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ABSTRACT 
 

Neutron shielding is of utmost importance in radiation environments such as nuclear reactors and particle accelerators and in 

fields such as health physics. In this work, the percentages of neutrons stopped by shields comprising of boron minerals 

(HDPE/B2O3, Epoxy/Priceite, Epoxy/Colemanite, Epoxy/Kernite) in their composition against neutron radiation of different 

energies is investigated using two separate MC simulations. Different layer combinations of epoxy based borated shielding 

materials with HDPE sheets were then simulated to find the optimum shielding configuration. In addition, radioactivation studies 

were carried out for these designs. The most suitable design was found to be the layered setup of the HDPE sheet and the 

epoxy/colemanite composite sheet for mixed neutron energies (<1MeV). 

 

Keywords: Neutron shielding, Monte-Carlo simulations, Borated materials, Boron composites. 

 

1. INTRODUCTION 
 

Low energy and thermal neutrons are considered to be of significant threat to human health and electronic equipment [1]. 

Nuclear reactors and particle accelerators can generate high fluxes of neutron radiation. Therefore, shielding is very important 

to protect the workers and the equipment in these facilities from the detrimental effects of radiation. In principle, a good neutron 

radiation shield is composed of a combination of light elements, such as hydrogen (H) and carbon (C) for neutron moderation, 

and high neutron absorption cross-section (Σabs) having elements such as boron (B), lithium (Li) and cadmium (Cd) for neutron 

capture. Therefore, hydrogen-rich polymers can be used to thermalize neutrons (KE=0.025 eV at 20 0C) which are then captured 

and absorbed through boron-containing compounds. The higher the number of stopped neutrons, the better the neutron 

attenuation efficiency of the shield [2]. High carbon and hydrogen content materials such as polyethylene, paraffin and concrete 

are typically used against neutrons for protection based on the large and constant nature of the total cross section of neutrons for 

carbon and hydrogen in the energy range between 0.1 MeV and 0.1 eV as shown in Fig. 1 [3,4]. The high total neutron cross-

section of the atoms in a hydrocarbon polymer matrix makes it one of the most effective candidates for low energy applications, 

especially high-density polyethylene (HDPE), which is a widely used material due to its high density, availability, affordability, 

and desirable mechanical properties. 

 

                         
 

Figure 1.  Total neutron cross-section for Carbon-12. [3]   Figure 2.  Total neutron cross-section for Boron-10. [3] 
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Another good neutron shielding material candidate is boron, which has two naturally abundant and stable isotopes, B-10, and 

B-11. 20% of all-natural boron is B-10 and it has a very high absorption cross-section of slow neutrons to transition into the 

more stable isotope B-11 [4]. Total neutron cross-section for B-10 is shown in Fig. 2. The high cross-section at the thermal 

neutron capture region is very favorable for shielding applications, since it results in the production of a stable B-11 nucleus that 

is not going to decay. This prevents unnecessary activation of the shielding material. 

The total neutron cross-section B-10 and its production of B-11 daughters, along with its relatively high natural abundance, 

makes it a very good contender for shielding materials against low energy neutrons compared to other alternatives, such as heavy 

metals, which can be poisonous, and add significant weight to the shielding. Boron is lighter, safer, and much more available 

[5]. In this work, the effect of adding boron salts and boron containing minerals into existing shielding setups is investigated 

using Monte-Carlo simulation methods with the Geant4 toolkit and MCNP6.   The aim of this study is to find the optimum 

shielding configuration by determining the percentages of neutrons stopped in their compositions against neutron radiation of 

different energies by shields made of boron minerals (HDPE/B2O3, Epoxy/Priceite, Epoxy/Colemanite, Epoxy/Kernite). 

 

2. MATERIAL AND METHOD 

 
2.1. Monte-Carlo Simulations 

In applications involving radiation, Monte Carlo method and simulation technique provide modeling and animation of 

experimental conditions in computer environment. With this method, devices and materials producing radiation can be simulated 

in the computer environment and exposed to radiation. Products doped with different materials can be tested without the physical 

difficulties caused by the experimental conditions, and a wide range of material analysis can be performed inexpensively. 

The Monte-Carlo analysis in this work is done using Geant4 and MCNP6. A C++ program using the Geant4 toolkit was 

written to evaluate the performance of the different suggested shielding configurations by sending in a beam of neutrons with 

normal incidence towards the shield [6]. The percentage of neutrons that are completely stopped inside the shield is used as a 

measure of performance. Slowed down neutrons and thermal energy neutrons are still considered to be highly damaging, thus 

only neutrons that lose all their kinetic energy and are absorbed by the shielding material are accounted for in this case. 

Nevertheless, the slowing down of neutrons inside polyethylene is also investigated as a part of the effort to obtain the optimum 

boron concentration.  

 The neutron gun in the simulation is rectangular, 2.0×2.0 cm in size and placed 50 cm from the target. The gun has multiple 

energy settings with monoenergetic and mixed energies representing high energy (HE) and low energy (LE) regions for neutrons. 

Therefore, samples can be tested for neutrons in different energy ranges. The different energy settings of the gun can be found 

in Table 1. The high and low energy linear spectra are meant to represent the behavior of mixed neutron energy distributions 

within shielding materials. 

 

Table 1. Neutron beam energy specifications defined in Geant4 simulation 

 

ENERGY SETTING ENERGY SPECTRUM 

Thermal neutrons 0.025 eV Mono-Energetic 

Epithermal neutrons 0.2 eV Mono-Energetic 

Slow neutrons 5 eV Mono-Energetic 

Fast neutrons 20 MeV Mono-Energetic 

High Energy (HE) 1 MeV-1 keV Linear Gradient = 1 intercept = 1 

Low Energy (LE) 1 keV-1 eV Linear Gradient = 1 intercept = 1 

 

The prepackaged physics list FTFP-BERT-HP was used along with the G4ENDL4.5 datasets to achieve the most accuracy 

in the Geant4 simulation [6]. This physics-list is modified form the original FTFP-BERT for high energy physics experiments 

to add high precision calculations for low energy neutron interactions. However, it does not allow for radioactive decay to take 

place, which is necessary to observe the effects of the activation of the shielding material. It also lacks the inclusion of low 

energy electromagnetic processes. But since the simulation runs for only neutrons as incident particles and to make the simulation 

more efficient, this physics-list was chosen. As for the study of activation, FLUKA was used to qualitatively determine the 

radioactive isotopes produced by each proposed shielding material.  
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Layers of materials are placed against the neutron beam with a scoring volume on the opposite side as shown in Figure 3. 

The layers have lateral dimensions of 30.0×30.0 cm. The thickness of the target material was selected as 1 cm and 5 cm to 

observe the efficiency and the scaling effect on the shielding performance. The scoring volume behind is 20% larger in area to 

account for particles exiting the shielding layer with large momentum components in the lateral direction.  

The Monte-Carlo analyses were also performed using MCNP6. It is a general-purpose code that is developed by Los Alamos 

Laboratory to track many particle types over a broad range of energies. The beam energy and geometry were the same as in 

Geant4. Stopping percentages of the shielding materials were found using the F1 tally. It calculates the particle current passing 

from the target surface. Therefore, this tally is used for the calculation of the percentages of the stopping neutrons in the shielding 

material.  

 

 
 

Figure 3. Single sheet testing setup inside Geant4 environment. 

2.2. Candidate Material Selection 

 

HDPE and HDPE/B2O3 composites are widely used as effective neutron shielding materials, but they have poor mechanical 

strength, heat resistance and durability [1-7-8]. Epoxy resin is used for coating floors in radiation facilities since it has good 

durability against gamma ray and neutron irradiation. Therefore, a mix of epoxy resin with boron carbide is used in a nuclear 

fuel cask, but boron carbide is very expensive. Therefore, a new neutron shielding material based on colemanite and epoxy resin 

was developed, and its shielding performance was also estimated in this study [9]. 

 Valuable boron compounds such as colemanite (Ca2B6O11.5H2O), tincal (Na2B4O7.5H2O) and ulexite (NaCaB5O9.8H2O) 

have found various application areas [10]. Colemanite, tincal and ulexite are thoroughly investigated in literature [10-11-12-13-

14-15-16]. On the other hand, studies about kernite (Na2[B4O6(OH)2]·4H2O) and Priceite (Ca2B5O7(OH)5·H2O) minerals and 

their neutron shielding effects are limited.  

  In this study, borated HDPE is tested to show an improvement on the thermal neutron absorption of HDPE as boron is added 

into the polymer matrix uniformly. The aim is to use the large carbon content to slow down the energetic neutrons to thermal 

energies via scattering, at which point a B-10 nucleus is 104 times more likely to capture the neutron than any other atomic 

constituent of HDPE. There exist many commercial setups for the incorporation of powders into the HDPE polymer matrix that 

would be useful for such purposes [18]. 

  The thermal, electrical, and surface characteristics of such a composite material is thoroughly investigated in the literature 

[1,5,15-20]. The amount of boron inside the shield was changed to see the effects of increasing boron concentration in the mixture 

and whether an optimum composition exists. Also, the thicknesses of the shields were changed as 1 and 5 cm. 

Other materials were tested with polyethylene in layered setups using the same working principle. Boron rich minerals infused 

within epoxy resins were tested, including Kernite (Na2[B4O6(OH)2]·4H2O), Priceite (Ca2B5O7(OH)5·H2O) and Colemanite 

(CaB3O4(OH)3·H2O).  These materials are readily supplied commercially as solid sheets and powders. Each candidate was tested 

in a setup in which a 2.5 cm thick layer of the material was placed either before or after a similarly sized HDPE layer. 55% epoxy 

and 45% boron mineral were used in each material. The volumetric makeup of the composite material is given in Table 2. 

 

Table 1. Volumetric breakdown of the composition of the shielding sheet material. 

 Mineral Epoxy 

% Volume 55% 45% 
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2.3. Binning and Data Analysis 

 

Neutrons exhibit a highly probabilistic behavior when interacting with matter. Two neutrons of the same energy may pass 

the same thickness of shield with one experiencing negligible energy loss and the other being completely absorbed by it. 

Therefore, Monte-Carlo simulations must incorporate a very high number of primary particles and average the results over all 

events to assess the integrated effect of all particles. By binning specific energy ranges and averaging interactions over it, the 

shield’s performance can be assessed. The slowdown of neutrons inside the shield was calculated from the kinetic energies of 

neutrons using the following formula: 

 

%𝑠𝑙𝑜𝑤𝑑𝑜𝑤𝑛 =
∑ ((𝐸𝑖(𝑖) − 𝐸𝑓(𝑖))/𝐸𝑖(𝑖)   )𝑛

𝑖

𝑛
∗ 100                                                                                                                      (1) 

 
Where n is the number of particles inside the bin, Ei (i) is the initial energy of the ith neutron in the bin, Ef (i) is the energy 

of the ith neutron after passing through the shield. 

 

3. RESULTS AND DISCUSSION 
 

3.1. Borated Polyethylene 

Using the Monte-Carlo simulations and using the equation defined in the method, a 5 cm thick borated HDPE sheet with 

different percentages of boron slowed down neutrons with effectiveness shown in Fig. 4.   

 

Figure 4. Neutron stopping percentages of HDPE sheet, depending on different neutron energies and different boron ratios. 

As the concentration of boron inside polyethylene increases, the advantage gained diminishes. That is because as the 

percentage of boron increases, the number density of carbon decreases, making it less probable for the neutron to scatter off it 

and thus compromising the potential of the boron capturing it.  

The simulation was repeated while changing the thicknesses and the energy ranges of the beam to better visualize the 

advantages of certain concentration values and to determine the optimum concentration of boron in the sheet. A 1 cm thick sheet 

was subjected to the beam and the amount of stopped neutrons was counted for by different beam energy settings, the results of 

which are shown in Fig. 5-a.  

The difference in the shielding effectiveness between pure HDPE and borated HDPE is very significant at low neutron 

energies. The concentration of boron has a decaying effect on the shielding efficiency after 5% for low energy neutrons. For 

higher energy neutrons, the effect is very subtle and is not significant. The minor change in shielding performance is shown in 

Fig. 5-b to emphasize more on how the shield interacts with the mixed energy beam HE and LE.  
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Figure 5-a: The Percentage of stopped neutrons of 1 cm thick HDPE, depending on the boron ratio. 5-b: The Percentage of 

stopped neutrons of 1 cm thick HDPE sheet, for HE and LE neutrons, depending on different boron ratios. Error bars < 0.1%. 

 
Fig. 5-b shows that the LE beam achieves more shield penetration with increasing boron concentration, while the HE beam 

exhibits the opposite behavior. Upon further investigation by sending a linear energy spectrum with the same parameters between 

1 MeV and 1 eV and increasing the thickness to 5 cm, a peak in the shield performance can be seen at 5% boron concentration 

in Fig. 6-a. This observation further verifies the explanation behind the diminishing return of stopping neutrons on increasing 

boron concentrations, since boron has a low cross-section of absorption for high energy neutrons and less carbon is present to 

scatter the energy off. This effect being more prominent at 5 cm thickness is to be expected since addition of more shielding 

material will provide enough scattering medium to emphasize this effect.  

 

 

Figure 6-a. The Percentage of Stopped Neutrons of 5 cm Thick HDPE Sheet, For HE and LE Neutrons, Depending on Different 

Boron Ratios. Figure 6-b. Close-Up of The HE Neutrons Results. 

 
The scaling up of the behavior of neutrons with the thickness of the shield can be seen in Fig. 7, in which a comparison of 

the two thicknesses is made for the LE beam. The biggest jump in performance is again made at 5% boron concentration, after 

which the gain in performance diminishes significantly. Close to 96% of LE neutrons are shown to be stopped by a mere 5 cm 

thickness of this lightweight shield.  

 
 

Figure 7. Comparison between the performance of the shield at 1 cm and 5 cm. Plotted for the LE beam. 

b a 

a b 
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3.2. Epoxy/Boron Composites 

Sheets of epoxy resin incorporating boron rich minerals (Colemanite, Priceite and Kernite) were tested using the same 

simulation environment as borated polyethylene. First, colemanite sheets were tested at thicknesses of 1 and 5 cm and with both 

beam configurations. The results can be seen in Fig. 8.  

 

Figure 8. The percentage of stopped neutrons relative to the thickness of the epoxy-colemanite-containing sheet for LE and 

HE neutrons. 

