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Abstract: The Cu/1010 steel bimetal laminated composites (BLCs) were rolled to different thicknesses to investigate 
the effect of rolling direction and reduction on the microstructure evolution and mechanical properties. The difference 
of mechanical properties between the Cu and 1010 steel causes different thickness reductions, percentage spread, and 
cladding ratios. The formation of strong texture induces larger strength of the rolled samples, and as the volume fraction 
of 1010 steel is larger in Route-A, its strength is consistently greater than that in Route-B. The obstruction of interface 
to crystal and dislocation slip results in the formation of interface distortion, inducing dislocation density gradient when 
the rolling reduction is low in Route-A. The slip planes of the Cu and 1010 steel are more prone to suffer the normal 
strain, while the shear strain of other crystal planes is obviously larger than the normal strain under rolling load near the 
interface. 
Key words: Cu/steel bimetal laminated composite; rolling; microstructure evolution; mechanical properties; 
deformation behavior 
                                                                                                             

 
 
1 Introduction 
 

Bimetal laminated composites (BLCs) are 
widely used in industrial production since they 
usually have excellent properties beyond 
monometallic materials [1−3]. The Cu/steel BLCs 
can combine the high thermal and electric 
conductivity of Cu with the high strength and 
toughness of steel, and excellent overall 
performance can be accomplished [4,5]. Besides 
that, Cu−Pb/steel [6], tin bronze/steel [7] and 
aluminum bronze/steel [8] have been investigated 
by many researchers, and these BLCs are widely 
used in bearing, heat exchanger and transportation 
systems [9,10]. 

Various technologies have been developed to 

fabricate high-quality BLCs, such as vacuum diffusion 
bonding [11], explosive welding [12], casting and 
rolling bonding [13], hot press sintering [14] and 
centrifugal casting [15]. However, the BLCs 
prepared by single technology are immature for 
direct industrial production, thus the combination  
of various processes is necessary to enhance the 
interfacial bonding strength, refine the microstructure, 
and adjust the dimensions [16]. Rolling is 
commonly used in primary or secondary processing 
of BLCs to enhance the bonding strength and 
improve their mechanical properties [17]. The 
Cu/Al clad sheets were produced via the casting 
and rolling by MAO et al [18], and the interfacial 
microstructure, peel strength and crack propagation 
behavior were investigated by varying the 
annealing temperature. It is found that the thickness 
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of intermetallic compound layer can be restricted up 
to 550 nm after annealing at 250 °C, and the Cu/Al 
clad sheet exhibits the maximal peel strength. LIU 
et al [19] used numerical simulation to study the 
rolling process of Mg/Al composite plates prepared 
by explosive welding, and it is found that 30% 
rolling reduction is the most effective for 
combination of the two components. The hetero- 
phase interface was investigated in Cu−Nb 
multilayer composites during the accumulative roll- 
bonding [20], and multiple dislocation−interface 
interaction mechanisms were proposed. The rolling 
process was also adopted on the preparation of 
Al/Cu/Al BLCs after explosive welding [21], and 
rolling enhanced their bonding strength by inducing 
the formation of wave interface. 

The studies on rolling process of monometallic 
materials have been carried out extensively [22], 
and the variation of percentage spread, texture and 
anisotropy has been revealed by many researchers 
[23,24]. SUWAS et al [25] conducted the 
unidirectional rolling and cross rolling on Cu to 
reveal the texture evolution, and the results show 
that transitions from Cu to brass and S type texture 
were brought about by changing the rolling method. 
In-situ EBSD experiments were performed on dual 
phase steel by LI et al [26], and the microstructure 
evolution was investigated. The Taylor factor 
changes with the rolling deformation, and the 
fracture usually initiates from ferrite grains which 
are close to hard martensite grains. The Schmid 
factor of {111}〈uvw〉 grain was thoroughly 
examined [27], and the results suggest that the 
regions with larger energy are more susceptible to 
deformation than the regions with lower energy. 

The rolling deformation behavior of BLCs 
differs from that of monometallic materials due to 
their special macrostructure [28]. The presence of a 
heterogeneous interface affects crystal slip on both 
sides [29,30], inducing different microstructure 
evolution from that inside the layers. Texture 
analysis was conducted on the Cu−Nb multilayer 
composites after rolling process [31], and the 
specific β fiber in Cu and α fiber in Nb appear, 
which are different from their monometallic 
samples. The rolling deformation behavior and 
interface properties of Cu/Al BLCs fabricated by 
horizontal continuous casting were investigated by 
WANG et al [13], and it is found that suitable 
technology methods and parameters are the critical 

factors for obtaining defect-free interface. The 
isothermal deformation behaviors of the Cu/Al 
composites with and without a bonding interface 
were investigated [32]. The relative sliding between 
the Cu and Al layers occurred in Cu/Al composites 
lacking bonding interface, while for the Cu/Al 
composites with a bonding interface, the soft Al 
layer tends to flow in synchrony with the hard Cu 
layer due to the constraint effect of the interface. 

