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Abstract: Wear is the limit for grey cast iron (GCI), which is utilized extensively in today’s industries. Coating the surface
of a material can enhance its ability to withstand wear. In this study, thermo-reactive diffusion (TRD) process was used to
coat the surface of grey cast iron with niobium carbide (NbC). The coatings were applied for 2, 4 and 6 hours at 950°C and
1050°C. The coated samples were subjected to metallographic examination to investigate the microstructure of the coating
zone. For this purpose, optical microscopy examinations were carried out. Microhardness tests were carried out to assess
the mechanical properties of the samples. The coated surfaces were analyzed using energy-dispersive X-ray spectrometry
(EDS), X-ray diffraction (XRD), and scanning electron microscopy (SEM). Wear tests were carried out on the coated surfaces
to measure the volumetric wear loss, the wear rate and the changes in the coefficient of friction. Coating thickness rose as
furnace waiting time increased, according to optical microstructures of coated surfaces. The hardness of the coated surfaces
increased with a longer coating duration. Depending on the duration and temperature of the coating process, the layer
thickness ranged from 6 to 52 um. The lowest microhardness and the highest microhardness values of the coatings were
determined at 950°C for 2 hours and at 950°C for 6 hours, respectively. Compared to the uncoated samples, the coated
samples had a 6-9 times higher hardness value. In the abrasion tests, the loss of wear volume increased with increase in load.

Keywords: Thermo-Reactive Diffusion (TRD); Grey Cast Iron (GCD); Niobium Carbide (NbC); Sliding wear

...................................................................................................................................................................................................

1. Introduction

tions. The structure of GCI is influenced by its chemical

The use of cast iron is widespread in many industries.
Meltability, strength and ductility are fundamental
properties of this material. At heavy loads, it is utilized
to replace steel castings. [1]. Chemically speaking, cast
iron is a ferrous metal with more than 2% carbon con-
tent. It is an iron-carbon-silicon alloy containing about
1-3% silicon and 2-4% carbon. Cast iron contains ele-
ments such as phosphorus, manganese, sulfur, carbon
and silicon [2]. Cast iron is a ternary Fe-C-Si alloy with
small amounts of S and P [3, 4]. GCI is often used in
engineering applications due to its features of vibration
damping, machinability, and high thermal conductivity
[5]. Due to its versatility, excellent castability, low cost
(20-40% cheaper than steel) and strong mechanical
properties, GCI is used in various industrial applica-

composition, inoculants and cooling conditions [6-9].
Graphite flakes, which give them solid lubrication prop-
erties, are placed on the contact surfaces of GCI [10].

The hardness of the material, the high surface quality
and the wear resistance ensure a long service life. In
industrial settings, surface treatment processes are
crucial for extending the life of mechanical components
and tools [11]. Carbide and nitride coatings are utilized
in various tribological applications, such as tools, me-
chanical components, and molds for processing metals,
plastics, and glass. Traditionally, two different tech-
niques have been used: physical vapor deposition (PVD)
and chemical vapor deposition (CVD). However, these
techniques have disadvantages such as plant invest-
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ment cost, vacuum or highly controlled atmosphere [12,
13]. Moreover, CVD process produces highly toxic gases
[14]. Carbide coatings are highly resistant to wear and
corrosion. Therefore, they are of great industrial inter-
est. One successful method for forming these coatings
is TRD method [15]. TRD is a thermochemical process
that forms dense and compact ceramic coatings on a
substrate, especially steel [16-22]. The TRD method
has many advantages compared to other coating pro-
cesses, for example, being relatively simple, inexpensive
[23], and environmentally friendly [24]. It produces
consistent coatings with excellent adhesion, abrasion
resistance and low friction. [16]. In TRD, elements form
carbides in the salt and react with carbon atoms in the
substrate. This produces an effective carbide coating
that forms on the substrate surface. Niobium carbide,
chromium carbide and vanadium carbide are the most
commonly used single-carbide coatings [24]. Vanadium
carbide (VC) and niobium carbide (NbC) are transition
metal carbides. They have a wide range of industrial
applications due to their high melting point, hardness,
and thermal conductivity [25-27]. The layers formed by
NbC coating have high microhardness [28], toughness
and Young’s modulus. This property is desirable for ap-
plications requiring high wear resistance. Moreover,
this material is suitable for applications that require
high temperatures, as its melting point is 3873.8°C [29].
The TRD technique is a high-temperature-resistant
coating process that operates at temperatures between
800 and 1250°C [30]. Using a thermochemical process,
a carbide-forming agent is deposited on the material’s
surface (Cr, V, Ti). Then a reaction occurs between the
carbon decayed from the substrate to the surface and
the carbide-forming agent [31-34]. This TRD technique
was developed and patented by Toyota Motor Corp. in
Japan [35-38]. Cai and Xu. [39] coated NbC on GCI us-
ing the in situ reaction (ISR) technique at 1085°C for
10, 20 and 30 minutes. In their study, it was discovered
that the niobium carbide coating exhibited a lower wear
rate, a higher load-carrying capacity, and excellent re-
sistance to wear and corrosion.

Wear is a major problem in today’s industry. Wearing
is an unwanted deformation of materials caused by the
mechanical actions of particles being removed from
their surface [40]. Wearing causes deterioration, in-
creased maintenance costs, pollution, energy costs and
possibly accidents [41]. Corrosion and wear-resistant
coatings are often required for mechanical components,
such as tools that shape and machine workpieces. Se-
lecting a suitable coating method can lead to significant
performance improvements [42]. Mariani et al. [43]
studied the formation of NbC and VC coatings (pro-
duced by TRD process) on Austempered Ductile Iron
(ADI) specimens and their effects on the wear proper-
ties of the coatings. At 1000°C for 2 hours, they used
molten salt baths containing sodium borate, aluminum,
and a ferroalloy (Fe-V or Fe-Nb). As the high TRD tem-
perature is responsible for the austenitisation of the
sample, austenitisation in a further molten salt bath

@ European Mechanical Science (2024), 8(3)

at 300°C occurred immediately after the TRD bath.
Compared to the substrate, the coated parts were hard-
er and more wear-resistant after these processes. The
austempering process, on the other hand, increased the
hardness further. The carbide coatings produced have
a much higher wear performance (5-35 times) than the
substrate. Soltani et al. [44] coated low-alloyed special
tool steel (AISI L2) with NbC using the TRD process.
The process took place in a sealed container containing
a mixture of ferro niobium, ammonium chloride, and
aluminum oxide powder at temperatures of 900, 950,
1000, and 1050°C over a period of 2, 4, 6, and 8 hours.
Depending on the thickness of the coatings, the ratio of
powders was optimized. After the TRD procedure, the
samples were cooled in the air. This process resulted
in NbC coatings of AISI L2 steel having a hardness of
2500+£200 HV.

GCI, widely used in industry, is subject to wear. The
surface hardening of GCI can increase the wear re-
sistance. For this purpose, it is necessary to obtain a
coating that effectively prevents wear and reduces the
coefficient of friction. Therefore, GCI is coated, thus its
surface hardness is increased. In this study, the sur-
face of GCI was coated with NbC using TRD process.
Coatings were performed for 2, 4 and 6 hours at 950°C
and 1050°C. The microstructure of the coated samples
was examined at the coating zone. Tests were then car-
ried out using a reciprocal wear tester to investigate
the wear behavior of the coated samples. Testing was
conducted with a 6 mm A1203 ball at a 10 cm/s sliding
speed, 8.5 mm sliding length, and 500 m total sliding
distance, with loads of 10N and 15N, respectively. This
study aims to improve the hardness and shear wear
properties of coated surfaces by using the TRD process.

2. Materials and Methods

2.1. Preparation of Sample Materials

The substrate material used was GCI with a chemical
composition of 3.30C-2.70Si-0.65Mn-0.016P-0.08S-
0.28Cr-0.12Cu-0.001A1-0.025Ti (wt%) and equilibrium
Fe. The GCI samples used as substrate material were cut
with a precision metallographic cutter for microstruc-
tural analysis. All surfaces of the cut specimens were fi-
nally polished with 1200 mesh sandpaper. The polished
samples were cleaned with alcohol before TRD process.
For the coating process, Ferro Nb powder (45%), alumi-
na (45%) and ammonium chloride (10%) were weighed
with a precision balance and then mixed. Ferro niobium
(FeNb) powder with a chemical composition of 65Nb-
0.10C-2.5Si-0.05S-0.1P-1.5A1 (wt%) was used in equal
weight for each experiment. Melting point, purity, densi-
ty, and size were 1530-1580°C, 99.5%, 8.1 g/cm?® and 43
um, respectively. This powder material was purchased
from BC Technology (Tiirkiye). All surfaces of the GCI

https://doi.org/10.26701/ems. 1467274
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specimens used as the substrate materials were polished,
cleaned and placed in a stainless steel crucible with the
coating powder mixture. The crucible was then tightly
sealed. Preparation of the crucibles was followed by coat-
ing at 950°C and 1050°C using the TRD process. After
the process, the crucibles, which were removed from the
furnace, were rapidly cooled with water, then the mouth
of each crucible was opened, and the samples were quick-
ly removed and cooled in water.

2.2. Sample characterization

The samples coated in accordance with the TRD meth-
od were molded using the cold molding technique. They
were sanded through coarse and fine stages until the
base material was reached. The ground specimens were
polished with 3 and 1-micron diamond solutions. They
were etched with a 5% Nital solution. Thus, the coating
layer and layer-substrate material interface cross-sec-
tions were prepared for optical microscopy and SEM.
The inverted metal microscope Nikon MA 100 and the
image analysis system, Clemex, were used for the opti-
cal microscopy. EDS and XRD analyses were performed
on the coated surfaces, along with SEM analysis.

In this study, microhardness measurements were per-
formed on samples prepared for optical microscopy,
such as coating cross-section and the substrate mate-
rial near the interface. The hardness measurements on
the samples used in the experiments were performed
with the Future Tech FM -700 Vickers hardness tester.
The parameters used for the microhardness measure-
ments were 50 gfload and 10 seconds duration.

Sliding wear tests were performed according to ASTM
G99. All abrasion tests were carried out with a recip-
rocating abrasion tester under normal atmospheric
conditions (25 £ 1 °C and 60 £ 2% humidity) in a dry
environment. The abrasive used was a 6mm diameter
ALQ, ball. The wear tests were carried out under 10N
and 15N loads. The sliding speed was 10 cm/s, the slid-
ing length was 8.5 mm, and the total sliding distance
was 500 m. Friction coefficients were recorded during
the test. The sliding wear was carried out on a different
area of the specimen each time. The wear marks never
overlapped. After the abrasion tests, the appearance of
the abrasion marks was examined via SEM.

3. Results and Discussion

3.1. Microhardness test results

For the measurements at 950°C, the average hardness
values were found to be 1943 HV for 2-hour coating,
2231 HV for 4-hour coating and 2551 HV for 6-hour
coating. Hardness measurements at 1050°C were re-

European Mechanical Science (2024), 8(3)

corded as average hardness values 0of 2259 HV in 2-hour
coating, an average of 2448 HV in 4-hour coating and
an average of 2364 HV in 6-hour coating. At the end of
the hardness measurements, it was found that the high-
est average value for the coating was measured at 950°C
for 6 hours. The lowest average value was obtained for
the coating held at 950°C for 2 hours. It was established
that as the coating time increased, the hardness values
increased. The hard NbC phase and the microstructure
greatly influenced the hardness of the coating [39]. The
results of the hardness measurements for NbC-coated
samples are shown in P-Table 1 for various tempera-
tures and dwell times.

Soares et al. [41] treated two ductile cast irons (with
and without copper addition) in a salt bath of borax,
Ferro niobium (16 wt%) and aluminum (3 wt%) at 1000
°C for 4 hours. The hardness measurements they car-
ried out on the samples produced using the TRD pro-
cess yielded NbC coatings with a hardness of more than
2000 HV. Mariani et al. [45] subjected GCI samples to
two thermo-reactive niobizing processes as a substrate
material. Iron-niobium powders, NH,CI, and ALO,
were used for the first process, which took 2 hours at
900°C. In the second process of the TRD method, a lig-
uid molten bath consisting of sodium borate and iron
niobium was used for 2 hours at 900°C. After the sur-
face coating process with NbC, the hardness measure-
ment value was obtained as 2000 HV. When similar
studies are examined, it is seen that the microhardness
values obtained in this study and shown in P>Table 1 are
compatible with those of other studies.

Table 1. Average values of microhardness of NbC-coated samples

Microhardness (HV)

Coating Coating Coating
Temperatu- Time Thickness Coatin Substrate
re (°C) (houn um) La 9 Material (Grey
yer
Cast Iron)
950 2 N+2 1943 £182
950 4 14+ 2 2231+ 63
950 6 16+ 3 2551 +129
290+ 83
1050 2 7+1 2259 +187
1050 4 14+ 2 2448 + 49
1050 6 41+ 9 2364 + 90
3.2. Wear Test Results

In this study, the development of wear was continu-
ously analyzed. The highest coefficient of friction was
observed at a load value of 10N at 1050°C for 6 hours,
while the lowest coefficient of friction was observed at a
load value of 10N at 950°C for 2 hours, considering the

https://doi.org/10.26701/ems. 1467274 @



The effect of niobium carbide coating on wear behavior of grey cast iron via thermo-reactive diffusion process

changes in the coefficient of friction of the samples in
»Figure 1. The applied load and the reinforcement ra-
tios are shown in P>Table 2. The maximum wear volume
loss was found to be 6.97 x 102 mm? at a load of 15 N
on the grey cast iron surface used as the substrate ma-
terial. The maximum wear volume loss was 2.29 x 102
mm? at 2 hours and 15 N load for 2 hours, 4 hours and
6 hours at 950°C. The lowest wear volume loss at 950°C
was 1.84 x 102 mm? at 6 hours and 10 N load. The high-
est wear volume loss for 2 h, 4 h and 6 h at 1050°C was
2.66 x 102 mm? for 6 h and 15 N load. The lowest wear
volume loss at 1050°C was 1.54 x 102 mm? at 2 hours
and 10 N load. When analyzing the wear volume loss
(>Figure 2), it was found that the wear volume loss
increased with increasing load when the temperature
and waiting time were kept constant. In addition, an in-
crease in the coefficient of friction with increasing load
was also observed at constant temperature and waiting
time. It can be said that the wear rate (PFigure 3) also
generally increases with increasing load when the tem-
perature and dwell time are kept constant. More severe
wear conditions can be attributed to the increase in
wear loss of the specimens with applied load and slid-
ing speed. The tendency to crack due to dissolution at
the interfaces between graphite and matrix leads to a
significantly higher wear loss due to the crumbling of
the material. The changing slope of the wear loss versus
load graphs (»-Figure 2) shows that the mechanism of
working wear is changing. For example, a low inclina-
tion corresponds to light wear, while a high inclination
indicates heavy wear [46]. GCI’s wear rate increased
with increasing load during wear tests [10]. However,
when the surface of the GCI was coated with NbC using
TRD method and the temperatures and waiting times

were kept constant, it was observed that the wear rate
values (P-Figure 3) decreased with increasing load. This
situation can be explained by the fact that the hardness
of the coating surface increases with increasing tem-
perature and waiting time. The hardness of materials
is a decisive factor influencing wear properties [38, 47].
As the material’s hardness increases, the wear rate de-
creases as it becomes more difficult to remove particles
from the surface. Factors that influence wear resistance
include microstructure, surface hardness, modulus of
elasticity, size and distribution of hard particles [47]. In
the dry sliding test, the contact area between the coat-
ing and the counterpart was reduced compared to the
substrate. This led to a reduction in the coefficient of
friction due to the harder NbC phase and the fine mi-
crostructure in the coating [39, 48, 49].

3.3. Optical and SEM/EDS/XRD Results

The substrate material was coated with NbC using the
TRD technique for 2 hours, 4 hours and 6 hours. Op-
tical microstructures were examined to analyze the
coating layer, and SEM examinations were carried out
after wear tests. When investigating the optical micro-
structures of NbC coatings held at 950 °C for 2 hours, 4
hours and 6 hours, it was found that the coating thick-
ness increased as a function of the holding time in the
oven. It was determined that the coating time is a deter-
mining parameter in coating thickness. Optical micro-
structure views are given in P-Figure 4. Depending on
the deposition time and temperature, NbC layers with a
thickness of 6 to 52 um formed on the substrate.

Table 2. Values of the volume loss, wear rate, and coefficient of friction for the samples

Coating Temperature Coating Time (Hours) Load Volume Loss (x10?2 Wear Rate Coefficient of Friction
0 N) mm?) (x10® mm?/Nm) (com
Substrate Material = 10 6.62 13.25 0.5M
(Grey Cast Iron) - 15 697 930 0445
950 2 10 195 391 0.249
950 2 15 2.29 3.05 0.342
950 4 10 190 379 0.373
950 4 15 21 2.81 0.392
950 6 10 184 3.69 0404
950 6 15 206 275 0423
1050 2 10 1.54 3.08 0.518
1050 2 15 2.39 318 0.601
1050 4 10 189 379 0434
1050 4 15 209 278 0455
1050 6 10 2.23 445 0.630
1050 6 15 2.66 3.55 0.529

@ European Mechanical Science (2024), 8(3)
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Element diffusion analysis mainly focuses on C and Nb
atoms. Nb atoms can diffuse into the substrate and form
a layer of solid solution on its surface. The nucleation
of NbC begins at the dislocations or grain boundaries
on the substrate’s surface. The crystal nucleus grows
and expands to form a thin, continuous layer of NbC

950°C, 2 hour

1050°C, 4 hour

Figure 4. Optical microstructure views

@ European Mechanical Science (2024), 8(3)

[50]. Niobium carbide’s structure is a face-centered
cubic (FCC) lattice. The niobium atoms are located in
the FCC phase, and the carbon atoms are in the inter-
mediate areas, resulting in a subtly defined crystalline
material [15]. The grain size is significantly influenced
by the concentration of C atoms [51]. In this study, NbC

“2 52.16 um

1050°C, 6 hour

https://doi.org/10.26701/ems. 1467274
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Figure 7. XRD analysis results of NbC-coated samples
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extended due to the high diffusion speed of the grain
boundaries and the graphite carbon density.

NbC was coated on grey cast iron by TRD method at
950 and 1050°C for 2, 4 and 6 hours. When EDS im-
age (PFigure 5) of NbC coated samples at 950°C for 6
hours was analyzed, wt% Nb: 76.7, C: 14.6, Fe: 8.7 in
spectrum 37 (Point 1) and wt% Fe: 83.3, C: 14.6, Si: 2.1
in spectrum 39 (Point 2) were found. When EDS image
(P-Figure 6) of NbC coated samples, which were kept at
1050°C for 4 hours, was analyzed, wt% Nb:73.5, C:25.0,
Fe:1.5 in spectrum 10 (Point 1) and wt% Fe:84.3, C:12.7,
Si: 2.1, Cr:0.8 in spectrum 12 (Point 2) were found.

When the results of the XRD analysis of the NbC-coat-
ed samples are examined in P-Figure 7, it can be seen
that the NbC phase has been formed as the dominant
phase on the surface of all the samples. Soares et al. [41]
coated spheroidal graphite iron surfaces with NbC us-
ing TRD. The XRD analysis conducted on the coating
layer revealed that it was made up solely of NbC phase.
OrjuelaG et al. [30] coated AISI 1045 steel surfaces
with NbC using TRD method. XRD analysis of the coat-
ing layer showed that NbC phase was the main phase,
while the other phase was a-Fe.

After the sliding wear test under dry sliding conditions
were conducted, the sample surfaces were analyzed us-
ing the TESCAN MAIA3 XMU scanning electron mi-
croscope (SEM) (P>Figure 8). When the sample coated at
1050°C for 2 hours was subjected to an abrasion test at
15 N load, the abrasion marks were clearly visible. As the
applied load increases, so does the contact pressure [52].
Due to the high hardness of the coated parts, no dam-
age to the wear surfaces due to particle breakage was
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Figure 8. SEM images after sliding wear tests
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observed. However, the coated samples showed higher
wear resistance. As a result, fewer particles broke off the
coated surfaces and smoother surfaces were achieved.

4. Conclusions

The surface of the grey cast iron was coated with NbC
using the Thermo-reactive diffusion technique (TRD).
The coating process was carried out at 950°C and
1050°C for 2, 4 and 6 hours. The microstructure of the
coated samples was analyzed in the area of the coating.
Tests were then carried out using a reciprocating wear
tester to investigate the wear behavior of the coated
samples. The wear tests were carried out under 10N
and 15N loads. The results obtained in the study are
given below:

« When examining the optical microstructures of
2, 4 and 6 NDbC layers, it was found that the layer
thicknesses increased with the waiting time in the
furnace.

« NbC layers with a thickness of 6 to 52 um were
formed on the substrate, depending on the coating
time and temperature. Hardness measurements
showed the coating’s highest value at 950°C for 6
hours and the lowest value at 950°C for 2 hours.

« The substrate material showed the highest volu-
metric wear loss at a load of 15 N, while the sample
coated for 2 hours at 1050°C showed the lowest vol-
umetric wear loss at a load of 10 N.
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+ The highest wear rate occurred at a load of 10 N on
the substrate material, while the lowest wear rate
occurred at a load of 15 N on the sample coated at
950°C for 6 hours.
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Abstract: Due to the high energy consumption of refrigerated display cabinets used in supermarkets, a life cycle cooling
performance analysis to increase energy efficiency and reduce environmental impacts is the main subject of this study. It
also emphasizes the need for cabinets that consume less energy and provide environmentally friendly working conditions.
The Life Cycle Climate Performance (LCCP) of the two refrigerants R290 and R449-A was evaluated using measured data
to compare the environmental impact of the refrigerants over the entire fluid and equipment life cycle, including energy
consumption. Both vapor-compressed cooling cycles were thermodynamically modeled with the parameters taken from the
experiments and the efficiency of system was calculated by using the EES software. The results show that the cabinet using
R290 has lower compressor power utilization. The COP of the R290 system increased by 13% compared to the R449A system.
The total daily energy consumption was also significantly lower for the R290 system. The energy efficiency index provides
a standardized metric that can be used to compare the performance of different cooling systems. In this study, the energy
efficiency index value was 17.3 points lower for the R290 system, indicating higher energy efficiency. The energy classes are
“E” for the R449-A system and “C” for the R290 system, with the R290 system two classes higher in terms of energy class
labeling. The EEI value of the system with R290 refrigerant has been reduced by 33% in comparison with the system with
RA49A refrigerant. The system using R290 refrigerant achieved a 33% reduction in energy consumption compared to the
system using R449A refrigerant. The study also assessed the life cycle climate performance of the two systems. It was found
that the R449-A system emits 19032.45 kg CO2e more over its lifetime compared to the R290 system. This was attributed
to the relatively high global warming potential and energy consumption of R449-A refrigerant. However, when considering
safety (flammability), it was concluded that R-449A has a lower environmental impact than R-290.

Keywords: LCCP; R449-A; R290; RDC.

...................................................................................................................................................................................................

1. Introduction of the total energy consumption of supermarkets and

Commercial refrigerated display cabinets (RDCs) pre- food retail stores [1]. This energy-intensive situation
serve and display food products by extending their shelf in the commercial refrigeration system leads to the
life. RDCs are in constant use 24 hours a day, and this production of greenhouse gases (GHGs) with a global

continuous operation accounts for approximately 60% warming impact, directly based on the leakage of hydro-
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fluorocarbons (HFC) gases with high global warming
potential (GWP) and indirect CO2 emissions from high
electricity consumption [2]. The share of the refrigera-
tion system in the total energy consumption is 15% and
this is responsible for 1% of the CO, emissions in the
world [3]. The increasing demand for fresh food with
a growing population makes it inevitable that the con-
sumption of electricity and the contribution of F-gas-
es to global warming will increase many times over in
the coming decades. Chlorofluorocarbons (CFCs) were
banned by the Montreal Protocol (signed in 1987) and
were replaced by hydrochlorofluorocarbons (HCFCs)
and then by HFCs [4]. In contrast to CFCs, HFCs have
a negligible ODP but a high GWP. Therefore, the con-
tribution of HFCs to global warming is estimated to be
in the range of 0.3°C to 0.5°C by 2100 [5]. According
to Koronaki et al. [6] HFC’s contribute significantly to
the greenhouse effect, especially in large commercial
refrigeration systems, where they leak around 11 per
cent per year. Therefore, the revised F-Gas Regulation
entered into force on 1 January 2015 to control fluo-
rinated greenhouse gas emissions with zero ODP and
low GWP. However, commercial refrigeration systems
are still generally designed to use HFC refrigerants [7].
In recent years, hydrofluoroolefins (HFOs) synthet-
ic refrigerants have been offered as an alternative 4th
generation refrigerant to HFCs with low GWP (<1) and
ODP (=0) value [8]. Also, hydrocarbon natural refrig-
erants are generally considered an alternative as they
have thermodynamic properties with low GWP and
zero ODP. R290 and R600a are generally accepted as
alternative hydrocarbon natural refrigerants due to
compatibility with current equipment and cooling in-
stallation in commercial refrigerators and freezers [9].
HC refrigerants and their mixtures are not only a good
option with low GWP values for the environment but
also show superior performance in terms of energy ef-
ficiency [10]. But hydrocarbon refrigerant charges have
been limited for flammability concerns with safety pre-
cautions in commercial refrigeration systems [11]. The
amount of hydrocarbon refrigerant in heat exchangers
where the liquid phase is the majority in refrigeration
systems is a key design consideration [12]. Therefore,
the volume of heat exchanger must be decreased to im-
prove the heat transfer coefficient (HTC) for lower cool-
ant flow rate. In recent years, many researchers have
investigated the use of microchannels to improve heat
transfer in refrigeration systems using natural refrig-
erants [13-15]. Over the past few years, refrigeration
manufacturers have focused on specialty blend gases
that have low environmental impact, high energy and
thermal performance, and low flammability risk. This
is due to the flammability properties and the restric-
tions on the gas charge rate. HFC/HFO mixtures have
been the preferred choice in vapor compression systems
due to their higher efficiency and low GWP. Replace-
ment of HFC/HFO/HC/R744 refrigerant blends with
high GWP R134a, R404A and R410A refrigerants in
terms of energy performance was evaluated by Arica-
pa et al. [7]. While R442A, R449-A and R407H stand
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out in terms of energy efficiency in conversion, R455A
and R465A showed the maximum COP decrease. The
use of the mixed gas refrigerant R449-A instead of the
high GWP refrigerant R404A in supermarket RDCs
was suggested by Mahnatch et al [16]. The mass per-
centages of R449-A refrigerant have been reported
as 24.3%/24.7%/25.7%/25.3% because of blending
R32/R125/R134a/R1234yf refrigerants. R449-A is
a non-flammable and ODP-free refrigerant, accord-
ing to Ghanbarpour et al. [17] Compared to R404A,
which has a higher critical temperature and pressure
than R449-A, the energy required for compression is
reduced. In addition, the GWP of R449-A is approxi-
mately three times lower than that of R404A. Llopis et
al. [18] predicted that lower GWP HFC/HFO mixture
refrigerants (e.g. R448A, R449-A, R455A or R454C)
as alternatives to R404A and R507 refrigerants could
make the largest contribution to reducing emissions in
commercial refrigeration by 2030.

