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Abstract: This article investigated the formability of aluminum/copper bimetal sheets during single-
point incremental forming. First, the two-layer sheets were produced by the explosive welding
process; then, the rolling process was performed with 50% strain on two-layer samples. Considering
the importance of examining the mechanical and metallurgical properties on the formability of the
two-layer samples, the mechanical properties were first examined, including the uniaxial tensile
and micro-hardness tests. Then, metallurgical tests were performed, including scanning electron
microscopy equipped with energy-dispersive X-ray spectroscopy (SEM-EDX) to investigate the
fracture surface and penetration depth and an X-ray diffraction (XRD) test to check the secondary
phase particles in the penetration zone of Al and Cu in five different annealing temperature conditions.
Considering that the forming limit diagram (FLD) is dependent on the strain path, to study the effect
of the strain path, the two-layer samples were formed by three geometries: pyramid, cone, and
straight groove. Simulations of FLD by Abaqus software 6.14-4 with four different methods were
studied: FLDcRr, effective strain rate (ESR), second derivation of thinning (SDT), and maximum
strain rate (MSR). The results showed that the FLDcRy criterion provided a more accurate estimate
of the necking time. In the following, the values of the thickness distribution were carried out by
experimental and numerical methods, and the results between the methods were in good agreement.

Keywords: incremental sheet forming; strain; simulation; forming limit diagram (FLD); explosive
welding process; rolling

1. Introduction

The formability limit diagram (FLD) is used to determine the formability of metal
sheets. The methods used to obtain the FLD include experimental, numerical-experimental,
and numerical methods [1]. Nakajima and Erickson’s test can be mentioned among the
methods commonly used to obtain an experimental FLD. One of the disadvantages of
the experimental method is the cost of conducting examinations. For the numerical-
experimental techniques, we can mention the FLDcrr method. In this method, the failure
strains are first obtained by experimental tests, and then the experimental results are verified
with the help of simulation software such as Abaqus. The numerical method predicts critical
points without experimental tests and only uses failure criteria or strain/stress analyses.
Today, the SPIF process is considered a useful forming process due to its low cost, flexibility,
and greater formability than the common forming processes [2]. The parameters that
affect the FLD can be mentioned as strain rate [3], strain path [4], and sheet thickness [5,6].
Honarpisheh et al. [7] investigated the effect of the SPIF process parameters on the two-
layer Al/Cu sheet produced by explosive welding. Their results showed that increasing
the tool diameter will increase the forming force. Gheysarian et al. [8] experimentally
studied the influence of SPIF parameters on the two-layer Al/Cu sheet produced by the
explosive welding process. Alaie et al. [9] studied the influence of temperature on FLD for
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a two-layer Al/Cu sheet using the Nakajima test and found that the FLD increases with
increasing temperature. Chang et al. [10] studied the effects of annealing temperature on
the mechanical and microstructural properties of the Al/Cu two-layer sheet. They showed
that hardness decreases with increasing annealing temperature. Rezaei et al. [11] examined
the effects of step-down, feed rate, and spindle speed on the FLD diagram and thickness
distribution for the two-layer Cp-Ti/St12 sample. They showed that increasing the tool
diameter and the step-down reduces the formability. Liu et al. [12] studied the influence of
SPIF parameters on surface quality, formability, and thickness distribution. They found
that the forming force increases with an increase in the step-down and the forming limit
angle. Dizajyekan et al. [13] used the Xue-Wierzbicki damage criterion to predict failure for
two-layer samples experimentally and numerically. They reported that the Xue-Wierzbicki
criterion can predict failure in a numerical method. Puchlerska et al. [14] studied the
influence of step-down on the formability of a two-layer Al/Cu sheet in the SPIF process.
They showed that the step-down significantly affects the formability and spring-back. Jalali
et al. [15] examined the layer arrangement influence for a two-layer Brass/Al sample. They
reported that if the metal with more formability is placed in the outer layer, the formability
of the two-layer sample will increase. Pambhar et al. [16] examined the influence of the
SPIF parameters on the formability of the Al/Cu sheet. They found an optimal state for the
maximum forming limit angle for the effective parameters.

