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1. Introduction

Steel foams are advanced structural materials
characterized by a cellular architecture that combines the
strength of steel with the lightweight nature of foam.
Owing to their unique porous structure, steel foams exhibit
excellent energy absorption, high stiffness-to-weight ratio,
and superior damping properties. These characteristics
make them highly suitable for use in applications across
the automotive, aerospace, and civil engineering sectors.
One of the critical considerations in the structural
application of steel foam elements is their buckling
behavior under compressive loading. Unlike solid steel
columns, the cellular geometry of steel foam significantly
influences both the onset and the mode of buckling. Steel
foam columns often demonstrate a delayed buckling
initiation and more stable post-buckling behavior due to
the progressive collapse of the internal porous framework.
The parameters such as relative density, cell size, and wall
thickness may have a direct impact on the critical buckling
load. Furthermore, the manufacturing method —whether
powder metallurgy or melt infiltration— affects the
microstructure and, consequently, the mechanical
performance of the foam.

This research investigates the influence of structural
and finite element parameters on the buckling simulation
of steel foam columns under axial compressive loads,
utilizing the finite element method. Understanding these
effects is essential for the optimization of design and
enhancement of structural stability in lightweight
components made from steel foam.

2. Modeling and Simulation Method

Six cylindrical foam models with a height of 40 mm and a
diameter of 4 mm were examined, featuring porosity levels
of 0%, 10%, 20%, 30%, 37%, and 45%. The models were
designed using SpaceClaim software. Modeling began
with 4 mm cubes, into which randomly distributed
spherical pores with diameters ranging from 500 to 1750

micrometers were introduced to achieve the desired
porosity levels. Repetition of similar pores both on the
surfaces and within the internal structure of the specimens
was intentionally avoided to produce truly porous
architectures. Initially, the pore walls were assumed to
have zero thickness. However, to investigate the effect of
wall thickness on the critical buckling load, additional
models with 10% and 30% porosity and a wall thickness
of 100 micrometers were created. Ten porous cubes were
randomly connected to form a rectangular cube, from
which a 4 mm diameter cylinder was extracted. The model
with 0% porosity is a solid cylinder. Models with zero wall
thickness are labeled A, while those with 100 um wall
thickness are labeled B. The base material is structural
carbon steel with a Young’s modulus of 200 GPa,
Poisson’s ratio of 0.3, and yield strength of 250 MPa.
Figure 1 illustrates the models with various porosities and
zero wall thickness.

Fig. 1. CAD models used in the study, shown from left to
right with porosity levels of 10%, 20%, 30%, 37%, and
45%.

3. Boundary Conditions and Loading
The critical loads for each model were examined under
three different boundary conditions: fixed—free, fixed—
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pinned, and pinned—pinned. The fixed and pinned supports
were simulated by applying displacement constraints to
the cross-sectional surface at one end of the model. For the
fixed support, displacements along all three coordinate
axes were restricted, while for the pinned support,
displacements in the directions perpendicular to the
model’s length (x and z axes) were constrained. The
applied load was a compressive force along the
longitudinal axis and perpendicular to the cross-section of
the model. The magnitude of this compressive force was
set to one unit so that the resulting critical load corresponds
directly to the primary buckling factor.

4, Discussion and Results

Considering the pore size range, a good dispersion in pore
dimensions was observed. It is noteworthy that the
meshing performed on the models is directly related to the
number of pores or porosity levels. The higher the number
of pores, the greater the number of elements required for
meshing the final porous structure.

The effect of increasing the mesh density around the
pores on the critical buckling load was evaluated in a
separate analysis, wherein the mesh size around the pores
was set smaller than that of the bulk model. In this case,
the pore elements had a size of 0.1 mm, resulting in more
than a 4.5-fold increase in the number of elements and over
a tenfold increase in simulation time for the model with
45% porosity.

The critical buckling load under fixed—free boundary
conditions in this case was calculated as 1112.3 N, which
represents approximately a 4% reduction compared to the
scenario with uniform meshing throughout the entire
model. Naturally, this difference decreases significantly as
the number of pores is reduced. Therefore, in the
remaining simulations, the element sizes for both pores
and the matrix were kept uniform.

These investigations indicate that models with a higher
number of pores exhibit lower critical buckling loads. In
other words, as specimens weaken due to porosity, models
with higher porosity levels experience buckling earlier.

Across all models, the critical load generally increases
with more restrictive boundary conditions. As expected,
the mode shapes depend on the boundary constraints; thus,
the introduction of pores or porosity has a negligible effect
on the buckling mode shape. However, the deformation
magnitudes associated with the first buckling mode
increase in the porous specimens. Figure 2 shows the first
mode shapes of buckling of the models with 45% porosity
and without porosity under different boundary conditions.

The critical loads obtained from the finite element
simulations closely match those predicted by Euler’s
buckling formula. The largest and smallest discrepancies
correspond to the fixed—pinned and fixed—free boundary
conditions, respectively.

The evaluation of pore wall thickness in porous steel
structures demonstrates that increasing wall thickness has
a direct and significant impact on critical buckling loads.
Simulations of models containing 10% and 30% porosity
from Group B, with a wall thickness of 100 um, showed
that these models require more mesh elements and exhibit
higher critical buckling loads compared to their
counterparts in Group A. Specifically, the 30% porosity
model with 100 pm wall thickness displayed similar
buckling performance to a 15% porosity model with a wall
thickness of 1x107® m under identical boundary and

loading conditions. It should be emphasized that under
compressive loading, the pore or cell walls resist the
applied load, and therefore, increasing the wall thickness
leads to a higher critical buckling load capacity.

Fig. 2. The first mode shapes of buckling of the models
with 45% porosity (left) and without porosity (right) under
a) fixed—free, b) fixed—pinned, and c) pinned—pinned
boundary conditions.

5. Conclusion

In this study, for the first time, the buckling behavior of
steel structures with porosity levels ranging from 0% to
45% was simulated using geometrically nearly realistic
porous models. The comparison between the buckling
results of the non-porous model and Euler’s analytical
solution showed excellent agreement, confirming the
reliability of the simulation approach. The modeling and
simulation parameters reported here may serve as a useful
reference for future research. The key findings of this
study are as follows:

e Increasing the porosity of the models results in a higher
number of mesh elements required for finite element
analysis.

