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Abstract: The effects of the reduction rate of the corrugated rolling on the microstructure and mechanical properties of 
TA1/TC4 composite plate that was prepared via corrugated rolling + flat rolling process were investigated. The finite 
element model was developed and validated for the corrugated rolling process of the composite plate. Experimental 
findings reveal the absence of significant defects and intermetallic compounds at the bonding interface. When the 
rolling temperature is 700 °C with the reduction rate of 44% in the first pass of corrugated rolling, the tensile and 
interfacial shear strengths of the composite plate reach 749 and 403.97 MPa, respectively. The simulation results 
demonstrate that the plastic strain in the TC4 substrate is enhanced by corrugated rolling and the compressive stress at 
the trough is high. These results confirm that interfacial bonding is promoted by corrugated rolling, and the mechanical 
properties of the composite plate are improved significantly with the increase of reduction rate. 
Key words: corrugated rolling; TA1/TC4 composite plate; reduction rate; interface microstructure; interface bonding 
properties 
                                                                                                             

 
 
1 Introduction 
 

In light of the inherent limitations of single 
material in meeting the current industrial 
requirements for high and comprehensive 
performance, such as superior mechanical, physical, 
and thermal properties, composite structures 
including clad plates and tubes, comprising two or 
more metals, have been developed and 
industrialized due to their distinctive and 
advantageous properties [1,2]. The advantages of 
these composite structures include the reduction of 

high-cost metal usage and the enhancement of 
performance in harsh environments. Pure titanium 
and titanium alloys are considered valuable 
strategic resources due to their exceptional 
properties, such as high specific strength [3], 
corrosion resistance [4], and high-temperature 
stability [5]. Meanwhile, they have been widely 
used in various industries including aviation, 
aerospace, marine, transportation, and petro- 
chemicals [6−9]. Due to its excellent 
comprehensive performance, Ti−6Al−4V (TC4) has 
already become the most widely utilized titanium 
alloy. However, the prohibitive cost [10], poor 

                       
Corresponding author: Peng ZHANG, Tel: +86-15333016509, E-mail: zhangpeng02@tyut.edu.cn 
https://doi.org/10.1016/S1003-6326(25)66933-0 
1003-6326/© 2025 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)  



Peng ZHANG, et al/Trans. Nonferrous Met. Soc. China 35(2025) 4118−4136 4119 

welding performance, and plastic deformation 
ability are the main reasons for restricting large- 
scale application for TC4. By contrast, TA1 pure 
titanium exhibits superior welding performance, 
excellent ductility, and low density [11], with the 
cost that is 50%−60% lower than that of TC4. The 
composite plates made from TC4 and TA1 combine 
the excellent corrosion resistance and high specific 
strength of TC4 with the exceptional welding 
performance and plasticity of TA1. Meanwhile, 
these composites have significant advantages in 
terms of cost reduction and lightweight, which can 
further expand the potential application of titanium 
alloy. Despite these benefits, research on the 
manufacturing processes for TC4/TA1 composite 
plates is still scarce, and published studies on this 
subject are rare. 

At present, common preparation methods of 
composite plates include the explosive welding [12], 
extrusion bonding [13], diffusion bonding, and 
rolling bonding [14−16]. ZHANG et al [17] 
comprehensively analyzed the influence of 
diffusion parameters on the shear strength and 
microstructure evolution of TA1/TC4 dissimilar 
joints. It showed that the optimum shear strength of 
404 MPa was achieved at the temperature of 920 °C 
with the holding time of 1 h, which not only 
ensured the comprehensive mechanical properties 
of the material and the weld but also maintained the 
high shear strength in the brazing seam. LI et al [18] 
prepared TC4/TA1/Ti6321 titanium alloy composite 
plate by explosive welding, achieving excellent 
bonding between the layers. Among these methods, 
the rolling composite method stands out due to its 
advantages of high production efficiency, 
uncomplicated process, and suitability for large- 
scale production [19]. However, the traditional flat 
rolling (FR) method faces a series of challenges, 
including difficulty in bonding dissimilar substrates, 
low bonding strength, and poor strip shape quality 
[20]. Aiming at the problems of FR, the corrugated 
rolling (CR) process has emerged as the time 
requires. WANG et al [21] used a new type of 
corrugated roll/flat roll corrugating rolling and flat 
roll/flat roll flat rolling to prepare AZ31 Mg/5052 
Al composite plate with superior mechanical 
properties and excellent plate shape. It was found 
that the CR process could reduce the rolling 
pressure required for matrixes connection and 

decrease the residual stress in the composite plate. 
Besides, for the same reduction, the deformation 
degree of the substrate material increased with the 
CR process. In addition, the formation of 
concave−convex three-dimensional structures leads 
to an increase in the bonding area at the interface. 
LIU et al [22] analyzed the CR process of T2 
copper and 5052 aluminum alloy composites plate 
using numerical simulation and studied the 
deformation behavior. The results showed that the 
increase of local rolling force promoted the fracture 
of the surface oxide layer and exposure of fresh 
metals, which is beneficial to the effective bonding 
between the substrates. 

There are few reports on the preparation of 
TA1/TC4 composite plates using rolling technology, 
as most researchers have relied on welding methods 
to achieve the substrate connection. However, it is 
difficult to prepare large-size TA1/TC4 composite 
plates by brazing or diffusion welding. Explosive 
welding often results in the formation of brittle 
interfacial compounds, low interfacial bonding 
strength, and environmental pollution. These 
limitations hinder the ability of achieving 
large-scale, continuous production of TA1/TC4 
composite plates. 