 
At high energies, Epoxy/Colemanite composite behaves poorly compared to Polyethylene due to the lower concentration of 

carbon and hydrogen atoms in the material. However, when using LE beam, the sheet achieves a significant increase in 

performance over pure polyethylene even at 1 cm thickness. 

The same behavior is consistent across other mineral candidates as can be seen from Table 3 for 5 cm thickness. Amongst 

the three tested candidates, Epoxy/Colemanite showed the best performance.  

 

Table 3. The percentage of stopped neutrons compared for different minerals in the epoxy composite in addition to layered 

setups with HDPE for HE and LE beams at 5 cm thickness. Error bars < 0.1%. 

 

 

A compound shield setup was proposed involving two layers totaling 5 cm in thickness, the first of which is a 2.5 cm 

polyethylene sheet, and the latter is a 2.5 cm composite sheet to harness the effectiveness of the materials at low energies. The 

aim is to use the polyethylene for slowing down the fast neutrons before they reach the epoxy/boron composite. The beam was 

set to hit the pure polyethylene sheet first, and again to hit the composite sheet first to test this hypothesis. Results, presented in 

Table 3, show a significant advantage to placing polyethylene before the borated composite. The combined assembly achieves a 

higher performance than a single layer polyethylene or the composite of the same total thickness. 

 

3.3. Activation 

 
Depending on the nuclei present in the shielding material and their concentrations, radioactive isotopes may be formed as the 

material is exposed to neutron radiation. The proposed materials were tested for production of radioactive isotopes in MC 

simulations for neutrons < 20 MeV. Since Colemanite and Priceite are comprised from the same elements with different 

compositions, they have similar activation properties. The most prominent radioisotopes for Colemanite and Priceite after 

neutron irradiation are B12, N16 and Li8. These isotopes have relatively short half-lives (max 7.2 s for N16) and would quickly 

cool down after the irradiation is stopped. Other isotopes with half-lives in the order of days are also produced such as (Ca47, 

Ca45, Sc47, K44), but these isotopes are produced with much lower rates (5 orders of magnitude). This could eventually limit the 

Type of        Composites Material Stopped Neutrons ((I0-I)/I0) [% ±0.1] 

HE LE 

Epoxy Composites 

E/Priceite 54.1 93.4 

E/Kernite 51.4 91.6 

E/Colemanite 57.7 95.0 

HDPE + Composites 
HDPE First + E/Colemanite 62.1 96.8 

HDPE Last + E/Colemanite 56.1 93.6 
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lifetime these materials can be used depending of the neutron flux and the amount of shielding used. In the same manner, the 

sodium in Kernite generates radioactive isotope such as (Na24, Ne23, Mg23, Na22) which have half-lives that are marginally shorter 

than Colemanite and Priceite. Making it slightly better suited for high flux and long exposure scenarios. 

 

 

4. CONCLUSION 
 
Different boron containing materials have been studied through MC analysis using Geant4 and MCNP6. Borated HDPE and 

different epoxy/boron composites were tested for their neutron shielding performance and compared to each other at different 

energy regimes. Effects of thicknesses and ordering of multi-layered shields were also investigated. The optimal concentrations 

for borated polyethylene shields were found at 5 wt.%. The slowdown behaviour of neutrons was also tested as a function of 

incident neutron energy. The multi-layered shield of HDPE with the Epoxy/Colemanite composite has been shown to have 

superior shielding characteristics among the tested materials, along with its better availability and affordability. 
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ABSTRACT 
 

Dual Phase steels are high-strength and well-formability steels, which are widely used in the automobile industry. However, 

based on their microstructural observations, the shapes, orientations, and directions of the grains of these two steels are different 

and vary depending on the degree of observation. Therefore, the objective of this research was to compare the stress and strain 

distribution at different strain rates of standard specimens and cut at different rolling directions of DP steels, namely DP600 and 

DP800 steels. Besides, in this study, the finite element modeling method is used through optimization to determine the GTN 

fracture failure, constitutive and nucleation parameters of the mentioned steels based on their rolling directions and strain rates. 

The experimental and numerical simulation results are also compared, and they are in good agreement. 

 

Keywords: DP steels. Experimental, Optimizations, Simulations, GTN parameters. 

 

 

1. INTRODUCTION 
 

It is important to investigate high-strength and well formability steels to advance fuel efficiency, environmental protection, 

and vehicle safety from accidents. Strength and strain ability are characterized by a microstructure consisting of a strength 

martensitic phase distribution in a soft ferritic phase, which is developed in the late 1970s The term "Dual-Phase" refers to the 

presence of ferritic and martensitic microstructures composed of small amounts of bainite, perlite, and austenite [1]. And which 

are widely used in the automotive industry [2], [3]  A favorable combination of strength and ductility can be obtained by 

developing a dual-phase or multi-phase microstructure in steel. The soft phase of steel, ferrite, has a body-centered cubic (BCC) 

crystal structure and can contain only a few hundredths of a percent carbon, according to [4]. The ferrite phase is the primary 

phase in the low range, while martensite is the generic term for microstructures formed by diffusion-free phase transformations. 

When the steel is annealed in the inter-critical range, it converts to austenite and ferrite, which form an FCC or BCC crystal 

structure. There are two basic forms of martensite structures, lath martensite, and slab martensite. While the reinforcing effect 

on DP structures is realized by adding martensite to the matrix ferrite. After that, the DP steels can be tensiled using conventional 

tools while maintaining their properties. For example, the tensile stress for DP600 steel can be increased by approximately 20% 

compared to micro-alloy steel (HSLA) with the same thickness. [5].  

On the other hand, many finite element models determine the behavior of the material under stress-strain conditions, and so 

the purpose of our research was to determine the GTN parameters through finite element modeling. (MAT_GURSON_120). In 

addition, in 1977, Gurson proposed a yield surface based on the growth of spherical voids. This model is commonly used to 

describe the evolution of micromechanical damage in ductile materials. Seven years later, in 1984, Tvergaard and Needleman 

modified the Gurson model by introducing two additional material parameters (q1 and q2), [6]. So that the model could detect 

the phenomenon of cavity coalescence and the corresponding sudden loss of strength [7], since a ductile material is assumed to 

be porous. So, the Gurson damage model is a single-stage void model that considers the influence of void expansion on the 

material’s plastic behaviour [8]. It is important to note that it has been recognized in recent years that the Gurson-type damage 

models are unable to model ductile fracture under shear dominated stress states with low-stress triaxiality [9].  There are some 

main parameters of the GTN damage model for a detailed analysis of the material behavior and a good understanding of the 

damage: the effective work-hardening parameters; the nucleation parameters; the initial porosity parameter; the yield loci 

parameters; and the failure parameters [10]. The modified Gurson-Tvergaard-Needleman (GTN) model is widely used in the 

modelling of ductile fracture [11]. As a result, this model has been adapted in many finite element programs, and it is a 

micromechanical damage model in which defects are assumed to exist in the materials, forming global spheres [12]. In the case 

of determining the GTN model parameters, the deformation curve of the stress unit, which was obtained from an experimentally 

used uniaxial tensile test, is required. Model parameters can be determined by adjusting the results of the finite element model, 

which is created by taking into account the boundary conditions of the relevant experiment. In the case of the forming process  a 

slight deformation could be observed after the constriction, so that a break could occur even before the deformation si localized. 

https://orcid.org/0000-0003-2760-0834
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Crack initiation can occur in dual-phase steel before constriction and there is a tendency for a macro crack to occur in an early 

state [13]. The damage curve explains the relationship between the stress triaxiality and the equivalent plastic strains [14]. 

Nowadays, a valuable contribution is being made by the computer field, through which it is attempted to give a continuous 

contribution to the knowledge of the behavior of metals during the process of deformation and failure. One of the software 

applications to research the behavior of materials, in general, is LS-DYNA. However, there are many models in some integrated 

software that mainly determine the failure and cracking of materials. The Gurson – Tvergaard – Needleman (GTN) damage 

model, micromechanics damage modeling (MDM), and continuum damage mechanics (CDM) are a few examples, according to 

[15]. 

Based on the literature review, no case is found where the optimization is done with finite element methods by LS-OPT, in 

terms of determining Gurson parameters, such as effective performance hardening parameters, nucleation parameters, initial 

porosity parameter, yield location parameters, and failure parameters. Therefore, by researching and considering the properties 

of DP600 and DP800 steels, this study aimed to contribute to the sheet metal forming industry, through describing the process 

of optimizations realized in LS-OPT, to determine the GTN parameters, specifically the fracture failure, the constitutive and the 

nucleation parameters for the mentioned steel. Morover, the aim was to determine the parameters in terms of elongation by using 

standard specimens resulting from different rolling directions. and tested at different strain rates, because there appear to be 

changes in strain, see Tables 3 and 5. Because the microstructure of Dual Phases steel is known to be mostly composed of the 

ferrite phase, which offers ductility, and the martensite phase, which provides strength. However, the shapes, orientations, and 

directions of the grains of these two phases are different and vary depending on the degree of observation. Finally, based on our 

research done in the literature, so far we have not found any research similarities with our research goals. 

 

 

2. MATERIAL AND METHOD 

 
2.1 Experimental procedure 

In the following Figures 1, and 2, are presented the comparisons between experimental results of DP600, and DP800 steels, 

cut at 0°, 45°, and 90° degrees of rolling directions (RD). The specimens were based on the ASTM E8 standard, and with average 

properties equipped with a 50 mm gauge length, a nominal thickness of 0.78 mm, and a width of 12.5 mm. Where the 

preformation of the experimental, uniaxial tensile test was done at room temperature and at strain rates 0.0083 𝑠−1, 0.042 𝑠−1, and 

0.16 𝑠−1. In the mentioned figures, the graphical representation of mechanical properties is presented. And the curves are realized 

based on the general engineering stress-strain equation. Figure 1 shows graphical comparisons of engineering stress-strain curves 

of DP600 steel cut at 0°, 45°, and 90° degrees (RD) and tested at three different strain rates. While In Figure 2. (a, b, and c) are 

the graphical comparison representations of engineering stress-strain curves of DP800 steel, cut at 0°, 45°, and 90° degrees (RD), 

and tested at three different strain rates too. While their differences are expressed in tabular form in terms of elongations, they 

are presented in Tables 3 and 5. 
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Figure 1 Comparison of force displacement results of DP600 steel as a result of different rolling directions and different strain 

rate 
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Figure 2. Comparison of force displacement results of DP800 steel as a result of different rolling directions and different strain 

rate 

 

The microstructure of DP600 and DP800 steels based on microscopic observation is shown in Figures 3 and 4. The aim was 

to give a visual view of the orientation of the grains seen from a different angle of rolling direction (RD). Figures 3. (a) and 4. 

(a) show the view of the microstructure when viewed from an angle of 0° of RD, whereas Figures 3. (b) and 4. (b) shows the 

view of the microstructure when viewed from an angle of 45° of RD. In figures 3. (c) and 4. (c), microstructure images are 

presented when viewed from an angle of 90° of RD. The martensite phase is shown in black, while the ferrite phase is shown in 

yellow. 

 

   
 

Figure 3. Microstructure observation of DP600 steel from different rolling directions 

 

   
 

Figure 4. Microstructure observation of DP800 steel from different rolling directions.  

 

2.2 Numerical modeling of ductile damage Gurson_120_Mat_Model 

This model, which has been adapted into most finite element software, is basically a micromechanical damage model that 

assumes that defects are already present in materials and that these defects form spherical voids. Standard uniaxial tensile testing, 

microstructural characterization, and finite element modeling were used to assess the continuity of damage behavior 

investigations in the DP600 and DP800 steels investigated by [18] on the void analysis and experimental data of the uniaxial 

a b c 

a b c 
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traction test, and the determination of the damage parameters of the Gurson-Tvergaard-Needleman (GTN) damage model. As a 

result, a good agreement is reached between the predictions and the experimental load elongation, allowing the identification of 

the complete set of parameters of the GTN damage model of the DP600 and DP800 steels. According to [16] which emphasize 

that physical approach that introduces a damage model coupled with the behavior of porous materials was the Gurson theory. 

 

𝛷 = (
𝑞

𝜎0
)

2

+ 2𝑓 cosh (−
3𝑝

2𝜎0
) − 1 − 𝑓2 = 0                                                                                          (1) 

where 𝜎0 is the flow stress of the material, 𝑓 represents the voids volume fraction of the material, 𝑞 = √(3 2⁄ ) 𝑠: 𝑠  is the von 

Mises equivalent stress with s is the deviatoric part of the stress tensor and 𝑝 = −𝑡𝑟𝑎𝑐𝑒( 𝜎)/3 is the hydrostatic stress. The 

original Gurson model was later modified by Tvergaard and Needleman and started to be referred to as the GTN criterion. During 

the determination of the GTN model parameters, the stress strain curve obtained from an experimentally applied tensile test is 

needed. The model parameters can be determined by adapting the results obtained from the finite element model created by 

considering the boundary conditions of the relevant experiment to the experimental results. The formulations related to the GTN 

model are given below. The Gurson flow function is defined as: 

 

𝛷 =
𝜎𝑀

2

𝜎𝑦
2 + 2𝑞1𝑓∗ cosh (

3𝑞2𝜎𝐻

2𝜎𝑦
) − 1 − (𝑞1𝑓∗)2 = 0                                                                            (2) 

The q1 and q2 parameters in Equation 3 were added to the model by Tvergaard and are two important parameters for 

improving the model prediction performance. With the expression f in the model, it shows the amount of defects in the material 

and is determined as follows. 

 

𝑓∗(𝑓) = {
𝑓

𝑓𝑐 +
1 𝑞1−⁄ 𝑓𝑐

𝑓𝐹−𝑓𝑐

(𝑓 − 𝑓𝑐)     𝑓≤𝑓𝑐
𝑓>𝑓𝑐

                                                                                                           (3) 

While the defect rate is taken until the defects that occur with the deformation in the material reach a certain level, the 

calculations in the 2nd step are made if it exceeds the critical value. However, according to the studies of Gurson Tvergaard and 

Needieman, and Nahshon and Hutchiston, the increase in voids in the material internal structure can be expressed by Equation 

4-7. The growth of the void volume fraction is defined as 

 

𝑓̇ = 𝑓𝐺 +̇ 𝑓𝑁̇                                                                                                                                          (4)                                      

where the growth of existing voids is defined as 

 

𝑓́𝐺  =  (1 + 𝑓)  Ɛ́𝑘𝑘
𝑝

                                                                                                                                  (5) 

and the nucleation of new voids is defined as 

 

𝑓́𝑁 = 𝐴Ɛ́𝑝,      Where                                                                                                                                    (6)      

                                                  

𝐴 =
𝑓𝑁

𝑆𝑁√2π
𝑒𝑥𝑝 (−

1

2
(

ε𝑝−ε𝑁

𝑆𝑁
)

2

)                                                                                                                   (7) 

The fo, fN, fc and ff values in the given models should be determined and introduced to the programs. 