¢ Higher porosity leads to a significant reduction in the
critical buckling load.

e Models with more constrained boundary conditions
(fixed—pinned) exhibit greater buckling resistance.

e Under identical meshing, loading, and boundary
conditions, models with finite wall thickness (Group B)
demonstrated superior buckling capacity compared to
their zero-wall-thickness counterparts (Group A).

e The observed trend of decreasing critical load with
increasing porosity is expected to continue at higher
porosity levels. Moreover, since the buckling load is
highly sensitive to porosity and pore count, the size and
spatial distribution of pores are also important factors
that merit further investigation.
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A Numerical Investigation on the Stability of Porous Steel Columns under Axial Loading
Javad piri Ali Mohammad Naserian-Nik Hamid Sazegaran

Abstract Steel foams or porous steels can be successfully used in many engineering applications due to their unique
chemical, physical and mechanical properties. In this research, due to the importance of studying the mechanical
behavior of steel foams, the buckling behavior of this advanced and emerging engineering material has been simulated
and investigated. For this purpose, explicit modeling of pores and the finite element method have been used. Studies were
conducted for three different boundary conditions on models with porosity percentages of 0, 10, 20, 30, 37 and 45.
Considering the novelty of the simulated problem, the issue of sensitivity to meshing was investigated. The results indicate
that with increasing porosity, the number of elements increases and the critical buckling load decreases. The critical load
values obtained for different models were compared with each other. The effect of porosity on buckling behavior is less
for conditions where porous steel columns have more constraints.

Keywords Steel foam, Simulation, Buckling, Finite element, Critical load.
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1- Introduction

In recent years, the demand for manufacturing high-quality
components with complex geometries has increased
significantly. Conventional manufacturing methods,
including casting, forming, and subtractive processes, face
limitations in producing intricate geometries. These
methods generate substantial waste, require high energy
consumption, and are not well-suited for customized or
personalized parts. To address these issues, additive
manufacturing (AM), commonly known as three-
dimensional (3D) printing, has been developed. Among
various AM techniques, metal additive manufacturing
(MAM) has enabled the production of complex metallic
components with high density and strength while
minimizing waste. Despite its many advantages, MAM
faces commercial challenges such as ensuring quality and
process repeatability. To overcome these challenges,
accurate mathematical models of MAM processes must be
developed. However, due to rapid dynamics, multiple
physical phenomena, and parametric uncertainties, process
modeling remains a complex task, and traditional models
often fail to uncover hidden patterns within the process. To
address these issues, data-driven methods—particularly
artificial intelligence (Al) and machine learning (ML)—
have gained significant attention. ML allows nonlinear
modeling and the analysis of multidimensional, complex
data, enabling the development of accurate models from
process data without explicit programming. This approach
not only facilitates fast model development but also
provides improved prediction for unseen data, higher
accuracy through data augmentation, and lower
experimental costs and time. Therefore, ML offers a
promising tool for modeling MAM processes.
Nonetheless, limitations such as the need for large volumes
of high-quality data, model selection, parameter tuning,
computational constraints, and issues like overfitting still
cause challenges in applying ML to MAM process
modeling. To address these issues, this paper proposes a

hybrid framework combining data augmentation and
ensemble learning as an improved approach for modeling
MAM processes. The framework is implemented and
evaluated on two key processes: selective laser melting
(SLM) and laser direct metal deposition (LDMD).

2- Proposed Framework

In this study, a hybrid framework combining CTGAN-
based data augmentation and ensemble learning is
employed for modeling MAM processes. The proposed
framework consists of two main components: first, process
data is collected and pre-processed, after which data
augmentation is performed using CTGAN within the
Python environment. In the subsequent stage, the
augmented data are fed into ML models, thereby
enhancing their accuracy and predictive performance.
Compared to conventional physics-based and traditional
approaches, the proposed framework demonstrates
superior capability in modeling the nonlinear and complex
nature of AM processes, while also offering significantly
higher efficiency and speed than computationally
expensive and time-consuming methods such as the finite
element method (FEM) or computational fluid dynamics
(CFD). These advantages make the framework suitable for
industrial applications and real-time applications,
including intelligent dimensional control systems. The
overall structure of the proposed framework is illustrated
in Figure 1.
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Figure 1. The proposed framework for modeling MAM
processes integrates data augmentation and ML.

3- Problem Formulation

In this paper, various ML models were implemented and
evaluated for modeling MAM processes. The models
include Support Vector Machine (SVM), AdaBoost,
Extreme Gradient Boosting (EGB), Decision Tree (DT),
Random Forest (RF), Linear and Polynomial, LASSO, and
Ridge Regression. Additionally, CTGAN-based data
augmentation was employed to expand the dataset and
improve model accuracy. Cross-validation was applied to
assess prediction accuracy, evaluate performance, and
ensure the generalizability of the developed models.

4- Simulation Results

In this section, ML models were implemented and
evaluated on two well-known MAM processes to assess
their predictive performance for process outputs. In the
first case study, corresponding to SLM, models including
EGB, RF, RBF, Polynomial Regression, Ensemble
learning, and AdaBoost were employed to predict the
outputs of density, tensile strength, and hardness of the
fabricated parts. The simulation results indicate that
applying CTGAN-based data augmentation reduced CV-
RMSE by 58% for density, 42% for tensile strength, and
59% for hardness, demonstrating a significant
improvement in model prediction accuracy. In the second
case study, related to LDMD, models such as EGB, RF,
RBF, Polynomial Regression, Ensemble learning, and
Ridge Regression were utilized to predict the width, depth,
and height of the deposited tracks. The application of
CTGAN resulted in reductions in the mean prediction error
of 44% for width, 51% for depth, and 49% for height.
These findings confirm that the integration of ensemble
learning with data augmentation substantially enhances the
accuracy and reliability of the models, enabling fast and
precise process output predictions in industrial
environments. Compared to conventional simulation
approaches such as FEM or CFD, the proposed framework
achieves significantly higher execution speed and
responsiveness without the need for high computational
resources or extended run times. Consequently, this

approach is more suitable for real-time applications,
process control, and industrial production optimization,
while also contributing to reduced costs and experimental
time. Beyond speed, the proposed framework
demonstrates reliable performance under parametric
uncertainties and measurement noise, and it can be
integrated into real-time intelligent dimensional control
systems. Furthermore, it allows the prediction of
dimensional deviations during production and provides
automated alerts or corrective actions in the event of
defects, thereby improving process efficiency. Overall, the
combination of ensemble learning and data augmentation
enables accurate and cost-effective modeling of complex
MAM processes compared to traditional methods.

