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Abstract: Ti/Cu/Ti laminated composites were fabricated by corrugated rolling (CR) and flat rolling (FR) method. 
Microstructure and mechanical properties of CR and FR laminated composites were investigated by scanning electron 
microscopy, numerical simulation methods, peel and tensile examinations. The effect of CR and FR was comparatively 
analyzed. The results showed that the CR and FR laminated composites exhibited different effective plastic strain 
distributions of the Ti layer and Cu layer at the interface. The recrystallization texture, prismatic texture and pyramidal 
texture were developed in the Ti layer by CR, while the R-Goss texture and shear texture were developed in the Cu 
layer by CR. The typical deformation texture components were developed in the Ti layer and Cu layer of FR laminated 
composites. The CR laminated composites had higher bond strength, tensile strength and ductility. 
Key words: Ti/Cu/Ti laminated composites; corrugated rolling; flat rolling; bond strength; interfacial microstructure; 
finite element analysis 
                                                                                                             
 
 
1 Introduction 
 

Titanium (Ti) anodes based on metallic Ti 
substrate have been widely applied in electrolysis 
industry due to their excellent corrosion resistance, 
good electrocatalysis, high mechanical strength and 
long service life [1−5]. However, the main 
disadvantage of Ti as an electrode material is its 
poor electrical properties. In recent years, titanium/ 
copper (Ti/Cu) laminated composites have been 
fabricated to improve the electrical properties of the 
Ti substrate with the help of the excellent electrical 
conductivity and good mechanical properties of 
metallic Cu [6−11]. Therefore, the Ti/Cu laminated 
composites not only have the high strength and 

corrosion resistance of Ti, but also exhibit the 
excellent electrical conductivity of Cu. Compared 
with the anode plate of pure Ti substrate, these 
laminated composites can reduce the bath voltage 
and power loss under the same current density, 
improve the working efficiency, and reduce the 
production costs [12,13]. 

For Ti/Cu laminated composites, many 
preparation methods were introduced, including 
diffusion bonding [14], indirect extrusion [15], 
vacuum hot pressing [16], explosive welding [17,18] 
and roll bonding [19−21]. Among all the above 
methods, due to simple operating and continuous 
production, the roll bonding method is commonly 
used in the fabrication of Ti/Cu laminated 
composites. Accumulative roll bonding [20] and  
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cold rolling and subsequent annealing treatment [21] 
are usually used to fabricate these laminated 
composites. In order to achieve the bonding of 
Ti/Cu laminated composites, annealing treatment 
must be carried out after rolling or during the 
rolling process. However, a large number of studies 
on Ti/Cu composites have shown that different 
types of intermetallic compounds (CuTi, CuTi2, 
CuTi3, Cu3Ti2, Cu4Ti, etc.) can be obtained       
at different treatment temperatures [22−27]. 
Intermetallic compounds with mixed bonding 
(covalent bonds, metallic bonds and ionic bonds) 
play an important role in the mechanical behaviors 
and will significantly affect the electrical properties 
of laminated composites [28−30]. 

Different deformation characteristics of Ti and 
Cu plates during the rolling process are due to the 
difference in their physical properties. It is 
necessary to adopt preheating treatment or special 
rolling method to reduce the difference in plastic 
deformation resistance between the two metals to 
ensure high bonding strength at the interface [31,32]. 
The roll bonding techniques with corrugated rollers 
can be used to produce laminated composites of 
dissimilar metals, and uneven plastic deformation is 
obtained during the rolling process to improve a 
good interface. In previous work [33], corrugated- 
with-flat rolling for one pass and flat-with-flat 
rolling for two passes were used to produce Mg/Al 
laminated composites, and the microstructural 
evolution and mechanical behavior of the laminated 
composites were investigated. A strong bonding is 
obtained at the Mg/Al interface, thereby achieving 
the excellent mechanical properties and good sheet 
shape of the Mg/Al laminated composites. The 
microstructure and mechanical behavior of Cu/Al 
laminated composites formed by the corrugated- 
with-flat rolling process have been studied in  
detail [34]. It is observed that the fine grains   
near the interface and the high interface bonding 
strength of the Cu/Al laminated composites can be 
attributed to the inhomogeneous strain induced by 
the corrugated roller. However, the effect of 
longitudinal corrugated rolling on the micro- 
structure and mechanical properties of Ti/Cu/Ti 
laminated composites has been less studied in detail, 
and its underlying mechanism is still unclear. 