 

 

2.3 Finite Element Modeling For Gurson Model 

The solid element was used for MAT_GURSON_120 MODEL during the construction of kye cards to perform numerical 

optimizations and simulations. It is understood that all the properties of the mechanical data placed on the key cards are similar 

to the experimental data, including similarity to geometric shapes of specimens, size, thickness, width, time duration, and even 

strain rate, applied to perform uniaxial tensile testing. Along with the GTN parameters: 𝜀𝑁, 𝑓𝑐, 𝑓𝑓, 𝑓𝑁 ,𝑞1 ,𝑞2, 𝑆𝑁, mechanical 

properties such as density (p = 7.830e-06), Young module (E = 216), and Poisson ratio (v = 0.28) are included in the key cards. 

While at load curve ID: LCSS =, each specimen was given its own experimental Hollomon's curve. Nevertheless, regarding this 

model, [10] have contributed to explaining the GTN parameters. Figure 5. will show the mash and the geometric shapes of the 

used specimens. 
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Figure 5. The finite element mesh of the ASTEM E8 uniaxial tensile test specimen 

2.4 Theory of optimization 

Optimization can be defined as a procedure for "achieving the best outcome of a given operation while satisfying certain 

restrictions." This objective has always been central to the design process but is now assuming greater significance than ever 

because of the maturity of the mathematical and computational tools available for design. Solving the optimization problem 

requires an optimization algorithm. The two basic optimization branches employed in LS-OPT are metamodel-based 

optimization and direct optimization [17]. The optimizations of Gurson parameters were realized in the application software LS-

OPT (metamodel-based optimization). For the mentioned model, a total of 18 specimens were optimized separately, one by one, 

followed by a 10 x 10 itineration. In the LS-OPT software are placed all the necessary mechanical and geometric dates, which 

are similar to the experimental results and key cards. While, in the setup, the parameters for the optimizations expressed at the 

starting, minimum, and maximum are set. See tables 1–2. As all investigated cases result in different parameters as mentioned 

[6] the choice of different tests could result in different parameter values for the modified Gurson model. See the optimization 

process in Figure 6. 

 

` `  

Figure 6. LS-OPT optimization figurative process in Figure 6 

 

 

3 RESULTS AND DISCUSSION 

 
3.1 Results and Discussion of GTN parameters 

 

Parameters ε𝑁 , 𝑎𝑛𝑑 𝑆𝑁 usually have their standard values from 0.1 up to 0.3, and mostly for DP steels. Therefore, these are 

thought of as statistical constants of nucleation and not as internal proportions of materials [11]. So, 𝑆𝑁 , is the standard deviation, 

𝑓𝑁 is the volume fraction of particles, and during the material deformation process, the 𝑓𝑁 stands for volume fraction when voids 

nucleate. And the meaning of ε𝑁 , value is the strain when void nucleation happens. The influence of value ε𝑁 , is interrelated with 

the influence of [11]. While in our case, the aforementioned materials are used as working parameters ε𝑁 , 𝑆𝑁 , 𝑎𝑛𝑑 𝑓𝑁 during 

the optimization process, the starting parameters for DP800 steels were defined as ε𝑁 , = 0.065 − 0.085: and the maximum 

variates ranged from: 0.27-32. It is important to note that this was a key parameter that had a large impact on defining the curve 

fitting. While 𝑆𝑁 the starting parameters were set to be: 0.05–0.1, the maximum was set to: 𝑆𝑁 = 0.25 − 0.3. The following are 

the starting parameters: 𝑓𝑁 = 0.01 and the maximum is given by: 𝑓𝑁 = 0.05. Where’s for DP600 steels, for parameter ε𝑁 starting 

were defined to be: ε𝑁 , = 0.06 − 0.09 and the maximum variations range from 0.27 to 35. In terms of 𝑆𝑁 parameters, the 

minimum was set to 0.03 and the maximum was set to: 𝑆𝑁 = 0.25 − 0.3. For 𝑓𝑁  parameter the starting point was defined as: 

𝑓𝑁 = 0.0104 and the maximum as: 𝑓𝑁 = 0.05. Tables 1–2 show the results. 
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Table 1. Exhibit optimisation parameters prediction of GTN of DP600 steels. 

Specimens Parameter 𝛆𝑵 𝒇𝒄 𝒇𝒇 𝒇𝑵 𝒒𝟏 𝒒𝟐 𝑺𝑵 

DP600, 0°   0.00833 s-1 Starting     0.06 0.016 0.22 0.0104 1.84 0.8 0.28 

 Minimum 0.01 0.002 0.001 0.003 0.45 0.3 0.03 

 Maximum 0.30 0.052 0.62 0.05 2.5 2.21 0.25 

 Results     0.2816 0.002 0.3704 0.0171 2.1981 1.9287 0.0438 

DP600, 0°   0.042 s-1 Starting   0.09 0.013 0.25 0.0104 1.86 0.8 0.03 

 Minimum          0.01 0.002 0.001 0.003 0.45 0.3 0.013 

    Maximum 0.34 0.53 0.61 0.05 2.5 2.2 0.25 

 Results     0.0138 0.3955 0.5505 0.0199 1.9922 1.3056 0.2019 

DP600, 0°   0.16 s-1 Starting    0.09 0.012 0.21 0.0104 1.86 0.8 0.03 

 Minimum 0.01 0.002 0.001 0.003 0.45 0.3 0.013 

 Maximum 0.35 0.50 0.63 0.05 2.5 2.2 0.25 

 Results     0.3188 0.0524 0.3540 0.0260 2.4699 1.9154 0.0794 

 
Table 2. Exhibit optimisation parameters prediction of GTN of DP800 steel. 

Specimens Parameter 𝛆𝑵 𝒇𝒄 𝒇𝒇 𝒇𝑵 𝒒𝟏 𝒒𝟐 𝑺𝑵 

DP800, 90°  0.00833 s-1 Starting   0.065 0.0091 0.17 0.01 1.7 0.8 0.1 

 Minimum      0.05 0.001 0.003 0.003 0.45 0.3 0.033 

 Maximum 0.27 0.7 0.8 0.05 2.5 1.8 0.25 

 Results     0.2614 0.0020 0.3274 0.0430 1.0966 1.0715 0.0660 

DP800, 45°   0.042 s-1 Starting    0.085 0.0057 0.16 0.01 1.5 0.8 0.1 

  Minimum 0.05 0.002 0.001 0.003 0.45 0.3 0.033 

 Maximum 0.28 0.65 0.84 0.05 2.5 1.8 0.25 

 Results     0.2230 0.1722 0.1926 0.0324 1.6605 1.5819 0.0653 

DP800, 0°   0.16 s-1 Starting     0.085 0.0058 0.17 0.01 1.7 0.8 0.05 

  Minimum 0.01 0.002 0.001 0.003 0.45 0.3 0.033 

 Maximum 0.28 0.73 0.7 0.05 2.5 1.8 0.25 

 Results     0.2636 0.4370 0.4572 0.0206 2.2835 1.8 0.033 

 

3.3 Constitutive parameters 

The constitutive parameters introduced by Tvergaard and Needleman (𝑞1- 𝑞3) [18] or the yield locus parameters [10], usually 

thought to be fixed: 𝑞1 = 1.5, 𝑞2 =  2,  𝑞3 =  𝑞1
2 [19]. However, by optimizing DP00 and DP800 steels with their tested 

properties, These 𝑞1 𝑎𝑛𝑑 𝑞2 parameters are being used in each case, So, for DP800 steel, the starting point was set to 𝑞1 = 1.7 

and the maximum was set to 𝑞1 =2.5. As for 𝑞2 the starting point was set to be 𝑞2 = 0.8, and the maximum range was set to 1.8-

2.2. While, for DP600 steel 𝑞1 starting were defined to be: 𝑞1 = 1.86 and the maximum were given by: 2.5, as for 𝑞2 starting 

were defined to be: 𝑞2 = 0.8 and the maximum were given to be: 2.2. 

 

3.4 Failure Parameters 

The porosities, 𝑓𝑐 and 𝑓𝑓 are considered material parameters and there are several methods to determine them, especially the 

critical void volume fraction, which is the failure parameter 𝑓𝑐, and corresponds to the onset of void coalescence. Also 𝑓𝑐 can be 

numerically obtained by fitting the numerical curve with the experimental one [11]. But in the respective study, the determination 

of the critical void volume fraction 𝑓𝑐 is obtained from the plastic strain corresponding to the ultimate yield strength[10], Because 

when the deformation reaches this point, then it starts to take the form of plastic deformation as the pores begin to settle and the 

whole coalescence is created. While the failure parameter (the final void volume fraction) 𝑓𝑓 is obtained from the plastic 

deformation at the moment of falling, at the cross-sectional area, when the curve downwards or when the stress loses its carrying 

ability completely. In this diagram Figure 7 are presented the targeting of 𝑓𝑐 and 𝑓𝑓 parameters for optimization 
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Figure 7. The graphic explanation of defining the GTN model parameters can be subdivided into three subsets. 

 

3.5 Comparison between the model predictions and experimental results of DP600 steel, 𝜺𝒓 = 0.0083 𝑠−1, at different 

rolling directions (RD) 

 
The comparison of the experimental and numerical simulation results obtained from the d3plot file generated after the 

optimizations are shown in the following figures. The compared properties are listed above in Table 3, while the GTN parameters 

are shown in Table 4. Figures 8, 9. and 10 show the comparisons between experimental and numerical curves and the mechanical 

properties of standard specimens of DP600 steel cut at 0°, 45° and 90° to the rolling direction (RD). The experimental and 

numerically simulated uniaxial tensile tests were performed at a strain rate of 𝜀𝑟 = 0.0083 𝑠−1 for all specimens studied. These 

curve comparisons agree well with the results of [14] for all tests in terms of fracture displacement. As a result, the graphical 

comparisons of mechanical properties are based on the general stress-strain equation and are shown in Figures 8, 9, and 10. (a) 

depicts the graphical comparisons of engineering stress-strain curves. Figures 8, 9. and 10, (b) show the graphical comparisons 

of the true stress-strain curves, and Figures 8, 9. and 10, (c) show the graphical comparisons of the Hollomon plastic deformation 

flow curve. 
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Figure 8. Compariosns between experimental and numerical simulation results of DP600 steel, RD = 0°, 𝜺𝒓 = 0.0083 𝑠−1, (a)  

𝝈𝒆𝒏𝒈, (b) 𝝈𝒕𝒓𝒖𝒆, (c) Hollomon  curve 
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Figure 9. Compariosns between experimental and numerical simulation results of DP600 steel, RD = 45°, 𝜺𝒓 = 0.0083 𝑠−1, (a)  

𝝈𝒆𝒏𝒈, (b) 𝝈𝒕𝒓𝒖𝒆, (c) Hollomon  curve 
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Figure 10. Compariosns between experimental and numerical simulation results of DP600 steel, RD = 90°, 𝜺𝒓 = 0.0083 𝑠−1, (a)  

𝝈𝒆𝒏𝒈, (b) 𝝈𝒕𝒓𝒖𝒆, (c) Hollomon  curve 

 

In this section, relative errors (RE) between experimental results and numerical simulation results for DP600 steel with 

different rolling directions (RD) and tested at a strain rate (𝜀𝑟) 𝑜𝑓,  𝜀𝑟 = 0.0083 𝑠−1, a are presented. Comparisons were made for 

all specimens tested, with particular emphasis on engineering fracture strain. (𝜀𝑒𝑛𝑔𝑓
), true fractures strain (𝜀𝑡𝑟𝑢𝑒𝑓

), and Hollomon 

ultimate tensile strength (𝜎𝐻), Hence, in Figure 8, are presented relative errors (RE) calculations of DP600 steel, RD = 0°. And 

from the numerical calculation of the RE that was done for the engineering fracture strain (𝜀𝑒𝑛𝑔𝑓
) this is the result of RE = 

1.05%, whereas, for the true fractures strain (𝜀𝑡𝑟𝑢𝑒𝑓
) this is the result of RE = 1.01%, and regarding Hollomon flow curve (𝜎𝐻) 

this is the result of RE = 1.44%. Whereas, Figure 9 presents RE calculations for the same steel, but with a different RD = 45°. 

And from the mathematical calculation of the difference that has been done for the engineering fracture strain (𝜀𝑒𝑛𝑔𝑓
)  this is the 

result of RE = 3.10%, while, for the true fractures strain (𝜀𝑡𝑟𝑢𝑒𝑓
) this is the result of RE = 2.9%, and for Hollomon flow curve 

(𝜎𝐻) this is the result of RE = 1.17%. Finally, Figure 10. presents RE calculations for the mentioned steel, also with a different 

RD = 90°. And from the mathematical calculations of the RE that were done for the engineering fracture strain (𝜀𝑒𝑛𝑔𝑓
) this is 

the result of RE = 0.05%, while for the true fractures strain (𝜀𝑡𝑟𝑢𝑒𝑓
) this is the result of RE = 0.00%, and for Hollomon flow 

curve (𝜎𝐻) this is the result RE = 0.16%. 

 

The mechanical properties of DP600 steel obtained from the experimental and numerical simulation results of true-stress-

strain measures of specimens tested at three different rolling directions and three different strain rates are summarized in Table 

3. These properties include true ultimate tensile strength (𝜎𝑢), Holloman’s ultimate tensile strength(𝜎𝐻), and true fracture 

strain (𝜀𝑡𝑟𝑢𝑒𝑓
) comparisons are similar [10]. While Figure 11 represents graphically the comparisons for true fracture strain. 
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Table 3. Comparisons between experimental and numerical simulation results of the mechanical properties of DP600 steel. 

