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Abstract. In this study, a Ti/Al clad plate was prepared by differential temperature rolling,
where only the titanium layer is heated. The effects of the rolling reduction and Ti layer
heating temperature on the shear strength and interface of Ti/Al clad plates were investigated.
The results indicate that when the titanium layer was heated to 800°C and the rolling reduction
was 50%, the shear strength of the titanium/aluminum clad plates interface reached 107.5 MPa,
which is close to the shear strength of aluminum matrix, and the fracture surface presented
ductile fracture characteristics. During the heating process, an oxide layer was produced on the
surface of the titanium plates. However, the oxide layer was completely broken with a large
rolling reduction, and then, aluminum metal extruded into the cracks and made contact with
fresh titanium metal. Under the action of high pressure and high temperature, Ti and Al atoms
mutually diffuse so that the Ti/Al clad plates achieved a strong metallurgical bond.

1. Introduction

Preparation methods of the titanium/aluminum clad plates mainly include explosion compound,
explosive welding, diffusion welding, and hot rolling bonding. Boronski [1] prepared the Al/Ti
laminated composite plates by the method of explosive welding and studied the fracture toughness of
the composite plates under low temperature. Lazurenko [2] prepared multilayer Ti/Al composites by
the method of explosive welding and investigated the structure and transformation during heat
treatment. The technology of explosive welding for preparing titanium/aluminum composite plates is
very mature. However, the explosion welding process will produce seismic waves, noise and toxic
gases, which are not conducive to large-scale production of clad plates. Obielodan [3] used the
ultrasonic consolidation method to prepare titanium/aluminum clad plates and found that the resulting
clad plates had a relatively low bonding strength. Compared to other methods, the method of hot
rolling compound has the advantages of stable product quality, simple equipment, easy automation
and mass production.

Currently, the preparation of Ti/Al composite plates by hot rolling has become popular. However,
the metal properties (deformation resistance, plasticity, thermal conductivity, melting point, etc.) of
titanium and aluminum are quite different, and two problems are found in the preparation process; the
first is that the deformation of titanium/aluminum after hot rolling is extremely uncoordinated, and the
second is that the bonding strength of the prepared composite plate is low. Chen [4] found that the
deformation of the titanium and aluminum layers is uncoordinated in the hot rolling process of Ti /Al
composite plates. Ma [5] prepared Al/Ti composite laminates by hot rolling and found that the
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deformation of titanium and aluminum became increasingly uncoordinated as the rolling temperature
increased. When adopting the method of hot rolling directly, due to the low melting point of aluminum,
the deformation resistance of titanium is much greater than that of aluminum when the
titanium/aluminum composite plates are rolled at a temperature below 600 ‘C, and the deformation of
the titanium layer after rolling is much smaller than that of the aluminum layer, which leads to
extremely uncoordinated deformation. Yu [6] who studied the effect of annealing on the
microstructural and mechanical properties of Al/Ti/Al laminate sheets found that the interface
contained TiAl; and other compounds, affecting the bonding properties of composite panels in the
processing of hot-rolled Ti/Al clad plates.

To improve the deformation coordination and the bonding strength of titanium/aluminum clad
plates, a new method for the preparation of titanium /aluminum composite plates was established in
this study. Ti/Al clad plates were prepared by rolling at differential temperatures, where only the
titanium layer is heated. The titanium plate was heated to a high temperature to allow for optimal
plasticity and to greatly reduce the deformation resistance of titanium, which made the deformation
resistance of the titanium plate become close to the deformation resistance of the aluminum plate at
room temperature, and then, the effects of the rolling reduction and Ti layer heating temperature on the
shear strength and interface of the Ti/Al clad plates were investigated.

The new method used in this study can also provide reference for the composite rolling of two or
three kinds of metals, such as Ti/Cu, Ti/Mg and Al/Ti/Mg [7], which have greatly different physical
and chemical properties.

2. Experimental

The materials used in the experiments were commercial-purity titanium TA1 sheets and aluminum
alloy AA6061 sheets, both with a thickness of 2 mm. The as-received materials were cut in the
transverse direction to produce 100 mm X 60 mm pieces. To eliminate the internal stress and work-
hardening in sheet metal, the TA1 and AA6061 were annealed. AA6061 aluminum alloy sheets were
annealed at 350°C for 2 h and then air-cooled. TA1 sheets were annealed at 780°C for 2 h and then air-
cooled.

