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ARTICLE INFO ABSTRACT

Keywords: The properties of Al-Cu bimetallic composite are investigated employing the finite element
FfaCture. analysis method to understand the nature of the composite materials under different loading conditions. In
A.I’C‘ll b"metal this regard, Al and Cu metallic sheets were implemented to analyze cold-roll bonding (CRB) and
Simul at101.1 to monitor the bonding conditions. After rolling the materials were investigated for their stress
Roll bonding e . . . . s

Experiment distribution and bonding as well as fracture behavior. Finite element investigation was used by

the ANSYS software to analyze the stress-strain distribution in the metal layers. The results
indicate that the appropriate joining of Al-Al and Al-Cu can be achieved using the CRB process.
The stress distribution based on the Von-Mises criterion was calculated and validated by simu-
lation studies. For crack simulations, on the other hand, the results showed that during crack
propagation, the materials showed different behaviors owing to the varying properties of Al and
Cu. Also, for both the tests, stress distribution in 2D and 3D were simulated, and different stress
criteria were obtained and compared. Moreover, optical and scanning electron microscopies were
used to study the characteristics of the materials and to support FEM outputs.

1. Introduction

Multi-metallic materials are promising for practical applications and economic purposes, thus gaining notable attention in recent
decades [1-6]. There are several ways to produce composite materials such as casting [7], however, the roll bonding (RB)-based
method is a simple and cheap way to manufacture such materials [8-12]. Among numerous experimental exercises for producing
similar [13-17] and dissimilar [18-26] metal-metal composites, Al and Cu were interesting due to their similar crystal structure and
their ability to deform in different shapes [27-30]. For this purpose, the researchers including the present authors decided to evaluate
and produce Al-Cu composites and evaluate their properties using different methods [28,31,32]. In one study, a variety of processing
parameters were evaluated that affected the metal bonding condition only experimentally [33]. However, recent attention to materials
simulations motivated the authors to model the behavior of this material using the finite element method (FEM). This method is widely
accepted for different mechanical applications [34]. Also, the roughness of the metal surface contributes to the roll bonding process
[35]. It is also stated that parameters such as crystal structure, grain size, and strain are key factors in determining bonding [35]. In a
study [36], a group of researchers evaluated the bonding of AA 1050/AA 6061 and analyzed the interface of the material using
experimental and simulation studies. In the research, the rolling speed was optimized to develop an appropriate condition for bonding.
Other researchers [37] evaluate the characteristics of Cu/Ti composite by the accumulative roll bonding (ARB) process. They modeled
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shear banding and layer thickness during deformation using FEM successfully. Also, a group of scientists [38] investigated the Cu/Ti
composite properties using analytical and experimental methods. It is claimed that a harder layer can respond to the rolling pressure by
fracturing. Besides, a model based on fluctuaion wavelength was used to support the evidence. Also, it is stated that a FEM can be
successfully used to validate the pile-up data obtained from experimental results for ARBed Cu/Nb nanolaminates [3]. For fracture
toughness, on the other hand, a group of researchers stated that by increasing the number of roll bonding cycles of an Al5052-Cu
composite, Kc showed a considerable increase [30].

The FEM, therefore, is an easier and cheaper tool for engineers to access and evaluate data obtained by experiments. The need for
materials modeling through the FEM as well as complementing our previous studies is the motivation of the present investigation. The
authors, proposed an experimental procedure for manufacturing the Al-Cu material followed by simulations of materials under
loading and strain-stress distribution using ANSYS software. Also, a hypothesis crack is proposed to evaluate the deformation around
the tip of the crack for both individual layers (Al and Cu). Moreover, microstructural studies using microscopy techniques were used to
support the FEM results. Thus, this study aims to investigate the details affecting Al-Cu material characteristics and support the
experimental studies.

2. Material selection and FEM analyses

The cold roll bonding process is used to simulate the joining the metals with non-linear behavior i.e., Al and Cu alloys. Materials’
initial characteristic is summarized in Table 1. The Al and Cu layers (10 cm x 2.5 cm x 0.5 mm), were first designed based on the
experiment which was cut from the initial sheet. The metals were then rolled with a rolling mill machine of 20 tons capacity for a
specific reduction in thickness (a schematic illustration of the CRB process is shown in Fig. 1). The friction coefficient of the rollers and
the surface of the sample is evaluated to be 0.1. The speed of the rolling process was kept at about 2 m/min to secure appropriate
joining. The resulting composites were then simulated for the peeling test according to ASTM D1876-08 standard. After the mechanical
tests, some samples were prepared for optical and scanning electron microscopies (OM and SEM) on rolling direction (RD)-transverse
direction (TD), and normal direction (ND)-TD planes. The simulation studies were conducted using raw data from experimental input
and implemented in ANSYS software such as bonding conditions and V-notched samples. All the rolling procedures stated above were
simulated in two-dimension (2D) and three-dimension (3D) based on the laboratory’s inputs and then the data were collected from
simulation studies for validation and analysis. The experimental and simulation outputs were then used for investigation/comparison
in this research. Furthermore, different symbols used in the study are tabulated in Table 2.