Since the microstructure and interface bonding 
mechanisms of BLCs change after rolling, their 
mechanical properties become unpredictable [33]. It 
is widely known that the formation of textures and 
high-density dislocations can induce larger strength 
and lower plasticity [17]. WANG et al [34] studied 
the microstructure evolution and mechanical 
properties of Mo plates by cross rolling, and it is 
found that the presence of {001}〈110〉 texture 
increases the strength, but reduces the plasticity. 
Rolling was adopted on the 30CrMnSiNi2A 
ultrahigh strength steel, and about 50% increment 
in strength was obtained due to grain refinement 
and work hardening [24]. The interfacial structure 
and mechanical properties of Mg/Al composite 
plates were studied by ZHI et al [35], and the 
results show that the interface bonding strength and 
tensile strength increase simultaneously after 
thermal deformation due to the occurrence of 
recrystallization. 

Cu/1010 steel BLC has high conductivity of 
Cu and high strength of 1010 steel, thus it is a 
reliable heat exchanger material. Rolling is a 
convenient method to obtain superior micro- 
structure and proper dimension. Although some 
results regarding the rolling process of BLCs have 
been obtained, there is currently limited research 
available on the rolling deformation behavior of 
BLCs with strong interfacial bonding. Therefore, 
two different rolling methods were adopted to 
reveal the mechanical response of the Cu and 1010 
steel to rolling load. In this study, the rolling 
deformation behavior, microstructure evolution,  
and interface effect of Cu/1010 steel BLCs prepared 
by continuous solid/liquid bonding were 
investigated. Furthermore, the effect of diverse 
rolling directions and reductions on mechanical 
properties was revealed by hardness and tensile 
tests. The present study is of great significance   
for the investigation of bimetallic synergistic 
deformation behavior, and provides a research basis 
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for subsequent study of the rolling deformation of 
various BLCs. 
 
2 Experimental 
 
2.1 Sample preparation and microstructural 

characterization 
The Cu/1010 steel BLCs were prepared by 

continuous solid/liquid bonding, and the detailed 
process methods were similar to those in Ref. [36]. 
The cold rolled 1010 steel (SAE 1010) was used, 
and the original microstructure was mainly 
composed of ferrite and pearlite. The raw material 
of Cu (99.9 wt.%) was melted in a graphite crucible 
by an electromagnetic induction heating furnace. 
The casting temperature was 1250 °C, and the 
cooling rate was 5−20 °C/s. The obtained Cu/1010 
steel BLCs were milled to remove surface   
oxides, and cut to cuboids with dimensions of 
6 mm × 6 mm × 30 mm, which contained the same 
thickness of both Cu and 1010 steel of 3 mm. The 
bonding strength of obtained Cu/1010 steel BLCs 
was tested in our previous research [37], which was 
above 160 MPa, and fracture occurred on the Cu 
side, indicating that the interfacial bonding strength 
was larger than that of the Cu side. The schematic 
diagram of sample preparation and rolling process 
is shown in Fig. 1, and the designation of the 
samples with different rolling directions and 
reductions is shown in Table 1. Two rolling 
directions were adopted: the Cu and 1010 steel 
were stacked through the rollers in Route-A; the Cu 

and 1010 steel were placed side by side through the 
rollers in Route-B. The synchronous rolling was 
carried out, and the rolling reduction in each step 
was 10% (0.6 mm) in both rolling methods. The 
rolling direction is named as RD, the direction 
perpendicular to the rolling surface is ND (normal 
direction), and the direction parallel to the surface 
and perpendicular to the rolling direction is TD 
(transversal direction), as shown in Fig. 1. 

The microstructure of as-cast sample was 
observed using an optical metallographic microscope 
(OM, MEF−4A, Leica, Germany) and a transmission 
electron microscope (TEM, Model EM−002B, 
Topcon, Japan) equipped with an energy dispersive 
spectroscope (EDS). The grain size and texture 
were analyzed by electron backscattered diffraction 
(EBSD, Oxford Instruments Group, United 
Kingdom), and the step was 0.15 μm × 0.15 μm. 
The fracture surfaces of the rolled samples after 
tensile test were characterized using scanning 
electron microscope (SEM, Zeiss supra−55, Zeiss 
Corp., Germany). The samples for OM observation 
were prepared using standard metallographic 
methods. Samples were characterized after 
polishing and etched by the mixture of nitric acid 
and alcohol (4 vol.% HNO3 and 96 vol.% ethanol) 
and FeCl3 etching solution (5 vol.% HCl, 
95 vol.% ethanol and 5 wt.% FeCl3). EBSD 
analysis was performed after polishing the   
sample with argon ion polisher, the acceleration 
voltage was 20 kV, and the acquisition frequency 
was 37.7 Hz. The samples for TEM analysis were 

 

 
Fig. 1 Schematic illustration of Cu/1010 steel BLCs prepared by solid/liquid bonding and different rolling directions 
(unit: mm) 
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Table 1 Designations of different rolled Cu/1010 steel 
BLC samples 

Route-A  Route-B 
Rolling 

reduction/% Designation  Rolling 
reduction/% Designation 

10 A-10%  10 B-10% 

30 A-30%  30 B-30% 

50 A-50%  50 B-50% 

70 A-70%  70 B-70% 

90 A-90%  90 B-90% 

 
prepared by focus ion beam (FIB, Helios G4 UX, 
Thermo Fisher, United States), and the lattice strain 
fields were calculated by the geometric phase 
analysis (GPA) method [38]. The morphology of 
fracture surface of the Cu/1010 steel BLCs was 
observed by laser scanning confocal microscopy 
(LSCM, OLS4000, Japan). 
 
