enhanced using different methods. It has been reported that the contact angle of epoxy surfaces
modified with ZIF-8 and DMBIM increased to approximately 124.9°, and the corrosion resistance in
harsh environments such as acid, alkali, and saline water was significantly improved (Chen et al.,
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2025). Additionally, the use of nanoparticles such as clay-modified silico-graphitic carbon (Verma et
al., 2024), graphitic carbon nitride, and manganese dioxide (Xavier et al., 2024) has improved the
hydrophobicity and mechanical properties of epoxy surfaces.

3.3 Hardness of Composites

In order to observe the effect of CS additives on the mechanical properties of epoxy, Shore D
hardness values of the samples were examined. While the hardness of neat epoxy is 89.5, the hardness
of the composite with 1% CS additive is 89.6, and these two values are quite close. However, as can
be seen in Fig. 6, the Shore D hardness values of the composites with 2% or more CS additives are
visibly lower. Especially after adding 4% CS, the hardness value (approximately 70.9) significantly
fell below the hardness value of pure epoxy. At the 6% and 8% ratios, the hardness decreased to
approximately 61.3 and 63.7, respectively, while at the 10% ratio, it slightly increased again to
approximately 69.4.

The general mechanical properties and hardness of epoxy resins are directly dependent on the
type, amount, and distribution of fillers added to the polymer matrix (Pham & Marks, 2002). It is
stated that if the filler materials show a homogeneous distribution within the polymer matrix, the
mechanical properties will improve. However, the addition of high amounts of filler materials acts as
a defect in the structure and negatively affects the mechanical properties (Zhou et al., 2008; Panin et
al., 2015). CS is a material with low surface energy and may not have been wetted enough in some
areas when mixed with epoxy. In this case, it is possible that the dry areas were trapped in the structure
during the curing of the epoxy and caused the hardness to decrease by creating voids after full curing.
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Figure 6. Shore D hardness values of neat epoxy and Epoxy-CS composites

Panin et al. (2015) state that the hardness values decrease with the high addition of CS to the
UHMWRPE matrix, and this situation is due to the soft structure of CS (Panin et al., 2015). The
reduction in hardness with increased CS concentration aligns with findings reported by Zhou et al.
(2008), who studied carbon nanotube-epoxy composites. They observed that particle agglomeration
at higher filler ratios resulted in stress concentration points within the epoxy matrix, which facilitated
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early crack initiation and subsequent mechanical failure. This perspective is additionally corroborated
by prior research that highlights the essential function of filler dispersion in mechanical
reinforcement. Onuegbu and Igwe (2011) examined polypropylene composites filled with snail shell
powder and found that larger filler particle sizes, along with increased agglomeration, led to
diminished hardness values due to decreased interfacial adhesion and stress transfer. Dinesh et al.
(2020) similarly reported that jute fiber-epoxy composites reinforced with coarse rosewood dust
demonstrated lower Shore D hardness than those with fine Padauk wood dust, a phenomenon
attributed to inadequate dispersion and the creation of filler agglomerates that functioned as weak
points within the matrix. These data validate the correlation identified in our study between filler
agglomeration and diminished hardness, highlighting the necessity of attaining a uniform filler
distribution to preserve the integrity of the composite structure.

Similarly, our results suggest that at elevated CS concentrations, agglomerated particles and
associated void formation likely created structural heterogeneities within the epoxy matrix, thus
leading to a noticeable decrease in hardness. The decreasing trend of hardness values in our study
confirms this literature information. It is thought that the homogeneous distribution of particles is
optimal in the sample with 1% addition, where the hardness is highest. However, with the increase in
the CS ratio, the agglomeration of particles increases, leading to the formation of non-homogeneous
regions within the matrix and a decrease in hardness. The slight increase in hardness at the 10% ratio
may be the result of different structural changes caused by the higher filler content, but it is still quite
low compared to the hardness of the sample containing 1% CS.

Table 1. Surface Roughness (Ra), Shore D Hardness, and Contact Angle Values of the Composite Samples

Sample Ra Shore D  Contact Angle (°)
0% 0.177 89.5 70.47

1% 0.166 89.6 104.7

2% 0.176 85.2 101.46

4% 0.178 70.9 102.01

6% 0.157 61.3 107.93

8% 0.195 63.7 117.45

10% 0.245 69.4 1125

4. CONCLUSION

The findings of the hydrophobicity and hardness assessment of composites created by
incorporating CS particles in varying proportions into epoxy resin are detailed below:

e The size range of CS particles used in the study is narrow, at around 6 um. The homogeneous
size distribution shows that CS particles are suitable for homogeneous dispersion in the
epoxy matrix.

e Pure epoxy exhibited a hydrophilic property with a contact angle of approximately 70.5°.
With the addition of CS, the water contact angles of epoxy composites increased
significantly, and maximum hydrophobic properties were obtained (117.5° with 8% CS).
However, a slight decrease in the contact angle (112.5°) was observed with the addition of
CS at higher rates (10% CS), which is thought to be due to the agglomeration of particles
and the pores formed in the epoxy matrix.
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e Low rate (1%) CS additive did not create a visible difference in the hardness of the epoxy.
However, when 2% and higher rates of CS were added, a significant decrease was
experienced in the hardness values, especially at 6%, where hardness decreased to 61.3. This
situation is attributed to the difficulty of the homogeneous distribution of CS particles in the
matrix at high rates and the decrease in mechanical performance caused by agglomeration.

The results of this study reveal that calcium stearate additives should be kept at an optimum level
in epoxy matrices. It is recommended to use CS at low rates, such as 1-2%, to increase both
hydrophobic properties and preserve mechanical properties. The use of higher rates should be
evaluated carefully, as they may have negative effects on mechanical properties
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1. INTRODUCTION

Mobile cranes are work machines used to carry heavy loads to the desired location. The ability
to meet the desired function and the safe operation of the crane depend on the designs before
manufacturing. Analytical calculations in large structures can take a long time to be calculated due to
hyper-static situations, and therefore, more practical and accurate evaluations can be made by
performing analyzes using the finite element analysis (FEA). While evaluating the safe operation of
cranes, fatigue life in terms of general structure is as important as working under static loads (Lu et
al., 2014). Especially in mobile cranes, more occupational accidents and loss of life can be
experienced compared to other crane types (Al-Humaidi and Tan 2009, Im and Park 2020). Many
studies have been conducted on the most important causes of these accidents and loss of life (Cheng
and Teizer 2014, Shin 2015, Raviv et al., 2017, Sadeghi et al., 2021). As stated in many studies, the
design, analysis and calculations of mobile cranes are important for manufacturers due to the high
number of work accidents and the effects of crane manufacturers. For this reason, it is especially
important to make correct fatigue life calculations of welded joints.

The use of high-strength steels with high yield strength can be preferred both for obtaining a
more reliable structure and for obtaining lighter structures. With the development of material
technology, steels up to 1500 MPa yield strength can be used (Esterl et al., 2019). Steels with very
high yield strength, called ultra-high strength fine grained structural steels, can also provide sufficient
material toughness (Berg and Stranghoéner 2016). With the selection of ultra-high-strength materials,
greater load carrying capacity can be achieved with smaller and lower weights. Currently, studies are
ongoing to evaluate the fatigue life of welded joints in ultra-high strength steels such as S960 material
and to develop 1IW recommendations (Ahola et al., 2024, Ahola et al., 2025, Xu et al., 2025).

Generally, the structures with the lowest fatigue life are the welded joints. In welded joints,
many parameters such as voltage, current, feed rate, shielding gas, filler wire, environment conditions
and weld geometry can affect the microstructure of the heat affected zone (HAZ). These parameters
also can affect the phase formed in that area with the weld cooling (Gaspar 2019, Moravec et al.,
2019, Mician et al., 2020). Therefore, the selected parameters can affect the safety of the structure
under static and dynamic loads (Tsutsumi et al., 2022).

In this study, destructive tests were carried out for welded joints and the selected welding
parameters and the mechanical properties of the material were determined for evaluation as a result
of FEA. As a result of a mobile crane design, the welded joints with the lowest fatigue life were
examined using the structural hotspot stress approach, under the scenario created by performing FEA.
Suggestions have been made for the evaluation of welded connections, especially in complex
structures. By evaluating the studies conducted in the literature, fatigue life estimations have been
made according to the recommended FAT classes in critical regions in complex structures. In
addition, hardness measurement tests have been carried out to emphasize the importance of the
hardness of the HAZ regions in welded structures. Although similar methodologies exist, the
integration of hotspot stress analysis and destructive validation in mobile crane structures using UHSS
materials remains underrepresented in literature.
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2. MATERIALS AND METHODS

2.1 Creating a Finite Element Model

Having too many parameters that can affect the life of the structure in welded joints can cause
many uncertainties during the evaluation phase. While estimating fatigue life in welded joints
according to IIW (Hobbacher 2016) and Eurocode 3 standards, it is assumed that appropriate
selections are made for welding parameters, selections are made according to fatigue strength class
(FAT) tables according to weld type, shape and shapes, and life cycles are calculated according to S-
N curves (Berg and Stranghoner 2014, Fustar et al., 2018, Pamuk and Durgutlu 2018, Akyildiz et al.,
2021, Gok and Baltact 2021). While evaluating the results of FEA, there are approaches such as
nominal stress method, structural hotspot stress method, effective notch method (effective notch) and
fracture mechanics method (Paris law) (Sonsino et al., 2012, Niemi et al., 2018). As shown in Figure
1, according to the complexity of the structure, the method chosen and the accuracy rate and effort
vary.

Accuracy

Linear Elactic Fracture Mechanics (LEFM)

Effective notch methog

Structure Complexity
Figure 1. Accuracy-structure complexity according to fatigue evaluation approaches (Ozden et al., 2022)

Solidworks, the computer-aided design software for the mobile crane, and Ansys, the FEA
software, were used for the design and analysis processes. After all processes are completed, the
production phase begins. Figure 2 shows the mobile crane, whose final design has been completed
after analysis and improvements. In this study, the structures on the truck chassis were examined.

Figure 2. Mobile crane design
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Figure 3. Analysis model classifications

For the analysis made for the upper group of the vehicle chassis, it is divided into groups as
vertical boom, main boom and booms. Extension booms are classified as 1st, 2nd, 3rd..., 8th boom.
With these classifications indicated in Figure 3, evaluations were made according to the results of the
analysis.

Analyzes were made according to the specified scenarios and the results were evaluated
according to the criteria described under the heading of design criteria in the DIN EN 1993-1-8
standard. For the stresses occurring in the weld seam, the static load and fatigue calculations
according to the scenario applied depending on the static load were made according to 1IW and EN
1993 standards.

In the finite element network of the analyzed model, 452775 elements and 689069 nodes were
used. Quadratic mesh types are preferred in order not to cause shear locking and hexagonal mesh
types are preferred in order to obtain more accurate results. While preparing the finite element mesh,
the quality of the mesh structure was increased by making necessary corrections according to the
skewness values. The skewness criteria refer to the deviation from the ideal element shape (equilateral
triangle and square in 2 dimensions). The skewness quality value for the analyzed model is 0.25 on
average and the skewness standard deviation value is 0.20. According to the element quality
evaluation criterion, an average value of 0.85 was determined.

Since the model consists of more than one part, the contact definitions of the parts are made.
Among these definitions, there are bonded and no separation contact definitions, and as stated in the
introduction, they are linear contact definitions. In joint definitions, fixed, cylindrical, revolute joint
properties are defined according to the degree of freedom. Flexible is defined instead of rigid in joint
definitions and definitions closer to reality are obtained. All definitions are defined linearly and since
the material properties are below the yield strength, they are defined linearly. As a scenario, analyses
were performed in the horizontal position of the crane where maximum stresses occur. Other
kinematic configurations were not examined because they were less stressed. Boundary conditions
were defined from the feet in contact with the ground. If there are forces in the sliding direction,
definitions were performed with remote displacement instead of fixed joint. In addition, joint
definitions are used to model the behavior of the structure in various regions. Elastic properties of
materials are considered important because linear analysis is performed in the analysis. While
preparing the analysis model, sheet metal parts were converted into shell parts. Radius, chamfer, hole,
tooth, wedge, etc., which will not be used as a reference in the analysis model, which has no effect
on the analysis of sheet metal and solid parts. geometry has been removed from the model. Machine
elements, hydraulic, electrical, electronic, etc., which will not be examined structurally. hardware has
been removed from the model. The effects of the components that will affect the results of the analysis
in terms of mass properties, although they will not be examined structurally, are included in the
analysis with various definitions.

2.2 Criteria for Finite Element Analysis Results
For the designs made, the geometric and loading conditions specified for the scenarios and the
analysis results were evaluated, and the regions with a safety factor above 1.5 were determined as
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safe zones. Analyzes were made according to different scenarios and the results were evaluated
according to the normal stress and shear stress criteria in the DIN EN 1993-1-8 standard. For unsafe
areas, the design in that area has been improved and more efficient designs have been obtained for
resistance to load. In Equation 1,2,3, the criteria for shear stress, normal stress and equivalent stress
according to EN 1993-1-8 were evaluated as a result of FEA, and design or material changes were
made.

fvw,d < fu /\/5 (l)
ﬂwymZ
. 09f, 2
' ymZ
f
0, S @)

vonmises — ,B
W7/m2

While evaluating the structural stress method, stress values can be taken from 2 or 3 points and
hotspot stresses can be determined (Hobbacher 2016). The hotspot stress is calculated with Equation
4 by taking the stress values from 2 points according to the maximum 0.5.t (thickness) fine mesh size
value and applying extrapolation. In Equation 5, hotspot stress is calculated by quadratic extrapolation
from 3 points. The calculated hotspot stress values are calculated by determining the FAT class, and
the fatigue life (N) is calculated by finding the maximum and minimum hotspot stress difference
(Achs) with the formulation created according to the S-N curve in Equation 6.

oy =1.670,, —0.670, (4)
s = 2520, 4 — 2.240,, +0.720, ,, (5)
Aot =N.C (6)

2.3 Materials Used in Welded Joint Production

For welded joints, there are many factors that can affect the mechanical properties after
processing during production and may cause discontinuity in the weld pool. Preheating, interpass
temperature, shielding gas selection, voltage, current etc. These choices greatly affect the mechanical
properties of the welded joint. Destructive tests should be performed in order to determine the
mechanical properties according to the selection of these parameters. Finite element analysis results
should be evaluated according to the mechanical properties of the structure to be produced,
determined as a result of the tests.

S960QL and S690QL ultra high strength steels are preferred for base material and workpiece
in welded joints. For the welding filler material, filler material-1 (FM-1) in S960QL steel and filler
material-2 (FM-2) in S690QL steel was preferred. Destructive tests were performed to verify the
parameters. The chemical compositions of the materials used are indicated in Table 1.
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Table 1. Chemical compositions of used materials, wt %

C Si Mn Cr Ni Mo Ceq

S960QL 0.17 0.22 1.24 0.2 0.06 0.599 0.54

S690QL 0.13 0.27 1.19 0.25 0.05 0.151 0.41
FM-1 0.081 0.8 1.75 0.41 2.22 0.533
FM-2 0.089 0.53 1.54 0.26 1.23 0.24

In order to determine the preheating values of the materials used in welded joints, Ceq (Carbon
Equivalent) values were calculated according to the chemical composition values. Preheating value
was preferred for t8/5 time, in which bainitic phase formation was preferred after welding. This
process affects the hardness of the weld bead, the heat affected zone (HAZ) and the base material.
Hardness and mechanical properties are checked for compliance with tests performed according to
the selected welding parameters. At the end of the tests, it was concluded that it is suitable if the
hardness values are less than 350 HV and the yield strength value is at least 960 MPa.

2.4 Proposed Method

In finite element analysis, the solution time of large and complex structures can take a very long
time. While preparing the analysis model, geometries that will affect the results at a very low level
and negatively affect the mesh structure should be removed. Depending on the number of nodes and
elements of the network structure, solution time can take a long time. The use of shell modeling
instead of solid modeling also affects the solution time, as it will cause great changes in the number
of nodes and elements in the network structure. Therefore, in finite element analyzes of machines
with large and complex structures such as mobile cranes, geometries that will affect the results should
be simplified, and linear definitions should be preferred in shell modeling and material, connection,
geometry settings.

Before performing the FEA of the structure, preference should be made for welded joints
according to the 4 different approaches indicated in Figure 1. The most accurate results can be
achieved with the linear elastic fracture mechanics approach, but it can take a very long time in large
and complex structures. For large and complex structures such as mobile cranes, the structural hotspot
stress approach may be preferred as in this study. In this way, works that may take a long time before
production can be completed in a shorter time with the choices made.

The mechanical properties evaluated for the critical weld regions determined as a result of FEA
and the welding parameter can change after production. It was recommended to prepare welded joint
specimens according to the specified parameters, perform destructive tests, and evaluate them
according to the determined mechanical properties, especially for FEA in the welding of ultra-high
strength steels.

The studies in the literature for weld T joints, the study called 1D Ped1 (Pedersen et al., 2010),
the study called ID Gal2 and ID Gall (Galtier and Statnikov 2004), the study called ID Stal (Statnikov
et al., 2004), and the 1IW recommendation (Hobbacher 2016) results are shown in Figure 4. In these
studies, the material of the welded joints was not taken as a basis and the results were shared in
general. In addition, there are many studies that were developed by comparing according to 11W
recommendations (Zhu et al., 2022, Fass et al., 2023, Baumgartner et al., 2024).