3. Results and discussion
3.1. CRB and peeling test

The most important step in manufacturing the Al-Cu composite is the possibility of bonding the Al and Cu layers through the rolling
process. To evaluate this phenomenon quantitatively, a peeling test was used. The results indicated that the bonding is strong enough
for desired applications based on provided parameters [33]. The deformation induced by the pressure of the rollers plays the main role
in establishing an appropriate bonding. The authors first investigated [33] different parameters affecting the bonding condition
including the reduction of the rollers, and the effect of an oxide film. However, some other issues remained unclear such as the effect of
rolling conditions on the deformation and how rollers could provide deformation to result in a metal-metal bonding. For this purpose,
the process was simulated and the boundary condition based on experimental information was utilized to study the materials’
behavior. The results are interesting as shown in Fig. 2. At first, it is noted that the end part of the joints deviated in a specific direction
as pointed by the arrows in Fig. 2 (a) and (b). One may argue that this deviation could be a software error. However, as we alternated
the layers (Al on the top and Cu on the bottom), the deviation was again observed in a diverse direction. Also, two similar metals were
examined similarly (Al-Al as seen in Fig. 2 (c)) to see if the same condition may be obtained. Surprisingly, the deviation diminished
when a similar metal-metal was used. In practice, at the laboratory, a similar deviation was observed during the CRB process of two
dissimilar metals. The deviation was not a FEM error but the reason underlying this phenomenon should be related to the metals’
properties [39]. Generally, Al is a softer metal which means that during the rolling, it can be easily deformed as compared to the Cu
layer (known as a harder metal). But, the harder layer, i.e., Cu, response to the rolling pressure was different as compared to the Al.
This is because Cu cannot be shaped as easily as Al can. As a result, the composite deviated towards the harder (Cu) layer during the
rolling process. In fact, in the rolling gap, the deformation that was responsible for the deviation of the metals was accommodated by
the extension of the strips. This process, in turn, led to metal-to-metal bonding as discussed later. The stress distribution for this process
is elaborated in the following paragraphs in detail.

Another observation in the CRB process that can be concluded from Fig. 2 is the way stress is distributed through the Al and Cu
sides. In the cold rolling, the stress distribution on the Cu side is different during the CRB process as compared to that of other metals i.

Table 1
Characteristics of the initial materials.
Young modulus (GPa) Poisson ratio Bulk modulus (GPa) Density (kg4m73)
Al 71 0.33 69 2770
Cu 110 0.34 114 8300
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Fig. 1. A schematic illustration of the CRB process.

Table 2
Symbols used in this research.
K; P c a ¢ w p
Stress intensity Compressive rolling Tension Length of Total thickness Thickness of layer The radius of the
factor stress crack crack tip
R h n € f () Gmax Go
The radius of the Ratio of sheet Friction Strain Geometric shape Maximum tension in front of ~ Flow stress
rollers thickness coefficient factor the crack

e., Al. The Al, in contrast, experiences different levels of deformation as highlighted by colored contours in this figure. Also, by
comparing Fig. 2 (a) and (b) with CRBed Al-Al metals in Fig. 2 (c), one may conclude that the distribution of deformation is more
uniform for Al-Al material. The main reason is that metals’ behavior is varied during the deformation process. In fact, Al has a higher
stacking fault energy (166 mJ/m?) as compared to Cu (78 mJ/m?) [39]. Therefore, the Al layer can be easily deformed because the
movement of the dislocations is easier during the rolling process. Consequently, Al experienced less work hardening than Cu did. While
the Cu layer can be work-hardened more efficiently, thus, deformation is varied in Cu and the rollers induced more stress on the Cu
layer to shape it plastically during the rolling as indicated in Fig. 2 and as confirmed earlier.