Therefore, in this study, a novel “CR+FR” 
process is employed initially to fabricate TA1/TC4 
composite plates with superior bond strength, 
outstanding mechanical properties, and excellent 
plate shape. The influence of the reduction rate 
during the initial CR stage on the microstructure 
and mechanical properties of the composite plates is 
systematically investigated. Furthermore, numerical 
simulation is conducted to analyze and compare the 
interfacial stress and strain states, as well as the 
temperature and velocity field distributions, 
between the CR and FR processes. And this study 
provides a theoretical foundation and technical 
support for the industrial-scale production of large 
size TA1/TC4 composite plates. 
 
2 Experimental method and finite 

element model 
 
2.1 Experimental methods 

The original experimental materials used in 
this study were 150 mm × 50 mm × 3 mm TA1 pure 
titanium plate and 150 mm × 50 mm × 2 mm TC4 
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titanium alloy plate. The chemical compositions of 
the TA1 pure titanium plate and TC4 titanium alloy 
plate used in the experiment are listed in Table 1. 

The corrugated hot rolling experiment was 
implemented in two passes, that was, the first pass 
used corrugated roll rolling, and the second pass 
utilized flat roll rolling. The rolling conditions for 
this experiment were set as shown in Table 2. 
Earlier experimental results indicated that the 
elevated temperature softening phenomenon of TA1 
became apparent above 700 °C, at which its 
strength was significantly lower than that of TC4. 
Higher temperature would lead to a significant α→β 
phase transition in the substrate material, thereby 
degrading its performance. Combined with the 
actual production experience, the rolling temperature 
 
Table 1 Chemical composition of TA1 and TC4 titanium 
alloys (wt.%) 
Alloy Al V Fe C N H O Ti 

TC4 6.5 4.5 0.3 0.1 0.05 0.015 0.2 Bal. 

TA1 − − 0.25 0.02 0.13 0.004 0.001 Bal.  

was set as 700 °C. The rolling reduction rates were 
26.5%, 35% and 44%, respectively. For the 
second-pass FR, the temperature and reduction rate 
were set as 700 °C and 20%, respectively, with the 
thickness ratio of the TA1 to TC4 substrates being 
3꞉2. 

The first-pass rolling was conducted using a 
two-roll reversible rolling mill which is equipped 
with the corrugated top roller and the flat bottom 
roller to prepare TA1/TC4 composite plate. The 
corrugated roll had a diameter of 250 mm, the wave 
number of 140, and the amplitude of 0.75 mm, 
while the flat roll had a diameter of 250 mm. The 
edges of the assembly parts were welded to prevent 
severe oxidation of the bonding surface during the 
heating process. The rolling process is shown in 
Fig. 1. 

The pre-processed TA1/TC4 assembly parts 
were placed in a tube furnace with a protective 
atmosphere. After holding for 20 min, it was taken 
out and sent to the rolling mill for rolling 
experiment. During the first pass, the TA1/TC4 
composite plate was formed using CR with different 

 
Table 2 Experimental conditions of TA1/TC4 composite plate rolling 

Working 
condition 

First-pass rolling  Second-pass rolling Thickness ratio 
of TA1 to TC4 Reduction rate/% Rolling temperature/°C  Reduction rate/% Rolling temperature/°C 

a 26.5 700  20 700 3꞉2 

b 35 700  20 700 3꞉2 

c 44 700  20 700 3꞉2 

 

 

Fig. 1 Schematic of TA1/TC4 composite plate rolling process 
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reduction rates by adjusting the roll gap, with the 
TA1 side in contact with the corrugated roll. In the 
second pass, the plates were produced by FR to 
improve surface quality and further reduce the 
thickness of the plates. 

The corrugated interface morphology, interface 
diffusion layer thickness, and defect distribution of 
the TA1/TC4 composite plate were characterized by 
scanning electron microscope (SEM) to research 
microstructure evolution of the interface and the 
formation of intermetallic compounds (IMCs). The 
interfacial bonding strength of the TA1/TC4 
composite plate was evaluated by tensile and shear 
tests. The tensile specimens were cut along the 
rolling direction (RD), while shear specimens were 
cut along the transverse direction (TD). As shown 
in Fig. 2, the tensile rates and shear test were 
conducted at a rate of 0.5 mm/min, and the 
breakage morphology and element distribution were 
studied. 

2.2 Finite element model construction and 
verification 
DEFORM-3D software was used to simulate 

the first-pass CR of the composite plate. The true 
stress−strain curves of TA1 and TC4 are shown in 
Fig. 3, and the physical properties of TA1 and TC4 
are shown in Table 3. The top roller was set as 
corrugated roll, and the bottom roller was set as flat 
roll. 