The surfaces of the annealed TA1 plates and AA6061 plates were treated to remove grease, dirt and
oxide to facilitate the combination of dissimilar metals. In this experiment, grease, dirt and oxides on
the surfaces of the metals were removed by use of a grinding machine, and then, the surfaces were
repeatedly cleaned with acetone and alcohol and then immediately dried. To be rolled into the rolling
mill at the same time, the heated titanium plates needed to be combined with the aluminum plate,
which was at room temperature. However, due to the thinness of the titanium plates, a delay of a few
seconds would lead to a large temperature drop, which affects the objectivity of the experimental
results. Therefore, in the rolling process, a piece of iron was first put into the resistance furnace and
heated to the rolling temperature of the titanium plates, and then, the titanium plate was put into the
resistance furnace on the iron plate for 5 minutes. Five minutes later, the iron and titanium plates were
removed to the entrance of the rolling mill. Then, the iron plate played a role in the heat preservation
of the titanium plates. Finally, the heated titanium plate and the aluminum plate were pushed at room
temperature into the rolling mill with the guide plate. The schematic diagram for rolling Ti/Al clad
plates at differential temperature is shown in Figure 1. The AA6061 plates were at room temperature.
The TA1 plates were heated in a furnace for 5 min at temperatures of 500°C, 600°C, 700°C, 800°C and
900°C. The reductions were 20%, 25%, 29%, 34% and 50%. The parameters for the two-rolling mills
in the experiment were the following: the roll size was ¢ 200 mm X 200 mm and rolling speed was
50mm/s.
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Figure 1. Schematic diagram for rolling Ti/Al clad plates.
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Figure 2. Schematic for the shear test.

The shear strength and the bonding rate of the two metals are the two basic parameters for
measuring the properties of the clad plates as described by Gou [8]. Three samples for each plate were
cut parallel to the rolling direction and were tested to obtain an average shear strength. The tension-
shear test was carried out using an INSPEKT Table 100kN instrument. The stretching speed was 0.5
mm/min. Figure 2 shows the tension-shear test sample.

Specimens for microstructure examination were extracted along the rolling direction. The surfaces
of the specimens were ground with emery papers up to No. 4000 and polished with an SiO, suspension
with a particle size of 0.04 L m, and then, the morphology of the fracture surface along the interface
was observed using an optical microscope (OM, ZEISS Scope Al) and scanning electron microscope
(SEM, ZEISS Sigma 700). The distribution of elements across the interface was examined by an SEM
equipped with an energy dispersive spectrometer (EDS).

3. Results and discussion

3.1. Macroscopic bonding property test of the clad plates

Figure 3 and Figure 4 show the shear strength of Ti/ Al clad plates for different Ti layer temperatures
and different reductions, respectively. It can be seen from Figure 3 that the shear strength increases
with an increase in the titanium layer temperature when the reduction is 29% and the temperature is
between 500°C and 800°C. The shear strength of the composites interface decreases with an increase
in temperature above 800°C. The bonding strength of the composite plates is low at temperatures
below 700°C. When the temperature is higher than 700°C, the bonding strength is obviously improved,
and the shear strength of the composite plates is the largest at 800°C. Therefore, the titanium layer is
chosen to be heated to 800°C, and rolling is carried out with different reductions, as shown in Figure 4.
The shear strength increases gradually with the increase in total reduction. The growth rate of shear
strength is fast initially and then slows. When the reduction is less than 34%, the growth rate of the
shear strength is relatively high. The growth rate is relatively low with a reduction above 34%. The
shear strength of the titanium/aluminum clad plates interface reaches 107.5 MPa for a 50%reduction at
800°C, which is close to the shear strength of aluminum matrix. The shear strength obtained in this
experiment is even higher than that of titanium/aluminum composite plates prepared by explosive
compound; for example, Xia [9] prepared Ti/Al clad plates through the explosive compound, and the
shear strength was approximately 73.2 MPa.
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Figure 3. Effect of temperature on the Figure 4. Effect of reduction on the
shear strength of the composite plates shear strength of the composite plates at
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3.2. Interfacial structure of Ti/Al clad plates

It can be seen from Figure 5a and 5c that some strip-shaped cracks are formed on the titanium side,
corresponding to some strip-shaped protrusions formed on the aluminum side (Figure 5b and 5d).
Table 1 displays the results for the elemental contents of Ti, Al and O at each point in Figure 5.
According to the element point scanning analysis of the fracture surface, the elemental contents at
pointl and point5 indicate that there is more than 90% Ti and approximately 5% O inside the strip-
shaped cracks on the titanium side. The elemental contents at point2 and point6 shows that O and Ti
compose approximately 35% and 60% of the fracture plane, respectively. Based on the above analysis,
it can be determined that the fracture surface of the titanium side has a layer of titanium oxide. Fresh
titanium metal is also exposed, and a small amount of aluminum metal adheres inside the strip-shaped
cracks.