In this study, Ti/Cu/Ti laminated composites 
were prepared by a novel longitudinal corrugated 
rolling. The mechanical properties and micro- 

structure of the laminated composites produced by 
longitudinal corrugated rolling were investigated, 
and compared with the traditional flat rolling 
method. The finite element method was used to 
analyze the strain field of Ti/Cu/Ti laminated 
composites. 
 
2 Experimental 
 

Industrially pure titanium TA1 and red copper 
T2 were adapt as raw materials. Along the rolling 
direction, the Ti and Cu plates were cut into the 
sizes of 100 mm × 20 mm × 0.3 mm and 100 mm × 
20 mm × 2 mm, respectively. Ti and Cu plates were 
assembled in a “sandwich” form. Ti plates were 
located on both sides, Cu was located in the middle, 
and both ends of the slab were fixed with aluminum 
wire. Under vacuum condition, it was heated to 
600 °C at a heating rate of 10 °C/min and kept for 
5 min, and then rolled immediately. 

The rolling process diagram of Ti/Cu/Ti 
laminated composites is shown in Fig. 1. The 
self-made two-high rolling mill with upper and 
lower corrugated rollers (CR) and the flat rolling 
(FR) mill were used (Figs. 1(a, b)). The rolling 
speed was maintained at 0.12 m/s and the reduction 
rate was 45%. The diameter of the corrugated and 
flat roll mill was 95 mm, and the surface curve of 
the corrugated roll was designed as sinusoidal curve 
with an amplitude of 0.35 mm and a period of 
0.0698 rad/s. 

The mechanical properties of the laminated 
composites along the rolling direction (RD) were 
evaluated by conducting 180° peel test and tensile 
test at room temperature through an electronic 
universal testing machine (Instron 5969). The 
peeling specimen with a length of 100 mm and a 
width of 5 mm was cut along the rolling direction 
of the laminated composites for a peel test. The 
crosshead speed was 5 mm/min. The tensile 
specimen with a gauge length of 20 mm and a 
gauge width of 5 mm was tested under uniaxial 
tension at a crosshead speed of 0.5 mm/min. The 
morphology and microstructure of each layer and 
interface layer of Ti/Cu/Ti laminated composites 
were observed by scanning electron microscope 
(SEM, Zeiss Gemini 300 and JMS−IT500) with 
energy spectrometer (EDS) and electron back- 
scattering diffraction (EBSD). 
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Fig. 1 Schematic diagram of rolling process of Ti/Cu/Ti laminated composites by CR and FR 
 

The thermodynamic coupling process of 
Ti/Cu/Ti laminated composites produced by CR and 
FR was simulated using the ABAQUS finite 
element software. The rolls were both considered to 
be discrete rigid bodies, while Cu and Ti were 
defined as ideal elastic-plastic bodies, which were 
meshed by the type of C3D8R element. The 
material models of TA1 titanium and T2 copper 
were established by hot compression experiments 
performed on Gleeble−3800 thermomechanical 
simulator. The dimensions of the Ti and Cu plates 
were 100 mm × 20 mm × 0.3 mm and 100 mm × 
20 mm × 2 mm, respectively. The processing 
temperatures of Ti and Cu were both set to be 
600 °C. The rolling speed was maintained at 
0.12 m/s. 
 
3 Results and discussion 
 
3.1 Laminated morphologies of FR and CR 

composites 
Figure 2 shows the SEM micrographs captured 

from section along the transverse direction of 
Ti/Cu/Ti laminated composites produced by FR and 
CR. It can be seen that no obvious delamination is 
observed at the interface of FR and CR laminated 
composites, indicating the good bonding between 
the Ti and Cu layers. The laminated composite 
rolled by FR is flat and straight as a whole. The 
laminated composite rolled by CR has a 
sinusoidally corrugated shape, which is consistent 
with the shape of the corrugated roll. The typical 

positions at the interface of the CR laminated 
composite are marked as Trough I, Waist II and 
Peak III. Both the Ti and Cu layers deform 
uniformly in the transverse direction. 
 