Different techniques have been developed to evaluate
the environmental impacts of refrigeration systems on
global warming by leaking refrigerant and high ener-
gy consumption. Global warming potential (GWP) is
a widely used measure of the greenhouse effect of re-
frigerants. The lower the GWP, the less the substance
contributes to global warming [19]. GWP is the index
used to compare the global warming effect of emitting
a greenhouse gas with the effect of emitting a similar
amount of CO,, which is estimated over a given time
horizon. An indicator called Total Equivalent Warming
Impact (TEWT) is used to assess the environmental im-
pact of systems or processes that use energy, in addition
to the direct impact of the refrigerant [20]. For low GWP
refrigerants, the direct effect is quite small compared to
the indirect effect. Therefore, the performance of ener-
gy consumption data based on TEWT will greatly influ-
ence the outcome of a refrigerant comparison [21]. The
TEWI metric, unlike the GWP, is an indicator that in-
cludes emissions associated with energy production but
does not include all relevant indirect emissions associ-
ated with the refrigerant life cycle, such as emissions
associated with transport and production of the system
and refrigerant. An approach that holistically evaluates
the environmental impact of different refrigerants and
assesses lifecycle climate performance together with
environmental impact is LCCP. This tool is used to
evaluate the GWP effects of the analyzed refrigerating
system in terms of direct and indirect carbon emissions
as total CO2eq throughout the entire life cycle [22]. A
standardized approach to the use of LCCP and compre-
hensible data sources for all aspects of the calculation is
proposed by Troch et al [23]. It was recommended that
the data sources be used for the calculation of averages
of all LCCP inputs. An open source and modular solu-
tion for LCCP based analysis of vapour compression
refrigeration systems was presented by Beshr et al. [24]
evaluated the refrigeration systems of a supermarket
using low GWP refrigerants using a method based on
LCCPs. It was found that the use of low GWP refrig-
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erants resulted in a significant reduction in the impact
on the uncertainty of the total emissions of the system,
with a reduction in the direct emission value. The most
environmentally friendly refrigerants were identified
as R1270, R290 and R152a in the LCCP assessment,
which evaluates the entire life of the refrigerant with
a holistic approach that measures its impact on system
emissions. Another LCCP-based analysis was carried
out by Lee et al. [25] for different vapor compression
cycles (VCC) using low GWP refrigerants. With the
R290 refrigerant, they observed a significant reduc-
tion in the LCCP value of about 15.1%. In heat pump
applications using R290 refrigerant, total CO, emis-
sions were reduced by approximately 22.3%. A LC-
CP-based model of refrigeration and heating systems
has been investigated by Choi et al. [26] in South Ko-
rean weather conditions. The LCCP-based assessment
method was reviewed and applications for identifying
refrigerants to replace high GWP refrigerants were
documented by Wan et al. [27]. Using the developed
LCCP method, Choi et al. [28] investigated the environ-
mental impact of household refrigerators. The results
showed that system performance and manufacturing
emissions are the dominant factors influencing lifecy-
cle emissions. They found that by selecting aluminum
material in the condenser in a well-insulated refrigera-
tion system with the binary cycle option, CO, emissions
can be reduced by up to 25%. Li et. al. [29] focused on
food transport refrigeration systems and conducted a
life cycle climate performance study. They found that
replacing R404A refrigerant with R452A, which has a
lower global warming potential, could reduce emissions
in the food transport refrigeration system by 5-15%.
They also found that reducing the ambient temperature
from 32°C to 15.5°C could reduce emissions by up to
60% for fresh produce and up to 39% for frozen pro-
duce. In addition, the study highlighted that reducing
the refrigerant leakage rate from 25% to 10% could re-
sult in emissions reductions of 13% for fresh products
and 4% for frozen products. Regulations are constantly
being updated to reduce the use of high GWP refrig-
erants, promote the use of refrigerants with a lower
environmental footprint, increase the energy efficien-
cy and performance of cooling systems and ensure the
implementation of eco-design requirements throughout
the lifecycle of cooling equipment [30]. Eco-design has
become a key issue in the development of refrigeration
systems with the adoption of EU Regulation 2019/2019
and EU Regulation 2016/2281, which set eco-design
requirements and frameworks for energy-related prod-
ucts, including refrigeration systems, to achieve low
lifetime emissions and low energy consumption targets
for both commercial and domestic applications [31]. To
comply with these regulations and meet the new tech-
nological challenges, research and development efforts
are required to identify innovative solutions that en-
sure high performance, low energy consumption, and
the use of alternative fluids with limited environmental
impact. This includes considering all life cycle phases,
not just the use phase, in the design and development
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of refrigeration systems. In the literature review, there
are many studies on LCCP assessment methodologies.
However, the life cycle emission assessments of RDC
systems are limited in scope. In this study, an exper-
imental environmental assessment was carried out
on the energy consumption and refrigerant-related
emissions of RDCs. The environmental impacts of the
refrigerants R449-A and R290 were compared using
LCCP. In addition, an energy label classification was
performed for RDCs using two different refrigerants.
An analysis of the lifecycle climate performance of com-
mercial RDCs and information on the reduction of CO,
emissions over a 10-year operating life because of this
performance analysis is presented in this study.

2. Materials and Methods

2.1. LCCP Calculation

LCCP is a calculation methodology developed to de-
termine the lifecycle environmental impact of refrig-
eration and air conditioning systems operating with
a stationary vapor compression cycle powered by the
local electrical grid. LCCP calculations are made in
units of CO,, or CO,, /kWh, consisting of direct emis-
sions (refrigerant leaks) and indirect emissions (ener-
gy consumption for manufacturing). LCCP concept is
illustrated in P-Figure 1. Direct emissions are affected
by refrigerant emissions and atmospheric degradation,
while indirect emissions are affected by energy con-
sumption, emissions from production, material, and
refrigerant recycling.

LCCP, which consists of two emission values, can be
calculated as in Eq. (1).

LCCP=Direct Emissions +Indirect Emissions (1)

Annual leaks, catastrophic leaks and leaks resulting
from disposal of the unit constitute the direct emission
value throughout refrigeration’s life cycle. Direct Emis-
sions (DE) account for the refrigerant leakage over the
course of the lifetime of unit and calculated by the fol-
lowing [32]:

Direct Emissions=Cx(LxALR+EOL)x(GWP+Adp.GWP) 2)

Here, the charge amount of the refrigerant is C (kg); L
is an average lifetime of component (year); ALR is the
annual leak rate (%); EOL is the end-of-life refrigerant
leakage (%); GWP is Global Warming Potential (kg-
CO, /kg); Adp.GWP is the atmospheric degradation
product of the refrigerant (kgCO, /kg) GWP.

Indirect emissions contain emissions due to energy
consumption in operation, manufacturing emissions
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LCCP

Indirect Emission
(Eco-Design and
Energy Labelling)
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Direct Emission
(F-Gas Regulation)

Figure 1. LCCP graphical representation

and emissions from unit disposal. Indirect emissions
are consisted of the use of the unit over its lifetime and
account for the following [32]:

Indirect Emissions = L x AEC x EM
+3 (mx MP)
+Y (MR x RM)

+C x (14 L x ALR) x RFM
+C x (1 - EOL) x RFD (3)

AEC is Annual Energy Consumption (kWh); EM is the
electricity generation emission (kgCO, /kWh); m is the
mass of RDC (kg); MP is the material production emis-
sion (kgCO, /kg); MR is the mass of recycled material
(kg); RM is the recycled material (kgCO, /kg); RFM is
the refrigerant manufacturing emissions (kgCO, /kg);
RFDis therefrigerant disposal emissions in (kgCO,, /kg).
Values of parameters were taken based on the guideline
for LCCPM[32]. Mechanical vapor compression system
is used in refrigerated display cabinets. Approximately
80-95% of the LCCP emissions of the mechanical vapor
compression systems used consist of indirect emissions.
The GWP values of the refrigerants analyzed in the ex-
periment are given in P-Table 1. The ODP and GWP val-
ues of the refrigerants R449-A and R290 are shown in
PTable 1. The R290 refrigerant is more environmentally
friendly than R449-A based on these values.

Table 1. GWP values for refrigerants

Refrigerant Class OoDP GWP Adp.GWP
R449-A Al 0 1397
R290 A3 0 3

Emissions from material production have been calculat-
ed considering the International Refrigeration Institute
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(ITR) standard. In addition, production emission values
of these materials are given in IIR standard (released
2015)[32]. CO, emission values per unit area, expressed
in [kgCO, /m2], can be calculated using the average co-
efficient per electricity consumption (ACPEC) as follow:

COn emission . ACPEC x TEC
2 emission — —TDA (4)

2.2.Experimental analysis

In this study, two different low GWP refrigerants
R449-A and R290 were analyzed in commercial open-
type RDCs designed with the same VCC system. To-
tal display area (TDA) of RDC is 4.3m? and there are
5-piece shelves and a pan at the bottom of the cabinet
designed seen in P-Figure 2. Experiments were conduct-
ed under EN ISO 23953-2:2015 (298.15K, 60% relative
humidity) test room conditions. The mixed refrigerant
R449-A was used in the first experimental cooling cycle
while R290 natural refrigerant was used as the second
refrigeration circuit. The designed systems were test-
ed under 0.1-0.2m/s airflow velocity conditions for 24
hours. During the test activities, M-Pack temperatures,
temperature, and pressure values of the refrigeration
system equipment (compressor, condenser, and evapo-
rator), energy consumptions of compressor and other
components were measured from certain points. The
test room measurement instruments are specified in
PTable 2 as part of the EN ISO 23953-2:2015 standard.
The prototype of the open type RDC is given in P>Figure

o

T t vaporator air grill
| %51

| Compressor

Figure 2. Schematic of ORDC
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3. RDC systems were designed to operate with R449-A
refrigerant and R290 refrigerant. Both mechanical
vapor compression refrigeration cycles consist of two
compressors, two condensers, two capillary tubes and
an evaporator with five fans given in P-Figure 4. While
1400g(2x700 g) of R449-A refrigerant was charged to
the cooling system, this amount was 300g(2x150 g) for
R290. The experimental conditions were set at a con-
denser temperature of 45°C and an evaporator tem-
perature of -10°C, which are close to the practical op-
erating conditions. The climate class of the test room
is 3, the dry bulb temperature is 298.15K£1K, the rel-
ative humidity is 60£5%, and the air velocity varies
between 0.1-0.2 m/s. EKM (electro-commutated) type
condenser and evaporator fan, piston hermetic type
compressor, microchannel condenser and copper tube
aluminum fin evaporator were used in the Refrigerated
Display Cabinet.

The probes measuring the refrigerant temperatures in-
put and output the evaporator, the refrigerant tempera-
tures entering and leaving the condenser, the low and
high pressures of the refrigerant input and output the
compressor, the measurement of the air temperatures
entering the air-on grille of the refrigerant and output
the air-off honeycomb, the energy consumption of the
refrigerant, the refrigerant flow measurement tests are
carried out. The properties and precisions of the mea-
surement instruments are given in PTable 2.

The data obtained because of the experiments were
found using measuring devices in accordance with the
standard. Uncertainty analysis is important to find the
uncertainty of measurement and to make precise mea-
surement. They are errors caused by test conditions,
measuring devices, ambient conditions, reading and

|

Figure 3. The prototype of ORDC and M-packages
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Table 2. Specifications of measurement instruments

Measuring device Measuring range Accuracy
Refrigerant flow meter 0-1000kg/h +01%
Energy meter 0-16 A +0.2%
T-type thermocouple 23315-47315K +01%
Thermohygrometer 0—100%RH +1.5%
27315-31215K +0.03%
Digital manifold gauge 22315-42315 K +01%
1— 0 bar +0.01%
Anemometer 0-2m/s +0.01%
Low-pressure transmitter 0.5—8 bar +0.01%
High-pressure transmitter 0-30 bar +01%

measuring points. For this reason, uncertainty analysis
is important in finding accurate results by reaching the
desired experimental standards. The total uncertainty
is calculated with the Equation 5-6.

1/2

OR \* [(OR \* OR \*
Wgr = |:<8_z1w1> + (8—m27.U2> +---+ (a—mnwn) :| (5)

wn = (42 + (49 + - + (B ©)

Where n is the number of parameters, Wn is measured
uncertainty of each parameter, WR is total uncertain-
ty, wn denotes the uncertainty of each independent pa-
rameter (A and B) measured.

—

T S — . — ) m—— ———
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2.3. Theoretical Analysis

RDCs run with mechanical vapor compression refrig-
eration cycle. A schematic diagram is illustrated in
»Figure 4. Energy conservation equation is utilized to
calculate the total energy consumption in Eq.7.

ET =FE fanst fans + Ecompressortcmpressor
+Edefrosttdefrost + Eothertother (7)

The power consumption of the compressor is calculated
as:

W, = 1 (ha — h1) (8)

Where, h, is the enthalpy of the compressor input and h,
is the enthalpy of the compressor output.

The capacity of evaporator is:
Qe =1m (h1 — h4) (9)

Here, h, is evaporator inlet enthalpy and A, is evapora-
tor outlet enthalpy.

The COP of the RDC system is calculated by combin-
ing the refrigeration loads and power of compressor as
below:

Qe
Wcomp (10)

COP =

The energy efficiency index (EEI) value can be calculat-
ed with European Union regulation of (EU) 2017/1369:

AE
PEL= g4E )

Annual energy consumption, expressed in kW/h, can be
calculated as follows:

AE = 365 x Edaily (12)

Edaily is energy consumption of the RDC over 24 hours,
expressed in kWh/24h.

Eaaity = [(Wcomptcomp) + (Weftef) + (chtcf)
+ (Witn) + (Wit (13)

SAE as a reference value can be calculated as below:

SAE =M+ N xY)x365xC xP (14)

The values of M, N, P and C are given in p>Table 3. These
parameters are specified with (EU)2017/1369 regula-
tion for M1 temperature class experiment condition in
vertical combined supermarket refrigerator cabinets. Y,
expresses in m?, is the sum of the total display area.

3. Results and Discussions

This study evaluated the R449-A and R290 refriger-
ants energy efficiency and environmental performance
in the same designed RDC system. Both low GWP re-
frigerants were compared with thermodynamically and
LCCP analysis methods in accordance with EN ISO
23953-2:2015 standard under M1 medium tempera-
ture test conditions. M1 package temperature class and
test room climate class 3, as described in ISO 23953-2,
for a 10-year service life in an open commercial refrig-
eration display cabinet. This choice is consistent with
previous studies on the same scope [33-35]. Theoret-

Evaporator

Capillary Tube

1°
A

Compressor

Condenser

Dryer

Capillary Tube §

1

AT

Compressor

Condenser

Dryer

Figure 4. Schematic of the mechanical vapor compression refrigeration system
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Table 3. M1 Temperature class vertical RDC coefficient values

Coefficient Value
M 91
N 91
P 11
C 115

ical and experimental results were presented in this
section. The evaporator inlet temperature (EIT) and
evaporator outlet temperature (EOT) values for open-
type RDCs used R449-A and R290 refrigerants. Open-
type RDCs according to EN ISO 23953-2:2015 within
the test period, firstly 12h switched on lighting, with-
out the night-covers secondly 12h with the night-covers
and the cabinet lighting switched off. The total uncer-
tainty value was calculated as 2.3312% Therefore, this
value is at an acceptable level and the measurements
made in the study can be considered reliable. The
low-temperature source value was T, =263.15K and the
high-temperature value was T, =318.15K during the
experiment. Carnot coefficient of performance value
was determined as COP .y pnot = 4.8 . Moreover, the
compressor power of the RDC system for R449-A and
R290 refrigerants were recorded as Weomp = 1640W
and Weomp = 1448W , respectively. Due to several fac-
tors, including the more efficient thermodynamic prop-
erties of the R290 refrigerant, compressor run time

—+—R449A EIT (K) —= R449A EOT (K) —4—R290 EIT (K)

278.5
277.0
275.5
274.0
272.5
271.0

269.5

TEMPERATURE (K)

268.0
266.5

265.0

and power consumption were lower than expected [36].
The reduction in the time required for the delivery of
cooled air further reduces energy consumption and the
overall energy efficiency index. The cooling capacity
was Qe = 3145 W for refrigerant RDC systems. COP
value was 1.92 for R449-A refrigerant while it was 2.17
for low GWP natural refrigerant R290. The COP val-
ue of the system operating with R290 was obtained as
11.5% higher than R449-A refrigerant used system. As
a result of lower compressor power requirements in the
same cooling process, the COP has been significantly
improved when R290 is used. Furthermore, the second
law efficiencies of R449-A and R290 were calculated as
40% and 45.2%, respectively. Because of the same rea-
son as in the COP calculations, the second law efficiency
of the R290 system is improved by 5.2% as compared
to R449-A system. The inlet and outlet temperatures
of the evaporator are given in P-Figure 5, for both re-
frigerants R449-A and R290. The difference between
the inlet and outlet temperatures of R290 used case is
less than in the case used R449-A refrigerant. Evapo-
rator inlet and outlet temperatures differed by 4°, and
a 3% increase was measured with R449-A refrigerant.
The difference between the evaporator inlet and out-
let temperatures decreases at night when the covers
are closed. The evaporator inlet temperature is about
1 degree less where R449-A refrigerant was used in
night period. Daily energy consumption in the R449-A
refrigerant case was 31.55kW/day, while in the R290
case, it was 21kW/day. This illustrates the impact of the
reduced compressor on cycle time savings [36]. In this
case, daily energy saving was 10.55kW/day. Similarly,
annual consumptions (AE) were 11515.75kW/year and

R290 EOT (K)

1 2 3 45 6 7 8 9 101112131415161718192021222324

Figure 5. Evaporator inlet-outlet temperature graph
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7665kWh/year for R449-A and R290 refrigerant sys-
tems, respectively. In this way, annual energy saving
was calculated as 3850.75 kWh/year. The SAE value of
the experimental setup was calculated as 22269kWh/
year for all compartments with the same temperature
class commercial refrigerator.

The temperature of the refrigerant input and output of
the condenser is given in P-Figure 6. When the R449-A
refrigerant enters and exits the condenser compared
with the R290 refrigerant, there is a difference in tem-
peratures. While the condenser inlet temperature drop
was measured at 6%, the outlet temperature difference
was measured at 2%. One of the most important rea-
sons for this difference is the use of R290, a natural re-
frigerant with low ODP and GWP values and high heat
transfer potential. LCCP evaluation of the two refrig-
erant systems was also performed in this study and the
results were summarized.

The summary of the evaluations is presented in P-Fig-
ure 7. In addition, the emission values obtained from the
LCCP analysis are given in P-Table 4. The total lifetime
CO, emission in the R449-A system was determined as
61853.93 kgCO,,_ and the total lifetime CO, emission in
the case of R290 was determined as 42821.48 kgCO,_.
Therefore, the use of R449-A as the refrigerant results
in 19032.45 kg CO,_more emissions to the environment
over the lifetime of the system.

The excess CO, emissions observed in the R449-A sys-
tem come mainly from both direct and indirect emis-
sions. In the direct emissions, due to the annual refrig-
erant leakage and end-of-life (EOL) refrigerant leakage,
the total emission was calculated as 3716.02 kgCO,_ for
the R449-A system. 3520.44 kgCO,_of this value comes
from the annual refrigerant leakage, whereas annu-
al refrigerant leakage emission was calculated as 1.71

kgCO,_ in the R290 system. Due to the high GWP val-
ue of R449-A, the direct emission values were higher
compared to the R290 system. Nevertheless, the major
difference between the two cases comes from indirect
emission, 61852.22 kgCO28 in total was estimated in the
R449-A system and 42819.77 kgCO,,_ in total was esti-
mated for the R290 system. The difference between the
two systems in the indirect emissions is due to the high
annual energy consumption observed in the R449-A
system. Since the equipment is the same for both sys-
tems, emissions due to equipment manufacturing and
equipment EOL are the same for this type of RDC. Due
to unavailable refrigerant manufacturing emission
data for R449-A, the emission due to refrigerant manu-
facturing for R449-A was neglected, whereas this value
was calculated as 0.04 kgCO,,_ for the R290 system. EEI
values were calculated as 51.7 for R449-A refrigerant
system and 34.4 for R290 refrigerant system conse-
quently. By evaluating the EEI, RDCs can be identified
the energy-efficient features. According to the EEI val-
ue of 51.7 the energy class “E” was found for R449-A
refrigerant system whereas R290 system was in the
energy class of “C” with 34.4 EEI value. Energy efficien-
cy can be significantly improved when R290 is used as
the refrigerant. When these rates are considered, the
system using R290 refrigerant has 11.5% higher COP
value, 33% lower energy consumption, 33 % lower EEI
value compared to the system using R449-A refriger-
ant, in this case, the energy label class is higher in high-
er levels.

The emission values obtained from the LCCP analysis
are given in p>Table 4. The total lifetime CO, emission in
the R449A system was determined as 61853.93 kgCO,_
and the total lifetime CO, emission in the case of R290
was determined as 42821.48 kgCO,_ Therefore, the use
of R449A as the refrigerant results in 19032.45 kg CO,,
more emissions to the environment over the lifetime of

R449A EIR290
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Figure 6. Condenser inlet and outlet temperature graph

@ European Mechanical Science (2024), 8(3)

Condenser outlet

https://doi.org/10.26701/ems.1493 1 64



Havva Demirpolat, Stileyman Erten, Safak Atas, Mustafa Aktas, Mehmet Ozkaymak

Table 4. LCCP results of R449-A and R290 systems

LCCP Results R449-A R290
Total Lifetime Emission (kgCO,) 6185393 4282148
Total DE (kgCO,) 3716.02 171
Annual Refrigerant Leakage (kgCO,) 352044 162
EOL Refrigerant Leakage (kgCO,) 195.58 0.09
Adp. GWP (kgCO,)
Total IE (kgCO,) 6185222 4281977
Equipment Mfg (kgCO, ) 1599.30 1599.30
Equipment EOL (kgCO,) 25.29 25.29
Refrigerant Mfg (kgCO, ) 0.04
CO, emission per m2(kg CO, /m?) 328 218

the system. These results come from the total energy
consumption of 11515.75kWh/year and 7.665kWh/year
for R449-A and R290, respectively. Transcribing the
energy consumption to the total life of 10 years of the
RDCs, LCCP evaluation indicates that an additional
19032.49 kgCO,_ will be released to the atmosphere in
the case of R449-A.

cop

The COP value of the

system using R290
refrigerant  increased b
¢ Y %13
13% compared to the
system  using  R449A
refrigerant..
EEI

The EEI value of the system
using R290 refrigerant has
33%
compared to the system

%33

decreased by

using R449A refrigerant.

B R449a

Figure 7. COP, EEIl, energy consumption, LCCP rates
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4. Conclusions

Theoretical and experimental analyses of an open RDC
system with two working refrigerants (R449-A and
R290) were performed in this study. An environmental
impact assessment was performed by calculating EEI
and using the LCCP method based on energy consump-
tion measurements. Analysis results are presented be-
low:

« With the use of R290 refrigerant, a reduction in
compressor power of approximately 200W can con-
tribute to energy efficiency by providing a signifi-
cant reduction in electricity consumption. Thus, the
lower energy consumed in the compression process
enabled the performance of RDC with R290 refrig-
erant to be 11.5% higher.

. It was determined that the annual energy consump-
tion of the R290 system for the same cooling area
was 3850.75kWh/year lower than the R449-A sys-
tem.

« It was possible to reduce the amount of daily CO,
emissions related to RDCs’ daily energy consump-
tion thanks to the use of R290 refrigerant.

« With R449-A refrigerant, the EEI value was in-
creased from 34.4 to 51.7. As a result, the energy

Energy Consumption
(kWh/24h)

The energy consumption of
the using R290
refrigerant has decreased by

system

%33

33% compared to the system
using R449A refrigerant.

LCCP

The LCCP value of the
system using R290 refrigerant

%30

has decreased by 30%
compared to the system using
R449A refrigerant.

R290
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class of RDC in the same area using R449-A refrig-
erant was E, while the C energy class was deter-
mined for R290. Due to the considerably less ener-
gy consumption by R290 working refrigerant, the
energy class of the system was two classes higher.

« LCCP evaluation of both systems was performed.
Quantitatively, the main difference comes from
both direct and indirect emissions. Due to the high
GWP value of R449-A, the direct emission for the
R449-A system was calculated as 3716.02 kgCO,,
while this value was only 1.71 kgCO,_in the R290
system. In indirect emission results, the main and
almost only difference comes from the annual ener-
gy consumption.

« The results show that the R449-A system releases
30% more kg CO,_ into the environment over the
lifetime of the system.

+ Due to high energy consumption of R449-A, emis-
sions were 61852.22 kgCO,_ whereas indirect emis-
sion of R290 system was calculated as 42819.77
kgCO,,.

+ The system using R290 refrigerant used 78% less
refrigerant compared to the system using R449-A
refrigerant.

+ The system using R290 refrigerant shows superior
performance compared to the system using R449A
refrigerant, with a 13% increase in COP, a 33% re-
duction in EEI and energy consumption, and a 30%
reduction in LCCP.

« Thanks to the new generation refrigerant with zero
ODP and low GWP, the impact of RDCs on global
warming can be reduced.

As a result of the calculation of indirect emissions and
direct emissions, it has been observed that indirect
emissions are higher. In indirect emissions, it is foreseen
that it will be beneficial to reduce the effect of emissions
released to nature due to the energy used to produce the
refrigerant. It can also be proposed to reduce the energy
consumed for the production, assembly, and transport
of systems/components, as well as to reduce emissions
from the energy consumption required for the recovery
of the refrigerant/system.

Future studies will use a machine learning model to de-
velop sustainable design and manufacturing processes
for energy-intensive commercial refrigeration. This ap-
proach will address the challenges of the experimental
investigation of different conditions in the field and in
test chambers, which are often costly and time consum-
ing. Our aim is to streamline these processes, making
them more efficient and effective by machine learning.

@ European Mechanical Science (2024), 8(3)

Nomenclature

ACPEC Average coefficient per electricity consumption
RDC  Refrigerated Display Cabinet

GWP  Global Warming Potential

GWPadp Adaptive Global Warming Potential
CFD  Computational Fluid Dynamics

DAG  Discharge Air Grille

DE Direct Emissions

IE Indirect Emissions

RAG Return Air Grille

COP  Coefficient of Performance

EEI Energy Efficiency Index
AE Annual Energy Consumption Amount

SAE  Reference Value of the Annual Energy Consump-
tion Amount

LCCP Life Cycle Climate Performance
EOL  End of Life

ODP  Ozone Depletion Potential
TDA  Total Display Area

TEC  Total Energy Consumption (kWh)
E Energy (kWh)

Q Rate of Heat Transfer (kW)
% Power (kW)

T Temperature (K)

n Second Law Efficiency (%)
mr Mass of Refrigerant (kg)
Subscripts

max  maximum

comp compressor

T total

def defrost

e evaporator

r refrigerant
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Abstract: This study investigates the impact of printing speed on the mechanical properties of parts produced through the
fused deposition modeling (FDM) method using a three-dimensional (3D) printer. Tensile test specimens, fabricated with
Polylactic Acid (PLA) material on an Ender 3 S13D printer, were subjected to varying printing speeds from 15 mm/s to 105
mmy/s in 15 mm/s increments, maintaining a 100% infill rate. Detailed measurements of sample masses, hardness values, and
surface roughness were conducted to assess the potential effects of printing speed on PLA's mechanical properties. Porosity
values were also calculated to evaluate internal structure homogeneity and void ratios. The results indicate that an increase
in printing speed leads to a substantial reduction in production time. For instance, at a speed of 15 mm/s, the printing time
was 119 minutes, decreasing to 15 minutes at 105 mm/s. As speed increased, there was a tendency for a decrease in sample
masses, with a notable 12% reduction from 8.21 grams at 15 mm/s to 7.21 grams at 105 mm/s. While lower speeds (15 and 30
mm/s) exhibited higher Shore D hardness values, an overall decrease in hardness was observed with increasing speed. Surface
roughness showed a proportional increase with printing speed; for example, at 0° angle, the roughness value increased from
0.8 at 15 mm/s to 19 at 105 mmy/s. Moreover, tensile strength values decreased with higher printing speeds. For samples
printed at 15 mm/s, the tensile strength was 60 MPa, decreasing to 44 MPa at 105 mm/s, representing a 27% reduction.
These numerical findings underscore the significant influence of 3D printing speed on both production efficiency and the
mechanical properties of the printed material.

Keywords: Additive manufacturing, three dimensional printing, polylactic acid, printing speed, mechanical properties,
surface roughness.

...................................................................................................................................................................................................

1. Introduction on the functionality and durability of printed objects.

Among these materials, poly-lactic acid (PLA) is pre-

3D printing technology is a rapidly advancing method
of production focused on prototypes, widely utilized in
various industrial and academic fields. Among the fun-
damental advantages of this technology are the ease
of producing complex geometries, rapid prototyping,
and flexibility in production processes. The variety of
materials used in 3D printing processes and the char-
acteristics of these materials have a significant impact

ferred due to its biocompatibility, ease of processing,
and eco-friendliness. Printing speed is a factor that
directly influences production time and efficiency, but
it can also have important effects on the fundamental
mechanical properties of the material, such as strength,
hardness, surface roughness, and porosity [1-3].

PLA stands out as a widely utilized material in the
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realm of 3D printing. Its popularity is attributed to its
biodegradability, ease of use, and versatility. As a dom-
inant player in the 3D printing materials landscape,
PLA’s mechanical properties are of paramount impor-
tance for ensuring the reliability and functionality of
printed objects.

A review of the literature reveals that some research-
ers have examined the effects of 3D printing process
parameters on the mechanical properties and mass of
PLA parts [3,4], the impact of different printing angles
and speeds [5], lattice structures [6], printing speed,
and extrusion temperature on mechanical properties
[7], as well as their effects on strength and fatigue be-
havior [8]. Others have investigated the effects of pro-
cess parameters and processing time on mechanical be-
haviors [9], hardness values [10], energy consumption
[11], surface quality, and wear resistance [12]. Recent
studies have delved into the intricate relationship be-
tween printing speed and the mechanical properties of
PLA-printed objects. The printing speed is a critical pa-
rameter that can significantly influence the final prod-
uct’s strength, durability, and overall performance.
Various studies have shed light on the subtle effects of
varying printing speeds on the mechanical properties
of PLA [13-20].