2.2 Mechanical tests 

The samples for hardness test were obtained 
from the BLCs with different rolling reductions, 
and due to the anisotropy of the samples caused by 
rolling, the hardness of different surfaces was tested 

separately. The hardness was measured with a 
Vickers tester with a constant load of 300 g for 15 s, 
and at least eight testing points were carried out for 
each position to ensure the repeatability. Since the 
thickness of the samples changed after rolling, 
different numbers of test points were performed. 
The dimensions of tensile samples and preparation 
method are shown in Fig. 1. The quasi-static 
uniaxial tensile tests were performed by an 
electronic universal testing machine (UTM5105, 
Shenzhen Suns Aspect Technology Co., Ltd., 
China), and the strain rate was 5×10−4 s−1. At least 
three tensile tests were performed for each sample 
to ensure repeatability, and the video extensometers 
and digital image correlation (DIC) techniques were 
employed to measure and calculate the strain fields, 
respectively. 
 
3 Results 
 
3.1 Microstructure evolution 

The optical microstructure of the as-cast 
sample was observed, as shown in Fig. 2(a). Cu and 
1010 steel are distinctly separated according to the 
different brightness and microstructure after etching. 

 

 

Fig. 2 Microstructure of as-cast Cu/1010 steel BLCs: (a) OM image; (b) IPF; (c) TEM image; (d) HRTEM image and 
corresponding SAED pattern 
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The 1010 steel mainly contains homogeneous 
ferrites and pearlite, and Cu is composed of single 
α-Cu. A flat interface is formed between Cu and 
1010 steel, and the interface is well bonded without 
defects or discontinuous combination. The micro- 
structure of the Cu/1010 steel BLC was observed 
by EBSD, and the invert pole figure (IPF) is shown 
in Fig. 2(b). The average grain size of Cu is 
approximately 159.2 μm, which is significantly 
larger than that of the 1010 steel (7.2 μm). More 
detailed characterization on the interface was 
carried out by TEM, and the results are shown in 
Figs. 2(c, d), where interatomic bonding is formed 
between the Cu and 1010 steel, ensuring sufficient 
interfacial bonding strength. Meanwhile, a parallel 
orientation relationship (OR) of bcc-Fe(011) //  

fcc-Cu(111)  and [111]bcc-Fe//[110]fcc-Cu is formed 
between Cu and Fe, which is always known as 
Kurdjumov−Sachs (K−S) OR. However, it is worth 
mentioning that not all of the interfaces have a 
defined OR, and more interfaces often exist in 

disordered forms, which has been reported in our 
previous study [39]. 

Figure 3 shows the OM images of the Cu/1010 
steel BLCs with different rolling reductions and 
directions. The interface always remains well 
bonded without debonding or cracks during the two 
rolling processes. The original flat interface 
roughens after rolling, and the interfacial distortion 
becomes severe when the rolling reduction exceeds 
30%. Figures 3(a1−a5) and (b1−b5) show interfacial 
microstructure evolution along the RD with 
increasing the rolling reduction from 10% to 90%. 
The elongation of grains is visible in the samples 
with larger rolling reductions, while this 
phenomenon is not found in Figs. 3(b1−b5). It is 
worth noting that the distortion of interface 
becomes intense with increasing the rolling 
reduction as shown in Figs. 3(c1−c5), and kinks of 
the interface induced by strong non-synergistic 
deformation appear in B-90% sample. In order to 
observe the anisotropy of the rolled samples, the 

 

 
Fig. 3 OM images of Cu/1010 steel BLCs with different rolling reductions and directions: (a1−a5) Interfacial 
microstructure in Route-A; (b1−b5, c1−c5) Interfacial microstructure in Route-B; (d1−d5) Microstructure of Cu in 
Route-B; (e1−e5) Microstructure of 1010 steel in Route-B 
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OM images of Cu and 1010 steel in the RD−ND 
plane are shown in Figs. 3(d1−d5) and (e1−e5), 
respectively, in which the grain elongation is also 
visible. Although the OM results cannot visualize 
the microscopic details of the grains, it is still 
possible to observe some grains with significant 
deformation in the sample after 70% rolling 
reduction, which is more evident in the sample with 
90% rolling reduction. 