Because the deformation of the rollers had 
negligible effect on the composite plate, the rollers 
were set as rigid bodies. The welding layer was set 
between the TA1 and TC4 plates, as shown in  
Fig. 4, and was bound to both plates. Shear friction 
was set between the substrates with a friction 
coefficient of 0.7, while coulomb friction was set 
between the roller and the substrate with a friction 
coefficient of 0.35 [23]. The tetrahedral mesh was 
used with the smallest unit size of 1 mm. In order to 
be consistent with the experiment, the initial speed 

 

 

Fig. 2 Schematic of uniaxial tensile and shear samples 
 

 

Fig. 3 True stress−strain curves of TA1 and TC4 at different strain rates: (a) 0.1 s−1; (b) 1 s−1 
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Table 3 Main parameters of TA1 and TC4 (700 °C) 

Alloy 
Young’s 

modulus/104 GPa 
Poisson’s 

ratio 
Density/ 

(10−9 kg·m−3) 
Thermal conductivity/ 

(W·m−1·°C−1) 
Specific heat capacity/ 

(J·kg−1·°C−1) 
Coefficient of thermal 
expansion/10−5 °C−1 

TA1 7.53 0.33 4.48 17.84 692 1.03 

TC4 7.73 0.34 4.33 13.48 751 1.06 

 

 
Fig. 4 Construction of finite element model and comparison between experimental and simulation plate shapes of CR 
 
of the plate was set as 100 mm/s before contact 
with the rollers, and the rolling temperature and 
rolling speed were set as 700 °C and 122.75 mm/s, 
respectively. The top roller and bottom roller were 
set as clockwise rotation and contra rotate, 
respectively. When the front end of the plate was 
bitten by the rollers, the initial speed was removed, 
and the movement of the plate relied on rolling 
force and friction force. 

Figures 4(a) and (b) show the experimental 
and simulation results of CR, respectively. The 
plate’s shape appears relatively straight, while the 
TA1 side exhibits corrugation. The degree of 
material extension on both sides is remarkably  
close, and the simulation results are consistent  
with the experimental results. Compared to the 
simulation results of FR (Fig. 4(c)) with that of CR 
(Fig. 4(b)), the warping degree of the plate after FR 
is significantly greater than that of CR. The reason 
is that CR enhances the extension of the hard 
material, TC4, in the rolling direction and improves 
the deformation coordination between TA1 and TC4, 
resulting in straight plate shape. 
 
3 Results and analysis 
 
3.1 Microstructure and texture of interface 
3.1.1 Micromorphology analysis 

Figure 5 shows the scanning electron 
microscope (SEM) characterization results of the 
interfacial typical position of the TA1/TC4 
composite plate under different reduction rates in 

the first pass. At the first-pass reduction rate of 
26.5%, varying degrees of pores are present at the 
peak, waist, and trough positions of the bonding 
interface (as shown in the enlarged image in Fig. 1). 
Additionally, the interface bonding area is relatively 
small, as depicted in Figs. 5(a1−a3). The number and 
size of pores at these positions are all decreased 
when the reduction rate is 35%, as shown in 
Figs. 5(b1−b3). There are no obvious pore defects at 
the trough and waist positions, while only small 
pores remain at the peak position, indicating a close 
bond formation when the rate increases to 44%, as 
shown in Figs. 5(c1−c3). 

Based on the observed phenomena, it can be 
seen that with the increase of the first-pass 
reduction rate, the interface defects of the 
composite plate were gradually decreased, and the 
state of interface bonding continues to improve. It 
shows that, within the 44% reduction rate, the 
increase of the reduction rate is beneficial for the 
bonding of the composite plates. Under high 
magnification, the CR interface exhibits an 
undulating morphology. The reason is that in the 
severe local loading conditions from the corrugated 
roller, the softer TA1 metal penetrates the dense 
oxide layers on the surfaces of both plates and 
squeeze into the TC4 side. This process facilitates 
the tight bonding of fresh metal from both 
substrates, consistent with the theory of metal 
composite plate crack bonding [24]. 

Figure 6 shows the energy dispersive spectro- 
meter (EDS) line scanning results of the typical 
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Fig. 5 Interfacial SEM characterization results of composite plates at different reduction rates in the first pass at 700 °C 
 
position of the TA1/TC4 composite plate. The 
distribution trends of Ti and Al elements at the 
interface exhibit X-shaped without platform 
characteristics, indicating the absence of IMCs at 
the interface. The composite structure results from 
mechanical interlocking and metallurgical bonding 
due to element diffusion, which enhances the 
bonding performance [25]. It can be seen from 
Fig. 6 that when the reduction rate increases from 
26.5% to 35%, the thickness of the diffusion layer 
at the interface of the composite plate has no 
evident change. However, when the reduction rate 
reaches 44%, the thickness of the diffusion layer 
becomes thinner compared to that at 35%. It can be 
observed that as the reduction rate increases, the 
thickness of the diffusion layer in the TA1/TC4 
composite plate decreases once a certain reduction 
rate is reached. The reason is that the substantial 
reduction rate leads to severe plastic deformation of 
the diffusion layer and then thinning. Besides, the 
diffusion layer primarily consists of a solid solution 
formed by the diffusion of aluminum from the TC4 
side to the TA1 side, as shown in Fig. 6. 

3.1.2 Microstructure and texture evolution analysis 
The research shows that the plastic 

deformation at the trough of the interface is severe, 
and the microstructures at the typical position are 
similar. The microstructure characteristics and 
evolution law at the trough of the bonding interface 
are analyzed by electron back scatter diffraction 
(EBSD). Figure 7 shows the orientation distribution 
map and kernel average misorientation (KAM) 
diagram at the trough of the interface in the 
conditions of minimum (26.5%) and maximum 
(44%) reduction rates, respectively. 