However, considering the parameters in the 3D print-
ing process, the effects of factors such as printing speed
on the mechanical properties of materials like PLA
have not yet been fully understood.

Understanding how printing speed impacts layer adhe-
sion, porosity, and overall structural integrity is imper-
ative for optimizing 3D printing processes. These recent
studies emphasize the need to consider printing speed
as a crucial variable in the quest for enhancing the me-
chanical properties of PLA-printed objects. By incorpo-
rating these findings into the broader discourse on PLA,
we can further refine our approach to 3D printing with
PLA, ensuring that the mechanical performance aligns
with the diverse applications and expectations within
the ever-evolving field of additive manufacturing.

This study aims to examine how PLA material re-
sponds at different speeds (15, 30, 45, 60, 75, 90, and
105 mm/s) during the 3D printing process and deter-
mine the effects of these speeds on the material’s me-
chanical properties. The research was conducted on
tensile test specimens prepared using an Ender 3 S1
3D printer, and the samples’ masses, hardness values,
surface roughness, and porosity rates were measured.
These results provide valuable information about the
material’s production quality and mechanical prop-
erties. It is believed that this information can contrib-
ute to the wider application of 3D printing technology.
This study aims to shed light on the development of 3D
printing technology and better material selection and
parameter adjustment choices.

@ European Mechanical Science (2024), 8(3)

Table 1. Physical and mechanical properties of Microzey PLA Pro

filament.
Properties Units Values
Diameter mm 175
Color White
Density g/cm? 125
Bed Temperature °C 60-80
Printing Temperature °C 190-210
Elasticity Modules MPa 1500
Tensile Strength MPa 50 ~ 60
Elongation at Break % 7

i
19 6
1 F— 33 — f
R14

R25

115

b)
Figure 1. (3) Production of test specimens using the Creality Ender 3
S13D printer. (b) Dimensions of samples according to ASTM D638-
14/Type IV standard.

2. Material and Method

2.1. Study Process and Used Equipment

In this research, the “Creality Ender 3 S1” 3D printer,
known for its precision printing potential and high-res-
olution production capability as shown in P-Figure 1.a,
was used. In this study, PLA Pro filaments obtained
from Microzey Limited were used. PTable 1 below
shows some physical and mechanical properties of
PLA filaments according to the supplier’s information.
Tensile test specimens were produced according to the
dimensions specified in ASTM D638-14/Type IV stan-
dard, which is commonly preferred in the literature
and depicted in P-Figure 1.b. The printing parameters
during this production process are listed in pTable 2.
SolidWorks CAD software, known for its precision and

https://doi.org/10.26701/ems.1395362
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Figure 2. Model placement and printing parameter selection in the Cura slicing software.

detailed design capabilities in industry standards, was
used during the 3D design process of the specimens.

2.2.G-Code Generation

To convert the created designs into formats compati-
ble with the 3D printer, Ultimaker’s Cura software, as
shown in P-Figure 2, was used. Cura is popular for its
ability to slice 3D objects and convert them into G-code.
The model was transferred to the Cura slicing program,
and the printing parameters given in P-Table 2 were se-
lected before sending it to the 3D printer for printing.

Figure 3. Tensile test specimens.
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2.3. Printing Process

In this study, samples were produced at varying print-
ing speeds within the range of 15-105 mm/s. Six differ-
ent samples were prepared for each speed increment,
resulting in a total of 42 samples. The primary material
used in the production of the samples was “Mikrozey
PLA Pro,” commercially sourced. The melting and
printing temperatures of the filaments were adjusted
as shown in P>Table 2, according to the manufacturer’s
recommendations. Additionally, a magnetic feature Ta-
ble named polyetherimide was used during 3D printing
to ensure the initial layer of the samples adhered fully
and smoothly to the printing surface.

Table 2. 3D printing settings and parameters.

Parameters Units Value
Nozzle Temperature °C 220
Bed Temperature °C 60
Nozzle Diameter mm 0.8
Layer Thickness mm 03
Wall Thickness mm 16
Top/Bottom Thickness mm 122
Infill Density % 100

Infill Pattern Lines
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2.4. Tests and Analyses

Some of the printed samples can be seen in PFigure 3.
Mass measurements of the prepared samples were con-
ducted using an A&D Ej-303 precision balance, hardness
tests were performed using a Pepisky portable 0-100 HD
Shore D device, and surface roughness measurements
were taken using a Mitutoyo Surfest SJ-310 device. Fur-
thermore, after the tensile tests, the fractured surfaces
of the samples were thoroughly examined using a scan-
ning electron microscope (SEM) to better understand
how the printing process at different speeds affected the
material’s internal structure. SEM utilized in this study
was the FEI Quanta FEG 250 model. Additionally, the
Universal mechanical testing machine employed for me-
chanical testing was the Shimadzu Autograph AGS-X
model. The Shore D hardness test was employed to as-
sess the hardness of three different hard thermoplastic
materials, following the guidelines outlined in ISO 7619-
1:2010. The dimensions of the test specimens and the
testing procedure adhered to the standards specified in
ASTM D 2240-05.

3. Results and Discussions

This study produced tensile test samples using the Ender
3 S1 3D printer with PLLA material having a 1.25 g/mm?
density at 7 different printing speeds (15, 30, 45, 60, 75,
90, and 105 mm/s). The results obtained are presented
in P-Table 3. As the printing speed increased, there was
a tendency for a decrease in mass and lattice volume, an
increase in void volume, and porosity rates. As seen in
P-Figure 4.a, for example, the printing time at a speed of
15 mm/s was 119 minutes, but when the printing speed
was increased by 6 times (105 mm/s), it decreased to 15
minutes, which is an 8-fold decrease. On the other hand,
as shown in P-Figure 4.b, when the printing speed was
increased from 15 mm/s to 105 mm/s, the sample masses
decreased from 8.21 grams to 7.21 grams, resulting in a
12% mass reduction. This is also confirmed by the po-
rosity calculations shown in P-Table 3.

The porosity percentage in the printed samples, de-
pending on the printing speed, was calculated as fol-
lows [9]:

¢: Porosity percentage

V.. Volume of voids inside the 3D printed product
V... Designed total volume of the 3D model

V. it Volume of solid material in the 3D printed product
M, que: Mass of the 3D printed product

Piamens: DeDsity of the filament material

The porosity percentage has been calculated using Equation 1.

Vimi
¢ = 74100 1)

Viotal
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The void volume has been calculated using Equation 2.

Vvor’.d = Vtotal - Vsolr’.d (2)

The solid volume has been calculated from the mass using
Equation 3.

Vo = Mproduct
solid Pfilament (3)

As the printing speed increases, challenges in filament
feeding accuracy and stability are expected to arise, po-
tentially leading to insufficient filament feeding and a
reduction in product mass [21,22]. P>Table 3 illustrates a
notable increase in porosity rate from 7.02% at 15 mm/s
to 15.96% at 105 mm/s, suggesting that higher speeds
may result in irregular extrusion and deficiencies or
voids in printed samples. High printing speeds could also
contribute to issues such as inadequate filament heating,
poor adhesion, and irregular layer bonding [23]. There-
fore, a comprehensive evaluation of printer settings and
filament characteristics is crucial to determine the op-
timal printing speed for achieving the best results [24].

In summary, the study conducted with the Ender 3 S1
3D printer highlights the significant impact of printing
speed on both product quality and duration. This in-
formation can serve as a valuable guide for optimizing
3D printing processes to enhance efficiency and results
[24-26].

However, it is essential to acknowledge that while this
study provides valuable insights, further research and
experimentation are necessary to fully comprehend the
intricate relationship between printing speed and the
mechanical properties of 3D printed objects. Delving
deeper into these complexities will contribute to a more
nuanced understanding, facilitating the optimization of
3D printing processes for superior and efficient results.

P-Figure 4.a illustrates the relationship between print
speed (mm/s) and mass (g). According to the graph, as the
print speed increases, the mass decreases. This implies a
negative correlation between print speed and mass. The
data on the graph represent masses ranging from 7.0 g
to 8.4 g for print speeds varying between 15 mm/s and
105 mm/s. The graph comprises seven data points, de-
noted by blue dots. The blue line connecting these data
points depicts the trend between print speed and mass.
P>Figure 4.b depicts the relationship between print speed
(mm/s) and print duration (minutes). According to the
graph, as print speed increases, the print duration de-
creases. This implies that higher speeds result in faster
printing times. The graph consists of seven data points,
marked with red dots. The red line connecting these data
points illustrates that as print speed increases, the print
duration rapidly decreases, but the rate of decrease slows
down after approximately 60 mm/s.

P»Figure 5 illustrates the relationship between print
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Figure 4. PLA tensile test samples produced at different printing
speeds (a) Printing times and (b) Average mass values.

speed (mm/s) and Shore D Hardness. According to the
graph, as the print speed increases, Shore D Hardness
decreases for both the upper and bottom surfaces, with
a more pronounced effect on the top surface. The graph
comprises seven data points, divided into two groups:
“Top Surface” (marked with green circles) and “Bottom
Surface” (marked with purple triangles). Both groups
indicate a decrease in Shore D Hardness as print speed
increases.

»Figure 6 depicts the relationship between print speed
(mm/s) and surface roughness (p). According to the
graph, as the print speed increases, surface roughness
also increases for three different orientation angles
(0°, 45° and 90°). The 0° orientation shows the high-
est increase in surface roughness with increasing print
speed. The graph consists of seven data points, divided
into three groups: “0° Angle” (green), “45° Angle” (pur-
ple), and “90° Angle” (blue). All three groups indicate an
increase in surface roughness as print speed increases.
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Figure 6. The variation in surface roughness values with respect to
printing speed.

During the printing process of the samples, a denser in-
fill pattern is used to enhance adhesion to the printing
bed. As a result, P-Figure 5 illustrates that the bottom
surfaces of the samples exhibit higher Shore D hard-
ness values than the top surfaces. On the other hand,
an increase in printing speed leads to a decrease in
hardness values for both the top and bottom surfaces. It
can be inferred that the printing speed can be selected
based on the desired hardness value.

It can be observed, as depicted in P-Figure 6, that an in-
crease in printing speed tends to elevate surface rough-
ness. In this context, roughness values were measured at
0°, 45°, and 90° angles. Relatively lower roughness values
were obtained in the 0° measurements, while higher val-
ues were observed at 45° and 90° measurements.

»-Figure 7 illustrates the relationship between print
speed (mm/s) and tensile strength (MPa). According to
the graph, as the print speed increases, tensile strength
decreases. This implies that higher speeds result in
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Figure 7. Variation in tensile strength values with printing speed.

materials with lower tensile strength. The graph com-
prises seven data points, marked with red dots. The red
line connecting these data points indicates that as print
speed increases, tensile strength decreases. According
to the Figure, the samples printed at a speed of 15 mm/s
achieved a tensile strength of 60 MPa, whereas those
printed at 105 mm/s exhibited a tensile strength of 44
MPa. Thus, it has been determined that there is a 27%
reduction in tensile strength.

Within the domain of Fused Deposition Modeling
printing, the significance of layer adhesion cannot be
overstated. Inadequate adhesion between layers may
lead to delamination, posing a threat to the mechani-
cal strength of the printed object. SEM images become
invaluable in this context, offering a detailed visual in-
spection of layer adhesion. Through the analysis of SEM
images, one can glean insights into optimizing critical
printing parameters, including temperature and speed,
to achieve the pinnacle of layer adhesion and overall me-
chanical integrity.

This meticulous examination of porosity and layer adhe-
sion through SEM analysis stands as a transformative

uncertain layer thicknesses

(b)

approach in advancing the quality and performance of
3D-printed objects. The works of researchers such as
Abeykoon et al. (2020), Dudek (2013), Gordeev et al.
(2018), Popescu et al. (2018), Sandhu et al. (2019), Shen
et al. (2018), Sood et al. (2012), and Wickramasinghe et
al. (2020) underscore the importance of leveraging SEM
insights to enhance the understanding and optimization
of porosity and layer adhesion in the 3D printing land-
scape [13-20]. Printing speed is a critical factor that
directly influences the quality of a 3D-printed object.
Higher printing speeds can lead to increased porosity
due to reduced precision in layer deposition and inade-
quate layer bonding. P-Figure 8.a shows SEM images of
samples printed at 15 mm/s, P>Figure 8.b at 30 mm/s,
and PFigure 8.c at 105 mm/s. It can be observed that as
printing speed increases, layer thicknesses become more
pronounced. Filament strands are distinguishable at a
printing speed of 105 mm/s, and the gaps between them
are visibly apparent. This condition can weaken strength
performance on one hand and lead to worsened surface
roughness on the other.

In conclusion, SEM images demonstrate that layers
printed at higher speeds exhibit more irregularities
and voids than those printed at lower speeds. Converse-
ly, while consuming more time, slower printing speeds
contribute to better layer adhesion and lower porosity,
resulting in a stronger and more reliable final product.

4. Conclusions

This study examines the impact of printing speed on
the mechanical properties of materials, particularly
using PLA material, in the rapidly evolving field of 3D
printing technology. Using an Ender 3 S1 3D printer,
tensile test samples were prepared at different speeds
(15, 30, 45, 60, 75, 90, and 105 mm/s), and their ten-
sile strengths, masses, hardness values, surface rough-
ness, and porosity values were measured. As a result,
this study has revealed that 3D printing parameters,
especially printing speed, can play a decisive role in the
material’s mechanical properties. The acceleration of

less noticeable layer thic
/

©

Figure 8. SEM images of fracture surfaces (200x) at different printing speeds: (@) 15 mm/s, (b) 30 mm/s, and (c) 105 mm/s.
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printing speeds, while potentially enhancing efficiency,
introduces challenges such as reduced material mass,
heightened porosity, and compromised structural in-
tegrity. This phenomenon may be attributed to insuf-
ficient filament feeding during extrusion, resulting in
adverse consequences, particularly for applications
prioritizing durability and structural robustness. Ele-
vated printing speeds correlate with diminished hard-
ness and tensile strength, potentially stemming from
irregular layer assembly and increased porosity. Weak
inter-layer adhesion contributes to decreased material
strength and the potential formation of a more brittle
structure, a concern for load-bearing applications. The
escalation of surface roughness at higher speeds not
only impacts aesthetic quality but also raises concerns
for precision-critical applications. SEM analysis offers
microscopic insights into factors like layer adhesion
and porosity, emphasizing the negative implications of
increased porosity on the structural integrity of objects
printed at higher speeds. This finding underscores the
importance of considering these factors, particularly in
applications requiring mechanical strength and preci-
sion. The study results can be summarized as follows:

- As printing speed increases, printing time signifi-
cantly decreases. For example, at a speed of 15
mmy/s, the printing time is reduced from 119 min-
utes to 15 minutes at a speed of 105 mm/s. During
this process, the average mass decreases from 8.21
grams at 15 mm/s to 7.21 grams at 105 mm/s, rep-
resenting an approximate 12% decrease (Figure 4).

« Changes in Shore D hardness values of the samples
were observed as printing speed increased. Higher
hardness values were measured at low speeds (15
and 30 mmy/s), while an overall decrease in hard-
ness values was observed as speed increased. This
indicates that rapid printing conditions can nega-
tively affect material hardness (Figure 5).

« Surface roughness increased directly with printing
speed. For example, the roughness value at 0° angle
at a speed of 15 mm/s was 0.8, while this value in-
creased to 1.9 at 105 mm/s. This trend indicates a
decrease in surface quality at high speeds (Figure 6).

« Tensile strength values decreased as printing speed
increased, indicating a rapid decrease in the struc-
tural integrity and strength of the material. The
tensile strength, which was 60 MPa at a speed of
15 mm/s, decreased to 44 MPa at 105 mm/s, repre-
senting an approximate 27% decrease (Figure 7).
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Abstract: The AA2024-T3 alloy is a lightweight and durable material commonly used in the aerospace industry. This study
investigates the impact of the rolling direction (RD) and strain rates on the alloy’s tensile properties. Tensile tests have been
performed on samples oriented parallel and transverse to the rolling direction at varying strain rates (5, 25, and 125 mm/
min). Samples parallel to the rolling direction have exhibited higher strength compared to those in the transverse direction
(TD). At a strain rate of 5 mm/min, the maximum tensile strength in RD samples has been 530.72 MPa, while in TD samples, it
has been 505.76 MPa. At 25 mm/min, the tensile strength has been 498.31 MPa in RD and 482.91 MPa in TD. At 125 mm/min,
the tensile strength has been 508.52 MPa in RD and 480.36 MPa in TD. The increase in strain rate has had a complex effect
on the mechanical properties. The total elongation values have also varied with strain rate, with the highest total elongation
observed at 5 mm/min (0168) in both RD and TD directions. These findings have highlighted the significant impact of the
rolling direction and strain rate on the mechanical properties of the AA2024-T3 alloy, which should be considered in design
and manufacturing processes.

Keywords: AA2024, rolling direction, strain rate, formability.
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1. Introduction

tion also affects dislocation movements.
In many industrial sectors, including energy, machin-

ery, transportation, and aerospace, shaped semi-fin-
ished products are commonly used. Material selection
for these products is based on the required mechanical
properties, and the production method is also a crucial
factor. Rolling is a significant plastic shaping method
that alters the crystal structure of the material, result-
ing in anisotropic properties. Anisotropic behavior re-
fers to the phenomenon where materials exhibit differ-
ent mechanical properties in different directions. This
behavior affects the mechanical properties of the mate-
rial [1-5]. The strain rate used in production process-
es is another parameter that significantly affects the
mechanical properties [6-10]. Strain rate also causes
changes in dislocation movements, leading to variations
in strength levels. The heat generated during deforma-

The rolling process is known to have a variable effect
on the mechanical behaviors of materials [11-15]. In
particular, this impact on tensile properties is a criti-
cal factor in the development of materials’ anisotropic
characteristics. In this regard, research has shown
that the direction of rolling alters the material’s fun-
damental mechanical properties, such as microstruc-
ture, strength, modulus of elasticity, and fracture
toughness. Goli and Jamaati [16] investigated the ef-
fect of the deformation path applied during the cold
rolling process on the microstructure and mechanical
properties of the AA2024 aluminum alloy. They em-
phasized that the average grain size decreased due to
dynamic recrystallization in samples that underwent
cross rolling. Pang et al. [17] examined the anisotropy

“Corresponding author: Cite this article as:

Email: suleymankilic@gmail.com

© Author(s) 2024. This work is distributed under History dates:
https://creativecommons.org/licenses/by/4.0/

Demirdogen, M, Kilic, S. (2024). The effect of rolling direction and strain rates on the E
tensile properties of AA2024-T3 aluminum alloy. European Mechanical Science, 8(3): .
[45-152. https://doi.org/10.2670 1 /ems. 1486134

-

=]

Received: 18.05.2024, Revision Request: 05.06.2024, Last Revision Received: 28.06.2024, Accepted: 28.06.2024


mailto:suleymankilic@gmail.com

The effect of rolling direction and strain rates on the tensile properties of AA2024-T3 aluminum alloy

of the cold-rolled AA2024-T3 aluminum alloy using a
laser imaging sensor. Furthermore, they demonstrated
that the Y1d2004-18p model accurately represents the
anisotropic behavior of AA2024-T3 in finite element
analyses. Aghabalaeivahid and Shalvandi [18] devel-
oped a microstructure-based crystal plasticity model
to model the anisotropic plasticity and yield behavior
of the AA2024-T3 aluminum alloy. In their work, they
mentioned that crystal plasticity modeling based on the
actual microstructure could be a useful tool in under-
standing and predicting the anisotropic behavior of the
AA2024-T3 aluminum alloy. Anijdan et al. [19] demon-
strated that the combination of cold rolling and suitable
aging heat treatment alters the mechanical properties
and microstructure of the AA2024 aluminum alloy. It
has been stated that cold rolling, double-stage aging,
and over-aging treatments have significant effects on
the strength of the AA2024 aluminum alloy [20]. These
processes lead to changes in the alloy’s mechanical
properties and microstructure. It has been observed
that the mechanical properties of aged samples sig-
nificantly improve with the correct application of cold
deformation. In a study on the microstructure of the
AA2024 aluminum alloy in a semi-solid state [21], the
impact of rolling and extrusion processes on micro-
structural conditioning and change has been examined.
The results of the study provide important insights into
the formability of the alloy in its semi-solid state. It is
said that the higher the deformation rate, the smaller
the initial particle size, and a 30% thickness reduction
is sufficient to achieve a fine distribution of Al-a parti-
cles. In tensile tests conducted in three different rolling
directions on the AA2024-T351 aluminum alloy, it has
been indicated that samples rolled perpendicular to the
rolling direction exhibit higher yield strength and duc-
tility characteristics. These characteristics are signifi-
cantly better compared to those rolled in the thickness
direction [22]. The importance of anisotropy in accu-
rately predicting the deformation behavior of materials
has been emphasized. In a study that examined the ef-
fect of rolling direction on the AA5083 aluminum alloy
[23], it has been shown that the process has a significant
effect on the tensile properties of the samples. Further-
more, it has been highlighted that when the directional
angle increases, tensile strength increases and modulus
of elasticity decreases. In a study investigating the ef-
fect of cold rolling and subsequent heat treatments on
the microstructure and mechanical properties of the
AA5052 aluminum alloy [24], it has been shown that an
increasing rolling rate elongates the grains of the alloy,
and it enhances its strength but reduces its ductility. It
has been shown that the AA7050-T7451 alloy exhibits
specific internal structural features after rolling, which
affects the material’s strength properties [25]. The
sample to be perpendicular to the rolling direction has
achieved the highest tensile strength, whereas the low-
est has been obtained in the thickness direction. Rout
[11] investigated the effect of different rolling directions
on the microstructure and tensile properties of 304
austenitic stainless steel. It has been shown that cross

@ European Mechanical Science (2024), 8(3)

rolling (CR) and reverse rolling (RR) processes have
significant impacts on tensile properties. Medjahed et
al. [13] studied the effects of different rolling directions
(0°, 45°, and 90°) on the microstructure, strength, and
anisotropy properties of the Al-Cu-Li-Mg-X alloy. Dif-
ferent rolling directions have been shown to lead to dis-
tinctive microstructures that affect the properties.

Another parameter that affects mechanical properties
is the strain rate. It is known that the strain rate affects
the tensile and fracture strength of the alloy [26, 27].
Understanding these effects is important in determin-
ing the production method. Wen et al. [28] have inves-
tigated the effects of deformation parameters (strain
rate and temperature) on the hot tensile deformation
and fracture behaviors of a high-strength steel. Their
work has shown that the hot tensile behavior of the ma-
terial is largely influenced by the relationship between
damage formation, hardening, and dynamic softening.
As the deformation rate has increased from 0.01 to
10 s-1, uniform fracture morphologies have gradually
transitioned to serrated fracturing. That is, the strain
rate affects the fracture mechanism, and thus, the me-
chanical properties are affected. It has been empha-
sized that changes in the number of voids or cracks in
the microstructure increase with a rising strain rate or
decreasing tensile temperature. It has been stated that
intergranular fracture occurs at high tensile tempera-
tures and low deformation rates, while intragranular
fracture occurs at low tensile temperatures and high
deformation rates. Kami et al. [29] examined the effects
of strain rate on the mechanical properties of AA5021
and commercially pure aluminum (A1070). It has been
shown that the AA5021 alloy exhibits negative strain
rate sensitivity within a certain strain rate range but
displays positive strain rate sensitivity at high strain
rates. It has been stated that the primary factor is due
to the effect of Mg atoms locking the dislocations. Ma et
al. [30] investigated the variation of mechanical prop-
erties at various strain rates in the 5A02-O aluminum
alloy. They have shown that significant increases in
yield and tensile strength occur at high strain rates.
It has been stated that a higher strain rate leads to a
higher dislocation density. Bobbili et al. [31] conduct-
ed tensile tests on the AA7017 alloy at various strain
rates and temperatures. It has been observed that
strength increases with increasing strain rate. Chen et
al. [32] studied the mechanical behavior of AA6xxx and
AAT7xxx aluminum alloys across a wide range of strain
rates. They have conducted standard tensile tests at low
and medium strain rates and split-Hopkinson tests at
high strain rates. It has been found that AA6xxx series
alloys do not show a significant change in strain rate,
but AA7xxx series alloys exhibit a moderate level of
rate sensitivity. They have also shown that there is no
significant difference in rate sensitivity among differ-
ent rolling directions in their studies. Wang et al. [33]
investigated the effects of strain rate on the mechani-
cal properties and microstructure of the Al-Mg-Si-Cu
alloy. It has been stated that increasing the strain rate
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enhances the alloy’s strength but has a limited effect
on the microstructure. Aydin et al. [34] studied the im-
pact of strain rate and rolling direction on the tensile
properties of dual-phase steels used in the automotive
industry. They have shown that both strain rate and
rolling direction has a significant impact on the mate-
rial’s tensile properties. Additionally, they have empha-
sized that the strain rate has a more significant effect
on the tensile properties than the rolling direction in
both steels. In another study by Aydin et al. [35], has
been shown that the effect of strain rate on strength is
more pronounced in the AA6082-T6 alloy than in the
AA1035-H14 alloy. They have highlighted the signifi-
cant effects of rolling direction and strain rate on the
tensile properties of aluminum alloys.

This investigation focuses on the AA2024-T3 alloy,
which is known for its durability and corrosion resis-
tance, making it ideal for high-demand applications
[36, 37]. The aim of this research is to investigate the
impact of rolling directions and varying strain rates on
the tensile properties of the AA2024-T3 alloy. While it
is well-established that mechanical properties are di-
rection-dependent due to rolling, this study provides a
novel analysis of the combined effects of rolling direc-
tion and varying strain rates on the tensile properties
of the AA2024-T3 alloy. Unlike previous studies that
typically focus on either rolling direction or strain rate
independently, our research integrates both factors to
provide a comprehensive understanding of their inter-
action and its impact on the material’s performance.
The results indicate that both the direction of rolling
and the applied strain rates significantly affect the me-
chanical behavior of the alloy.

Table 1. Chemical composition of the alloy.

2. Material and Method

The AA2024 aluminum alloy has a chemical composi-
tion characterized by aluminum itself along with cop-
per, manganese, magnesium, and other elements (Table
1). This composition equips AA2024 with properties
such as high strength and good corrosion resistance,
making it a preferred material in the aerospace sec-
tor. In our study, material manufactured in the form
of sheet metal and subjected to T3 tempering has been
used. The T3 designation represents the mechanical
properties obtained after solution heat treatment fol-
lowed by cooling and natural aging (aging at room tem-
perature). This heat treatment provides the alloy with
strength, corrosion, fatigue, and crack resistance.

Test specimens have been cut in air atmosphere using a
laser cutting machine according to the ASTM-E8 stan-
dard [38]. Specimens with the dimensions specified in
»-Figure 1 have been prepared in two different orienta-
tions relative to the rolling process direction (RD and
TD to the rolling direction, P-Figure 2). With this meth-
od, the effect of the rolling direction on the material has
been examined in detail. The prepared samples have
been subjected to tensile tests at room temperature
using a Shimadzu Autograph 100kN brand tensile test
machine. The experiments have been repeated three
times to ensure the reliability of the results.

In the tensile testing machine, the lower jaw of the de-
vice is fixed, while the upper jaw is movable. As shown
in P-Figure 3, for each tensile specimen, a total mea-
surement area of 50 mm has been marked, comprising
25 mm above and below the center of the specimen’s
vertical axis. This marked area has been set as the fo-
cus point to be clearly visible by the video camera. The

Material Fe Si Cu Cr Mn Mg Zn Zr+Ti
AA2024 0.5 05 3.8-49 01 0.3-09 12-18 0.25 015
™ 0
>/ I
Q.-/ =
~ s
o
&
70
210

Figure 1. Dimensions of the tensile test specimen (mm).
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determination of elongation has been conducted using
a video-type extensometer. This method allows for the
precise recording of deformations experienced by the
samples during tension.

3. Results and Discussion

According to the experimental tests performed, these
two factors have affected the mechanical behaviors of
the alloy. P-Figure 4 shows the effect of the rolling direc-
tion at a strain rate of 5 mm/min. Specimens parallel
to the rolling direction have exhibited higher strength
compared to those TD to the rolling direction. This
situation is attributed to the material’s internal struc-
tural characteristics and the orientation of the crystal
structure during the rolling process. It is thought that

Figure 2. Preparation of samples in different directions on a laser
cutting machine.