In addition to some strip-shaped protrusions formed on the aluminum side, the surface also
contains many lumps (Figure 5b and 5d). The elemental contents at point3and point8 indicate that the
strip-shaped protrusions formed on the aluminum side are more than 90% Al and approximately 3% O.
The elemental contents at point4 and point7 shows that in the lumps, Al, O and Ti account for
approximately 45%, 25% and 25%, respectively. Based on the above analysis, it can be determined
that the strip-shaped protrusions are formed by the extrusion of metal aluminum into the titanium
cracks and the lumps are the oxide from the surface of the titanium layer adhered to the aluminum
plate. From the comparison of Figure 5a and 5c, it can be seen that at a higher temperature for the
titanium layer, more and wider cracks formed on the titanium after rolling. As a result, aluminum
metal can come into contact with larger amounts of fresh titanium. Therefore, the increase in the
temperature of the titanium plate can increase the area of the cracks and increase the bonding area of
aluminum and fresh titanium metal, which is beneficial for the combination of the composite plates.

The fracture surface presents ductile fracture features with many dimples, see Figure Se and 5f. The
elemental contents at point9, point10 and pointl1 shows that the dimple is composed of more than 93%
aluminum, and the O and Ti contents are very small. No strip-shaped cracks were found on the
titanium side and no striped protrusions on the aluminum side, but there was still a small number of
lumps, indicating that the oxide layer of titanium was completely broken with a large 50% rolling
reduction at 800°C. The metal aluminum is extruded into the cracks at a large pressure and forms a
strong metallurgical bond with a large amount of fresh titanium. In this case, the bonding strength
reached 107.5 MPa, basically close to the shear strength of aluminum matrix, and the
titanium/aluminum clad plates have very good bonding properties.
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Figure 5. SEM images of the fracture surface and element point scanning under different processes
(a) 500°C/29% reduction/Ti side, (b) 500°C/29% reduction/Al side, (c) 800°C/20% reduction/ Ti side,
(d) 800°C/20% reduction/ Al side, (¢) 800°C/50% reduction/ Ti side, (f) 800°C/50% reduction/ Al side.

Table 1. The elemental contents of Ti, Al and O from element point scanning (wt%).

pointl point2 point3 point4 point5 point6 point7 point8 point9 pointl0 pointll
Ti 9406 6620 054 2261 9119 6024 29.10 137 0.76 0.87 0.14
Al 038 044 9395 4731 042 031 3937 9218 9471 9356 94.60
O 454 3214 338 2435 653 3779 2815 237 0.15 0.42 0.49

Figure 6 shows the SEM image and element line scan of the bonding interface for a 50% reduction
at 800°C. It can be seen from Figure 6a that there is a gray stripe in the upper half of the bonding
interface and a crack is present, but the lower part does not contain a crack. The upper and lower parts
are subjected to element line scanning, and the results are shown in Figure. 6b and 6¢. Both the Ti and
O distributions exhibit a platform with a width of approximately 2 L m, indicating that the gray stripe
is a layer of titanium oxide. There is no O elemental distribution at the bonding interface of line 2, and
the platform of Ti element is not present. It can be determined that there is no titanium oxide in the
lower half of the interface. Figure 7c shows that the mutual diffusion depth of Ti and Al is
approximately 2 1 m. Based on the above analysis, the oxide layer of titanium at the interface of Ti/Al
clad plates is broken with a large 50% rolling reduction at 800°C, and then, metal aluminum is
extruded into the cracks and comes into contact with fresh titanium metal. Finally, the Ti/Al clad
plates achieve a solid metallurgical bonding with Ti and Al atom mutual diffusion under high pressure
and high temperature.

20000 20000

16000 |
15000
12000
& 10000
8000

5000 4000 -

0 5 10 15 20 25 0 5 10 15 20 25
Distance (um) Distance (um)

Figure 6. SEM image and element line scan of the bonding interface for a 50% reduction at 800°C (a)
SEM image of the bonding interface, (b) (c) Elemental diffusion on line 1 and line 2, respectively.
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4. Conclusions

(1) When the titanium layer was heated to 800°C and the rolling reduction was 50%, the shear
strength of the titanium/aluminum clad plates reached 107.5 MPa, which was close to the shear
strength of aluminum matrix, and the fracture surface presented ductile fracture characteristics.

(2) During the heating process, the oxide layer was produced on the surface of the titanium plates.
However, in a large rolling reduction, the oxide layer was broken in large area, and then, the
metal aluminum extruded into the cracks and came into contact with fresh titanium metal. Finally,
the Ti/Al clad plates achieved a solid metallurgical bond with Ti and Al atoms mutually diffusing
under high pressure and high temperature.
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