DP600                                                                        (𝜎𝑢)                    Hollomon (𝜎𝐻)                         Fracture 

         ( Mpa)              Mpa (𝜀𝑡𝑟𝑢𝑒𝑓
) 

Specimens Velocity Exp Sim Exp Sim Exp SIM 

S - RD=0° 0.00833 s-1 858 863 1199 1182 0.197 0.199 

S - RD=45° 842 846 1179 1177 0.201 0.207 

S - RD=90° 857 862 1217 1215 0.178 0.178 

S - RD=0° 0.042 s-1 873 866 1192 1173 0.22 0.221 

S - RD=45° 859 855 1190 1159 0.2 0.211 

S - RD=90° 858 867 1206 1193 0.21 0.213 

S - RD=0° 0.16 s-1 856 857 1164 1181 0.196 0.197 

S - RD=45° 872 865 1149 1139 0.23 0.235 

S - RD=90° 826 834 1155 1139 0.18 0.182 
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Figure 11. Experimental and simulation comparisons of DP600 steel as a result of different rolling directions and different 

strain rate. 

The GTN parameters that are presented in table 4 are obtained from the optimization with special emphasis on the samples 

mentioned. All these final results have been leaked as a result of the optimization made in LS-OPT, separately for each specimen. 

 

Table 4. Exhibit parameters prediction of GTN of DP600 steel. 

Specimens GTN Parameters 𝜺𝑵 𝒇𝒄 𝒇𝒇 𝒇𝑵 𝒒𝟏 𝒒𝟐 𝑺𝑵 

DP600, 0°,   0.00833 s-1 0.2816 0.002 0.3704 0.0171 2.1981 1.9287 0.0438 

DP600, 45°, 0.00833 s-1 0.2596 0.0037 0.1601 0.0119 2.2461 1.7898 0.0485 

DP600, 90°, 0.00833 s-1 0.1032 0.4010 0.0211 0.0212 1.8589 1.6026 0.1687 

DP600, 0°,   0.042 s-1 0.0138 0.3955 0.5505 0.0199 1.9922 1.3056 0.2019 

DP600, 45°, 0.042 s-1 0.2633 0.2917 0.1881 0.0224 1.9635 1.808 0.0212 

DP600, 90°, 0.042 s-1 0.29 0.2152 0.4143 0.0038 2.2369 2.2 0.0978 

DP600, 0°,   0.16 s-1 0.3188 0.0524 0.3540 0.0260 2.4699 1.9154 0.0794 

DP600, 45°, 0.16 s-1 0.35 0.1344 0.4597 0.0103 1.1613 1.9352 0.0158 

DP600, 90°, 0.16 s-1 0.1909 0.1062 0.4245 0.0135 2.3191 1.9536 0.0174 

 

3.6 Comparison between the model predictions and experimental results of DP800 steel, 𝜺𝒓= 0.0083 𝑠−1, at different 

rolling directions (RD) 

 

In addition to the results obtained from the d3plot file simulation as a result of the optimization, the comparisons between 

the experimental results and the numerical simulation results are presented graphically. In terms of steel DP800, cut at RD 0°, 

45°, and 90°, performing the uniaxial tensile test for both analyses with a strain rate of 𝜀𝑟= 0.0083 𝑠−1. Those curve comparisons 

are in good agreement for all tests in terms of fracture displacement, with a difference of less than 1.5%, as shown in [6]. In 
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Table 5, the comparisons that belong to the mechanical properties are listed. Also in Table 6, the GTN parameters are listed for 

all the comparison specimens. In the following Figures 12.13, and 14, the comparisons between experimental and numerical 

simulation are shown graphically: Figures 12, 13 and 14 (a) show the graphical comparisons of the engineering stress-strain 

curves; Figures 12. 13 and 14. (b) show the graphical comparisons of the true stress-strain curves; and Figures 12. 13 and 14. (c) 

shows the graphical comparisons of Hollomon plastic deformation. 

 

 

Figure 12. Compariosns between experimental and numerical simulation results of DP800 steel, RD = 0°, 𝜺𝒓= 0.0083 𝑠−1, (a)  

𝝈𝒆𝒏𝒈, (b) 𝝈𝒕𝒓𝒖𝒆, (c) Hollomon  curve Ɛ 
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Figure 13. Compariosns between experimental and numerical simulation results of DP800 steel, RD = 45°, 𝜀𝑟= 0.0083 𝑠−1, (a)  

𝜎𝑒𝑛𝑔, (b) 𝜎𝑡𝑟𝑢𝑒, (c) Hollomon  curve 
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Figure 14. Compariosns between experimental and numerical simulation results of DP800 steel, RD = 90°, 𝜀𝑟= 0.0083 𝑠−11, (a)  

𝜎𝑒𝑛𝑔, (b) 𝜎𝑡𝑟𝑢𝑒, (c) Hollomon  curve 
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In this part, relative errors between experimental results and numerical results are for DP800 steel specimens with different 

rolling directions, tested at a strain rate (𝜀𝑟) of  𝜀𝑟= 0.0083 𝑠−1. As well, comparisons were made for all specimens tested with 

particular emphasis of engineering fractures strain (𝜀𝑒𝑛𝑔𝑓
), true fractures strain (𝜀𝑡𝑟𝑢𝑒𝑓

), and Hollomon ultimate tensile strength 

(𝜎𝐻). Similarly, Figure 12. represents relative errors in calculations of the mentioned steel, RD = 0°. Hence, the relative errors 

defined for engineering fracture strain is (𝜀𝑒𝑛𝑔𝑓
) is RE = 2.49%, for true fractures strain (𝜀𝑡𝑟𝑢𝑒𝑓

) is RE = 2.45%, and for 

Hollomon flowe curve (𝜎𝐻) is RE = 0.29%. Figure 13 shows relative error calculations for the previously mentioned steels, but 

with varying RD = 45°. Where the relative errors defined regarding engineering fracture strain (𝜀𝑒𝑛𝑔𝑓
) is RE = 1.74%, true 

fracture strain (𝜀𝑡𝑟𝑢𝑒𝑓
) is RE =  1.67%, and for Hollomon flowe curve (𝜎𝐻) is  RE = 0.46%. Finally, Figure 14 shows relative 

error calculations for the same steel with a different RD = 90°. As a result, the engineering fracture strain defines the relative 

errors. (𝜀𝑒𝑛𝑔𝑓
) results is RE = 1.33%, and from true fractures strain (𝜀𝑡𝑟𝑢𝑒𝑓

) results is RE =  1.18%, while from Hollomon flowe 

curve (𝜎𝐻) results RE = 0.15%. 

Table 5 summarizes the mechanical parameters of DP800 steel derived from experimental and numerical simulations of true-

stress-strain measures of specimens evaluated in three distinct rolling directions and three different strain rates. These properties 

include true ultimate tensile strength (𝜎𝑢), Holloman’s ultimate tensile strength(𝜎𝐻), and true fracture strain (𝜀𝑡𝑟𝑢𝑒𝑓
) comparisons 

are similar [10]. Figure 15 shows the comparisons for true fracture strain graphically. 

 

Table 5. Comparisons between experimental and numerical simulation results of the mechanical properties of DP800 steel. 

 

DP800           (𝝈𝒖) 

        (Mpa) 

     Hollomon (𝝈𝑯)  

            (Mpa) 

        Fracture 

(𝜺𝒕𝒓𝒖𝒆𝒇
) 

Specimens Velocity Exp Sim Exp Sim Exp SIM 

S - RD=0° 0.00833 s-1 1024 1030 1369 1373 0.159 0.163 
S - RD=45° 1012 1000 1310 1316 0.177 0.180 
S - RD=90° 1016 1020 1378 1376 0.167 0.169 
S - RD=0° 0.042 s-1 1020 1030 1328 1400 0.159 0.162 
S - RD=45° 1012 996 1310 1319 0.177 0.178 
S - RD=90° 1021 1030 1348 1358 0.176 0.178 
S - RD=0° 0.16 s-1 1053 1060 1328 1384 0.163 0.165 
S - RD=45° 1009 1010 1288 1321 0.152 0.154 
S - RD=90° 1070 1072 1368 1370 0.18 0.182 
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Figure 15. Experimental and simulation comparisons of DP800 steel as a result of different rolling directions and different 

strain rate. 

 

The GTN parameters obtained from the optimization are presented in Table 6, with special emphasis on the samples 

mentioned in the table. All these final results were leaked as a result of the optimization made in LS-OPT, separately for each 

specimen. 
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Table 6. Exhibit parameters prediction of GTN of DP800 steel. 𝜀𝑟= 0.0083 𝑠−1 

 

Specimens GTN Parameters 𝜺𝑵 𝒇𝒄 𝒇𝒇 𝒇𝑵 𝒒𝟏 𝒒𝟐 𝑺𝑵 

DP600, 0°,   0.00833 s-1 0.2614 0.0020 0.3274 0.0430 1.0966 1.0715 0.0660 

DP600, 45°, 0.00833 s-1 0.3199 0.2196 0.7314 0.0144 0.8610 2.2 0.0378 

DP600, 90°, 0.00833 s-1 0.2693 0.4604 0.6357 0.0756 1.7334 1.8272 0.0345 

DP600, 0°,   0.042 s-1 0.2230 0.1722 0.1926 0.0324 1.6605 1.5819 0.0653 

DP600, 45°, 0.042 s-1 0.3199 0.2196 0.7314 0.0144 0.8610 2.2 0.0379 

DP600, 90°, 0.042 s-1 0.2620 0.1862 0.6617 0.0206 1.9337 1.8 0.0447 

DP600, 0°,   0.16 s-1 0.2636 0.4370 0.4572 0.0206 2.2835 1.8 0.033 

DP600, 45°, 0.16 s-1 0.2084 0.5074 0.3838 0.0192 2.5 1.8 0.0392 

DP600, 90°, 0.16 s-1 0.2493 0.0039 0.475 0.0351 1.0737 1.7999 0.0477 

 

In relation to the numerical simulation results of the GTN model, and comparisons between specimens regarding effective 

plastic strain are particularly important, because their FEM values are similar to experimental values. Moreover, Figure 16. (a) 

depicts comparisons of EPS regarding DP600 steel, while Figure 16. (b) shows the comparison between numerical simulation 

results in the area of ESP regarding DP800 steel. These results are obtained from the simulations, which can be seen in Figures 

(b) from 8–14. Also, X stress in parallel with EPS was obtained. 
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Figure 16. Finite element modeling comparisons of effective plastic strain between specimens tested at different strain rates 

with different rolling directions, (a) DP600 steel (b), DP800 steel 

 

 

4. CONCLUSION 
 

The presented work is divided into two parts of the study: the experimental study and the finite element modeling study. 

The purpose of the experimental study was to investigate the behavior of steels cut from three different rolling directions and 

tested at three different strain rates. And as a result of this research, it turns out that the samples that belong to the same material 

but when their cutting was done in different angles, when thay were tested, they present different strain from each other, and all 

these changes stem from the orientations of the grains in the microstructure. Also, for the same samples, when analyzing is done 

at different strain rate, they show different extensions too. All experimental results were compared with each other by comparing 

the tested samples, which had similar strain rates but that the angle of prairie or rolling directions was different, and their results 

are given in the above figures. 

On the other hand, in terms of finite element modeling, the aim was to find all GTN parameters through the optimization 

method that was realized in LS-OPT. Also, all the necessary parameters for the realization of optimizations are defined. The 

values of effective plastic strain that appear as a result of the finite element modeling results, as well as modeling stress displayed 

as x-stress, when they are compared with the experimental results, they have very good similarities. This means that the degree 

of strain and stress can be determined by paying attention to these FEM values. Finally, this optimization model is very 

convenient, and also serves to specify the parameters of other materials, and other models too. 

 

 

 



Eurasian J. Sci. Eng. Tech. 3(2): 071-083 

 

GURSON-TVERGAARD-NEEDLEMAN (GTN) PARAMETERS OF DP STEELS WITH DIFFERENT ROLLING DIRECTIONS 

WERE DETERMINED AND INVESTIGATED AT DIFFERENT STRAIN RATES 

 

83 

SIMILARTY RATE: 6% 
 

 

REFERENCES 
 

[1] A. S. Podder, D. Bhattacharjee, and R. K. Ray, “Effect of martensite on the mechanical behavior of ferrite-bainite dual 

phase steels,” ISIJ Int., vol. 47, no. 7, pp. 1058–1064, 2007, doi: 10.2355/isijinternational.47.1058. 

[2] C. M. Gómora, R. R. Ambriz, C. J. García, I. Ruíz-López, and D. Jaramillo, “Dissimilar Dual Phase-Low Carbon Steel 

Joints by the GMAW Process Subjected to Impact Load,” Metals (Basel)., vol. 12, no. 3, pp. 1–18, 2022, doi: 

10.3390/met12030404. 

[3] C. Sébastien Y.P.Allain, Irina Pushkareva, JulienTeixeira, Mohamed Gouné, “Dual-Phase Steels: The First Family of 

Advanced High Strength Steels,” Encycl. Mater. Met. Alloy., 2022. 

[4] S. Kang and H. Kwon: s, No TitleMetall. Tran. 1987. 

[5] “www.arcelormittal.com.” . 

[6] M. Achouri, G. Germain, P. Dal Santo, and D. Saidane, “Experimental characterization and numerical modeling of 

micromechanical damage under different stress states,” Mater. Des., vol. 50, pp. 207–222, 2013, doi: 

10.1016/j.matdes.2013.02.075. 

[7] M. Feucht, D.-Z. Sun, T. Erhart, and T. Frank, “Recent development and applications of the Gurson model,” in LS-DYNA 

Anwenderforum, 2006. 

[8] F. Feng et al., “Application of a GTN damage model predicting the fracture of 5052-O aluminum alloy high-speed 

electromagnetic impaction,” Metals (Basel)., vol. 8, no. 10, 2018, doi: 10.3390/met8100761. 

[9] K. L. Nielsen and V. Tvergaard, “Ductile shear failure or plug failure of spot welds modelled by modified Gurson 

model,” Eng. Fract. Mech., vol. 77, no. 7, pp. 1031–1047, 2010, doi: 10.1016/j.engfracmech.2010.02.031. 