As shown in Figs. 7(a, b), at the reduction rate 
of 26.5%, the grain size on the TC4 side is 
significantly different. Elongated deformation 
grains along the RD dominate, within which there 
are a large number of small-angle grain boundaries 
and dislocation cells. The average grain sizes along 
the RD and normal direction (ND) are 6.88 and 
2.44 μm, respectively. Equiaxial grains with an 
average size of 1.5 μm are observed between the 
large deformed grains. Besides, a large amount of 
fine and uniform equiaxial grains, resulting from  
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Fig. 6 EDS line scan results of interface of composite plate at different reduction rates for the first pass at 700 °C:  
(a−c) 26.5%; (d−f) 35%; (g−i) 44% 
 

 
Fig. 7 EBSD analysis results of interface for TA1/TC4 composite plate: (a, b) Orientation maps at reduction rate of 
26.5%; (c) KAM distribution at reduction rate of 26.5%; (d, e) Orientation maps at reduction rate of 44%; (f) KAM 
distribution at reduction rate of 44% 
 
the fragmentation of elongated deformed grains, are 
distributed along the RD on the TA1 side, with an 
average grain size of 0.75 μm. It can be seen that 

the proportion of deformed grains is the highest in 
both substrates. Most substructures are distributed 
on the TC4 side, while part of dynamic 
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recrystallization occurs on the TA1 side. Almost no 
twin crystals are present in either substrate, as twins 
are broken and subgrain boundaries are formed 
during hot rolling [26]. 

KAM presents the local dislocation density 
and internal strain distribution of the material by 
measuring the orientation deviation between a point 
and a surrounding point [27]. It can be seen from 
Fig. 7(c) that the KAM values of 0.67° and 0.87° on 
the TC4 side are higher than those of 0.61° and 0.69° 
on the TA1 side at the reduction rates of 26.5% and 
44%, respectively, which demonstrates that a large 
number of substructures and dislocations are 
distributed inside the large-size grains on the TC4 
side. The reason for this phenomenon is that during 
the transfer of the plates from the heating furnace to 
the rolling mill, the actual rolling temperature is 
lower than 700 °C due to thermal convection and 
heat conduction, which is significantly lower than 
the recrystallization temperature of TC4. At the 
reduction rate of 26.5%, a large number of grains 
on the TC4 side undergo plastic deformation, and 
the density of geometrically necessary dislocations 
(GNDs) increases significantly. However, the 
degree of dynamic recovery is low, resulting in the 
retention of a large number of sub-structure. 
Additionally, it is observed that dislocation density 
increases on both the TC4 and TA1 sides with the 
increase of reduction rate, with the increment being 
more pronounced on the TC4 side. This suggests 
that the material deformation is exacerbated with 
the increase of reduction rate, which primarily 
occurs on the TC4 side. At the same time, due to the 
low recrystallization temperature of TA1 and the 
severe plastic deformation, the dynamic 
recrystallization grains form with the decrease of 
dislocation and substructure. In addition, because 
the rolling temperature lies in the α single-phase 
region, the content of the β-phase on the TC4 side is 
low, and the α-phase is the main phase. 

As shown in Figs. 7(d, e), the grain size of the 
TC4 side decreases significantly with the increase 
of reduction rate, showing a mixed distribution of 
equiaxed grains with varied sizes. The average sizes 
are 5.32 and 1.2 μm, corresponding to large-size 
and small-size equiaxed grains, respectively. The 
large-sized elongated grains are concentrated at the 
interface, and the gradient distribution of fine grains 
and large-sized grains imparts both high strength 
and high toughness to the material. The difference 

in grain size on the TA1 side becomes more 
pronounced, with the grains primarily consisting of 
fine equiaxed grains distributed along the RD. In 
addition, the grains are predominantly fine and 
equiaxed, distributed along the RD. 

With the increase of reduction rate, the degree 
of uneven deformation inside TA1 increases, which 
is related to the aggravation of local strain caused 
by CR and the nonuniformity of overall 
deformation [28]. Compared with Figs. 7(c) and (f), 
the dislocation density on the TA1 side is decreased 
and that on the TC4 side is enhanced when the 
reduction rate is 44%. This indicates that the 
increase in reduction rate causes only slight 
deformation of the TA1 side, but significantly great 
deformation of the TC4 side. The increase of 
deformation results in grain refinement, proliferation, 
and entanglement of dislocations, with a pronounced 
work hardening effect. At the same time, the matrix 
exhibits obvious dislocation and fine grain 
strengthening, which improves the strength of the 
composite plate [29] but reduces its toughness and 
plasticity, consistent with the tensile test results. 

Figure 8 presents the recrystallization and 
grain boundary distribution maps at the trough of 
the composite plate under the conditions of 
minimum and maximum reduction rates. The 
recrystallization distribution figures show the 
distribution of recrystallized grains (blue), sub- 
grains (yellow), and deformed grains (red). 
Figure 8(c) shows the corresponding statistical 
results. It can be seen from Figs. 8(a, b) that 
recrystallized grains are mainly distributed on the 
TA1 side, but less on the TC4 side. When the 
reduction rate is 26.5%, the recrystallization ratios 
of the TA1 and TC4 sides are 15% and 3%, 
respectively. The reason is that deformation during 
rolling primarily occurs on the TA1 side, and the 
dislocation density is increased by the accumulation 
of strain, which in turn promotes the dynamic 
recrystallization of the material [30]. 