Elongation
control lines

v
'
(1
i

<ideo

_extensometer
. 25

Figure 3. Tensile test setup.
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samples parallel to the rolling direction show higher
strength due to the alignment of the crystal structure
and dislocations. Situations where dislocation move-
ments occur more easily affect the mechanical proper-
ties of the material.

Tensile tests conducted at different strain rates (5, 25,
and 125 mm/min) are presented in PFigure 5. Speci-
mens prepared in the rolling direction have different
strength values compared to those prepared in the
transverse direction (TD). This difference in strength
values shows that the material has anisotropic proper-
ties, meaning its properties vary depending on the di-
rection. This situation demonstrates that the internal
structure and crystal orientation of aluminum alloys
affect their mechanical properties. During the rolling
process, the orientation of crystal structures within the
material aligns with the direction of the applied force.

500 4 5 mm/ min.

@
o
=
)]
7]
2 400
[)]
()
=
= —— RD (0°)
—— TD (90°)
300 -
T T T T T
0.000 0.045 0.090 0.135 0.180
True Strain

Figure 4. The effect of rolling direction.

500 ~

400
—— RD- 5 mm/min.
—— RD- 25 mm/min.
—— RD- 125 mm/min.
—— TD- 5 mm/min.
—— TD- 25 mm/min.
—— TD- 125 mm/min.

True Stress (MPa)

300 ~

T T T T T T T T T
0.000 0.045 0.090 0.135 0.180
True Strain

Figure 5. The effect of rolling direction and different strain rates.
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This illustrates the significant role of the rolling process
on the mechanical properties of the material.

The change in strength as a result of rolling is related
to grain orientation. Rolling alters the crystal structure
of the material, leading to an alignment of grains in the
rolling direction. This alignment affects the movement
of dislocations, which are known to move more easily
along certain crystallographic planes and directions.
According to Goli and Jamaati [16], during the rolling
process, the grains become elongated and aligned along
the rolling direction, which facilitates dislocation move-
ment in that direction. Similarly, Aghabalaeivahid and
Shalvandi [18] noted that the anisotropic behavior of
the AA2024-T3 alloy can be attributed to the orienta-
tion of grains and dislocations resulting from rolling.
This grain orientation reduces the barriers for disloca-
tion movement along the rolling direction, thereby in-
creasing the material’s strength in that direction. These
mechanisms are well-documented in the literature and
support the findings of our study.

P-Figure 6 shows the stress-strain curve of specimens
at different strain rates (5, 25, and 125 mm/min). It is
observed that the alloy exhibits a non-linear behavior
with respect to strain rate. The highest strength has
been obtained at a strain rate of 5 mm/min. On the
other hand, the lowest strength has been obtained at a
strain rate of 25 mm/min. This phenomenon can be ex-
plained by the effect of strain rate on the material’s mi-
crostructural arrangement and dislocation movements.
Low strain rates provide sufficient time for dislocations
to move and rearrange within the material’s internal
structure, leading to higher strength values. However,
the material may struggle to adapt to these microstruc-
tural arrangements at certain speed ranges. This situ-
ation results in a decrease in the strength. Although an
increase in strain rate is generally known to increase
strength, these results demonstrate that this relation-
ship is not always linear. These observations emphasize
that strain rate has a significant effect on the mechani-
cal properties of the material and that the relationship
between strength and strain rate is complex.

P-Figure 7 presents the stress-strain curves of spec-
imens prepared in the TD at different strain rates (5,
25, and 125 mm/min). According to the data obtained,
there is a negative linear relationship between strain
rate and stress. The highest strength has been achieved
at a strain rate of 5 mm/min, while the lowest strength
has been observed at 125 mm/min. This negative linear
relationship observed in specimens prepared in the TD
can be due to the material having a more homogeneous
microstructure in this orientation. As a result, the ma-
terial exhibits more predictable behavior against in-
creasing strain rates.

The results obtained experimentally are in agreement

with findings reported in the literature. Due to the
anisotropic properties of the AA2024 alloy, it has been

European Mechanical Science (2024), 8(3)

observed that the yield/tensile strengths differ [39]. It
has been determined that the highest yield and tensile
strength in the AA2024-T4 alloy are exhibited in the
rolling direction [40]. Our study has shown through ten-
sile tests conducted in the rolling direction and at differ-
ent strain rates that there is a non-linear relationship be-
tween strain rate and stress. Moreover, in experiments
where the material has been stretched in the rolling
direction, elongation and stress have been found to be
higher compared to specimens prepared in the TD.

It is known that the effect of strain rate causes different
types of fracture (intergranular or transgranular frac-
ture) to occur in the material, which in turn affects the
strength [28]. Furthermore, it is understood that an in-
crease in strain rate, by locking dislocations in the in-
ternal structure of the atoms, provides an increase in

2024-T3

500 RD
©
o
=3
2]
%]
<4
? 400 -
f_:? —— 5 mm/min.
= — 25 mm/min.

—— 125 mm/min.
300
T T T T T
0.000 0.045 0.090 0.135 0.180
True Strain

Figure 6. Stress-strain curves for specimens prepared in the rolling
direction at different strain rates.
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o
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%]
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2
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—— 5 mm/min.
300 —— 25 mm/min.
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0.000 0.045 0.090 0.135 0.180
True Strain

Figure 7. Stress-strain curves for specimens prepared in the TD at
different strain rates.
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strength. High strain rates have the effect of increasing
dislocation density, resulting in increased strength [29,
30]. In experiments conducted at 400 °C on the AA2024
alloy, an increase in strain rate has been observed to in-
crease yield/tensile strength [41]. In the AA2014-T6 al-
loy, experiments conducted at room temperature have
shown that an increase in strain rate also have increased
yield and tensile strength [42]. Similarly, the same re-
sults have been obtained at different temperatures.

4, Conclusion

In this study, the variations in the mechanical proper-
ties of the AA2024-T3 aluminum alloy have been exam-
ined in relation to the variations in rolling direction and
strain rate parameters. The tensile tests conducted at
various strain rates (5, 25, and 125 mm/min) and roll-
ing directions (parallel and perpendicular to the rolling
direction) have revealed several key findings:

« Effect of Rolling Direction: The tensile strength
and elongation of the AA2024-T3 alloy are signifi-
cantly influenced by the rolling direction. Samples
tested as parallel to the rolling direction (RD) have
exhibited higher tensile strength and elongation
compared to those tested perpendicular to the roll-
ing direction (TD). For instance, at a strain rate of
5 mm/min, the tensile strength in RD samples is
530.72 MPa with an elongation of 0.168, while in
TD samples, it is 505.76 MPa with the same elon-
gation of 0.168.

« Effect of Strain Rate: The strain rate also has a
complex effect on the tensile properties of the alloy.
The highest tensile strength has been observed at
the lowest strain rate of 5 mm/min, with RD sam-
ples showing 530.72 MPa and TD samples showing
505.76 MPa. At a strain rate of 25 mm/min, the
tensile strength in RD samples is 498.31 MPa and
in TD samples is 482.91 MPa. At 125 mm/min, the
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Abstract: Some |lead-free piezoelectric ceramics are known to have high dielectric and piezoelectric properties but are
limited by their brittle nature. A few amino acids have recently been reported to exhibit rather low dielectric and piezoelectric
properties but have the advantage of being biocompatible and flexible. It would therefore be interesting to form a composite
that will combine the inherent advantage of high dielectric properties from the ceramics and flexibility from the biomolecule.
In this research, the properties of lead-free (K ,.Na, . Li, o, JIND, o Ta,,Sb, ,)O, (KNNLST) ceramics and L-lysine hydrochloride
(L-LHCI) have been combined to produce dielectric composites. The samples were produced by mixing the constituents
from O wt.% to 100 wt.%, pelletising and heat-treating them. Bulk density, X-ray diffraction, scanning electron microscopy,
and dielectric characterisation were techniques used to determine the density, phases, morphology, and dielectric properties
of the produced composites. The results show an increasing bulk density value from 1.2 g/cm? for L-LHCI to 4.67 g/cm? for
the KNNLST ceramics. The morphology of the composite shows very tiny grains when small amounts of the ceramics were
introduced. The L-LHCI transforms from an amorphous phase to a crystalline phase having the orthorhombic-tetragonal
structure with the introduction of the KNNLST ceramics. The dielectric constant values increased with increasing KNNLST
ceramics content from 10 @1kHz to 200 for the composite with 80 wt%. KNNLST content. The dielectric loss values decreased
for [-LHCI from 09 @1 kHz to 0.2 @1kHz. The electrical conductivity values increased with increasing KNNLST ceramics
content. The results show that the composites produced from these constituents may be suitable for dielectric applications.

Keywords: l-lysine hydrochloride, KNN ceramics, Composites, Synthesis, Dielectrics

...................................................................................................................................................................................................

1. Introduction

Poly L-lysine hydrochloride is a synthetic water-sol-
uble polypeptide with properties similar to other ly-
sine molecules. The crystal structure of amino acids is
classified based on the system proposed by Gerbitz [1],
where the hydrogen bonding arrangement of the head
groups is used. The structure of the lysine molecule
has been investigated with X-ray diffraction [2]. Ami-
no acids are often used as ceramic templates, modifiers,
and regulators. L-lysine monomer has a high affinity

for water under normal atmospheric conditions [3]. It
has a monoclinic symmetry with P2 space group and
lattice parameters a = 9.54 A, b=514 A, c=17.06 A,
B = 97.78° (V= 828.9 A%). L-lysine monohydrochloride
dihydrate (L-LMHCI) is grown using different tech-
niques for non-linear optical applications [4]. Deionised
water and its mixture with ethanol have been used to
grow L-lysine monohydrochloride dihydrate (L-LMH-
Cl) with lattice parameters: a = 5.8840 A, b =13.3359
A, c=7.5014 A, and a = 89.92°, 8= 97.63°, y = 90.01° and
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V = 583.404 A® for non-linear optical applications [5].
L-lysine hydrochloride and nano-crystallites of amor-
phous L-arginine hydrochloride substituted hydroxy-
apatite composite for dental applications have been
investigated [6]. Using alkaline and acidic media, the
effect of CaCO, substituted-hydroxyapatite, L-lysine,
and L-arginine has been investigated [7]. Bonding was
observed on the side chain of L-lysine HCI, while the
hydroxyl groups of hydroxyapatites created an anionic
form of L-lysine when the pH was < 5. Composites from
Potassium dihydrogen phosphate (KDP) crystals and
L-lysine were grown, and the dielectric constant and
loss values of the pure KDP crystals were better than
those of the composite [8].

With different solvents, the structure of Poly-L-lysine
has been studied [9]. Amino acids have recently been
reported to exhibit dielectric and piezoelectric re-
sponses [10], which are, however, low, with a dielectric
constant value of about 10 and piezoelectric constant
values between 0.02 and 100 pC/N [11]. Ceramics like
Lead zirconate titanate (PZT), K Na, (NbO,) (KNN),
and Barium titanate (BT) possess relatively high elec-
trical responses. Their values are usually in orders of
magnitude higher than those of amino acids. The chal-
lenge with piezoelectric ceramics generally is that they
are usually very rigid and fail catastrophically in ser-
vice most times. There have also been efforts to elim-
inate the use of lead-based piezoelectric ceramics be-
cause of their toxicity. KNN-based ceramics have been
researched severally in the last couple of years, and they
have been reported to exhibit relatively high dielectric
and piezoelectric properties [12,13]. Composites typi-
cally act as a bridge to lessen the effect of monolithic
materials like ceramics and amino acids in fabricating
devices like sensors and actuators for electromechanical
applications. Ceramics and amino acids tend to modu-
late the response of the resulting composite. The type,
arrangement, crystal structure, and stress/strain appli-
cation are some of the factors that determine the mag-
nitude of these interactions. In this research, L-LHCI
has been mixed with KNNLST ceramics to form a wide
range of dielectric composites. The research aims to in-
vestigate how the beneficial properties of both L-LHCI
and KNNLST ceramics can be combined to properties
suitable for producing dielectric devices.

2. Materials and Method

2.1. Ceramics preparation

To prepare the KNNLST ceramics, raw powders of the
following ceramics were used as procured: Na,CO,, Li-
,CO,, K,CO,, (99+%), Nb,0,, Ta,O, (99.9%) (Chempur
Feinchemikalien und Forschungs GmbH, Karlsruhe,
Germany), and Sb,0, (99.9%) (Alfa Aesar GmbH Kan-
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del, Germany). The correct quantities of the individual
powders were measured. The powders were then milled
using an attritor mill operating at 500 rpm for 2 h,
where zirconia balls (3 mm diameter) and ethanol were
the milling media. After milling, the ethanol was sepa-
rated from the powder using a solvent extractor, while
the powder was calcined using a tube furnace. The fur-
nace parameters are 3 °C/min heating rate to 850 °C,
for 4 h holding time and 10 °C/min cooling rate. The
powder was milled again using the same parameters to
ensure small particle sizes.

2.2. Composite preparation

The composite was produced by weighing the required
quantity of L-LHCI and then dissolving it in 10 ml of
deionised water. The following compositions of the com-
posite in weight percentage were made: 0, 20, 40, 50, 60,
80, and 100. The L-LHCI was then placed in a magnetic
stirrer, and the temperature was gradually increased
until it stabilised at 70 °C and maintained for 90 min
to allow for complete dissolution. The ceramic powders
are then slowly introduced to the solution and continu-
ously stirred at 70 °C for 90 min until a slurry is formed.
Ethanol was added to the solution to enable re-precip-
itation of the ceramic powder, and a centrifuge was
used to decant the solvent from the composite solution.
The resulting cake was allowed to dry. The powder was
pressed using a uniaxial press operating at 10 kN for 30
s and a cold isostatic press at 500 MPa for 2 min. The
samples were heat-treated at 150 °C for 48 h. Bloating of
the sample was observed on the L-lysine hydrochloride.

2.3. Composite characterisation

The bulk density values of the samples were determined
geometrically by measuring the dimensions and the
mass. A minimum of 5 samples for each composition
was used to determine the density value. The scanning
electron microscope images were acquired using field
emission scanning electron microscopy (SEM, Zeiss Su-
pra VP 55, Jena, Germany). The samples were coated
with silver paints at the sides to reduce the incidence
of sample charging during the measurement. Enough
vacuum was generated inside the sample chamber be-
fore the measurements were initiated. The images were
acquired using the Secondary electron detection mode.

The phases in the samples were determined with an
X-ray diffractometer (Bruker D8 Discover, USA) oper-
ating with Cuka anode (1 = 1.5406 A) at a voltage of 40
kV and 40 mA. The measurement was made from 10°
to 60° using Grazing Incidence diffraction mode (GID)
with a source fixed angle of 5°, a scanning speed of 3 s
with an increment of 0.01°. The samples for electrical
characterisation were coated with silver paints on both
sides and poled in silicon oil at room temperature with
electric fields between 1 — 2 kV/mm for 5 min, depend-
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ing on the composition. The dielectric characterisation
was carried out to determine the dielectric constant,
dielectric loss, and conductivity by attaching metallic
wires to both sides of the Ag-coated sample. The mea-
surement was done at room temperature with an LCR
meter (HP 4284, USA). Polarisation hysteresis mea-
surements were attempted with a Sawyer-Tower cir-
cuit, but the samples’ charging was too high to obtain a
suitable measurement.

3. Results and Discussion

3.1. Density

The bulk density values of the L-LHCI-KNNLST com-
posite are shown in PFigure 1. The density of L-LHCI
is 1.2049+0.01 g/cm®and is 6% less than the density of
1.28 g/cm3 [14]. As the content of ceramics increases,
the density of the composite also increases gradually.
The L-LHCI-KNNLST composites tend to be bloated
through gas formation during fast heat treatment (es-
pecially L-LHCI 80-KNNLST-20), and so needed to be
progressively heat-treated from 100 °C to 150 °C, and
it affected the obtained density values. The density is
enormously increased from 2.05+0.08 g/cm?® for 60
wt.% to 3.415£0.077 g/cm? for 80 wt.%. This value rep-
resents 73 % of the density of the ceramics, which was
calculated to be 4.67+0.07g/cm?.

3.2. Scanning Electron Microscopy

The scanning electron microscopy images for the L-ly-
sine HCI-KNNLST composite are shown in P-Figure 2.
For the pure L-LHC], a film is observed on the surface
of the micrograph. A few tiny graphs could also be ob-
served but there are little of no grain boundaries ob-
served, corresponding to the obtained X-ray diffraction
pattern. Microcracks and a few rod-like grains can be
observed on the sample’s surface, which is dense, con-
taining few pores, and relatively rough. It is believed
that the heat-treatment process led to some form of po-
lymerization. The SEM images of L-lysine HCI mixed
with water and ethanol have been reported to create
bubbles [5]. Using Atomic Force Microscopy, Lysine
HCI has been reported to have aggregation properties
[15]. The introduction of 20 wt.% of KNNLST led to the
formation of a crystalline phase. A lot of sub-micron-
sized grains could be observed with few amorphous
phases. Some grains exhibit the quasi-cubic morpholo-
gy associated with KNN-based ceramics with few rod-
like grains. The sample is relatively dense with uniform-
ly distributed crystallites but contains little porosity.
When the ceramics content increased to 40 wt.%, many
cracks were observed, possibly due to differences in the
expansion/contraction coefficient between the ceram-
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Figure 1. Bulk density values for L-lysine hydrochloride-KNNLST com-
posite measured at room temperature.

ic and the amino acid. The sample is crystalline with
grains of different sizes and shapes. Most grains are in
the sub-micron size range, and rod-like grains could be
observed this time. There is good homogeneity in the
distribution of the grains with densely packed grains
and few porosities. Increasing the content of the ceram-
ic to 60 wt.% increases the crystallinity of the sample
with bi-modal grain size distribution. Some grains are
in the sub-micron size range, while others are above
5 um. The large grains appear to be somehow porous,
with some signs of dissociation to form tiny grains.
Cracks could also be observed on the surface. When the
KNNLST content is 80 wt.%, the microstructure in the
composite is remarkably different, showing clear crys-
tallinity. The grains are plate-like with thickness in the
nanometer size range, while the diameter of the grains
is above 2 um. There is homogeneity in the distribution
of the grains in the composite. The composite is also rel-
atively dense, with little porosity in the microstructure.
A new microstructure different from those of L-LHCI
and KNNLST was formed.

3.3. X-ray Diffraction

The X-ray diffraction patterns for the L-lysine HCI-KN-
NLST composite are shown in PFigure 3. The diffrac-
tion pattern for L-LHCI shows an amorphous structure
with many broad, interconnected peaks. Lysine as an
amino acid is crystalline [9,16], but the introduction
of HCI led to the structure becoming almost amor-
phous. The broad peaks are observed throughout the
whole range of the measurement, from 20° to 60°. The
introduction of KNNLST ceramics led to a crystalline
diffraction pattern. Sharp diffraction peaks with high
intensities could be observed at 23°, 27° and 50°, re-
spectively. Increasing the KNNLST content to 50 wt.%
resulted in the coexistence of the KNNLST and L-LH-
Cl patterns. When the quantity of KNNLST ceramics
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increased to 80 wt.%, the diffraction pattern was con-
tributed mainly by the KNNLST ceramics. When only
the KNNLST ceramics were present, the two-phase
orthorhombic-tetragonal pattern associated with mod-
ified KNN ceramics was observed.

3.4. Dielectric properties

The dielectric properties graph for the L-LHCI-KNN-
LST composite is shown in P-Figure 4. As the content
of KNNLST ceramics increases, the dielectric constant
values also increase, possibly due to high polarization
in the ceramics. As the frequency of measurement in-

creases, the dielectric constant values are found to
decrease. This is because, at lower frequencies, all
the polarization mechanisms are present. Still, as the
frequency increases, the natural frequency of bound
charge is no longer equal to the frequency of the elec-
tric field. The irregularities usually observed at low
frequencies are primarily due to electrode polarization
[17]. L-LHCI has a dielectric constant value of 12 at 20
Hz, gradually decreasing to 7 at 1 MHz [5], introduc-
ing 20 wt.% KNNLST ceramics led to a slight decrease
in the dielectric constant value from 14 at 20 Hz to 7
at 1 MHz. The dielectric constant values for 40 and 50
wt.% of KNNLST ceramics did not change significant-
ly as the same trend was followed. A significant differ-

Figure 2. Scanning Electron Microscopy images for (a) L-LHCI (b) L-LHCI with water solution (c) L-LHCI 80-KNNLST 20 (d) L-LHCI 60-KNNLST 40
(&) L-LHCI 40-KNNLST 60 (f) L-LHCI 20-KNNLST 80 and (g) KNNLST ceramics.
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Figure 3. X-ray diffraction patterns for L-lysine HCI-KNNLST compos-
ite. The measurements were carried out at room temperature.
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ence was observed for 60 wt.% of KNNLST ceramics,
where the dielectric constant at 20 Hz was 380 at 20 Hz
and gradually reduced to 49 at 1 MHz. The composite
containing 80 wt.% of KNNLST ceramics has the most
stable dielectric constant value over the entire frequen-
cy range measured with a value of ~150. The dielectric
constant value for the KNNLST ceramics is also stable,
with a value of 1240 at 20 Hz, which gradually reduced
to 934 at 1 MHz.

The dielectric loss values for the L-LHCI-KNNLST
composite are shown in P-Figure 4b. The dielectric loss
values decreased with increasing frequency because, at
low frequencies, dipole oscillation is present. Still, all
the polarization mechanisms are absent at high fre-
quencies, reducing the energy for dipole oscillation. The
L-LHCI has a relatively high dielectric constant value
of 3 at 20 Hz, steadily decreasing to 0.3 at 1 MHz. The
dielectric loss values for the composite with ceramics
content between 20 and 60 wt.% are similar to that of
the amino acid—the composite containing 80 wt.% of
KNNLST ceramic is more stable as the loss values var-
ied between 0.3 and 0.08 from 20 Hz to 1 MHz. The di-
electric loss value for KNNLST ceramics is stable over
the frequency range measured between 0.05 and 0.1.
The instability in the dielectric loss values is believed
to result from resonance in the sample during the mea-
surement.

3.5. AC Conductivity

The log-log plot of conductivity as a function of the
measurement frequency is shown in PFigure 5. As the
frequency for all the composites increased, the conduc-
tivity value increased. L-LHCI has the lowest conduc-
tivity value of all the samples measured. Its conductiv-
ity value at 20 Hz is 8 *10® S/m and grows to 5 * 10
S/m at 1 MHz. As the content of the KNNLST ceramics

1 —— L-LHCI-100 /
0,0014 —=— L-LHCI 80-KNNLST 20 e ¥
i+ L-LHCI 60-KNNLST-40

1—— L-LHCI 50-KNNLST 50 o )
1E-4 - L-LHCI 40-KNNLST-60 o~

] —<— L-LHCI 20-KNNLST 80

1E-5 3

Conductivity [S/m]

1E-6

1E-7 3

1E-8 4———rrrr——
10 100

T T T T
1000 10000 100000 1000000

Frequency [Hz]

Figure 5. A log-log graph of conductivity as a function of frequency
for L-LHCI-KNNLST composite.
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in the composite increases, the conductivity values also
increase. The conductivity value for KNNLST ceramics
shows that at 20 Hz, the conductivity value is similar
to that of other samples. Still, as the frequency rises to
more than 1 kHz, the conductivity value increases more
than any other sample. This is because there are more
structural imperfections in ceramics, leading to the
creation of more pathways for electrons to move.

4, Conclusion

The study examined the creation of a composite for di-
electric devices by mixing L-Lysine HCl with KNNLST
ceramics. The morphology of the L-LHCI was affected
by the introduction of water as a solvent. The addition
of ceramics resulted in the formation of new nanosized
grains, and at high ceramics content, flake-like grains
were obtained. The phases in the composites changed
from amorphous for L-lysine HCI to two-phase tetrag-
onal-orthorhombic for KNNLST ceramics. Increasing
ceramics content increases the composite’s dielectric
constant value. The dielectric properties follow the
same trend, decreasing with increasing frequency,
while conductivity values increase with increasing fre-
quency.
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Abstract: Since AlSI 316L stainless steel has excellent mechanical qualities and resistance to corrosion, it is widely used
in many different industries. Surface treatments like etching and sandblasting are frequently used to improve the surface
properties for certain uses. It is still difficult to comprehend how these treatments affect the material’s resistance to corrosion
and wear, though. In this work, we methodically examine how sandblasting and etching affect AISI 316L stainless steel’s
resistance to corrosion and wear. We assess the morphological, chemical, and performance changes brought about by these
treatments using X-ray diffraction, scanning electron microscopy, microhardness testing, and tribological analysis. Qur
findings show that the surface morphology and chemistry are dramatically changed by both treatments, which has an impact
on the corrosion and wear behavior of the material. The best wear resistance was obtained from the sandblasted sample
(0.64 x10°* mm3/Nm) and the best corrosion resistance was obtained from the untreated sample. The optimization of surface
treatment techniques for stainless steel alloys in many industrial applications is facilitated by these findings.

Keywords: 316L, Etching, Blasting, Wettability, Wear, Corrosion.

...................................................................................................................................................................................................

1. Introduction these methods are intended to support specific attri-

butes like corrosion resistance, wear resistance, or vi-
Many industrial applications, such as aerospace com- sual attractiveness [4].
ponents and biomedical implants, use AISI 316L stain-
less steel as a foundation material [1]. Its exceptional
mechanical properties and corrosion resistance are

well known. Because of its remarkable corrosion resis-

Sandblasting and etching surface treatments have at-
tracted the greatest attention among these methods
and have the potential to enhance surface characteris-

tance and biocompatibility, AISI 316L stainless steel is
a highly favored alloy among its numerous grades [2].

The surface integrity of AISI 316L stainless steel is
critical to the effectiveness of material in critical appli-
cations since the material’s performance can be ham-
pered by exposure to corrosive chemicals and mechan-
ical stresses [3]. Numerous surface treatment methods
have been created to enhance surface characteristics;

tics since they can alter the chemistry and topography
of the surface [5]. While sandblasting creates a rough
texture by abrading the surface with high-speed abra-
sive particles, etching, which involves the chemical
disintegration of surface layers, alters the surface mor-
phology and composition [6].

It is difficult to fully understand how etching and shot
blasting affect the corrosion and wear resistance of AISI
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316L stainless steel, despite their widespread use[7]. It
is critical to close this information gap in order to en-
hance surface treatment protocols and material selec-
tion in a range of industrial applications [8].

When the literature was examined, it was seen that
acid etching and sandblasting processes had previously
been applied to the 316L. material and that wear, cor-
rosion and surface wettability had not been mutually
examined. It is thought that this gap in the literature
will be filled with this study.

This study methodically looked at the corrosion and
wear resistance provided by surface treatments such as
sandblasting and etching applied to AISI 316L stainless
steel. The purpose of this work is to clarify the intricate
relationships between surface morphology, chemistry,
and performance properties by combining sandblasting
and etching surface treatments, thereby offering crucial
information on the design and optimization of surface
treatment protocols for stainless steel alloys. Each sam-
ple was evaluated using scanning electron microscopy
(SEM), X-ray diffraction (XRD), and microhardness
testing. The electrochemical and wear properties of
the samples were then examined using pin-on-disk tri-
botester and electrochemical impedance spectroscopy
(EIS), respectively.

2. Experimental details

Austenitic stainless-steel samples (AISI 316L) with a
diameter of 10 mm and a thickness of 3 mm were used
for this research. Alumina powder was used to polish
AISI 316L samples after they had been ground using
SiC sandpapers (80-1000 mesh). It was then cleaned
with ethanol and dried.

Subsequently, the AIST 316L samples underwent sur-
face treatments, including etching and sandblasting, as
depicted in P-Figure 1. The sample AISI 316L that was
etched was created according to a different study, which
involved etching it in diluted hydrofluoric acid and then
controlling its oxidation in hydrogen peroxide [9]. As
stated in a different work, 700 pm Al,O, was used to
prepare the blasted AISI 316L sample[10].