This work used the Al/Cu two-layer sheets fabricated by the explosive welding pro-
cess. Then, the rolling process was performed. Next, the mechanical and metallurgical
properties of the two-layer sheets were investigated. Also, the FLDs were obtained exper-
imentally and numerically through SPIF, and for the first time, numerical studies were
performed using four numerical methods to obtain the FLDs.

2. Materials and Methods
2.1. Materials

This research used AA 1050 and Cu 10,100 with 1 mm thickness to produce bimetal
samples. Samples with dimensions of 130 x 70 were prepared for the explosive welding
process. After the explosive welding process, the rolling process was performed to homog-
enize the structure of the samples, and the final thickness was obtained at 1 mm for the
two-layer sample. In the explosive welding process, an aluminum sheet is considered the
cover metal (flying plate), and a Cu sheet is the base plate. The explosive welding process
was controlled and mixed with ANFO (nitrate of ammonium and diesel fuel oil) materials
at a speed of 2200 to 2500 m/s. The rolling process was performed by a rolling machine
with a diameter of 40 cm and a speed of 6 rpm.

2.2. Incremental Forming

The SPIF process was carried out to check the FLD for the two-layer sheet. The SPIF
process was carried out in 3 geometries: square pyramidal, cone, and straight groove,
according to Figure 1. SPIF was performed with a tool with a 14 mm diameter and a spiral
tool path with a 0.5 mm step-down. SPIF was performed with a 500 rpm rotational speed
and 1200 mm/min feed rate. The equipment prepared to perform the SPIF process is shown
in Figure 2. To evaluate the strain of the formed samples and obtain the FLD, circles with
2.5 mm diameter were printed on the samples. After the forming process, these circles were
turned into an ellipse, from which FLD was obtained by measuring the large and small
diameters according to the below equations:

£ = Ln(g;) 1)

& = Ln(?i) (2)
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Figure 1. Samples of SPIF geometries: (a) pyramid geometric, (b) cone geometric, (c) straight groove.
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Figure 2. SPIF experimental setup.

2.3. Mechanical Study

To evaluate the mechanical properties of the two-layer sheet and compare the results
with the base sheets, uniaxial tensile and micro-hardness tests were performed for the
two-layer and base samples. According to the ASTM-E8M standard [17], the tensile
samples were prepared for the uniaxial tensile test (Figure 3a—c). Then, the tensile test
was performed for the prepared samples with a 2 mm/min speed. Considering that the
stress—strain diagram obtained from the tensile test was used to carry out the simulation
process, it was necessary to characterize the true stress—strain diagram up to a strain of 1.
The Vickers micro-hardness test was performed for two-layer samples and base sheets with
a 100 g weight and 15 s holding time. Hardness measurement was performed from the
cross-sectional area of the two layers and the base sheet samples with three measurement
repetitions in each area, according to Figure 3d.
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Figure 3. Prepared samples for tensile test: (a) base Cu, (b) base Al, (c) two-layer sheet, (d) hardness
measurement path.

2.4. Microstructure Investigation

Since the strength of two-layer samples was dependent on the penetration of Al/Cu
layers into each other, it was necessary to check the penetration depth in two-layer samples.
Scanning electron microscopy equipped with energy-dispersive X-ray spectroscopy (SEM-
EDX) TESCAN VEGA//XMU model was employed to characterize the microstructure in
the penetration zone. Next, to study the intermetallic phases in the penetration zone of the
two-layer Al/Cu sheet, an X-ray diffraction (XRD) test was performed. Considering that
one of the effective parameters in the formation of the intermetallic phase is the effect of
temperature, the samples were examined in 5 different temperature conditions: 1-ambient
temperature, 2-200°, 3-300°, 4-400°, 5-500°. The fractography of the fracture surface for
the tensile test samples was performed by field emission scanning electron microscopy
(FESEM) to investigate the effect of the rolling process and explosive welding on the change
of the fracture mechanism.