Significant slip bands can be found when the 

rolling reduction exceeds 50% according to the  
OM results, thus the samples of A-70% and A-90% 
were observed by EBSD as illustrated in Fig. 4. 
Figures 4(a, b) display the IPFs of A-70% and  
A-90% samples, respectively, and it is observed that 
the texture has been formed in A-70% sample, 
which becomes stronger in A-90% sample. The 
grain boundary angles of the two samples were 
calculated, as shown in Figs. 4(c, d), and the  
results show that Cu has lower grain boundary angle 

 

 

Fig. 4 IPFs of A-70% (a) and A-90% (b) samples, grain boundary angle distribution (c), grain boundary angle (d) 
(Sub-angle grain boundaries: 2°−5°, low-angle grain boundaries: 5°−15°, and high-angle grain boundaries: >15°), grain 
size distribution (e), and Schmid factor (f) 
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compared to the 1010 steel. Meanwhile, the grain 
boundary angles increase with increasing the rolling 
reduction, and the proportion of high-angle grain 
boundaries increases in the two components 
significantly. The grain size of the Cu and 1010 
steel reduces after rolling as compared to that of the 
as-cast samples, and further decrease occurs when 
the rolling reduction increases from 70% to 90%, as 
shown in Fig. 4(e). The Schmid factor (ms) is a 
crucial factor in the slip deformation, which is the 
sum of the tension along the RD and the 
compression along the ND for a cold rolled sample. 
Therefore, the Schmid factor can be calculated as 
follows [40]: 
 

s RD RD ND ND=0.5(cos cos cos cos )m ϕ λ ϕ λ−     (1) 
 
where φ(RD,ND) is the angle between the direction 
normal to the slip plane and RD or ND, λ(RD,ND) is 
the angle between the slip direction and RD or ND. 

The ms of 1010 steel is lower than that of Cu as 
illustrated in Fig. 4(f), indicating that the 1010 steel 
is more resistant to slip than Cu. The rolling process 
also increases the difficulty of slip deformation due 
to the reduced ms. 

In Route-B, since the texture of the two 
components in the ND−RD plane is similar to that 
in Route-A, Fig. 5 only shows the texture evolution 
of A-70% and A-90% samples. As strong texture is 
absent in the samples with lower rolling reductions, 
only the partial orientation distribution functions 
(ODFs) of A-70% and A-90% samples are 
presented in Figs. 5(a−h). The ODFs of Cu with  
70% thickness reduction are primarily composed of 
Cube ({100}〈001〉) and α ({110}〈110〉) textures, 
which are uncommon in the deformed alloys, 
suggesting that the deformation of A-70% sample is 
insufficient. On the contrary, the cube texture is rare 
in Cu of A-90% sample, and strong β-fiber textures 

 

 
Fig. 5 ODFs of Cu in A-70% (a−c), 1010 steel in A-70% sample (d), Cu in A-90% sample (e−g), 1010 steel in A-90% 
sample (h), and special orientation distribution of A-70% (i) and A-90% (j) samples 
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composed of S ({123}〈634〉), Copper ({112}〈111〉), 
and Brass ({112}〈111〉) are formed. The 1010  
steel samples with 70% and 90% thickness 
reduction all exhibit strong α (〈110〉//RD) and γ 
({111}〈112〉) components, which are the major 
texture components in the rolled bcc metal. 

In order to evaluate the texture distribution  
and influence of the interface during the rolling, 
specialized orientation distribution was calculated 
as shown in Figs. 5(i, j). Table 2 presents the major 
texture components of rolled fcc and bcc metals, 
along with the respective volume fractions in Cu 
and 1010 steel layers for A-70% and A-90% 
samples. The volume fraction of each component 
was calculated using a standard capture 
misorientation angle of 15°. The texture is not 
formed at some positions of A-70% sample, while 
A-90% sample is saturated with the texture as 
shown in Figs. 5(i, j). It is found that A-70% sample 
mainly comprises two types of texture, α and Cube, 
which are consist with the results of ODF. However, 
as the rolling reduction increases to 90%, the 
textures are almost dominated by Brass, S and 
Copper, and their distribution becomes more 
uniform. The 1010 steel exhibits stronger fiber 
textures in A-90% sample compared to those in 
A-70% sample, while their texture components are 
nearly identical. It is also found that all of the 
textures near the interface are similar to those inside 
the layers, suggesting that the interface does not 
play a significant role in the formation of texture. 
 