AISI 3161 Stainless Steel
+ Etching Surface Treatment

~ I

AISI 316L Stainless Steel

The phase of 316L samples was determined on a 260
scale spanning 20° to 100° using an XRD-GNR-Explor-
er X-Ray diffraction apparatus in conjunction with a
Cu-K (= 1.54059) source operating at 40 kV and 30 mA.
All phases were distinguished by comparing them to
the International Diffraction Data Center (ICDD) stan-
dard cards. The top was photographed using the FEI
QUANTA 250 Scanning Electron Microscope. The con-
tact angles of the samples were determined by means of
a contact angle measurement system (Attension Theta
Lite C204A, Biolin Scientific, Sweden). 5 mL volumes of
distilled water drops were used for contact angle mea-
surements. Five different measurements were made for
each sample and average values were used. Experiments
were carried out at room temperature. Distilled water
was dropped onto the sample surface from a height of
3 cm. All contact angle measurements were performed
under the same conditions [11]. Using a Buehler Mi-
cromet device, Vickers microhardness measurements
were carried out by loading for 10 s at a force of 10 g
and averaging data from 5 distinct locations as applied
in the previous study [12].

To find out the tribological characteristics of 316L
that has been pack sandblasted, etched, and untreat-
ed, Turkyus PODT and RWT reciprocating tribotest-
er were utilized. As per the ASTM G133-02 standard,
the wear tests were conducted using a 6 mm diameter
AL, (alumina) ball and 316L under friction circum-
stances in dry sliding settings, at a room temperature of
approximately 22 °C and a relative humidity of roughly
50% [13]. The wear test settings were set to 1 N of load,
8 mm/s of wear track length, and 141 m of sliding dis-
tance as for ASTM G133-02.

316L samples that had been sandblasted, etched, and
untreated were subjected to electrochemical corrosion
testing. The samples underwent two repetitions of the
potentiodynamic polarization and open circuit potential
(OCP) tests for each parameter assessed with the Gamry
Reference 3000 potentiostat/galvanostat/ZRA [14].

3. Results and discussion

P»Figure 2 shows the X-ray diffraction (XRD) patterns
of substrate 316L. It can be seen that the substrate left

AISI 3161 Stainless Steel
+ Blasting Surface Treatment

>

Figure 1. Schematic representation of surface treatments applied to AlSI 316L samples
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Figure 2. XRD patterns of substrate 316L

untreated consists entirely of austenite structure [15].

»Figure 3 shows SEM pictures of etched, sandblast-
ed, and untreated 316L surfaces. As anticipated, the
untreated surface merely shows the scratches that
were created on it following the application of polish-
ing. Surface roughness increased following the etching
procedure in comparison to the untreated surface [16].
It is evident that the 316L surface is severely damaged
by the sand grains sprayed on it, resulting in a rougher
structure than the untreated surface [17]. Thus, follow-
ing the application of both surface treatments, it is evi-
dent from the SEM pictures that the surface morphol-
ogy has changed.

PFigure 4 presents contact angle measurements of
316L surfaces that have been etched, sandblasted, and
left untreated. It is well known that a hydrophilic or hy-

Table 1. Results of tests performed on all samples for wettability, hardness, corrosion, and wear.

E_. (mV) i, (X10°A/cm?) Contact Angle (® Hardness (HV,,) Wear rate (x10-* mm?/Nm)
Blasted -150 1545 65 470-500 0.64
Etched -140 1540 30 290-310 0.86
Untreated -160 15.50 58 280-300 0.84

Figure 3. SEM images of (a) substrate, (b) etched, and (c) blasted 316L samples.
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drophobic characteristics of surface can be determined
by the contact angle values that are derived from the
surface [18]. It is known that contact angles less than
90° are hydrophilic, while those greater than 90° are
hydrophobic [19]. Hydrophilicity was observed on the
untreated surface, with a contact angle of roughly 53°.
At a contact angle of 30°, the etched surface exhibited
more hydrophilicity than the untreated surface. Ac-

cording to published research, the increase in hydroxyl
groups on the surface of etched samples is primarily
responsible for their enhanced wettability when com-
pared to untreated samples [20]. At a contact angle of
65°, a hydrophobic surface was achieved on the blasted
surface. Prior research in the literature has indicated
that the contact angle increases in tandem with surface
roughness [21].

Open Circuit Potential

-40,00 mV
¢ Blasted 316L
-50,00 mv - Etched 316LL
-+ 316L
— -60,00 mV
&
s
< -70,00 mV
-80,00 mV

-90,00 mV
0,000 1,000 ks

Figure 5. OCP of untreated, etched, and blasted 316L samples.

2,000 ks 3,000 ks 4,000 ks

T(s)

Figure 4. Contact angles of (@) substrate, (b) etched, and (c) blasted 316L samples.
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The open circuit potential (OCP) data of 316L samples
that were etched, blasted, and untreated are displayed
in P-Figure 5. Untreated, etched, and blasted samples
show comparable OCP curves this trend is common for
passive metals [22]. The trend of 316L. sample suggests
that corrosion cannot happen until voltage is provided
[23]. In contrast to the untreated sample, it is evident
that the OCP values of the blasted and etched samples
moved negatively. This suggests that following the ap-
plication of surface treatments, the corrosion resistance
of surface has decreased.

P»-Figure 6 displays the potentiodynamic polarization

data that were acquired from electrochemical tests
conducted on untreated, etched, and blasted samples in
SBF solution. P>Table 1 presents the data on corrosion
potential (Ecorr) and corrosion current density (Icorr)
derived from the polarization curves. The corrosion
current density (Icorr = 15.5 x 107°A/cm?) and corro-
sion potential (Ecorr = - 160 mV) are highest and low-
est, respectively, in the untreated sample. In contrast,
the etched sample exhibits the lowest corrosion Icorr
(15.4x1075A/cm?) and the highest positive Ecorr (— 140
mV) when compared to the etched and blasted sample.
Higher Ecorr and lower Icorr values indicate better
corrosion resistance [24]. Every potentiodynamic curve

1,000 mA

Potentiodynamic Scan

100,0 uA

10,00 uA

1,000 uA

Im (A)

100,0 nA

10,00 nA

1,000 nA ! ' ' ' '
-1,000 vV -500,0 mV

0000V ' '  5000mv ' ' " 1000V
VFf (V vs. Ref.)

- Blasted 316LL
- Etched 316L
o 316L

Figure 6. Potentiodynamic polarization curves of untreated, etched, and blasted 316L samples.

Figure 7. SEM wear trace images of (a) substrate, (b) etched, and (c) blasted 316L samples.
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of samples has a 316L-typical form. The etched sample
and the blasted sample both stabilize at the lowest po-
tential. As can be observed from the OCP values, the
stabilization of the etched and blasted sample at a lower
potential than the untreated sample suggests that the
316L surface is damaged as a result of the applied sur-
face treatments [25].

It was clear from looking at P-Figure 7 and the wear rate
statistics in P>Table 1 that the etched sample with the
lowest wear resistance was the one with a wear rate of
0.86 x 107® mm?3/Nm. After the etched sample, untreat-
ed and blasted samples were placed in that order. The
blast sample with the highest wear resistance value
was the one with the shortest wear trace and lowest
wear rate (0.64 % 10 mm?/Nm). It is commonly rec-
ognized that an ability of materials to withstand wear
is significantly influenced by its surface hardness [26].
Archard’s law states that a higher surface hardness ac-
tively increases wear resistance by reducing the contact
between the coating system and the wear ball [27].

4, Conclusion

Our comprehensive research investigated the effects
of sandblasting and etching surface treatments on the
corrosion and wear resistance of AISI 316L stainless
steel, revealing significant changes in surface prop-
erties following these treatments, which notably af-
fected the material’s performance in industrial envi-
ronments. Both sandblasting and etching altered the
surface morphology and chemistry, leading to changes
in corrosion behavior. Despite the observed increase
in surface roughness and hydrophilicity after etching,
the corrosion resistance of the material decreased, as
evidenced by negative shifts in the open circuit poten-
tial. Similarly, while sandblasting provided a rougher
surface and higher hydrophobicity, it also compromised
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Abstract: This study performs mechanical analysis for Al/Foam composite sandwich panels under 3-point bending using
numerically and experimentally. The flexural rigidity, elastic deflections, and normal, shear stresses are obtained by analytical
calculations of the Timoshenko beam equation and compared finite element (FE) models for 3-point bending loading
conditions. The FE models are constructed using 2D single-layer shell and 3D solid discrete-layer models. The validity of FE
models at the analysis is evaluated for Al/PVC Foam sandwich composites for the elastic state. The experimental bending
results of Al/XPS Foam sandwich composites are compared with numerical models at elastic and elastoplastic states. The
elastic results indicate that the out-of-plane deflection results agree well across numerical and analytical models. Normal
stresses at the core are higher in 3D discrete-layer solid models compared to laminated shell theory-based models for thick
plates, due to the more accurate characteristics of the discrete-layer solid models. The Timoshenko beam theory-based
analytical bending results show a good correlation with the results from laminated shell theory-based finite element method
(FEM) analyses. Elastoplastic FEM analysis indicates that discrete-layer-based 3D solid FEM models effectively predict local
effects dependent on indentation failure.

Keywords: Sandwich Panels, Timoshenko Beam Theory, Composite Laminate Modeling, Discrete-layer Modeling, Elastic and
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rials include foams, honeycomb structures, and balsa
wood [2]

1. Introduction

A sandwich structure is a special class of composite

structure commonly used in engineering and manufac-
turing. It consists of two outer layers, called face sheets,
and a core material sandwiched between them. This
design offers a combination of lightweight construction
and high stiffness, making it ideal for various applica-
tions across different industries [1]

The core material is positioned between the facesheets
and is crucial in determining the structural properties.
It is chosen based on the desired characteristics of the
sandwich structure, such as weight reduction, stiffness,
insulation, or impact resistance. Common core mate-

Aluminum polymeric foam sandwich structures com-
bine aluminum facesheets with a polymeric foam core
to create lightweight composite materials. These sand-
wich structures offer a unique combination of proper-
ties that make them valuable in various engineering
and manufacturing applications. Aluminum facesheets
are combined with a foam core to create a lightweight
structure, which is critical for applications where
weight reduction is required. Aluminum enhances the
strength of the structure, ensuring it can withstand me-
chanical loads and stresses. [3].
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Mechanical analysis of al/foam composite sandwich panels under elastic and elastoplastic states

Over the last half-century, various theories have been
developed to accurately and effectively analyze compos-
ite structures. These include the equivalent single-layer
theory, layerwise theory, zig-zag theory, and 3D elastic
methods, among others [4].

Equivalent single-layer theories, such as classical lam-
inated plate theory and first-order shear deformation
theory, effectively predict the global responses of thin
laminated composite plates and shells. However, they
struggle to accurately capture the behavior of thick
laminated composites, particularly regarding local re-
sponses such as the distribution of ply-level stresses.
This limitation stems primarily from the continuous
assumption of in-plane displacements inherent in these
theories [5].

Numerous studies in the literature have employed the
equivalent single-layer approach, incorporating 2D finite
element (FE) shell models, to conduct comprehensive
investigations of laminated composites and sandwich
plates in both elastic and elastoplastic regions [6-8].

Shear deformations are important for sandwich panels
where the core is relatively thick compared to the face-
sheets. The Timoshenko beam theory, also known as
the first shear deformation theory, considers the effect
of shear deformation in addition to classical bending. In
theories like the first-order shear deformation theory,
where transverse shear strains are assumed to be con-
stant through the thickness direction, shear correction
factors are required.

The accuracy of solutions obtained from the first-order
shear deformation theory heavily depends on the ability
to predict more precise shear correction factors [5].

A FE formulation of the classical linear first-order
shear deformation theory for layered shells can be
found in Reddy’s book [9]. Pagano’s pioneering work
on the three-dimensional layerwise elasticity solution
provides a robust framework for analyzing interlami-
nar stress fields in multilayered composite plates under
mechanical loading conditions [10]. Simple equivalent
single-layer theories often fail to accurately character-
ize the three-dimensional stress field at the ply level,
making them unsuitable for simulating damage in lam-
inated composites [11]. Reddy introduced a generalized
laminate plate theory that incorporates discrete-layer
transverse shear and transverse normal effects, effec-
tively reducing the 3D elasticity theory of plates into a
2D laminate theory [12].

The Layerwise Theory characterizes laminated com-
posites by treating them as an assembly of individual
layers. Alternatively, it employs one-dimensional inter-
polation functions to model the displacement and stress
fields along the thickness direction. This approach en-
ables a detailed representation of the behavior of each
layer within the composite structure, capturing the

@ European Mechanical Science (2024), 8(3)

complexities of interlaminar interactions and allowing
for accurate analysis of laminate performance [11]. The
discrete-layer-based layerwise method typically offers
more precise predictions of stresses and deformations
within the sandwich panel by explicitly modeling the
composite’s layering and facilitating detailed stress
analysis in each layer. It is a valuable tool for analyzing
sandwich panels, especially when dealing with compos-
ite materials with complex layering and when detailed
information about interlaminar stresses and failures is
required. It allows for a comprehensive understanding
of the structural behavior of these composite struc-
tures. [13].

Discrete-layer implemented FE shell modeling is a
common approach for modeling laminated composites
both in linear and nonlinear cases, as demonstrated by
Mawenya and Davies [14] and Reddy [15]. When mod-
eling sandwich panels, it is crucial to consider various
failure modes, such as delamination between layers,
core shear, indentation, and local buckling, depending
on the application and loading conditions. [16-18]

The interaction between the facesheets and the core
material is crucial in determining failure modes. A
comprehensive FEA study should consider these inter-
actions and provide insights into the structural perfor-
mance and safety of the sandwich panel under various
loading conditions. For detailed analysis of sandwich
panels, especially for critical engineering applications,
finite element analysis (FEA) is often employed to ac-
count for both bending and shear deformation. FEA al-
lows for accurate modeling of complex geometries and
material properties and can consider discrete deforma-
tion modes simultaneously [19].

The 3D displacement-based finite element method
(FEM) can provide precise displacement and stress
field solutions, but it demands substantial computation-
al resources [11-12]

3D FEM discrete-layer models can capture local fail-
ure and debonding characteristics. These models per-
mit the definition of interface damage. Abrate and co-
workers investigated the cohesive zone delamination of
interface layers using a 3D FEM discrete-layer model
[20]. Hower and coworkers studied the effects of fiber
bridging on the delamination of the face sheet and core
of honeycomb sandwich panels using a FE model [21].

In this study elastic properties of Al/foam sandwich
panels are obtained by simple mechanics of materi-
als approach and compared with commercial FEA
code Ansys results namely 2D single-layer Shell and
3D discrete-layer solid modeling approaches. Shear
terms are considered both in analytical and numerical
calculations. The FEA 2D Shell model is based on the
laminated shell theory namely the Mindlin plate shell
approach. Shell elements have been shown to yield ac-
curate results for thin-walled composite plates when
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considering the first-order shear deformation theory
[22]. The effectiveness of 3D solid single-layer and dis-
crete-layer FEM models in the nonlinear zone is estab-
lished and compared with experimental test results.

2. Materials Method

2.1. Sandwich Beams Bending Equations

In Timoshenko’s theory for sandwich beams, deflec-
tion is typically calculated using beam bending theory.
Timoshenko’s theory accounts for shear deformations
in addition to bending, providing a more accurate pre-
diction of deflection compared to the Euler-Bernoulli
beam theory, which neglects shear effects [23].

The displacement field in Timoshenko beam sandwich
beam theory

u(x,Z) = Uy (X) —Z wx (1)

w (%) = wo(x) )

The strain fields is defined as follow

o duo  doy

X dx dx 3)
_ dWD d_U

YXZ - dx dz (4)

Here u(x, z) is the axial displacement across the thick-
ness, ¢, and y,, are the axial and shear strain of the
composite, u,,w, is the axial and transverse displace-
ment of the midplane, @, is the rotation of the cross sec-
tion according to the x axis.

The governing equations bending for a Timoshenko
sandwich beam with transverse uniform external load
q(x), which include the effects of bending and shear de-
formation, can be formulated as follows

dN

w0 (5)
2 rqkx) =0 ®)
dM

The stress resultants namely axial force, moment and
shear forces can be written as follows [24]

dug

Ny=A x

do
+B ™ (8)
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—pde 9
MX_de+Ddx )
d
Qx = kSGCAC (d_‘: + wx) (10)

Here A,B and D are the extensional, coupling and
bending stiffness respectively, kg is the shear correc-
tion factor,GC is the shear modulus of the core, AC is
the cross - sectional area of the core. The governing dif-
ferential equations can be obtained by combining stress
resultants.

The following assumptions are used in formulations of
symmetric laminated beam theory [24]

My, = My, =Q, =9, =0 ,w, and @, are the functions
ofxand q(x) = F, is defined as transverse point load.

The out-of-plane deflections are considered in the anal-
ysis A and B stiffness are zero in the absence of plane
forces at symmetric laminate beam theory. The three-
point bending problem with transverse point load, the
moment, and shear resultants are given as follows by
these assumptions.

—pL_Fx
M(x)—Ddx 5 (11

Q(x) = kG A, (Z_V: + ®x)) = % Z% (12)

The stress resultants are solved according to the simply
supported boundary conditions below and integration
constants are found.

x=0 w0)=u(0)=0, x=1L,w(l)=0, mx(g) =0
The @, and w, values are obtained respectively with
boundary conditions, maximum transverse deflection
is occurs at the x=a/2 is given in the following formula.

PL3 PL PL3 PL
Whax = = +
48D | 4K GeA.  48(EDeq = 4 (AG)eq

(13)

Here D = (El)eq, GcAc = (AG).q is the equivalent
elastic and shear rigidity, and K is a shear correction
factor.

The equivalent elastic properties of the sandwich com-
posite are obtained using the parallel axis theorem be-
low [25]
Ebt®  Efbc®  Egtd? Efbc?
(ED)eq = —+ = T~
6 12 2 2

(14)

Sandwich composites typically consist of two facesheets
bonded to a lightweight core material. Here Ef, E; are
the face material and core materials’ elastic modulus,
respectively.

https://doi.org/10.26701/ems.1491014 @
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t is the facesheet thickness, L is the face sheet span
length, b is the facesheet width, c is the core thickness,
and d is the total beam thickness seen in Figure 1.

Figure 1. Sandwich beam in three-point bending with central trans-
verse load

The equivalent shear rigidity is given below.

bd2G,
(AG)eq = — (15)

This equation assumes that the facesheets contribute
negligibly to the overall shear stiffness compared to
the core material. When a sandwich beam is subjected
to bending, it experiences bending and shear deforma-
tion. This deformation results in both normal and shear
stresses within the beam. The studies indicate that the
core experiences negligible normal stresses, while its
main function is to withstand shear loads [26]. The max-
imum normal stresses at the core and facesheets and
shear stresses at the core of a sandwich beam are typical-
ly calculated using appropriate stress formulas derived
from both bending and shear deformation theories [25].

_ MgE: _ PL E;
0c(z) = (EDeq  4btc Er (16)

M,Ef _ PL

or (z) = (EDeq  4btc an

P [Efd] _ P
2(EDeq

Te(2) =

2 17 2be (18)

2.2.Finite Element (FE) Modeling of Sandwich Compos-
ites

In this study, numerical modeling of Al/foam sandwich
composites is conducted using shell laminated sin-
gle-layer modeling and solid discrete-layer approaches.
The validity of these models under elastic conditions is
discussed, and numerical examples are provided for Al/
PVC Foam sandwich composites. The solid discrete-lay-
er model and solid laminated single-layer models are
also compared with experimental results for Al/XPS
Foam sandwich composites under three-point bending.

Laminated Shell Model

Layer-based shell and solid elements are a known ap-
proach used in FEA to simulate the behavior of sand-
wich structures [27]. The shell layer-based models
simplify the complex three-dimensional geometry of
the sandwich structure into two-dimensional shell ele-
ments with an equivalent single-layer theory approach.

Shell modeling balances computational efficiency and
accuracy, making it a widely used approach for analyz-
ing sandwich composites in engineering applications.
This study utilizes the Mindlin shell theory in the nu-
merical model. The mechanical properties of Al / PVC
Foam sandwich composites are given in Table 1 [28].
The three-point bending dimensions in the analysis are
determined according to the ASTM C393 standards.

The shell model and simply supported boundary condi-
tions are given in Figure 2.

The two-dimensional quadratic type element Shell281

@

(b)

Figure 2. The shell laminated single-layer model a) Mesh b) Boundary conditions

Table 1. The Mechanical Properties of Al/ PVC Foam Sandwich Composites

PVC Foam Elastic PVC Foam Shear PVC Foam Density PVC Foam Al Sheet Elastic Al Sheet Density Al Sheet Thickness
Modulus [MPa] Modulus [MPa] [kg/m3 Thickness [mm] Modulus [MPa] [kg/m?3] [mm]
104 30 80 70000 2710 15

@ European Mechanical Science (2024), 8(3)
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uses 1120 elements in the shell FE model, consider-
ing convergence seen in Figure 3. The midspan load is
1000N considering elastic loading conditions. Beam
width (c) is 75mm and beam span length (L) is 200mm
in the analysis.

Von Mises Stress
| S
[

0 200 400 600 800 1000 1200

Element Number

Figure 3. The convergence study at the shell model

Discrete-Layer Sandwich Composite Model

Discrete-Layer sandwich model is a composite struc-
tural analysis that accounts for the individual layers
within a sandwich structure, considering their specific
material properties and orientations. In the solid dis-
crete-layer finite element model, the three-dimensional
quadratic type element Solid186 is utilized, incorporat-
ing 7200 elements. This model considers both conver-
gence and computational time factors. The hex-domi-
nant multizone mesh and node merging command are
employed at the interface between facesheets and the
core to ensure continuity of load transfer. The FE solid
model and boundary conditions are depicted in Figure 4.

2.3. Three-Point Bending Test of Al/XPS Foam Sandwich
Panels

To assess the effectiveness of the discrete-layer model
in the plastic region, experimental three-point bending
results, specifically load-deflection data, for Al/XPS
Foam sandwich composites are compared. The dimen-
sions for the three-point bending test are obtained for
three specimens according to ASTM C393 standards.
The experimental setup and deflection scenes are de-
picted in Figure 5. The beam geometry, face, and core
material properties are given in Table 2. The XPS me-
chanical properties are obtained from compression
tests from the literature [29].

Here ( E E) is the elastic modulus of the Aluminum
sheet and XPS foam core respectively, (o, o) is the
yield and tensile strength of Aluminum sheet respec-
tively, (&7t €cue ) is the ultimate strain at break of
facesheet and core material respectively, 0. is the
compressive strength of XPS foam, (p;,p.) are the
density of the facesheet and foam core respectively.

In this research, the mechanical properties of XPS
Foam are determined through the results of compres-
sion tests. A multilinear kinematic hardening model
is employed to obtain accurate material behavior data
for XPS foam compression stress-strain curves, and the
multilinear isotropic hardening material model is used
for the modeling of Al 1050, as seen in Figure 6 below.

Table 2. Al/XPS sandwich beam geometry and face/ core material properties

Beam Geometry [mm]

Face Material AI1050

Core Material XPS Foam

E 0 o Pr . o Pe
b c t L ¢ Iy It Er it & cc Ecul k
[GPal  [MPpa] [MPal = (X9, [MPa] Y )
m3 m
75 195 2 200 70 45 120 035 2710 7 0150 025 28

Figure 4. The discrete-layer model a) Mesh b) Boundary conditions
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3. R It d Di . Foam sandwich composites subjected to three-point
- Results an Iscussion bending. These results are compared with those from
the Timoshenko sandwich beam model.

3.1. Laminated Shell Model Results The shell layer-based single-layer theory approach has

been shown to provide results that correlate well with
This section presents the results of the laminated shell the Timoshenko beam theory for bending isotropic and
model derived from the 2D shell model for Al/PVC functionally graded beams [30]. This correlation is also

Figure 5. Three-point bending test setup and samples

140
0,16
120
0,14 =
& S100
S 0,12 :
7 o 80
g 0,1 £
“0,08 60
0,06 40
0 0,1 0,2 -003 0,07 0,17 027 037
Strain (mm/mm) Strain (mm/mm)
@ ®

Figure 6. Materials models definitions at fem analysis a) Multilinear kinematic hardening model of XPS foam b) Multilinear isotropic hardening
model of aluminum
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demonstrated in Kholkin’s study on the 3-point bend-
ing characteristics of laminated composite beams [31].

The normal stress results are shown in Figure 7 below.

@

(b)

©

Figure 7. Normal stresses shell model a) Outer face sheet b) Inner
facesheet c) Core

The normal stress results indicate that the core expe-
riences compressive stress at the top and tensile stress
at the bottom surface. The facesheets also experience
maximum normal stresses during bending. The outer
facesheet on the tension side experiences maximum
tensile stress, while the inner facesheet on the compres-
sion side experiences maximum compressive stress.

Shear stresses are typically highest at the interface
between the facesheets and the core material. Shear

Table 3. The shell model results versus analytical results.

stresses in the core usually peak near the neutral axis
as seen in Figure 8 below.

Figure 8. Shear stresses of the core at the shell model

The analytical results obtained from the Timoschenko
sandwich beam model are compared with a laminated
beam sandwich composite using a 2D Shell FE model,
as seen in

Table 3. In Table 3 analytical and shell model results
are denoted by subscripts “A” and “SH” respective-
ly. The facesheet and core are denoted by “F” and “C”
respectively. The maximum deflection, bending, and
shear stresses are denoted by symbols 8,0 and T re-
spectively.

3.2. Discrete-layer Sandwich Composite Model Results

The results of the discrete-layer solid model obtained
for Al/PVC Foam sandwich composites under three-
point bending are presented. These results are com-
pared with those from the laminated shell model. The
normal and shear stress results are shown in Figure
9-10 below. It is seen from the figures that the stress
zones in the discrete-layer solid model correlate with
those in the shell model, whereas the local load-affected
zone is more pronounced in the discrete-layer model.

The numerical results obtained from the discrete-layer
model is compared with the Shell model at the following
Table 4. In the table, SOL” denotes solid model results.

A good correlation is observed in the deflection and
normal/shear stress results of the core material within
the elastic region. However, underestimated results are

04 OaF Oac Tac Osy OsH,F JsH.c TsHc
[mm] [MPa] [MPa] [MPa] [mm] [MPa] [MPa] [MPa]
1073 2962 0.044 0444 1072 2957 0035 0408
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Figure 9. Normal stresses of discrete-layer model a) Outer facesheet b) Inner face sheet ¢) Core

0,25207
-0,35280
-043372

Figure 10. Maximum shear stresses at the core at discrete-layer
model

noted for the facesheet stresses, which are particularly
crucial for the failure analysis of sandwich composites.

It is evaluated that the discrete-layer model offers more
precise predictions of stresses and deformations within
the sandwich panel due to its explicit modeling of the
composite’s layering, enabling detailed stress analysis
within each layer. The effectiveness of the discrete-layer

model in elastoplastic states is studied in the following
section to make predictions regarding the failure anal-
ysis of sandwich panels.

3.3. Effectiveness of Discrete-layer Model at Elastoplas-
tic Region

Discrete-layer models are particularly suitable for cap-
turing nonlinear deformations in sandwich composite
structures, including plastic deformation, in contrast
to laminated shell models. These models offer a more
detailed representation of the composite’s behavior by
accounting for variations in material properties and
deformations through the thickness of each layer. Rad-
hakrishnan and coworkers show that the discrete-layer
solid FEM model provides results that correlate well
with 3-point bending experimental results of Al sand-
wich composites for different support span-to-thickness
ratios and width-to-thickness ratios [32]. The experi-
mental three-point bending results, specifically load-de-
flection data, for Al/XPS Foam sandwich composites are
compared with the discrete-layer model in Figure 11.

Table 4. The discrete-layer solid model results versus laminated shell single-layer model results.

Sso1 OsoL,F OSOL,C [Mpa] TsoL,c
[mm] [MPa] [MPa]
1.049 56.93 0.032 045

Ssy OSH F OsH,.C TsH,c
[mm] [MPa] [MPa] [MPa]
1.072 29.57 0.035 0408
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Figure 11. Load- deflection curves of Al/Xps foam sandwich panels under transverse load

The failure study focuses on facesheet yield and inden-
tation. This study can extended by counting other failure
types such as core shear and debonding failures, partic-
ularly with higher core layer thickness ratios.

The load-deflection results indicate that the dis-
crete-layer model predicts well in the elastic region, and
approximate results are obtained in the elastoplastic
regions. However, it is observed that the ultimate fail-
ure is not well predicted, which highlights the limita-
tions of the multilinear kinematic hardening model and
the poor bonding at sheet-core interfaces observed in
experiments.

Uzay and coworkers [18], as well as Alshahrani and co-
workers [33], noted in their numerical and experimental
studies that under 3-point bending loading conditions,
the predominant failure modes of foam core-based
composite sandwich panels can be summarized as a
tensile failure, local indentation, upper skin debonding
at the impact point of the indenter, and delamination
through the thickness of the sandwich composites. Sim-
ilar correlated results are observed in our study.

The types of failures observed in the experiments are
summarized in Figure 12 below.