5- Conclusion

In this paper, several ML methods, including DT, EGB,
RBF, AdaBoost, ensemble learning, Polynomial
Regression, and RF, were implemented to model two
MAM processes: SLM and LDMD. Due to the limited
amount of available data, a hybrid approach combining
CTGAN-based data augmentation with ensemble learning
was adopted, and the models were evaluated using Rz and
CV-RMSE metrics. The simulation results demonstrate
that data augmentation improved the predictive
performance of the models by an average of 53% for the
SLM process and 48% for the LDMD process. The
proposed framework enables real-time prediction of
process outputs in industrial environments. Compared to
finite element simulations, the proposed method is
significantly more efficient in terms of both computation
time and resource requirements, while also serving as a
complementary tool for enhancing existing models. For
future work, potential directions include integrating the
proposed framework with neural networks, extending it to
other metallurgical outputs, developing intelligent
dimensional control systems, and applying nature-inspired
optimization algorithms such as particle swarm
optimization (PSO) to identify optimal operating
conditions and minimize energy consumption.
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Machine Learning-Based Modeling of Metal Additive Manufacturing Processes Using Data
Augmentation and Ensemble Learning

Nima Ayobi Reza Mahboobi Esfanjani Ahmad Akbari Habib Badri Ghavifekr

Abstract Although metal additive manufacturing offers many advantages, it is restricted by the repeatability and quality
assurance of the produced parts. Accurate mathematical modeling of the process is essential to tackle these limitations.
Traditional mathematical modeling approaches are inefficient in describing this complicated system. Machine learning
is a novel data-driven modeling approach to discover hidden patterns in nonlinear systems. However, applying this
scheme in the metal additive manufacturing process is challenging due to the limited data samples. This paper uses
machine learning and data augmentation to tackle the mentioned issues and model two well-known metal additive
manufacturing processes. Simulation results demonstrate the effectiveness of the proposed method in modeling the metal
additive manufacturing processes.

Keywords Metal additive manufacturing, Machine learning, Data augmentation, Ensemble learning, Modeling.
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Input: The distribution of real data
Output: £ = P;(row|D;+); The conditional generator

while 1 do
Step 1
fori =1:1: N, do
Generate mask vectors m; = [mfk)]
k=1,...|D;|
end

Step 2

Step 3

Step 4
k*picked up uniformly following PMF of Step 3

Step 5

Step 6
cond = my@® ...m;-@my,

end
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Set the k*th component of the i* mask to 1, (mg‘*) «1)

with zero elements

Choose a discrete column D; randomly from entire N, discrete columns with uniform distribution

Generate PMF across a range of values of the column picked in Step 2
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Elements Al Si Mg Fe Cu

Mn Zn Ti Ni Pb Sn

W.t% Balance 9.5 0.38 0.18 <0.01

<0.01 <0.01 <0.01 <0.01 <0.01 <0.01
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No Process Parameters Measured Parameters
Lase[r\AF/’iJwer Sc[ar?] ni?se]ed Hatcriu[;i]_;,tance Overlap Rate | Density [g/cm?] Tensi[llte/I lsagr]ength H?L(:\r}(]ess

1 320 600 102.4 0.25 2.6102 455.00 119.0
2 320 600 95.5 0.3 2.6266 450.00 123.2
3 320 600 88.7 0.35 2.6270 443.33 130.8
4 320 750 931 0.25 2.6196 448.33 124.4
5 320 750 86.9 0.3 2.6094 443.33 123.2
6 320 750 80.7 0.35 2.6204 445.00 127.8
7 320 900 81.8 0.25 2.6310 443.33 127.6
8 320 900 76.3 0.3 2.6221 446.67 127.8
9 320 900 70.9 0.35 2.6298 450.00 122.6
10 360 600 111.0 0.25 2.5965 431.67 127.2
11 360 600 103.6 0.3 2.6237 436.67 135.2
12 360 600 96.2 0.35 2.6063 441.67 116.4
13 360 750 98.0 0.25 2.6083 430.00 129.8
14 360 750 914 0.3 2.6308 441.67 123.2
15 360 750 84.9 0.35 2.6087 445.00 128.8
16 360 900 88.9 0.25 2.6092 420.00 119.0
17 360 900 83.0 0.3 2.6260 431.67 127.2
18 360 900 77.1 0.35 2.6252 446.67 122
19 400 600 116.4 0.25 2.5618 420.00 118.6
20 400 600 108.6 0.3 2.6241 445.00 131.0
21 400 600 100.9 0.35 2.6296 438.33 139.2
22 400 750 104.7 0.25 2.6056 430.00 124.8
23 400 750 97.7 0.3 2.6164 431.67 127.4
24 400 750 90.7 0.35 2.5981 446.67 120.8
25 400 900 94.1 0.25 2.6250 416.67 125.4
26 400 900 87.8 0.3 2.5864 443.33 113.2
27 400 900 815 0.35 2.6152 438.33 1184
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No. Process Conditions Measured Geometrical Parameters
P(W) | v(mm/min) | m(g/min) | Width(mm) | Depth(mm) | Height(mm)
1 | 1200 400 4 3.09 0.25 0.98
2 1500 400 4 3.71 0.46 1.08
3 1500 400 6 3.61 0.37 1.46
4 1500 400 8 3.49 0.11 1.98
5 | 1500 400 10 4.3 0.21 2.14
6 | 2000 200 3 5.24 0.70 0.85
7 2000 200 10 5.28 0.74 211
8 | 2000 300 3 5.32 1.81 1.38
9 | 2000 400 8 4.07 0.59 1.75
10 | 2000 500 8 3.94 0.65 1.49
11 | 2000 500 3 4.31 1.22 111
12 | 2500 100 5 10.7 2.83 0.82
13 | 2500 150 5 85 151 1.04
14 | 2500 150 7 8.9 1.52 2.06
15 | 2500 200 5 8.05 15 1.05
16 | 2500 200 7 8.66 1.62 1.89
17 | 2500 250 5 8.32 1.69 0.78
18 | 2500 400 3 5.3 2.13 11
19 | 3000 150 5 8.6 2.42 1.16
20 | 3000 150 7 9.4 2.6 1.53
21 | 3000 200 5 8.05 2.43 0.99
22 | 3000 200 7 8.8 241 1.34
23 | 3000 200 4 8.08 2.39 0.79
24 | 3000 200 6 9.22 1.83 12
25 | 3000 200 3 7.5 2.27 0.67
26 | 3000 200 10 9.3 2.33 1.86
27 | 3000 300 3 7.04 3.23 1.07
28 | 3000 500 3 5.38 2.25 0.96
29 | 3000 600 3 4.67 0.92 0.29
30 | 3000 600 10 55 1.04 1.28
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1- Equal Channel Angular Rolling process