Figures 8(d, e) are grain boundary maps, 
where the green lines and black lines are high angle 
grain boundaries (HAGBs >15°) and low angle 
grain boundaries (LAGBs, 2°−15°), respectively. 
Figure 8(e) provides a statistical map of the 
proportion of LAGBs and HAGBs, which 
characterizes the level of grain deformation     
and internal dislocation density [31]. Figure 8(f) 
shows that when the reduction rate is 26.5%, the  
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Fig. 8 EBSD analysis results of interface for TA1/TC4 composite plate: (a, b) Recrystallization grain distribution maps 
at reduction rates of 26.5% and 44%, respectively; (c) Recrystallization distribution histogram; (d, e) Grain boundary 
distribution maps at reduction rates of 26.5% and 44%, respectively; (f) Grain boundary distribution histogram 
 
proportions of LAGBs on the TA1 and TC4 sides 
are 51.8% and 54.8%, respectively. When the 
reduction rate is increased to 44%, the proportions 
of LAGBs on the TA1 and TC4 sides are 52.2% and 
65.6%, respectively. It reveals that with the increase 
of reduction rate, the proportion of LAGBs on the 
TA1 side changes minimally, while the proportion 
of LAGBs on the TC4 side increases remarkably. 
This is because when the reduction rate reaches 
26.5%, the grain deformation of TA1 becomes 
exceptionally pronounced, and the work hardening 
effect is significant. As a result, further plastic 
deformation primarily occurs on the TC4 side. 
Furthermore, as the reduction rate increases, while 
dislocation density and the number of deformed 
grains increase, the recrystallized domains exhibit 
no substantial expansion. Consequently, the 
deceleration in the transformation of LAGBs to 
HAGBs, resulting in elevated fraction of LAGBs. 
At this time, the grains on the TA1 side are nearly 
no longer refined with the increase of the reduction 
rate, while both the dislocation density and the 
LAGBs demonstrate only marginal variations. 

Figure 9 shows the polar figure and inverse 
pole figure (IPF) at the trough of the bonding 
interface by “CR + FR”. There are two phases 
consisting of α and β in TC4 titanium alloy, but the 
content of the β phase is low after hot rolling at 

700 °C. Therefore, the texture evolution analysis 
focuses primarily on the α phase rather than the β 
phase. When the reduction rate is 26.5%, the 
corresponding polar figure and IPF on the TC4 side 
are shown in Fig. 9(a). It is shown that the 
orientation of 〈0001〉//TD, exhibiting a maximum 
pole density of 8.67, demonstrates 10°−30° tilt 
toward the ND with scattering along the RD, 
characteristic of the typical bimodal basal T-type 
texture in TC4 titanium alloy [32]. The pole figure 
of the (1010)  crystal plane indicates the presence 
of low-intensity 1010 //ND〈 〉  and 1010 //RD〈 〉  
orientations. Moreover, the IPF analysis confirms a 
pronounced 〈0001〉//TD texture on the TC4 side. In 
contrast, as shown in Fig. 9(b), the maximum pole 
density on the TA1 side reaches 15.69, primarily 
characterized by 〈0001〉//ND orientation, with 
30°−60° deflection toward the TD, forming a 
typical basal-tilted texture. Additionally, the 

1210 //RD〈 〉  texture with pole density of 7.62 is 
present on the TA1 side. 

When the reduction rate reaches 44%, there is 
a slight decrease in the texture strength of the TC4 
side. Analysis of the (0001) pole figure reveals that 
the texture remains dominated by a bimodal T-type 
pattern. However, the crystallographic c-axis shows 
a more pronounced inclination toward the ND, 
while the inclination toward the RD is reduced. The 
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Fig. 9 Polar figure and IPF of TA1/TC4 composite plate at different reduction rates: (a) 26.5%, TC4 side; (b) 26.5%, 
TA1 side; (c) 44%, TC4 side; (d) 44%, TA1 side 
 
(1010)  polar figure and IPF indicate a gradual 
enhancement in the texture strength of 
1010 //RD〈 〉 , showing a deformed state. For the 

TA1 side, the texture type remains essentially 
unchanged, but the texture strength is increased to 
17.27, continuing to be dominated by the 
basal-tilted texture. Under this rolling condition, 
cylindrical 〈a〉 slip and basal 〈a〉 slip mainly occur 
on both matrixes. 
 
3.2 Interface stress and material deformation 

mechanism of composite plate 
Figure 10 presents the simulation results of the 

compressive stress and equivalent strain of 

TA1/TC4 clad plate prepared by FR and CR, 
respectively, when the reduction rate is 44%. As 
previously mentioned, higher compressive stress at 
the bonding interface facilitates the breaking of the 
oxide layer, allowing fresh metal from the softer 
side to be squeezed into the harder side. This results 
in the formation of the mechanical interlocking and 
element-diffusion-driven metallurgical bond [33,34]. 
Comparing Figs. 10(a−c), the compressive stress 
ranges from 989 to 1115 MPa at the peak and from 
1168 to 1349 MPa at the trough, with the 
compressive stress at the trough exceeding that at 
the peak. By contrast, Fig. 10(c) shows that the 
range of compressive stress component at the FR 
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Fig. 10 Simulation results of CR and FR TA1/TC4 composite plates (reduction rate of 44%) and normal stress 
component distribution map: (a) Peak; (b) Trough; (c) FR; (d) Interface equivalent strain distribution 
 
interface is from 987 to 1044 MPa under the same 
reduction rate. The results show that the 
compressive stress at the CR interface is 
significantly higher than that observed at the FR 
interface. 