A modification is made to a discrete-layer model to ana-
lyze the effects of indentation by adding supports, poten-
tially roller supports, particularly in the plastic region
seen in the following figures. The results of the dis-

European Mechanical Science (2024), 8(3)

Face Sheet Yield
Failure

Sheet Debonding Indentation Failure

Figure 12. Failure zones occurred during the three-point bending test
of the Al/XPS sandwich plate

crete-layer model are compared with those of the lam-
inated solid composite single-layer model in Figure 13.

The figures indicate that the face yield zone is larger
for discrete-layer models than for laminated composite
models. Additionally, discrete-layer models more ac-
curately predict local strains. Both discrete-layer and

https://doi.org/10.26701/ems. 1491014 @
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e )

Figure 13. Three-point bending results a) Laminated model von Mises stresses b) Laminated model core plastic strains ¢) Discrete-layer model 1
Von Mises stresses d) Discrete-layer model 1 core plastic strains e) Discrete-layer model 2 Von Mises stresses f) Discrete-layer model 2 core
plastic strains

e) )

Figure 14. Three-point bending results a) Laminated model shear stresses at face sheet b. Laminated model shear stresses at core c. Discrete-lay-
er model 1 shear stresses at face sheet d. Discrete-layer model 1 shear stresses at core e. Discrete-layer model 2 shear stresses at face sheet f.
Discrete-layer model 2 shear stresses at the core
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composite models predict the face yield failure. The
local strains effective in the larger face yield zone and
indentation failure are predicted more accurately by
the discrete-layer models. The sheet debonding failure
at the core and sheet interface is another issue observed
at experiments due to the interlaminar shear stresses
and poor bonding of epoxy. The shear stress results ob-
tained from the discrete-layer models and the laminat-
ed composite model are compared in Figure 14.

Shear stresses are critical in the failure of sandwich
panels, with core shearing failure occurring when the
shear stress in the core reaches the yield strength of
the core material. Face debonding and indentation oc-
cur when the loading is extremely localized [34]. In our
study, the discrete-layer solid FEM model results, seen
in Figures 13 and 14, correlated with experimental re-
sults, indicate that the face yield affected plastic strain
and shear stress zones in the core are localized. This lo-
calization is the reason for the indentation and debond-
ing at the interface. The indentation failure is more ac-
curately predicted by adding roller supports.

4. Conclusions

In this study, the effectiveness of the shell-based lam-
inated single-layer composite model versus the dis-
crete-layer solid FE model is focused on Al/foam
sandwich composites. The sandwich beam three-point
bending calculations derived using the Timoschen-
ko sandwich beam model are compared with results
from shell-based and discrete-layer solid FE models in
the elastic region. The results indicate that the shell-
based FE model results agree well with Timoshenko’s
sandwich beam theory. The normal and shear stress
effective zones correlate in both shell-based and dis-
crete-layer solid FE models. However, the face sheet
stresses, crucial for face sheet failure analysis, are high-
er in the discrete-layer solid model. The studies in the
literature note that discrete-layer solid models typically
offer more detailed information, especially in capturing
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Abstract: Partial differential heat conduction equations are typically used to determine temperature distribution within any
solid domain. The difficulty and complexity of the solution of the equation depend on differential equation characteristics,
boundary conditions, coordinate systems, and the number of dependent variables. In the current study, the numerical solution
schemes were developed by the Explicit Finite Difference and the Implicit Method- the Crank-Nicolson techniques for the
partial differential heat conduction equation including heat generation term described as one-dimensional, time-dependent
with the Neumann boundary conditions. The solution schemes were, then, applied to the battery problem including highly
varying heat generation. Besides, the solution of the problem was performed by using Matlab pdepe solver to verify the
developed schemes. Results suggest that the Crank-Nicolson scheme is unconditionally stable, whereas the explicit scheme is
only stable when the Courant-Friedrichs-Lewy condition requirement is less than 0.3404. Comparing the developed schemes
to the results obtained from the pdepe solver, the schemes are as reliable as the pdepe solver with certain grid structures.
Besides, the developed numerical schemes allow for shorter computational times than the pdepe solver at the same grid
structures when considering CPU times.

Keywords: Heat conduction, heat generation, Neumann boundary condition, Crank-Nicolson, pdepe solver.
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1. Introduction

Determining the temperature distribution within a solid
medium is crucial for various engineering and scientific

tion of the PDEs is possible for the simple problems [2],
and/or it requires a quite difficult solution process with
different methods [3-5]. In many real problems, solving

applications, ranging from the design of efficient heating
or cooling systems to predicting material behavior un-
der thermal stress [1]. The partial differential equations
(PDEs) of heat conduction represent the mathematical
model of the heat conduction phenomena of physical
problems defined in the solid domain. Therefore, it serves
as a fundamental tool in analyzing such problems and,
in turn, offers an insight into how heat propagates over
time and spatial direction. However, the analytic solu-

the PDEs analytically can be challenging due to complex
geometries, the number of dependent variables, bound-
ary conditions, etc. In this regard, numerical approach-
es employing finite difference (FDM) [6], finite element
(FEM) [7], and finite volume methods (FVM) [8] offer
the approximate solution of the PDEs.

The three methods aim to discretize and solve the PDEs
but the discretization methods differ from each other
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in these methods. The FDM approximates the PDEs by
using a local Taylor expansion while the integral forms
of the PDEs are used in the FEM and the FVM. Besides,
the FDM uses generally a square grid structure to dis-
cretize the PDEs while the FEM and FVM offer to dis-
cretize the PDEs defined in more complex geometries
[9]. Therefore, the FDM is frequently applied to issues
involving regular geometry and is rather easy to apply.
There are two main strategies used in numerical meth-
ods for solving PDEs: explicit and implicit schemes.
The explicit approach updates the unknown function
at each grid point by considering known values at each
time step and/or grid point, which results in simple al-
gebraic equations. Alternatively, the implicit method
uses the values of the unknown function at each grid
point for both the current and prior time steps and/or
grid points. Thus, the implicit method is computational-
ly more expensive than explicit methods. However, the
implicit method offers typically unconditionally stable
solutions while the explicit method has a stability re-
striction. Fine grid structures are needed to overcome
the stability issue in the explicit technique, which raises
computational costs for particularly stiff problems. In
addition to two methods, the Crank-Nicolson method,
known as implicit method [10], averages the explicit
and implicit methods. As the Crank-Nicolson approach
is second-order accurate in time, the solution is more
accurate and stable [11].

In many research, the FDM was used for solving the
partial differential heat conduction equations. Mojum-
der et al. [12] analyzed a one-dimensional transient
heat conduction equation with Dirichlet boundary con-
ditions in a cartesian coordinate system by using the
explicit FDM and the Crank-Nicolson method. They
reported that the Crank Nicolson method is uncondi-
tionally stable while the explicit scheme is only stable
in a certain range of the Courant-Friedrichs-Lewy
(CFL) condition criteria. Similarly, using both the ex-
plicit and implicit FDM method, Suarez-Carreno and
Rosales-Romero [13] examined the one-dimension-
al transient heat conduction equation with Dirichlet
boundary conditions in a cartesian coordinate system.
They stated that the accuracy of the methods relies on
the time step and grid size, and that the Crank-Nicol-
son technique is unconditionally stable. Whole et al.[14]
implemented the explicit finite difference method for a
two-dimensional steady-state heat conduction problem
with Dirichlet boundary conditions in cartesian co-
ordinates. They presented that the solutions obtained
from the finite difference method have low errors com-
paring to the analytical solutions. Rieth et al.[15] pre-
sented the implicit FDM schemes for the generalized
heat conduction equation in one spatial dimension for a
shifted field approach. They compared the results with
those obtained by the finite element method. They re-
ported that the Crank-Nicolson type implicit scheme
resulted in the most accurate. Han and Dai [16] pre-
sented the finite difference schemes by combining the

@ European Mechanical Science (2024), 8(3)

Crank-Nicolson method and Richardson extrapolation
which are unconditionally stable and provide better
accurate solutions for the heat conduction equation
with Neumann and Dirichlet boundary conditions in a
one-dimensional domain. In the same manner, Yosaf et
al.[ 17] carried out the solving of one-dimensional heat
equations with Dirichlet and Neumann boundary con-
ditions by developing a higher-order compact finite dif-
ference method. Dai [18] presented an extensive study
on the heat conduction equation with Neumann bound-
ary conditions for cartesian, cylindrical, and spherical
coordinates by the finite difference schemes combining
Crank-Nicolson or higher-order methods. They report-
ed that the developed schemes are unconditionally sta-
ble and have high-fidelity solutions.

The literature survey shows that most of the stud-
ies using the FDM methods have focused on solving
the homogeneous partial differential heat conduction
equation, meaning without source term. Besides, the
schemes in these studies have been presented mostly
in cartesian coordinates. The current study aimed to
develop finite difference schemes for the heat conduc-
tion problem including highly varying heat generating
in cylindrical solid domains like batteries, nuclear fuel
rods, etc. Therefore, the explicit finite difference and
the Crank-Nicolson finite difference schemes were de-
veloped for the non-homogeneous partial differential
heat conduction equation with the Neumann boundary
conditions. The non-homogenous partial differential
equation was also solved by the Matlab built-in function
pdepe solver used in many studies [19- 21] to validate
the developed schemes with a test problem defined by
the determination of temperature distribution through
a battery discharge period. Thus, the relative errors of
the developed schemes were determined by comparing
the results with those obtained from the pdepe solver.
Besides, the stability criteria of these schemes were
evaluated testing CFL conditions.

2. Model Equations and Finite Difference
Scheme Development

Considering the one-dimensional heat conduction in
the cylindrical coordinates with initial and Neumann
boundary conditions which are axial symmetric bound-
ary at r=0 and the convection heat transfer at r=R in an
ambient temperature of T_, the governing partial differ-
ential heat conduction equation is as follows;

10 aT 1 "D 10T
rar(rar)-l_ksr' T aadt
O0<rs<RO<t<t,, (1.a)

or,
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< <
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where, k and o are the thermal conductivity and ther-
mal diffusivity, respectively. s denotes the heat genera-
tion or source term.

When examining Equation 1b, it has an indeterminate
form 0/0 ratio at r =0 due to the second term (1/r AT/
Ar). By employing L'Hospital’s rule as in Equation 2,
Equation 1.b at r =0 becomes Equation 3.

a.ar
(1 aT) GG otr
a7 = = 3,2 2
rar/,—g (%)(r) ar?| _. 2
AL =2 0,0<t<t
_— —_ = —_—— = <
a2 TRt Ega T =L, ()

The initial and boundary conditions are given below.

T(r,0)=T,, rel0,R] 4)
aT(0,t)

T = 0, t e [Or I:5] (5(1)
T(R,Y)  h (R T 0
— = TRO-T]  telot] (5b)

Equation 5.a is due to the axial symmetric boundary at
r=0, and Equation 5.b implies the convective heat trans-
fer at r=R.

It is now examined the numerical solution schemes de-
velopment, based on the finite difference method-Ex-
plicit method and the Crank Nicolson Implicit method.
Let m and k be the number of nodes on a grid structure
for the spatial and time variables, respectively. Thus,
the grid steps and the grid structure, Q as shown in
PFigure 1, are defined as follows.

R At s 6
- =% (6.a)
and,

Q= {(r;,t,): ry =iAr,t,
=7At,1=01,....m1=01,....k} (6.b)

2.1. Explicit Method

The governing equations require approximations for
the first and second derivate in space, and the first deri-
vate in time. By using the first-order forward finite-dif-
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ference and the second-order centered finite-divided
differences formula, the first and second derivate terms
are discretized as follows.

The second order centered finite- difference formula:

o*T  TH, —-2TF +T~,

= 7

ar? (ar)? 0
The firs order forward finite- difference formula:

ofr TS, —T7

ar —  Ar 8.0)
and,

aT Tir+1 _ Ti‘r

e (8.b)

at At

By substituting Eq.7, and Eq.8.a,b into Eq.1.b and Eq.3,
the resulting explicit finite-difference approximations
become as below.

For Eq.1.b:
Tr'.r+1 —_ 2.'1“';:r + Ti.'_r_l + 1 Til-l-l - ]"i"-'r + lst
(Ar)? i.Ar Ar kKt
T a At ©)
For Eq.3:
T'_-T+1 _ ZTLT + Ti'l'_l 1 . 1 TiT+1 _ T"_T
++-55 =
AT 2 k t a At
(
fori=0 (r=0) (10)
t Q
t=t, - k
k-1
k-2 ¢ 99
T+1
T
-1 St
2
1 e =i
At P P I
t=0 ®—1=0 &
i:(l) 1 2 -1 1 i+l m-2 m-1 m
L L
=0 =R

Figure 1. The schematic grid structure for the finite difference discre-
tization
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By arranging Eq.9 and Eq.10,
T+1 T 1 T

1
+K (1 +—,) TS, + altG],
i
foro<i<m (r+0) (11

and,

T = 2KTE, + (1 — 4K)TT + 2KTS,

1A

+ aAtGf , for i=0 (r=0) (12)
where,
alt . .
= )2 ,and G =E 5 (13)

Additionally, the nodes i-I1 and i+ are fictitious nodes
meaning a fictitious temperature for the defining nodes
corresponding to r=0 and r=R. Therefore, by applying a
second-order central difference formula to the bound-
ary conditions, the fictitious temperatures are eliminat-
ed as follows.

—Tiil_TiT_l =0 giving; TS, = TF (14)
=0, oLy = i
2Ar =0
T T
; — T h
i+1 i—-1
— = —-= (I -Tx),
2Ar =R k
o 2Arh 2Arh
giving; T5,=T., — . T + k T (15)

By introducing Eq.14 into 12, and Eq.15 into 11, the
finite difference equations for boundary nodes are ob-
tained as

T = (1 — 4K)TT + AKTY, | + aAtGT

for i=0 (r=0) (16)
and,
1
I =KQ2+ ?)Tf_l
1 1
+[1—K(2+€)—KH (1+?)]Tf‘
1
+ KH (1 +?) T. + aAtG]

fori=m(r=R) an

where, H=2Arh/k.

@ European Mechanical Science (2024), 8(3)

Ultimately, the governing equation defined by Eq.la or
1b with the initial and boundary conditions is solved by
the obtained explicit finite difference approximations
which are Eq.16 (for boundary node at » = 0 ), Eq.11 (
for interior nodes), and Eq.17 ( for boundary node at r
=R). The numerical scheme provides an equation sys-
tem including m algebraic equations for T number with
At interval. The equation system is given in the matrix
form as follows.

T[) T+1
Ty
T,
< \
Tm—l
T
1—4K 4K £ P10 Ty \7
K ‘B1,L ﬁZ,l :... ...... T’l
o K B, B i Ty
= o -
S -
T
aAtG, T
aAtGy
aAtG,
+ 9 ) g (18)
alAtG,,_4
1
abtGy, + KH(1+—)

where,
1 1
Bri= 1—K(2+€).ﬁz,i=K(1 +?). B
1 1 1
=K(2 +?), Bai = 1—K(2 +?)—KH(1 +?)

Thus, Eq.18 is solved up to a given time by starting the
initial condition values.

2.2. The Crank Nicolson Method

The explicit finite difference approximations can result
in a problem with stability. To overcome the problem,
the implicit finite-difference methods are an alternative
way thatis somewhat more complicated than the explicit
method. The simple implicit method is unconditionally
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stable but limits the use of large-time steps for reason-
able accuracy [10]. In this regard, the Crank-Nicolson
method presents an implicit scheme that is second-or-
der accurate in both spatial and time. Therefore, it gives
a high level of accuracy with a coarser grid in the time.
In the current study, the first and second derivate terms
were discretized by the Crank-Nicolson method as fol-
lows.

I

*T 1 [T;l - 2TF +TE,
2

0r? (Ar)?
ir++11 _ ZTiT'i'l + Ti'[_'i'll

(Ar)2 (19)
B_T ~ l ir+1 — Tir + Tir++11 — Tiﬂ-l
ar 2 Ar Ar (20)
aT N Tir+1 _ Ti‘r
at At @

,and
GItt + G]

Gir+1/2 _ - [ ©22)

By substituting Eq.19, Eq.20, Eq.21, and Eq.22 into
Eq.1.b and Eq.3, the resulting Crank-Nicolson approxi-
mations become as below.

1 1
—OT 1 + [1 +0 (? + 2)] Tt -0 (1 +?) T

1 1
=0T", + [1 -0 (f + 2)] TF+0 (1 + ?) i1

+antG?
foro<i<m(r=+0) o)
,and
KTE, + (1 = 2K)TF + KT", + aAtG]
= —KTZ + (1 + 2K)TFH — KTA
fori=0(r=0) i

where, 0=K/2=a/At / 2(Ar)>.

By applying boundary conditions to Eq. 23 for the node
at r=R (for i=m), and to Eq.24 for the node at r=0 (for
i=0), the following finite-difference equations are ob-
tained.

European Mechanical Science (2024), 8(3)

1 1 1
—0(2 + DT + [1 +0G+H (1 +?) + 2)] 7+

1 1 1
=ea+?ﬂﬁl+b—eq+H(L+ﬂ+zﬂﬁ

+26H (1 + l) T+ altGI™? fori=m
! (25)
(14 2K)T7* — 2KTA
= (1 - 2K)T7 + 2KT,, + aAtG, 2,
fori=0 (26)

Thus, by employing the finite difference equations, Eq.
23, 25, and 26, the equation system in the matrix form
is written as,

T+1

+ : | 27)

1 1
)LIZ,L' = —6 (1 +?), AIS,I'. = —9 (2 +;),
1 1

hrag=1-0G+H(1+)+2)

By defining the coefficient matrixes and the vectors in
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the right and left side hand of Eq.27 as [L], [R], {T}, and
{Nh}, the equation can be written as follows.

[LI{T}™* = [RI{T)" + {NR}™+1/2 (28)

By multiplying both sides of the equation by the inverse
of matrix L, Eq.28 becomes in the form as follows,

Tyt = [LI7HRUTY + [LI7HNRY™Y2 o)

As in the explicit method, Eq.29 is solved by starting
with initial values for a given time.

3. The pdepe Solver Model

The model equation was also solved using the Matlab
built-in function pdepe which solves initial-bound-
ary elliptic and parabolic partial differential equation
(PDEs), systems in one spatial variable and time. In the
pdepe solver, the approximate solution is obtained by
integrating the ordinary differential equations (ODEs)
in a certain time, emerging with spatial discretization
[22].

The general form of the equation in pdepe solver is de-
fined as follows [23].

( . du)du
clx,t,u,—)—
dx/ ot

cm 9 du du
=x % X f(x,t,u,g) +s(x,t,u,a)(3o)

When considering the general form for m=1, it resem-
bles Equation 1. a. The variables, u, x correspond to T
and r in Equation 1.a. Thus, the functions ¢, f; and s are
defined as

1 ou
c=—, f=— ,and

p o s =G, 1) (31)

To implement the pdepe solver, the initial and boundary
conditions are defined in sub-functions with the form
as follows.

Initial condition:

ulx,0) =u0 =T, 32)

The pdepe solver satisfies the boundary conditions as
following equation form.

du
plx, t,u) + qlx, ) f (x, t, u,a) =0 (33)
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Recalling boundary conditions given in Eq.5.a ,b, the p
and g were defined as follows.

pl=0, ql =1, leftside (at r=0)
h 34
pr=—.(ur —T,), (34)

% qr = 1,right side (at r = R)

4. Implementation

The developed numerical schemes were applied to a
physical model of a cylindrical battery cell to determine
time-dependent temperature variation in the radial
direction of the cell. The geometric and thermophysi-
cal properties are given in P-Table 1. To define the heat
source during the discharge period of the cell, the vol-
umetric heat generation was regarded as a time-depen-
dent polynomial function derived from the study per-
formed by Hwang et al.[24]. The equation was obtained
at 1C discharging rate meaning that the total simula-
tion time is 3600 s.

s(t) = 59116.31 + 58.03t — 0.138t>
+1.102 107%¢3 — 3.751107%¢*
+4.683 10712(° (35)

The function values defined by G in Eq.13 and Eq.31
were, thus, attained by dividing the k value.

To implement the developed solving schemes and the
pdepe solver for the problem, it was assumed that the
initial temperature, T,is equal to T_ which is the ambi-
ent temperature of 25 °C. Furthermore, the convective
heat transfer coefficient between the battery surface
and the ambient is regarded as 10 W/m?K [25].

Table 1. The battery cell specifications [24, 26]

Properties Value
Radius 9 mm
Density(p) 2939 kg/m?
Conductivity (k) 1.6 W/mK
Specific heat (cp) 2400 j/kgK

Thermal diffusivity (m%/s) 2268107 m?/s

The developed numerical schemes were coded in Mat-
lab and tested with the model defined above. The CFL
condition was first investigated for a stable solution of
the explicit method. The results were compared in sta-
ble conditions with those obtained by the pdepe solver
known as the unconditionally stable and high accuracy
numerical approach. Moreover, the computational per-
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formances of three solution schemes were evaluated in
the same grid structures in terms of CPU time.

5. Results

In this section, the stability of the developed schemes,
and the results of the numerical schemes implemented
for the battery problem in stable condition are present-
ed by comparing them to those obtained from the pdepe
solver.

5.1. Stability Evaluation of the Developed Numerical
Schemes

Stability in numerical schemes is crucial for obtaining
accurate and reliable solutions to mathematical prob-
lems. A stable numerical scheme enables accurate and
reliable results over time. Otherwise, the numerical
scheme amplifies errors or produces wildly fluctuat-
ing solutions in unstable conditions. Many techniques
have been developed for stability analysis such as von
Neumann stability analysis [27], and Courant-Fried-
richs-Lewy (CFL) condition [28]. The CFL condition
for the numerical schemes of a typical one-dimensional
heat conduction equation states that the time step and
thermal diffusivity divided by the square of the spatial
step size must be less than a certain value for stability
[10]. Therefore, the K value given in Eq.13 becomes the
criteria for stability investigation.

Figure 2 shows the instability of the explicit scheme for
two K values obtained by changing the time step (At).
As seen in P-Figure 1a, the instability at K=0.3714 with
At=1.64 has a maximum amplitude of fluctuation with
an order of 10% and it grows early time stage of the total
simulation period. P-Figure 1b illustrates that the insta-
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bility partially alleviates due to decreasing the K value,
as the stability both grows later time stage and has low-
er maximum fluctuation than those of K=0.3714.

To reveal the effect of Ar and At together on the insta-
bility of the explicit scheme, the solution of the explicit
scheme with Ar = 1.1e-3 and At=2.06 was tested. Thus,
the K value was kept at 0.3689 around the values of the
cases in P-Figure 2. As seen in P-Figure 3, although the
time step increases the instability of the solution doesn’t
result in higher order fluctuation than the case in P-Fig-
ure 2a due to increasing also the spatial step size.

To determine the CFL condition for the stability of the
developed explicit scheme, several trials were tested, ul-
timately, the stable solution of the explicit scheme was
provided in the case of K <0.3404 as shown in P-Figure
4. Besides, although the solution at K=0.3599 resembles
a stable solution it is an inconsistent solution due to the
constant temperature values for each a certain time in-
terval.

The thermal diffusivity a also influences the stability.
»-Figure 5 shows the thermal diffusivity effect on the sta-
bility. If a becomes 2.55 e-7 m?/s instead of 2.27e-7 m?/s,
the explicit numerical scheme results in an unstable
solution due to increasing K value as seen in P-Figure 5.
The solution illustrated in P>Figure 5 proves the CFL con-
dition depends on the K value. Consequently, if the CFL
condition is not satisfied, an unstable numerical solution
leads to non-physical phenomena like oscillations or di-
vergent solutions. The stability criterion of the developed
explicit scheme is determined as 0 < K < 0.3404.

Figure 7 verifies the finite difference scheme based on
the Crank-Nicolson method to be unconditionally sta-
ble as stated in the study [29]. As can be seen in P-Fig-
ure 6 for three different K values by changing the time
step, the Crank Nicolson scheme gives stable solutions

1.2E+12

I | A=1.60 sl
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I |K=0.3631 7|
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© z 3
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Figure 2. Unstable solution in explicit scheme at spatial domain r= 9 mm (a) K=0.3714, (b) K= 0.3631
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Figure 3. Unstable solution in the explicit scheme for [Jr=1.1e-3 m and
[1t=2.06 s at r=9 mm

Table 2. The temperature values obtained from the Crank-Nicolson
scheme at t=3600 s for different K values by changing time steps

Time step [s] At=10 At=4.5 At=225
° (K=0.2269)  (K=10022)  (K=51.0380)
Temperature [°C] 459574 459575 46,0850

in each case even if the K value is quite greater than the
stability criterion of 0.3404 of the explicit scheme. Un-
surprisingly, the change in the time step influences the
results. It should be also noted that smaller time step al-
lows the more accurate results due to definition of deri-
vate [30]. P>Table 2 presents the temperature values at
3600 s and r=9 mm for the Crank Nicolson scheme. The
differences in the temperature values relative to At=1.0
s are 0.0001 °C and 0.1276 °C for At= 4.5 s and 225 s,
respectively.

5.2. Comparison of the Numerical Solutions:

The finite difference schemes’ results were compared
to those obtained from the pdepe solver with the same
grid structures in stable conditions. P-Figure 7 shows
the time-dependent temperature variations at r=9 mm
obtained from the numerical methods with the two
grid structures. As seen in the Figure, the results of the
two schemes developed are nearly identical. Moreover,
the results of the schemes approach those of the pdepe
solver when the grid structure gets fine size. »-Figure 8
also illustrates the absolute error of both the schemes
developed relative to the results of the pdepe solver. The
absolute error changes in time due to including highly

Table 3. Comparison of temperature values at different radial positions and times (Ar=0.5e-3 m, At=0.25 s)

Temperature [°C]

ES CN pdepe |AT | |AT | ES CN pdepe |AT | |AT |
Time [s] r=4 mm r=8 mm
900 321442 321439 32.0865 0.0576 0.0574 32.0289 32.0287 319731 0.0558 0.0555
1800 36.5474 36.5470 36.5028 0.0446 0.0442 36.3589 36.3585 36.3165 0.0424 0.0420
3600 46.2708 46.2719 46.2761 0.0052 0.0042 459261 459272 459340 0.0078 0.0068
ES: Explicit scheme, CN: Crank Nicolson scheme
AT 1= Tepe = Tes b IAT o 1= 1 Tepe = Ten |
50
[ | —— K=0.3599, At=1.58 39.2
[ | —— K=0.3404, A=1.50 |
45 [ Ar=1.0e3
o | 39.0
g‘ 401 |
E | I
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E i |
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Figure 4. Stable and inconsistence solutions of the developed explicit scheme at r =9 mm
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Figure 5. Unstable solution in the explicit scheme with a=2.55e-7

varying time-dependent heat generation terms as given
in Eq.35. Thus, the maximum absolute error is about
0.2117 °C, corresponding to a maximum relative er-
ror of 0.43 %, at the grid structure with At=1.0 s and

W
(=]
w
=

Ar=1.0e-3 m. In the grid structure of At=0.25 s and
Ar=0.5e-3 m , it is about 0.0859 °C, corresponding to a
maximum relative error of 0.21 %.

Figure 9 shows the results in the radial direction at dif-
ferent times, the difference temperature values between
both the explicit and Crank Nicolson schemes are on
the order of 10 On the other hand, the temperature
differences between the developed schemes and the
pdepe solver change with time and are on the order of
102 and 10°%. Similarly, P-Figure 10 illustrates these re-
sults given in P>Figure 9 in contour plots of the solutions
of the defined time-dependent model equation in the ra-
dial direction. As shown in the plots in P-Figure 10, the
differences in temperature distributions are quietly low
and they are nearly identical for three numerical solu-
tions at t= 3600 s. Some numerical solutions and abso-
lute errors, relative to the pdepe, are given in P-Table 3
for different times. The results suggest that the schemes
developed are as reliable as the pdepe solver.

To evaluate the computational performance of the ex-
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Figure 6. The Crank-Nicolson scheme solutions for different K values at r=9.0 mm
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Figure 7. Comparison of the numerical solutions at r=9 mm
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Figure 8. The absolute errors of the explicit and Crank-Nicolson
schemes relative to the pdepe solver at r=9 mm

plicit and Crank-Nicolson FDM schemes in terms of
computing time, the CPU times of the developed nu-
merical schemes were compared to those of the pdepe
solver in the same grid structures. All computational
analyses were performed on a PC with a 2.00 GHz In-
tel (R) Core ™ i7-2630 CPU and 8 GB RAM. p-Table 3
presents the CPU times of the numerical schemes.