2.5. Finite Element Model

The ABAQUS finite element modeling (FEM) software was used for the numerical
simulation of the SPIF process. The plastic properties were considered by following the
von Mises yield function, considering the hardness properties for the two-layer specimens
and the base sheet. The two-layer Al-Cu sheet was modeled as two layers in a shell in
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Tool

deformable mode, considering each layer’s thickness after the rolling process. Since the
holder and tool were not analyzed, they were considered analytically rigid. The connection
between Al and Cu sheets was performed by considering the tie conditions. The contact
between the tool and the two layers was defined by the Coulomb model with a 0.1 friction
coefficient [18]. The two layers were meshed by S4R square shell elements with a size of
1.5 mm, and five Gauss integration points were considered through the thickness of the
shell elements. The model considered for the simulation process is shown in Figure 4.

Sheet

Figure 4. Model designed for the SPIF simulation process.

3. Results and Discussion

This article investigated the effect of explosive welding and rolling processes on a
two-layer sheet’s mechanical and metallurgical properties. Since intermetallic phases
are the most influential factor affecting mechanical and metallurgical properties in two-
layer samples, the formation of intermetallic phases in different annealing temperature
conditions was investigated. Further, studies on the formability of the two-layer sheets were
performed experimentally and numerically to obtain the FLD. In the numerical method,
the FLD was determined using four methods, namely STD, MSR, ESR, and FLDcgr, and
then the results were compared with the experimental test.

3.1. Mechanical Results

Tensile test results for the base and two-layer sheets are shown in Figure 5. Based on
the results of the true stress—strain diagrams, the strength of the two-layer sheet was higher
than that of Al and lower than that of Cu. The strength and formability of the two-layer sheet
produced by the explosive welding and the rolling processes were higher compared to the Al
base sheet [19]. This improvement in the properties of two-layer sheets compared to Al sheets
was one of the aims of producing two-layer or multilayer sheets with different materials.

The micro-hardness test results for the base and two-layer sheets are shown in Figure 6
to evaluate the hardening effect on the two-layer samples. The results showed an increase
in the hardness of the two-layer sheets compared to the base sheets. This increase in the
hardness of two-layer sheets was due to the application of strain and hardness in explosive
welding and rolling processes [20].
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Figure 5. True stress—strain results for the base and two-layer sheets.
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Figure 6. Vickers micro-hardness results for base and two-layer sheets.

3.2. Microstructure Analysis

This section evaluated the results of fracture studies, analysis of intermetallic phases,
and layer penetration depth. Figure 7 shows the penetration depth for the two-layer sample
and the composition percentage of the Al/Cu for the penetration area. The results in
Figure 7a showed that Al/Cu bimetal sheets were 4.1 um interpenetrated at the maximum
value. By examining Figure 7b, it can be seen that in the two-phase region, the composition
of Al and Cu was equal to 50%, indicating the penetration region’s homogeneity.

Different types of failure occur in metals, depending on the material, temperature,
stress state, and strain rate [21]. Fracture surface studies were conducted for two-layer
samples and base sheets (Figure 8) to study the effect of applied strains (rolling process
and explosive welding) in two-layer samples on their fracture mechanism. By examining
Figure 8a,b, it can be seen that the fracture mode for the Al and Cu base sheets was ductile
fracture with deep and equiaxed dimples [22]. According to Al and Cu'’s face-center cubic
(FCC) crystal structure, their fracture mode could be considered ductile. Two-layer samples
analysis (Figure 8c) showed that the fracture mode changed from ductile to brittle after
explosive welding and rolling processes. The reason for changing the failure mechanism



Metals 2024, 14, 214 8 of 25

could include cold work, thus increasing the applied strain, and, as a result, increasing the
dislocation density [23].

2000 -
1600 1 P AMWWWASNS
1200 -
—Al
800 —Cu
400 -
0 \ . L 1 1 1 1
0 20 80 100 120

40 . 60
Distance (um)

ch2 KYKY-EM8000F/CRL-IUST Mag: 200x 874 um | 655 pm
2022.11.01 BSE HV: 20 kv WD: 17.80 mm [—=—210) [fiin ——

SACRLOY1 14.-8-1406-AFCu
MAD: 5000x HV:20 kY WD 18.5mM

Figure 7. (a) Back-scattered electron images and penetration depth for a two-layer sample. (b) Com-
position percentage for Al and Cu in the infiltration zone.
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Figure 8. Tensile fracture surfaces: (a) Al base, (b) Cu base, (c) Al/Cu two-layer sheet.