3.2 Interface microstructure characterization 

Figure 3 shows the SEM micrographs of   
the interface regions of FR and CR laminated 
composites and its corresponding EDS spectra. Due 
to the different plastic deformation abilities of Ti 
and Cu, it can be seen from Figs. 3(a−d) that local 
cracks appear in the hard Ti layer, and the soft Cu 
layer tends to be stretched in the process of FR and 
CR. As a result, Cu is squeezed into the harder Ti. 
In addition, for the FR laminated composites, a 
“square” bonding interface is formed, and some 
defects, such as crack and hole, are observed in the 
rough interface area. For CR laminated composites, 
a “triangular” bonding interface is formed at the 
smooth interface positions of Trough I, Waist II and 
Peak III, and no visible defects (crack, hole, 
delamination, etc.) are observed in the interface 
area. The morphology of the bonding interface can 
affect the bonding strength of the interface in the 
deformation process of laminated composites [13]. 
EDS analysis shows evidence of atomic diffusion  
of Ti and Cu elements, and no oxide layers      
are observed in the interface area of FR and     
CR laminated composites. Note that there is a  
wider inter-diffusion zone in CR laminated 
composites. Compared with FR, the corrugated roll 
exacerbates the inhomogeneous strain and frictional  
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Fig. 2 SEM images of Ti/Cu/Ti laminated composites produced by FR (a) and CR (b) 
 

 
Fig. 3 SEM images and EDS line-scanning spectra of Ti/Cu interface regions for FR (a) and CR typical positions of 
Trough I (b), Waist II (c) and Peak III (d) 
 
shear deformation of the laminated composites, 
facilitating the metal flow and atomic diffusion of 
Ti and Cu at the bonding interface [33,35]. The 
“triangular” bonding interface is formed under the 
action of heavy frictional shear deformation. 
 
3.3 Interface bonding behavior 

Figure 4 shows the peel test results of Ti/Cu/Ti 
laminated composites rolled by FR and CR. The 
average peel strengths are calculated according to 
Ref. [36]. The peel strength values of FR and CR 
laminated composites are 1.43 and 18.33 N/mm, 
respectively, indicating that the CR process has 
achieved a strong bonding in Ti/Cu/Ti laminated 
composites. 

 
Fig. 4 Typical graphs of peeling force versus peeling 
distance for Ti/Cu/Ti laminated composites produced by 
FR and CR 
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Figure 5 shows the surface morphologies and 
element distributions of the peeled Ti layer. It can 
be found that discontinuous cracks are formed on 
the surface of the Ti layer, in which a small amount 
of residual Cu is attached, and the flat areas without 
copper show unbonded areas (Figs. 5(a, b)) [37]. It 
is inferred that non-uniform rupture of the Ti layer 
occurs during the FR process, and the metal Cu is 
squeezed into the cracks of the Ti layer in a local 
area, and the debonding phenomenon of Cu and Ti 

appear during the peeling test. A large number of 
dimples appear in the Ti layer of CR at Trough I 
after peeling, while more Cu elements are 
distributed in the more obvious dimple regions 
(Figs. 5(c, d)). This suggests the strong bonding 
between Cu and Ti composites. At Waist II, a large 
amount of Cu is distributed in the cracks of the 
peeled Ti layer, forming a rough peeling surface 
with a few flat and debonding areas (Figs. 5(e, f)). 
This is related to the degree of plastic deformation  

 

 
Fig. 5 SEM images (a, c, e, g) and EDS surface scan analysis (b, d, f, h) of peeled Ti surface of Ti/Cu/Ti laminated 
composites produced by FR (a, b) and CR typical positions of Trough I (c, d), Waist II (e, f) and Peak III (g, h) 
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of Ti and Cu layers at Waist II under the action of 
CR. The long crack zone of extruded Cu metal 
exists at CR Peak III, indicating the occurrence of 
cracks propagation due to the severe plastic 
deformation of the Ti and Cu layers during the CR 
process (Figs. 5(g, h)). This confirms that the CR 
process promotes the rupture of the passivated layer 
and the crack propagation on the surface of the Ti 
layer. This is beneficial to squeezing fresh Cu into 
the Ti layer and increasing the bonding strength 
between the Ti and Cu layers. 
 
