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Abstract: In the present study, microstructural evolution, mechanical and creep properties of Al/S1C/Cu composite strips
fabricated via accumulative roll bonding (ARB) process were studied. The obtained results showed the formation of an
atomic diffusion layer with thickness of about 17 um at the interface during the ARB under three creep loading
conditions namely 30 MPa at 225 °C, 35 MPa at 225 °C, and 35 MPa at 275 °C. An generated intermetallic compound
resulted in a 40% increase of interface thickness near Al. The stress level decreased by 13% at constant temperature with
no significant effect on the interface thickness, and the creep failure time declined by 44%. It was observed that at
constant temperatures, the second slope of the creep curve reached to 39% with increasing stress level, then, 1t dropped to
2% with a little temperature rising. After creep test under 35 MPa at 275 °C, the sample displays the presence of 60% Al
and 40% Cu, containing brittle Al,Cu intermetallic compound at the interface. Applied temperature and stress had effect
on the creep properties, specially increasing the slope of creep curves with higher stresses.
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During last decades, application of lightweight
structures has 1mproved to reduce the fuel
consumption with the rise of carbon dioxide in the

1 Introduction

so difficult for traditional

Todays, 1t 1s
materials to get necessary application in enhancing
industries such as aerospace, automotive, and
electronics. Consequently, there 1s a rising demand
for laminated composites because they have several

distinct properties together [1-7].
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atmosphere and the importance of protecting the
environment [8§—10].

Generally, alloys and metals have limited
properties and it 1s impractical for them to include
several needed properties together. As a new
technique, manufacturing of bimetal or bi-alloy
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composites 1s a new approach to achieve several-
Al/Cu
composites have got interest due to their excellent

needed properties together. Bimetal
properties such as high strength, easy recyclability,
high specific stiffness, and high damping capacity.
Moreover, they have good thermal and electrical
conductivity of copper, and also low density and
high corrosion resistance of aluminum [11-15].

As a novel approach to manufacture materials
containing ultra-fine grain (UFQG) structures, severe
plastic deformation (SPD) is developed during the
past few decades. Some of SPD processes include
cyclic extrusion compression (CEC), multi axial
forging (MAF), accumulative roll bonding (APB),
accumulative press bonding (APB), and so on
[16-23].

Accumulative roll bonding (ARB) 1s not only
an SPD forming process, but also a bonding process
(as a solid phase method of welding). So, metallic
strips and foils bond together during cumulative
rolling steps at high plastic strains. With the help of
ARB,
composite strips and foils by cumulative rolling
steps. Generally, the thickness reduction ratio for

it 1s practicable to fabricate laminated

ARB 1s 50%. This process includes primary sample
preparation (annealing and final sizing), surface
brushing and cleaning in the acetone bath, and then,
rolling with 50% reduction of thickness [24-30].
Over the past few years, many studies have
properties of
composites manufactured via SPD approaches. The
samples

been done on the mechanical

creep property of these

thoroughly inquiry. In the matter of SPD, the study

requires a

of creep properties has not gained considerable
attention. So, USCINOWICZ et al [29, 31]
proposed a relation between creep strain and applied
Al/Cu  composites following an
exponential pattern. Besides, the minimum creep

stress  for

rate 1S more important for TD samples than RD
samples at a stress less than 120 MPa while the
fronting 1s accurate for the maximum quantities
(above 120 MPa). Furthermore, failure elongation in
TD samples 1s not dependent of the stress levels
while it increases with rising stress levels for RD
samples. AVALLONE et al [30] revealed that the
creep property of Cu-Nb composites fabricated via
ARB 1s a function of bonding interface thickness
which varies between 60 nm and 2 um. They also

realized that creep resistance

generation of a UFG structure.

enhances by

An 1nvestigation 1n the field of bonding
properties of Al/Zn composites during the first and
second creep stages demonstrated a nonlinear
dependency between strain and stress rate [31].
TSAI et al [32] stated that St/Br composites
experience faster creep at lower strain rates (below
0.001), which 1s caused by the help of grain size
variations during the phase transformation. Also,
these bimetal composites experience a little slower
creep at high strain rates (above 0.001) and
temperature higher than 810 °C due to the presence
of more phase transformation in the type of
muscular ferrite-to-austenite.

In this work, the Al/Cu bimetal composites
reinforced with SiC, fabricated through ARB have
been manufactured, then, microstructural evolution,
mechanical and creep properties were investigated
via ARB parameters.