3.3. Intermetallic Study

In multilayer sheets, intermetallic phases will usually form in the penetration layer
region. The intermetallic presence phases are generally harmful in bimetal metals [24]. The
probability of new phase deposition will depend on factors such as the penetration state
of atoms, thermodynamic driving force, and connection areas. New phases nucleate at
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defects, where the concentration of the infiltrated element is high, and are created along
the interface [25]. In this case, studying the intermetallic phases at different temperatures is
essential. The results obtained from XRD were analyzed using EXPERT High Score Plus
software -5.2 version. Figure 9 shows the analysis of intermetallic phases observed in differ-
ent temperature conditions. The XRD results indicated that Al and Cu, AlCuy, Al,Cu [26],
and AlyCug [27] peaks can be observed in the patterns. By examining the XRD pattern, it
can be seen that increasing the annealing temperature will cause the production of more
intermetallic phases for the two-layer sample (Figure 9d,e). An increase in temperature can
provide the activation energy necessary for the emergence of intermetallic phases, which is
one of the reasons for the existence of intermetallic phases with an increase in annealing
temperature [28,29].
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Figure 9. XRD patterns of Al-Cu bimetal at (a) ambient temperature, (b) 200°, (c) 300°, (d) 400°, and
(e) 500°.

3.4. Incremental Forming Results

The SPIF process with three strain paths, name straight groove, pyramid, and cone
geometric, was carried out until failure occurred in the sample. The limit forming angle,
fracture depth, and FLD were studied for each sample. Figures 10 and 11 show the
formed samples for the base sheet and two-layer samples, respectively. Due to Cu’s higher
formability in two-layer samples than Al (Figure 5), the Cu layer is located on the outside
(the Allayer is in contact with the tool and is called Al/Cu). Investigations were carried out
for the pyramid sample with the Al outer layer to check the effect of layer arrangement. The
forming sample can be seen in Figure 12. The results of the depth and forming limit angle
for the base sheet and two-layer samples are shown in Table 1. By investigating Table 1, it
can be seen that the 2-layer sheet with the Al/Cu arrangement has higher formability than
the Cu/Al arrangement. This is related to the higher formability of Cu compared to AL
FLDs for base sheets and two-layer sheets are shown in Figure 13. By examining the FLD for
the base samples (Figure 13a), it can be seen that the obtained strains are close to the plane
strain conditions reported. However, the FLD is obtained for two-layer samples under
biaxial strain conditions (Figure 13b). The reasons for this change in the strain conditions
for the two-layer samples compared to the base sheet can be attributed to the work of
hardening and the high strain rate on the two-layer samples in the explosive welding and
the rolling process, which causes a higher thinning rate of the two-layer samples under
SPIF process [30]. Figure 13c is the FLD obtained to study the influence of the arrangement
of the two-layer sample with a pyramid geometry. It can be seen that with the arrangement
of the Cu outer layer, the FLD has higher strains at the moment of failure [31].
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(a)

Fracture

Figure 10. SPIF process, (a) Al base sheet, (b) Cu base sheet.
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Figure 11. Cont.
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(c)

Figure 11. SPIF process for bimetal sample, (a) AI-Cu by straight groove geometry, (b) Al-Cu by
pyramid geometry, (c) Al-Cu by cone geometry.

Figure 12. SPIF process for Cu—Al bimetal sample.

Table 1. The bimetal and base sheet samples” depth and forming limit angle results.

Sample Forming Depth (mm) FormilzgeLgill:iet) Angle
Base Al 17.38 44.5
Base Cu 35 59.6
Pyramid Al/Cu 374 61.5
Cone Al/Cu 47.5 68.8
Straight groove 13.77 90

Pyramid Cu/Al 28 53.9
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Figure 13. SPIF results of FLD, (a) base sample, (b) bimetal sample, (c) studying the effect of
arrangement layer on the FLD.