Table 2 Selected major texture components of rolled fcc 
and bcc metals and corresponding volume fraction in 
rolled BLC samples 

Material Color Component {hkl}〈uvw〉 
Volume 

fraction/% 
A-70% A-90% 

Cu 

Turquoise S {123}〈634〉 6.2 61.2 

Orange Brass {110}〈112〉 3.5 21.8 

Pink Copper {112}〈111〉 1.5 28.6 

Yellow α {110}〈110〉 20.6 0.6 

Purple Cube {100}〈001〉 22.4 6.22 

1010 
steel 

Red α 〈110〉//RD 72.6 70.6 

Blue γ 〈111〉//TD 7.1 10.6 

Green γ 〈100〉//TD 5.3 4.7 
Olive 
green γ {111}〈112〉 23.0 26.8 

3.2 Mechanical behavior 
The difference in mechanical properties and 

crystal structure of the Cu and 1010 steel results  
in distinct deformation behavior during the two 
rolling processes. Figure 6(a) shows the variation of 
thickness reduction and percentage spread of the Cu 
and 1010 steel, respectively. Both of the thickness 
reduction and percentage spread of Cu are larger 
than those of 1010 steel in the two rolling processes, 
indicating that Cu suffers severer deformation than 
1010 steel. Figure 6(b) shows the cladding ratio (δ) 
of the Cu/1010 steel BLCs with different rolling 
reductions. The cladding ratio δ is calculated 
through dividing the total thickness of the Cu/1010 
steel BLC by the thickness of Cu, as expressed as  

Cu

Total

H
H

δ =                               (2) 
 
where HCu is the thickness of Cu, and HTotal is the 
total thickness of Cu/1010 steel BLC. As a result of 
severer deformation of Cu, the cladding ratio 
decreases in Route-A. Since strong texture has 
formed in the 1010 steel of A-70%, the deformation 
is difficult to occur. Therefore, the deformation is 
concentrated on the Cu side when the rolling 
reduction increases from 70% to 90%, resulting in a  
 

 
Fig. 6 Thickness reduction and percentage spread (a)  
and cladding ratio (b) of Cu/1010 steel BLCs after 
different rolling reductions and methods 
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sharp decrease in cladding ratio. Due to larger 
modulus and hardness of 1010 steel, greater 
rebound occurs after rolling deformation, resulting 
in lower plastic deformation of 1010 steel than  
that of Cu. In addition, different plastic flow 
characteristics of the Cu and 1010 steel along the 
RD and TD also induced slight bending of the 
samples as well as variations in cladding rate. 

Figure 7 shows the Vickers hardness of the 
samples in the two rolling processes. The increase 
in the rolling reduction causes a corresponding 
increase in the hardness, and the hardness of 1010 
steel is always larger than that of Cu, as shown in 
Figs. 7(a, b). The hardness of 1010 steel in B-10% 
sample is larger than that in A-10% sample due to 
the surface hardening. On the contract, the hardness 
of 1010 steel in Route-A is larger than that in 
Route-B when the rolling reduction exceeds 30%, 
which is believed that the texture has formed, and 
induced larger hardness. Due to larger deformation 
of Cu in Route-A, its hardness is greater than that in 
route-B in each rolling reduction. In order to 
eliminate the effect of surface hardening and texture, 
the average hardness in the plane of ND−RD in two 

routes was calculated and compared, as shown in 
Table 3. It is found that the hardness of samples in 
Route-A is larger than that in Route-B when the 
rolling reduction is less than 90%, suggesting that 
some other factors affect the hardness. The hardness 
of Cu is almost identical in A-90% and B-90% 
samples, while the hardness of 1010 steel is larger 
in B-90% sample than that in A-90% sample. 

The engineering stress−strain curves of 
Cu/1010 steel BLCs in both as-cast and rolled 
forms are shown in Fig. 8(a). The rolled samples 
have larger yield strength (YS) compared to the 
as-cast sample, and as the rolling reduction 
increases, the YS further increases. The ultimate 
tensile strength (UTS) of A-10% and B-10% 
samples is essentially the same as that of the as-cast 
sample. Meanwhile, original strain hardening stage 
disappears, and the strength of the samples remains 
constant during uniform plastic deformation in 
A-10% and B-10% samples. The YS of the samples 
with the rolling reductions of 10% and 30% is 
approximately equal in two routes, while the YS of 
the samples rolled in Route-A is larger than that   
in Route-B when the rolling reduction is over 30%, 

 

 
Fig. 7 Vickers hardness of Cu/1010 steel BLCs after different rolling reductions in RD−ND plane of Route-A (a) and in 
RD−TD plane of Route-B (b) 
 
Table 3 Average hardness of BLCs after different rolling reductions in ND−RD plane (HV) 

Rolling reduction/% A-Cu B-Cu A-1010 steel B-1010 steel 

10 99.3±4.9 88.1±7.7 209.1±14.1 201.7±6.7 

30 116.5±5.1 105.8±9.1 252.3±8.9 221.0±8.9 

50 129.5±4.0 111.4±6.2 274.1±7.1 266.9±19.4 

70 139.1±2.4 133.7±6.7 289.5±8.0 283.2±3.6 

90 133.5±7.7 138.0±3.6 310.4±8.9 317.2±7.2 
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Fig. 8 Engineering stress−strain curves of Cu/1010 steel BLCs in as-cast, Route-A and Route-B (a), and corresponding 
strain hardness rate curves (b) 
 
and this effect is the most significant at 90% 
reduction. The true strain and true stress are 
calculated as follows: 
 

true eng=ln(1 )ε ε+                           (3) 
 

true eng eng=(1 )σ ε σ+ ⋅                        (4) 
 
where εeng and εtrue are engineering strain and true 
strain, respectively, σeng and σtrue are engineering 
stress and true stress, respectively, and the strain 
hardness rate curves are obtained by differentiation 
of true stress to true strain as shown in Fig. 8(b) 
(the true stress−strain curves are not shown here). 
The samples of as-cast, A-10% and B-10% suffer a 
strain-hardening stage before the plastic instability, 
while other samples lose strain-hardening capacity, 
and the strength starts to decrease directly after 
yielding. 