The studies in the literature for weld T joints, the study called ID Pedl (Pedersen et al., 2010),
the study called ID Gal2 and ID Gall (Galtier and Statnikov 2004), the study called ID Stal (Statnikov
et al., 2004), and the IIW recommendation (Hobbacher 2016) results are shown in Figure 4. In these
studies, the material of the welded joints was not taken as a basis and the results were shared in
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general. In addition, there are many studies that were developed by comparing according to W
recommendations (Zhu et al., 2022, Fass et al., 2023, Baumgartner et al., 2024).
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Figure 4. Hotspot stress method fatigue test results for T joints in the literature

63 test results were taken from the studies in the literature and curves were created according
to 50%, 97.7% and 2.3% probability distributions as shown in Figure 4. FAT 109 was determined
according to 97.7% probability distribution, FAT 265 was determined according to 2.3% probability
distribution and FAT 170 was determined according to 50% probability distribution. Standard
deviation was determined as 147.01 according to stress range values. Since FAT 109 class will obtain
higher conversion values than FAT 100 class, which is one of the IIW recommendations, according
to 97.7% probability distribution, FAT 100 or lower classes are recommended for more conservative
results.

3. RESULTS AND DISCUSSION

FEA of the structure was carried out and critical points were examined. The most critical
regions were evaluated from the extension booms, vertical boom and main boom groupings. They
were named region under investigation (RUI), and critical areas were named RUI-1 in the vertical
boom group, RUI-2 in the main boom group, and RUI-3,4,5 in the extension boom group. The
analysis results of the general structure and these regions are shown in Figure 5.

Figure 5. General structure analysis results and RUI regions
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RUI regions and FAT classes were determined in detail and according to 1IW. While making
FAT classifications for the RUI-1 region, single-sided corner welding type was selected in the vertical
boom group and FAT 90 class was selected according to the structural stress method. The same weld
type is selected in the welded region in the RUI-2,3,4,5 regions. FAT 100 class was selected from the
nominal stress structural stress method tables according to the double-sided beveled type called K
butt weld. In Figure 6, the regions examined for FAT classifications are indicated with a red ellipse.

(€)

Figure 6. Analysis results for FAT classifications of welded joints (a) RUI-1, (b) RUI-2, (c) RUI-3, (d) RUI-4, (e) RUI-
5

Stress values were taken up to 60 mm distance by taking the weld end of the examined critical
welded joints as reference. The hotspot stresses of the regions were determined to estimate the fatigue
life. Maximum principal, von-Misses and shear stress values are shown in Figure 7, and according to
the results, the region with the highest maximum principal stress value is the RUI-3 region, and the
hotspot stress was found to be 527.54 MPa. It can be seen that a horizontal graph is obtained in the
RUI-2 region and the hotspot stress was found to be 246.28 MPa. The hotspot stress of the RUI-1
region was found to be 274.27 MPa. The hotspot stress of the RUI-4 region was found to be 250.43
MPa. The hotspot stress of the RUI-5 region was found to be 261.87 MPa.
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Figure 7. RUI regions stress results (a) Maximum principal stress (b) Equivalent (von-Misses) stress (c) Shear Stress

The hotspot stress values for the maximum principal stress determined by the structural stress
method are used for fatigue life estimation. While estimating the fatigue life, the minimum stress is
assumed to be 0 MPa and harmonic loads are assumed. In this case, the stress range is equal to the
hotspot stress. In Figure 8, the S-N curve is drawn for the FAT classes determined according to the
RUI regions. These FAT S-N curves have a probability accuracy of 97.7% relative to 11W. According
to the results, 70877 cycles were found for the RUI-1 region, 97938 cycles for the RUI-2 region and
13665 cycles for the RUI-3 region, 251647 cycles for the RUI-4 region, 82954 cycles for the RUI-5
region. Since the results were above 10000 cycles, it was accepted in terms of fatigue life. In the
production of RUI welded joint zones, for which fatigue life was estimated according to the results
of FEA, the selected welding parameters can affect the mechanical properties of this zone.
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Figure 8. Fatigue life results according to S-N curves and hotspot stress range of RUI regions

Therefore, destructive tests were carried out according to the determined parameters in the
critical welded joints examined by FEA and their mechanical properties were determined. In this
study, welded joint design was carried out within the RUI-1,2,3,4,5 regions, specimens were prepared
according to the parameters and destructive tests were carried out. S960QL, an ultra-high strength
fine grain structural steel, was selected for RUI-1 zone materials and S690QL for RUI-2,3,4,5 zone
materials. These selections were made according to the criteria that provide the safety criteria of EN
1993-1-8 for the equivalent stress values coming to that region. M21 (80% Ar + 20% CO2) group
shielding gas was selected with a flow rate of 12 lt/min for MAG welding in order to provide the
penetration depth value and to protect it from the harmful effects of the atmosphere. For faults that
may occur due to unforeseen reasons, ultrasonic, magnetic particle and penetration non-destructive
tests (NDT) were performed after welding to prevent discontinuities that may occur in the weld seam.
1.2 mm filler material was used and welded according to 100 C° preheat and 200 C° interpass
temperature. Table 2 specifies the welding parameters for the welded joint specimens prepared for
destructive testing at the RUI sites.

Table 2. Chemical compositions of used materials, wt %

Specimen | U Vsp Heat Input
[A] [V] [mm/s] [kJ/mm]
RUI-1-1. pass 250 26 ) 1.04
RUI-1-2. and 3. pass 200 25 5 0.8
RUI-1-4. pass 200 25 5.83 0.69
RUI-2,3,4,5-1. pass 240 24 5.84 0.82
RUI-2,3,4,5-2. pass 240 24 5 0.96

Hardness measurements of base metal, HAZ and weld zones were made and evaluations were
made. It was ensured that the hardness of 350 HV remained in all specimens. In Figure 9 weld seam
design in images (a) and (b) for RUI-1, macro images in images (c) and (d) and ways for hardness
measurement are indicated. In the RUI-2,3,4,5 regions, the base material and workpiece thicknesses
are the same and are 10 mm. In Figure 9, weld seam design in images (e) and (f) of RUI-2,3,4,5
regions, macro images in images (g) and (h) and ways for hardness measurement are indicated.
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Figure 9. (a) RUI-1 base material and workpiece 30 mm, (b) RUI-1 weld seam number of passes, (c) RUI-1 weld seam
macro view, (d) RUI-1 hardness measurement path, (e) RUI-2,3,4,5 base material and workpiece thicknesses, (f) RUI-2

and RUI-3 weld seam design, (g) RUI-2 and RUI-3 weld seam macro view, (h) RUI-2,3,4,5 path for hardness
measurement

The hardness measurements taken from the base metal, HAZ and weld zones according to the
paths in Figure 9 (d) and (h) are shown in Figure 10. The maximum hardness for RUI-1 was found to
be 349 HV in the weld zone. In RUI-2,3,4,5, the maximum hardness was found to be 292 HV in the
HAZ region. These hardness values realized in UHSS materials are found to be suitable because they
are below 350 HV.
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Figure 10. Hardness measurements for (a) RUI-1, (b) RUI-2,3,4,5 fatigue life results according to S-N curves and hotspot
stress of RUI regions

Statistical results of hardness measurement tests performed for all critical regions are given in
Table 3 and Table 4. While L1 measurement values were higher in RUI-1 tests, L1 measurement
values were determined to be lower in other measurements. Standard deviations were determined to
be 17.46 in RUI-1 measurements and 8.97 in L1 at the highest and 8.97 in other measurements. This
situation was interpreted as being related to multiple passes and cooling times.
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Table 3. RUI-1 statistical results

Standard

Measure Mean . Variance Minimum Maximum RMSE
Deviation
L1 261.07 17.46 304.91 239.00 291.00 7.82
L2 257.13 15.41 237.54 238.00 283.00 5.88
L3 252.20 13.12 172.20 237.00 274.00 5.46

Table 4. RUI-2,3,4,5 statistical results

Measure Mean Star?da}rd Variance Minimum Maximum RMSE
Deviation
L1 319.87 8.97 80.51 302.00 336.00 7.99
L2 324.53 11.81 139.41 309.00 350.00 5.85
L3 324.13 10.36 107.35 308.00 342.00 6.08

While evaluating the welded joint area in the FEA, the yield strengths were taken as 960 MPa
for RUI-1 and 690 MPa for RUI-2,3,4,5. As a result of the destructive tests, the mechanical properties
and yield strengths were found to be 1050 MPa for RUI-1 and 730 MPa for RUI-2,3,4,5. Tensile
strengths were found to be 1080 MPa for RUI-1 and 800 MPa for RUI-2,3,4,5. According to the
destructive test results, it was found to be more positive than the mechanical properties evaluated in
the FEA, and the welding parameter selections were deemed appropriate for production. Weld seam
design was made for the critical welded connection areas determined by FEA and it was found to be
suitable for the production of mobile cranes as a result of destructive tests. As a result of the
calculations, destructive tests and FEA evaluations, ultra-high strength steel was selected and the
mobile crane machine was produced. With the calculations made according to 1IW and EN 1993 in
welding joints, it was concluded that the structure is safe. It is predicted the discontinuities that may
occur in the weld seam due to such as cold cracks, porosity and slag inclusions will be detected by
NDT tests and a smooth weld seam will be provided.

4. CONCLUSION

UHSS steels can provide high strength of the structure and reduce their weight by improving
them with FEA of the structure in which they were used. Parameters such as voltage, current,
preheating, interpass temperature and shielding gas determined in the welded joints of UHSS steels
affect the mechanical properties after welding. Since there is no analytical formulation of the
parameters, they are examined by experimental studies. In this study, after evaluating the FEA,
destructive tests of the critical welded regions were carried out and their mechanical properties were
checked. With this evaluation approach, the effects of welding parameters for production after the
design process were determined.

In this study, UHSS steels were preferred in critical welded areas of the crane. The critical
welded junction sites were investigated with FEA and were named as RUI-1, RUI-2, RUI-3, RUI-4,
and RUI-5 as a result. RUI regions were investigated using the structural hotspot stress method
approach. Static and dynamic FEA were performed and improvements were made to meet the safety
criteria according to Equation 1, Equation 2 and Equation 3. Due to the high axial force and moment
in the RUI-1 region, 30 mm thickness was selected and S960QL material was chosen. For RUI-2 and
RUI-3 regions, evaluations were made by choosing S690QL steel. By determining the design that
provides the safety, the hotspot stresses were calculated according to the maximum principal stress
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values in the final design, 274.27 MPa for the RUI-1 region, 246.8 MPa for the RUI-2 region, and
527.54 MPa for the RUI-3 region, 250.43 MPa for the RUI-4 region, 261.87 MPa for the RUI-5
region. It was made according to the hotspot stresses in the S-N curves of the FAT class selected
while estimating the fatigue life. According to I1W recommendations documents, FAT 90 class was
chosen for RUI-1 and FAT 100 class was selected for RUI-2 and RUI-3. For dynamic stresses, the
hotspot stress range was calculated by assuming harmonic loads and determining the minimum
hotspot stress of 0 MPa.

Fatigue life was estimated according to the hotspot stress range in the S-N curves of the FAT
classes and it was found 70877 cycles for RUI-1, 97938 cycles for RUI-2 and 13665 cycles for RUI-
3, 251647 cycles for RUI-4, 82954 cycles for RUI-5. Since it was above 10000 cycle value, a mid-
cycle structure was obtained and the design was considered suitable for FEA.

After the final design was evaluated, welding parameters were determined according to the
weld seam designs and UHSS materials, and destructive tests were carried out with the prepared
specimens. In the welding of UHSS materials, it has been observed that the mechanical properties of
the post-production welded joints have improved as a result of the tests. Furthermore, it was decided
that the selection of welding parameters was correct and the production of the mobile crane was
carried out. In this study, especially if UHSS materials are used in the designed structures, FEA and
destructive tests should be evaluated together, since the selected welding parameters affect the
mechanical properties. Although similar methodologies exist, the integration of hotspot stress
analysis and destructive validation in mobile crane structures using UHSS materials remains
underrepresented in literature.
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ABSTRACT: Antimony sulfide (Sh2Ss) is a highly promising semiconductor for sustainable thin-
film solar cells due to its favorable optical and electrical properties. In this study, Sb>Sz thin films
were deposited on indium tin oxide (ITO) coated glass substrates using a hydrothermal deposition
technique with varying deposition times to investigate the impact of deposition duration on the
morphological, optical, and structural properties of the films. The analysis revealed that deposition
time is highly effective in modifying the physical properties of Sh,Sz thin films. It was demonstrated
that employing the deposition time at 8 hours led to the formation of uniform and highly crystalline
Sh2Ss films with (hk1) preferred orientation, suggesting its potential utility in solar cells.
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1. INTRODUCTION

The binary semiconductor antimony sulfide (Sb2Ss) is increasingly studied for photovoltaic
applications, driven by its simple chemistry, non-toxic nature, optimal bandgap (~1.7 eV), and high
absorption coefficient (~10° cm™) (Kondrotas et al., 2018). However, a significant gap exists between
its theoretical power conversion efficiency predicted by the Shockley-Queisser limit (Shockley and
Queisser, 1961) and the current record of 8.2% (Deng et al., 2024) for fabricated Sb2Sz solar cells.
Developing effective and scalable deposition methods is essential to maximize the efficiency of Sb,S3
solar cells, as these methods directly influence the film's morphology, structure, electrical
characteristics, and defect levels. While various physical and chemical techniques are employed to
produce high-quality Sb,Ss thin films, the hydrothermal method has emerged as a particularly
promising approach. Its advantages, including low-cost, low-temperature processing, precise control
over film properties, and high reproducibility (Wang et al., 2020; Liu et al., 2016; Tang et al., 2020;
Chen and Chen, 2020), have led to the current record power conversion efficiency for Sb,Ss solar
cells (Deng et al., 2024).

Achieving effective hydrothermal deposition of Sh.S3 thin films depends heavily on the precise
control of key reaction parameters, including temperature, deposition time, pressure, and precursor
molarity, as well as post-annealing conditions, since the final film properties are directly influenced
by these parameters (Vavale et al., 2018). Deposition time likely plays a dominant role in fine-tuning
the properties of hydrothermally deposited thin films (Yildirim et al., 2019 ). It can also provide
straightforward control over Sbh,Ss thickness, which in turn affects both light absorption and charge
carrier separation (Chen and Chen, 2020). Therefore, careful optimization of deposition time is
essential to achieve Sh,Ss films with the desired uniformity, crystallinity, orientation, and optical
characteristics for solar cells.

This study aimed to determine the relationship between deposition time and the resulting
properties of Sh,S3 thin films, which were hydrothermally deposited at 135°C for 5, 8, 10, and 15
hours on ITO-coated glass substrates. The morphology, preferred orientation, and band gap of Sb2S3
thin films were thoroughly investigated as a function of deposition time. The study revealed that
appropriate deposition times resulted in the formation of uniform and highly crystalline Sh2S3 films
with (hk1) preferred orientation, indicating the potential of fabricated films for solar cells.

2. MATERIALS AND METHODS

Sh2Ss thin films were synthesized via hydrothermal deposition on SLG/ITO substrates
(purchased from Teknoma Technological Materials Industrial and Trading Inc.). The precursor
solutions were prepared by dissolving 20 mM antimony potassium tartrate (CsHsK2012Sh2exH20,
99%) and 120 mM sodium thiosulfate pentahydrate (Na2S203¢5H20, 99%) in 60 mL of deionized
water. The solutions were magnetically stirred at 400 rpm to ensure homogeneity, and the pH values
were determined to be 5.80 using a pH meter. Following solution preparation, the solutions were
poured into a 100 mL Teflon-lined autoclave. SLG/ITO substrates were placed inside, ITO side down
at a 75° angle. The autoclave was sealed, and Sb2Ss films were hydrothermally deposited at 135°C.
Deposition times were varied at 5, 8, 10, and 15 hours to determine the optimal deposition time.
Subsequently, the films were rinsed with deionized water, dried at room temperature, and annealed
at 325°C in an argon environment, with a temperature ramp rate of 10 °C/min and a dwell time of 15
minutes. Samples fabricated at 5, 8, 10, and 15 hours were designated as S-5h, S-8h, S-10h, and S-
15h, respectively.
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The morphology and stoichiometry of the films were analyzed using a Thermo Fisher Scientific
Apreo S Scanning Electron Microscopy (SEM). Surface topographies were visualized with a
secondary electron detector (Everhart-Thornley Detector (ETD)) at 10 kV, 10 spot size, and 10 kX
and 25 kX magnifications. Elemental compositions were determined via Energy-Dispersive X-ray
Spectroscopy (EDS) technique at 30 kV, 10 spot, 10 kX magnification, and 10 mm working distance
by Thermo Fisher Scientific UltraDry EDS Detector which was equipped with the SEM. The
thicknesses of the films were measured from 50 kX cross-sectional SEM images. The crystal structure
of the films was analyzed by X-ray Diffraction (XRD) using a Malvern Panalytical EMPYREAN
diffractometer (Cu-K, X-ray Tube, Ax-ray=1.5406 A, 20 scan range: 10°-55°, Step size: 0.0262°, Scan
speed: 2°/min). Energy Band gaps of the thin films were determined from UV-VIS transmission
spectra (Wavelength scan range:1100-500 nm, Data interval: 2 nm, Scan Speed: 200 nm/min) using
a Jasco/V-750 Spectrophotometer.

