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Abstract
Functionally gradient materials (FGM) are new materials that can offer different properties depending on the structure. In this
study, two aluminum and copper powders were combined together by the rules of FGMmaterials. When two different materials
are combined in the structure of the FGM, due to the difference in the thermal expansion coefficients of these two materials,
residual stresses are created in the sample. The results of residual stresses measurement were compared with done studies in the
past as well as their results. Due to the compressive nature of the FGMmanufacturing operations, the measured results show the
creation of compressive residual stresses in the structure of the constructed samples. The obtained maximum amount of residual
stress from the experimental sample was 130 MPa. Also, a finite element model (FEM) was used to evaluate the residual stresses
in the structure of the FGM. The experimental measurements were validated by finite element simulation, which presented
a good agreement with an error of 4%. Finally, the effects of pressure values in the powder pressing, layout and heat treatment
temperatures were investigated by the FEM.
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Introduction

The concept of FGMs was introduced by Japan in the 90’s for
use in the aerospace industry [1]. The development and re-
search of these materials, due to their structural and interior
properties such as electrical conductivity, heat transfer, etc.,
led to their use in nuclear fields, reactors, medical engineering,
piezoelectric devices and biological systems. For example,
biological systems are among the applications of FGMs. In
biological usage, each layer plays a specific application. The
structural slope of the materials in a functionally graded sam-
ple creates different internal properties that by changing the
slope and amount of each material in each layer can create
different structures and characteristics [2–5]. FGMs are an
expanded sample of composites, in which different materials
combine according to a specific volume fraction and give rise
to new graded properties [6]. In the FGMs, several materials
combine with different thermal expansion coefficients that

this feature causes residual stresses in the structure of these
materials [6]. The idea of FGM originate from composite ma-
terials, which combine two or more different constituents and
exhibit good material properties [7]. FGMs are manufactured
in a variety of ways, including powder metallurgy [8], centrif-
ugal casting [9], steam deposition [10], and so on. Using pow-
der metallurgy for manufacturing the FGMs, includes the
composition of the powder material base on the specific
weight percentage, compression by the press and sintering
operations [11]. There are several ways to classify FGMs.
Depending on how the layers are graded, FGMs can be clas-
sified as stepwise FGMs or continuous FGMs. FGMs can also
be classified into compositionally FGMs and structurally
FGMs [12]. Zhang et al. [13] deposited functionally graded
Ti-6Al-4 V/Titanium carbide (TiC(by laser metal deposition
(LMD) with stepwise gradient: 10% TiC, 20% TiC and 30%
TiC. The variation of hardness along the compositional gradi-
ent was studied. Vickers hardness changed from 300 HV1.0 at
the Ti-6Al-4 V bottom substrate to 600 HV1.0. Zhang et al.
[14] Manufactured of Ti- TiC FGM by LMD method.
Different laser parameters were applied in different layers ac-
cording to the variation of material composition. The hardness
of the Ti-40vol %TiC FGM increased smoothly with the TiC
concentration and no obvious interface was observed.

* M. Honarpisheh
honarpishe@kashanu.ac.ir

1 Faculty of Mechanical Engineering, University of Kashan,
Kashan, Iran

https://doi.org/10.1007/s40799-021-00444-6

/ Published online: 9 February 2021

Experimental Techniques (2021) 45:601–612

http://crossmark.crossref.org/dialog/?doi=10.1007/s40799-021-00444-6&domain=pdf
http://orcid.org/0000-0002-5331-5300
mailto:honarpishe@kashanu.ac.ir