[10] R. O. Santos et al., “Damage identification parameters of dual-phase 600-800 steels based on experimental void analysis 

and finite element simulations,” J. Mater. Res. Technol., vol. 8, no. 1, pp. 644–659, 2019, doi: 

10.1016/j.jmrt.2018.04.017. 

[11] M. H. Miloud, I. Zidane, and M. Mendas, “Coupled identification of the hardening behavior laws and Gurson– 

Tvergaard–Needleman damage parameters - validation on tear test of 12NiCr6 CT specimen,” Frat. ed Integrita Strutt., 

vol. 13, no. 49, pp. 630–642, 2019, doi: 10.3221/IGF-ESIS.49.57. 

[12] F. Andrade and M. Feucht, “A comparison of damage and failure models for the failure prediction of dual-phase steels,” 

2017. 

[13] C. Netrasiri and S. Suranuntchai, “Damage curve determination of dual phase steel based on gtn mode-l failure criteria,” 

Int. J. Mech. Eng. Robot. Res., 2016, doi: 10.18178/ijmerr.5.4.268-271. 

[14] Y. Bao and T. Wierzbicki, “On fracture locus in the equivalent strain and stress triaxiality space,” Int. J. Mech. Sci., 

2004, doi: 10.1016/j.ijmecsci.2004.02.006. 

[15] H. Chalal and F. Abed-Meraim, “Determination of forming limit diagrams based on ductile damage models and necking 

criteria,” Lat. Am. J. Solids Struct., vol. 14, no. 10, pp. 1872–1892, 2017, doi: 10.1590/1679-78253481. 

[16] M. Achouri, G. Germain, P. Dal Santo, and D. Saidane, “Numerical integration of an advanced Gurson model for shear 

loading: Application to the blanking process,” Comput. Mater. Sci., vol. 72, pp. 62–67, 2013, doi: 

10.1016/j.commatsci.2013.01.035. 

[17] N. STANDER, W. ROUX, T. GOEL, T. EGGLESTON, and K. E. N. CRAIG, LS-OPT User ’ s Manual: A DESIGN 

OPTIMIZATION AND PROBABILISTIC ANALYSIS TOOL, no. February. 2012. 

[18] N. A. Tvergaard, V, “Analysis of the cup-cone fracture in a round tensile bar,” 1984. 

[19] M. Springmann and M. Kuna, “Determination of ductile damage parameters by local deformation fields: Measurement 

and simulation,” Arch. Appl. Mech., vol. 75, no. 10–12, pp. 775–797, 2006, doi: 10.1007/s00419-006-0033-9. 

 

 

 

 

 



  
 

 

     

 

* Corresponding author, e-mail: fkeles@ohu.edu.tr (F. Keleş) 

Recieved:  30.07.2022    Accepted: 28.09.2022      

doi: 10.55696/ejset.1150239 

84 

Eurasian J. Sci. Eng. Tech., 2022; 3(2): 084-090 

 
Eurasian Journal of Science Engineering and Technology 

 

  

Research 

 

A COMPARATIVE STUDY ON THE PHOTORESIST PATTERNING OF GLASS 

AND SILICON WITH MICROHOLES VIA MASKLESS PHOTOLITHOGRAPHY 
 

Furkan GÜÇLÜER1 , Filiz KELEŞ2*  

 
1 Nigde Ömer Halisdemir University, Department of Energy Science and Technologies, 51240, Nigde, Türkiye 

1,2 Nigde Ömer Halisdemir University, Nanotechnology Application and Research Center, 51240, Nigde, Türkiye 
2 Nigde Ömer Halisdemir University, Department of Physics, 51240, Nigde, Türkiye 

 

 

ABSTRACT 
 

Maskless photolithography, a useful tool used in patterning the photoresist which acts as a mask prior to the actual etching 

process of substrate, has attracted attention mainly due to the taking advantage of reducing cost because of not requiring a 

preprepared mask and freedom in creating the desired pattern on any kind of substrate. In this study, we performed the positive 

photoresist patterning with microstructures on both glass and silicon substrates via maskless photolithography. Specifically, we 

examined the discrepancies between the transparent (glass) and reflective (silicon) substrates even though the photolithographic 

process has been carried out under the same conditions. Since the positive photoresist patterning was the subject of this study, 

we could successfully produce the microholes with almost circular shapes and properly placed in squarely packed on both 

substrates as confirmed by optical microscopy and profilometer mapping measurements. We observed additional rings around 

the holes when silicon was used as substrate while very clear microholes were obtained for glass. Besides, the number of the 

rings increased when the writing speed of laser (velocity) reduced. We claim that these important findings can be attributed to 

the standing wave effect phenomenon which results from the multiple reflections through the semi-transparent photoresist coated 

on the reflective surface of the polished silicon. In brief, we reveal an important conclusion, in this study, based on the differences 

in formation of the microholes only due to the substate preference while all the photolithographic process parameters are kept 

the same. 

 

Keywords: Maskless photolithography, Positive photoresist, Microholes, Glass, Silicon, Standing wave effect 

 

 

1. INTRODUCTION 
 

Minimizing the reflection caused by the interaction of incident light with the material surface and thus maximizing the 

absorption has been intensely studied in literature to improve the performance of optoelectronic devices especially such as 

photodetectors [1, 2] and solar cells [3, 4]. Surface patterning is one of the most preferred methods regarding in reducing 

reflection from sample surface. The microstructures with different shapes and physical properties are mainly preferred to pattern 

the substrates specifically glass and silicon via etching. The etching process to conduct the patterning of the substrate can be 

classified mainly as wet [5, 6] and dry [7, 8] based on either physical or chemical interactions subjected. Prior to the etching 

process, the usage of an appropriate patterning mask with well-defined structures in micro-scale is vital to carry out a successful 

patterning. Photolithography is one of the most efficient, versatile, and practical methods to obtain a well-prepared mask. 

Photolithography is operated to perform the photoresist delineation with microstructures for a more controllable surface 

patterning prior to the actual etching. Therefore, a well-defined complete etching is mainly dependent on a successful lithographic 

process. The photolithography can be operated via with and without a mask. In the masked photolithography [9], exposing 

process occurs faster since the laser shines on the whole substrate at the same time through a mask. Contrary to this advantage, 

the price of the mask is the main factor that reduces the interest in masked photolithography. In the maskless lithography, on the 

other hand [10], an extraordinary parameter called laser velocity (writing speed, mm/s) has an important role in determining the 

exposing process as the maskless lithography is like directly writing with a laser pen. Another advantage of the direct laser writer 

system is that it can be performed for patterning in different shapes without using any additional masks unlike the masked 

photolithography.   

Photolithography is generally carried out by three steps called coating of photoresist, laser exposure and development. For 

the photoresist, a light-sensitive and polymer-structured material, homogenous coating with desirable thickness is important. To 

achieve a homogenous photoresist coating, the process of spin coating parameters such as temperature and speed of rotation 

should be tuned accordingly [11]. The second step is the laser exposure onto the photoresist. There are two types of photoresists; 

positive [12, 13] and negative [14, 15]. When the positive photoresist is used, the laser exposed areas of the photoresist are 

weakened and cleared off during the development step. Whereas, the parts exposed to the laser of photoresist are strengthened 

https://orcid.org/0000-0002-8708-8994
https://orcid.org/0000-0003-4548-489X
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and the remaining parts are removed by development in negative photoresist process. The wavelength and power of the laser are 

important parameters for the exposing step. In the development step, the duration of the chemical bath and the solution 

temperature [16] are two effective parameters. Through the photolithographic steps, the following facts such as photoresist 

uniformity, alignment, overexposing, pattern resolution and standing wave effect [17] need to be evaluated carefully.  

In this study, we used soda lime glass (SLG) and polished float zone (FZ) silicon substrates to carry out the positive 

photoresist patterning via maskless photolithography. We spin coated the photoresist onto the substrates under the same 

conditions and then, the laser exposition with the same parameters onto the photoresist on the substrates has been carried out. 

Finally, the development step of both substrates was conducted simultaneously. We mainly conducted a study based on the 

formation of microholes on the photoresist on two different substrates. Furthermore, whether the physical properties of the 

microholes differ or not according to the preferred substrate has been investigated.  

 

 

2. MATERIAL AND METHOD 
 

Soda lime glass (SLG) and polished (FZ) silicon used as substrates in this study to observe the difference in photolithographic 

process for transparent and reflective materials, respectively. Two different processes were applied for two different substrates 

for the cleaning procedure. The glass substrate was cleaned with acetone for 5 minutes, isopropyl alcohol for 5 minutes and 

deionized water for 10 minutes, respectively, by ultrasonic bath and then dried with nitrogen gas. The RCA (Radio Corporation 

of America) cleaned silicon was additionally cleaned with hydrofluoric acid for 90 seconds and then washed with distilled water 

for 30 seconds to remove the natural oxide layer on its surface. 

Both clean glass and silicon substrates were then heated up to 200 0C on hot plate to remove possible residues. Then, the 

substrates were placed onto spin coating and rotated at 4000 rpm for photoresist coating. A positive type of photoresist, Shipley 

S1805 was used as photoresist material. Figure 1 represents the hot plate device, spin coating system and the schematic 

representation of the photoresist coating onto substrate. 

 

 
 

Figure 1. Hot plate device (a), spin coating system (b) and schematic representation of the photoresist coating (c). 

 

 

        Table 1. Sample names obtained by only contouring & contouring and filling with different laser velocities. 

 

Sample Name 
Contour & Filling Velocity (mm/s) 

Contour Filling Contour Filling 

G-CF ✓ ✓ 0.3 10 

S1-CF ✓ ✓ 0.3 10 

S2-C ✓ X 0.4 X 

S2-CF ✓ ✓ 0.4 13 

S3-C ✓ X 0.6 X 

S3-CF ✓ ✓ 0.6 13 
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A maskless photolithography instrument, Kloe Dilase 650, was operated for the exposure process. The wavelength of the 

laser used during the process was 375 nm (Ultraviolet). The microstructures with desired diameters in squarely packed 

construction that constitute the pattern were first defined by the device’s software and then the pattern was transferred onto the 

photoresist via laser exposure. During the defining of microstructures prior to the laser operation, the two parameters called 

"contour" and “filling” to outline the circles and to fill in the circles, respectively, should be applied. We have produced the 

patterns of microstructures with contour only and contour and filling for comparison in terms of structural formation. 

Additionally, the laser parameter of velocity (writing speed, mm/s) has been differed as well during the contour and filling 

formation of the circles. As the velocity decreases, the larger area of photoresist is affected since the photoresist is exposed by 

the laser for a longer time, and vice versa. The samples obtained with only contour & contour and filling under different velocities 

are summarized in Table I. 

 

 
 

Figure 2. Schematic illustration of positive and negative patterning process steps via maskless photolithography. 

 

 

Microposit MF-319 was used in the development process for positive photoresist. The substrates coated with photoresist with 

the patterns of microstructures were immersed into the developer solution for a few seconds. Then, the substrates were washed 

with deionized water and dried with nitrogen gas, respectively. After the development process, the substrates were heated and 

stayed at 100 0C for 1 min on hot plate for the evaporation of any unwanted chemicals that could possibly remain. The three 

main steps for the photolithography process to obtain positive or negative patterning is schematically demonstrated in Figure 2. 

In this study, we performed the positive photoresist patterning. Thus, we obtained the microholes on photoresist for both 

substrates because of photoresist delineation. The top view images of microholes were captured by optical microscopy of 

photolithography device. The angled images and dept profiles of the patterns were obtained by profilometer (Bruker DektakXT). 

 

 

3. RESULTS AND DISCUSSION 
 

Top view and angled images of SLG and silicon with microstructures obtained by optical microscopy and profilometer, 

respectively, are demonstrated in Figure 3 (a-d). The regarding depth profiles of the patterns measured by a line laterally drawn 

through the microholes can be seen in Figure 3 (e-f). Since the same procedure has been applied for the depth profile measurement 

for both samples, the line was added only to the SLG image.   
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Figure 3. The top (optical microscopy) and angled (profilometer) images of microholes delineated on photoresit coated on 

SLG (a & c) and silicon (b & d), respectively; the regarding depth profiles of SLG and silicon obtained by laterally drawn line 

through microholes. 

 

The most significant difference between the performed patterns made up of microholes on glass and silicon is the formation 

of the rings when the silicon is used as substrate while no ring is observed for glass. Since the photoresist patterning process is 

the same for both substrates, the main reason behind this important finding is probably due to the optical reflection properties of 

the substrates. Since glass is quite transparent in UV-Vis range [18], the laser passes through both semi-transparent photoresist 

and glass. Therefore, one-directional trajectory of the laser results in formation of almost perfectly circular microholes. On the 

other hand, silicon with a polished surface has approximately 30-40 % reflectance of light in UV-Vis range [19]. As a result, the 

laser has been subjected to the multiple reflections from the silicon surface which produces the standing wave effect and thus, 

the circles along with the microholes are formed on photoresist coated silicon. Standing wave effect is a phenomenon that 

 𝟓𝟎𝝁𝒎   𝟓𝟎𝝁𝒎  
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generally observed when a substrate with reflective surface is used. The meeting of the incident light with the reflected light 

results in the formation of constructive and destructive interference creates the standing waves [20].  

 

 
 

Figure 4. The top (optical microscopy) and angled (profilometer) images of microholes delineated on silicon only by 

contour formation under different velocities; samples of S2-C (a & c) and S3-C (b & d), respectively. 

 

 

 
 

Figure 5. The top (optical microscopy) and angled (profilometer) images of microholes delineated on silicon by both 

application of contour and filling under different velocities; samples of S2-CF (a & c) and S3-CF (b & d), respectively. 

(c) (d) 

 𝟓𝟎𝝁𝒎   𝟓𝟎𝝁𝒎  

 𝟓𝟎𝝁𝒎   𝟕𝟓𝝁𝒎  
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To further investigate the origin of the rings observed around the microholes when silicon is used as substrate, the patterning 

process of microholes were performed by only countering and both contouring and filling at various laser writing speeds. The 

details of the samples are given in Table I. The most direct conclusion can be interpreted from Figures 4 & 5 is that the outermost 

ring is due to the contour application regardless of speed of laser.  Indeed, the ring with the purplish color in Figure 3b as labeled 

by a red semi-circle in Figure 3d has the similarity with the samples demonstrated in Figures 4 & 5. As can be predicted, all 

blurry purplish rings around the microholes seen in optical microscopy images can be attributed to the reflection of light from 

the shiny surface of silicon during the contouring process. Moreover, another important interpretation is that the number of rings 

increases by decreasing of the laser writing speed during contouring of the circles. This is due to the higher duration of laser on 

photoresist for the lower speed. 