2 Experimental procedure

2.1 ARB process

Fully annealed pure copper and AA1050 are
utilized in this study to manufacture bimetal Al/Cu
composite strips. Annealing was carried out for a
period of 2 h at 400 °C on all samples before the
ARB process and then, samples were cooled 1n the
ambient temperature. Surface preparation 1s a vital
step before the ARB. During the roll bonding as a
solid phased method of welding, metallic strips start
to bond together. So, surfaces to be bonded must be
free of any contaminations, as shown in Figure 1.
These contaminations are absorbed 1ons, dust
particles, oxide layers on surfaces, grease particles,
etc. These contaminations are severe barriers against
the extrusion of fresh virgin metals extruding
normal to the rolling direction, as shown in
Figure 2. Furthermore, the cleaner the surface to be
bonded, the stronger the layers bonding. To this
purpose, all surfaces that are going to be bonded
were scratched with a rotary brush (a diameter of
90 mm, wire diameter of 0.3 mm with a rotary
speed of 1500 r/min under a load of 15 N).

To clean the surfaces from grease, the next step
1s soaking brushed strips in the acetone bath for a
period of 20 min. After that, SiC particles (SiC))
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Figure 1 Bonding generation between two layers of Al
and Cu under rolling pressure
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Figure 2 Existence of contaminations on surfaces to be
bonded

with 2.5 wt%, 5 wt% and 7.5 wt% were added on
surfaces while soaked 1n ethanol alcohol in an
ultrasonic bath with a frequency of 60 kHz at 60 °C
(in an oven) to get an unchanging dispersion of Si1C
particles. Finally, strip surfaces were covered
consistently with SiC. Then, two strips were
stacked together and their both ends were fastened
by steel wires to avoid slipping. Stacked samples
were rolled with a reduction ratio of 50%. Then,
ARB was conducted up to 8 cycles with the
mentioned sample preparations before each cycle,
as shown 1n Figure 3. To set up the ARB, a rolling
machine with a tonnage of 100 t was used. The
plastic strain for each ARB step 1s:

8c:2N(ln fo ) 2

R RN

where N is number of ARB cycles; ¢ is the final

N(ln liR) 2)

Surface
preparation BN scattering
- ) — (£ / —
£ 7 () ( )
Cutting and
rolling
= #

= y
Figure 3 Schematic drawing of ARB process

thickness; ¢, 1s initial thickness; ¢, 1s equivalent
plastic strain; R is the reduction in thickness ratio,
respectively.

To conduct tensile and Vickers hardness (HV)
test, ASTM-E8M and ASTM-E384 standards were
used, respectively. During the HV test, a force of
5 N for 15 s was applied as its testing conditions.

2.2 Creep test

In this stage, 11-133-E standard was referred
for the creep test. The creep was done in the
temperature range of 250-350 °C and stress range
of 30-40 MPa on a SCT-35 creep testing machine.
Figure 4 1llustrates the drawing of the creep test
setup used 1n this study.

T.l

400 °C

times under two

350 °C / Processing at two
stress levels

= Cooling in furnace

.

ARB process

250 °

0 i
Figure 4 Process of ARB and creep test

Figure 5 shows the schematic illustration of the
samples prepared for creep and tensile test,
respectively. ASTM E139 standard was utilized to
prepare the samples for the creep test. The test was
performed with stress levels set under 30 and
35 MPa at 225 and 275 °C. During the creep test,
the applied stress and temperature were constant.
After that, samples were positioned in the checking
fixture in the furnace for 20 min to get a constant
temperature during the creep test. During the
fabrication process of samples and all tests, the

ambient temperature was 25 °C and the humidity
value was 30% [32].
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deformation, and the thickness of Cu layers begins
(a) 20 ] X,?P » 20 - to change at higher passes. Moreover, after each
N —— Y cycle, the Cu layer begins to neck in many areas
~i = with more distortion, as shown in Figure 7 [34—-41].
/ 5 N\ Figure 8 shows the schematic illustration of the
* necking and rapture of Cu layers during the ARB
(b) 13 process. As can be seen, Cu layers have tendency to
>‘ & - break faster in higher cycles.
o
A,
o e = “ O
@t

40

35
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Figure 5 Schematic drawing of samples for (a) creep and
(b) tensile tests (Unit: mm)

3 Results and discussion

3.1 Microstructure

The morphology of composite samples
manufactured after eight cycles and with 5 wt%
S1C, 1s shown 1n Figure 6. As can be seen, there is a
uniform dispersion of SiC, through the metallic
matrix demonstrating a desirable bonding between

matrix and particles [33].