Mahamood et al. [15] fabricated Ti-6Al-4 V/TiC FGM with
composition of 100% Ti-6Al-4 V to 50% Ti-6Al-4 V/50%
TiC. Wear volumes for made samples were tested and com-
pared with fixed and optimized parameters. It was discovered
that optimized parameters can result in better wear resistance.
The relationship between tensile properties and TiC volume
fraction studied by Li et al. [16]. The ultimate tensile strength
(UTS) of Ti-6Al-4 V/TiC FGM with 5%TiC volume fraction
was enhanced by about 12.3%. Yang and Troczynski [17]
used a non-pressure sintering method and sol-gel processing
to produce FGMs with a maximum voltage of 60. However,
due to limitations and high porosity, this method was not
suitable for the manufacturing the FGMs. In this system, when
the percentage of silicon carbide increased from 5 to 50, the
porosity increased and also due to the direct contact of silicon
carbide grains, the density of the composite decreased, which
is one of the weaknesses of this system. Experiments on
Silicon Carbide)SiC(FGM by Sohda et al. [18] showed that
the porous structure had better resistance to breakdown and
delamination than the dense structure, while the dense struc-
ture had a higher level of local stresses. Finot et al. [19] stated
that the micro-structural details should be carefully examined
to study the distributions of stresses in FGM. Kim and Noda
[20] used a laminate theory to analyze three-dimensional tran-
sient temperatures in FGM materials. Ootao and Tanigawa
[21] considered a functionally graded (FG) plate as a plate
consisting of several layers and defined different properties
for each layer. Reiter et al. [22–24] carried out detailed finite
element studies on the discrete and homogenized models of
FGM that discrete model simulated skeletal and particulate
micro-structure and homogenized models in which the effec-
tive properties were applied by the Mori–Tanaka method. The
results of the comparison of these two models are presented.
Attempts were made to analyze 3D transient temperature dis-
tribution and thermal stresses on FG plates. Cheng and Batra
[25] used the asymptotic expansion method to investigate the
three-dimensional thermal deformation of the elliptical plane
of the FGmaterial. Yang and Shen [26] investigated the initial
stresses of FG- plates and provided a free and forced vibra-
tional analysis, based on the high-order shear deformation
theory in a thermal environment. Recently Vel and Batra
[27] presented a detailed three-dimensional solution for me-
chanical vibrations and thermal stresses on a simply supported
rectangular FG plate. Vel and Batra [28] investigated
thermoelastic cylindrical bending deformations in FG plates
and provided a detailed solution. They also stated that, due to
the large transient thermal stresses than steady- state
stresses, quantitative analysis of stresses in the design
of FG plates is very important. So far, many studies
have been carried out on the thermal stresses in FG
plates base on the theory of these plates.

For the first time, FGM consisting of ceramic and metal
were used as thermal coatings in aerospace fields. Originally,