Additionally, the increased equivalent strain in 
the hard metal (TC4) near the interface leads to the 
more significant fracture of the oxide layer, thereby 
enhancing the bonding. Meanwhile, the uneven 
distribution of equivalent strain in the soft metal 
(TA1) further contributes to the bonding process. 
Figure 10(d) shows the interfacial equivalent strain 
distribution for the CR TA1/TC4 composite plate 
corresponding to Path 1 and that for FR 
corresponding to Path 2. As shown in Fig. 10(d), it 
can be seen that the equivalent strain in the TA1 
side is higher than that of TC4. This observation 
can be attributed to the higher strength of TC4 
compared to TA1 at the same temperature, making 
it more difficult for the material to undergo plastic 
deformation. The equivalent strain of the TC4 side 
corresponding to the CR process is higher than that 
of the FR process. Furthermore, the equivalent 
strain at the peak position on the TA1 side during 
the CR process is lower than that at the trough 
position, indicating uneven deformation. 
Additionally, the equivalent strain at the peak is 
slightly lower than that observed during the FR 
process. 

The results show that the CR process results in 
a high equivalent plastic strain near the interface of 
the hard side metal (TC4), which is beneficial for 

the broken interface oxide layer. In contrast, the 
equivalent plastic strain distribution within the 
softer metal (TA1) is not uniform, leading to the 
increase of deformation storage energy and 
promotes the diffusion of elements [35], thereby 
improving the combination of both substrates. 

Figure 11(a) shows the temperature field 
distribution during the CR process. It can be seen 
that the surface temperature near the roll is the 
lowest, which is due to heat transfer between the 
plate and the rolls. The temperature exhibits a 
gradient distribution along the normal direction and 
decreases from the interior to the surface. At the 
same time, the temperatures at the roll entry and at 
the interface of the plate are higher than the initial 
temperature of the plate, which is caused by the 
conversion of plastic deformation energy into heat 
energy. It can be seen that the overall temperature is 
lower than the temperature of the β single-phase 
region of TC4 [36] and the β-phase transition 
temperature (882 °C) of TA1 [37]. This condition 
helps avoid the formation of large β-phase in the 
composite slab, thereby reducing the potential 
negative impact on mechanical performance. 
Figure 11(b) presents the temperature field 
distribution map during the FR process. The overall 
temperature presents gradient distribution, with the 
interface temperature exceeding the initial 
temperature of the plate. Similar to the CR process, 
the overall temperature in the FR process is also 
lower than the phase transition temperature from α 
phase to β phase. 
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Fig. 11 Temperature fields (a, b) and velocity distribution (c, d) of TA1/TC4 composite plate (reduction rate of 44%):  
(a, c) CR; (b, d) FR; (e) Interface velocity distribution 
 

Figures 11(c, d) depict the velocity vector 
figures during the CR and FR processes. It can be 
seen that the flow speed of materials in the back 
slip zone is improved. The instantaneous flow 
direction of the material on the surface aligns with 
the rolling direction, while internally, the material 
flows both toward the interface and along the 
rolling direction. This indicates that the material 
also moves in the thickness direction, resulting in 
thin final thickness. When the plate enters the 
forward slip zone, the material’s movement speed 
increases to match the roll speed, causing 
elongation and deformation. Figure 11(e) shows the 
interfacial velocity distribution of the CR TA1/TC4 
composite plate corresponding to Area 1 and that of 
FR corresponding to Area 2. It illustrates that the 
velocity on the TA1 side during CR is lower 
compared to FR, whereas the difference on the TC4 
side is negligible. This indicates that corrugated 
rolling effectively reduces deformation on the softer 
metal, promoting deformation coordination of the 
material on both sides. Furthermore, within the 
deformation zone, the relative velocity of the 
material on both sides during CR is lower than that 
during FR. A relative low velocity enhances the 
bonding quality. These findings demonstrate that 
CR promotes better deformation coordination and 
stronger interfacial bonding. 

The numerical simulation results show that the 
CR process generates the highest compressive 
stress at the trough of the interface. Compared to 
the FR process, the CR process facilitates the 
penetration of the oxide layer by the softer metal 
(TA1), allowing it to bond more effectively the 
harder metal. Meanwhile, the CR process increases 
the strain degree of the harder material and induces 
uneven strain in the softer metal, which is beneficial 
for the tearing of oxide layer and improves the 
combination and deformation coordination of the 
materials in both substrates. In addition, the 
processes of CR and FR at 700 °C effectively avoid 
the formation of large β phase which reduces 
mechanical properties. 
 
3.3 Mechanical properties of composite plate 
3.3.1 Tensile performance 

The influence of reduction rates on the tensile 
performance of the composite plate was studied. 
Figure 12 presents the tensile stress−strain curves of 
the TA1/TC4 composite plate following two-pass 
rolling, with varying reduction rates applied during 
the first pass. It can be seen from Fig. 12 that the 
reduction rate has significant effects on the tensile 
strength of the composite plate and the elongation 
of both substrates. When the reduction rate is 26.5%, 
the tensile strength of the composite plate is 
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710.93 MPa, with the elongation of the TC4 side is 
about 11.2% and the elongation of the TA1 side is 
about 16%. The deformation degree of both 
substrates is obviously uncoordinated. 
 

 
Fig. 12 Mechanical properties of TA1/TC4 composite 
plate: (a) Tensile stress−strain curve; (b) Tensile 
properties; (c) Tensile−shear performance 
 

As shown in Fig. 12(a), the tensile curve 
shows two bends in the fracture part, corresponding 
to the rupture of the TC4 matrix and the TA1 matrix 
in the composite plate. When the reduction rate 
reaches 44%, the tensile strength of the composite 
plate reaches the maximum of 729 MPa, but the 
elongation of the composite plate decreases 
obviously to about 6.2%. At the same time, the 
deformation of both substrates becomes more 

coordinated. The main reason is that the composite 
plate has significant work hardening, particularly on 
the TA1 side, at high reduction rate. As a result, the 
strength of the composite plate increases, but the 
toughness and plasticity decrease significantly. 