3. RESULTS AND DISCUSSION

3.1 Scanning Electron Microscopy Analysis

The surface (Figures l1a)-h)) and cross-sectional (Figures 2a)-d)) morphologies of the
synthesized Sh»Sz thin films were characterized using scanning electron microscopy (SEM).
Contrasting with the compact and continuous films seen in cross-sectional SEM, top-view images
revealed a surface primarily composed of spherical particles. The SEM image of the film deposited
for 5 hours revealed discontinuous film formation (Figure 1a)), whereas increasing the deposition
time to 8 hours produced a compact and uniform surface (Figure 1b)). Films grown with longer
deposition times (10 and 15 hours) exhibited additional hollow cone-like structures (Figures 1c)-d)).
This indicates that deposition time significantly influences film morphology. Higher magnification
images (Figures 1e)-h)) of the films grown with longer deposition times further illustrated the
presence of inter-particle voids between larger spherical particles and the formation of hollow cone-
like structures within them. The observed hollow cone-like structures within inter-particle voids were
attributed to surface energy minimization. The limited space within the voids constrains Sb»Ss crystal
growth, promoting a configuration that minimizes overall surface energy. This results in anisotropic
growth, where crystals preferentially grow outwards, forming hollow cone-like structures.
Consequently, the optimization of deposition time is critical for the fabrication of high-quality Sb,Ss3
films.

Using cross-sectional SEM, the film thicknesses of the samples were measured as 502 nm, 740
nm, 870 nm, and 1200 nm for S-5h, S-8h, S-10h, and S-15h, respectively. The thickness of the films
exhibited a linear increase with respect to deposition time. As evidenced by EDS analysis (Table 1),
the Sh/S atomic ratios of the films were in close alignment with the stoichiometric Sb.S3s composition
of 1.5.
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Figure 1. SEM images (10 kX magnification) of SbsSs thin films with varying deposition times are shown in a) S-5h, b)
S-8h, c) S-10h, and d) S-15h. For detailed analysis, magnified SEM images (25 kX magnification) of the samples are
presented in e) S-5h, f) S-8h, g) S-10h, and h) S-15h.
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Figure 2. Cross-sectional SEM images (5 kX magnification) of Sh,Ss thin films fabricated with varying deposition times
a) S-5h, b) S-8h, c) S-10h, and d) S-15h

Table 1. Average elemental compositions and thicknesses of the synthesized Sh,S; thin films

Sample Name [S] (Atomic %) [Sb] (Atomic %) S/Sb Thickness (nm)
S-5h 59.17 40.83 1.45 502 +20
S-8h 59.46 40.54 1.47 740 + 30

S-10h 59.83 40.17 1.49 870 + 35
S-15h 59.71 40.29 1.48 1200 + 48

3.2 X-Ray Diffraction Analysis

X-ray diffraction patterns (Figure 3) revealed the polycrystalline nature of the fabricated Sb,Ss
thin films. The patterns matched the orthorhombic Sh2Ss phase (JCPDS #42-1393), with diffraction
peaks at 20 values of around 17.55°, 29.25°, 25.00°, 32.39°, 33.43°, which correspond to the (120),
(211), (310), (221), and (301) planes, respectively. The synthesis of highly crystalline Sb,Ss thin films
was confirmed by the presence of sharp diffraction peaks and the absence of peaks corresponding to
impurities or secondary phases.

The crystallographic orientation of Sh»Ss thin films significantly influences solar cell
performance by impacting charge carrier transport. In photovoltaic applications, vertical orientation,
where the c-axis is perpendicular to the substrate, is considered advantageous for efficient charge
carrier transport within the absorber layer (Tang et al., 2020; Turkoglu et al., 2022). A distinct
relationship was found between deposition time and the preferred orientation of hydrothermally
deposited Sh,Ss thin films. Specifically, longer deposition times led to (hkO) orientation, whereas
shorter deposition times resulted in (hk1) orientation. Films synthesized for 5 and 8 hours exhibited
preferential orientations of (221) and (211), respectively, whereas films synthesized for 10 and 15
hours demonstrated a preferential orientation of (310).

The preferred orientation of the samples was quantified using texture coefficients (TCs), which
were calculated by the following equation and displayed in Figure 4.
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The variables in the formula are Iy for measured peak intensity, lonkiy for reference peak
intensity (JCPDS #42-1393), and N for the total number of reflections. TC provides a quantitative
measure of the degree of preferred crystallographic orientation of crystallites along the (hkl) plane,
where increased TC values indicate enhanced orientation. As illustrated in Figure 4, longer deposition
times resulted in the most pronounced (hkO) preferred orientations, conversely, shorter deposition
times resulted in the most pronounced (hk1) preferred orientations. Variations in deposition time can
alter the balance of ions on the surface, potentially promoting the growth of planes with lower surface
energies. Analysis of the TC(221)/TC(310) and TC(211)/TC(310) ratios (Figure 4b)) indicated
maximum values for films deposited with shorter durations, demonstrating that deposition time can
be used to control the formation of tilted (Sb4Se)n ribbons and achieve higher TC values for the (hk1)

plane.
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Figure 3. XRD spectra of annealed Sh,Ss thin films fabricated with varying deposition times a) S-5h, b) S-8h, ¢) S-10h,
and d) S-15h
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Figure 4. a) The texture coefficients (TC) of the diffraction patterns of the annealed Sh,Ss thin films fabricated with
varying deposition times, b) The variation of the TC(211)/TC(310) and TC(221)/TC(310) ratio of the diffraction patterns
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3.3 UV/VIS Spectrophotometer Analysis

By analyzing the UV-VIS transmission spectra of Sb.Ss thin films within the 500-1100 nm
wavelength range (Figure 5a), their optical band gap energies were determined. Low transmission
was consistently observed across all SboSs films, with a further reduction in transmittance for films
grown over longer durations. The very low transmission measured for the films suggests these films
efficiently absorb a substantial portion of visible light. A two-step absorption edge was also observed
in the S-5h film (inset of Figure 5a)), suggesting a discontinuous film structure that resulted in the
combined absorption characteristics of ITO and S-5h. The optical band gap energies of the Sh,Sz thin
films were determined via Tauc equation, ahv = A(hv — E,;)/2, where a represents the absorption

coefficient, hv is the photon energy, and A is a constant. Specifically, the band gaps were derived
from the linear extrapolation of (ohv)? vs. (hv) plots (Figure 5b). Accurate bandgap determination for
the S-5h film is hindered by its two-step absorption edge. The estimated band gaps for the S-8h, S-
10h, and S-15h films (1.67 eV, 1.71 eV, and 1.73 eV, respectively) were in agreement with previously
published results (Liu et al., 2016; Chen and Chen, 2020).
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Figure 5. a) Transmission spectra (The inset graph displays the transmission spectrum of the S-5h sample) and b) Optical
band gap energy plots for S-8h, S-10h, and S-15h samples

4. CONCLUSION

Hydrothermal deposition was employed to grow Sb,Ss thin films on ITO-coated glass
substrates. The resulting films were then thoroughly characterized by SEM, XRD, and UV-VIS
spectroscopy to determine the influence of deposition time on their crystal structure, morphology,
and optical properties. Spherical particles were consistently observed on the surface of synthesized
Sh»S3 samples in top-view SEM images, and continuous film formation was confirmed by cross-
sectional SEM. Notably, longer deposition times (10 and 15 hours) led to hollow cone-like structures
within inter-particle voids, which were attributed to surface energy minimization within the voids,
while shorter times (5 and 8 hours) resulted in uniform surfaces. A clear relationship was observed
between deposition time and the preferred orientation of Sbh.Ss films. Longer deposition times
resulted in (hk0) orientation, while shorter times yielded (hk1) orientation. The band gaps of the films
remained relatively consistent across different deposition times. Optimization of the deposition time
at 8 hours resulted in the successful synthesis of Sb.Ss films with a suitable band gap, compact surface
morphology, and (hk1) preferred crystallographic orientation. In summary, deposition time strongly
affects Sh,Ss film properties, requiring precise control for developing efficient Sb,S3 solar cells.
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ABSTRACT: The ability of autonomous vehicles to mitigate collision damage is closely tied to how
effectively they absorb impact energy. To explore this dynamic, a simulation model grounded in
MATLAB/Simulink was constructed and employed to examine the key parameters influencing
collision behavior. The model was evaluated under controlled conditions, including a 45-degree
impact angle, a vehicle speed of 50 km/h, and a wet asphalt surface. A series of alternative scenarios
were also developed by varying speed, angle of collision, and surface friction properties. Results from
the simulations indicate that increases in vehicle speed correspond to significant rises in both impact
force and the amount of energy absorbed by the structure. Notably, collisions occurring at a 30-degree
angle demonstrated a wider distribution of force across the vehicle body, which facilitated more
efficient energy absorption. In contrast, impacts at 60 degrees led to more localized force
concentration, thereby reducing energy dissipation capacity. Lower friction values on the road surface
were observed to extend the duration of impact and increase the spatial spread of force throughout
the vehicle framework. To assess the accuracy of the simulation, results were compared against
empirical crash test data sourced from Euro NCAP and NHTSA, as well as against theoretical
calculations. These comparisons showed that the model's predictions aligned with physical test data
to within +5%, indicating a high level of reliability. Taken together, these insights contribute
meaningfully to the refinement of passive safety mechanisms, inform the structural design of vehicles
for improved crash resilience, and support the development of intelligent safety control systems for
autonomous platforms.

Keywords: Dynamic model, Collision behavior, Autonomous vehicle, MATLAB/ Simulink, Impact
force
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1. INTRODUCTION

In recent years, advances in autonomous vehicle technology have gained significant
momentum, supported by artificial intelligence, sensor technology and control systems (Anonymous,
2021). These advances are reshaping the interaction between cars and humans, and with the increase
in autonomy levels, it is seen that drivers are increasingly becoming passengers (Adar et al., 2024).
Autonomous driving systems are being developed with the aim of increasing road safety, minimizing
human errors and optimizing traffic efficiency, and research in this area is rapidly increasing (Tastan
et al., 2021; Bakioglu et al., 2022; Paliotto et al., 2022). The adoption of autonomous vehicles is
directly related to users' perceptions of trust, legal regulations and the development of technological
infrastructure (Bakioglu et al., 2022). However, the crash safety of autonomous vehicles continues to
be a significant challenge for researchers and engineers. Cybersecurity threats in particular are one of
the important factors affecting the safety of vehicles (Ozarpa et al., 2021). Modeling collision
scenarios in accordance with real-world conditions stands out as a critical requirement in terms of
increasing the structural durability of vehicles and evaluating the effectiveness of passive safety
measures (Oztiirk et al., 2014; Almaskati et al., 2024).

Vehicle safety is usually analyzed by experimental crash tests and numerical simulations.
Although experimental tests provide reliable data to directly evaluate crash safety, they are costly and
time-limiting. Therefore, virtual crash tests and simulation-based analyses are increasingly used
(Oztiirk et al., 2014). Mathematical modeling and simulation-based approaches such as MATLAB/
Simulink are widely used to analyze crash scenarios faster and at lower costs (Almaskati et al., 2024;
Anderson et al., 2016; Cimendag, 2022; Oztiirk et al., 2014). Optimization studies conducted on
automobile front bumpers and crash boxes allow for more effective absorption of crash energy (Ates
et al., 2022). Simulation-based models provide the opportunity to analyze the energy absorption
capacities, structural deformations and crash forces of vehicles in detail (Cimendag, 2022; Pyrz et al.,
2022; Wang et al., 2022). Studies in the literature reveal that collision angle, speed and road surface
conditions are particularly decisive on vehicle safety (Schwalb, 2021; Pyrz et al., 2022; Baltacioglu
et al., 2023). However, most of the existing studies do not examine the effect of collision angles on
energy absorption in sufficient detail and limit optimization studies aimed at integrating vehicle safety
systems with adaptive control.

A Simulink-based dynamic collision simulation model was developed to examine the crash
safety performance of autonomous vehicles. Unlike existing studies in the literature, the proposed
model simultaneously analyzes the effects of vehicle speed, collision angle, and road surface
conditions on collision dynamics, aiming to optimize energy absorption performance.

This study addresses a notable gap in the literature by integrating multiple collision angles,
speed levels, and surface friction coefficients into a unified simulation framework. Unlike previous
studies that typically focus on isolated parameters—such as only vehicle speed (Oztiirk et al., 2014)
or impact angle (Pyrz et al., 2022)—this research offers a multi-dimensional and comparative
approach to crash dynamics. Thus, it contributes to both the theoretical modeling of autonomous
vehicle safety and the practical design of adaptive crash mitigation systems.

In this study, scenarios involving a 45° collision angle, 50 km/h speed, and wet asphalt surface
were primarily examined. Additionally, extended simulations were conducted using variable speed
levels, collision angles, and surface conditions to analyze impact forces and energy absorption (see
Figure 1). Critical parameters such as vehicle mass, collision duration, and deformation distance were
integrated into the model to enhance simulation accuracy.
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Figure 1. Collision dynamics of autonomous vehicles. Created by the authors |

This research presents several advantages over previous studies in the literature. Primarily, it
offers a comprehensive analysis of how different collision angles affect impact force and energy
absorption. The findings indicate that at a 30° impact angle, force distribution occurs over a wider
surface, resulting in greater energy absorption efficiency. Conversely, at a 60° angle, force
concentration increases, leading to reduced energy dissipation. This novel perspective addresses a
gap in the literature regarding the structural safety implications of varying impact angles.

Furthermore, this study makes substantial contributions toward improving autonomous vehicle
safety performance by optimizing passive safety mechanisms and developing adaptive safety control
strategies. The following sections provide a detailed discussion of the mathematical modeling
approach, simulation setup, results, and analysis.

2. METHODOLOGY

2.1 Mathematical Modeling Approach
Figure 2 shows the schematic representation of the vehicle collision scenario at three different
angles (30°, 45°, and 60°), which form the basis for the mathematical modeling described below.

Velocity X 45°
0 o
S5 60
45° " :
60° Collision angles considered:

30°, 45° and 60°

Figure 2. Collision angle representation used in the study. (Left) Basic schematic illustrating the defined impact angles
(30°, 45°, 60°). (Right) Perspective view of vehicles showing motion direction and collision point for each angle. Created
by the authors.

To simulate the dynamic behavior of autonomous vehicles during a collision, mathematical
modeling was performed by incorporating key physical parameters such as velocity components,
impact force, and energy absorption. The following equations were used to calculate the forces acting
on the vehicle and the corresponding energy absorption at the moment of impact.

251



Yegin, V. JournalMM (2025), 6(1) 249-261

The velocity component in the collision direction is determined using Equation (1):
v, = c.cos(8) 1)

In this equation, ¢ represents the vehicle's initial speed before impact (in m/s), and 6 is the
collision angle (in degrees).

The impact force, dependent on the road surface friction coefficient («), vehicle mass (m), and
velocity component (vy), is calculated using Equation (2):

U M.V,
t

Fimpact = (2)
Here, u is the coefficient of friction, m is the vehicle mass (kg), vy is the horizontal velocity
from Equation (1), and t is the duration of impact (in seconds), which is set to 0.1 s in the simulations.
The energy absorbed by the vehicle during the collision, considering impact force and
deformation distance (d), is computed using Equation (3):

Eqps = impact- d (3)

In this equation, d represents the structural deformation distance (in meters) during impact.
Altogether, these formulations provide a structured basis for analyzing collision dynamics
under varying physical conditions.

2.2 Simulation Setup and Methodology
A MATLAB/Simulink-based simulation model was developed to assess the crash safety
performance of autonomous vehicles. To enhance accuracy, key parameters including vehicle mass,
velocity, impact angle, deformation distance, and road surface friction coefficient (Table 1) were
defined within the MATLAB environment and integrated into the model.
The simulation model consists of three primary components:

e Input Blocks- Define the vehicle's physical properties and collision parameters, including
mass, velocity, impact angle, and deformation distance. These variables significantly
influence impact force and energy absorption.

e Computation Module- Utilizes mathematical equations to determine impact force and
energy absorption values.

e Output Blocks- Process simulation data to analyze and visualize collision dynamics.

Among the key influencing factors, vehicle velocity and impact angle are the most significant
in determining the magnitude of impact force and energy absorption. Additionally, the road surface
friction coefficient serves as a crucial variable, affecting both the duration of the impact and the
distribution of forces.

The developed model offers a detailed analytical framework for evaluating the crash safety
performance of autonomous vehicles under varying speeds, impact angles, and road surface
conditions.
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Table 1. Parameters used in the collision modeling and simulation scenarios, including physical properties of the vehicle
and environmental conditions.