pure ceramic materials were used for the coatings, which
caused destructive residual stresses due to the thermal mis-
match and different thermal expansion coefficient with the
base metal. In the manufacturing of FGMs, different thermal
properties, heat treatment as well as subsequent cooling of the
constituent particles cause many problems that lead to destruc-
tive residual stresses. To produce FGM materials without
cracking and breakage between layers, it is important to con-
sider and to check that residual stresses are minimize and
uniformly distribute between layers. The extent and impact
of residual stresses on the performance of FGM materials
are very important. Therefore, it is important to study the
amount, type and distribution of residual stresses in these ma-
terials. Residual stresses are self-equilibrium stresses that re-
main in the component and cause irreparable damage over
time. Residual stresses accumulate with external loads and
breaking or damaging the final sample or destroying its di-
mensional accuracy. For this reason, it is important to control
residual stresses by controlling the methods of fabrication or
de-stressing the final components. Depending on the applica-
tions, there are different methods for measuring residual
stresses such as hole drilling [29], slitting method [30], ring
core method, [31], X-Ray method [32] and contour method
[33]. Shaw [34] examined the effects of different material
combinations including the compositional gradient, elastic
modulus, coefficient of thermal expansion and the number
of layers on the rate of thermal residual stresses in FGMs
and presented the results. Shabana et al. [35] by using the
finite element method, examined thermal residual stresses on
the FGM plate, when the plate is subjected to three types of
temperature conditions by using microscopic combination
law. Grujicic et al. [36] examined the effects of thermal resid-
ual stresses on the 316 stainless steel/alumina FGM and
expressed the optimization conditions of this process.
Becker et al. [37] examined the number of residual stress in
the FGM. In this study, the effects of thermal operations on the
amount of residual stresses were expressed numerically. Lee
et al. [38] looked at the effects of layers on residual stress in
FGMs. In this study, the effects of the number of layers 3 to 20
were investigated and the finite element method was used to
verify the experiments. Wei et al. [39] by using changes in
how the layers are distributed, optimized the number of resid-
ual stresses in the Ni/Al2o3 FGM. Dancer et al. [40] conducted
an experimental study of how to distribute residual stresses in
the Alumina-Silicon Carbide FGM and verified the experi-
ments by using finite element method. Ding et al. [41] inves-
tigated FGM residual stresses and tried to optimize and reduce
the number of residual stresses by changing the composition
of the ingredients. Parihar et al. [42] used a novel analytical
model to predict the amount of thermal residual stresses in
sigmoid FGMs. In this paper, the effect of sigmoid function
graded profile on residual stresses was investigated. Shi et al.
[43] examined the extent of residual stresses in the bonding of
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ceramic and titanium FGM and compared the experimental
and simulation results by using finite element simulation.
Alexandrov et al. [44] examined the distribution of residual
stresses in the FGM disk, under the influence of internal pres-
sure. Strashnov et al. [45] examined the distribution of resid-
ual stresses in the FGM disk under the influence of external
pressure. Wagih et al. [46] studied the composition of alumina
and copper, as well as the methods of composition and its
results. In this study, dry mixing, mechanical alloying and
mechanochemical methods were examined. The results indi-
cated that according to the hardness and other considered pa-
rameters, dry mixing and mechanical alloying techniques
were the most appropriate methods for producing this combi-
nation of materials. Eltaher et al. [47] produced the Al-Mg/
Al2o3 dual matrix nanocomposite and investigated the corre-
lation between powder morphology, crystalline structure and
mechanical and tribological properties. The results showed
that magnesiummilling with Al2o3 particles in the initial stage
before mixing with Al had a good dispersion of Al2o3 nano-
particles in the dual matrix of Al-Mg. In this paper, Fathy et al.
[48] by using electroless deposition technique, investigated
the effects of combinations Al with two Ni-coated Al2o3 ce-
ramics and Ni-coated graphene nanoplatelets (GNPs) to form
Al-Al2o3/GNPs hybrid nanocomposite (and) with improved
mechanical and wear properties, compressive strength, hard-
ness, wear properties and coefficient of friction. The results
showed that increasing the volume fraction of GNPs increased
the compressive strength, hardness and anti-friction properties
of composites. In this study, Wagih et al. [49] produced Al–
Al2o3 nanocomposites. This work provided an efficient tech-
nique for improving the compressibility and thermal proper-
ties of Al-Al2o3 nanocomposites. The results showed that the
addition of Al2o3 to the Al matrix increased the compressibil-
ity behaviour of the produced nanocomposite. Abd-Elwahed
et al. [50] made Cu–ZrO2/GNPs nanocomposites. In this ar-
ticle, the effect of GNPs mass fraction of, 0, 0.5, 1 and 1.5,
was investigated on the mechanical and electrical properties of
the produced nanocomposite while keeping the ZrO2 mass
fraction constant at 5%. The results showed that compressive
strength increased with GNPs content. The result indicated an
efficient production process for high strength and good con-
ductivity, which were used in many structural applications.
Sadoun et al. [51] produced Cu–ZrO2/GNPs hybrid nano-
composites by using powder metallurgy technique. In this
article, the effect of GNPs mass fraction of, 0, 0.5, 1 and
1.5, was investigated on the mechanical and tribological prop-
erties while keeping the ZrO2mass fraction constant at 5%. In
this study, Sadoun et al. [52] investigated the mechanical and
tribological properties of Cu–Al2o3 nanocomposite hybrid-
ized by silver (Ag) coated graphene nanoplatelets (GNPs).
In this study, four different contents of GNPs, 0.3, 0.6, 0.9
and 1.2 wt.% were considered to highlight its effect on the
properties of the produced nanocomposite. The results