3.5. FEM Results
3.5.1. Thickness Distribution

In forming processes, one of the essential parameters that can be evaluated is the
thickness distribution parameter. The thickness distribution is usually caused by the
stress created along the thickness. In the SPIF process, the thickness distribution can be
predicted from the cosine law [18]. Increasing the forming limit angle in the SPIF process
will increase the thickness distribution in the formed sample [32]. In this article, to measure
the thickness distribution experimentally, the thickness distribution was measured at seven
points along the wall by a micro-meter (Figure 14). Next, to validate the simulation results
with the experimental test, the thickness distribution was measured using the simulation
method. The results related to the thickness distribution for the base sheet and two layers
of samples are shown in Figures 15 and 16, respectively. By examining the results obtained
from the experimental test and simulation method, it can be seen that the maximum
error for predicting the thickness distribution in the simulation method compared to the
experimental test is 9%, which is for the two-layer sample with a straight groove. According
to the insignificant error percentage obtained from the numerical method, the validation
of the simulation method compared to the experimental method was performed for the
two-layer sample.
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Figure 14. Measured points for thickness distribution test.
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Figure 15. Comparison of experimental and numerical thickness distribution for base sheet.
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3.5.2. Study of FLD Prediction in FEM

This study used three numerical and one experimental-numerical method to predict
the necking zone and obtain the FLD. The ESR, SDT, and MSR methods were numerically
investigated, and the FLD;; method was numerically and experimentally investigated. In
the FLDt method, the failure prediction was performed as follows: first, the major and
minor strains obtained from the experimental test for the neck area were defined in the
simulation software; after conducting the simulation, when wryp = 1, necking occurred.
In Figure 17, the results related to the FLD,t method are shown for the base and two-layer
samples. By examining Table 2 and comparing the experimental and numerical results, it
was observed that the highest error for predicting the failure depth in the numerical method
is 10.6%. The element with the minimum thickness was identified to obtain the critical
element in numerical methods. Then, the critical element’s strain history was obtained
according to each numerical method. The necking time in the SDT method was obtained
by obtaining the second derivative of the thickness strain (Equation (3)) [33]. To obtain
the necking time by the ESR method, the following steps were followed. First, in addition
to the necking element, an element must be considered as a safe zone element near the
necking element. By obtaining the effective strain history in the safe and critical area and
then calculating the effective strain history rate for the safe and critical areas according
to Equation (4), necking time was obtained. For the numerical MSR method, necking
time was obtained by considering the critical and safe point element, as calculated by the
ESR method, then obtaining the strain history for both areas, and then calculating MSR
according to Equation (5) [34]. To calculate the necking time for all three methods, it was
necessary to obtain safe and critical points for the FLD for each numerical method. For the
selection of essential elements, a few elements adjacent to the primary element in the neck
area were regarded as elements of the critical area. Several elements far from the critical
area were selected to be the safe element area [35].

. dz €33
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Major strain rate in the critical element
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Figure 17. Cont.
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Figure 17. FLD; results for (a) base Cu, (b) base Al, (c) Al/Cu cone, (d) Al/Cu pyramid, (e) Cu/Al
pyramid, (f) straight groove.

Table 2. The results of predicting fracture depth by FLD;t method and comparison with experimental
results.

Sample Forming Depth (mm) Forming Limit Angle

(Degree)
Base Al 17.38 445
Base Cu 35 59.6
Pyramid Al/Cu 374 61.5
Cone Al/Cu 475 68.8
Straight groove 13.77 90
Pyramid Cu/Al 28 53.9