3.4 Tensile properties and fractography 

characteristics 
Figure 6 exhibits engineering stress−strain 

curves of Ti/Cu/Ti laminated composites by FR and 
CR. It can be observed that CR composites possess 
higher tensile strength and ductility. The obvious 
change in ductility may be related to the grain 
refinement of the Ti and Cu layers due to the server 
plastic deformation during the CR process. On the 
other hand, this may be attributed to the good 
interface bonding of CR composites, and no 
debonding or separation in the interface areas is 
observed in the tensile test. 
 

 

Fig. 6 Engineering stress−strain curves of Ti/Cu/Ti 
laminated composites by FR and CR 
 

The SEM micrographs of the fracture surfaces 
of Ti/Cu/Ti laminated composites after tensile test 
is shown in Fig. 7. It is seen from Fig. 7(a) that  
the inclined fracture surface appears in the FR 
composites. According to the side-view fracture 
images (Figs. 7(c, e, g), debonding and separation 
are observed between the Ti and Cu layers, while a 
large number of dimples are distributed in the Ti 

layer. It is demonstrated that there is interlaminar 
separation in the FR composite before the tensile 
fracture. After the Ti layer fractures, Cu rapidly 
fractures during the continued stretching process 
due to its low strength. From Figs. 7(b, d, f, h), it 
can be seen that the CR composites exhibit a flat 
and straight fracture surface, and there is no 
obvious debonding or separation of the interface 
layer. Meanwhile, dimples can be observed on   
the fracture surfaces of the Ti and Cu layers, which 
are similar to the dimples formed by ductile  
fracture [38]. It can be deduced that the Ti and Cu 
layers are plastically deformed together and then 
elongated until fracture during tensile test, 
indicating the strongest bonding interface formed in 
the ductile CR composites. 
 
3.5 Deformation characteristics of FR and CR 

composites 
Figure 8 shows the equivalent strain 

distribution between the Ti and Cu layers of the 
Ti/Cu/Ti laminated composites formed by CR and 
FR. Corresponding to the rolling cycle of CR, the 
complete corrugation cycle of the finite element 
simulation is intercepted. It is seen that the effective 
plastic strains of the Ti and Cu layers of the CR 
laminated composites at Trough I and Waist II are 
higher than those of the FR sample, while the 
effective plastic strain at Peak III is lower than that 
of the FR sample. This shows that there are 
differences in the equivalent plastic strain at 
different positions in a complete wave cycle. The 
highest equivalent plastic strains of Ti and Cu 
layers appear at Trough I, and the lowest strains 
appear at Peak III. For CR and FR laminated 
composites, the effective plastic strain of the Ti 
layer is greater than that of the Cu layer, and 
especially under the action of CR, the Ti layer 
undergoes severe plastic deformation. Obviously, 
the larger normal stress and frictional shear stress 
play an important role in the deformation of the Ti 
layer in the CR process. 

Figure 9 shows the EBSD orientation maps of 
the Ti and Cu layers at the interface of Ti/Cu/Ti 
laminated composites. For the FR laminated 
composites, the grains in the Cu layer are elongated 
along the rolling direction, and the grain size 
distribution ranges from 1 to 30 µm, while the 
average grain size in the Ti layer is 2.3 µm. At the 
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Fig. 7 Photos and SEM images of fracture specimens after tensile loading for FR (a, c, e, g) and CR (b, d, f, h) 
 

 
Fig. 8 Equivalent strain distribution in interface region of 
Ti/Cu/Ti laminated composites 

positions of Trough I, Waist II and Peak III in the 
CR laminated composites, the average grain sizes 
of the Cu layer are 1.9, 1.3 and 3 µm, respectively, 
and the average grain sizes of the Ti layer are 2.1, 
1.7 and 3.1 µm, respectively. Compared with FR 
composites, the grain refinement at Trough I and 
Waist II can be attributed to the grain breakage 
caused by severe plastic deformation under the 
action of CR. The grain size of Cu layer at Peak III 
decreases, which may be caused by dislocation 
entanglement and the increase of dislocation 
density at Trough I and Waist II, leading to the grain 
breakage. The grain growth at Trough I may be 
attributed to dynamic recrystallization [21]. 
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3.6 Texture evolution 
Figure 10 shows the ODF sections of the Ti 