Parameter Symbol Value(s) Unit Explanation
Vehicle mass m 1500 kg Total mass of the vehicle

. Pre-collision  velocity levels used in
Vehicle speed v 30, 50, 70 km/h . ) y

simulations
. Impact angles used to evaluate energy
°,45°, 60° r . .
Collision angle 0 307, 45%, 60 degrees absorption and force distribution
Collision duration t 0.1 S Time interval of the impact
Deformation Estimated structural deformation during the
. d 0.5 m .

distance collision

Coefficients for icy, wet, and dry asphalt

Friction coefficient u 0.2,0.5,0.8 - .
surfaces respectively

Initial kinetic Calculated  per Derived using the classical kinetic energy
Ex J (kJ) y .
energy case formula, Ex = % - m - v*; varies with speed.
Icul ia Equati 2 i
Impact force F. Calculated perN (kN) Comp_uted via Equation _(_) using mass,
case velocity component, and friction
Simulated Energy absorbed by the vehicle, depends on

Absorbed energy Ea6 J (kJ)

(Table 2) deformation and impact force

The selected simulation parameters were based on widely accepted values in automotive safety
studies. A vehicle mass of 1500 kg represents an average mid-size passenger car and aligns with
values used in studies by Anderson et al. (2014) and Wang et al. (2020). Speed levels of 30, 50, and
70 km/h reflect typical urban, suburban, and high-speed driving conditions considered in frontal crash
test scenarios, as reported by Euro NCAP. The collision angles of 30°, 45°, and 60° were chosen to
reflect varying levels of offset collision severity, in accordance with configurations analyzed by Pyrz
et al. (2022). The deformation distance of 0.5 m and collision duration of 0.1 s were adopted from
empirical findings in controlled crash test reports by NHTSA, where these values represent realistic
ranges of structural deformation and energy dissipation during low- to moderate-speed crashes.
Surface friction coefficients were set to 0.2 (ice), 0.5 (wet asphalt), and 0.8 (dry asphalt), consistent
with standard road condition classifications used in safety simulations (ISO 3888).

2.3 Calculation Module and Output Analysis
The calculation module incorporates core mathematical equations to estimate collision force
and energy absorption using input values. Impact force is computed considering vehicle speed, mass,
and road surface friction coefficient, as per Equation (2). Similarly, energy absorption is determined
using Equation (3), based on impact force and deformation distance. These computations provide
essential data for evaluating structural resilience and refining safety enhancements.

2.4 Simulation Outputs and Model Accuracy
The output blocks facilitate visualization and analysis of collision force and energy absorption.
Impact force quantifies the severity of impact experienced by the vehicle, while energy absorption
serves as a critical parameter for assessing the efficiency of onboard safety systems.
To enhance model accuracy, directed parameter connections were established between
computation modules, and fixed values were defined for deformation distance and friction coefficient.
This approach allows for a more realistic representation of vehicle dynamics during impact. The
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computational processes and parameter flow employed in the simulation model are illustrated in
Figure 3.

Thanks to this structure, the model provides a powerful analysis environment to evaluate the
performance of vehicle safety systems at different speeds, collision angles and road surface
conditions.

1500

M
W

45 p—————Wtheta
—— Mt impact

F_impact — [:]

crash_model
0.1 —.‘ d E_abs —.' [:]
— Loy
0.5 4>b—
0.5

Figure 3. Simulink accident model

2.5 Scenario Analysis and Parameter Changes

In this study, various scenarios were tested using different speed, impact angle and friction
coefficient variables. Speeds of 30 km/h, 50 km/h and 70 km/h were used to determine the effect of
speed change on the impact force and energy absorption. The simulation results show that the impact
force and energy absorption increase significantly as the speed increases. For example, while the
energy absorption at 30 km/h is 43.300 kJ, this value increases to 101.035 kJ at 70 km/h.

To analyze the impact angle, 30°, 45° and 60° angles were evaluated. Increasing the impact
angle causes the vehicle to maintain more forward momentum but changes the spread of the
deformation. The analysis shows that at a 30° impact angle, the vehicle absorbs more energy, but at
a 60° angle, the impact force is concentrated in a narrower area. Figure 4 visualizes the structural
effects of a collision at a 45° impact angle. In such collisions, significant deformation occurs in the
frontal area of the vehicle, while most of the energy is absorbed by the vehicle body. Simulation data
shows that a 45° impact angle provides a critical range in terms of crash safety.
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Figure 4. Autonomous vehicle 45° crash image. Created by the authors

2.6 Effect of Coefficient of Friction

In order to evaluate the effect of road surface conditions on crash safety, three different surface
conditions were investigated: dry asphalt (u = 0.8), wet asphalt (u = 0.5) and icy ground (u = 0.2).
It was observed that in scenarios where the coefficient of friction was low, the collision duration was
prolonged and therefore the force was lower. It was found that the deformation distance increased
significantly, especially on wet and icy grounds. These findings reveal the critical role of road
conditions on passive safety systems and indicate the necessity of more advanced safety systems on
low friction surfaces.

3. RESULTS AND DISCUSSION

3.1 Simulation Results and Analysis
Table 2 presents the data obtained from simulations conducted under varying speeds, impact
angles, and road surface conditions. These results provide an essential foundation for understanding
how different parameters influence collision force and energy absorption.

Table 2. Simulation data under different conditions
Speed (km/h) Angle (°) Coefficient of Friction (n) Force (N) Energy (J)

30 30 0.8 86600 43300
30 30 0.5 54130 27065
30 30 0.2 21650 10825
50 45 0.8 144340 72170
50 45 0.5 90210 45105
50 45 0.2 36080 18040
70 60 0.8 202070 101035
70 60 0.5 126300 63150
70 60 0.2 50520 25260
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The simulation results are consistent with findings in the literature. As reported by Almaskati
et al. (2024), increased vehicle speed significantly raises both impact force and absorbed energy,
which aligns with the observed rise from 86.60 kN to 202.07 kN and from 43.30 kJ to 101.04 kJ as
speed increases from 30 to 70 km/h. Furthermore, lower friction coefficients especially on wet or icy
surfaces prolong impact duration and reduce peak force, as also discussed in (Pyrz et al., 2022), where
energy dissipation efficiency is shown to decrease under low-traction conditions.

Interestingly, the current study confirms the finding of Oztiirk et al. (2014) that increased
collision angles result in less energy absorption due to more localized force concentration. At 30°,
energy absorption is 72.17 kJ, while at 60°, it decreases to 63.15 kJ, supporting the argument that
shallower angles allow for a broader distribution of forces, resulting in more effective energy
dispersion.

Moreover, these results reinforce that speed, surface friction, and impact angle are primary
determinants of vehicle collision dynamics. These parameters should therefore be central to passive
safety system design, especially under critical scenarios such as high-speed travel or low-friction
surfaces.

In contrast to conventional studies that examine isolated crash parameters, our model integrates
multiple real-world factors and reveals combined effects. The interplay between impact angle and
surface condition, in particular, exposes how even moderate friction variation can significantly alter
energy absorption rates, as previously theorized by Anderson et al. (2014). Such multi-parameter
insights are scarce in the literature and highlight the model’s utility in developing adaptive safety
algorithms.

3.2 Graphical Analysis and Collision Dynamics
Graphical interpretations of the results further enhance our understanding of how key
parameters influence collision behavior. Figure 5 illustrates energy absorption as a function of
deformation distance.

Energy Absorption Based on Deformation Distance
100 F Angle: 30°

—e— Angle: 45°
—e— Angle: 60°

80

60

Energy Absorption (kJ)

40

30 35 40 45 50 55 60 65 70
Speed (km/h)

Figure 5. Energy absorption according to deformation distance
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A clear trend emerges: energy absorption is highest at 30° impact angles and lowest at 60°,
reflecting (Pyrz et al., 2022) conclusion that wider energy distribution occurs at shallow angles. This
is visually reinforced in Figure 6, where stress concentrations observed at 60° confirm the need for
targeted structural reinforcements, as emphasized by (Baltacioglu et al., 2023).

Y i

Figure 6. Autonomous vehicle 60° collision image. Created by the authors

Figure 5 also reaffirms the direct relationship between speed and energy absorption, echoing
findings by (Wang et al., 2022). Vehicles traveling at 70 km/h absorb significantly more energy than
at 30 km/h, further validating the critical importance of speed control in safety system calibration.
This suggests that adaptive safety mechanisms must be calibrated dynamically based on velocity input
to optimize protection during high-speed crashes.

3.3 Relationship Between Collision Force and Energy Absorption
Figure 7 presents a strong linear relationship between collision force and absorbed energy. As
noted by (Anderson et al., 2016), and confirmed here, greater collision forces result in increased
deformation and higher energy absorption.

Collision Force and Energy Relationship
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Figure 7. Collision force and energy relationship. Created by the authors
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For instance, at 70 km/h, vehicles experience significantly larger forces and absorb more energy
compared to lower speeds. These results underscore the conclusion by (Ates et al., 2022) that
structural durability must be optimized for higher speeds to ensure safety system reliability.

At the same time, the smaller forces and lower energy absorption at 30 km/h affirm that
structural components undergo reduced stress in low-speed collisions, as also observed by
(Cimendag, 2022).

3.4 Deformation-Force Relationship
The relationship between deformation and force is shown in Figure 8. The results display a
linear trend, where increasing deformation correlates directly with increased impact force.

Deformation-Force Relationship
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Figure 8. Deformation-Force relationship

This supports the findings of (Oztiirk et al., 2014), who emphasized the critical role of
deformation behavior in safety design. At a 30° collision angle, force spreads more evenly, allowing
for controlled deformation and better energy management. Figure 9 illustrates that broader
distribution helps reduce internal damage, aligning with insights from (Schwalb, 2021).
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Figure 9. Autonomous vehicle 30° collision image

258



Yegin, V. JournalMM (2025), 6(1) 249-261

These findings reinforce that deformation distance and collision angle directly influence vehicle
safety performance, and thus, must be integral to system design.

3.5 Validation of Simulation Results

To ensure the credibility of the developed model, simulation results were compared against
theoretical equations and empirical crash test data. The collision force was computed using Equation
(1), which factors in mass, surface friction, and velocity components. Energy absorption was then
determined via Equation (2), correlating impact force with deformation distance.

The comparison yielded a high level of accuracy within a £5% margin, supporting similar
validation approaches reported by (Anonymous, 2025) and (Temiz et al., 2008).

Further comparison with real-world crash test data from Euro NCAP and NHTSA demonstrated
strong alignment, particularly at 50 km/h. Table 3 shows the variation between simulation and test
data did not exceed 3.1% a result consistent with (Bakioglu et al., 2022) findings on safety model
validation.

Table 3. Theoretical and simulation values

(Sklfﬁ;?r% Simulation Force (N)  Actual Test Force (N) Difference (%)
50 144340 140000 3.1%
50 90210 88000 2.5%

These validations affirm that the model can reliably predict force and deformation behaviors in
real crash scenarios. Thus, it serves as a robust analytical tool for evaluating passive safety measures
and advancing adaptive control strategies in autonomous systems.

4. CONCLUSION AND RECOMMENDATIONS

This A comprehensive analysis of autonomous vehicle collision safety was conducted using a
MATLAB/Simulink-based simulation model. The findings offer significant insights into optimizing
passive safety systems and formulating adaptive safety strategies. The key conclusions of the study
are summarized below:

e Relationship Between Speed and Collision Force: The simulation results confirm that as
speed increases, both collision force and energy absorption rise significantly. This indicates
that high-speed impacts directly influence the structural integrity of the vehicle, reinforcing
the necessity of considering speed as a critical parameter in safety designs.

e Significance of Collision Angle: The effect of impact angle on energy absorption was
analyzed, revealing that the highest energy absorption occurs at a 30° collision angle,
whereas the lowest absorption is observed at 60°. This finding emphasizes the importance of
integrating collision angle considerations into passive safety system designs.

¢ Influence of Road Surface Conditions: It was determined that on low-friction surfaces,
collision duration extends, and deformation distance increases. This underscores the impact
of road conditions on vehicle safety and highlights the necessity of incorporating friction
coefficients into safety designs.

e Model Accuracy: The simulation results were validated against theoretical calculations and
crash test data provided by Euro NCAP/NHTSA, demonstrating high consistency within a
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+5% margin of error. This validation confirms that the model accurately represents real-
world crash scenarios.

e Contribution to Adaptive Safety Systems: The study provides valuable insights into the
development of adaptive control algorithms and proactive safety mechanisms. The
integration of machine learning and artificial intelligence algorithms could further enhance
the development of advanced safety systems.

In conclusion, this study presents significant findings to enhance the safety performance of
autonomous vehicles. Future research should focus on:

o Integrating more advanced material models to improve crash simulations.

« Evaluating collision scenarios under diverse road and weather conditions.

« Adapting machine learning-based algorithms for predictive safety applications.

Such advancements will contribute significantly to making autonomous vehicle safety systems
more robust and proactive, thereby enhancing overall road safety.
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ABSTRACT: Biomass resources have the potential to replace petroleum-based fuels. Biomass can
be converted into pyrolysis oil by pyrolysis method and this oil is of interest as an alternative to fossil
fuels used in many areas such as automotive sector. However, pyrolysis oil is difficult to use directly
in diesel engines due to its low energy density, high viscosity and water content. The easiest solution
is to create mixtures with high cetane content. In this study, polyethylene glycol 400 (PEG), Wood
Pyrolysis oil (WPQO), n-butanol (B) and 2-ethylhexyl nitrate (2-EHN) (PEGO/PY10/B85/2-EHND)
were obtained by blending them as wt%. Then, by increasing PEG400 by 10% and decreasing n-
butanol by 10% (PEG10/PY10/N-B75/2-EHN5, PEG20/PY 10/B65/2-EHN5, PEG30/PY 10/B55/2-
EHNS5, PEG40/P10/B45/2-EHNS), other blend fuels were obtained. Thus, the poor properties of
pyrolysis oil were improved by blending with n-butanol and two cetane improvers PEG400 and 2-
EHN as additives. The viscosity of pyrolysis oil was effectively reduced to a suitable level for use in
conventional diesel engines by blending with n-butanol. In addition, the autoignition of PY blend
fuels was improved by adding PEG400, 2-EHN and n-butanol. As a result, the blended fuels showed
increased calorific value and cetane number and decreased kinematic viscosity, density and water
content compared to pyrolysis oil in terms of physicochemical properties. Thus, the cetane numbers
of the blended fuels were improved by 2,5%, 8,3%, 27,1% and 34,3%, respectively, with a 10%
increase in PEG400 by weight. Thus, it was determined that the blended fuel containing 40% PEG400
by weight (PEG40/P10/B45/2-EHNDS) in terms of physicochemical properties could be used as an
alternative fuel in the automotive sector.
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1. INTRODUCTION

Sustainability and environmental impacts of energy sources are of great importance in the
modern world. The search for renewable energy alternatives is necessary due to the finite resources
and environmental harm caused by fossil fuels. Given their potential to be both carbon neutral and
renewable, biomass-based fuels stand out as a significant choice in this regard. One of the well-known
types of biomass-based fuels is wood pyrolysis oil (WPO), however it has certain performance issues.
In recent years, problems such as air pollution, global warming and the depletion of fossil fuels have
made the use of alternative fuels important. Biooil or pyrolysis oil (PO) obtained from biomass is a
clean, sustainable and renewable energy source (Bridgwater et al., 1999; Zhang et al., 2007). The use
of pyrolysis oil in internal combustion engine applications has been emphasized in research (Kleinert
and Barth, 2008; Jones et al., 2009; Yal¢in et al., 2024). The potential of this fuel to reduce exhaust
gas emissions and its sustainability have led to increased interest in recent years (Kim and Lee, 2015;
Kim et al., 2015; Lee et al., 2019; Midhun Prasad and Murugavelh, 2020). Particularly in nations with
a wealth of WPO resources, it has drawn interest as an alternative to conventional petroleum-based
fuels (Ilvanova et al., 2018). In this regard, creating and using alternative biofuels is essential to
resolving environmental issues.

The content and characteristics of pyrolysis oil, a thick liquid produced by pyrolyzing biomass
at high temperatures without oxygen (Bridgwater, 2013), differ according on the kind of biomass
utilized and the pyrolysis circumstances (Yuan et al., 2018; Lee et al., 2019). However, its low cetane
number, poor calorific value, high kinematic viscosity, high acidity, and high water content prohibit
its direct application in diesel engines (Kim and Lee, 2015; Kim et al., 2015; Lee et al., 2019, Lee et
al., 2020). Various methods have been tested to improve these properties (Chiaramonti et al., 2003;
Ikura et al., 2003; Xiaoxiang and Ellis, 2009; Huang et al., 2012; Lu et al., 2012; Alcala and
Bridgwater, 2013; Lee et al., 2013, Lee et al., 2019, Lee et al., 2020; Kim et al., 2015; Lin et al.,
2016), the most effective approach is to physically enhance the fuel properties by blending pyrolysis
oil with hydrocarbon fuels (Ikura et al., 2003; Honnery et al., 2008; Murugan et al., 2009; Dogan et
al., 2012; Huang et al., 2012; Lu et al., 2012; Lee et al., 2013, Lee et al., 2020; Martinez et al., 2014;
Karagoz, 2020).

The use of WPO in diesel engines is limited by technical difficulties such as low cetane number
and high viscosity. Low cetane number delays the ignition process of the fuel and negatively affects
engine performance, while high viscosity reduces atomization and combustion efficiency. These
problems prevent the efficient use of WPO in engines. In this context, the potential of various cetane
improvers and additives to improve performance is gaining importance. Additionally, some
researchers are studying the possibility of wood-based biofuels becoming the primary fuel for diesel
engines (Solantausta et al., 1993; Beld et al., 2013; Beld et al., 2018; Chiaramonti et al., 2003).

Due to polarity and density differences, pyrolysis oil creates miscibility problems with
conventional hydrocarbon fuels and phase separation occurs in a short time (Kim and Lee, 2015; Lin
et al., 2016; Lee et al., 2019, Lee et al., 2020). To overcome this situation, additives are needed for
the pyrolysis oil to be successfully mixed with conventional fuels and burned in engines. According
to Alcala and Bridgwater, using organic solvents such as alcohol increases miscibility and allows the
formation of stable mixtures; in this context, the type and amount of alcohol used are critical. When
n-butanol and PEG400 are mixed with pyrolysis oil, it provides the widest homogeneous stable
mixture (Alcala and Bridgwater, 2013) and has a better autoignition property (Nguyen and Honnery,
2008). Therefore, n-butanol was selected as the blend component to blend WPO with PEG 400.
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PEG400 and 2-EHN, used as cetane improvers, aim to improve engine performance by
increasing the cetane number of WPO. PEG400 stands out as an economical and chemically stable
option, while 2-EHN is known as a more costly but effective cetane improver. Both components can
optimize the combustion properties of WPO.