The Equal Channel Angular Rolling (ECAR) process is
designed by introducing two rolls to the ECAP equipment
for overcoming the discontinuities observed in the
previous method for producing ultra-fine structures.
Ultra-fine structures are produced continuously by shear
deformation of metal strips. In the ECAR die, the channel
intersection angle, @, is typically 120 degrees, and the
curvature angle of the die, W, is zero degrees. Friction
between the rolls and the metal sheet provides the force
required for ECAR. The maximum feeding force is
constrained by the attainable thickness reduction ratio,
contact area, and the friction coefficient between the rolls
and the sheet. In order to reduce die friction and
deformation resistance in ECAR, the outlet-channel
cross-section is designed to be slightly larger than the
inlet-channel cross-section. During rolling, the sheet
thickness first reduces and then increases as it travels
through the deformation region around the junction of the
two channels.

2- Mechanical Properties of ECARed Materials

In the ECAR process, materials experience high strain in
passing through the intersection between channels, and
this strain affects their microstructure as well as their
mechanical properties. According to research, the ECAR
process can enhance the mechanical properties of metals
and alloys through increased dislocation density and grain
size refinement. Metals and alloys having face-centered
cubic (FCC) and body-centered cubic (BCC) crystal
structures find good formability as they can withstand
high strains due to successive passes in the ECAR
process. The ECAR process on sheets of aluminum alloy,
low carbon steel, and pure copper has been established to
have better mechanical characteristics. The initial pass of
ECAR results in an abrupt increase in strength and in
microhardness, accompanied by a decrease in ductility.
As processing advances, the improvement in strength in
the range of the first and third pass becomes small, and
these characteristics remain substantially unchanged after
processing in the third pass.

The rapid improvement in mechanical properties is due to
an increased dislocation density and the development of

an ultrafine grain structure. The ultrafine grain structure
is formed in several stages: initiation of dislocation cells,
transformation of these dislocation cells through
polygonal dislocation walls due to increased strains,
transformation of these dislocation walls into boundaries,
and transformation of an ultrafine grain structure
throughout the material.

Materials possessing a hexagonal close-packed (HCP)
crystal structure, including titanium and magnesium
alloys, commonly have limited deformation modes and
develop a strong crystallographic texture during rolling,
limiting subsequent deformation. The materials,
therefore, face significant limitations when activating slip
systems, and an external input of energy in terms of heat
supply is commonly necessary to allow severe plastic
deformation without accompanying cracking. In addition
to dislocation slip in HCP materials, severe plastic
deformation may involve twinning. The twinning can be
tensile, compressive, or recrystallization-type, depending
on the crystallographic texture and the nature of the
deformation. Table 1 shows some ECARed alloys'
mechanical properties.

Figure 1 demonstrates that, for the soft metals like
aluminum alloys, steel, and copper, the transformation of
the tensile strengths takes place sharply during the first
pass up to maximum values between the second and the
fourth passes. The ductility of most metal sheets
following the ECAR process tends to fall sharply during
the first pass, with successive passes further reducing the
ductility. Thus, increasing beyond three passes, besides
incurring additional ECAR costs, yields only a slight
increase in strength and may even degrade mechanical
properties while reducing ductility.

Metals of an HCP structure, including magnesium
alloys, develop grain refining by ECAR, but the variation
in yield and tensile strength differs from that of other
classes of metals, often accompanied by a marked
decrease in these mechanical properties. Moreover,
ECAR in these metals increases ductility. As for titanium,
also of an HCP structure, projected trends for strength
may coincide with those for the magnesium alloys, but the
improvement defined by the successive passes from the
sole study recorded calls for further investigation.
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Comparison of microstructure and tensile characteristics
of pure copper processed by ECAR and ECAP reveals the
same values for the same channel angle. The mechanical
properties after ECAR exhibit a sequence similar to
increasing
decreasing ductility. The principal distinction of the two
processes is the continuous nature of ECAR relative to
ECAP. Although the widespread pattern of tensile
properties for the two processes resembles each other, the
ECAR process reveals a higher strain value for the metal

ECAP, characterized by

for a specified channel angle.

3- Conclusion

process, with the results classified into two groups:
materials with FCC and BCC structures, and materials
with HCP structures. The research reports indicate the
greatest variation of the mechanical properties occurred
during the first three passes; after this, variation becomes
extremely minute or, for a few, reverses. For HCP
structure-based alloys, ECAR uses preheating as well as
inter-pass heat treatment to compensate for the limited
formability so as to refine the grains and attain nanoscale
structures. However, the effect of ECAR on mechanical
properties for metals with HCP structures, such as
magnesium alloy AzZ31, differs: ductility is improved
while strength is reduced.

strength and

In this paper, a review was conducted of the reported
mechanical properties of materials after the ECAR

Table 1: Results from examining the mechanical properties of some metals and alloys after the ECAR process