Strains obtained from numerical methods for base sheets and two-layer sheets are
shown in Figures 18 and 19. By comparing the three numerical methods for base and
two-layer samples, it was observed that the SDT criterion has a more accurate estimate of
necking time than the other methods. The results are shown in Tables 3 and 4. Figure 20
shows the highest error percentage for three numerical methods (SDT, ESR, and MSR).
The stress and strain created in the SPIF process was created due to the presence of force
along the thickness and the bending force created at the contact point of the tool [36]. In
the SPIF process, necking occurred when all stresses through the sheet thickness exceeded
the limit. Because the thickness distribution was high in the SPIF process, the strains
created along the thickness were significant. For this reason, fracture prediction in the
thickness direction and thinning can provide the most accurate prediction compared to
other numerical methods.
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Figure 18. Numerical and experimental results for FLD with (a) Al base sheet and (b) Cu base sheet.
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Figure 19. Numerical and experimental results for FLD, (a) Al/Cu cone, (b) Al/Cu straight groove,
(c) Al/Cu pyramid.
Table 3. Summary of the comparison of numerical and experimental results for base sheets.
Sample Major Strain Major Strain Error % Minor Strain Minor Strain Error %
P (EXP) (SIM) (Major Strain) (EXP) (SIM) (Minor Strain)
Al base-ESR 0.212 35.5% 0.030 33%
Al base-MSR 0.2875 0.21 36% 0.023 0.016 42%
Al base-SDT 0.263 9.5% 0.027 18.6%
Cu base-ESR 0.567 9.5% 0.038 31.5%
Cu base-MSR 0.620 0.497 24% 0.050 0.035 27%

Cu base-SDT 0.579 7.2% 0.057 13.5%
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Table 4. Summary of the comparison of numerical and experimental results for two-layer sheets.

S 1 Major Strain Major Strain Error % (Major = Minor Strain Minor Strain ~ Error % (Minor
amp-le (EXP) (SIM) Strain) (EXP) (SIM) Strain)
Al/Cu-ESR 0.509 21.5% 0.126 14.9%
(Cone)
Al/Cu-MSR 0.619 0.479 29% 0.145 0.119 21.5%
(Cone)
Al/Cu-SDT 0 0
(Cone) 0.533 16% 0.129 12.5%
Al/Cu-ESR 0.493 16.5% 0.094 20%
(pyramid)
Al/Cu-MSR 0.575 o 0.115 0
(pyramid) 0.444 29.7% 0.093 21.8%
Al/Cu-SDT 0.512 12.7% 0.100 13.6%
(pyramid)
Al/Cu-ESR
(straight 0.12 27.5% 0.0416 27%
groove)
Al/Cu-MSR
(straight 0.154 0.115 34.5% 0.053 0.040 31.7%
groove)
Al/Cu-SDT
(straight 0.125 22.5% 0.0466 13.5%
groove)
45
40
35
g 30
5 25
S
w20
15
10
0

SDT ESR MSR

Figure 20. The highest percentage error for predicting major and minor strains by numerical methods.

4. Conclusions

This article investigated the mechanical and metallurgical properties of the Al/Cu
sheet. The formability of the two-layer samples was studied experimentally and numeri-
cally with the SPIF method, and the results are summarized below:

- The uniaxial tension results show that the strength of the two-layer sheet after explo-
sive welding and rolling has increased compared to the aluminum base sheet, but it
has not increased compared to the copper base sheet.

- The results of the hardness test show that the hardness of the two-layer samples has
increased compared to the base sheets.
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- By examining the SEM ESD-line results in the infiltration area of the two-layer sheet,
it can be seen that the infiltration has been performed well, and the combination of Al
and Cu in the infiltration area is homogeneous.

- The tension fracture surface analysis showed that the base samples’ fracture mecha-
nism has changed from the ductile fracture mode to the brittle fracture mode compared
to the two-layer sample.

- The intermetallic phases for the two-layer sample are produced with higher density
by increasing the annealing temperature. In the penetration zone, it is clear that
increasing the temperature causes more intermetallic phases to be produced.

- The experimental results of SPIF showed that the formability of the two-layer samples
has increased compared to the base sheet samples. Also, by examining the layer
arrangement effect, it was observed that the formability increases when the Cu sample
is placed in the outer layer.

- The experimental and numerical results of the thickness distribution for the base and
two-layer sheet samples were checked and showed good agreement. The highest error
value was reported as 9%.

- The FLDcrt method, a numerical-experimental method, provided the most accurate
time and necking area prediction compared to the three numerical methods (SDT, ESR,
and MSR). However, in the numerical methods, the SDT method reported the most
precise prediction of the necking test.
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