showed a significant improvement in hardness by increasing
the content of GNPs to 55.2% compared to pure copper due to
grain refinement, high strength of GNPs and strengthening
grain boundaries by GNP precipitation. Abu-Oqail et al. [53]
studied the effect of silver impregnated GNPs on the micro-
structure and mechanical properties of Cu-Fe dual-matrix
nanocomposite. One of the most important factors in the pro-
duction of Cu-Fe dual matrix nanocomposites with improved
properties was to prevent the dissolution of iron in copper. For
this purpose, GNPs electroless coated Ag was used for the
production of Cu-20%Fe/GNPs nanocomposite with im-
proved mechanical, physical and wear properties. The results
showed that hardness of Cu-20%Fe/0.6%GNPs nanocompos-
ite improved by 12.5% compared to Cu-20%Fe dual-matrix
composite. Ahmed et al. [54] investigated the effect of GNPs
content on the thermal and mechanical properties of a new
combination of new hybrid Cu-Al2o3/GNPs coated Ag nano-
composite. In this study, Hybrid Cu-Al2o3/GNPs coated Ag
nanocomposites with GNPs content of 0%, 0.3%, 0.6%, 0.9%
and 1.2% were successfully produced with well improved in
mechanical, electrical and thermal properties and compressive
strength, hardness, thermal and electrical properties. The re-
sults showed that the compressive strength and hardness im-
prove with increasing GDP achieving 88.1% and 55.2%, re-
spectively. Aghaei et al. [55] investigated the effect of the
cooling system on mechanical properties and residual stresses
in AISI 1045 steel in cooling the sample after heat treatment.
In this study, the contour methodwas used tomeasure residual
stresses. The results indicated that the highest hardness as well
as the highest compressive residual stresses were obtained in
water cooling. Nazari et al. [56] Investigated the effect of
stress release by annealing process on the microstructure, me-
chanical properties and number of residual stresses in copper
sheet in the constrained groove pressing process. In this pro-
cess, the contour method was used to measure the amount of
residual stresses.

In this study, the contour method is used to measure resid-
ual stresses in fabricated samples. So far, many studies have
focused on the importance of joining two or more different
materials in a single mould, to improve properties and prevent
failure between layers. Therefore, the purpose of this study is
to investigate and optimize the structural properties of the
FGM, as well as to evaluate and minimize the number of
residual stresses to improve sample performance.

Experiment Procedure

FGM Material Production

In this study, powder metallurgy method was used to produce
a sample of FGM. This process involves the preparation of
powder material, layering, pressing and heat treatment. In
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FGMs, the volume fraction of each material varies by layer,
which changes the properties in this regard. Accordingly, alu-
minum and copper powder were prepared in the same size and
were layered inside the mould. It is important to note that the
non-uniform size of the powders causes residual stresses in the
final sample. The pre-designed mould was then compressed
by the press and the final sample was transferred to heat treat-
ment furnace (Fig. 1).

Mould design is one of the most important parameters in
this process. The used mould in this test must be of sufficient
strength and designed and constructed in such a way that the
final sample can be removed easily. For this reason, after
several attempts and errors, the mould was made of CK45
(Fig. 2). In this design, due to the designed angle at the end
of the mould, the sample removed easily after the compression
process.

Heat treatment is one of the affecting factors on the dimen-
sional quality and amount of residual stresses in the finished
samples. FGMs consist of two ormorematerials with different
properties. Different thermal conductivity and thermal expan-
sion of constituents cause dimensional problems in the final
sample (Fig. 3). Therefore, selecting the appropriate heat treat-
ment process in making FGMs is very important. Produced
sample is a disk with 50 mm diameter and 12 mm thickness.

In this study, after several tests with pressures of 100 tons
and above and also checking the quality of the produced sam-
ple, the pressure of 350 tons was used to compress the sam-
ples. Produced samples by the pressure of 350 tons were sub-
jected to several stages of heat treatment under different con-
ditions. Finally, a sintering temperature of 900 °C was used
for these experiments. To perform sintering operation, the
sample was kept at 400 °C for 100 min and then at 900 °C
for 150 min and then was cooled in a furnace for 24 h. It is

important to note that sintering temperature and pressure were
obtained with a lot of trial and error to achieve the appropriate
quality.

Residual Stress Measurment by the Contour Method

Contour method is one of the residual stresses measurement
methods. In this measurement method, which is one of the
destructive measurement methods, the amount of residual
stresses in a sample is measured by calculating the released
strains [57]. The contour method involves sample cutting,
strain measurement, data processing and finite element simu-
lation. Cutting the sample is the most important step in this
process. This process should be done by a wire electric dis-
charge machine (EDM). In this study, the prepared samples
were cut with a high precision wire cutter (CHARMILLES
ROBOFIL 290 wire EDMmachine) (Fig. 4). Made incision at
this stage should be smooth and clean and not cause any
plastic deformation. Cutting conditions and parameters must
be selected in such a way that they do not affect the measure-
ment of residual stresses. After cutting a sample, controlling
the temperature to prevent the generation of residual stresses is
another important point. The measurement of the sample sur-
face deformations is the next step of this process. After cutting
the sample, the strains released to the cutting surface and pro-
duced a deformation that was measured by a coordinate mea-
suringmachine (CMM) (Sky 1). The accuracy of this device is
too important. Accuracy of the used device in this study was
0.0001 mm at the site where the residual stresses were mea-
sured. The CMM has a measuring probe that contacts the
sample surface and reports the coordinates. The accuracy of
the measurement depends on the number of inspected points,
which specified by the operator. According to the other