Author Pass | Alloy Results
Increase in microhardness by approximately 18.5% in the first three passes, followed
by a slight decrease.
1 | Nemati Charietal. | 5 5083 Increase in yield strength and tensile strength by 71% and_13%, respectively, in the
Al first pass, with very small changes as the number of passes increases.
40% reduction in elongation after the first pass, with minor changes as the process
passes continue
Increase in microhardness by about 52% after three passes.
5083 Increase in yield strength and tensile strength by 94% and 19%, respectively, after the
2 | Bozcheloei et al. 3 Al first three passes.
60% reduction in elongation after the third pass
Increase in microhardness by about 13% after 5 passes; the rate of increase after the
fifth pass was very low.
Pure Increase in yield strength and ultimate tensile strength by 470% and 74%, respectively,
3 | Kvackaj et al. 13 Cu only in the first pass, with negligible changes thereafter.
Reduction in cross-sectional area in the first seven passes occurred at a high rate, but
after reaching pass 13, it nearly returned to the initial value.
70% increase in microhardness in the first two passes, followed by minor increases in
microhardness with further passes.
L Pure Increase in yield strength and ultimate tensile strength by 145% and 23% in the first
4 | Habibi et al. 10 - .
Cu three passes, with subsequent changes being very small.
Decrease in elongation in the first three passes by 67%.
Increase in microhardness by about 50%.
5 | Hassani et al 10 AZ31 | Decrease in yield strength and tensile strength by 37% and 52%, respectively.
' Mg Increase in elongation from 13% in the initial sample to 79% after 10 passes
A731 Decrease in yield strength and tensile strength by 58% and 5%, respectively.
6 | Chenetal. 5 Mg Increase in elongation from 14% in the initial sample to 24% after 5 passes
_ _ Increase in microhardness by 40%.
7 | Honarpishehetal. | 4 Ti Increase in yield strength and ultimate tensile strength by 72% and 52%, respectively

450
400
350

w
=]
=)

250

2
=]
=]

150

—
=
=]

Tensile strength (MPa)
wn
=]

60
e A11100-0[37]
50 —e—A15083 [34]
m =0 A15083 [14]
——Al6061136] g o Cy [38]
—a— 15083 [14] £ 0 G [18]
) a —st 12 [42]
212082 [14] 20
(s 3R]
—o—Cu [18] 10
—— 2[4 0 .
. " h 0 1 3 4 5 o6 7 8 9 10

01 2 3 4

Pass Number

6 7 8 9
Pass Number

Figure 1 shows the changes in a) Tensile Strength, and b) Ductility with an increasing number of ECAR process passes on

different metals.
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A Brief Review of Mechanical Properties of Metal Sheets processed by Equal Channel Angular
Rolling Process

Asiyeh Habibi

Abstract Equal channel angular rolling based on the equal channel angular pressing is a severe plastic deformation
process. This process has been developed to overcome the limitations of discontinuity and the lack of using strips in the
equal channel angular pressing process. This process has the ability to apply severe shear deformation and fabricate
ultra-fine grained structure, as well as improve the material properties of thin sheets without changing the dimensions.
Process parameters such as rolling pass number and route have been investigated to analyze the mechanical behavior of
materials. In the present study, the impact of equal channel angular rolling process on the mechanical properties such
as yield and tensile strength, elongation and microhardness in different alloys of materials is briefly summarized by
focusing on the effect of pass number and rolling route. Despite the improvement of mechanical properties in sheets by
repeating the number of equal channel angular rolling process passes, repeating more than three process passes to
improve the properties does not seem logical.

Keywords Equal channel angular rolling, Severe plastic deformation, Yield strength, Tensile strength, Ductility,
Microhardness.
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1- Introduction

Zn-Al biodegradable alloys exhibit good compatibility
with surrounding artery tissues where despite the presence
of acute and chronic inflammatory signals, the histology
evidences fail to discover necrotic tissue in the samples
examined. Due to conflicting reports regarding the toxicity
and negative effects of Al on the nervous system and its
impact on the occurrence of Alzheimer's disease, dilute
Zn-Al alloys (containing less than 4 wt. % Al) have gained
the attention of biomedical industries. However, to meet
the required mechanical properties of biomedical
components, it is necessary to enhance their mechanical
properties through alloying with non-toxic elements
and/or post-processing techniques. In the present study, an
attempt was made for the first time to improve the
mechanical properties and corrosion resistance of
biodegradable Zn-(0.5-4) Al alloys via increasing the
solidification cooling rate (SCR) or “chill modification”.
Chill modification is a cost-effective approach that is
known to be potentially applicable in an industrial scale.
This method does not require special equipment, does not
introduce impurities into the melt, exhibits lower
limitations regarding the sample size and geometry, and
affects almost the entire alloy microstructure. Increasing
the SCR can also decrease the grain size, reduce the
secondary dendritic arm spacing (SDAS), refine second-
phases/micropores, and reduce the elemental segregations.
Therefore, it thought to be capable of substantial
enhancing the properties of Zn-(0.5-4) Al alloys.

2- Materials and Methods

The experimental Zn—Al alloys were made in a resistance
furnace using an SiC crucible. Pure Zn ingots were
charged and melted under the protection of ZnCl,-based
covering flux. After adding the appropriate amounts of
pure Al (99.9 wt.%) the melt was alternatively stirred.
Following the removal of the surface dross, molten Zn-
(0.5-4) Al alloys were solidified at two different SCRs of
4.1 °C/s and 14.7 °C/s. To investigate the tensile

properties, the tensile samples were prepared from the
castings using a CNC milling machine. Then, the samples
were tested with a Zwick/Roell Z100 uniaxial tensile
machine at room temperature with a load cell of 10 kN.
The tensile properties were measured at a strain rate of 0.5
mm/min. The sample's microhardness was also measured
under an indentation load of 500 g and a dwell time of 15
seconds according to the ASTM E-92 standard. Surface
preparation of the metallography samples was performed
using SiC paper followed by diamond paste polishing (1
um). Then, etching was performed in 3 ml HNO3 + 97 ml
Ethanol solution for 3 s at room temperature.
Microstructural examination was also performed using an
Olympus Optica optical microscope (OM), a VEGA
TESCAN-LMU scanning electron microscope (SEM)
equipped with an energy dispersive X-ray spectrometer
(EDS), and X-ray diffraction (XRD). XRD was performed
using a Philips Expert Pro diffractometer with a voltage of
45 kV and a copper anode under Cu-Ka radiation with a
wavelength of A =1.56 4 and in the range of 26 = 20°-80°.
Corrosion testing was performed using the Tafel
polarization method in simulated body fluid as the
electrolyte. To measure the corrosion potential, an open
circuit potential test was performed for 10 min and a
potential range of -1 to 2 V and a scan rate of 2 mV/s were
applied to extract Tafel diagrams on the samples.