In order to study the effect of reduction rate on 
interfacial fracture characteristics, the tensile 
fracture surfaces were analyzed, as shown in 
Fig. 13, with TC4 on the top side. Based on the 
comparisons of macroscopic morphology, it can be 
seen that with the increase of the reduction rate, the 
interface crack of the tensile fracture is obviously 
small, which shows that the bonding strength of the 
composite plate is gradually increased. Notably, the 
TA1 side demonstrates superior ductility compared 
with the TC4 side, exhibiting more pronounced 
plastic deformation during fracture. 

When the reduction rate is 26.5%, there is a 
certain degree of necking in the rupture deformation 
area on both the TA1 and TC4 sides. The fracture 
mode exhibits characteristic toughness breakage, 
with fibrous at the macroscopic and honeycomb at 
the microscopic. The toughness and plasticity of the 
materials in both substrates significantly deteriorate 
under the gradual increase of the reduction rate, 
resulting in a pronounced reduction in the necking 
observed at the fracture, which is consistent with 
the tensile test results. The size and depth of the 
dimples can reflect the plastic deformation ability 
of the material. When the reduction rate is 26.5%, 
there are large dimple size and depth, with reduced 
core position of the holes formed by the fracture, 
which indicates better plasticity and elongation of 
the material. Microstructure of tensile fractures at 
reduction rate of 26.5% indicates the predominance 
of large and deep dimples with few equiaxed 
dimple present on both TA1 and TC4 sides. 

With the increase of the reduction rate, the 
dimples gradually diminish in size and depth while 
their number significantly increases, indicating 
reduced plasticity, especially on the TC4 side. 
When the reduction rate is 44%, tearing ridges 
appear at multiple positions on the TC4 side, and 
the macroscopic morphology of part of the surface 
becomes relatively flat, exhibiting characteristics of 
brittle fracture. Compared with the rupture 
characteristics observed at low reduction rates, the 
dimples on the TA1 side decrease in size, reflecting 
reduction in the plastic deformation capability. The 
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Fig. 13 Tensile fracture morphology of composite plate under different reduction rates at 700 °C in the first pass 
 
results show that with the increase of the reduction 
rate, the plasticity of the composite plate worsens, 
leading to gradual reduction of the gaps at the 
interface for the tensile fracture. Besides, at the 
reduction rate of 44%, the number of dimples on 
both sides is gradually low, with the TC4 side 
presenting brittle breakage characteristics. The 
fracture mode of the composite plate gradually 
changes from ductile fracture to brittle fracture. 
3.3.2 Shear resistance 

The effect of reduction rates in the first pass on 
the interfacial bonding strength of the composite 
plate after “CR + FR” rolling is shown in Fig. 12(c). 
The interfacial shear strength of the TA1/TC4 
composite plate is proportional to the reduction rate. 
When the reduction rate varies from 26.5% to 44%, 
the shear strength of the composite plate increases 
significantly from 320.65 to 403.87 MPa. 

Figure 14 shows the microscopic morphology 
of the shear rupture and the results of EDS scanning 
distribution. Because Al and V elements exist in 
TC4 alloy, which are absent in the TA1 pure 
titanium, the elements including Ti, Al, and V are 

selected for surface scanning. The scanning results 
indicate that the TA1 side contains a small amount 
of Al element, which is due to the diffusion of Al 
element from the TC4 side to the TA1 side. The 
proportion of the elements on shear fracture 
surfaces is shown in Table 4. 

As shown in Figs. 14(a) and (a1), at the 
reduction rate of 26.5%, a large amount of shear 
dimples and localized shear fractures with white 
tearing ridges are distributed on the fracture 
surfaces of both TC4 and TA1 sides. Obvious 
micropore aggregation fracture is shown by the 
dimples, and the interface shear rupture mode is 
still dominated by ductile fracture. As shown in 
Table 4, the proportion of Ti element at the interface 
is found to be 99.7%, indicating that the shear 
breakage is located in the TA1 matrix. The reason 
for the formation of these bright white small 
dimples is mainly that the TA1 matrix has better 
plasticity and lower strength under this rolling 
condition. In addition, partial slip flat areas are 
present on both fracture surfaces which are 
considered typical brittle rupture feature. The stress  
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Fig. 14 Shear fracture morphology and EDS mapping images of composite plates at different compression rates for the 
first pass: (a, a1) 26.5%; (b, b1) 35%; (c, c1) 44%; (a−c) TC4; (a1−c1) TAl 
 
Table 4 Element composition at shear fracture of 
TA1/TC4 composite plate (at.%) 

Condition 
TC4 side  TA1 side 

Ti Al V  Ti Al V 

a 99.7 0.2 0.1  99.8 0.1 0.1 

b 99.8 0.1 0.1  99.7 0.3 0 

c 99.9 0.1 0  100 0 0 
 
concentration in partial areas of the TA1 side after 
rolling promotes brittle fracture of the material 
under shear stress, resulting in separation on the 
TA1 side. This shows that the interface bonding 
strength of the TA1/TC4 composite plate under this 
working condition is governed by the shear strength 
of the TA1 matrix. 