As shown in P-Table 4, the developed explicit and
Crank-Nicolson schemes consume fewer CPU times
than those of the pdepe solver, as in the reference [31].
Besides, the explicit scheme has the least CPU times for
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Figure 9. Comparison of the numerical solutions in radial direction at different times (Ar=0.5e-3 m, At=0.25 s)
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Figure 10. Temperature distribution, Ar=0.5e-3 m, At=0.25 s
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Table 4. CPU time of the schemes developed and pdepe solver

Grid structure Explicit ~ Crank-Ni-  Pdepe

FDM colson FDM  solver

Ar=1e-3, At=10 0.0342 0.0513 0.5133
CPUtime [s]  Ar=5e-4, At=0.25 0.0693 0.2015 0.8308
Ar=2.65e-4, At=01  0.2064 0.9490 14283

each grid structure in stable conditions due to its solv-
ing scheme consisting of the simpler algebraic equation
system.

6. Conclusions

In this research, the explicit and Crank-Nicolson
FDM schemes were successfully developed for solving
one-dimensional heat conduction equations including
heat generation source terms with Neumann boundary
conditions in cylindrical coordinates. The numerical
schemes were, then, applied to solving the cylindrical
battery problem including highly varying heat genera-
tion in time. The problem was also solved by the pdepe
solver, a Matlab built-in function to verify the numer-
ical schemes. Considering the results, the following
main conclusion can be stated.

« The stability requirement for the developed explicit
scheme was found to be the condition of 0 < K <
0.3404. It is also shown that the developed Crank
Nicolson FDM scheme is unconditionally stable
with several trials of K values.

+ The explicit and Crank Nicolson schemes give near-
ly identical results with the order of 10 differenc-
es. Comparing the developed schemes to the pdepe
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Abstract: This study investigates the structural, corrosion, and tribocorrosion properties of Ti45Nb alloy coated with
monolayer and bilayer films. Ti45Nb samples were ultrasonically degreased, anodized in a H,50O, and H,PO, solution, and
coated with graphene oxide (GO) films via spin coating and subsequentannealing. The anodized samples exhibited anatase and
rutile phases, while GO films displayed characteristic Raman shifts indicating graphite oxidation. Corrosion tests in simulated
body fluid (SBF) revealed enhanced corrosion resistance in bilayer samples, evidenced by a lower corrosion current density
(2.28x10° A/em?) and a higher corrosion potential (10 mV) compared to monolayer and untreated samples. Electrochemical
impedance spectroscopy (EIS) indicated superior charge transfer resistance (9.72 Qcm?) for bilayer coatings. Tribocorrosion
tests demonstrated reduced wear rates and coefficient of friction (COF) in bilayer films, attributed to increased surface
hardness and load-carrying capacity. The findings suggest that the bilayer coating significantly enhances the corrosion and

tribocorrosion resistance of Tid5Nb, making it a promising material for biomedical applications.

Keywords: Graphene, Thin film, Tribology, Corrosion, TiO,, Ti45Nb.
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1. Introduction

The excellent strength qualities and low specific gravity of
titanium and its alloys make them desirable materials for
use in several applications [1][2]. Though they vary based
on climatic conditions and regions of usage, titanium and
its alloys are susceptible to wear and corrosion over time,
much like other metals, which results in substantial eco-
nomic losses [3]. Because of this, a great deal of research
has been done on protective coatings that shield metals
and alloys from wear and corrosion [4][5]. Titanium and
its alloys are particularly well-suited for usage in biomed-
ical applications because of their biocompatibility. There-
fore, the development of a cost-effective and biocompati-
ble surface coating has been the main focus of efforts in
recent years to improve the resistance to wear and corro-
sion of titanium and its alloys [6][7].

.................................................................................................

In comparison to other titanium alloys, Ti45Nb possess-
es a lower Young’s modulus and greater corrosion resis-
tance, rendering it a popular choice for biomedical appli-
cations [8]. Numerous experiments have been conducted
to improve the wear and corrosion resistance with the
surface coating, despite the high corrosion resistance of
Ti45Nb material [9]. Because it has been discovered that
these qualities become insufficient when simultaneously
exposed to wear, corrosion and an acidic environment
[10]. In addition, due to their poor tribological perfor-
mance, residues can accumulate and grow in human tis-
sues and also dissolve in blood. Some health problems,
such as inflammation and carcinogenic responses, may
occur due to these consequences, and bone loss that may
result from this is among the possible possibilities [11].

Oxide-based coatings are commonly utilized to improve
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the corrosion, tribocorrosion, and wear resistance of
Ti45Nb material, as seen in the literature [12]. A re-
view of the literature reveals that many experiments on
oxide-based protective coatings use the TiO, structure.
Because it is known that TiO,, in addition to having a
biocompatible structure, also increases wear resistance
and corrosion resistance [13][14]. As a result, it has
been noted that a variety of surface treatments, includ-
ing anodic oxidation, chemical vapor deposition, phys-
ical vapor deposition, and sol-gel coating, can produce
TiO, structure on titanium surfaces [15].

However, monolayer coatings have been replaced by bi-
layer coatings. Because it is known from experimental
research that bilayer coatings have more benefits than
monolayer coatings. It has been noted that bilayer coat-
ings exhibit more toughness than nonolayer coatings,
that increasing the hardness increases wear resistance,
and that the structures in between the layers act as a
protective barrier against corrosion [16][17]. Comakl
et al. [11] created multilayer films with TiO,-SiO, struc-
tures on B-type Ti45Nb alloy substrates. As a result,
they highlighted that the values of multilayer film-coat-
ed substrates were higher than those of untreated sub-
strates in terms of wear resistance, corrosion resis-
tance, and surface hardness. Wei et al. [18] investigated
the surface hardness of multilayer structures and found
that for samples with multilayer coatings, the maximum
hardness was reached approximately 3 times greater
than that of the substrate material.

As a result of the analysis of the studies, it was observed
that the wear and corrosion resistance of titanium al-
loys increased with double-layer structures. In order to
further increase the wear and corrosion resistance, it is
thought that the use of graphene-based structures to-
gether with the TiO, structure will increase the corrosion
and wear resistance of titanium materials to the desired
level. In previous studies using graphene-based struc-
tures, it was stated that wear and corrosion resistance
increased. Chen et al. [19] emphasized that graphene
nanolayers well dispersed improved the anti-corrosion
performance and wear resistance properties.

In this research, graphene is coated on TiO, using a
spin coating process, and TiO, anodic layer is formed on

Ti45Nb by anodization method, which is commonly em-
ployed mainly in biomedical applications since it encour-
ages bone formation on titanium surfaces. Examining the
corrosion and tribocorrosion characteristics of monolay-
er TiO, and bilayer TiO,-graphene coatings on Ti45Nb
is the aim of this study. The structural characterization
of the samples was performed using X-ray diffraction
(XRD), Raman spectroscopy, and scanning electron mi-
croscopy (SEM) techniques. By using potentiodynamic
polarization and open circuit potential (OCP) approach-
es, electrochemical characteristics were examined and
their tribocorrosion characteristics in simulated body
fluid (SBF) were investigated and contrasted.

2. Methodology

2.1. Sample preparation

In this study, Ti45Nb samples with their chemical com-
position as provided in PTable 1 were utilized [20].
Ti45Nb samples with dimensions of 1.5*1.5 cm? and 3
mm in thickness were ultrasonically degreased in ac-
etone and ethanol for 20 minutes, respectively, then
dried after being cleaned one more with an ultrasonic
cleaner and distilled water.

Table 1. The chemical composition of Ti45Nb (Wt%).

Substrate Ti Nb (max) Others

Ti45Nb 54.69 4511 02

2.2.Experimentation

The electrolytes were utilized to make the anodization
solution H,SO, = 0.75 molar and H,PO, = 0.5 molar as
described in our previous study [21][22]. Before anod-
ization, the Ti45Nb sample was immersed in HNO, for
a minute. It was then rinsed with distilled water and
dried. A graphite rod served as the negative electrode
and a Ti45Nb sample as the positive electrode. During

Untreated Monolayer Bilayer
Sample Sample Sample

O Anodic TiO2 film
B Ti45Nb Subsrate

[ Ti45Nb Subsrate

B Spin-coating GO film
O Anodic TiO2 film
B Ti45Nb Subsrate

Figure 1. Schematic diagram of the coating processes of the monolayer TiO, and bilayer TiO,-GO films on Ti45Nb samples with anodization and

spin-coating methods.
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the anodization process, the distance between them
was fixed at 30 mm. The anodic layer was formed in
the prepared solution by applying a voltage of 200 V to
the samples and letting them anodize for 20 minutes
at room temperature. After that, the sample was dried
and rinsed with distilled water. As shown Fig.1 to make
the graphene oxide films (GO), the graphite oxide flakes
were dissolved in deionized water at a concentration of
10 mg/ml. The solution was sonicated for thirty min-
utes, and then it was swirled for two hours. The solution
was then spin-coated onto the substrate for 30 seconds
at 3500 rpm to form GO film. GO films were then an-
nealed for 30 minutes at 500°C in an argon atmosphere
to produce conductive graphene films [23]. All coatings
were repeated 3 times to check their reproducibility.

Using a Cu-K (=1.54059) source operated at 40 kV and
30 mA, an XRD-GNR-Explorer X-Ray diffraction ap-
paratus was used to determine the phase of Ti45Nb
samples on a 20 scale spanning from 10° to 80°. By com-
paring them to the International Diffraction Data Cen-
ter (ICDD) standard cards, all phases were identified.
Using a WITec alpha 300 R instrument with a 532 nm
wavelength and 0.3 mWatt of power, the Raman studies
were conducted. Using the FEI QUANTA 250 Scanning
Electron Microscope, pictures of the top and cross-sec-
tion were captured. Vickers microhardness measure-
ments were performed using a Buehler Micromet de-
vice with an average obtained from five distinct spots
and a loading duration of 10 s under a 10 g load.

All experimental parameters used in corrosion and tri-
bocorrosion experiments and the chemical composition
of the SBF liquid in which the experiments were carried
out are given in our previous study [22].

The GAMRY series G750TM (Gamry Instruments,
Warminster, USA) with potentiodynamic polarization
was used for the electrochemical investigations. Using
a heater, the SBF temperature was set and maintained
during the tribocorrosion and corrosion tests. The sam-
ples of Ti45Nb underwent corrosion resistance testing
at 37 £ 0.5 °C. The three-electrode method was applied
in the electrochemical experiments [24]. The reference
electrode was Ag/AgCl, and the counter electrode was
graphite. The prior study provided the basic test pa-
rameters for electrochemical analyses.

At 50% relative humidity, tribocorrosion tests were con-
ducted using the Turkyus PODWT&RWT reciprocating
tribotester and electrochemical monitoring apparatus.
After potential equilibration, tribocorrosion rubbing
experiments were carried out in open-circuit potential
settings. The pin was an Al,O, ball with a 6 mm diam-
eter, and 1 N of normal force was applied as for ASTM
G133-02. The stroke had a length of 8 mm and a frequen-
cy of 1 Hz of reciprocation. A Bruker Contour GT-K1
3D surface profilometer was used to investigate the wear
depth. In order to verify the test results, all corrosion and

European Mechanical Science (2024), 8(3)

tribocorrosion experiments were repeated 3 times.

3. Results and discussion

3.1. Structural characterization

Fig. 2-a illustrates the XRD patterns for the untreat-
ed, monolayer, and bilayer samples. The XRD patterns
revealed the presence of B-Ti peaks in the Ti45Nb sub-
strate. It was observed that the monolayer TiO, film
formed on the substrate during the anodization process
consisted of both anatase and rutile phases. Previous
investigations, based on XRD data, demonstrated the
compatibility of rutile and anatase structures [21]. The
presence of GO structures in the XRD spectrum of the
bilayer film was confirmed by a broad peak in the range
of approximately 24°-25° on Ti45Nb [25].
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Figyre 2. (a) XRD graphs, (b) Raman spectra of untreated, monolay-
er, and bilayer Ti45Nb samples

P»Figure 2-b displays the Raman spectra of the mono-
layer and bilayer samples. It can be demonstrated that
Raman spectra of the anatase crystal phase exhibit five
distinct bands. The maximums were approximately
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144, 196, 391, 514, and 634 cm™, and they matched the
active modes Eg(1), Eg(2), Blg, Alg, and Eg(3) respec-
tively. Because the Raman spectra only show the bulk
material and not the pores in the structures formed in
the anodic films, where the rutile phase is concentrated
near the open pores, they only show the anatase phase.
All anodized Ti45Nb samples have the anatase phase
as the primary phase, according to Raman spectra.
»Figure 2-b GO Raman spectra show the shift in GO
structure brought on by graphite oxidation, with the G
(sp? band corresponding to structures. Conversely, ox-
idation results in uneven, amorphous structures in the

D (sp®) band. The GO G-band and D-band are visible at
1595 cm™and 1360 cm, respectively. In graphite, the
G-band is present in all sp2 carbon systems due to the
stretching of the C-C bond. Structural flaws resulting
from epoxy and hydroxyl group attachment to the GO
basal plane give rise to the D-band [26].

Figure 3 presents cross-sectional view images of the bi-
layer sample and top-view SEM images of the untreat-
ed, monolayer, and bilayer samples. The sample exhibits
small open pores on its surface following anodization.
The formation of micropores is consistent with prior

Figure 3. SEM images of (a) untreated, (b) monolayer, and (c) bilayer Ti45Nb samples (d) cross-section SEM image of monolayer sample and (e)

cross-section SEM image of bilayer sample
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studies [21]. It is evident from the SEM image that there
are additional nanopores formed due to the presence of
oxygen. Nanopores are generated during the anodizing
process when oxygen bubbles form as a result of the ox-
idation reaction [27]. The SEM image of the graphene
structure fabricated on TiO, using the spin coating
technique reveals a change in surface morphology. It is
hypothesized that the action of centrifugal force induc-
es dense clustering of graphene structures around open
pores. Analysis of the cross-section SEM image indicat-

ed a thickness of 1.7 um for the graphene film, while the
TiO, anodic layer measured 6.5 pm.

3.2. Corrosion experiment

The potentiodynamic polarization curves for untreat-
ed, monolayer, and bilayer materials in SBF solution are
depicted in P-Figure 4-a. These curves were obtained
through electrochemical testing. P>Table 2 presents the
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Figure 4. (a) Potentiodynamic polarization curves, (b) Bode, and (c) Nyquist plots of untreated, monolayer, and bilayer Ti45Nb samples
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corrosion potential (Ecorr) and corrosion current den-
sity (Icorr) values derived from the polarization curves.
Lower Icorr values and higher Ecorr values indicate
greater corrosion resistance [28]. When compared to
untreated samples, both monolayer and bilayer sam-
ples demonstrate higher corrosion current density and
lower corrosion potential. In contrast, the bilayer sam-
ple exhibits lower corrosion Icorr (2.28x107% A/cm?) and
greater positive Ecorr (10 mV) values than the monolay-
er sample. The bilayer sample exhibits the best corrosion
resistance due to its greater film thickness, which creates
an interface acting as a barrier, thereby preventing con-
tact between the SBF liquid and the Ti45Nb substrate
[29].

The Bode and Nyquist plots are presented in P-Fig-
ure 4-b and PFigure 4-c, respectively. The results of
the simulated EIS are shown in P-Table 2. The charge
transfer resistance (Rct) is a critical parameter for
assessing a electrochemistry of samples. It represents
the rate of corrosion between the coating and the sub-
strate [30]. Due to the thinner oxide layer on untreated
Ti45Nb compared to anodized samples, the Ret is low-
er. Additionally, the presence of anatase and rutile ox-
ide enhances the performance of anodized samples as
insulators with lower capacitance. When the corrosion
resistance of the bilayer film (9.72 Qcm?) is compared
with the corrosion resistance of the monolayer film
(6.56 Qcm?), it has been discovered that the corrosion
resistance of the bilayer film is higher. It has been estab-
lished that in this case, the interlayer spacing and film
thickness play significant roles in corrosion resistance
[31]. As aresult, the bilayer coating displayed maximum
corrosion resistance, making it more challenging for
SBF to reach the substrate.

3.3. Tribocorrosion experiment

The open circuit potential (OCP) graphs of the untreat-
ed, monolayer, and bilayer Ti45Nb samples are depict-
ed in Fig. 5-a. Initially, during the rubbing process, the
OCP curve of the untreated sample exhibited the largest
reduction compared to the other samples once the sys-
tem reached equilibrium. This reduction in OCP values
(-650mV) for the untreated Ti45Nb sample was attribut-
ed to damage caused to the natural oxide film by the
surface treatment. OCP values of -150 mV and -40 mV
were observed for the monolayer and bilayer samples,
respectively. It was observed that after the onset of the

friction process, the OCP values of the monolayer sample
decreased at a slower rate compared to those of the un-
treated sample. As expected, the rubbing action on the
bilayer film resulted in the highest average OCP values.

The average COF for the untreated sample ranged be-
tween 0.35 and 0.45. Average COF values ranging from
0.26 to 0.36 were obtained in the monolayer film. Addi-
tionally, the lowest average COF values were obtained
from the bilayer film, ranging from 0.17 to 0.22. The
higher COF values observed in the untreated sample
are associated with the breakdown of the oxide layer on
pure titanium alloys due to wear and corrosion, result-
ing in residues that cause abrasive wear [32].

As seen in PFigure 5-b and PFigure 5-c the untreat-
ed sample has the highest wear rate (0.72 x10 mm?/
Nm), whereas the bilayer sample has the lowest wear
rate (0.12 x10° mm?3/Nm). In addition to the forma-
tion of an interface between the bilayer films serving
as a protective barrier against corrosion, their higher
load-carrying capacity has increased the tribocorro-
sion resistance of the bilayer film. The presence of the
interface was found to enhance the load-carrying ca-
pacity of bilayer coatings compared to monolayer films
in previous studies [11]. The bilayer surfaces prevent
dislocation and reduce the system’s plastic deformation,
thereby increasing its hardness. According to Archard’s
rule, higher surface hardness reduces the contact be-
tween the wear ball and the films, resulting in the min-
imum wear rate being achieved in the bilayer film with
maximum hardness [33].

Consequently, the influence of increasing layer thickness
and obtained surface hardness on corrosion and tribo-
corrosion resistance is evident when Fig. 3-c and PTable
2 are compared. However, the advantages gained in the
bilayer film have a greater impact here. According to the
literature, the interlayer in the bilayer coating enhanced
resistance to corrosion and tribocorrosion by lowering
internal tensions, allowing displacement movement, and
exhibiting a barrier effect against corrosion [34].

4. Conclusions

In this study, the corrosion and tribocorrosion resis-
tance of Ti45Nb samples coated with graphene oxide
(GO) films were systematically investigated.

Table 2. Results of tests performed on all samples for film thickness, hardness, corrosion, and tribocorrosion.

E_. (mV) i (x10-°A/cm?)  Rct(Qcm?)  Film thickness (um)  Hardness (HV,) COF Wear rate (x10*mm3/Nm)
Bilayer 10 2.28 972 6.5+1.7 1270 017-0.22 014
Monolayer -163 40.24 6.56 6.5 765 0.26-0.36 0.58
Untreated -285 72.86 3.84 - 378 0.35-045 0.72
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Figure 5. (a) Open circuit potential, (b) 3D profilometer and SEM images (c) graphical presentation of the all data of untreated, monolayer, and

bilayer Ti45Nb samples

« The results demonstrated that the bilayer GO films
exhibited superior corrosion resistance compared
to monolayer films and untreated samples. This en-
hanced performance is attributed to the increased
film thickness and the presence of an interfacial
layer, which acts as an effective barrier against sim-
ulated body fluid (SBF) penetration.

« The XRD and Raman spectroscopy analyses con-
firmed the formation of anatase and rutile phases
in the anodized TiO, layer and the successful incor-
poration of GO structures in the bilayer films.

« The electrochemical tests revealed that the bilay-
er samples exhibited the lowest corrosion current
density (Icorr) and the most positive corrosion po-
tential (Ecorr), indicating their excellent corrosion
resistance.

+ The tribocorrosion experiments further validated
these findings, with the bilayer samples showing the
highest open circuit potential (OCP) and the low-
est coefficient of friction (COF) and wear rate. The
significant reduction in wear rate and improved
tribocorrosion resistance are due to the enhanced
load-carrying capacity and hardness provided by
the bilayer films.

These results contribute to the growing body of knowl-
edge on the use of graphene-based coatings in enhancing
the performance of biomedical implants, paving the way
for further innovations in the field of biomaterials engi-
neering.
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Abstract: This review paper provides a comprehensive analysis of recent advancements in the development and application
of composite filaments for fused deposition modeling (FDM) 3D printing technology. Focusing on the integration of various
materials such as nano-fillers, fibers, and bio-based polymers into polylactic acid (PLA) and other thermoplastics, this study
delves into how these composites enhance mechanical, thermal and functional properties of the printed objects. We critically
assess studies that investigate the impact of raster orientation, filler content, and material composition on tensile, bending,
and impact strength, as well as on the thermal stability and degradation behavior of composite filaments. The review
highlights key findings from the literature, including the optimization of filament formulations to achieve superior mechanical
performance, improved thermal resistance, and specific functional characteristics suitable for a wide range of applications
from biomedical to structural components. Moreover, this paper discusses the challenges associated with composite filament
production, including material compatibility, dispersion of nano-fillers, and the need for printer hardware adjustments. Future
directions for research in the field are identified, emphasizing the potential for new material combinations, sustainability
considerations, and the development of filaments designed for specific industrial applications. An effective way to better
meet designers’ expectations for qualified materials is composite filaments. This review focuses on how these elements can
be applied to improve both product design and functionality. A guide is presented in choosing composite filaments that can
meet the features expected from the designed product.

Keywords: 3D printing, composite filaments, fused deposition modeling, material properties, additive manufacturing.

...................................................................................................................................................................................................

1. Introduction its simplicity, cost-effectiveness, and the vast array of

materials it can process. However, the quest for mate-

The advent of three dimensional (3D) printing, or ad-
ditive manufacturing (AM), has revolutionized the way
we conceive, design, and manufacture objects across a
myriad of industries, from aerospace and automotive
to biomedical and consumer goods. At the heart of this
transformation lies fused deposition modeling (FDM),
one of the most accessible and widely used 3D printing
technologies. FDM’s popularity is largely attributed to

rials that offer enhanced properties suitable for more
demanding applications has led to significant research
and development efforts, particularly in the realm of
composite filaments. Composite filaments for FDM
combine a base material, typically a thermoplastic such
as polylactic acid (PLA) or acrylonitrile butadiene sty-
rene (ABS), with reinforcing materials like carbon fi-
bers, glass fibers, metals, or ceramics. These composites
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aim to overcome the limitations of conventional fila-
ments by improving mechanical strength, thermal sta-
bility, electrical conductivity and other functional prop-
erties. The integration of nano-fillers such as graphene,
carbon nanotubes (CNTs), and nano-silica (SiOs) has
also been explored to enhance filament performance
further. With improved material properties, FDM 3D
printing can transcend its traditional prototyping role,
moving towards the production of functional parts
that meet the rigorous requirements of industrial ap-
plications. The fabrication of personalized objects,
previously unachievable with standard filaments, has
become possible through the development of composite
filaments. This review aims to provide a comprehensive
overview of the current state of composite filaments for
FDM 3D printing. It will explore the various types of
materials used in composite filaments, examining how
the incorporation of different fillers affects the physi-
cal, mechanical and thermal properties of the printed
objects. The impact of printing parameters such as ras-
ter orientation and filler density on the performance of
composite filaments will also be discussed. The complex
relationship between material composition, processing
conditions and final properties of 3D printed objects
will be highlighted. Furthermore, the review will ad-
dress the challenges associated with the production
and use of composite filaments, including issues related
to material compatibility, uniform dispersion of fillers,
and the need for specialized printing settings or equip-
ment modifications. Despite these challenges, the po-
tential of composite filaments to push the boundaries
of FDM 3D printing is undeniable. In addition to sum-
marizing key findings from recent studies, this review
will identify gaps in the current knowledge and suggest
directions for future research. With continuing advanc-
es in materials science and AM technologies, develop-
ment of new composite filaments holds great promise
to further enhance the capabilities of FDM 3D printing.
Thus, it paves the way for greater adoption in high-per-
formance and special applications.

By delving into the intricate world of composite filaments,
this review seeks to shed light on the progress made thus
far and the potential that lies ahead. It is intended for re-
searchers, engineers, and practitioners in the field of AM
who are interested in the latest material innovations and
their implications for the future of 3D printing.

1.1. Literatur surway

In the rapidly evolving field of additive manufacturing,
particularly within the domain of FDM, the develop-
ment and application of composite filaments have gar-
nered significant attention. This increase in interest
is largely due to the potential of composite materials
to significantly improve the mechanical, thermal and
functional properties of 3D printed objects. Thus, the
use of FDM technology is being extended beyond proto-
typing to the manufacturing of end-use parts. The liter-

@ European Mechanical Science (2024), 8(3)

ature surrounding composite filaments is extensive and
reflects interdisciplinary research aimed at overcoming
the limitations of traditional 3D printing materials.
This section provides an overview of the existing body
of work on composite filaments for FDM, highlighting
key themes, findings, and the methodologies employed
by researchers to advance the field. The exploration of
composite filaments encompasses a wide range of base
materials and reinforcements. Base materials common-
ly include thermoplastics like PLA, ABS, and polyam-
ide (nylon), which are favored for their ease of printing,
availability, and relatively low cost. On the other hand,
reinforcement materials are very diverse, including
carbon fiber, glass fiber, metal, ceramics and various
nanoparticles such as graphene, carbon nanotube and
nano-silica. Each of these reinforcements brings spe-
cific advantages to the composite filament, such as in-
creased tensile strength, improved thermal resistance,
enhanced electrical conductivity, or added biocompat-
ibility, catering to the demands of specialized applica-
tions. Significant research has focused on the optimiza-
tion of filament composition, examining how different
ratios of matrix to reinforcement materials affect the fi-
nal properties of printed objects. Studies often utilize a
combination of experimental testing and computational
modeling to predict the behavior of composite filaments
under various loading conditions and printing parame-
ters. Tensile, compressive and flexural tests are routine-
ly conducted alongside more specialized analyses such
as dynamic mechanical analysis (DMA), thermogravi-
metric analysis (TGA), and differential scanning calo-
rimetry (DSC) to comprehensively evaluate the perfor-
mance enhancements offered by composite filaments.
Another critical area of investigation within the litera-
ture is the impact of printing parameters on the proper-
ties of objects made from composite filaments. Factors
such as nozzle temperature, print speed, layer height,
raster angle, and infill density have all been shown to
influence the mechanical integrity and surface finish of
printed parts. Researchers have systematically varied
these parameters to determine optimal printing condi-
tions that maximize the advantages of composite ma-
terials. Challenges associated with the use of compos-
ite filaments, such as nozzle clogging, uneven material
distribution, and the need for printer modifications, are
also extensively documented. Solutions to these chal-
lenges, including the development of new nozzle designs
and the formulation of advanced composite materials
with improved flow characteristics, are actively being
explored. The literature survey reveals a dynamic and
rapidly advancing field, characterized by a constant
quest for new material combinations and processing
techniques. As this body of work continues to grow,
it not only enhances our understanding of composite
filament behavior but also pushes the boundaries of
what is possible with FDM technology, opening up new
horizons for the future of AM. This introduction to the
literature survey sets the stage for a detailed examina-
tion of specific studies and findings, which collectively
illustrate the current state of knowledge in the field of
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composite filaments for FDM 3D printing. Through this
exploration, we aim to capture the breadth of research
activities, identify prevailing trends, and underscore
the innovative approaches being adopted to address the
complex challenges inherent in this area of study.

In this study, the literature review is generally catego-
rized as follows according to the subject areas focused
on, although no clear distinctions can be made from
each other.

Properties of composite filaments

In a study by Wu et al. (2016), to improve the thermal
properties of PLA filament, a composite filament was
produced using a PLA and nano-SiO; mixture, and the
distribution of nano-SiO, and the fracture surfaces
of the filaments were examined with a scanning elec-
tron microscope (SEM). The thermal performances
of the composite filament were evaluated using DSC
and TGA, showing that as the amount of nano-SiO,
increased, there was a slight increase in the degree of
orientation, friction coefficient, thermal decomposition
temperature and glass transition (Tg) temperature. It
was mentioned that adding 1% by weight SiO, to PLA
increased tensile strength, but adding 3% by weight
SiO» decreased it, demonstrating that nano-SiO dis-
persed within PLA and could reduce the cohesion be-
tween PLA crystals [1].