Fig. 1 Schematic of powder metallurgy process of FGM materials
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readings [58, 59], in order to improve measurement accuracy,
the points were measured at a distance of 0.5 mm.

It should also be note that the released strains from the two
surfaces must measured. The two-level strain was measured
and mediated and reported as released strain due to residual
stresses. In this study, 100 points were measured in the X
direction and 24 points in the Y direction, which included a
total of 2400 points. The released stresses were measured as
strain by a CMM machine and transferred to MATLAB soft-
ware. The Polynomial model was used to fit a surface to the
coordinate data. The used polynomial model had a coefficient
of 4 in the X direction and 5 in the Y direction, which showed
the best possible case with 78% compliance. Fited graphs on
these points (Points that the coordinates of them were speci-
fied by the transient plane of the X and Y axes) (Fig. 5) and the
equation of these graphs was provided by MATLAB
software.

Even under the best cutting and measuring conditions,
there were some defects in the measured points that can be
considered as errors which can be omitted from the data sets
by using regression. At this stage, the desired sample was
modelled in ABAQUS (Fig. 6).

Finite Element Simulation

The following steps were performed to simulate the distribu-
tion of residual stresses in the FGMs. The generated sample
was modelled in the software, layer by layer. Then, the attri-
butes of each layer were defined in the properties section. The

properties of each layer must be introduced separately into the
software. To did this operation, the properties of each layer
(such as E) were expressed, depending on the weight percent
of the used material in that layer. Thus, the following should
be done for each layer, if the FGM layering was based on
equation (1) or any other equation.

Vmaterial1 ¼ 2Z þ h
2h

� �N

ð1Þ

∑Vi ¼ 1➔V1 þ V2 ¼ 1 ð2Þ
Eeach layer ¼ Ematerial1*Vmaterial1 þ Ematerial2*Vmaterial2

➔Eeach layer ¼ Ematerial1*Vmaterial1 þ Ematerial2* 1−Vmaterial1ð Þ
➔Eeach layer ¼ Ematerial1−Ematerial2ð Þ* 2Zþh

2h

� �N

þ Ematerial2

ð3Þ

For functionally materials, the properties of each layer
(such as α) were defined as the following equations, if the
volume fraction of each layer was defined as a polynomial
function V (X).

V xð Þ ¼ ∑n
i¼0Vixi ¼ v0 þ v1x1 þ v2x2þ

α ¼ α1 þ α2−α1ð Þ*v ¼ α1 þ Δαv
ð4Þ

➔ α xð Þ ¼ α1 þ v0Δα þ ∑n
i¼0ΔαVixi ð5Þ

Based on the above proven equation, the properties of each
layer were calculated and defined in the material properties
section of ABAQUS software (Table 1).

The created angle

Fig. 2 Used mold and schematic
of design mold

(a) (b)

Fig. 3 Effects of heat treatment
on dimensional quality of samples
(a) Well dimentional sample (b)
Failed sample
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Garson porous material model was used to simulate the metal
powder in the ABAQUS. Using this model is very important
because of the different behaviour of powder and metal. Due to
the presence of voids inmaterials with pores, the degree of plastic
deformation depends on the amount of applied pressure.