  

 
 

Figure 6. The depth profiles of the samples obtained by only contouring and both contouring and filling.  

S2C-S2CF and S3C-S3CF depth profiles are given in (a) and (b), respectively.   

 

 

The depth profiles of the samples named S2C-S2CF & S3-S3CF obtained under different laser speeds of contouring are given 

in Figure 6 (a & b). It is apparent that the depth of the photoresist can be etched only up to 200-300 nm for both samples when 

only contouring is carried out. While the measured depth for the samples of S2CF & S3CF (when both contouring and filling 

applied) is about ~ 500-600 nm which is equal to the coated thickness of the photoresist itself. The more and less deep microholes 

shown in the profilometer images in Figures 4 & 5, respectively, are correlated with the depth profiles. In addition, since the 

contour velocity of the laser in the S3C and S3CF samples are higher than S2C and S2CF, Figure 6a represents sharper curve. 

Accordingly, there are fewer microholes in the S3CF curve in the equal scanning line (0.3 mm) and this resulted in the S3C and 

S3CF curves not being aligned. Indeed, this situation can be even understood when the scale bars of the Figure 5c and 5d are 

compared, as the distance between the microholes is bigger in Figure 5d.  

 

 

4. CONCLUSION 
 

In summary, patterning the positive photoresist coated on glass and silicon substrates with microholes via maskless laser 

writer photolithography was successfully carried out in this study. It was confirmed by both optical and profilometer images that 

well-defined, organized and almost perfectly circular microholes could be produced regardless of process parameters. Besides, 

the penetration depths of the circles obtained for only contouring and contouring & filling can be determined approximately ~ 

200-300 nm and ~ 500-600 nm, respectively, from depth profiles. The homogenous coating of photoresist interpreted from the 

images and depth profiles is another important finding that is revealed in this study. On the other hand, the formation of the rings 

around the microholes when silicon is used as substrate while no ring is observed for glass is quite important observation that 

should be considered. Moreover, the number of rings increases by the lower laser speed. The most possible reason for these 

findings can be attributed to the transparency and reflectivity properties of glass and silicon, respectively. The laser is subjected 

to multiple reflections from the shiny surface of silicon while the laser is passes through the glass. Therefore, the phenomenon 

called standing wave effect arises for silicon which results in the rings. Since the laser stays more on the photoresist when the 

laser speed is low, the standing effect becomes more apparent thus the number of rings increases. On the contrary, very clear and 

smooth microholes without any ring are obtained for glass. To sum up, we revealed a successful study on the formation of 

patterns made up of microholes on the positive photoresist on two different substrates. The differences on the patterns due to the 

reflectivity properties of substrates are explained and demonstrated. In this regard, we believe the results shared in this study 

would make a contribution to the literature especially in photolithographic area. 
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ABSTRACT 
 

In heavy commercial vehicles, the part that enables the wheels to turn left and right by transferring the movement from the 

steering box to the wheel via the pitman is called the steering drag link. In order to obtain the desired form in the production of 

bended drag links, the pipe material is subjected to bending process from certain points by various methods. During this bending 

process, plastic deformation occurs in the material. In this study, the effect of plastic deformation in tie rod bending on the life 

of the drag link was investigated. The amount of plastic deformation in the bending region was determined as %12 by performing 

tie rod bending simulation in a Finite Element Analysis (FEA) software. The fatigue behavior of the %6 and %12 pre-strained 

material was determined and compared with the fatigue behavior of the undeformed material. Fatigue analyses were carried out 

in the finite element environment by modeling the drag link as Functionally Graded Material (FGM). In addition, the drag link 

physical fatigue tests were also carried out and the numerical and experimental results were compared. It was observed that the 

results of the drag link fatigue analysis modeled as FGM were closer to the experimental values. 

 

Keywords: Drag link, Pipe bending, Plastic deformation, Steering system, Fatigue 
 

 

1. INTRODUCTION 
 

The drag link is an important part of the steering system that provides the wheels to turn right and left by transmitting the 

movement from the steering wheel to the wheels. Drag link generally consists of connecting two rod ends with each other by 

means of a connecting rod. Connecting rods of drag links are generally produced from pipe materials due to their lightness and 

low cost. Drag links are bent at different offset amounts due to their distance from other components within the scope of vehicles' 

steering systems and legal regulation requirements. Even if statically high-strength materials are used in drag links, they can be 

damaged at lower loads when exposed to repeated loads on the vehicle. The process of premature failure or damage of a 

component as a result of repeated loading is called metal fatigue [1]. In case the vehicles encounter different road conditions, 

various tensile and compressive stresses may occur on the drag link. These variable stresses produce fatigue, causing microcracks 

to occur, and the tie rod may be damaged by cracking in the future [2]. 

DP600 steel material with pre-strain applied in different directions has higher yield strength and fatigue resistance than 

material without prestrain [3]. Koh and Baek [4] performed a fatigue damage analysis to estimate the fatigue life of a steering 

drag link. Monotonic tensile and low cycle fatigue tests were performed for the STKM12C steel pipe used in the drag link. In 

addition, FEA studies were performed to determine the regional stresses and strains in critical bending regions. To verify the 

FEA results, they experimentally measured the amount of strain in the bending regions by placing a strain gauge on the drag link 

bend regions. Fatigue life was estimated using a combination of material properties, stress analysis and local strain approach. 

They performed the drag link fatigue test at 3 different loads and observed that a crack first formed in the bending region and 

then the crack propagated and the tie rod broke along the cross-sectional area. Lee et al. [5] investigated the fatigue properties 

of low-carbon steel pipes bent at small radius using the district induction heating method. The microstructure, hardness, high 

cycle fatigue and residual stress properties of the inner and outer wall sections of the bent pipe in the bending region were 

compared with the unbent raw pipe properties. They stated that deformed bending walls show better fatigue properties. Budak 

and Pekedis [6] investigated the effect of pre-deformation on fatigue strength by performing fatigue tests and finite element 

analyzes for a pre-deformed automobile tie rod end without any pre-deformation. In the finite element analysis, it was seen that 

the critical regions formed in the rod ends matched the damage regions observed as a result of the experimental tests. The 

numerical and experimental results they obtained indicate that the pre-deformation affects the fatigue life of the rod end 

negatively and should be taken into account during the design. Uludamar et al. [7] performed the finite element analysis of a 
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drag link and determined the stress values and safety coefficient on the part. They also calculated the resulting stresses 

theoretically and compared the results. Falah et al. [8] performed a damage analysis of a broken rod end ball joint. They conducted 

an assessment to determine the cause of the damage to the tie rod end of an SUV that had run for about two years and less than 

30,000 km. Visual inspection, chemical analysis, hardness measurement and metallographic examination were performed on the 

part. They stated that the joint neck region was damaged due to fatigue and crack initiation due to insufficient material and 

improper heat treatment. Güvenç and Botsalı [9] investigated the fatigue life of the tie rod end, which is a part of the steering 

system, using computer aided engineering tools. By determining the points where fatigue can occur on the tie rod end in the 

finite element environment, strain gauges were placed in the critical areas of the tie rod end of a passenger vehicle. The vehicle 

was exposed to different road conditions and 400 km of road data were collected. According to the calculations they made in the 

Computer Aided Engineering (CAE) environment using these data, they concluded that the part life is infinite for 300,000 km 

of data. To confirm this result, they performed an experimental simulation of the tie rod end and said that the results were 

compatible with each other.  Peng et al. [10] investigated the effect of pre-strain on mechanical properties for 316L austenitic 

stainless steel. They compared the mechanical properties of the samples to which they applied different pre-strain values between 

0% and 35%. They showed that the yield points increased, the elongation decreased, and the maximum stress remained constant 

with increasing pre-strain. 

In this study, the effect of plastic deformation occurring during drag link bending process on drag link fatigue behavior was 

investigated. Ansys finite element software was used to determine the amount of plastic deformation that occurs during the 

bending process. 

Although there are fatigue analysis studies for drag links in the literature, plastic deformation from the bending process is 

generally ignored in these analyses. In this study, the plastic deformation occurring during the bending process was determined 

and used as an input in the analyses. 

 

 
 

Figure 1. Heavy commercial vehicle steering system [11] 

 

 

2. MATERIAL AND METHOD 

 
2.1 Materials 

 
In order to determine the fatigue behavior of the drag link pipe material, EN 10025-2 S355JR+N in solid form equivalent to 

the drag link pipe material EN 10305-1 E355+N was used. The chemical composition of these materials are shown in Table 1. 

 

Table 1. Chemical compositions of E355+N and S355JR+N materials (wt %) [12,13]. 

 

Content (%)  E355+N S355JR+N 

C (max) 0.22 0.24 

Si (max) 0.55 0.55 

Mn (max) 1.60 1.60 

P  (max) 0.025 0.035 

S (max) 0.025 0.035 
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2.2 Experimental Procedures 
 

The tensile and fatigue test specimens required to determine the mechanical properties of E355+N pipe material and 

S355JR+N solid material were prepared according to the relevant standards. In addition to the S355JR+N material fatigue tests 

to determine the drag link fatigue behavior, the drag link bending operation will be simulated in the finite element software in 

order to see the effect of plastic deformation during the bending operation. The plastic strain obtained as a result of the analysis 

will be applied to the S355JR+N material as a pre-strain, and the fatigue tests of the samples will be performed separately. 

Tensile Tests 

 

In order to determine the mechanical properties of E355+N pipe material, tensile samples were prepared according to DIN 

50125 standard on E355+N seamless pipe material with an outer diameter of 52 mm and a wall thickness of 7 mm. Pipe material 

drawing sample geometry is shown in Figure 2. 

 

 
 

Figure 2. Tensile specimen geometry created according to DIN 50125 

 

The tensile specimen geometry prepared according to the DIN 50125 standard for the determination of the mechanical 

properties of the S355JR+N solid material is shown in Figure 3. 

 

 
 

Figure 3. DIN 50125-A 10x50 tensile specimen geometry 

 

Tensile tests were carried out in the tensile testing device with a load capacity of 600 kN shown in Figure 4. 

 

 
 

Figure 4. Tensile test device 
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Fatigue Tests 

20 fatigue specimens were prepared according to ASTM E466 from S355JR+N material to be used in fatigue tests. The fatigue 

specimen geometry is shown in Figure 5. 

 

 
 

Figure 5. Geometry of fatigue test specimen acc. to ASTM E466 

 

10 specimens without pre-strain were tested in the uniaxial fatigue test device shown in Figure 6. It was tested in 5 different 

loads (9 kN, 8 kN, 7 kN, 6 kN, 5 kN) at a frequency of 5 Hz until it broke, by making two repetitions at each load value. The 

plastic deformation that determined as a result of the pipe bending simulation was applied to 10 fatigue specimens and the fatigue 

test of the specimens was carried out at the same load and frequency values. 

 

 
 

Figure 6. Uniaxial fatigue test device 

 

Drag Link Fatigue Tests 

 

Actual fatigue tests of drag links were carried out. The fatigue test setup is shown in Figure 7. Accordingly, the drag link was 

fixed from the  rod end on one side and subjected to axial loading from the rod end on the other side. Fatigue tests were carried 

out at 5 Hz frequency of a total of 4 tie rods, two for each, at 2 different loads (20 kN, 25 kN). 

 

 
 

Figure 7. Drag link fatigue test setup  
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2.3 Finite Element Simulations 

 

Bending Process Simulation 

 
The amount of plastic deformation in the pipe bending region was determined by simulating the manual press pipe bending 

process in the ANSYS software. The cad model required for the analysis was modeled in the Creo Parametric 3.0 software. The 

pipe bend analysis setup is shown in Figure 8. 

 

 
 

Figure 8. Pipe bending setup with manual press method 

 

Multilinear kinematic hardening module of ANSYS software is used. Nonlinear analysis was performed by using only the 

plastic values of the actual stress-strain curve of the S355JR+N material as input to the analysis. Pipe domains were meshed with 

tetrahedrons mesh as shown in Figure 9. Bending die and support rollers were defined as rigid. The support roller is free to rotate 

around its own axis, and the bending die is released to move in the vertical +Y axis. The bending die was retracted after 35 mm 

displacement and the pipe was released. 

 

 
 

Figure 9. Bending setup mesh state 

 

Drag Link Fatigue Simulation 

Since the drag link has different strain levels in the bending region during the drag link bending, fatigue analysis was 

performed by modeling the drag link as functional grades. The simulations performed using the parts modeled in the FGM 

structure give consistent results with the experimental results [14]. While creating the functionally graded model, the model was 

created by considering the wall thickness changes that occur in the inner and outer walls of the bending region in the real 

environment. At the same time, analyzes were made for the one-piece model without any pre-strain. Figure 10 and Figure 11 

show the cad images of no pre-strain model and functionally graded drag link. 

 
 

Figure 10. Drag link cad image without pre-strain 
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Figure 11. Functional graded drag link cad image 

 

Fatigue analyzes were carried out by fixing the drag link from the inner surface of the housing in the Ansys finite element 

software and subjecting it to different loads from the housing center on the opposite side. Drag link domains were meshed with 

tetrahedrons mesh with 707836 elements as shown in Figure 12. 

 

 
 

Figure 12. Mesh state of drag link fatigue analysis  

 

 

3. RESULTS AND DISCUSSION 

 
Tensile Tests 

 

The tensile curves obtained for E355+N and S355JR+N material as a result of tensile tests are shown in Figure 13 and 

specific points of curves are given in Table 2. 
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Figure 13. E355+N and S355JR+N materials tensile test curves 
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Table 2. Tensile test results of E355+N and S355JR+N materials 

 
  Sample Type Yield Stress (MPa) Max Stress (MPa) Elongation (%) 

E355+N Pipe 393.42 560.91 26.59 

S355JR+N Bar 392.52 575.60 25.64 

 

It has been observed that the yield and tensile strength values obtained from the tensile tests are very close to each other. The 

differences between the values are negligible. Accordingly, it was concluded that S355JR+N material can be used to determine 

the fatigue behavior of the drag link pipe material. 