and Cu layers at the interface of Ti/Cu/Ti laminated 
composites. The texture components at the  
interface of Ti and Cu layers by FR (Figs. 10(a, b)) 
are composed of near pyramidal texture of 
{0221} 2 1 10   and near S {123}634 orientations, 
corresponding to the Euler space angles of {φ1=0°, 
φ=72°, φ2=30°} and {φ1=60°, φ=35°, φ2=65°}, 

respectively. These textures belong to the typical 
deformation textures in the Ti and Cu layers of FR 
composites [39−41]. Texture components at Trough 
Ⅰ of CR Ti layer are {10 13} 1120   located at the 
position of {φ1=0°, φ=32°, φ2=30°} (Fig. 10(c)), 
which belongs to a recrystallization texture [11], 
while the texture {1 120} 10 10   with the 
maximum intensity {φ1=0°, φ=90°, φ2=30°} 
exhibits at Waists II (Fig. 10(e)). It can be found 

 

 
Fig. 9 EBSD orientation maps of Ti/Cu/Ti laminated composites produced by FR (a) and CR typical positions of 
Trough I (b), Waist II (c) and Peak III (d) 
 

 

Fig. 10 ODF sections with constant Φ2 in Ti (left) and Cu (right) of laminated composites produced by FR (a, b) and 
CR typical positions of Trough I (c, d), Waist II (e, f) and Peak III (g, h) 
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that the textures at Peak III are consistent with the 
FR Ti layer (Fig. 10(g)). This indicates that the 
recrystallization texture, prismatic and pyramidal 
texture are formed simultaneously as the equivalent 
strain of the Ti layer increases at the trough, waist 
and peak positions. The R-Goss {110}110 texture 
appears at the trough and waist positions of the CR 
Cu layer, indicating that dynamic recrystallization 
occurs at the trough and waist positions of the Cu 
layer. The near shear {001}110 texture at the 
waist is formed under the shear deformation 
because the Cu layer at Waist II is mainly subjected 
to the friction action [42]. The results show that 
when the force is transferred to the Cu layer, the 
normal stress and frictional shear force acting on 
the Cu layer are reduced, and the frictional shear 
stress may play a major role in the deformation of 
the Cu layer. 
 
4 Conclusions 
 

(1) The CR laminated composite possesses a 
higher interfacial bonding strength due to the 
increased deformation of the Ti and Cu layers 
during the rolling process. A large number of crack 
areas in the Ti layer promote the combination of the 
Ti layer and the Cu layer. 

(2) The CR laminated composite has greater 
tensile strength and high ductility due to the grain 
refinement and strong interface bonding between 
the Ti and Cu layers. 

(3) The Ti and Cu layers of FR laminated 
composite exhibit typical deformation texture of 
{0221} 2 1 10   and {123}634. With the increase 
of plastic deformation at the trough, waist and peak 
positions of the CR laminated composite, the Ti 
layer exhibits recrystallization texture, prismatic 
and pyramidal texture, while the Cu layer exhibits 
R-Goss and shear orientation. 
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摘  要：采用波纹辊和平辊轧制方法制备钛/铜/钛(Ti/Cu/Ti)层压复合板材料。通过扫描电镜、数值模拟、剥离和

拉伸实验等方法研究层压复合板的显微组织和力学性能，对比分析波纹辊和平辊轧制效果。结果表明：波纹辊和

平辊轧制的层压复合板在 Ti 层和 Cu 层界面处表现出不同的有效塑性应变分布。波纹辊轧制的层压复合板中，Ti
层具有再结晶织构、棱柱面织构和棱锥面织构，Cu 层形成高斯织构和剪切织构；而平辊轧制的层压复合板中，

Ti 层和 Cu 层均具有典型的变形织构。波纹辊轧制的层压复合板材料具有较高的结合强度、抗拉强度和延展性。 
关键词：Ti/Cu/Ti 层压复合材料；波纹辊轧制；平辊轧制；结合强度；界面微观结构；有限元分析 
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