Moreover, for a detailed perspective, a 3D model based on the experimental results was designed and the composite materials were
obtained directly from ANSYS software to further support the abovementioned claims (Fig. 3, note that Al is the top layer). Also, the
level of Von-Mises stress induced by the rollers was collected as seen in Fig. 4. As seen, for Al-Al the amounts of stress are lower as
compared to that of Al-Cu. This means that when two soft metals are bonded, rollers provide a much lower amount of stress for
shaping/joining the metals. However, in Al-Cu, the deformation becomes complicated because of the effect of two dissimilar metals.
As such, the Al-Cu material experienced a higher level of stress which is due to the rollers’ pressure as confirmed in Fig. 4.

To validate the numerical value in simulation in Fig. 3, the following elaborations are suggested. As seen in this figure, the Von-
Mises stress showed a wide range between near 0 and 725 MPa. In the present condition, the following equations are useful to obtain
stress distribution during the rolling process based on ref [40]:

ey:% (ay —% (6X+0,)> =0 (€D)

We can assume that o, = 0, because the stress is zero in this direction, then from equation (1), it can be concluded that 6, = %.
Also, it can be assumed that the stress of the roller (P) equals to ¢, (or —o, = P). Moreover, for the relation of shear stress, friction

coefficient, and applied force, equation (2) can be used:
To=uP=0.1P 2)

Also, a three-dimensional stress tensor as seen in the following matrix can be developed:

0 0 Tyz 0 0 up
;= 0 —050, 0 |={0 05 o 3)
Te: 0 —0; wp 0 p
where, based on equation (3) we can compute (I) by solving the matrixi.e.,; =1.5p,I, = —0.49p? ,and I3 = — 0.005 p°. Then, the

calculation should be continued to measure principal stresses, therefore, equations (4) and (5) must be used [40]:
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Fig. 2. A 2D simulation of the rolling process with different conditions, a) Cu is on the top, b) Al is on the top, and c) two Al layers were used
simultaneously [note the end part of the layers which is indicated by the arrows].
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Fig. 3. A 3D simulation of the CRBed Al-Cu material with the corresponding Von-Mises stress distribution.
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Fig. 4. Diagrams of Von-Mises stress variations that are induced by the rollers for Al-Al and Al-Cu CRBed materials.

h L
b o))
Where L is:
L=+/RAh ()

In these equations, o is flow stress (similar calculations were also used in Ref. [29]). Also, Ah is the average of the difference of initial
and final thicknesses. Now, the compressive rolling stress i.e., P = 530.5 MPa can be obtained. Finally, the principal stresses are
computed as follows:

0'37110'27120'713:0 (6)

Three principal stresses, therefore can be obtained by solving equation (6) (67 = — 5.2,6o = 265.2,63 = 535.7 MPa). Furthermore,
to calculate the Von-Mises effective stress, we should use equation (7) [40]:

o= \/(ﬁ ([(0'2 — 53)2 + (03 — 51)2 + (01 — 62)2])0.5 =468.43 MPa (7)

As seen the above-mentioned computations are in agreement with the Von-Mises provided by ANSYS (Fig. 3) and fall in the range
shown in the colored legend in Fig. 3. It is noteworthy to mention that, roll bonding is a non-homogenous process in that stress/strain
values could have fluctuated during the process and therefore it is logical to assume that different amount of stress for a given time can
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Fig. 5. Equivalent strain distribution for Al-Al and Al-Cu upon simulation.
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be obtained during rolling.

Also, it should be noted that effective strain can be calculated similar to effective stress as stated above using equations (8) and (9)
[40]:

Exx  Enx  Exn
Ei=| &y &y &y (8)
Exz &y &y

And for effective strain:
E=1/(2/3)(e] + &5 +¢3) 9

where gj; is the strain tensor and ;.3 are principal strains. Also, a summary of the equivalent strain calculated by simulation is shown in
Fig. 5. As seen, no markable changes in strain for Al-Al and Al-Cu have occurred, this is because both materials experienced a similar
level of reduction in thickness regardless of the type of initial metals.

In order to have an in-depth analysis of the data obtained from this simulation, 3-dimensional graphs of different stresses for Al-Al
and Al-Cu composite were drawn as seen in Fig. 6 (a) to (d). As seen, for Al-Al bimetal, the maximum peaks of the diagrams reached in
a lower value of Von-Mises stress as compared to that of Al-Cu. This confirms that the joining of Al-Al metal merits lower values of
rollers force as also stated in earlier paragraphs. However, for Al-Cu, the principal stress should be higher enough for joints to be
bonded. This finding is in agreement with the authors’ previous investigations related to Al-Cu [9,33] and testifies to the fact that
dissimilar metals need further deformation to initiate bonding. It is also noteworthy that the greater work hardening of the Cu side, due
to lower SFE as stated above, is an important metallurgical aspect that could have possibly increased the stress levels during the rolling
process of Al-Cu.