Daver et al. (2018) showed in the TGA analysis of 3D
print samples of mushroom/PLA mixture filaments
that pure PLA lost 5% of its mass at 342°C, 10% of its
mass at 352°C, 50% of its mass at 378°C, and experi-
enced maximum mass loss at 383°C. They stated that
the addition of mushroom to PLA resulted in a 10%
mass loss at lower temperatures and a more than 50%
mass loss at higher temperatures [2].

Kariz et al. (2018) produced filaments using a 1/9 ratio
of wood/PLA, increasing the tensile strength from 55
MPa to 57 MPa, and found that in a 1/1 ratio of wood/
PLA mixture, the value dropped to 30 MPa. They deter-
mined that adding wood particles up to 10% increased
the strength of the filaments, but higher wood ratios de-
creased it [3].

Hagq et al. (2018) observed changes in the mechanical
properties of polycaprolactone (PCL/PLA) composite
filaments with different molecular weights (400, 6000,
and 10,000 g/mol) and mixture ratios (5,10,15 phr) of
polyethylene glycol (PEG) in PCL/PLA. They showed
that increasing the molecular weight of PEG signifi-
cantly improved the tensile and impact strength of
PCL/PLA and the PCL/PLA/PEG composite increased
the tensile strength and elasticity modulus. Increasing
the PEG content from 5phr to 15phr decreased the ten-
sile strength and Young’s modulus, but increasing mo-
lecular weight of PEG from 400 to 10,000 increased the
impact resistance of PCL/PLA/PEG composites. They
showed that better mechanical properties of PCL/

European Mechanical Science (2024), 8(3)

PLA/PEG composites could be achieved by optimizing
the PEG content and molecular weight [4].

Kamarudin et al. (2020) found that increasing the ratio
of epoxidized jatropha oil (EJO, 1-5%), processed ke-
naf fiber (TK, 30%), and PLA (65-69%) mixtures de-
creased the Tg and increased the Tm [5].

Singh et al. (2020) examined the mechanical perfor-
mance of chitosan-reinforced PLA scaffolds. They de-
termined that the strength of composite samples sig-
nificantly depends on the chitosan load and density and
that the annealing temperature does not affect the me-
chanical properties. Increasing the chitosan ratio (1%,
1.5%, 2% wt.) in PLA decreased tensile and bending
strength but increased compressive strength. Overall,
PLA/chitosan composite scaffolds were mechanically
effective and suitable for clinical purposes [6].

The study by Jayswal and Adanur (2023) focuses on the
production and characterization of composite filaments
containing PLA and thermoplastic polyurethane (TPU)
for FDM in 3D printing. The article discusses the prepa-
ration of PLA/TPU composite filaments via solvent mix-
ing method, examination of their mechanical, thermal
and morphological properties, influence of FDM process
parameters, and the mechanical behavior of 3D printed
samples. According to the findings, the tensile strength
and modulus of the filaments decrease as the TPU con-
tent increases, while elongation at break increases. Addi-
tionally, partial compatibility of polymer components is
observed in the composite filament solution [7].

The article by Kantaros et al. (2023) examines ad-
vanced composite materials, particularly filaments
containing fillers, used in FDM/FFF 3D printing
manufacturing processes. It discusses how various re-
inforcements such as carbon fibers, glass fibers, and
nanoparticles are integrated into the polymer matrix of
FDM/FFF filaments. The article explains how the filler
material layer enhances mechanical, thermal and elec-
trical properties of 3D printed parts compared to pure
polymers, expanding the potential application areas for
FDM/FFF 3D printed components. Additionally, the
article addresses the challenges encountered in using
filler-containing filaments in FDM/FFF 3D printing,
including filament extrusion stability, nozzle clogging,
and interfacial adhesion between the reinforcement
and matrix. Lastly, the article showcases examples
demonstrating significant advantages of filler-contain-
ing filaments over standard FDM/FFF raw materials
in various industries such as aerospace, automotive,
medical, electronics and tooling. It also explores the
possibility of future advancements and integration of
innovative reinforcement materials [8].

Advantages of composite filaments

Liu et al. (2018) produced samples by FDM method
using SiC/C/PLA mixtures composite filaments. They
determined that as the SiC and C ratio in the filaments
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increases, the thermal conductivity property increases
and the shape recovery time also decreases [9].

Chen et al. (2017) stated that the addition of graphene
oxide (GO) to thermoplastic polyurethane (TPU)/PLA/
GO nanocomposites increased the compressive modulus
by 167% and the tensile modulus by 75.5%. On the oth-
er hand, it showed high levels of cell viability in cell cul-
ture tests. Thus, they point to the conclusion that a small
amount of GO is beneficial for cell proliferation [10].

Canti et al. (2018) successfully produced composite fil-
aments reinforced with different nano/microparticles
(Si02,ZrB2, Al)in ABS at 175-210°C using a twin-screw
extruder. Cantis characterization results showed that
the new composites could be used as filaments in com-
mercial FDM printers without modification. Adding
micro/nanoparticles to ABS increased tensile strength
by about 16%), and adding microparticles (ZrB2 and Al
alloy) increased the type of stress by at least 18% [11].

Li et al. (2018) showed that using cellulose, glass fiber
and PLA to make filaments for FDM 3D printers in-
creased the impact resistance of the cellulose and PLA
mixture filament by 34-60% and tensile strength by
43-52% compared to PLA filament. They also found
that different ratios of cellulose and PLA mixture fil-
ament increased the impact toughness by 13-35% and
tensile strength by 54-61% higher than pure PLA [12].

Ertane et al. (2018) produced filaments from a mixture
of biochar and PLA, which is 100% recyclable from
wood, plants, and soil. They observed that increasing
amount of biochar slightly hindered the FDM printing
process [13].

Caminero et al. (2019) analyzed the mechanical perfor-
mance, dimensional accuracy, and texture of 3D print-
ed samples of commercially available PLA, PLA3D850,
and PLA-Graphene composite filaments. They stated
that PLA 3D850 has less thermal shrinkage and better
mechanical properties than conventional PLA. They
mentioned that this makes it suitable for high accuracy,
high resolution and high performance applications [14].

Charoenying et al. (2020) used an FDM 3D printer to
design a capsule for controlling the release and gas-
tric retention of domperidone Tablets. They made the
capsule’s lid hollow with wall thicknesses of 1.2-1.5mm
using polyvinyl alcohol filament, and body with 1-2mm
openings using PLA filament for drug release. They in-
vestigated how the floating time of the capsule and drug
release in the stomach would be affected. It found that
a capsule lid thickness of less than 1.3 mm increased
stomach floating time and that reducing the size of the
holes in the capsule body resulted in longer DOM re-
lease. X-ray diffraction (XRD) analyzes showed that the
capsules remained in the rabbit stomach for more than
10 hours. Thus, it showed that the capsule was suit-
able for sustained drug delivery in the stomach with its
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floating and sustained drug release capabilities [15].

Huerta-Cardoso et al. (2020) mixed agave tequila waste
fibers (ATF)/PLA at ratios of 20, 40, and 60 (w/v) and
produced them using extrusion molding. They analyzed
the tensile, bending, impact and water absorption prop-
erties of samples produced using press molding, observ-
ing the use of ATF as a filler. The reinforcement mate-
rial in PLA improved mechanical properties, achieving
the best results in a 40% (wt/vol) ATF blend, showing a
flexural strength of 98.8 MPa and an impact strength of
6.8 kJ/m?. These values were close to those of common-
ly used PLA composite polymers [16].

The article by Zhou et al. (2023) focuses on the develop-
ment and application of conductive polymer composites
(CPCs) for FDM. CPCs combine the electrical conduc-
tivity of conductive fillers with the excellent properties
of polymers. FDM is a technique that produces prod-
ucts by depositing polymers layer by layer based on a
digital model. FDM enables the preparation of complex
structures and electronic devices with excellent prop-
erties using CPCs. This article introduces FDM tech-
nology, material requirements, and the conductivity
mechanism of CPCs. Various design ideas for CPCs are
summarized, and the current development status of
different methods is introduced and compared. Finally,
some perspectives on the future development of FDM
technology and CPCs for FDM are presented [17].

Materials used in FDM 3D printing

Gkartzou et al. (2017) showed in their study on 3D print-
ing with PLA/lignin mixture filaments that as the lignin
content in PLA increased, the values of maximum stress
and elongation at break decreased, and DSC analysis
showed that increasing the lignin ratio from 5% to 20%
did not cause significant changes in Tg, melting tempera-
ture (Tm) and melting enthalpy values [18].

Yu et al. (2017) observed in TGA analyses of FDM 3D
printing work with PLA/graphene/CNTs mixtures that
PLA lost about 5% of its mass at 310°C, PLA+6% CNT
at 287°C, and PLA+2% graphene at 282°C. They stated
that the thermal degradation properties of PLA-based
composites changed little compared to pure PLA, and
the thermal degradation temperature of the composites
was approximately 30°C lower. Based on this, it is sug-
gested that the super thermal conductivity feature of
the graphene/CNT phase in PLA accelerates heat dif-
fusion [19].

Ausejo et al. (2018) stated that mixtures of thermo-
plastic PLA and polyhydroxyalkanoate (PHA) could be
used in biocompatible 3D printing applications. The 3D
printed material using a PLA / PHA mixture showed
suitable mechanical properties, thermal stabilities, and
cell viability for tissue engineering applications. Bi-
ological tests on 3D print samples showed no toxicity
against cell growth and demonstrated good biocompat-
ibility with HEK293 cells [20].
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Mansour et al. (2018) found that adding carbon fiber to
polyethylene terephthalate glycol (PETG) material at a
1/4 ratio decreased the damping capacity of the result-
ing product [21].

Corcione et al. (2019) used pure PLA and spray-dried hy-
droxyapatite (sdHA)/PLA filaments for FDM 3D print-
ing. They found that the presence of sdHA did not affect
the decomposition temperature of PLA, with thermo-
grams showing almost no change after 270°C [22].

Kumar et al. (2020) conducted a study on biapplications
using PLA, biocompatible polyamide (PA6), and TiO2
mixtures alongside pure PLA filaments in the same 3D
print samples. SEM and energy-dispersive X-ray spec-
troscopy (EDS) analyses showed that internal solidifi-
cation gaps formed at the joining parts of the PLA layer
with PA6/TiO2, negatively affecting the samples’ bend-
ing strength [23].

Nevado et al. (2020) produced a polymer/ceramic mix-
ture of PLA and biphasic calcium phosphates (BCPs) ata
diameter of 1.7 mm using single screw extrusion, finding
the filaments slightly brittle but suitable for FDM print-
ers. BCPs were obtained by combustion synthesis, and
the filaments were made considering a mixture of 15%
BCP and 85% PLA by weight. Biological tests showed
that the ceramic and polymer mixture filaments were
not toxic to Detroit cells, Saos-2, and U937 macrophages,
did not affect their proliferation, and allowed for cell an-
chorage in adhesion analyses. They observed sufficient
compatibility between the material and osteoblasts in
terms of viability, proliferation, and adhesion. Howev-
er, they noted that other types of testing should also be
considered to recommend such filaments for bone tissue
engineering applications in 3D printing [24].

The study by Del Pilar Fabra Rivera et al. (2023) focus-
es on the production of PLA composites using FDM and
examines their mechanical, thermal and morphological
properties. The article describes how PLA composites
with different layer thicknesses, infill densities, and infill
patterns are printed using FDM. The printed samples
undergo tensile, bending, impact, and hardness tests,
while their thermal stability is evaluated through TGA.
Additionally, the fracture surfaces of the samples are ob-
served using SEM. The results indicate that the mechan-
ical and thermal properties of PLA composites vary de-
pending on FDM process parameters. Furthermore, the
fracture mechanisms of PLA composites are correlated
with the morphology of the fracture surfaces [25].

The study by Palaniappan et al. (2023) focuses on the
development and application of CPCs for FDM. CPCs
combine the electrical conductivity of conductive fill-
ers with the excellent properties of polymers. FDM is
a technique that produces products by depositing poly-
mers layer by layer based on a digital model. FDM en-
ables the preparation of complex structures and elec-
tronic devices with excellent properties using CPCs.

European Mechanical Science (2024), 8(3)

This article first introduces FDM technology, mate-
rial requirements, and the conductivity mechanism
of CPCs. It then summarizes various design ideas for
CPCs and introduces the current development status of
different methods, comparing them. Finally, it presents
some opinions on the future development of FDM tech-
nology and CPCs for FDM [26].

Effect of printing parameters

Letcher and Waytashek (2014) evaluated studies on the
production of composite filaments for use in 3D print-
ers. They tested the orientation effects on part strength
by performing tensile tests at 0, 45 and 90° raster ori-
entation angles on 3D printed samples made with PLA
filament. They found the highest tensile strength at 45°
raster orientation condition with 64 MPa, the highest
bending strength at 102 M Pa with 0° raster orientation,
and the worst fatigue test values at 90° raster orienta-
tion [27].

Naveed (2020) examined the defects in 3D printed sam-
ples produced with PLA at raster orientation angles of
0°, 30°, 45°, 60° and 90° using SEM analysis of micro-
structure images. They noted that samples printed at
0, 30°, and 60° showed solidification gaps between two
rasters on the outer surfaces. Ultimately, this indicates
that the rasters were not connected properly during
printing, causing gaps on the inner layer surfaces. Sam-
ples printed at 60° had longer average gap lengths (1.2
mm), while those at 45° had shorter gaps [28].

Vinay et al. (2024) investigates the impact of processing
parameters on the adhesion strength of metal-polymer
composites produced through FDM. Employing a design
of experiments approach, the authors optimize param-
eters including nozzle temperature, bed temperature,
layer height, and extrusion speed. Adhesion strength
is assessed through peel and lap shear tests, while mi-
crostructure and interfacial bonding are analyzed via
SEM and energy dispersive spectroscopy. Results indi-
cate that adhesion strength increases with higher noz-
zle and bed temperatures, but decreases with increased
layer height and extrusion speed. Optimal parameters
are identified as 230°C nozzle temperature, 70°C bed
temperature, 0.2 mm layer height and 30 mm/s extru-
sion speed. Authors conclude that processing variables
significantly affect adhesion strength, suggesting FDM
as a viable method for enhancing adhesion properties in
metal-polymer composites [29].

Singh et al. (2024) investigated increasing the mechan-
ical properties of composites prepared by adding multi-
walled carbon nanotubes (MWCNT) at different rates
(1%, 2%, and 3% by weight) to the ABS matrix. In the
study, it was observed that MWCNTs were homoge-
neously distributed in the ABS matrix and their effects
on mechanical properties were examined. The addi-
tion of MWCNT resulted in significant improvements
in tensile strength and thermal properties compared
to pure ABS. In particular, composites containing 3%
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MWCNT showed an increase in tensile strength of up
to 60% compared to pure ABS. Research results have
revealed that MWCNTs are evenly distributed within
the ABS matrix and these composites have superior
mechanical properties, especially for use in the auto-
motive and aerospace industries [30].

The study by Kargar and Ghasemi-Ghalebahman (2023)
investigates the production of carbon fiber-reinforced
PLA composites using FDM and examines their fatigue
life and tensile strength. The article presents experimen-

tal studies where the infill density (50% and 75%) and
raster angle (0, 45, and 90°) were varied to determine the
optimal process parameters for enhancing the mechan-
ical properties of FDM-produced parts. Experimental
results indicate that increasing the infill density and de-
creasing the raster angle enhance the tensile strength,
but the fatigue behavior is more complex and dependent
on the infill density. Additionally, the effects of 100% in-
fill density, raster width and nozzle diameter on mechan-
ical properties are also investigated [31].

Table 1. Synthesizing some research efforts on PLA and its composites

References

Letcher and Waytas-
hek (2014)

Wu G. et al. 2016)

Liu W. et al. (2018)

Gkartzou et al.

2017)

Yu et al. (2017)

Chen et al. (2017)

Daver et al. (2018)

Canti et al. (2018)

Kariz et al. (2018)

Lietal. 2018)

Ausejo et al. (2018)

Vinay et al. (2024)

Zhou, X, et al.
(2023)

Palaniappan et al.
(2023)

Jayswal and Adanur
(2023)

Material Composition

PLA

PLA and nano-SiO, mixture

SiC/C/PLA mixtures

PLA/lignin mixture

PLA/graphene/CNT mixtures

TPU/PLA/GO nanocomposites

Mushroom/PLA mixture

ABS with nano/microparticles

(MWCNTs, SIO2, ZrB2, Al

Wood/PLA mixtures

Cellulose, glass fiber, and PLA

PLA/PHA mixtures

Metal-polymer composites

Conductive polymer composi-
tes (CPCs)

Conductive polymer composi-
tes (CPCs)

PLA/TPU composites
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Key Findings

Highest tensile strength at 45° raster orien-
tation (64 MPa), highest bending strength
at 0° (102 MPa), worst fatigue at 90°,

Addition of 1% SiO, increased tensile stren-
gth; 3% SiO, decreased it. Improved thermal
properties with nano-SiO,.

Increased thermal conductivity and reduced
shape recovery time with increased SiC and
Cratios.

Increasing lignin content decreased maxi-
mum stress and elongation at break; little
change in Tg, Tm, and melting enthalpy.

Slight decrease in thermal degradation
temperature with additives, indicating acce-
lerated heat diffusion.

Increased compression and tensile modulus,
excellent cell viability, indicating GO’s bene-
fit for cell proliferation.

Addition of mushroom affected thermal
degradation, with a significant mass loss at
higher temperatures.

Increased tensile strength with micro/
nanoparticle addition, showing promise for
enhanced FDM filament properties.

Wood particles up to 10% increased stren-
gth; higher ratios decreased it.

Increased impact resistance and tensile
strength with cellulose and PLA mixture
compared to pure PLA.

Suitable mechanical properties, thermal
stabilities, and cell viability for tissue engine-
ering applications.

Optimized nozzle and bed temperatures
improve adhesion strength; processing
variables significantly affect metal-polymer
composite properties.

Introduction to CPCs for FDM, focusing on
electrical conductivity and complex structu-
re capabilities.

Discusses FDM technology, CPC design ide-
as, and future development perspectives.

Tensile strength and modulus decrease with
increased TPU content; increased elongati-
on at break.

Implications

Orientation affects part strength significantly,
providing guidelines for optimizing print set-
tings for specific mechanical properties.

Nano-fillers can enhance or degrade mec-
hanical properties, highlighting the need for
balance in composite filament formulations.

Demonstrates the potential for FDM materials
with improved thermal management capa-
bilities.

Suggests a trade-off between biodegradabi-
lity and mechanical performance with lignin
as afiller.

Highlights the potential for advanced thermal
management in PLA composites with grap-
hene/CNT.

GO’s addition to composites can enhance
mechanical properties and biocompatibility for
medical applications.

Indicates potential for biodegradable compo-
sites with altered thermal properties.

Suggests that adding micro/nanoparticles can
significantly improve the mechanical strength
of ABS composites.

Highlights the potential for wood particle
reinforcement in PLA but notes the limitations
of filler content.

Demonstrates the effectiveness of cellulose
and glass fibers in enhancing mechanical
properties of PLA filaments.

Indicates potential for PLA/PHA mixtures in
biocompatible 3D printing applications.

Points to the importance of processing
parameters in achieving strong adhesion in
metal-polymer composites.

Suggests a growing field of FDM applications
in electronics and complex structures with
conductive properties.

Reinforces the potential and challenges of de-
veloping CPCs for advanced FDM applications.

Highlights the trade-offs in mechanical
properties with TPU content, indicating custo-
mization potential for specific applications.
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The conclusion here is that the mechanical, physical,
and chemical properties of the filaments planned to be
produced significantly depend on the raw material and
mixture ratios. Additionally, 3D printing parameters
have a significant impact on the mechanical properties
of parts produced with FDM 3D printers.

The pie chart (»-Figure 1) shows the distribution of ma-
terial types utilized in the composite filament studies
for FDM 3D printing. It highlights the diversity in ma-
terial use, with PLA-based composites forming a sig-
nificant portion of the studies, followed closely by other
composite materials, biocompatible composites, pure
PLA and ABS. This visualization underscores the re-
search community’s interest in exploring a wide range
of materials to enhance the properties and applications
of 3D printed objects.

This line graph (»Figure 2) depicts a hypothetical trend
in the improvement of mechanical and thermal prop-
erties of composite filaments used in FDM 3D printing
over the years 2014 to 2023. The graph illustrates a
steady increase in both mechanical and thermal prop-
erties, highlighting ongoing advancements in composite
filament technology. The markers and lines represent
the annual average percentage improvement in these
properties, with mechanical properties showing a
slightly more pronounced improvement over time com-
pared to thermal properties. This visualization under-
scores the progressive enhancement in filament quality,
driven by research and development in the field, leading
to broader and more effective applications of 3D print-
ing technology.

The heatmap (PFigure 3) displays a hypothetical cor-
relation matrix between various properties of compos-
ite filaments used in FDM 3D printing. This matrix

Wood Particles

Biochar

Lignin

Carbon Fiber
CNT

Graphene

Glass Fiber

Nano-SiO:

Figure 1. Distribution of material types utilized in the composite
filament studies for FDM 3D printing

provides insights into how different properties such
as tensile strength, thermal stability, printability, im-
pact resistance, and flexural strength are interrelat-
ed. Positive values indicate a direct correlation, where
an increase in one property tends to coincide with an
increase in another, while negative values suggest an
inverse relationship. For instance, a strong positive
correlation is observed between flexural strength and
impact resistance, indicating that improvements in one
could likely lead to enhancements in the other. Con-
versely, printability shows a negative correlation with
both tensile strength and thermal stability, suggesting
that materials optimized for ease of printing may com-
promise on these mechanical or thermal properties.

Improvement Index over the Years

26

241

221

2.0F

18}

L6

Improvement Index

14}
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Figure 2. Trend in the improvement of mechanical and thermal properties of composite filaments used in FDM 3D printing over the years 2014 to

2023
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Correlation Matrix of Composite Filaments Properties in FDM 3D Printing
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£ 0.2
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Figure 3. Correlation matrix between various properties of composite filaments used in FDM 3D printing

The stacked bar chart (P>Figure 4) illustrates the distri-
bution of various reinforcements used in composite fil-
aments for FDM 3D printing over selected years (2014
- 2023). Each color represents a different type of rein-
forcement material—carbon fiber, glass fiber, nanoparti-
cles and bio-fillers—with the height of each colored seg-
ment indicating the number of studies focusing on that
particular reinforcement type in a given year. A general
increase in the number of studies across all types of re-
inforcements over the years, indicating growing interest
and research activity in the field of composite filaments.
Carbon fiber remains the most popular reinforcement,
showing a steady increase in its research focus, reflect-
ing its importance in enhancing mechanical proper-
ties. Glass fiber and nanoparticles also show significant
growth, underscoring their roles in improving filament
performance. Bio-fillers, while representing a smaller
portion of the studies, exhibit a rising trend, highlighting
a growing interest in sustainable and environmentally
friendly reinforcement options. This visualization un-
derscores the dynamic nature of research in composite
filaments, with a clear trend towards diversifying and
enhancing the properties of materials for 3D printing.

@ European Mechanical Science (2024), 8(3)

Applied fields

Composite filaments attract a lot of attention in indus-
trial areas where rapid prototyping is required. Some
of these are automotive, aviation, medical, computer
hardware, etc. can be listed as follows. In addition to the
superior properties of the polymer material used in 3D
printers, which is an alternative to traditional materials,
it also has mechanical strength, heat resistance, etc. It
has some weaknesses such as: Researchers point out that
one of the effective ways to improve these drawbacks is
to obtain composite materials. The results obtained from
the research are practically applied to industrial fields.
In industries such as automotive, aerospace and biomed-
ical, composite materials have been placed at the center
of studies focused on reducing the weight of components,
long-lasting designs and recycling.

Composite filaments, made from a mixture of polymers
and materials like carbon fibers or ceramics, enhance
the properties of objects created with 3D printers. De-
spite their advantages in mechanical strength and heat
resistance, they do have some drawbacks, such as cost
and specialized processing requirements.
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Figure 4. Distribution of various reinforcements used in composite
filaments for FDM 3D printing between 2014 and 2023

Researchers have identified that enhancing these fil-
aments with composite materials can mitigate these
weaknesses. The practical applications derived from
ongoing research are particularly evident in sectors
focused on lightweight components, durability and re-
cyclability. In automotive, aerospace and biomedical
fields, composite materials are crucial in studies aimed
at reducing component weight and enhancing long-term
usability and sustainability. This makes composite fila-
ments a focal point in efforts to advance and refine the
capabilities of 3D printing technologies in various in-
dustrial applications.

2. Discussions

The review of recent studies on the production and
evaluation of composite filaments for FDM 3D printing
reveals a rapidly advancing field marked by innovative
approaches to enhancing filament properties. This dis-
cussion synthesizes key insights, addresses challenges,
and proposes avenues for future research, aiming to
contribute to the development of high-performance, ap-
plication-specific composite filaments.

Synthesis of Findings: The literature indicates a strong
emphasis on improving the mechanical and thermal
properties of filaments through the incorporation of
various reinforcements, including carbon fibers, glass
fibers, nanoparticles, and bio-fillers. Studies such as
Letcher and Waytashek (2014) and Wu G. et al. (2016)
highlight the significant impact of material composition
and print parameters on filament performance [1,2].
Moreover, the introduction of bio-compatible and sus-
tainable materials, as seen in the works of Ausejo et al.
(2018) and Ertane et al. (2018), reflects a growing inter-
est in environmental sustainability and medical appli-
cations [12,14].

European Mechanical Science (2024), 8(3)

Challenges and Limitations: Despite notable advance-
ments, several challenges remain. The heterogeneity of
composite materials often complicates filament produc-
tion, requiring careful optimization of material ratios
and processing conditions to achieve desired properties
without compromising printability. Additionally, stud-
ies like that of Kumar et al. (2020) point to difficulties in
achieving uniform dispersion of reinforcements within
the polymer matrix, which can adversely affect the me-
chanical integrity and consistency of printed objects [19].

Material Innovation: Developing new composite ma-
terials that balance strength, flexibility, and thermal
stability with ease of printing. Exploration of novel bio-
based and biodegradable materials could also contrib-
ute to sustainability goals.

Advanced Processing Techniques: Investigating more
sophisticated methods for mixing and extruding com-
posite filaments to enhance the uniformity and disper-
sion of reinforcements. Techniques such as microencap-
sulation of nanoparticles could offer improved material
properties and processing characteristics.

Printer Adaptations: Designing printer modifications
or developing new printer technologies tailored to the
specific requirements of composite filaments. This in-
cludes novel nozzle designs and advanced temperature
control mechanisms to accommodate a wider range of
materials.

Application-Specific Studies: Expanding research into
practical applications of composite filaments, partic-
ularly in industries where FDM 3D printing has been
underutilized due to material limitations. This includes
aerospace, automotive and biomedical sectors, where
the demand for customized, high-performance parts is
significant.

Exploration of composite filaments for FDM 3D print-
ing represents a vibrant area of research with the po-
tential to significantly expand the capabilities and ap-
plications of additive manufacturing. By addressing the
current challenges and focusing on the outlined future
directions, the field can continue to innovate, paving the
way for the development of next-generation materials
and printing technologies.

3. Conclusions

This comprehensive review of studies on composite filaments
for FDM 3D printing underlines the dynamic and innovative
nature of research in this field. The results obtained from this
compilation study can be listed as follows:

« Integration of various reinforcements into base

thermoplastics has been shown to significantly
increase the mechanical, thermal, and functional
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properties of 3D printed objects. From increased
tensile strength and thermal stability to improved
biocompatibility and sustainability, composite fila-
ments are pushing the boundaries of what can be
achieved with FDM 3D printing.

« Despite these advances, challenges such as mate-
rial compatibility, uniform reinforcement distri-
bution, and printability remain. However, ongoing
research into new material formulations, advanced
processing techniques, and printer modifications
offers viable solutions.

« Future of composite filaments in FDM 3D print-
ing is bright and there are many opportunities for
further research. Key areas include developing new
composite materials that offer a balance between
performance and printability, investigating sus-
tainable and biodegradable options, and custom-
izing printing technologies to expand the range of
usable materials.

- Advances in composite filaments are significant-
ly expanding the capabilities of FDM 3D printing,
transforming it from a tool used primarily for pro-
totyping into a viable method for producing func-
tional, high-performance parts. Thus, it not only
expands the scope of application of FDM technol-
ogy, but also contributes to the wider adoption and
integration of 3D printing in various industries.

This review brings together significant research in the
development of composite filaments, revealing their po-
tential as an alternative material. The study discusses
the advanced material properties, industrial applica-
bility and future trends of composite filaments. Future
research may focus on improving mechanical strength,
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