3- Results and Discussion

The effect of SCR (4.1 and 14.7 °C/s) on the
microstructure of Zn-xAl alloys is shown in Fig. 1. As
seen, for a given Al content, increasing the SCR refines the
phases and promotes their more uniform distribution
within the matrix. At the SCR of 14.7 °C/s, the secondary
dendrite arm spacing (SDAS) is about 22.4+9.4 um, which
is about 75% lower than that of the sample containing the
same Al content solidified at SCR of 4.1 °C/s (i.e.,
86.7£18.2 um). Increasing Al content from 0.5 to 4 wt. %
also increased the eutectoid regions fraction from
3.742.2% in Zn-0.5Al alloy to about 63.7+£2.8% in the Zn-
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4Al alloy, which is relatively lower compared to the same
values in samples solidified at 4.1 °C/s.

The variation of tensile properties and hardness of Zn-xAl
alloys at the different SCRs is shown in Fig. 2. As seen, at
0.5, 1, 2, and 4 wt. % Al, increasing the SCR from 4.1 to
14.7 °C/s increases the tensile strength by 10, 12, 15, and
20%, respectively. Zn-2Al alloy provides the benchmark
mechanical properties of biomedical applications.
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Considering the possible toxic effects of Al, this can be
considered an important achievement in biodegradable Zn-
Al alloys. This improvement can be explained by the fine
distribution of microstructural constituents, reduced SDAS
(reduced size of interdendritic phases), reduced grain size,
reduced fraction of porosity, and improved solid solution
strengthening.
Water-cooled copper mold (SCR: 14.7 °C/s)
T "'"-"\‘ T @) BESITAL o "~

.1 OM microstructures of Zn-Al alloys containing different Al content (a) 0.5 wt. %, (b) 1 wt. %,
(c) 2 wt. % and (d) 4 wt. % (at two different SCRs of 4.1 and 14.7 °C/s).
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Fig. 2: Effect of Al content and SCR on (a) yield strength, (b) tensile strength,
(c) percent elongation, and (d) microhardness of Zn-xAl alloys.
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Fig. 3 Tafel polarization curves (a) pure Zn, (b) and
(c) Zn-xAl alloys solidified at SCRs of 4.1 and 14.7 °C/s, respectively.

Considering the Tafel polarization curves (Fig. 3), at
the SCR of 14.7 °C/s, the Zn-2Al and Zn-1Al samples with
corrosion currents of 4.514x10% A/cm? and 3.773x10°®
Alcm?, respectively, have the highest and lowest corrosion
resistance, respectively. Also, at the SCR of 4.1 °C/s, Zn-
2Al alloy with corrosion current of 5.661x10°% A/cm? and
Zn-0.5Al alloy with corrosion current of 3.512x10° A/cm?
have the highest and lowest corrosion resistance,
respectively. The corrosion potential of the samples is
almost the same.

4- Conclusion

Increasing the SCR from 4.1 to 14.7 °C/s decreased the
grain size and SDAS and promoted fine distribution of
micro-constituents within the matrix. This improved the
mechanical properties, where the tensile strength of 0.5, 1,
2, and 4 wt. % Al containing samples increased by about
10, 12, 15, and 20%, respectively. At the SCR of 14.7°C/s
Zn-2Al alloy fulfilled the benchmark mechanical
properties for biomedical applications and showed the
highest corrosion resistance (corrosion current 4.514x10
Alcm?).
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Effect of Solidification Rate on Mechanical and Corrosion Behavior of Zn-xAl Biodegradable Alloys

Zeynab Ahmadi  Reza Taghiabadi ~ Morteza Saghafi Yazdi

Abstract The effect of solidification cooling rate (4.1 and 14.7 °C/s) was studied on the microstructure, mechanical
properties and corrosion behavior of biodegradable Zn-Al alloys containing 0.5, 1, 2 and 4 wt. % Al. According to the
results, the addition of Al developed a microstructure comprising of Zn-rich dendrites (7-phase) and Al-rich a-phase and
n-phase eutectoid in interdendritic regions. At the solidification rate of 4.1 °C/s, the Zn-4Al alloy with a tensile strength
of 321 MPa and an elongation of 16.2 % fulfilled the benchmark mechanical properties of biomedical implants.
Increasing the solidification cooling rate enhanced the mechanical properties where the Zn-2Al alloy with a tensile
strength and elongation of 330 MPa and 24 %, respectively, fulfilled the benchmark mechanical properties of
biodegradable alloys. According to the Tafel polarization tests, irrespective the cooling rate, the addition of 1 wt. % Al
increased the corrosion rate/corrosion current of pure Zn. The addition of ~2 wt. % Al improved the corrosion resistance
(corrosion current density of 4.514x10° A/cm?), but its further increase to ~4 wt. % increased the corrosion rate again.
The lowest corrosion rate was observed in the Zn-2Al alloy solidified at a cooling rate of 14.7 °C/s.

Keywords Biodegradable, Zn-Al alloy, Solidification cooling rate, Mechanical properties, Corrosion behavior.
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1- Introduction

In recent decades, the issue of environmental pollution has
become one of the fundamental challenges of the global
community due to the widespread use of toxic chemicals
in various industries. Among the common environmental
pollutants, pollution caused by toxic pigments is of
particular concern. Toxic pigments such as black acid and
brown acid, which are used in various industrial processes,
can be a major source of water pollution and health hazards
for humans and the environment. In order to solve this
problem, active research is being conducted to develop
effective and sustainable technologies for removing toxic
pigments from water. One of the practical approaches for
removing toxic pigments is the use of photocatalytic
materials. In photocatalysis, catalytic nanomaterials are
used as photoactivators to initiate and improve chemical
processes by absorbing sunlight. One of the catalytic
materials that has attracted much attention in this field is
graphene. Considering the above, it can be concluded that
photocatalytic graphene nanocomposites with nickel
ferrite and nickel oxide can be used as effective candidates
in the removal and destruction of toxic dyes. The results of
UV-Vis analysis for graphene-nickel ferrite-nickel oxide
samples are presented, and the difference in light
absorption in the visible-ultraviolet range is investigated.