At the reduction rate of 35%, as shown in 
Table 4, there is no significant raising in the content 
of Al and V elements at the interface, which 
indicates that shear fracture is still located in the 
TA1 matrix. Some dimple aggregations are still 
present in the rupture, but the characteristics of 

shear dimples are less pronounced, while the 
proportion of slip flat area increases. Other, the 
breakage pattern of both substrates is still 
dominated by ductile fracture, as shown in 
Figs. 14(b) and (b1). The reason is that with the 
increase of the reduction rate, the dislocation 
density in both matrixes is increased, the work 
hardening phenomenon is intensified, and the shear 
strength of the composite plate is further enhanced. 
As shown in Figs. 14(c) and (c1), at the reduction 
rate of 44%, the strength of substrates on both sides 
further increases, and pure shear fracture with 
relatively flat morphology is presented. Besides, 
part of the breakage position is occupied by the slip 
flat zones, which indicates that the breakage mode 
is transformed into brittle fracture. 

As shown in Table 4, the negligible change in 
element content indicates that shear fracture still 
takes place in the TA1 matrix. The results show that 
with the increase of the reduction rate, the slip flat 
area of the rupture is increased obviously, while the 
number of shear dimples decreases. Notably, shear 
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Fig. 15 Bonding schematic diagram of rolling process for TA1/TC4 composite plate: (a) Initial state; (b) Brittle layer 
fracture; (c) Mechanical occlusion; (d) Element diffusion 
 
fracture of the composite plates with different 
reduction rates occurs in the TA1 matrix, which 
results in high interface bonding strength. It is 
shown that the interfacial shear strength of the 
composites is determined by the shear strength of 
the TA1 matrix. 

Microstructural analysis reveals distinct 
differences between tensile and tensile−shear. The 
tensile fracture surface is displayed as isometric 
dimples, while the tensile−shear fracture is 
characterized by shear dimples. The microscopic 
morphology of the fracture is closely correlated 
with the stress triaxiality. In the tensile experiment, 
the material is subjected to normal tensile stress, 
with stress triaxiality ratio exceeding 1/3. The 
fracture mode is tensile fracture, characterized by 
the formation of equiaxed ductile dimples on the 
fracture surface. In contrast, during the tensile− 
shear experiment, the material is subjected to the 
combined effect of tensile and shear stresses at the 
bonding interface, as the stress triaxiality 
approaches zero. Therefore, the fracture mode is 
dominated by shear fracture, characterized by the 
formation of shear dimples along the shear direction 
on the fracture surface. 

Figure 15 illustrates the bonding mechanism 
diagram of TA1/TC4 composite plate during rolling. 
At the beginning of rolling, there is a thin layer of 
brittle oxide on the surface of the plate. When the 
plates enter the backward slip zone, under the 
action of rolling and friction force, the brittle layer 
on the surface is increasingly split. Furthermore, 
fresh metal is extruded and the grains near the 
interface are elongated. After entering the sticking 
zone, the increase of interfacial shear stress enables 
fresh metal to break through the oxide layer and 

contacting with each other. Element diffusion is 
gradually strengthened at the bonding interface, 
accompanied by grain refinement. Simultaneously, 
dynamically recrystallized grains gradually appear 
under the action of external force and temperature 
field. When the plate enters the forward slip zone, 
the brittle layer is completely torn. In addition, the 
degrees of element diffusion and solid solution 
reaction in both substrates are intensified. Finally, 
this results in the formation of continuous diffusion 
layer accompanied by grain refinement, which leads 
to the increase of interfacial bonding strength and 
the significant improvement of comprehensive 
mechanical performances. 
 
4 Conclusions 
 

(1) With the increase of the reduction rate, the 
interface bonding quality is improved. Interface 
bonding mechanism involves metallurgical 
connection caused by element diffusion without 
forming IMCs. Besides, the plastic deformation 
degree of the TA1 side changes slightly, but the 
deformation degree of the TC4 side is significantly 
increased. With the increase of reduction rate, there 
are bimodal basal T-type textures on the TC4 side 
and basal tilted texture on the TA1 side. 

(2) Bonding performance of the composite 
plate can be improved by the CR process. 
Meanwhile, the bonding performance at the trough 
exhibits higher quality compared to the peak. The 
equivalent strain of the TC4 side corresponding to 
the CR process is higher than that of the FR process. 
The temperatures during the two pass rolling 
processes are both 700 °C which remains below 
both the β-transus temperature of TC4 alloy and the 
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β-phase transformation temperature (882 °C) of 
TA1, which avoids the formation of large β phase. 

(3) The grains in both substrates of the 
composite plate are noticeably refined as the 
reduction rate increases. The TA1/TC4 composite 
plate prepared by the “CR+FR” rolling process, 
with the first pass rolling temperature of 700 °C and 
reduction rate of 44%, exhibits the highest tensile 
and shear strengths, which are 749 and 403.87 MPa, 
respectively. In addition, the breakage types are 
changed from purely ductile to ductile−brittle 
characteristics, with the elongation of the composite 
decreasing from 16% to 6.2%. 
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摘  要：研究波纹轧制压下率对波纹轧制+平轧工艺制备的 TA1/TC4 板材显微组织和力学性能的影响，建立复合

板波纹轧制有限元模型并对其进行验证。实验结果表明，结合界面处无明显缺陷和金属间化合物存在。首道次波

纹轧制温度为 700 ℃，压下率为 44%时，复合板的拉伸强度和界面剪切强度分别达到 749 和 403.97 MPa。模拟结

果表明，波纹轧制增加了 TC4 的塑性应变，并且在波谷处的压应力值较高。波纹轧制有利于界面结合，并且随着

压下率的增大，复合板力学性能得到显著改善。 

关键词：波纹轧制；TA1/TC4 复合板；压下率；界面显微组织；界面结合性能 
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