For maximum shear stress, on the other hand, the origin of the shear stress should be related to the friction between the roller’s
surface and metal [5]. As both the surfaces were smooth and the friction coefficient is negligible i.e., 0.1, the shear stress is way lower
than the Von-Mises and principal stresses (Fig. 6 (b) and (d)).

For the peeling test, moreover, a simulation is proposed and the results of the test are shown in Fig. 7 (a) and (b). As seen, during the
peeling test two surfaces de-bonds as a result of the formation of cracks that are nucleated at the interface of the Al-Cu joints as also
confirmed elsewhere [33]. De-bonding of the layers was concentrated at the interface of the metals, as the peeling test continued,
cracks propagated on the interface of the Al-Cu. To evaluate the strength of the bonding, the output of the ANSYS software is plotted as
shown in Fig. 8. As it can be seen, the bonding of the layers was strong, and equivalent stress reached its highest point during the test.
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Fig. 6. A 3D diagram of principal-shear-Von Mises stresses showing maximum and minimum values for a, b) Al-Al, and ¢, d) Al-Cu bimetals.
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Fig. 7. 2D simulation of the peeling test, a) Von-Mises stress, and b) maximum shear stress.
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Fig. 8. Stresses-time diagram obtained from ANSYS following simulation of peeling test.
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For the shear stress, however, the results show a lower value for the materials as the cracks grow during the test. This could be due to
the localized bonding. In fact, during the rolling process, some cracks form at the interface of the Al-Cu, and bonding occurs where
fresh metal beneath these cracks is extruded and meets the adjacent cracks (this is discussed in detail later). The initial lower values for
all stresses at the beginning may be because a high level of force was needed for the crack to nucleate and after that, the force was
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stabilized and reached a certain level because a great population of the cracks formed along the interface, and as the first crack
nucleated, a constant force was needed for their further growth. Similar experimental results were observed in our previous work
conducted on the Al-Cu CRBed material [33], which is in good agreement with the present simulations.

For qualitative investigation of the proposed simulation and to support the abovementioned discussions, the surface of the Al and
Cu layers, after the peeling test, were investigated using microscopy techniques. As seen in Fig. 9 (a) and (b), a great population of
microcracks formed during the rolling process as pointed out by arrows. For both layers, it is obvious that the cracks formed and
propagated during the peeling process. Based on similar observations by our research study [9], it is claimed that during the cold
rolling, a great number of cracks nucleated at the interface of the sheets, and fresh underlying metals extruded along these localized
cracks. As the two metals meet at the interface, bonding is established as a result of the rolling pressure. But no bonding would be
expected at non-bonded regions. Indeed, in these areas, no cracks were formed and in turn, no bonding could be initiated. During the
peeling test, however, the material departed as the crack propagated through both bonded and non-bonded interfaces. Also, for
calculating the strength of the bonding of two layers, equation (10) can be used [9]:

Average load (N)

— 10
Bond width (mm) (10)

Peel strength =

3.2. Crack behavior simulation

The Al-Cu composite is subjected to deformation after cold rolling by a simulation technique. In this regard, the behavior of an
arbitrary crack for the Al and Cu layers was simulated separately without considering the effect of the interface. This is due to the fact
that the interface of the joints plays a role in the fracture mechanism and its complicated role in changing the mode of the fracture is
not the subject of the present study. Thus, the authors decided to evaluate the layers separately. At first, a hypothetical V-shape crack
was defined and the deformation was applied. As it is obvious from the contours in Fig. 10 (a) and (b), the metals’ response to the
deformation varied as the crack grew larger. The amount of plastic deformation around the crack tip is different for Al and Cu. For the
Al layer, Fig. 10 (a), a large area of metal was involved in plastic deformation i.e., a larger affected zone. However, for the Cu layer, the
amount of deformation was limited to a small area in front of the crack as compared to the Al layer. It confirms that the crack formation
during the test can easily propagate through the softer metal i.e., Al. Also, it can be concluded that during the deformation, the Cu
layer, may resist crack propagation as compared to the other layer. Therefore, during crack growth, the plastic deformation area was
smaller for the Cu layer and the crack required more deformation for growth. Therefore, for the metals with lower SFE, such as Cu in
this study, crack propagation is way more difficult. For the Al layer, in contrast, the area of plastic deformation was high and the ability
of the crack to grow larger was enhanced as compared to that of the Cu layer as confirmed by the stress distribution in Fig. 10 (b).
However, the plastic deformation in front of both metals has some similarities. It is known that both metals have a similar crystal
structure (face-centered cubic) and the plastic deformation in front of the cracks was almost similar in that the Al shows more plastic
deformation as compared to that of Cu.