2- Research Methodology

In this section, we will review the research methodology
for the synthesis of graphene-based photocatalyst
nanocomposites with a combination of nickel ferrite and
nickel oxide for the removal of toxic acid black and acid
brown dyes. After the successful synthesis of the
nanocomposites, we plan to analyze the structural,

morphological, and optical properties in detail. This
research utilizes a combination of advanced
nanomaterials, specifically graphene, nickel oxide, and
nickel ferrite. These distinct nanomaterial compounds,

characterized by their unique properties, are selected with
the intention of creating a synergistic nanocomposite
tailored for photocatalytic applications. The primary
objective is to harness the enhanced properties of these
materials in addressing the removal of toxic dyes,
specifically targeting acidic black and brown dyes.
Graphene, a two-dimensional carbon allotrope, is
renowned for its exceptional electrical conductivity,
mechanical strength, and large surface area. Nickel oxide,
as a metal oxide component, contributes to the
nanocomposite's catalytic activity. Meanwhile, nickel
ferrite, with its magnetic properties, adds another
dimension to the composite's functionality. The deliberate
combination of these materials aims to exploit their
individual strengths, offering a comprehensive solution for
the efficient degradation of toxic dyes through
photocatalysis. This nanocomposite synthesis represents a
strategic approach to overcoming the limitations of
traditional photocatalytic materials, addressing issues such
as recombination of electron-hole pairs and ensuring
optimal performance in the removal of acid black and
brown dyes. We will use techniques and equipment such
as scanning electron microscopy (SEM) and ultraviolet-
visible spectroscopy (UV-Vis) for these purposes. In the
following, the photocatalytic performance of the
nanocomposites in the removal of toxic acid black and acid
brown dyes will be evaluated by experimental tests and
using UV-Vis absorption curves.

3- Experiment Method

Graphene synthesis method using the Hammer method is
one of the most common methods for producing graphene.
This method usually starts with graphite as a precursor.
First, graphite is selected as a precursor. Then, this
graphite is prepared layer by layer or in powder form. An
ice bath (zero temperature) is prepared using
permanganate and potassium nitrate. Graphite is placed
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layer by layer in the ice bath and combined with the
resulting mixture of permanganate and potassium nitrate.
Graphite oxidation occurs in the ice bath and leads to the
formation of graphene. The resulting graphene has
different oxygen groups on the graphene structure. After
the oxidation process is completed, graphene is obtained,
which can be in powder or liquid form. Heat is applied to
the graphite to reduce the oxygen groups and convert it
into graphene. Finally, graphene is formed in the form of
three-dimensional clusters.

4- Results

The results of UV-Vis analysis for graphene-nickel ferrite-
nickel oxide samples are presented, and the difference in
light absorption in the visible-ultraviolet range is
investigated. Explanation of UV-Vis absorption analysis
on pure brown acid at different time intervals (30, 60, 120
min) is shown in Fig. 9. At this time, the brown acid
sample (pure) is exposed to visible-ultraviolet waves, and
the light absorption in this range is measured. Changes in
the light absorption spectrum in the visible-ultraviolet
range indicate the molecular and color characteristics of
the sample at that particular time. Over the 60 min time
period, changes in light absorption may indicate changes
in the molecules of the sample. An increase or decrease in
the light absorption at some time points may be related to
changes in the structure or preparation of the sample.

5- Conclusion

In this study, graphene, nickel ferrite, and nickel oxide
were combined to produce photocatalytic nanocomposites
for the removal of toxic acid black and brown dyes. The
experimental results show that the nanocomposites
obtained from this study are able to effectively and
efficiently remove toxic acid black and brown dyes. The
results also show that adding graphene to the
nanocomposite improves its magnetic properties and
introduces the final sample as a magnetic material with
strong properties. Considering the above, it can be
concluded that photocatalytic graphene nanocomposites
with nickel ferrite and nickel oxide can be used as effective
candidates in the removal and destruction of toxic dyes.
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UV-Visible absorption analysis of (a) pure brown acid, (b)
30, (c) 60, and (d) 120 min.
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Synthesis of Graphene-based Photocatalyst Nanocomposites Combined with Nickel Ferrite and Nickel
Oxide in order to Remove the Toxic Dyes of Acid Black and Acid Brown

Kareem Khaleel Ibrahim Jburi Amir Hoshang Ramezani

Abstract The synthesize graphene-based photocatalytic nanocomposites incorporating nickel ferrite (NiFe,O,) and
nickel oxide (NiO) for the efficient removal of toxic acidic black and acidic brown dyes have been investigated. The
synthesis process was meticulously executed using hammer, microwave, and macro-waves methods to enhance the
nanocomposite's structure and properties. Comprehensive analytical studies employing scanning electron microscopy
(SEM), X-ray diffraction (XRD), vibrating sample magnetometry (VSM), and UV-Vis spectroscopy were conducted to
assess the magnetic and photocatalytic characteristics of the synthesized nanocomposites. Additionally, antibacterial
tests were performed using Klebsiella bacteria to evaluate the potential antimicrobial properties. The results of the study
illustrate the significant impact of the synthesized nanocomposites in removing color pollutants, emphasizing their
potential as effective photocatalysts. Furthermore, the nanocomposites exhibit notable antibacterial properties,
showcasing their multifunctional applications. The research not only recommends further refinement of the synthesis
process and optimization of nanocomposite properties but also suggests broader applications in diverse fields,
considering the multifaceted nature of the developed materials.