Φ ¼ q
σy

� �2

þ 2q1 f cosh
−3q2p
2σy

� �
− 1þ q3 f

2
� � ¼ 0 ð6Þ

The Garson model operates base on equation (6). All the
parameters in this equation except fwere based on the properties
of the material (q is the effectiveMises stress, p is the hydrostatic
pressure, σy is the yield stress and q1 , q2, q3 are material pa-
rameters (For typical metals, q1= 1 to 1.5, q2= 1.5, q3= q1

2= 1 to
2.25. But the original Gurson model is obtained when the values
of all these three parameters are equal to 1. These values can be
expressed as a tabular functions of temperature and/or field var-
iables. In this study, for simplification, the values of these 3
parameters were considered equal to 1.)). f indicates the porosity

status of the material in question. When f equals zero, it denotes
non-porous and f equals one denotes that matter is fully porous.
After modelling the FGM in ABAQUS software, obtained equa-
tion from MATLAB software was applied as loading to the
model surface in ABAQUS. In the final step, the model was
meshed and then the analysis was performed. This model con-
sists of 12,325 C3D8R elements that were outlined in linear
hexagons. After performing the simulation, the residual stresses
in the sample were measured (Fig. 7).

In the contour method, the amount of residual stresses was
examined in the cutting plate. Dou to the existing CMM de-
vice for this study capabled tomeasure the amount of variation
along the z-axis, the cut-off plate was positioned in this direc-
tion and the amount of strain along this axis was calculated (In
fact, according to Fig. 4, the z-axis was perpendicular to the
cross-sectional area of A and B). Two longitudinal and trans-
verse paths (Fig. 7) were defined in the cross-section, to in-
vestigate the residual stresses, and the values of residual
stresses for these two paths were determined.

Fig. 4 Schematic of the surfaces
on which the released strains are
measured

Fig. 5 Fit diagram on the CMM data
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As in the contour method, the amount of residual stresses in
two paths were obtained from simulation test in ABAQUS. To
simulate the finite element model of FGM product process, all
process steps were modelled according to reality. The properties
of each layer were applied according to the Table 1. Thermal and
compressive loads were applied. (To perform this operation in
the simulation process, the change Model Theory (in the
Interaction Module) should be used. This option was basically
the cutting of a sample from the middle by a wire cutter, which
released strains and produced corresponding stresses). The per-
formed simulation in this section was different from the per-
formed simulation in the contour method. In the contour method,
the loading was done by applying obtained equation from
MATLAB software and its proportional stresses were obtained.
While the simulation performed in this section was completely
based on the fact of the performed process to made this sample.

Result and Discussion

In important and expensive equipment, due to the destructive
effects of residual stress, it is important to check this parame-
ter. Due to the cost of making FGM, it is important to study

the number of residual stresses and also to choose the right
method to do so. The results of residual stress measurements
for longitudinal and transverse paths are visible in Fig. 8 and
Fig. 9. The longitudinal path consists of the crossing of one
particular layer (point 1 to 2) and the transverse path contains
the crossing of all layers and the two ends (point 3 and 4) of
this path having two different materials.

As previously stated, Fig. 8 illustrates the residual stresses
in the longitudinal section and Fig. 9 illustrates the residual
stresses in the transverse section. As can be seen in Fig. 8, the
amount of residual stresses increases from the outside to inside
the sample. The reason for this happen, is the release of resid-
ual stresses in the form of plastic deformation in the outer
layers. If the sample has enough time, the residual stresses
on the outer layers become zero. The define way for the lon-
gitudinal path, crossing from one layer (according to Fig. 8) in
the FGM sample and this is because of the symmetry of Fig. 8.
Investigation of transverse residual stresses (Fig. 9) in the
made sample indicates that tensile stresses creates from the
surface (that is in contact with the press) and then these stress-
es change to compressive stresses. As can be seen the residual
stresses at the two outer surfaces of the sample, are tensile and
in the middle of the sample, the stresses are compressive. As

Fig. 6 Modeled sample in
ABAQUS

Table 1 The properties of each layer

Young module Poisson’s ratio Thermal expansion
coefficient (α)

Thermal constant (K) Density Tensile limit Modulus bulk

Al 69 0.33 0.000023 220 0.0027 0.35 76

75% Al & 25% Cu 81 0.3325 2.15E-05 253.25 0.004265 0.315 92

50% Al & 50% Cu 93 0.335 0.00002 286.5 0.00583 0.28 108

25% Al & 75% Cu 105 0.3375 1.85E-05 319.75 0.007395 0.245 124

Cu 117 0.34 0.000017 353 0.00896 0.21 140
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can be seen in Fig. 9, totally the residual stress model of the
sample is compressive and this is due to the compressive
nature of the process. Two sample surfaces have tensile stress-
es near zero, which the surface in contact with the press having
higher tensile stresses than the opposite surface. Another
cause of residual compressive stresses is the loss of porosity
during the pressure process. The used materials in this process
were powders with porosity. The compression of these mate-
rials reduces these pores as well as welding the powders to
another, causing residual compressive stresses. The reason for
the tensile stresses at the sample surface is heat treatment. Two
sample surfaces are aluminum and copper that have different
thermal expansion coefficients and exhibit non-uniform be-
haviour at different temperatures. Aluminum is less resistant
to copper and more susceptible to tensile deformation than
copper and this difference in the two- sample surfaces cause
tensile stresses in the two sample surfaces.