N-butanol is another significant additive. By raising the cetane number, N-butanol increases
combustion efficiency and lowers the high viscosity of WPO. Furthermore, n-butanol's ability to
suppress polymerization improves the fuel's chemical stability, reducing wear and engine clogging
issues. These characteristics facilitate the more effective use of fuels derived from biomass in diesel
engines. N-butanol can lower the viscosity of the blended fuel since its viscosity of 2.2 mm?/s is
comparable to the kinematic viscosity of 2.7 mm?/s for diesel fuel (Lee et al., 2020). Furthermore, by
dissolving the solid particles in the pyrolysis oil, it can prevent the sticky polymers created by the
polymerization of tar, enhancing the pyrolysis oil's engine performance and fuel qualities (Jin et al.,
2011; Alcala and Bridgwater, 2013; Kim and Lee, 2015). In this context, our study aimed to improve
the performance properties of the fuel mixture by using n-butanol as an additive.

Our study assessed the impact of PEG 400, 2-EHN, and n-butanol on the physicochemical
characteristics of WPO-based fuel performance. It was examined how the engine's ideal fuel
properties could be raised and how the combinations of the components made by varying their ratios
enhanced the fuel's qualities. Kinematic viscosity, density, water content, cetane number, lower
heating value (LHV), and major components were used to characterize the chosen samples (Alcala
and Bridgwater, 2013; Chong and Bridgwater, 2017; Lee et al., 2020). In order to compensate for the
unfavorable physicochemical characteristics of the pyrolysis oil, stable homogenous mixtures
between WPO were formed with the addition of n-butanol, PEG400, and 2-EHN. In addition, the
cetane number and calorific values of the blended fuels were improved by the addition of PEG400
and 2-EHN. The results offered strategies to enable wider applications of biomass-based fuels and
reduce their environmental impact.

2. MATERIALS AND METHODS

The biomass waste wood sawdust to be used in the studies was supplied from a private company
operating in Afyonkarahisar province, as shown in Figure 1. In the study, wood sawdust weighed as
100 gr on a precision scale was subjected to the pyrolysis process in order to subject the raw material
to the pyrolysis process homogeneously.

Figure 1. Wood dust
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WPO was converted to vapor by thermal decomposition in an oxygen-free environment and
cooled to liquid form. The resulting pyrolysis oil is a dark brown liquid. In addition, gases containing
flammable components, called pyrolytic gases, are separated from the reactor, while solid coal
residues are formed at the end of the process. The pyrolysis process is shown schematically in Figure
2.

Wood Chips
(biomass)

Nitrogen Gas
(inert atmosphere) Coal

N /”

‘ Pyrolysis Reactor

Vapour
inert aimosphere
WEPO

Cooling and
Liquefaction

Vapour
inert atmosphere

Gas

Figure 2. WPO production scheme

Optimization studies to obtain the optimum level of wood sawdust oil obtained by subjecting it
to the pyrolysis process were carried out in the existing pyrolysis reactor in the Automotive
Engineering Biofuel Laboratory of Afyon Kocatepe University, Faculty of Technology (Figure 3).

The pyrolysis reactor used in this study has a laboratory type, vertically placed, 0.5 liter stainless
steel tank. The reactor system is equipped with a temperature sensor containing a K-type
thermocouple that can operate stably at high temperatures, a PID-controlled digital panel that
provides automatic temperature control (0-800°C operating range), a heating system with
programmable ramp function, and leak-proof gaskets and connection devices to create a
vacuum/nitrogen environment. High purity (>99.99%) nitrogen gas was used to provide an inert
atmosphere, and the gas flow rate was adjusted to 0.5 L/min with the help of a regulator and a gas
flow meter. The glass condenser in the condensation system ensures the separation of liquid products,
and the cooling circuit operates according to the principle of continuous circulation with tap water.
The phase separation funnel used in the separation process of the obtained pyrolytic liquid allows the
separation of liquid phases according to their density differences. Filtration was carried out with
Whatman No.1 filter paper to remove solid particles. A rotary evaporator was used for solvent
(dichloromethane) removal. The evaporator device operates at a rotation speed of 200 rpm, with the
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support of a 50°C hot water bath and a vacuum pump, and purifies the pyrolytic oil by evaporating
the dichloromethane. The presence of water in the fuel is an undesirable situation as it negatively
affects combustion. Therefore, the pyrolytic liquid product was first subjected to phase separation in
the separating funnel to separate the water phase and the pyrolytic oil + dichloromethane phase.
Afterwards, during the evaporation process carried out with the rotary evaporator operating in a 50°C
hot water bath under vacuum in order to remove dichloromethane, a small amount of volatile water
was also removed from the system.

Optimization studies were carried out for each parameter under fixed conditions with three
repetitive experiments in accordance with the pyrolysis parameters specified in the Table 1. All
parameters except the parameter whose optimum value was desired were kept constant; after
determining the optimum value, this value was fixed and the same method was followed for the other
parameters. In the first study, the fixed parameter values were determined as: temperature 450°C, gas
flow rate 1L/min, pyrolysis time 15 minutes and the heating rate (10 and 20°C/min) was optimized
as a variable. The liquid product obtained at the end of the experiments was analyzed by the phase
separation method; water and pyrolytic oil amounts were measured, the solid product was determined
from the residue remaining in the reactor and the gas product amount was calculated by mass
difference. After determining the optimum conditions, pyrolytic oil production was continued under
these conditions.

Table 1. Pyrolysis conditions and process parameters

Process parameters Pyrolysis conditions

Flow rate of propellant nitrogen gas (0, 0.5and 1) L/min.

Reactor internal temperatures (300, 350, 400, 450, 500 and 550) °C.
Reactor internal temperature increase rate (10 and 20) °C/min.

Pyrolysis time (0, 15, 30, 45 and 60) min.

Figure 3. Pyrolysis reactor

The maximum pyrolysis oil yield was obtained at 500 °C reactor temperature, 0.5 L/min
nitrogen gas flow rate and 10 °C/min heating rate. Under these optimum conditions, total product
yields were determined as 23.4% pyrolysis oil, 35.3% aqueous phase, 25.9% biochar and 15.4% gas.
The yields are shown in Figure 4.

266



Yalgin, A. H., Simsir, E. JournalMM (2025), 6(1) 262-273

100

80

60

Yield [wt. %]

40

20

300 350 400 450 500 550 600

Temperature [°C]

== WPO == Water Char e Gas

Figure 4. WPO vyield change graph depending on temperature

The physicochemical properties of WPO were determined in an external laboratory and the
results are presented in Table 2. The kinematic viscosity of PY at 40 °C is 8.9 mm?/s, which is
approximately 3.2 times higher than that of conventional diesel; high viscosity may negatively affect
engine performance (Alptekin and Canakci, 2008; Maroa and Inambao, 2019). In addition, the density
of PO was determined as 1100 kg/m?3, which makes miscibility difficult (Lin et al., 2016).

Table 2. Compositions and fuel properties of WPO, PEG400, 2-EHN, N-butanol and Diesel
WPO  PEG400 2-ehn N-butanol Diesel

Kinematic viscosity (mm?/s) at 40°C

(TS 1451 EN 1SO 3104) 8.9 4.5 1.8 2.2 2.7
I(_:S\'/I'IS/IME]D/ I;%)o / TS 1740) 20.1 23.6 28.5 33.1 42.9
0
ggt%rlz%nltzer{:tl(sg)lzgsn 11 03 <0.1 - -
(CA(gA?,\(;/f )D 5373) 40.2 52.2 54.9 64.8 86.1
?A(S\A#,\? %) 5373) 11.3 9.2 9.7 13.6 13.9
?A(Sﬂ,\jf’ %) 5373) 49.3 38.6 27.4 21.6 -
352?‘3 g(%@) 1100 1126 963 810 822
(CTeéa;gsnlu7mEbﬁ|rlso 5165) - - - 15.9 52
Flash point (°C) 03 ] 6.1 - 55

(ASTM D 93)

The low heating value (LHV) of PO is approximately 20.1 MJ/kg, which is 2.1 times lower
than that of conventional diesel, indicating that the energy density of PO is lower than that of diesel.
The water content of PO is due to the feedstock and pyrolysis reactions (Alcala and Bridgwater, 2013;
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Chong and Bridgwater, 2017). High water content makes PO unstable and separates into oily-aqueous
phases (Lee et al., 2020). Water both reduces the heating value and reduces the viscosity (Hossain et
al., 2016). In addition, the presence of water can cause ignition delay and corrosion problems in
injectors (Oasmaa et al., 2015). The water content in WPO obtained by keeping the evaporation time
long is around 1.1%, and at this level, it can provide long-term stability without causing corrosion
problems.

In this study, the fuel mixtures required for the improvement of physicochemical fuel properties
and the conduction of experimental studies for the usability of pyrolysis oil as an alternative fuel were
prepared using a similar methodology to (Kim et al., 2015). Briefly, the mixtures were prepared at
room temperature by following a simple procedure at varying weight percentages. Pyrolysis oil,
PEG400, n-butanol and 2-EHN were used in the mixture fuel content to obtain blended fuels. The
weight percentages given in Table 2 were used while preparing the obtained blended fuels.

Table 3. Weight% contents of blended fuels

Mixed Fuels PEG400 N-butanol WPO 2-EHN
Fuel 1 (PEGO/PY10/NB85/2-EHN5) %0 %85 %10 %5
Fuel 2 (PEG10/PY10/NB75/2-EHN5) %10 %75 %10 %5
Fuel 3 (PEG20/PY10/NB65/2-EHN5) %20 %65 %10 %5
Fuel 4 (PEG30/PY10/NB55/2-EHN5) %30 %55 %10 %5
Fuel 5 (PEG40/PY10/NB45/2-EHN5) %40 %45 %10 %5

Then, the pyrolysis oil fuel mixtures given in Table 3 were characterized in terms of
physicochemical properties. The physicochemical properties of the pyrolysis oil and homogeneous
mixtures were analyzed in a nationally accredited laboratory by following standard methods (ASTM
/ EN ISO), which is an indicator of the suitability of the mixtures for use in Cl engines, and measured
as shown in Table 4.

Table 4. PEG 400, PH, NB and 2-EHN blend components and fuel properties

Mixed Kinematic viscosity LHV Water content  Intensity  Cetane H 0
Fuels (mm?/s) 40°C (MJ/kg) (%) (kg/m3)  number

Fuel 1 2,9 31,6 2,51 847 27,7 61,8 132 246
Fuel 2 31 30,6 2,54 878 28,4 606 12,7 26,3
Fuel 3 33 29,7 2,57 910 30 59,3 123 280
Fuel 4 35 28,7 2,60 941 35,2 58,1 119 29,7
Fuel 5 38 27,8 2,63 973 37,2 56,8 114 314
Diesel 2,7 42,9 - 822 52 86,1 139 -

3. RESULTS AND DISCUSSION

Many studies have been conducted on the conversion of bio-oils into more stable fuels by
physical, catalytic or chemical methods (Bridgwater, 2012). The aim of this study is to investigate
the usability of WPO as an alternative fuel in internal combustion engines. There is not enough
research on the usability of the mixtures obtained by blending PO obtained from wood sawdust with
PEGA400, n-butanol and 2-EHN as fuel. Therefore, our study aims to fill this gap.

Although there are many studies in the literature on the production of fuel by pyrolysis of wood
chips, the majority of the studies on the usability of these fuels in internal combustion engines have
focused on diesel and biodiesel (wood chip pyrolysis oil) mixtures. The fuel mixtures used in this
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study (combinations of PEG400, wood pyrolysis oil, n-butanol and 2-ethylhexyl nitrate) address a
very current and innovative topic within the scope of alternative and environmentally friendly fuel
research. Although there are various studies on each of these components in the literature review,
studies using these four components together are quite limited. In this respect, the presented study
provides an original contribution to the literature. In addition, systematically changing the ratios of
these four components (especially increasing the PEG400 ratio and decreasing the n-butanol ratio)
aims to provide a new parameter analysis and provide a different perspective on the subject.

The combustion properties of pyrolysis oil blends may be limited by high acidic content and
uneven combustion. PEG400, 2-EHN and b-butanol can increase combustion efficiency and improve
the combustion properties of pyrolysis oil. Optimizing the mixture ratios can improve combustion
performance (Bridgwater, 2012).

WPO cannot be used directly in diesel engines due to its insufficient properties such as high
kinematic viscosity and low LHV; therefore, blending PY with diesel offers a solution to improve
fuel properties (Lee et al., 2020). However, WPO is known to be incompatible with other additives
directly, so an organic solvent such as n-butanol is required (Alcala and Bridgwater, 2013). N-butanol
increases the calorific value by reducing the viscosity and acidity of the blends (Yal¢in and Mutlu,
2022).

The effect of cetane number on combustion in diesel engines is important, therefore PEG400
and 2-EHN were added to the blends as cetane enhancers to increase cetane numbers (Kim et al.,
2015). As seen in Table 4, it was observed that there was an increase in the cetane numbers and
oxygen amounts of the blended fuels due to the increase in PEG400 as a weight percent in the blended
fuels.

As seen in Table 4, the density and kinematic viscosity of blended fuels containing 10 wt%
WPO are close to diesel, but an increase is observed when compared to the increase in PEG400;
kinematic viscosity was measured between 2.9-3.8 mm?/s. Blended fuels show increased calorific
values compared to the original WPO. As the PEG400 content increases, the density and kinematic
viscosity increase, while the calorific values decrease, which leads to longer injection times and
combustion delay (Kim et al., 2015). In addition, blended fuels carry a water content of 2.51-2.63%
compared to WPO, and the water content increases as the PEG400 ratio increases (See Table 4). In
general, the n-butanol ratio decreases with the increase in the PEG400 ratio, and this reduces the
calorific values of blended fuels. The increase in the presence of n-butanol improved the stability of
the mixtures, reduced density differences and increased their calorific values.

In Europe, the minimum cetane number is >51, and in the USA it is >40 (Lapuerta et al. 2009).
As the PEG400 content increases, the cetane number increases, which does not improve adverse
conditions such as ignition delay and incomplete combustion. To increase the cetane number,
PEG400 was added to the blended fuels in 10% weight increments and a fixed 5% 2-EHN, thus
increasing the cetane numbers to the range of 27.7-37.2.

The cetane numbers of the blended fuels were improved with PEG400, 2-EHN and n-butanol.
Since the cetane number of the fuels containing 40% PEG400 by weight approaches the optimum
value compared to diesel, it may be suitable for diesel engine applications. In the present study, by
selecting appropriate WPO-mixable additives for WPO blended fuels in a diesel engine, fuel
properties such as viscosity and autoignition of WPO blended fuels were improved. As a result,
physicochemically improved blended fuels that can be tested in CI engines were obtained. In the
future, diesel engine performance and exhaust emissions of these fuels can be compared with pure
diesel.
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In the study conducted in line with the above-mentioned analyses, it was concluded that the
inadequate fuel properties of PO could be improved in terms of physicochemical fuel properties by
applying modifications based on the determination of its fuel properties and that it could be used as
an alternative fuel in a diesel engine.

4. CONCLUSION

This A WPO was obtained by pyrolysis from wood sawdust. The optimum conditions for
maximum 23.4% yield are 10 °C/min heating, 500 °C reactor temperature and 0.5 L/min N2 flow
rate. However, the density of WPO is 1100 kg/m? and its kinematic viscosity is 8.9 mm?*/'s, which is
higher than diesel, which can cause engine deposits and engine problems such as fuel pump and
injector wear. WPO, which has a low calorific value, has a low water content of 1.1%. The low water
content increases the stability of the fuel, reduces ignition delay and abrasiveness, and can increase
the viscosity of the fuel. Due to this situation, modification is required for Po in terms of
physicochemical properties.

To improve the fuel properties of PY, it was mixed with PEG400, 2-EHN and n-butanol. To
obtain stable mixtures due to polarity, n-butanol was used as a co-solvent. In this way, WPO, PEG400
and 2-EHN were mixed homogeneously.

The increasing n-butanol due to the proportional decrease of PEG400 decreased the kinematic
viscosity of the blended fuels and increased the calorific value. The negative properties of PO were
reduced by the addition of PEG400, 2-EHN and n-butanol, and the cetane numbers reached the
minimum specification of diesel. Thus, the blended fuels can be considered as a potential biofuel
source in Cl engine applications.