The tensile deformation behavior of Cu/1010 
steel BLCs is more complex than that of 
homogenous materials due to their special 
macrostructure. Figures 9(a−d) present the strain 
distribution in the fracture regions of A-30%, 
B-30%, A-70% and B-70% samples, respectively. 
Both sides of A-30% are concave and the strain 
exhibits bimodal distribution along the TD as 
shown in Fig. 9(a). The bimodal distribution of the 
strain field in A-70% disappears, and the strain is 
distributed more uniformly along the TD (Fig. 9(c)). 
Due to different mechanical properties of Cu and 
1010 steel, their deformation behaviors also show 
some difference even if they present in the same 
sample as shown in Figs. 9(b) and (d). Due to stronger 
deformability of Cu, the fracture concentrates in a 

broader region compared to the 1010 steel. The 
strain also exhibits bimodal distribution in Cu of 
A-30%, while the maximum strain in the 1010 steel 
concentrates in one region. Although the bimodal 
distribution of strain disappears in B-70%, the 
deformation of Cu is still over a larger area 
compared to that of the 1010 steel. 

In order to investigate the deformation 
characteristics and fracture mechanisms of the 
Cu/1010 steel BLCs, the full width at half maxima 
(FWHM) of the strain distribution along different 
paths is counted and shown in Figs. 9(e) and (f). 
The FWHM of all the samples decreases with 
increasing the rolling reduction. The samples in 
Route-A show typical Orowan alternative slip 
fracture characteristics [41], where deformation 
mainly occurs at two intersecting slip bands, and 
the intersection suffers the largest concentrated 
deformation, leading to final fracture. In contrast, 
the significant and concentrated deformations are 
observed on the 1010 steel of the samples in 
Route-B, where the FWHM is the lowest as shown 
in Fig. 9(f), suggesting that the overall failure of 
BLCs is caused by the 1010 steel. 

The fracture surfaces of A-10%, B-10%, 
A-50%, B-50%, A-90%, and B-90% samples are 
shown in Fig. 10. Due to their different morphologies, 
the interface between Cu and 1010 steel can be 
clearly distinguished by the yellow dashed line. It is 
found that the interfaces remain consistently well 
bonded after rolling and tensile fracture, with no 
occurrence of interfacial delamination or peeling. 
The samples with 10%- and 50%-rolling reductions 
suffer large plastic deformation before fracture, 
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Fig. 9 True strain distribution along TD at tensile failure location of A-30% (a), B-30% (b), A-70% (c) and B-70% (d) 
samples, and FWHM of true strain−distance curves along different paths of samples in Route-A (e) and Route-B (f)  
(Ey is the strain along y direction) 
 
resulting in numerous dimples on the fracture surface. 
Meanwhile, a dimple array appears on the inter- 
face as shown in Fig. 10(a), indicating that the 
heterogeneous interface induces the formation and 
development of dimples. Figures 10(e) and (f) show 
the fracture surfaces of A-90% and B-90% samples, 
respectively, and the corresponding LSCM images 
are shown in Figs. 10(g) and (h). Many dimples are 
formed on the fracture surface of Cu in A-90% 
sample, while the 1010 steel contains only a few of 

dimples. In addition, the inward depression of the 
interface suggests that the fracture of BLC is 
initiated by the interface and gradually propagates 
towards two sides. The fracture of Cu occurs after 
suffering significant local deformation due to its 
greater plastic deformation capacity. A kink is 
formed at the interface of B-90% sample, indicating 
that larger rolling reduction leads to severer 
deformation of the two materials and breakage 
through the obstruction effect of the heterogeneous 
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Fig. 10 Fracture surfaces of A-10% (a), B-10% (b), A-50% (c), B-50% (d), A-90% (e) and B-90% (f) samples; LSCM 
images of fracture surface of A-90% (g) and B-90% (h) samples; Partial enlarged image (b1) of marked area in (b);  
(c1, d1) Macro-strain fields 
 
interface. Numerous dissociated ribs, shallow dimples, 
and uniform fracture surface height indicate that the 
Cu/1010 steel BLC fractures simultaneously. 
 