Keywords Photocatalytic nanocomposite, Graphene, Nickel ferrite, Nickel oxide, Toxic.
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1. Introduction

The efficiency of photovoltaic (PV) solar cells is strongly
influenced by the amount of light that reaches the active
semiconductor layer. One of the most effective strategies
to reduce reflection losses and enhance light absorption is
the application of anti-reflective (AR) coatings. Silica
(SiO3) has been widely employed for this purpose due to
its low refractive index, high chemical stability, and
optical transparency. However, silica coatings prepared by
sol-gel methods often suffer from inherent brittleness and
susceptibility to moisture absorption, which can degrade
their long-term performance. To address these limitations,
researchers have explored the incorporation of polymers
with hydrophobic and flexible properties.
Polydimethylsiloxane (PDMS) is particularly attractive
because of its low refractive index (~1.4), high
transparency in the UV-visible range, and ability to form
strong covalent bonds with glass substrates. Moreover,
PDMS introduces hydrophobic methyl groups into the
coating structure, which can significantly reduce water
adsorption and improve self-cleaning behavior. This study
investigates the effect of PDMS on silica coatings prepared
by the sol-gel method, focusing on both optical and
surface properties.

2. Methods
Two approaches were adopted for PDMS incorporation:

1. Method s-h: PDMS was added directly into the
silica sol before dip-coating.

2. Method s-a: PDMS was deposited onto pre-
formed silica coatings by immersion in a
hydrophobic solution.

The coatings were prepared using dip-coating at a
withdrawal speed of 25 mm/min, followed by multi-step
thermal treatment up to 350 °C to ensure structural
stabilization. The samples were characterized using:

e UV-Vis spectroscopy to measure optical
transmittance.

e FT-IR spectroscopy to identify chemical groups
and bonding.

e Scanning electron microscopy (SEM) to
observe morphology and particle size.

e Contact angle measurements to evaluate
surface hydrophobicity.

3. Results

The optical measurements revealed that both s-h and s-a
coatings achieved approximately 93% transmittance,
compared to 90% for uncoated glass. This improvement
demonstrates the effectiveness of PDMS in reducing the
refractive index mismatch and enhancing light
transmission. FT-IR spectra confirmed the presence of Si—
CH; groups, indicating successful incorporation of PDMS.
The s-a samples exhibited reduced hydroxyl groups and
lower water absorption compared to s-h, highlighting the
advantage of direct deposition in minimizing surface
hydrophilicity.

SEM analysis showed in Fig.1 distinct differences in
morphology:

e s-h coatings contained larger particles (~30 nm)
with more uniform distribution.

e s-a coatings exhibited smaller particles (~15 nm)
but with surface heterogeneity and visible spots
due to incomplete thermal treatment after PDMS
deposition.

Contact angle measurements in Fig 2 demonstrated a
significant increase in hydrophobicity. While bare glass
showed a contact angle of ~25°, PDMS-modified coatings
reached ~95°, confirming excellent water repellency.

* Manuscript received February 03, 2025, Revised July 27, 2025, Accepted November 29, 2025.
1 Corresponding author: Assistant Professor, Department of Chemical and Materials Engineering, Sirjan University of

Technology, sirjan, iran. Email: n.lari@sirjantech.ac.ir

2 Associated professor,Advanced Materials and Renewable Energies Department, Iranian Research Organization for
Science and Technology, Tehran, Iran. Email: ahangarani@irost.ir



https://jmme.um.ac.ir/article_47590.html?lang=en
https://mechanic-ferdowsi.um.ac.ir/?lang=en
https://jmme.um.ac.ir/
https://doi.org/10.22067/jmme.2025.92000.1184
https://orcid.org/0009-0005-9764-755X

Najme lari, Shahrokh Ahangarani

- -
VD15 DD %V Wi " PAURAN TESCAN
14 o

xﬁaﬁ?n
Figure 1: Microscopic images of silica coatings containing polydimethylsiloxane (a) s-a coating, (b) s-h coating
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Figure 2: Contact angle of a) uncoated glass, b) with silica coating containing polydimethylsiloxane

4. Discussion

The results suggest that PDMS plays a dual role in silica
coatings. First, it chemically interacts with hydroxyl
groups on silica particles, forming strong Si—O-Si bonds
that enhance mechanical stability. Second, it introduces
hydrophobic methyl groups, which reduce water
adsorption and improve self-cleaning properties. The s-h
method provided more uniform coatings with better
structural integrity, while the s-a method offered superior
hydrophobicity but at the expense of surface uniformity.
These findings highlight the importance of optimizing the
PDMS incorporation strategy depending on the desired
balance between optical performance and surface
properties. Although both coatings have performed their
role well.

5. Conclusion

Incorporating PDMS into silica coatings via sol-gel
processing significantly improves both optical and surface
characteristics. The coatings achieved high transmittance
(~93%), excellent hydrophobicity (95° contact angle), and
reduced moisture absorption. The s-h method is
advantageous for producing uniform coatings with strong
covalent bonding, whereas the s-a method enhances
hydrophobicity. Overall, PDMS-modified silica coatings
represent a promising solution for durable, self-cleaning,
and high-performance anti-reflective  layers in
photovoltaic applications. The approach can potentially be
extended to other optical devices where transparency,
mechanical stability, and resistance to environmental
degradation are critical.
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Effect of Polydimethylsiloxane (PDMS) on Silica Coating Produced by Sol-gel Method
Najme lari Shahrokh Ahangarani

Abstract To reduce light reflection and enhance the efficiency of solar cells, silica coatings are commonly applied to
glass surfaces. However, the inherent brittleness of these coatings can limit their mechanical performance. In this study,
polydimethylsiloxane (PDMS), a flexible polymer with hydrophobic properties, was investigated to improve both
mechanical and surface characteristics of the coatings. Two approaches were evaluated: incorporating PDMS during
the cell fabrication process, and directly depositing it onto the silica coating. The performance of the samples was
assessed using UV-Visible transmission spectroscopy, Fourier-transform infrared spectroscopy (FT-IR), scanning
electron microscopy (SEM), and contact angle measurement using deionized water droplets. The results showed that both
types of coatings exhibited approximately 93% light transmittance, which is a significant improvement compared to
uncoated glass (90%). Additionally, the contact angle of water droplets on the coated surface was measured at 95°,
indicating excellent hydrophobicity. This property is attributed to the presence of PDMS, suggesting that moisture
absorption over time will be minimized and the optical performance of the coating will remain stable.

Keywords Anti-reflective coating, Hydrophobicity, Silica, Polydimethylsiloxane, Sol-gel.
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