Figure 6 SEM surface morphology of Al/S wt% SiC
composites

After that, the bonding strength between Al and
Cu layers is investigated in order to study the
bonding mechanism. Based on the results obtained
and owing to the higher strength of copper, the
strain hardening of copper layers 1s more than Al
alloy. So, the thinning phenomenon for both Al and
Cu layers 1s the same due to the heterogeneous

Detail of A

Detall'of B

Figure 8 A schematic illustration of necking and rapture
of Cu layers during ARB process

So, increasing stress and strain values of
ARB process
(specially at higher passes) leads to increasing

composite samples during the
tensile toughness value, as shown in Figure 8. Thus,
growth in strain values and strength of the samples
through the ARB process will increase according to
Figure 8, the transplantation between Al and Cu

dipping has happened with increasing pressure load.
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For this reason, hardness increases gradually with
prolonging the ARB process.

3.2 Creep properties

Figure 9 shows the composite sample
fabricated with 2.5 wt% of S1C, before and after the
creep test. The effect of loading conditions 1s shown
in Figure 10. As can be seen, the slope of creep
curve increases for monolithic Al and composite
sample with 7.5 wt% SiC, in the second stage. This
behavior can be contributed to the predominance of
recovery over hard work. After the first stage,
samples quickly enter the third stage by increasing
the applied stress from 30 to 40 MPa at 250 °C.
Instead of the lengthening of the second stage, the
creep behavior of the 2.5 wt% Si1C composite (at
250 °C stress of 30 MPa) shows the shortening of
the first and third stages. According to Figure 10, at
a constant temperature with no significant effect on
the interface thickness, the stress level decreased by

0.6
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13% and the creep failure time declined by 44%.

Due to of the
accumulated dislocations by addition of SiC, this

the prevention of slippage

behavior shows the establishment of a balance

(a) (b)
Figure 9 Al/2.5% Si1C/Cu composites (a) before and (b)
after the creep test
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Figure 10 Creep strength of Al (a), and Al/S1C/Cu composites with 2.5% (b), 5% (¢) and 7.5% (d) S1C particles for

applied load and strength
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between the workability and recovery. In other
words, 1t causes a subsequent decrease for creep life
of composites and a decrease in the second stage by
increasing the stress to 40 MPa at the same
temperature. In comparison with the monolithic
sample, a uniform scattering of SiC_ can be cited as
the reasons for its superior properties. So, higher
S1C, content has caused a decrease in the creep life
compared to the annealed Al due to the large size of
these particles and the lack of sufficient space for a
more uniform distribution. Figure 11 illustrates a
form of current situation. As can be seen in Figure
11, ALCu deposits are present in all samples in an
equal amount. The volume fraction of SiC, in
composite samples 1s the only parameter that can be
controlled. So, the higher the applied stresses, the
more the excreted pressure on SiC, by dislocations.
S1C, cannot play a prominent role in preventing the
movement of dislocations and the composite
samples are recovered, which shortens the second

stage of the creep phenomenon [34-37].

11  Schematic
diagrams of situation in composite samples

Figure illustration of macroscopic

[t 1s necessary to mention that 1n comparison
with other samples, ALLCu deposits were present 1n
the annealed Al which has a longer creep life. In the
same way, Increasing temperature from 250 to
350 °C at a stress of 40 MPa has caused complete
elimination of the second stage and rapid entry of
this sample 1nto the third stage, which severely
reduces the creep life. The activation of multiple
sliding systems and misplaced sliding can be
considered as the main reason for the occurrences of
these phenomena. In other words, the locking effect
of SiC, at higher ratios of SiC, in the grain
resistance and

boundaries 1mproves the creep

weakens the creep resistance.