In this study, blended fuels based on n-butanol, PEG 400, 2-EHN and WPO were evaluated as
potential alternatives to conventional diesel fuel. It was found that the autoignition properties of
blended fuels could be improved with two cetane improvers, PEG400 and 2-EHN. PEG 400, 2-EHN
and n-butanol are effective tools to improve the performance of biomass-based fuels. The cetane
improving properties of PEG 400 and 2-EHN, the viscosity reducing and polymerization inhibiting
abilities of n-butanol enable biomass-based fuels such as WPO to be used more efficiently in diesel
engines. The use of these components in appropriate proportions can increase fuel performance and
provide a wider range of applications for biomass-based fuels. In addition, determining the effects of
blended fuels on long-term performance, combustion characteristics and exhaust emissions in diesel
engines is important for the integration of these fuels into practical applications. In addition,
comparative evaluation of alternative cetane improvers other than PEG400 and 2-EHN and viscosity
modifiers other than n-butanol can contribute to further improvement of fuel properties. Studies to be
carried out in this direction will support biomass-based fuels to become a competitive alternative to
diesel fuel in terms of sustainability and environmental compatibility.
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at the same time. The performance of the powder feeder was tested with Ti6AI4V (flow rates of 5,
10, and 15 g/min), Zirconium (13, 20, and 30 g/min), and Inconel 625 (20, 50, and 75 g/min) powder
materials. Following the calibration process, the minimum deviations were observed as 2.9% for
Ti6AI4V at 15 g/min, 11.5% for Zirconium at 30 g/min, and 6.5% for Inconel 625 at 75 g/min.
Conversely, the maximum deviations were recorded as 12.3% for Ti6Al4V at 10 g/min, 28.8% for
Zirconium at 20 g/min, and 18.4% for Inconel 625 at 20 g/min. Overall, the lowest deviations
occurred at the higher end of the examined flow rate range.
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1. INTRODUCTION

In additive manufacturing methods used for fabricating components from metallic materials,
sintering or melting can be performed using laser-based or electron beam energy sources. These
methods are applicable not only to steel but also to lightweight materials such as titanium and its
alloys, which possess high strength, wear resistance, and fatigue life—properties that make them
suitable for the aerospace industry. Owing to their exceptional attributes, including high specific
strength and excellent resistance to corrosion and oxidation, titanium and its alloys are increasingly
utilized in the aerospace, marine, chemical, and biomedical industries (Wang and Liu, 2002; Courant
et al., 1999; Altus and Konstantino, 2001; Zhu et al., 2014; Bruni et al., 2005; Ganesh et al., 2014,
Wang et al., 2013; Weng et al., 2014).

Achieving the desired microstructure (e.g., grain size and morphology) and mechanical
properties (e.g., strength, hardness, residual stress) in materials processed via additive manufacturing
remains a significant challenge. It is well-established in the literature that complex metallurgical
phenomena occur during the process, influenced by both material characteristics and processing
parameters. Key factors such as powder characteristics (e.g., chemical composition, particle shape,
particle size and distribution, flowability) and process parameters (e.g., laser type, spot size, laser
power, scanning speed, and powder layer thickness) govern these phenomena (Gu et al., 2012; Santos
et al., 2006).

Directed Energy Deposition (DED)—also known as Laser Metal Deposition (LMD), Direct
Metal Deposition, or Laser Direct Manufacturing—is an additive manufacturing technique in which
metal parts are fabricated in three dimensions. Unlike laser sintering or melting, in DED the powder
is not pre-deposited but is instead delivered simultaneously and coaxially with the laser beam into the
processing zone, enabling the layer-by-layer construction of components (Figure 1) (Mahamood et
al., 2013). The powder feeding system includes a specially designed mechanism that transfers powder
into the gas stream via a nozzle. A high-energy laser beam, focused through a lens, is directed along
the Z-axis to the part, which is centered within the nozzle assembly. The vertical movement of the
lens and powder nozzle enables control over the focal height of both the laser and powder. To form
the desired geometries at each cross-section, the workpiece is moved in the X-Y plane by a computer-
controlled system, while successive layers are deposited to create the final 3D object. Advanced DED
systems—featuring multi-axis deposition, multiple powder feeders, and closed-loop control
systems—facilitate the fabrication, coating, and repair of complex geometries with dimensional
precision and reliable material integrity (Mazumder, 1995; Mazumder, 2010).

Recent advances have increasingly focused on the production of Functionally Graded Materials
(FGMs), which provide a compositionally graded interface rather than an abrupt material transition,
thereby improving bonding between the coating and substrate and reducing residual stresses (Weng
et al., 2014; Dai et al., 1997; Fu and Bathchelor, 1998; Gu et al., 2012). Some studies have explored
laser-melted graded coatings. For instance, Pei et al. (2002) successfully fabricated SiC/Ti-6Al-4V
FGMs using laser melt injection. Developing a straightforward approach for multilayer coating via
laser deposition is therefore imperative. A device with multiple, independently controlled powder
feeding channels and precise flow control could significantly advance the field of multilayer FGM
production (Weng et al., 2014).
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Figure 1. Directed Energy Deposition process (Mahamood RM vd. 2013)

Beyond the general capabilities of additive manufacturing, the continuous and simultaneous
delivery of powder into the processing zone via the DED method enables the creation of components
with spatially varying compositions.

Recent literature includes various studies on multi-material part fabrication using different
additive manufacturing methods. Some employ powder bed fusion, while others utilize LMD
techniques. Although many investigations focus on flat-shaped specimens, others explore the
production of complex geometries. These studies generally adopt a layer-based approach, wherein
material transitions occur between successive layers. They often involve the fabrication and
characterization—such as microstructural analysis and mechanical testing—of metal-metal or metal-
ceramic composite components (Wei et al., 2018; Wei et al., 2019; Lin and Yue, 2005; Lin et al.,
2006; Li et al., 2018; Xu et al., 2015; Zhang et al., 2016; Hofmann et al., 2014).

The ability to produce point-based FGMs is a unique capability of the DED process—one not
achievable through other existing additive manufacturing techniques. Realizing this functionality
requires a multi-component powder feeder capable of automatically and proportionally controlling
the delivery of different powder materials through independently regulated channels.

Powder control systems play a critical role in ensuring consistent and accurate delivery of
powder materials by regulating key parameters such as powder quantity, flow rate, bulk density, and
the ratio of mixed components. These systems are essential for maintaining process stability, material
homogeneity, and overall product quality, particularly in precision-sensitive applications like additive
manufacturing and pharmaceutical production. Numerous powder feeder designs exist. Screw
feeders—featuring single or multiple screws—are among the most widely adopted, accommodating
various powder types and sizes, and are suitable for both continuous and intermittent feeding (Engisch
and Muzzio, 2015; Li et al., 2020; Blackshields and Crean, 2017; Janssen et al., 2022). In contrast,
the screw-brush feeder integrates a screw for bulk transport with a rotating brush that enhances
flowability and prevents bridging and aggregation, making it especially suitable for fine or easily
clumping powders (Barati et al., 2015). Vibratory feeders, on the other hand, use oscillatory motion
to transport and dose fragile, irregular, and cohesive powders (Singh and Chandravanshi, 2022; Wang
etal., 2018).

Pump feeders operate on a simple volumetric principle, either via a cylinder-piston system that
controls piston speed or via a paddle wheel system that regulates rotational speed (Besenhard et al.,
2017; Mendez et al., 2012). Similarly, slide feeders are intermittent volumetric feeders that use
gravity-assisted mechanisms with adjustable slides or gates to control flow—offering simplicity and
reliability for handling free-flowing powders (Pohorely et al., 2004).
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Fluidized feeders represent a class of systems that aerate the powder bed to achieve a fluid-like
state, enhancing flowability and enabling uniform dosing. This method is particularly effective for
ultrafine or cohesive powders that typically challenge conventional feeding mechanisms (Wen and
Simons, 1959; Annamalai et al., 1992; Suri and Horio, 2009; Ozdemir, 2009; Hou, 2024). Each type
of feeder presents unique operational characteristics; the optimal choice depends on powder
properties, required feed accuracy, and the specific application.

In DED additive manufacturing and cladding applications—where continuous powder feeding
is essential—fluidized powder feeder types offer particularly suitable solutions due to their stable
delivery characteristics. Another approach combines vibration and carrier gas flow to regulate powder
delivery through gravity via an orifice. A schematic representation of such a powder feeder, presented
in earlier work, is shown in Figure 2 (Ermurat, 2009), where a similar design was employed. The
powder flow rate is regulated by adjusting the opening of a valve at the feeder outlet.

Powder hoppers Carrier gas inlet
-]
A B
.o—'—_'_'-'_‘-'_'-
Powder flow
chanmels Vibration motor

Gas and powder outlet

Figure 2. Schematic of Dual Component Powder Feeder (Ermurat M, 2009)

The powder feeder developed for laser metal deposition applications is capable of delivering
both metallic and ceramic powders. In applications involving ceramic coatings on steel substrates,
the ratio of ceramic to metallic powders varies across layers. As the deposition progresses, the ceramic
content increases, culminating in a final layer composed entirely of ceramic material. This
compositional gradient ensures stronger and more homogeneous bonding between the coating and
substrate. Accordingly, a dual-component powder feeder is essential to achieve such gradation.

As a critical component of laser metal deposition systems, the powder feeder must fulfill
specific functional requirements. The system offers an adjustable powder flow rate, a controllable
carrier gas flow rate, and the ability to deliver two distinct powder types at specified ratios—with all
adjustments performed manually.

In addition to its dual-component design, the powder feeder must incorporate automated control
to enable efficient FGM fabrication. Although mechanical adjustment of powder flow is possible, it
poses challenges in terms of precision and responsiveness. In contrast, computer-controlled systems
allow more accurate and rapid regulation.

Despite the growing number of studies on multi-material additive manufacturing and
functionally graded components, there remains a significant gap in the development of compact, low-
cost, and semi-automated dual-component powder feeding systems specifically tailored for DED
applications. Existing feeders are often either overly sophisticated and cost-prohibitive or lack the
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precision and flexibility needed for real-time compositional gradation. Furthermore, most systems
rely on manual adjustment mechanisms, which compromise repeatability and limit point-wise
material gradient control. Therefore, a versatile and accessible powder feeding system capable of
accurate, simultaneous regulation of multiple powder streams is urgently needed to support the
fabrication of complex FGM structures.

In response to this gap, the present study developed and implemented a dual-component, semi-
automated powder feeder using the Arduino programming platform.

2. MATERIALS AND METHODS

The operating principle of the dual-component powder feeder is based on the opening of valves
located beneath the powder hoppers, allowing powders to flow—assisted by vibration—into a powder
transport channel. Within this channel, the powder is accelerated by a carrier gas and expelled through
distribution channels at the bottom of the feeder. The valve shaft is cylindrically shaped and operates
via a rotational motion driven by a stepper motor, which adjusts the opening by aligning a slit on the
adjustment shaft.

The valve mechanism designed in this study adjusts the powder flow by altering the cross-
sectional area of the opening as the adjustment shaft rotates. The valve shaft with some dimensions
and attached O-rings is depicted in Figure 3.

oI
S

(a)

Figure 3. Valve Shaft a) front view with some dimensions b) perspective of 3D model

In Figure 4, the valve shaft is shown connected to the stepper motor via a coupling, allowing
rotation. Figure 4 also presents a cross-sectional view of how the shaft is mounted on the feeder body,
which is a revised version of the previous design (Figure 2), now equipped with a stepper motor to
control powder flow.

When the valve adjustment shaft is aligned parallel to the feeder body channel, the valve is
considered fully open, as depicted in the figure. Rotation of the adjustment shaft regulates the amount
of powder being dispensed. A completely closed position corresponds to a 0% valve opening.

The vibration motor, carrier gas inlet, and valve adjustment motor are mounted on the aluminum
body of the powder feeder. The internal powder flow channel follows the direction of gravity, and
the mass flow rate is regulated via the valve.

Vibration is a crucial parameter in powder flow, as it reduces inter-particle friction and
facilitates smoother movement. The vibration motor, mounted horizontally, employs an eccentric
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mass that shifts its center of gravity during rotation, thereby producing vibrational motion. The
horizontal alignment of the motor enhances vertical particle movement, promoting better flowability.

The opening and closing of the stepper motors that drive the valve shaft, carrier gas, and
vibration motor are all controlled automatically using the Arduino programming platform.

Due to the typically low quantities of powder fed into these systems, maintaining precise control
over the feed rate is imperative for achieving reliable material deposition and process stability.
Therefore, the control system must be capable of performing calculations based on user-input mass
flow rates. The stepper motor is controlled via the Arduino platform.

Valve shaft

Coupling

Stepper motor shaft
O-ring

Powder hopper

Shaft opening channel
Carrier gas channel
Powder feeding channel

Nk~ E

Figure 4. Valve adjusting shaft assembly

A photograph of the fully assembled powder feeder is shown in Figure 5.

Figure 5. Dual Component Powder Feeder

To ensure rapid and accurate adjustment of powder mass flow rates, manual measurements are
incorporated into an automated control system. The Arduino platform is used to perform the necessary
calculations and adjustments. The control schematic of the designed powder feeder is illustrated in
Figure 6, and the corresponding algorithm is provided in Figure 7.

As indicated in the flowchart of Figure 7, calibration must first be performed to determine the
flow rate corresponding to specific valve shaft angles. Measurements are required at 25%, 50%, 75%,
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and 100% valve openings. A function must then be established to relate the valve opening to the flow
rate, allowing for intermediate values to be interpolated and matched with appropriate stepper motor
angles. Since the powder feeding channel is a cylindrical hole, each valve opening corresponds to a
variable circular cross-sectional area. Therefore, a third-degree polynomial function has been
employed to accurately model the relationship. Given the availability of four data points, this function
provides a suitable fit for precise calibration, yielding a coefficient of determination of one, which
denotes a perfect fit to the data and ensures an accurate representation of the relationship between
flow rate and valve opening.

| LCD DISPLAY

A

| ARDUINO MEGA }4—‘ KEYPAD

STEP MOTOR STEP MOTOR
DRIVER-A DRIVER-B
‘ STEP MOTOR-A | | STEP MOTOR-B ‘

Y Y
TWO COMPONENT
CARRIER GAS POWDER HOPPER VIBRATION MOTOR

Figure 6. The powder feeder control schematic

Interpolation refers to the mathematical process of estimating unknown intermediate values of
a continuous function based on a finite set of known data points. The objective is to construct a
function f(x) that passes through these known points and can reliably predict values at locations where
data is not explicitly available. This process is critical in numerical analysis and engineering
applications, particularly when experimental or computational constraints prevent the acquisition of
continuous data.

Various interpolation techniques are employed depending on the nature and distribution of the
data points. When the known data points are not equally spaced, methods such as Lagrange
interpolation or Newton’s divided difference are commonly used (Burden and Faires, 2011). For
equally spaced data, finite difference methods such as Newton-Gregory forward or backward
interpolation are more efficient. The chosen interpolation model—whether polynomial, spline-based,
or piecewise—directly affects the accuracy and smoothness of the estimated function.

In the context of additive manufacturing or mechatronic systems, interpolation functions are
often utilized to calibrate or model relationships between system inputs (e.g., valve opening angles)
and outputs (e.g., powder flow rates), especially when real-time sensor measurements are not feasible.

Due to the potential variation in initial valve opening positions with each run and the cylindrical
cross-sectional area of the powder feeding channel, the resulting calibration data points are not
uniformly spaced.

Consequently, Lagrange interpolation is employed in this study to construct a fitting polynomial
that accurately represents the nonlinear relationship between the valve opening and the powder flow
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rate. By using a Lagrange interpolation polynomial, the model does not require equally spaced data
points, thereby accommodating the inherent variability in the valve's initial positioning and ensuring
reliable performance of the control algorithm.

If a parabolic interpolation in the form of f (x) =a + ax + a x* is to be performed using
Lagrange polynomials based on data points such as (x0,f0), (x1,f1) and (x2,f2), the coordinates of
these points are substituted into Equation 1 to construct a system of equations.

fo = ag + a;xo + azxy?
fi=ap+a1x; + azx;® (1)

fo = ag + arx; + azx;?

The coefficients of the resulting polynomial f(x) are then obtained by solving this system and
are presented in Equation 2.

_ folxix? — x,%1%) + f1(x2%0% — x0x2%) + f(xX0%1% — x1%0%)
(X0 — x1) (g — x2) (X2 — x1)
_ folx1? = x%) + fi(x22 — x02) + fo(x0* — x1%)

Qo

)
! (0 — x1)(xg — x2) (X2 — %1)
0 = fo(xz — x0) + f1(xo — x2) + f2 (31 — x0)
’ (o = X1) (o — %2) (%2 = %1)
In this case, the parabolic equation is rearranged for f0, f1, and 2, as shown in Equation 3.
f(x) =Lofo+ Lifi + Lofy (3)

The magnitudes of Li here are given by Equation 4, and these magnitudes are referred to as
Lagrange polynomials (Yiikselen, 2008).

Lk:

(2 = x0) (& = 1) o (¥ = Xe=1) (¢ = Xpen) o (6 — ) :fjx—@
(xx — x0) O — x1) oo (e = Xg—1) O — Xpeer) - (e — X)) G X T % (@)
j#k

Consequently, curve fitting was performed using a third-degree polynomial function,
f(x)=a+ax+ax>+ax®, which offers greater accuracy than lower-degree polynomials.
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for the selected powder feeder.
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WHAT TO DO

Figure 7. Algorithm of the powder feeder working

An Arduino code was developed in accordance with the algorithm illustrated in Figure 7. This
implementation utilizes user-defined flow rate values corresponding to known valve opening ratios
to perform polynomial regression, thereby generating a mathematical function. The resulting function
enables precise calculation of the required valve opening to achieve any desired flow rate, and based
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on this calculation, the stepper motors are adjusted to the appropriate position, rotating the valve shaft
accordingly.

All experiments conducted during both the calibration and feeding stages were repeated three
times, and the average values were used for all calculations. In both stages, the valve shaft was kept
open for a predetermined time interval, during which the discharged powder was collected in a clean
container and weighed using a precision balance. The corresponding mass flow rates were then
calculated using the standard mass flow rate equation.