 

Material Fatigue Tests 

 
The stress-cycle number (S-N) curves of the unprestrained (0%) and strained (12%) S355JR+N samples are shown in Figure 

14. It is seen that the specimens subjected to pre-strain show better fatigue resistance. Higher pre-strain applied material 

undergoes more plastic deformation. Thus, it shows a higher yield strength feature. In addition, using the interpolation method 

between 0% and 12% curves, a curve with 6% pre-strain was created. 
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Figure 14. S-N curves of S355JR+N specimens with prestrain level of %0,%6 and %12   

 

Drag Links Fatigue Tests 

 
The tests were continued until the target value of 1.000.000 cycles, which is accepted as infinite life in drag link fatigue tests. 

The test conditions and test results applied to the drag links are shown in Table 3. It was observed that the drag links that could 

not reach the target value were damaged by cracking from the inner walls of the bending areas. 

 

Table 3. Drag links experimental fatigue test results 

 

Part No Fatigue Load (kN) Frequency (Hz) Cycle Number Result 

1 20 5 1.000.000 No damage 

2 20 5 1.000.000 No damage 

3 25 5 449.515 Broken from the bend 

4 25 5 524.212 Broken from the bend 
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Bending Process Simulation 

 

During the bending analysis, pipe bending was ensured by making the bending mold make a translational movement in the 

vertical direction of 35 mm in the first 3 steps, and the pipe was released by pulling in the opposite direction in the last two steps. 

As a result of the analysis, approximately 12% plastic deformation was observed in the inner and outer walls of the bend region 

as seen in Figures 15 and 16 in the pipe bend region. Accordingly, fatigue tests were carried out by applying 12% pre-strain to 

10 of the samples produced for the fatigue test of S355JR+N material. 

 

 

 

Figure 15. Plastic deformation distribution of the bending inner wall after bending 

 

 

 

Figure 16. Plastic deformation distribution of the bending outer wall after bending 

 

Drag Links Fatigue Simulation 

 

As a result of the analysis, it was seen that the drag link without pre-strain and the FGM model, which were analyzed at 

different load values, were damaged at the bending points. It was observed that while the drag link with 0% pre-strain provided 

the target 1.000.000 cycles at 14 kN load value, the functional graded drag link reached the target 1.000.000 cycles at 20 kN. 
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Figure 17 shows the stress condition at 14 kN load value for the model with 0% strain. The maximum stress occurred as 

129.12 MPa on the inner wall of the bending zone. 

 

 
 

Figure 17. Stress state of the drag link at 14 kN load value 

 

In Figure 18, the life distribution of the drag link with a 14 kN load applied in terms of number of cycles for the model with 

0% pre-strain is shown. The part reaches the target number of 1,000,000 cycles at this load value. Each point on the part provides 

the target cycle number value. 

 

 
 

Figure 18. Cycle number distribution of drag link at 14 kN 

 

Fatigue analysis was performed at 20, 22 and 25 kN load values for the drag link modeled as FGM. It has been observed that 

the drag link at a load of 20 kN provides the targeted 1.000.000 cycles. 

 

Figure 19 shows the stress state occurring at a load of 20 KN. The maximum stress was 179.45 MPa on the inner wall of the 

bending zone. 
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Figure 19. Cycle number distribution of drag link at 20 kN 

 

Figure 20 shows the life distribution of the drag link with 20 kN load in terms of number of cycles. The part has more than 

1.000.000 cycles targeted. Each point on the part provides the target cycle number value. The drag link modeled as a single piece 

provides 1.000.000 cycles at 14 kN, while the drag link modeled as FGM provides more than 1.000.000 cycles at 20 kN. 

 

 
 

Figure 20. Cycle number distribution of drag link at 20 kN 

 

Table 4 shows the conditions and results of the drag links fatigue analysis, which is assumed to have no pre-strain, functional 

graded drag link fatigue analysis with pre-strain, and the experimental drag link fatigue test. According to the results obtained, 

it was seen that the functional graded model, which was created by considering the pre-strain, showed better fatigue behavior 

and closer to the experimental results than the model without pre-strain. According to the analysis results, there is a significant 

difference between the fatigue behavior of the drag link model modeled as FGM and the drag link model modeled as one piece. 
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Table 4. FEA and experimental fatigue results according to pre-strain condition 

 

Force (kN) 
Cycle Number For No 

Prestrained Model (FEA) 

Cycle Number For 

FGM Model (FEA) 

Average Cycle Number 

(Experimental) 

14 1.000.000   

16 650.520   

18    

20 98.227 1.355.100 1.000.000 (No damage) 

22  512.860  

25  138.180 486.863 (Broken from the bend) 
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Figure 21. FEA according to the pre-strain condition and experimental test results curves 

 
 

4. CONCLUSION 

 
In this study, the effect of plastic deformation occurring during drag link bending on fatigue behavior was investigated. 

Tensile and fatigue tests for the drag link material and fatigue tests of the drag links were carried out. In addition, drag link 

bending process and fatigue tests are simulated in the finite element analysis environment. The results obtained are listed below: 

 

 The tensile test results of E355+N pipe material and S355JR+N material in equivalent filled form were very close to 

each other. The differences between the results are negligible. It has been observed that S355JR+N material can be used 

for the fatigue behavior of the drag link pipe material. 

 It was observed that specimens with pre-strain showed better fatigue behavior than specimens without pre-strain. 

 According to the finite element fatigue analysis, it was observed that the functionally graded drag link showed better 

fatigue behavior than the drag link model modeled as a single piece without taking into account the deformation, and 

the functionally graded model results were closer to the experimental results. By dividing the functionally graded model 

into more sub-models, it is possible to obtain results closer to the real values. 
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ABSTRACT 
 

Pakistan is facing serious energy deficiency issues. Moreover, emission of polluted gases must be minimized to reduce the air 

pollution. The emission of harmful gases can be lessened by the implementation of renewable energy resources. Such issues can 

be curtailed through proper planning on national and gross root level.  In this study, load estimation and cost analysis for the 

installation of optimized hybrid model of renewable energy resources in electrical engineering department of University of Azad 

Jammu & Kashmir has been presented. In order to analyze load and estimate the cost, different scenarios are generated on Hybrid 

Optimization Model for Electric Renewables (HOMER) Pro software. On the basis of these scenarios, the system having less 

cost of energy and emission of polluted gases is proposed as the optimal system to power the department.  

 

Keywords: Cost analysis, HOMER Pro, Load estimation, Renewable energy 

 

 

1. INTRODUCTION 
 

The world is switching to Renewable Energy (RE) due to the fossils depletion and cost-competitive solutions. Also, the 

innovation in renewable energy technologies allows to combine different RE sources and produce electricity. These RE sources 

consist of solar energy, tidal energy, wind power, geothermal, micro-hydropower and biomass [1]. Energy intake is intensely 

inclined to the latest global trade and the fast-growing industry. Global population growth is another issue contributing towards 

the surge in energy consumption [2]. Typically, most of human energy needs are met from non-renewable energy sources like 

fossil fuels. However, there are two main problems with growing dependence on fossil fuels to meet energy demand; loss of 

fossil fuels and rising carbon dioxide emissions which is a major cause of increase in global warming [3]. In Pakistan, power 

outage is a major problem that is often addressed by conventional production [4]. The economic and technical feasibility analysis 

for the operation of the conventional and a new hybrid system is presented in [5]. Two micro grid systems were evaluated on the 

economic aspect in which one was dependent and other was independent. The analysis shows that for interconnected system, the 

installation of photovoltaic cell and the wind turbines are more effective. In [6], an economic analysis of a standalone hybrid 

power system for application in Tehran has been presented. The study shows the incident solar radiation, equipment 

characteristics, electric load profile, and hydrogen fuel design parameters of a hybrid power system. Another work presented in 

[7] shows that the on grid system is more economic as compared to the off grid system because extra amount of batteries need 

to be used in the off grid system. Based on solar radiation, a similar study explained the technical feasibility of a standalone 

system that meets the 2.5% load requirement of the city of Mecca using Homer Pro [8]. A feasibility analysis of wind, solar or 

hybrid system performance in the west coast of Saudi Arabia is presented [9] where the potential of hybrid energy system in that 

region was evaluated. A hybrid optimization model of RE resources used to design a small grid at remote sites, islands, on grid 

and off grid systems where these resources can be used as a mix and or as an independent source to meet power shortages is 

presented in [10]. The proposed model is analyzed by using Homer Grid. Changing cost of fuel and the atmospheric hazards are 

the key factors in the study to stimulate the use of RE resources for generating power. 

In this work cost analysis and load estimation for the Department of Electrical Engineering (DEE) in University of Azad 

Jammu and Kashmir (UAJ&K) has been done. DEE is an educational institute which operate five days a week. The average 

working hours of DEE is 8 hours and the department fulfills its demand through grid. Whereas, a generator of 25KW is used to 

fulfill the load requirement during the load shedding hours. Given the fact, cost of the existing system is very high which can be 

lessened by using renewable energy resources. However, it requires proper load and economic assessment. The software which 

is used for this work is HOMER Pro 3.14 software. The reason for choosing this software is that this software efficiently performs 

three types of working; optimization, sensitivity analysis and simulation. Moreover, the software defines the quantity of the 

components, thus, making it easy to find the best optimal result for the system. 
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2. CASE STUDY 
 

Pakistan is facing serious energy deficiency issues which can be resolved easily through proper planning. The country’s 

vision of clean and green Pakistan strives for minimum emission of polluted gases to reduce air pollution. Power obtained through 

conventional sources is also a reason for emission of harmful gases. This emission of harmful gases can be minimized by 

generating power through RE resources. 

In this study, load estimation and cost analysis of DEE located in UAJ&K has been studied. Different scenarios are generated 

on a clean energy software known as HOMER PRO for the feasibility study of hybrid RE generation. The software is used to 

analyze and perform the cost analysis on the system. Various gird connected configurations of the system are also studied and 

on the basis of generated scenarios, the optimal result is find out for the system. The system having low cost of energy is defined 

as the best system. Moreover, emission of polluted gases is also taken into account where the best solution reduces the harmful 

emission of gases. 

 

2.1 Existing system 

 

The existing system of the department consists of a grid supply and a backup generator. The power demand is met through 

grid and a 25 kW generator is used to meet the load demand during power curtailment hours. The department has constant load 

of 15kW for 8 hours in a day. Since the department works for 8 hours 5 days a week, hence, a constant load curve for all the 

weekdays can be seen in Figure 1 for a better understanding of load estimation. System model of the existing system has been 

shown in Figure 2. The Cost of Energy (CoE) is $0.287, whereas, the Initial Capital Cost is $30,000 and the Net Present Cost 

(NPC) is $90,090M. Most importantly, the Carbon Emission of the existing system is 16,069 Kg/yr with a Fuel Rate of 661 L 

shown in Figure 3. 

 

 

3. PROPOSED SYSTEM 
 

A combination of renewable energy sources has been employed in the proposed system. Cost and load analysis was done on 

all combinations. The optimal plan is evaluated based on these costs and load analysis. Energy Costs and Current Costs are 

considered and based on these costs the greatest effect is obtained. The arrangement of low energy costs is considered the 

appropriate system. 

 

 

 
Figure 1: Daily load profile of existing system 
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Figure 2: Schematic of existing system 

 

 

 
 

Figure 3: Cost estimation of existing system 

 

 
 

Figure 4: System model of scenario 1 

 
 

Table 1: Configuration of system for Scenario 1 

 
Storage PV Wind Grid 

5 batteries 20KW 20KW Unlimited 

 

 

 

 
 

Figure 5: Cost estimation  of scenario 1 
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Figure 6: System model of scenario 2 

 

 

Table 2: Configuration of system for Scenario 2 

 

Storage PV Grid 

5 batteries 20KW Unlimited 

 

 
 

Figure 7: Cost analysis of scenario 2 

 
3.1. Scenario 1 (PV, Wind, Grid, Battery Storage) 

 

System model for this scenario is shown in Figure 4 and the specification of this scenario are given in Table 1. It can be 

observed that Scenario 1 comprises of PV, wind, battery and grid. Here two buses are present; AC and DC buses. Converter, 

wind, and load are connected to the AC bus, whereas, PV and battery storage are connected to the DC bus. It should be noticed 

in Figure 5 that the CoE of Scenario 1 is $0.0344, the NPC is $28,171M and initial capital cost is $15,700M. However, the 

carbon emission rate is -14,510 kg/yr which is very low. 

 

3.2. Scenario 2 (PV, Battery Storage, Grid) 
 

System model for this scenario is illustrated in Figure 6 and the arrangement of this scenario are given in Table 2. It can be 

observed that Scenario 2 contains a combination of PV, Grid and Battery Storage installed together. Similar to Scenario 1, AC 

and DC buses are involved in this scenario as well. Grid, Load and Converter is connected with AC bus whereas PV and Storage 

is connected with DC bus. It can be observed from Figure 7 that the CoE for Scenario 2 is $0.0384 and the NPC is $21,083M. 

Although, the initial capital cost is $11,146M, but, the carbon emission rate is 14,27kg/yr. 

 

3.3 Scenario 3 (Grid, Battery Storage, Wind) 
 

System model for this scenario is presented in Figure 8 and the specification of this scenario are mentioned in Table 3. It can 

be observed that Scenario 2 consists of conventional grid, battery storage and wind. Here, again two buses are being used; grid, 

electric load and converter are connected to the AC bus and wind turbine along with battery storage is connected to the DC bus. 

As shown in Figure 9, the CoE for Scenario 3 is $0.0365, the NPC is $25,182M and Initial Capital Cost is $8,554. However, the 

carbon emission rate is 3.31kg/yr which is lesser than Scenario 2 but higher than Scenario 1. 