4 Discussion 
 
4.1 Obstruction effect of interface 

In order to investigate microstructure evolution 
and the role of interface during rolling process, 
TEM tests were performed on B-90% sample, and 
the results are shown in Fig. 11. Figures 11(a−c) 
show the interfacial microstructure and corresponding 
elements distribution of Cu and Fe, in which the 
interface can be distinguished clearly. The original 
flat interface becomes distortion after rolling,  
while the interfacial transition zone or diffusion 

layer is not formed, and Cu and Fe are still well 
bonded. A number of slip bands parallel to the 
interface are formed on the 1010 steel side, and the 
grains of Cu also deform, while no directional slip 
bands are found, as shown in Figs. 11(a) and (d). 
Some dislocations tangle and pile-up are found in 
the grains near the interface as shown in 
Figs. 11(e−g), where the distortion of interface is 
severer than that of other positions, indicating   
that the motion of dislocations is obstructed by the 
interface, resulting in the distortion of interface. 
Meanwhile, some slip bands are not parallel to the 
interface, suggesting that the slip of crystals on  
both sides is impeded by the interface, which has 
been verified in samples prepared by rolling 
bonding [42]. 
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Fig. 11 Interfacial microstructure obtained by TEM for B-90% sample: (a−c) Interfacial microstructure and corresponding 
element distribution; (d−g) Detailed characterization of interface, dislocation and slip bands 
 

More details of interfacial microstructure of 
B-90% sample were observed and analyzed by 
HRTEM with the assistance of GPA, and the results 
are shown in Fig. 12. Figure 12(a) shows a typical 
interface with K−S OR of (11�1)Cu//(110)Fe. Since 
the zone axis of Fe is not parallel to that of the   
Cu, other crystal planes of the Fe cannot be 
distinguished. The image of selected region after 
inverse fast Fourier transform (IFFT) and filtering 
is shown in Fig. 12(b). The interface can be 
distinguished directly due to the difference in lattice 
structure between Cu and Fe, and the interfacial 
distortion still exits. The lattice strain fields were 
calculated, Figs. 12(c) and (f) show the IFFT 
images along the (11�1)Cu//(110)Fe and (200)Cu, and 
Figs. 12(d) and (e), and (g) and (h) show the 
corresponding shear strain and normal strain fields, 
respectively. It is worth noting that since no crystal 
planes are parallel to the (200)Cu in Fe, the strain 
fields covered by triangles are false at the right 
bottom corner in Figs. 12(g) and (h). The directivity 

of shear strain is found along the (11�1)Cu//(110)Fe 
and (200)Cu as shown in Figs. 12(d) and (g), 
respectively, and the strain fields are not parallel to 
the interface due to the distortion of the interface. 
Since (11�1) and (110) are slip planes of Cu and Fe 
respectively, larger normal strain appears along  
the (11�1)Cu//(110)Fe than shear strain as shown in 
Figs. 12(d) and (e). In contrast, since (200)Cu is not 
slip plane of Cu, normal strain is difficult to occur, 
resulting in that shear strain is larger than the 
normal strain, as shown in Figs. 12(g) and (h). The 
slip deformation of Fe is much more difficult due to 
larger strength, resulting in that the shear and 
normal strain fields are all lower than those of Cu, 
as shown in Figs. 12(d) and (e). 

The Cu/1010 steel BLCs rolled by different 
methods present different deformation behaviors 
due to the influence of the interface, leading to 
different mechanical properties and fracture modes. 
In order to observe deformation characteristics of 
the Cu/1010 steel BLCs after rolling, the microscopic 
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Fig. 12 Interfacial microstructure and corresponding strain field of B-90% sample: (a) HRTEM image of B-90%;     
(b) IFFT fringe for selected area; IFFT fringe along (11�1)Cu//(110)Fe after filtering (c) and corresponding strain field 
images of shear strain (d) and normal strain (e); IFFT fringe along (200)Cu after filtering (f) and corresponding strain 
field images of shear strain (g) and normal strain (h) 
 
strain and kernal average misorientation (KAM) 
images of A-70% and A-90% samples are shown in 
Fig. 13. The large deformation regions are formed 
near the interface in A-70% sample, as shown in 
Fig. 13(a), and the strain gradually decreases 
towards the inner layers. A similar tendency is also 
found in KAM image as shown in Fig. 13(b), and 
the corresponding average KAM statistics is shown 
in Fig. 13(c). The whole KAM image was divided 
into 20 regions uniformly, and the average KAM 
was counted in each region as shown in Figs. 13(g1) 
and (g2). It is found that a dislocation density 

gradient is formed on the two sides of A-70%, i.e., 
the dislocation density is the largest near the 
interface and gradually decreases towards the layer, 
suggesting that the interface hinders crystal slip  
and induces the dislocations pile-up. Similar 
microscopic strain and KAM images of A-90% are 
shown in Figs. 13(d) and (f), respectively. Non- 
uniform strain zones still appear in the sample, 
while both of the strain and dislocation density no 
longer exhibit gradient distribution. As the rolling 
reduction increases from 70% to 90%, large-scale 
slip of the two layers causes further movement of  
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Fig. 13 Micro-strain maps from EBSD measurement of A-70% (a) and A-90% (d) samples; KAM maps of A-70% (b) 
and A-90% (e) samples; Averaged KAM values of A-70% (c) and A-90% (f) samples; KAM distribution in each zone of 
A-70%-Cu (g1), A-70%-1010 (g2), A-90%-Cu (g3), and A-90%-1010 (g4) samples 
 
the interface, relaxing the original dislocations 
pile-up at the interface. Therefore, the interface has 
the strong obstruction effect on the crystal slip 
when rolling reduction is low, resulting in large 
number of dislocations pile-up; while the interface 
starts to slip and dislocations pile-up no longer 
occurs when the rolling reduction is increased to 
90%. Other studies have reported that interface slip 
can only occur if the force acting on the interface  
is larger than its critical activation stress [43,44]. 
Therefore, sufficient rolling force is an important 
reason to induce large-scale slip of the interface and 
reduce dislocations tangle and pile-up. 
 