In addition, as stated above, Cu requires more plastic deformation for crack propagation as a result K; would be expected to increase
for the Cu side. For a precise quantitative investigation of the stress intensity factor in this study, K; needs to be evaluated for the
composite.

Based on Liu et al. [41], the Kj at the tip of the V notch crack is calculated using equations (11)—(13):

L forx >0 (11)

Fig. 9. Fracture surfaces after peeling test: a) Cu surface (OM) and b) Al surface (SEM) [Note that some cracks are pointed by arrows].
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Fig. 10. Equivalent Von-Mises stress distribution at the crack tip during the deformation for: a) Al, and b), Cu layers.

K, =ovaa. f(u) (12)

And for f (p) we have:
flu)= (1.12 ~0.23 (:iv) + 10.56(%)2 ~21.74 (%)% +3042 (%)4) (13)

The maximum stress intensity factor (Kp) for Al and Cu was evaluated by FEM to be about 237 and 353 MPa mm®®, respectively
(Fig. 11) and from equations above (considering a = 5 mm, ¢ is the difference of maximum and minimum normal stress, max = 321.6
and min = 307.3 MPa for Al and max = 399, and min = 303 MPa for Cu side, and f (1) = 1.1), K; for Al and Cu can be measured as 62
and 418.5 Mpa.mm®®, respectively. As seen, the calculations of K; are appropriate for predicting Cu rather than Al. The reason for this
controversy is not clear, however, some factors such as the effect of the interface, grain size, texture, and grain boundaries that are
absent in the FEM model can be reasons for the differences in calculated K;. The interface that is excluded in this research may lead to a
complex form of stress intensity factor such as initiating Kj;. Therefore, this area of our study is obscure and needs further investigation.
It is also proposed that the maximum tension at the tip of the crack can be obtained using equation (14) for semi-finite plates [41]:

P G ) B 14)

P>+ 2ap
For a comparison between data given from simulations; maximum shear, Von-Mises, and normal stresses in front of the crack were
calculated and plotted in Fig. 12. It is shown that by increasing the time of the simulations, the stresses increased followed by a steady-
state behavior. This could be related to the increasing work hardening and non-linear behavior of the metals during plastic defor-
mation. As it can be concluded from this figure, the simulation can predict the material’s behavior aligned with the analytical cal-
culations above. It is worth noting that the maximum stress in front of the crack tip is higher for Cu layers. Once again, the results
should be related to greater work hardening and dislocations accumulation in the vicinity of nucleated cracks for the Cu side, and thus
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Fig. 12. Diagrams obtained from ANSYS for the relevant stresses in Al and Cu for comparison.

the growth of the crack needs further deformation. This finding also is consistent with earlier discussions and confirming the previous
investigations.

To evaluate the nature of the fracture during the test, SEM fractography is conducted as seen in Fig. 13. It can be concluded from
this figure that as the crack propagated, a lamellar-shaped structure also known as “cup and cone” can be formed. This observation is a
result of ductile fracture. It is necessary to add that during the test, layers fractured and departed as the crack grew larger. In this stage,
a mixed fracture mode may have determined the fracture behavior and the deviation of the stress intensity factor in our calculation
should have lied in this phenomenon. As the crack propagates through the layers, it finally reaches a critical size, and the rupture has
occurred from the base composite during the test.

4. Conclusion

An Al-Cu composite was successfully produced, characterized, and its behavior simulated using the finite element method, and the
results obtained from the study are summarized below.

o Adeviation at the end part of the simulated sample was observed when dissimilar Al-Cu metallic sheets were CRBed. By replacing it

with a similar metal-metal, the deviation was diminished.
e Stress analysis of the CRB process revealed that for Al-Cu a larger value of Von-Mises stresswas required to initiate bonding.

10
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Fig. 13. SEM image for fractography of the Al-Cu after the rupture.

e During the CRB process and peeling test, cracks were initiated at the interface of the material and propagated through the Al-Cu
joint to depart the layers.

e The fracture surface of the peeled Al-Cu declared a great population of microcracks that formed during the rolling process.

e At the crack tip, a plastic deformation zone was created with larger values for Cu as compared to Al.

e Mode I fracture was the main phenomenon for the destruction of the Al-Cu for both the peeled and V-notched samples.
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