The results of residual stresses comparison between simu-
lations and experimental tests are shown in Fig. 10. As is
remarkable, there is a good agreement between the experi-
mental results and the simulation, which helps use simulation
to obtain some results. The error rate between the experimen-
tal and simulation results was about 4%, which was excellent
and was obtained by comparing the average amount of resid-
ual stresses in the simulation and experimental mode.

Because of the good agreement accrued between simula-
tion results and experimental operations, the simulated model
was used to investigate the variation in some of the initial
parameters. In this section, the amount of applied pressure to
the pressing operation, layout and heat treatment temperature
were examined by the simulated model in ABAQUS. Initially,
the amount of pressure applied in the pressing operation was
examined. To test this parameter, 3 working presses of 120
tons, 300 tons and 500 tons were used. The obtained results
were shown in Fig. 11. As can be seen in the figure, the
residual stresses increase compressively with increasing pres-
sure. The compressive nature of residual stresses is due to the
compressive nature of the operation that already discussed. In
fact, exerting pressure on the specimen causes displacement in
the body. The resulting displacement, increase the energy in
the body, which increases with the pressure and increases the
volume of residual stresses. Another reason for the increase in
residual stresses with increasing pressure is the compaction of
more powder grains and the reduction of pores between them.

To investigate the effect of heat treatment temperature, the
process was simulated at temperatures of 700, 1500 and 3000
degrees. The obtained results are shown in Fig. 12. As can be
seen in the figure, the residual stresses decrease with increas-
ing temperature. In fact, rising temperatures have improved
the conditions. As the temperature increases, the penetration
improves and dislocation eliminate and the involved energy in
the fragment reduces.

Fig. 7 Defined paths for measuring the residual stresses
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Fig. 8 Residual stress
measurement in the longitudinal
path
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At low temperatures, due to the lack of heat penetration
into the inner layers and the non-uniform deformation, high
residual stresses obtaines and as the temperature rises, the heat
penetrates into the inner layers and reduces the residual

stresses. If the temperature becomes too high, the fragment
becomes soft and the residual stresses releases as strain.

Three models were used to examine how the material was
layered. In the first model, FGM with 3 layers, in the second
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model with 5 layers and in the third model with 6 layers and
the effect of layering on the number of residual stresses was
investigated. The results can be seen in Fig. 13. The results
indicated that the number of residual stress decreased with the
increasing number of layers from 3 to 6. This indicated that the
slope of the layout was very influential in the number of re-
sidual stresses. Obtained results were consistent with the pre-
sented results in Reference [38].

The amount of residual stresses decreases with increasing the
number of layers due to greater uniformity of the structure and
better communication between the layers, as well as a decrease in
the percentage difference between the materials in the layers.

Conclusions

The purpose of this study was to construct an Al-Cu sample
and to measure the residual stresses inside it. How these ma-
terials were made was very important and it was very influen-
tial in the amount of created residual stresses. This section
reviews the results of this study.

– One of the most important steps in the powder metallurgy
process was heat treatment. Using an inappropriate heat
treatment course caused distortion, excessive residual
stresses and dimensional damage of the final sample.
The FGM has not been given a specific heat cycle due
to its consistency of several different materials. Best ther-
mal cycle was achieved by numerous trials and trials for
any combination of materials.

– After many trials and errors, the best temperature for this
material, according to the final quality control, was con-
sidered 900 degrees. The used thermal cycle was to hold
the piece for 100 min at 400 degrees and then for 150 min
at 900 degrees.

– The number of residual stresses decreased by increasing
the heat treatment temperature.

– Due to increasing the uniformity between the layers, the
number of residual stress decreased by increasing the num-
ber of layers.
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