3.3 Unaxial tensile properties
Figure 12 illustrates the stress—strain curve of
Al/SiC/Cu composites with 5 wt% SiC using a
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Figure 12 Stress—strain diagram of Al/S1C/Cu laminated
composite

uniaxial tensile test. As can be seen in Figure 12,
ARB has a positive effect on the improvement of
stress and strain amplitudes at higher passes.
Dislocations strengthening and less mobility of
dislocation lead to improvement of the tensile
strength [32]. The improvement of strength is due to
dislocation  strengthening, less mobility of
dislocation, the failure of harder Cu phase and its
scattering inside the soften Al matrix, and also local
strain hardening of metallic matrix around SiC.,.
According to Figures 6 and 7, bonding strength
debilitates due to the increased stress. So, the
of Cu slight

deformation due to the higher strength of Cu.

rapture layers endures plastic
Moreover, a wide span 1s shaped in the stress—strain
curve as a result of the ductile fracture of Al. The
enhancement of the elongation value can be
attributed to the increasing of the bonding between
layers, the dynamic recrystallization at higher
cycles, the uniform scattering of SiC| by breaking of
particles agglomerations at higher cycles and then,
the enhancement of the bonding strength between

Al and Cu layers.

3.4 Hardness

The Vickers micro hardness (HV) for Al 1s HV
(52.08+2.29) and for Cu 1s HV (100+2.74). Also,
the interface of micro hardness in laminated metal
composite are HV (114.83£2.41), HV (62.3£2.36),
and HV (123.7£2.95) for Cu and Al, respectively.

Cu exhibits more hardness value than Al due to its
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high work hardening ability. Noticeably, both Al and
Cu show increased hardness due to induced work
hardening effect. But, this region demonstrates a
higher hardness level. Other governing factors on
the improvement of micro hardness are different in
thermo physical properties between Al and Cu, and
residual stresses of ARB process.

3.5 Creep behavior

Figure 13 illustrates the variations for strain
and time during the creep test for samples which
were conducted wunder several stresses and
temperatures: (a) 35 MPa/225 °C, (b) 35 MPa/
275 °C, and (c) 30 MPa/225 °C. Each creep curve
includes three steps from the first step up to the
third step.

0.9 F .
0.8 F p

0.7 -
0.6 F

Strain

0.5

0.4

— y=0.042x+0.075
- = y=0.032x+0.042
== =0.011x+0.086

| | | | l 1 l l

O D5 10 15 20 25 30 35
Time/h

Figure 13 Effect of applied loading conditions on slope

03

0.2 F

of secondary creep curves

For the first creep stage, line slope drops
severely after rolling which leads to increasing the
creep resistance due to severe strain hardening.
During the second stage, the strain rate remains
constant with a fair estimate considering thermal
recovery and strain hardening, which shows a linear
trend for the creep curve. Roughly balanced work
hardening and softening lead to the occurrence of

Table 1 Strain and time values during creep test

this stage. So, necking and severe stress acceleration
lead to the reduction of cross sections. Furthermore,
the composite sample ruptures at higher strain rates.
The effect of loading conditions on the variations of
the creep strains 1s shown in Figure 13. The
specifications for each stage is illustrated in Table 1.

High values of elongation during the creep test
leads to increased temperature which makes a brittle
matrix. This brittle metallic matrix drops the
strength and elongation values. Figure 13 and
Table 2 show the slope values of creep curves under
different loading conditions. As can be seen, the
second slope of the creep curve reached to 39%
with an increase in the stress level at constant
temperature. Then, 1t drops to 2% with a little
temperature rising. So, creep constitutive models
have been developed to predict time-dependent
deformation.

Norton ’ s power law as the most significant

equation 1s shown as:

. de =

& cr :Ao.ﬁe T 1

= (1)
. Eor -

where A, B and C are coefficients; d;'" is the creep

strain rate; 7 1s the applied temperature; » i1s the
testing stress.

Figures 14 and 15 1llustrate that the
approximation of creep performance of samples has
been obtained by drawing the stresses and
temperature as input and strain rate as output,

respectively.

3.6 Evolution of microstructural morphology
Figure 16 shows the SEM morphology of
samples along the rolling direction. As shown, no
evident intermetallic compound is seen along the
straight interface, which is reported in other studies
[31]. A brittle interface can negatively affect the
bonding strength and mechanical properties. So,

Stage 1 Stage 2 Stage 3
Loading condition
Strain/% Time/h Strain/% Time/h Strain/% Time/h
30 MPa at 225 °C 0.23+0.15 2.70+£0.14 4.13+0.14 5.40+0.24 0.63+0.16 8.49+0.45
35 MPa at 225 °C 0.34+0.07 2.20+0.19 1.42+0.17 8.20+0.13 0.61+0.03 11.20+0.33
35 MPa at 275 °C 0.174+0.04 5.20+0.22 1.13+0.11 9.12+0.32 0.27+0.14 12.72+0.22
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Table 2 Slope of secondary creep curve linear equation
vs loading conditions

Slope/(°)
y=0.042x+0.075  74.32

Creep loading condition Line equation

35 MPa at 275 °C

35 MPa at 225 °C y=0.032x+0.042 76.34

30 MPa at 225 °C y=0.011x+0.086 3791

0.7
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Figure 14 Creep strain for samples: (a) 35 MPa 225 °C;
(b) 35 MPa at 275 °C; (c) 30 MPa at 225 °C

intermetallic phases don’t demonstrate a desirable
bonding between Al and Cu layers during the roll
bonding. So, no noticeable variations of SiC,
scattering have been observed along the interface.