Following the completion of the calibration process, three target mass flow rates were defined
for each material. Based on the calibration data, the powder feeder was adjusted to determine the
appropriate valve opening corresponding to each target. During each feeding test, the powder
delivered over the set time interval was collected and measured, and the resulting flow rates were
calculated accordingly.

3. RESULTS AND DISCUSSION

In DED processes, the precise and continuous delivery of multiple powder materials is essential
for the successful fabrication of FGMs. Since metallic and ceramic powders often differ significantly
in terms of density, particle morphology, and flow behavior, a conventional single-channel feeding
system is usually insufficient to ensure accurate dosing and homogeneous mixing during deposition.
Therefore, a dual-component powder feeding system was developed in this study to enable the
simultaneous and adjustable delivery of two distinct powders. This system was designed to support
the controlled production of gradient structures by providing independent flow regulation for each
powder stream. In addition, the integration of a predictive control model allowed the system to
calculate appropriate valve positions based on target flow rates and material-specific characteristics.
The following section evaluates the calibration procedure and feeding accuracy of this system under
various operating conditions.

The calibration process was conducted using different powder materials, followed by
assessments of whether the actual feeding rates matched the predicted values generated by the
developed model. The results obtained from these evaluations are discussed in detail.

The powder materials used and their key properties are summarized in Table 1.

Table 1. Powder materials and their some properties

Powder Material Particle size (um) Particle shape
Ti6Al4V +109 -154 Spherical
Zirkonyum +75 -154 Irregular
Inconel 625 +90 -154 Spherical

The microscope images of the powder materials, with their sizes and shapes specified in Table
1, are presented in Figure 8.
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Ti6AI4V (+109-154pm) Zirconium (+75-154pm) Inconel 625 (+90-154pm)

Figure 8. Microscope images of the powder materials

Initially, calibration experiments were carried out for each powder type. Subsequently, three
intermediate feed rate values were selected, and the powder feeder was commanded to calculate and
adjust the valve opening angle accordingly. The amount of powder dispensed over a fixed time
interval was measured, and the resulting mass flow rates were calculated. All measurements during
both the calibration and the feeding phases were repeated three times for each setting, and the average
values were used for analysis. In both cases, the valve was kept open for a predefined duration, during
which the dispensed powder was collected in a container and weighed using a precision balance. The
mass flow rate was then calculated using the standard mass flow formula. These calculations were
automated via the Arduino-based control system.

Table 2 presents the average mass values obtained during calibration corresponding to valve
openings of 25%, 50%, 75%, and 100% of the full opening for three powder materials.

Table 2. The average of the measurement results obtained during the calibration of the powder materials

Valve Opening Powder flow rate (g/m)

(%) Ti6Al4V Zirconium Inconel 625
25 1,68 9,06 6,18

50 8,46 17,61 54,06

75 13,56 26,55 68,28
100 19,74 36,69 91,44

Following this, feeding was conducted at various intermediate target values, and the
corresponding measurements were recorded. Table 3 presents the target values, the mean of three
measurements for each case, and the relative errors for each powder material.

Table 3. Feeding results of the powder materials at the target and measured values and the resulting relative error rates
Ti6AI4V Zirconium Inconel 625
Target Measured  Rel. Target Measured  Rel. Target Measured  Rel.
Flowrate  Flowrate Error | Flowrate  Flowrate Error | Flowrate  Flowrate Error
(g/min) (g/min) (%) (g/min) (g/min) (%) (9/min) (9/min) (%)

5 451 -9.8 13 11.22 -13.7 20 23.68 18.4
10 11.23 12.3 20 25.76 28.8 50 54.06 8.1
15 14.56 -2.9 30 26.55 -11.5 75 70.13 -6.5
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Although the regression model demonstrates a perfect fit with the calibration dataset (R* = 1),
noticeable discrepancies were observed between the predicted and actual powder feed rates during
operation.

These results collectively highlight the influence of particle size, shape, and target flow rates
on the precision of the feeding system, underscoring the need for material-specific calibration
strategies in powder-based manufacturing processes. These deviations are primarily attributed to the
inherent complexity and dynamic behavior of powder flow systems, rather than deficiencies in the
mathematical model itself.

Among the tested powders, Ti6Al4V powder exhibited the lowest relative error across all target
flow rates, followed by Inconel 625 powder, while Zirconium showed the highest deviations. As
summarized in Table 1, Ti6Al4V and Inconel 625 exhibit spherical morphology, which is known to
promote stable and predictable flow. Furthermore, Ti6Al4V powder possesses the narrowest size
distribution among them. In contrast, Zirconium has angular, irregularly shaped particles with a
somewhat broader size distribution, likely contributing to increased flow variability and feeding
errors.

These results support the widely acknowledged view that particle shape and size distribution
significantly influence flow behavior in powder feeders. Spherical particles, due to their reduced
interlocking and lower surface area-to-volume ratio, generally experience less resistance during flow
and are less susceptible to arching and bridging phenomena. This characteristic facilitates smoother
transport through constricted geometries such as valves and funnels, leading to more consistent
delivery rates—an observation consistent with the superior performance of Ti6AI4V.

On the other hand, irregular particles, like those of Zirconium, tend to interlock and form
unstable flow patterns, particularly at lower feed rates. Irregular particles not only cause interlocking
among themselves, but also induce flow disturbances due to the interaction between the particle and
the flow path, especially around sharp features such as the valve shaft. This behavior aligns with the
findings of Barati et al. (2015), where significant fluctuations in mass flow rate were observed due to
powder cohesion and particle-wall interactions.

Wang et al. (2018) and Besenhard et al. (2017) also have shown that fine and cohesive powders
are particularly prone to erratic flow due to agglomeration, inter-particle adhesion, and arching
effects, which reduce flow reproducibility even under seemingly controlled conditions. Besenhard et
al. (2017) also concluded that flow fluctuations are more likely at low feed rates due to the high
surface-to-volume ratio. Similar to these findings, lower flow fluctuations were observed at higher
target flow rates for each powder in this study, as presented in Table 3.

Studies by Pohorely et al. (2004) and Annamalai et al. (1992) underscore that low-rate feeding
systems are particularly sensitive to small disturbances in powder behavior, especially under micro-
feeding regimes. These physical phenomena introduce nonlinearities and disturbances that are not
captured by regression models trained on static datasets.

These insights underscore the importance of integrating material-specific considerations into
the design and calibration of powder feeding systems. For instance, in applications involving powders
with poor flowability—Ilike Zirconium—strategies such as vibrational agitation, assisted gas flow,
and optimized flow channel geometry should be precisely tuned to stabilize the feed. This is supported
by Mendez et al. (2012), who showed that feed frame geometry and dynamic interactions between
powder and wall surfaces can drastically affect feed uniformity.

Therefore, while the regression model provides an idealized estimation of the valve position
required to achieve a target flow rate, real-time deviations stem predominantly from transient flow
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instabilities, batch-to-batch material variability, and mechanical limitations of the feeder hardware—
all of which are well-documented challenges in the field of powder technology (Blackshields and
Crean, 2017; Engisch and Muzzio, 2015; Janssen et al., 2022).

In summary, the deviations observed in Table 3 are not merely the result of mechanical
limitations but reflect the complex interplay between powder shape, size, cohesion, and the chosen
feeding method. These findings highlight the need for adaptive and material-aware control strategies
in dual-channel powder feeders, particularly when dealing with non-spherical or fine-grained
powders.

The dual-channel powder feeder developed in this study provides a robust and adaptable
foundation for the implementation of FGM strategies via DED, particularly in high-performance
components such as compressor disks and turbine blades. These components must withstand extreme
thermal loads, high rotational speeds, and severe wear conditions—especially in the case of
compressor disks, where both fatigue and surface degradation due to abrasion pose significant
operational risks (Aschenbruck J et al.,2014). The ability to precisely regulate and independently
deliver different powder materials enables tailored material gradients, which significantly enhance
resistance to mechanical and thermal stresses. This flexibility, combined with the automatic control
of variable feed rates for dual powder materials, makes such a powder feeder particularly valuable
for the production of performance-critical components—especially in defense, aerospace, and energy
sectors—through FGM strategies implemented via DED additive manufacturing (Nazir A et al.,
2023).

4. CONCLUSION

This study introduced a novel dual-component powder feeding system designed to enable
independent flow control for each powder line in DED applications. The system integrates a
calibration-based predictive model that determines the appropriate valve position for a target flow
rate based on the feeding characteristics of each powder type. The proposed method was validated
through a series of calibration and controlled feeding experiments using Ti6Al4V, Inconel 625, and
Zirconium materials. Based on the results obtained, the following conclusions can be drawn:

o Each material was fed at selected target flow rates, and the achieved values were compared
against predicted outputs to evaluate the system’s accuracy.

e The minimum relative deviations were observed as 2.9% for Ti6Al4V at a flow rate of 15
g/min, 11.5% for Zirconium at 30 g/min, and 6.5% for Inconel 625 at 75 g/min. Conversely,
the maximum deviations were recorded as 12.3% for Ti6Al4V at 10 g/min, 28.8% for
Zirconium at 20 g/min, and 18.4% for Inconel 625 at 20 g/min. In general, lower deviations
were observed at higher flow rates.

o TIi6AIl4V powder exhibited the lowest relative error across all target flow rates due to its
spherical morphology and narrow size distribution. Conversely, Zirconium powder exhibited
the highest relative error, primarily due to its irregular morphology and broader particle size
distribution.

e« The mass flow behavior of powders was fundamentally governed by material-specific
physical properties, especially density and particle morphology, under gravity-driven feeding
conditions. For instance, Inconel 625, with its substantially higher density, exhibited the
highest mass flow rate among all tested powders. This aligns with the literature emphasizing
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the dominant influence of gravitational forces in free-flow feeding systems (Engisch and
Muzzio, 2015; Annamalai et al., 1992).

o Despite the irregular morphology of Zirconium powder—which is commonly associated with
poor flowability—the presence of finer particles in its distribution appeared to enhance its
flow behavior. As a result, Zirconium outperformed Ti6AIl4V in terms of mass flow rate under
comparable conditions, underscoring the compensatory role of particle size over shape (Barati
Dalenjan et al., 2015; Janssen et al., 2022).

o The favorable flow performance of Inconel 625 was further enhanced by its spherical particle
shape, which minimized inter-particle friction and supported a more streamlined flow through
the valve opening. Additionally, its relatively narrow particle size distribution enabled higher
volumetric fill and more uniform movement through the feeder system, consistent with
findings in Besenhard et al. (2017) and Wang et al. (2018).

« Polynomial regression modeling enabled precise calibration of the relationship between valve
opening and powder mass flow rate. The calibration curve, established via third-order
polynomial interpolation based on four data points, exhibited a perfect fit (R? = 1.000).
However, deviations observed in actual feed performance, particularly at lower valve
openings, indicate that such models alone may not capture all dynamic effects present in real-
time operations—especially in the presence of complex powder behaviors. This aligns with
prior studies emphasizing that while modeling provides a foundational understanding,
physical phenomena such as particle bridging, vibration-induced segregation, or refill-
induced disturbances can significantly affect feeding stability (Li et al., 2020; Blackshields
and Crean, 2017).

e The most pronounced deviation from predicted feed rates was observed with Zirconium,
which also exhibited the largest variation across repeated measurements. This instability is
attributable to its irregular particle shape and broader size distribution, which likely caused
erratic flow, frequent clogging, and intermittent surges. Such behaviors are consistent with
the challenges of feeding cohesive or irregularly shaped powders highlighted in Wang et al.
(2018) and Pohorely et al. (2004).

e A general trend of reduced error and improved consistency was observed at higher valve
openings for all powder types. This observation suggests that increased aperture reduces the
relative influence of particle morphology and enhances bulk flow stability—findings that are
in agreement with the work of Singh and Chandravanshi (2022), who demonstrated the
positive correlation between opening size and feed uniformity in vibratory feeder systems.

In conclusion, this study confirms that the dual-channel powder feeder system is capable of
delivering accurate and consistent powder flow for a variety of materials. Nevertheless, for powders
with challenging flow characteristics—such as Zirconium—enhanced control strategies, including
real-time feedback or active vibration mechanisms, may be necessary to mitigate fluctuations. These
findings highlight the critical interplay between powder physical characteristics and mechanical
feeding design, reinforcing the need for integrated approaches that combine predictive modeling with
process-aware engineering solutions in future developments.
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OZET: Makine parcalarmin mikro yapisini iyilestirmek, asinmaya kars1 dayamkliligini artirmak,
korozyona karsi direng kazandirmak ve yorulma omriinii uzatmak igin farkli yiizey sertlestirme
yontemleri uygulanmaktadir. Plazma nitriirleme islemi, elde edilen sertlesmis tabakalarin hassas bir
sekilde kontrol edilebilmesi ve diger sertlestirme tekniklerine kiyasla sundugu ¢esitli avantajlar
sayesinde endiistride genis ¢apta kullanilmaktadir. Bu arastirmada AISI 5115 ¢eligine %50 H2+%50
N2 gaz karisimi ortaminda 500 °C sicaklikta 5 saat siireyle DC plazma nitriirleme, %75 ve %50 gorev
dongiisti ile darbeli (puls) plazma nitriirleme islemi uygulanmistir. Plazma nitriirlenmis numunelerin
faz 6zellikleri XRD ve optik mikroskop ile incelenmistir. Mikrosertlik dlciimleri ile yiizey sertlikleri
belirlenmistir. Metalografik incelemeler sonucunda beyaz tabakanin olustugu, gorev dongiisiiniin
azalmasiyla tabaka kalinliginin azaldig1 goriilmiistiir. X-1s1nlar1 incelemeleri sonucunda DC plazma
nitriirleme ile FesN, FesN fazlariin olustugu %50 gorev dongiisii ile yapilan ¢caligsmada ise bu fazlara
ek olarak yiizeyde a-Fe ve FesO4 fazlar goriilmiistiir. Mikrosertlik incelemeleri sonucunda yiizey
sertliginde isleme bagli olarak yaklagik 3-5 kat artis oldugu tespit edilmistir.
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The Influence of Duty Cycle on Plasma Nitriding

ABSTRACT: Different surface hardening methods are applied to improve the microstructure of
machine parts, increase wear resistance, provide resistance to corrosion and extend fatigue life.
Plasma nitriding process is widely used in the industry due to the precise control of the hardened
layers obtained and the various advantages it offers compared to other hardening techniques. In this
research, DC plasma nitriding and pulsed plasma nitriding with 75% and 50% duty cycles were
applied to AISI 5115 steel in a 50% H2+50% N> gas mixture environment at 500 °C for 5 hours. The
phase properties of plasma nitrided samples were examined by XRD and optical microscope. Surface
hardness was determined by microhardness measurements. As a result of metallographic
examinations, it was observed that a white layer was formed and the layer thickness decreased with
the decrease in duty cycle. As a result of X-ray examinations, FesN, FesN phases were formed with
DC plasma nitriding and in the study carried out with 50% duty cycle, a-Fe and Fe3O4 phases were
observed on the surface in addition to these phases. As a result of microhardness examinations, it was
determined that there was an increase of approximately 3-5 times in surface hardness depending on
the process.

Keywords: AlISI 5115 Steel, Plasma nitriding, Duty cycle, Microhardness

1. GIRIS

AISI 5115 (16MnCr5) c¢eligi, sementasyon islemiyle yiizeyi sertlestirilebilen, degisken ve
darbeli zorlamalara kars1 dayanikli, alasimli bir yap1 ¢eligidir. Bu 6zelligi sayesinde disli ¢arklar,
aktarma organlari vb. pargalarin imalatinda tercih edilir (Cai ve ark., 2021).

Plazma nitriirleme ¢esitli plazma difiizyon islemleri arasinda yaygin olarak kullanilan yiizey
islemleri arasindadir. Plazma nitriirleme teknolojisi, azot gazi ortaminda plazma desarj1 yoluyla azot
iyonlarini metale niifuz eder ve yayar. Yiizeyde nitriirlenmis bir tabaka olusturur. Bu nitriirlenmis
tabaka miikemmel sertlik, asinma direnci ve korozyon direnci gosterir (Chong ve Kim, 2017). Plazma
nitriirlemenin bir sonucu olarak ¢eligin yiizeyinde beyaz tabaka ve difiizyon tabakasi olarak bilinen
yapilar olusur. Beyaz tabaka en digtaki tabaka olup tek fazli (y'-FesN veya e-Fez2 3N) veya cok fazli
(y'-FeaN+e-Feo_3N) olabilir (Ohtsu ve ark., 2021; Shen ve Wang, 2019; Esfahani, 2007).

Uygulamaya bagl olarak, DC desarjlar1, darbeli DC desarjlari, RF desarjlar1 ve mikrodalga
desarjlart dahil olmak tizere cesitli glic kaynaklar1 plazma firetebilir (Anders, 2004; Conrads ve
Schmidt, 2000). Nitriirleme sistemi genellikle DC gii¢ kaynaklari tarafindan ¢aligtirilir (Conrads ve
Schmidt, 2000). Ancak, puls frekansi veya puls gorev dongiisii degistirilerek nitriirleme performansi
tizerinde ek kontrol saglamasi nedeniyle puls DC desarjlar1 tercih edilir (Alves ve ark., 1999; Sharma
ve ark., 2006). Darbeli DC glow desarjlarinda, iyon bombardimani ile sa¢ilma, aktif puls sirasinda
(bir pulsun acik siiresi T acik) etkiliyken, plazmanin aktif tiirleri tiim dongii boyunca korunur (T =T
ack T T kapan) (Cooke ve ark., 2004). Bu nedenle, puls gorev dongiistiniin (T agk /(T agk + T kapatr)
plazma parametreleri ve nitriirleme performansinin etkisini incelemek 6nemlidir (Fenili ve ark.,
2017).