4.2 Rolling and tensile deformation behavior 

The entire process of the rolling deformation 
and tensile fracture of the Cu/1010 steel BLCs is 
illustrated in Fig. 14. Figures 14(a−c) show the 
rolling deformation characteristics of the samples in 
Route-A. The dislocation density gradient is formed 

in the direction perpendicular to the interface due  
to the effect of interface slip obstruction under low 
rolling deformation, while the interface starts to slip 
and relaxes the local large dislocation density when 
the rolling deformation is increased to 90%. The 
obstruction of interface to the Cu and 1010 steel 
slip is also observed in the samples in Route-B 
(Figs. 14(d) and (e)), and though the interface 
becomes rugged, its deformation is still 
significantly lower than that of free surface. The 
deformation and fracture occur mainly through slip 
for the two kinds of rolled samples, except for the 
90%-rolling reduction samples that have lost 
enough plastic deformation capacity. The slip 
competition between Cu and 1010 steel leads to 
more complex fracture mechanisms of the Cu/1010 
steel BLCs compared to monometallic material 
(Figs. 14(f−i)). Due to the slip obstruction effect of 
the interface, some dimples appear at the interface, 
suggesting that the interface acts as the origin of 
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Fig. 14 Schematic diagrams of Cu/1010 steel BLCs microstructure evolution during rolling process: As-cast sample (a), 
Samples in Route-A (b, c) and Route-B (d, e); Deformation slips and necking process of Cu/1010 steel BLCs for 
samples in Route-A (f, g) and Route-B (j−l); Fracture surface schematic diagrams of samples in Route A (h, i)  
 
cracks and induces the final fracture as seen in 
Figs. 14(h, i). The fracture process of the samples in 
Route-B shows that Cu suffers concentrated plastic 
deformation over a wider range than the 1010 steel 
in the necking region, as illustrated in Figs. 14(j−l). 
 
5 Conclusions 
 

(1) Cu has larger slip deformation capacity 
compared to the 1010 steel, leading to faster 
reduction in the thickness in Route-A. The 
percentage spread of Cu rises rapidly in Route-B, 
which in turn leads to the increase in cladding ratio. 
Some slip bands and textures also appear in the 
samples with larger rolling reductions. 

(2) Strong texture is the main reason for the 
increase of strength, and due to the large volume 
fraction of the 1010 steel caused by lower cladding, 
the strength of samples in Route-A is larger than 
that in Route-B. Meanwhile, the plastic deformation 

behavior and fracture mechanisms of the samples 
exposed to different rolling directions and reduction 
variation due to different mechanical properties of 
the Cu and 1010 steel. 

(3) Dislocation density gradient is formed 
under low rolling reductions due to the obstruction 
of the interface to crystal slip, and when the rolling 
reduction is increased to 90%, the interface starts to 
slip, leading to the disappearance of dislocations 
pile-up at the interface in Route-A. Due to different 
response of crystal planes to rolling loads, the slip 
planes have larger normal strain and lower shear 
strain after rolling in Route-B. 
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轧制方向和压下量对铜/1010 钢双金属复层材料 
显微组织演变及力学性能的影响 

 
彭 博 1，刘 佳 1，王会琨 1，单星润 1，李国梁 1，杭子迪 1，接金川 1,2，李廷举 1,2 

 
1. 大连理工大学 材料科学与工程学院 辽宁省凝固控制与数字化制备技术重点实验室，大连 116024； 

2. 大连理工大学 宁波研究院，宁波 315000 

 
摘  要：将铜/1010 钢的双金属复层材料轧制成不同厚度以研究轧制方向和压下量对其显微组织演变及力学性能

的影响。铜与 1010 钢间力学性能的差异导致产生了不同厚度减少量、宽展率和包覆率。强织构的形成同时增大

了轧制样品的强度，并且由于路线 A 样品中 1010 钢的体积分数较大，其强度始终高于路线 B 中样品的强度。界

面对晶体和位错滑移的阻碍作用导致界面畸变的形成，并导致压下量较低时路线 A 中界面附近出现位错密度梯 

度。在轧制载荷的作用下，界面附近 Cu 和 1010 钢的滑移面更倾向于产生正应变，而其他晶面的剪切应变则明显

大于正应变。 

关键词：铜/钢双金属复层材料；轧制；显微组织演变；力学性能；变形行为 
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