The slope of X-shaped curve indicates the atomic

- {
= 0. i
cn 04 39.5
0.2 36.5 gﬁb
S o = y - :
R EE r gso.sag
Temperature/nc <+ <

Figure 15 Surface creep trend of Al/S1C/Cu composite
samples

diffusion along the bonding interface. The optimal
microscopy (OM) images of samples 1s shown in
Figure 17, tiny grains near the interface aligned
along the rolling direction. Furthermore, a
heterogeneous graining scattering in the Cu layer
containing tiny grains near the interface and coarser
grains further away from the boundary can be seen.
The recrystallization of ARB process leads to
generation of this behavior which changes the
grains form from stretched to an equiaxed style.
Figure 18 1llustrates the spreading of Al and Cu
in the thickness direction around the interface, and
lists the composition taken from EDX analysis from
points A to B, showing a decrease in Cu and an

increase in Al, respectively.

3.7 Effect of creep loading on microstructural

evolution

Figure 19 shows the effect of creep loading
conditions on the SEM morphologies of composite
samples. As can be seen, when exposed to elevated
temperatures and stress levels under creep loadings,
the interface thickness increases by 40% due to
the activation of diffusion in this state. So, the
interface decreases by 15.6% by reducing the
fracture time with higher stress levels. The results
for the composite under creep test conditions
(30 and 35 MPa at 225 °C) demonstrated that no

intermetallic composition has formed at the

interface. But, 1ntermetallic compounds were

observed for creep test conditions of 35 MPa at
275 °C. Figure 19 shows the point used in the EDS
pointer analysis. As the shift from Al to Cu occurs,
the amount of aluminum decreases and its spreading
more distributed. So, 1ts

becomes scattering
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Thickness of (8.3 um

o,

Figure 16 SEM cross section analysis of Al/SiC/Cu composites

Esaess 50 um

Figure 17 OM microstructural morphology of Cu layer

Figure 18 EDS analysis of composite sample

converts more unvarying at higher values of Cu.
The Al to Cu ratio at point C indicates the existence
of AlLLCu where intermetallic compositions were
shaped. The microstructure of copper at a
temperature of 275 °C and under a loading of
35 MPa i1s shown 1n Figure 19. As can be seen, no

intermetallic compound is observed around the

interface, meaning an atomic diffusion between Al
and Cu. Furthermore, the composite sample under
creep conditions (30 MPa at 225 °C) shows a more
unvarying grain scattering (Figure 20(c)).

4 Conclusions

In this study, ARB process is used to fabricate
bimetal Al/Cu composite strips. The effect of creep
loading conditions (stress and temperature) has been
investigated on  the bonding,
microstructural, and creep properties of Al/SiC/Cu
composites samples. The following results can be

mechanical,

concluded.

1) Two drops can be found in the creep curves
due to the fracture of Al and Cu layers. Moreover,
formation of solid solution leads to improvement of
the hardness.

2) The accumulation of dislocations during the
cumulative rolling process can be considered as one
of the main reasons for the hardness enhancement.

3) The creep life of Al/2.5%SiC/Cu composite
1s measured at all temperatures and strain rates more
than other manufactured composites.

4) The interface thickness increases by 40%
which leads to the formation of intermetallic
compounds 1n this region when the temperature
increases with a constant stress.

5) Two main affecting parameters on the creep
strain are stress and temperature. It 1s observed that
while the temperature 1s constant 1n different
conditions, the second slope of the creep curve
reaches to 39% with an increase in the stress level.
Then, it drops to 2% with a little temperature rising.
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Figure 19 Effect of creep loading conditions: (a) 35 MPa at 225 °C; (b) 35 MPa at 275 °C; (c¢) 30 MPa at 225 °C

6) The sample after creep test at 275 °C/
35 MPa displays the presence of 60% Al and
40% Cu, containing brittle AlLCu intermetallic
compound at the interface.
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