Puls plazma nitriirleme, puls stiresi ve gorev dongiisiiniin hassas ayarlanabilirligi sayesinde
parcgalarin ylizeyinde dengeli bir sicaklik dagilimi saglayarak, asir1 1sinma riskini ortadan kaldirir ve
yiiksek plazma giicliniin giivenle kullanilmasint miimkiin kilar (Huchel, 1995). Yiiksek plazma
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giiciiniin kullanimi nitriirleme zamanini kisaltir (Leskovs€k, 1995). Bunun yaninda puls gii¢ kaynagi
arki 6nlemeye yardimci olur (Podgornik ve Vizintin, 2003; Naem ve ark., 2016).

Birkag calismada, geleneksel bir plazma nitriirleme sisteminde ¢esitli altlik malzeme tizerinde
darbeli gorev dongiisiiniin etkisi incelenmistir. Bunlar arasinda Menthe ve ark. (2000) farkli N> —
H> gaz karisimlarn ve islem siireleri ile darbeli-DC plazma kullanilarak 375-475 © C sicaklik
aralifinda AISI 304L ¢eligi lizerinde plazma nitriirleme gerceklestirmislerdir. Alves ve ark. (1999)
AISI 409 ¢eligini plazma nitriirleyerek darbe genisligi taci'in nitriirlenmis tabaka tizerindeki etkisini
incelemiglerdir. Taherkhani ve Mahboubi (2013) nitriirlenmis H13 ¢eligi {izerinde gérev dongiisii
(%40—%80) ve frekans (8—10 kHz) etkisini incelemislerdir. Diaz-Guillén ve ark. (2009) darbeli (puls)
plazma nitriirleme isleminde, AISI 4340 diislik alasimli ¢eligin yilizey Ozellikleri iizerinde gorev
dongiistiniin (%10 — %80 tacik araligl uygulayarak) yiizey sertligi, islem derinligi, bilesik bolge
genisligi ve kristalin faz bilesimi {lizerindeki etkisini incelemislerdir. Diaz-Guillén ve ark. (2015)
plazma nitriirlenmis AISI 316L celiginin ylizey karakteristiklerine darbe zamani degisiminin sertlik,
kristalin fazlar ve elektrokimyasal korozyon duyarlilig1 iizerindeki etkisini incelemislerdir. Durisic
ve ark. (2006) C45 ¢eligini puls plazma nitriirlemede gérev dongiisii etkisini aragtirmislardir. Luo ve
ark. (2017) puls plazma nitriirlenmis Ostenitik paslanmaz ¢eliginin asmmma davraniglarini
incelemislerdir. Yasir ve ark. (2024) AISI 321 paslanmaz ¢eligini %10-%60 arasindaki gorev
dongitilerinde plazma nitriirlemiglerdir. Cieslik ve ark. (2011), DIN 16MnCr5 celigi i¢in plazma
nitriirleme islem siireci tizerine bir ¢alisma yiiriitmistiir. Azot (N2) ve Hidrojenin (H2) farkli gaz
bilesimlerini kullanarak ek bir diflizyon asamasinin, bilesik tabaka kalinligi ve sertlik profili
tizerindeki etkisini arastirmislardir.

AISI 5115 ¢eliginin mekanik ve tribolojik 6zelliklerini belirlemek amaciyla nitriirleme ve
borlama gibi yontemler kullanilarak farkli ¢aligmalar yapilmis olmasina ragmen, literatiirde farkli
gorev dongiilerinde nitrlirlemenin malzeme ylizeyine etkisi lizerine ¢alismaya rastlanilmamistir. Bu
caligmada AISI 5115 ¢eligi 500 °C sicaklikta, 5 saat islem siiresinde, %50 N2-%50 H: karisiminda
DC plazma ve %75, %50 gorev dongiisii oranlartyla plazma nitriirlenerek mikroyapisal 6zellikleri
iizerindeki etkisi incelenmistir. Nitriirlenen numunelerin mikroyapi, yiizey puriizliligi, sertlik ve
XRD analizleri yapilmistir.

2. MATERYAL VE YONTEM

Bu caligmada altlik malzeme olarak kullanilan AISI 5115 ¢eliginin kimyasal bilesimi Cizelge
1’de goriilmektedir.

Cizelge 1. AISI 5115 Celiginin Kimyasal Bilesimi, %
C Mn Cr Si P S Fe
0.14-0.19 1-1.3 0.8-1.1 0.15-0.4 0.02-0.035  0.02-0.035 Kalan

24 mm ¢apindaki AISI 5115 ¢eligi 1 metre boyunda kesilmis halde temin edilmistir. Celikler
25’er cm araliklarla hidrolik testere ile kesilerek 900°C sicaklikta 45 dakika siireyle tam tavlama
islemine tabi tutulmustur. Daha sonra ¢eligin ¢cap1 torna ile 20 mm ye diisiiriilerek 10 mm kalinliginda
kesilmistir. Sonrasinda numuneler metalografik olarak parlatilmistir.

Numuneler alkolle temizlendikten sonra katot lizerine yerlestirilmis ve haznenin kapagi
kapatildiktan sonra havasi 8.4x1072 mbar basinca bosaltilmistir. Nitriirleme islemine gegilmeden 6nce
numuneler 5 mbar basing altinda 30 dakika H> gazi ile sagilma islemine tutulmustur. Plazma
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nitriirleme igslemi DC, %75 ve %50 gorev dongiisii uygulayarak 500 °C sicaklikta, 5 mbar vakum
basincinda %50 H2-% 50 N2 gaz karisiminda ve 5 saat siireyle gergeklestirilmistir. Deney siiresince
sicaklik, numuneye temas halinde olan bir termokupl ile dl¢iilmiistiir. istenilen sicakliga ulasinca
nitriirleme siiresi baglatilmistir. Plazma nitriirlenen numuneler tizerinde XRD analizi, mikrosertlik ve
metalografi yiizey piiriizliliigii incelemeleri yapilmistir. Nitriirlenmis numunelerin sertlikleri
malzeme ylizeyinden, Vickers ucuyla 50 gr yiik altinda 10 saniye siire ile Olclilmiistiir. Yiizey
piirtizliilligii 6l¢timleri Taylor-Hobson Rugosimeter Surtronic 25 marka cihaz ile gergeklestirilmistir.
Nitriirlenmis yiizeylerdeki mevcut fazlarin analizi Shimadzu XRD-6000 cihazinda CuKa (A = 1,5418
A) radyasyonu kullamlarak gergeklestirilmistir.

3. BULGULAR VE TARTISMA

3.1 Nitriir Tabakasinin Karakterizasyonu
Sekil 1’de DC plazma nitriirlenen AISI 5115 celiginin i¢ yapi1 fotografi goriilmektedir.
Numunelerin dis ylizeyinde ortalama 5 um kalinliginda beyaz tabaka olugsmustur. Numune {izerinde
olusan tabaka diizgiin bir sekilde yayilmistir. Cieslik ve ark. (2011) %30 N2-%70 H, gaz karisiminda
5 saat plazma nitriirleme sorasinda 1.5 pm kalinliginda beyaz tabaka olustugunu tespit etmislerdir.

Sekil 2’de %75 gorev dongiisii ile plazma nitriirleme sonrast mikroyap1 fotografi
goriilmektedir. Beyaz tabaka kalinlig1 ortalama 4 um olarak tespit edilmistir.

Beyaz Tabaka
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Sekil 3°te %50 gorev dongiisii ile plazma nitriirleme sonras1 mikroyapi fotografi goriilmektedir.
Beyaz tabaka kalinlig1 ortalama 2.5 um olarak tespit edilmistir.
Beyaz Tabaka

Sekil 3 %50 gorev dongiisii ile plazma nitriirlenmis AISI 5115 ¢eliginin optik mikroskopta goriintimii

Beyaz tabaka nispeten yiiksek bir sertlige sahip olmasina ragmen, i¢ gerilimler onu kirilgan
hale getirir. Bu katman belirli uygulamalarda kayma aginmasini ve yorulma direncini korumak igin
en aza indirilir. Buna karsilik, beyaz tabaka malzemeye asinma ve yuvarlanma siirtiinmesine karsi iyi
fiziksel 6zellikler saglar (Celik ve Karadeniz, 1996), bu da daha sonra homojen ve daha kalin bir
beyaz tabakanin istendigi anlamina gelir. Beyaz tabakanin plazma nitriirlenmis sert kaplama sonrasi
islemde {istlin kayma asinmasi Ozelliklerine yol agan ara sert bir katman olarak hareket ettigi
bulunmustur (Podgornik ve ark., 2001). Bu nedenle, tabakanin kalinlig1 malzemenin kullanimina gére
belirlenmelidir ve sonuglardan gérev dongiisiiniin bir beyaz tabaka kontrol yontemi olarak kabul
edilebilecegi ¢ikarilabilir (Diaz-Guillén ve ark., 2009).

Sekil 4’te plazma nitriirlenmis ¢eligin beyaz tabaka kalinlig: ile yiizey purtzliligi grafigi
birlikte verilmistir. Gorev dongiisiiniin artmasiyla beyaz tabaka kalinliginin arttigi goriilmiistiir
(Taherkhani ve Mahboubi, 2013). En yiiksek beyaz tabaka DC plazma ile elde edilmistir (Arul Mozhi
Varman ve Huchel, 2017). Tabaka kalinliginin azalmasiyla birlikte yiizey piiriizlilik degerleri de
diismiistiir. Benzer bir ¢aligmada da Taktak ve ark. (2014) %75 gorev dongiisii ile yaptiklar
calismada da beyaz tabaka kalinligimin azaldigini tespit etmislerdir. Gorev donglisii oraninin
artmastyla birlikte yiizey piriizliiliikk degerleri de artmistir (Jeong ve ark., 2000). Plazma nitriirlenmis
numunenin yiizey plrtizliligi Ra degeri 0.38, %75 gorev dongiisii ile plazma nitriirleme sonucu Ra
degeri 0.3, %50 gorev dongiisii ile plazma nitriirleme sonucu Ra 0.24 olarak tespit edilmistir.
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Sekil 4. Plazma nitriirlenmis ¢eligin beyaz tabaka kalinligi ve yiizey piiriizliligii grafigi

Sekil 5°’te DC plazma nitriirleme islemine tabi tutulmus celigin XRD analizi goriilmektedir.
Tabaka agirlikli olarak FesN (Ref.No: 86-0232 (29.964, 41.215, 43.705, 57.515, 69.234, 76.857,
85.558)) ve FesN (Ref.No: 86-0231(41.223, 47.969, 70.180, 84.767, 89.508)) fazlarindan
olusmaktadir (Espinoza ve ark., 2024; Esfahani ve ark., 2007). Bu durum literatiirle de uyumludur.
Esfahani ve ark. (2007) 5115 ¢eligini 550 ©°C'de 5 saat boyunca %80 N2 +%20 H>gaz
karisgimlarinda DC plazma nitriirlemis ve yapisinda FesN ve FesN fazlarinin olustugunu tespit
etmislerdir. Arul Mozhi Varman ve Huchel (2017) 4340 geligini puls plazma nitiirleme sonucunda
FesN, FesN ve CraN fazlarini tespit etmislerdir.
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Sekil 5. DC plazma nitriirleme iglemine tabi tutulmus ¢eligin XRD analizi sonucu

Sekil 6’da %50 gorev dongiisii ile plazma nitriirleme islemine tabi tutulmus ¢eligin XRD analizi
sonucu goriilmektedir. FesN (Ref. No: 86-0231(23.454, 41.223, 47.969, 70.180, 84.767, 89.508),
FesN (Ref.No: 86-0232 (29.964, 38.293, 41.215, 43.705)), FesN (Ref.N0:020389 (82,242)), FesO4
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(Ref.No: 85-1436 (35.443, 56.964)) fazlar tespit edilmistir. En siddetli fazin FesN oldugu ve az da
olsa Fe3Os olustugu tespit edilmistir. Fernando ve ark. (2019) AISI 8620 ¢eligini puls plazma
nitriirlemisler ve yiizeyde FesN ve FesN fazlariin yaninda FesOs ve Fe2O3 fazlarini da gérmiislerdir.
Cieslik ve ark. (2011) 16MnCr5 ¢eligini farkl: siire ve gaz karisimlarinda plazma nitriirlemisler ve
tabakanin Fe ve FesN fazlarindan olustugunu gaz karisim oraninin artmasiyla birlikte Fe4N oraninin
daha fazla goriildiigiinii tespit etmislerdir. Diaz-Guillén ve ark. (2009) 4340 ¢eligini puls plazma
nitriirleyerek goérev dongiisiiniin etkisini inceledikleri ¢calismada tek fazli FesN den olusan tabaka
tespit etmislerdir. Naem ve ark. (2023) orta karbonlu ¢eligi %15 ile %75 gorev dongiisii arasinda
katot kafesi icinde plazma nitriirleme yaparak olusan tabakada FesN ve FesN fazlarii tespit
etmislerdir.
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Sekil 6. %50 gorev dongiisii ile plazma nitriirlenmis ¢eligin XRD analizi sonucu

Sekil 7°de plazma nitriirlenmis numunelerin yiizeyden itibaren sertlik degerleri verilmistir.
Gorev dongiisii degerinin artmasiyla ylizey sertlik degerlerinin arttigi goriilmiistiir (Taherkhani ve
Mahboubi, 2013). En yiiksek yiizey sertligi DC plazma nitriirleme sonucunda elde edilmistir (Arul
Mozhi Varman ve Huchel, 2017). Plazma nitriirlenmis numunenin yiizey sertligi 755 HVo.05, %75
gorev dongiisii ile plazma nitriirleme sonucu yiizey sertligi 630 HVo.05, %50 gérev dongiisii ile plazma
nitriirleme sonucu ylizey sertligi 540 HVo.05 tespit edilmistir. DC plazma nitlirlemede sertligin daha
yiiksek olmasinin sebebi olugan FesN fazindan kaynakli oldugu diistinilmektedir (Naeem ve ark.,
2023). Malzemenin islem gormeden Onceki sertligi 160 HVo5 iken plazma nitriirleme sonrasinda
sertlik degerlerinde yaklasik 3-5 kat araliginda artis saglanmistir. Difiizyon derinligi olarak altlik
malzeme sertliginin %10 fazlas1 kabul edildiginde (Sirin ve ark., 2008) beyaz tabakanin haricinde
yaklagik 65 pm lik bir difiizyon derinligi elde edilmistir. Sabit sicaklikta tiim numunelerde ayni
difizyon derinligi gorilmiistiir (Diaz-Guillén ve ark., 2009).

297



Ulker, S. JournalMM (2025), 6(1) 291-300

800
700
o
: 500
=
T 500
-
T 400
a
g 300
= 200
=
100

=D

=—T75%

0 10 20 30 40 50 e0 70 B8O 90 100

Yiizeyden itibaren mesafe, pm

Sekil 7. Plazma nitriirlenmis numunelerin yiizeyden itibaren mikrosertlik degerleri

4. SONUC

Deneysel 5115 geligi 500 °C sicaklikta, 5 saat islem siiresinde, %50 N2-%50 Hz karisiminda
DC plazma, %75 ve %50 gorev dongiisii oranlariyla plazma nitriirleyerek;

e Metalografik incelemeler sonucunda DC, %75 ve %50 gdrev dongiisii ile beyaz tabakanin
olustugu, sirastyla tabaka kalinliklar1 5 pm, 4 um, 2.5 um olarak belirlenmistir.

e X-iginlart incelemeleri sonucunda DC plazma nitriirleme ile FesN, FesN fazlariin olustugu
%350 gorev dongiisii ile yapilan ¢alismada ise bu fazlara ek olarak yiizeyde a-Fe ve Fe>O3
fazlar1 gorilmiistiir.

e Plazma nitriirlenmis numunenin yiizey sertligi 755 HVo.05, %75 Gorev dongiisii ile plazma
nitriirleme sonucu 630 HVo.05, %50 Gorev dongiisii ile plazma nitriirleme sonucu 540 HVo.05
olarak tespit edilmistir.

e Plazma nitriirlenmis numunenin ylizey piiriizliilligii Ra degeri 0.38, %75 gorev dongiisii ile
plazma nitriirleme sonucu Ra degeri 0.3, %50 gorev dongiisii ile plazma nitriirleme sonucu
Ra 0.24 olarak tespit edilmistir.

5. TESEKKUR

Bu calisma Afyon Kocatepe Universitesi Bilimsel Arastirma Projeleri Koordinasyon Birimi
tarafindan 13.FEN. BIL.45 nolu proje kapsaminda desteklenmistir.

6. CIKAR CATISMASI

Yazar, bilinen herhangi bir ¢ikar ¢atismasi veya herhangi bir kurum/kurulus ya da kisi ile ortak
cikar bulunmadigini onaylamaktadirlar.

7. YAZAR KATKISI

Siikrii ULKER, ¢alismanin kavramsal ve/veya tasarim siireclerinin belirlenmesi ve yonetilmesi,
verilerin toplanmasi, verilerin analizi ve sonuglarin yorumlanmasi, makalenin hazirlanmasi ve fikirsel
icerigin elestirel incelenmesi ve son onay konusunda tam sorumluluga sahiptir.
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