A detailed comparison of the existing system and all the three scenarios is presented in Table 4. It should be observed that 

the existing system has a high energy cost when compared with all the three proposed scenarios. However, the CoE of scenario 

1 is the lowest among all the three scenarios which is $0.0344. Also, the carbon emission rate of the existing system is very high 

when compared with all the three posed scenarios. Whereas, this rate is minimum for Scenario 1 which is the biggest persuasion 

to adopt this system.  
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Figure 8: System model of scenario 3 

 

 

Table 3: Configuration of system for scenario 3 

 

Grid PV Load 

Unlimited 20KW 15KW 

 

 

 
 

Figure 9: Cost estimation  of Scenario 3 

 

 

Table 4: Comparison of cost for all scenarios 

 

 

 

4. CONCLUSION 
 
The DEE in UAJ&K is operated by using grid and diesel generator. This existing system has a very high carbon emission 

rate which is not aligned with the energy policy of the country. Moreover, the CoE or in other words the average of NPC of 

electricity generation of the existing system is very high. Also, the generator is being used to supply power during the load 

shedding hours, but, diesel itself is a very high priced commodity. Therefore, a cost effective solution given in shape of Scenario 

1 should be adopted that is capable of reducing the CoE from $0.287 to $0.0344, which means CoE decreases 88.0139%. 

 

 

 
INITIAL CAPITAL 

COST 

NET PRESENT 

COST 

CARBON 

EMISSION 

COST OF 

ENERGY 

EXISTING 

SYSTEM 
$30,000 $ 90,090M 16,069 (Kg/year) $0.287 

SCENARIO 1 $15,700 $28,171M -14,510 (Kg/year) $0.0344 

SCENARIO 2 $11,146 $21,083M 1,427 (Kg/year) $0.0384 

SCENARIO 3 $8,554 $25,182M 3,351(Kg/year) $0.0365 
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ABSTRACT 
 

In this study, the effect of post-annealing temperature in CdS thin films grown on ZnO seed layer was investigated. CdS thin 

film and ZnO seed layer were coated by chemical bath deposition method and solution dropping technique, respectively. The 

structure of the post-annealed samples at 350°C and 400°C consisted of cubic CdS and CdSO3 oxide phases. As a result of 

recrystallization at 450°C, both hexagonal CdS and cubic CdO phases were formed. While the absorption edge was observed at 

around 500 nm in all samples, the best transmittance was observed in the sample annealed at 400°C. PL spectra proved the 

existence of defect types such as deep emission, sulfur vacancy for all samples. Ellipsometer measurements showed that the 

highest refractive index was in the sample annealed at 400°C. Among the samples, it was concluded that the most suitable 

window structure for CdTe solar cell applications is CdS thin film post-annealed at 400°C. 

 

Keywords: CdS, ZnO seed layer, CBD, post-annealing temperature 

 

 

1. INTRODUCTION 
 

In CdTe based solar cells, CdS thin films are conventionally used as n-type junction partners [1, 2]. CdS stands out with its 

surpassing features such as suitable band gap (~2.4 eV), high photoconductivity, low absorbance and high optical transmittance 

required for high performance photovoltaic devices [3, 4]. CdS can be grown by many methods such as vacuum evaporation [5, 

6], spray pyrolysis [7, 8], close space sublimation [9, 10], RF sputtering [11, 12] and chemical bath deposition (CBD) [13, 14]. 

However, CdS layer in high efficient CdTe cells is usually grown by CBD method due to the possibility of recrystallization and 

alloying [15-17]. CBD method provides advantages such as repeatable and controlled process management, adjustable 

parameters (bath temperature, source concentration, etc.), simple and low cost production [18, 19]. However, problems such as 

low adhesion, non-uniformity, inhomogeneity may be encountered in the film growth process with CBD [20]. One of the ways 

to overcome these problems is to change the film growth parameters such as bath temperature, stoichiometry (cadmium/sulfur 

ratio), the amount of a complexing agent, etc. These changes in the film growth parameters in CBD method directly affect the 

reaction properties. In this sense,  it was deduced that this parameters had a significant effect on the properties such as the crystal 

structure, grain structure, homogeneity, band gap, transmittance, carrier concentration and resistivity [21-27].  
Although these adjustments in growth parameters seriously affect the properties of the films, there are still some difficulties 

with the desired film quality. In this context, growing CdS thin films onto a seed layer may be a solution to improve film 

properties. Due to poor quality of film growth, the seed layer plays especially an effective role in the improvement of low 

adhesion and nucleation [28]. Among the many materials used as seed layer, one of the most suitable for CdS thin films is ZnO. 

Growing CdS thin films on ZnO seed layer may provide a substructure to advance film properties. However, due to the 

amorphous nature of CdS deposited by CBD method, an extra processing is needed to improve the crystalline and morphological 

properties. In this direction, one of the most proper option is heat treatment. The annealing process leads to many effects such as 

increasing the crystal quality of the films, phase transformation, improving the grain structure, progressing of the optical and 

electrical properties [29-31]. 

Considering all aspects, it is thought that depositing CdS thin film on a seed layer followed by heat treatment is an effective 

process to develop the characteristics of CdS. In this sense, the effect of post-annealing on the structural and optical properties 

of CdS thin films coated on ZnO seed layer was investigated in this study.  For this purpose, post-annealing temperatures ranging 

from 350°C to 450°C were used. 
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2. MATERIAL AND METHOD 
 

In order to search the effect of post-annealing temperature on CdS thin films grown on ZnO seed layer, the samples were 

coated on soda lime glass (SLG) substrates. Before coating ZnO seed layer, the SLG substrates were cleaned with acetone, 

isopropanol and de-ionized water in an ultrasonic bath. Then, ZnO seed layer was grown on the SLG substrates. The solution of 

ZnO seed layer was prepared using 5 mM zinc acetate dehydrate [Zn(OOCCH3)2] in absolute ethanol.  1 drop/cm2 volume of the 

solution was dropped onto the substrates, and the surface was dried with N2 gas after dwell time for 20 s. This operation was 

repeated eight times. After ZnO seeding, the prepared samples were annealed at 350°C for 30 min at air atmosphere [32]. CdS 

thin films with CBD method were grown using with a mixture of  15 mM 3CdSO₄.8H₂O, 1.5 M thiourea and 28-30% ammonia 

hydroxide at a bath temperature of 80°C [33]. The thickness of CdS was set to 50-60 nm for a deposition time of 10 min. The 

samples were post-annealed for 20 minutes in air atmosphere at temperatures of 350°C, 400°C and 450°C. The prepared samples 

with post-annealing are schematically shown in Figure 1. In the whole text, labels were used to describe the samples. For 

example, label ZC-400 refers to the sample post-annealed at 400°C after the CdS thin film is grown upon ZnO seed layer.  

 

 
 

Figure 1. Schematic configuration of CdS samples grown on ZnO seed layer annealed at different temperatures 

 

The crystallinity properties of the samples were analyzed with XRD spectra measured by Rigaku Smartlab diffractometer 

using CuK radiation. Transmittance curves were obtained using Dongwoo Optron UV-Vis spectrophotometer in the wavelength 

range of 300-1000 nm. Photoluminescence measurements at room temperature (RTPL) were performed with SpectraMax M5 at 

excitation wavelength of 280 nm. Refractive indexes was measured by J.A.Woollam spectroscopic ellipsometer. 

 

 

3. RESULTS AND DISCUSSION 
 

The XRD spectra of the samples post-annealed at 350°C, 400°C and 450°C are shown in Figure 2. As seen in Figure, there 

are overlapping and shouldering peaks in the diffraction patterns of the samples. To detect these peaks, the deconvolution process 

was applied to the spectrum of each sample. The peaks clarified by the deconvolution are also seen in the Figure. It was observed 

that the samples annealed at 350°C and 400°C had similar XRD spectra. According to the peak positions in the spectra, (111), 

(220) and (311) planes of CdS crystallizing in cubic structure were formed at 350°C and 400°C (Card No: 00-010-0454). In 

addition, CdSO3 oxide phase was also formed in these samples (Card No: 01-078-1474). However, it was observed that the 

effect/intense of the oxide phase decreased at 400°C. Besides, the increase in post-annealing temperature from 350°C to 400°C 

led to an improvement from 8.8 nm to 9.8 nm in crystallite size calculated by Scherrer formula [34] based on the main peak of 

CdS. 

In the deconvolution results of the sample post-annealed at 450°C, it was observed that the crystal structure of CdS phase 

transformed from cubic to hexagonal structure. In the spectrum, it was determined that (100), (002), (101), (110), (103) and (112) 

planes of hexagonal CdS were formed, respectively (Card No: 00-041-1049). In addition, it was detected that the (111), (200) 

and (220) planes of CdO phase crystallized in the cubic structure also exist in the crystalline structure of the sample (Card No: 

00-005-0640). 

Comparing of the XRD results showed that the samples at 350°C and 400°C had a similar crystal structure. However, as the 

post-annealing temperature increased to 450°C, the crystal structure of the sample underwent a radical change that CdS phase 

changed from cubic to hexagonal and that extra cubic CdO phase was formed. It was concluded that temperatures up to 400°C 

are not a high enough for recrystallization of the sample structure, but a temperature of 450°C is enough to drive the crystalline 

nature of the sample into a new formation. Besides, when the crystallization quality of the samples is examined, it can be said 

that ZnO seed layer improves the crystallization and allows more specific peaks to be revealed. Because it is known that CdS 

has nano-amorphic nature and may not cause a distinct change in crystallization even if heat treatment is applied at high 

temperatures. However, in our samples, the crystal structure of CdS was clearly determined with the support of the deconvolution 

process. This shows that the ZnO seed layer provides an infrastructure to grow higher quality films, in accordance with its 

purpose. 
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Figure 2. XRD spectra and corresponding deconvolution results of the samples post-annealed at a) 350°C, b) 400°C and  

c) 450°C (C, H and M in parentheses refer to cubic, hexagonal and monoclinic, respectively) 

The transmittance curves of the samples between 300-1000 nm are shown in Figure 3. In the transmittance curves, it is seen 

that all samples have an absorption edge of around 500 nm, corresponding to CdS. In the wavelength region greater than 500 

nm, the transmittance varied between 65% and 85% (at wavelength of 850 nm). Herein, it has the lowest transmittance to the 

sample post-annealed at 350°C. Increasing the annealing temperature to 400°C caused a 20% increase in the transmittance of 

the sample, resulting in transmittance of 85%. It can be said that this increment is due to the improvement in the crystallization 

at 400°C. However, the annealing temperature at 450°C led to a significant decrease in the transmittance. This reduction 

confirmed with the XRD results which showed that annealing at 450°C caused a serious change in the crystal structure of the 

sample. 
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Figure 3. Transmittance curves of the samples post-annealed at 350°C, 400°C and 450°C 
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Room temperature photoluminescence (PL) spectra and corresponding deconvolution results of the samples post-annealed at 

350°C, 400°C and 450°C are shown in Figure 4. When the figure is examined, it is seen that the samples have similar PL spectra.  

According to the deconvolution results, it was revealed that there were PL emission peaks around 360, 420, 443, 481-485, 530-

535 (except 450°C) and 567 nm in all samples. The emission at 360 nm is attributed to transitions from deep levels to shallow 

levels, while the peak at 420 nm corresponds to the band edge emission [35, 36]. The emission at 443 nm is related to band-edge 

emission from radiative recombination of excitons [37], while the range of 481-485 nm is associated with host CdS [38]. The 

peaks around 530-535 nm  and 567 nm are connected with vacancy sulphur defects (VS)  [39] and the transition between the 

interstitial cadmium (ICd) donor level and the acceptor level [40], respectively.  

Unlike the samples annealed at 350°C and 400°C, a dominant CdO phase was formed at 450°C, according to XRD results. 

Therefore, transitions to CdO phase are also likely in PL spectrum at 450°C. In this context, it can be said that the peak at 485 

nm is due to the transition between the conduction band and valence band of CdO. Also, the transition at 530 nm can occur with 

near band-gap radiative combination due to the oxygen vacancy of CdO material [41]. 

In the PL results, while the peaks corresponding to CdS were found in the samples annealed at 350°C and 400°C, the presence 

of recessive CdSO3 phase was not encountered. However, the sample annealed at 450°C exhibited the emission peaks indicating 

the presence of the dominant CdO phase as well as CdS. In this context, it was concluded that the crystal quality and phase 

structure of the samples play an important role in PL spectrum. 
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Figure 4. Photoluminescence spectra and corresponding deconvolution results of the samples post-annealed at 350°C, 400°C 

and 450°C 

Refractive index curves of the samples obtained by ellipsometer measurements are shown in Figure 5. In the figure, the 

refractive index of all samples reached its maximum value around 520 nm, corresponding to the band gap of CdS. After 520 nm 

wavelength, the refractive index also decreased in response to increasing wavelength. As the annealing temperature increased 

from 350°C to 400°C, the refractive index also enhanced from 1.56 to 2.14 (at 520 nm). However, it decreased to 1.60 at the 

temperature of 450°C. It was thought that this change in the refractive indices was due to the transformation in the crystallization 

and phase structure, as seen in the XRD results. In general, it is seen that the refractive index values of the samples are low 

compared to the literature [42, 43]. It can be said that this situation is caused by ZnO seed layer which may act as an extinction 

layer. 
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Figure 5. Refractive index curves of the samples post-annealed at 350°C, 400°C and 450°C 

 

 

4. CONCLUSION 
 
In this study, the effect of annealing temperature on CdS thin films grown on ZnO seed layer was investigated. CdS thin 

films and ZnO seed layer were coated by CBD method and wet processing, respectively. The samples were post-annealed at 

350°C, 400°C and 450°C after film growth. XRD results showed that samples annealed at 350°C and 400°C had similar spectrum 

with cubic CdS and CdSO3 oxide phases. When the annealing temperature reached 450°C, the crystal structure of the sample 

was completely changed. Accordingly, cubic CdS transformed into hexagonal structure and recessive CdSO3 phase became 

dominant cubic CdO structure at 450°C. Transmittance curves showed that all samples had an absorption site of around 500 nm. 

Also, transmittance was improved when annealing temperature was increased from 350°C to 400°C. However, it was decreased 

at 450°C due to the transformation in the crystalline structure. PL spectra demonstrated that all samples annealed at different 

temperatures had a defect structure such as deep level and band edge emissions, host CdS, etc. In addition, PL peaks indicating 

the presence of CdO in the sample at 450°C were also observed in the spectrum. Ellipsometric measurements showed that the 

diffraction indices peak at 520 nm with the highest refractive index at 400°C. 

Briefly, use of ZnO seed layer to improve the structural and optical properties of conventional CdS can provide a resource 

for improving device performance in CdTe solar cell applications. In the investigation of the annealing temperatures, it was 

concluded that post-annealing at 400°C would be more suitable for cell performance, considering the cubic nature of CdTe. 
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