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Abstract: In this study, the traditional hot rolling to fabricate Al/Ti laminated metal composites
(LMCs) was improved by using a pre-rolling diffusion process. The effect of the pre-rolling diffusion
on microstructure and mechanical properties of Al/Ti LMCs were investigated by various methods,
such as optical microscope (OM), scanning electron microscope (SEM), energy dispersive spectrometer
(EDS) and tensile tests. The results show that, with increasing diffusion temperature, the thickness
in diffusion layer was increased and the mechanical properties of LMCs were improved obviously,
which was attributed to the optimized interfacial structure after diffusion process. In addition, the
formation of TiAl3 intermetallic compounds (IMCs) was detected in the bonding interface, which
played an important role in improving the mechanical properties for Al/Ti LMCs. The predicted
results of stress-strain curves from rule of mixture (ROM) indicated that, there existed an extra
interfacial strengthening in Al/Ti LMCs beside the mechanical properties provided by the contribution
of constituent layers. The pre-rolling diffusion process is effective for the optimization of interfacial
structure and improvement of mechanical properties in Al/Ti LMCs.
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1. Introduction

With the development of science and technology, the requirements of metal material have become
diversified and a single traditional metal material is difficult to satisfy the needs of industry. Laminated
metal composites (LMCs), which consists of two or more metals, have been paid a lot of attention due
to their excellent performance in recent years [1]. Among these LMCs, Al/Ti composite was widely
developed in aviation, aerospace, chemical equipment and transportation fields, which was attributed
to the combination of the excellent performance between Al (low specific gravity, good electrical
and thermal conductivity) and Ti (better high-temperature properties, high strength). What’s more,
it reduces the amount of expensive Ti alloy and saves production cost through the using of Al/Ti
LMCs [2–6].

For LMCs, many researches were focused on the fabrication processing, microstructure and
mechanical properties [7–9]. A number of plastic deformation processes have been applied to the
fabrication of LMCs including roll bonding [10,11], diffusion bonding [12–14], explosive welding [14,15]
and reaction hot pressing [16,17]. Among these methods, roll bonding was widely used in the fabrication
of Al/Ti LMCs due to relatively simple equipment and processing. On the other hand, the roll bonding
is easier to promote large-scale production than other methods. However, in order to achieve the
superior bonding between constituent layers, a hot rolling with high rolling temperature must be
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applied in the fabrication of Al/Ti LMCs [18,19]. It has been demonstrated that the high temperature
process of roll bonding will inevitably introduce hard and brittle oxides and other inclusions in the
bonding interface of LMCs [19,20]. The oxides and inclusions caused by high temperature will result
in the decreasing of mechanical properties, such as bonding strength and toughness, due to the
deteriorative combination of constituent layers. Therefore, it is necessary to eliminate the effect of
oxides or inclusions on the bonding interface in order to obtain a LMCs with excellent performance.

In this work, a novel fabrication method based on pre-rolling diffusion was developed to
manufacture Al/Ti LMCs in order to avoid the effect of inclusions at high temperature. The effect of the
diffusion temperature on the microstructure and mechanical properties of Al/Ti LMCs was investigated
in detail.

2. Experimental Materials and Procedures

2.1. Experimental Materials

The raw materials utilized in this experiment were commercial purity AA1100 Al sheets with a
thickness of 1.5 mm and commercial purity TA2 Ti alloy sheets with a thickness of 2 mm. The raw
materials were cut into 150 mm × 80 mm pieces parallel to the rolling direction. The chemical
compositions of each material are presented in Tables 1 and 2.

Table 1. Chemical compositions of commercial purity AA1100 Al sheets (wt %).

Zn Si Fe Ti Al

0.01 0.6 0.2 0.02 Balance

Table 2. Chemical compositions of commercial purity TA2 Ti Alloy sheets (wt %).

Fe C N H O Ti

0.3 0.1 0.05 0.015 0.25 Balance

2.2. Fabrication Process of Al/Ti LMCs

The surface of AA1100 and TA2 sheets were treated by mechanical grinding and then repeatedly
cleaned in absolute ethyl alcohol to remove oxides and contaminants before the fabrication process.
After the surface preparation process, AA1100 and TA2 sheets were stacked in the alternative order of
AA1100/TA2/AA1100 as a “sandwich” form with a total thickness of 5 mm. The stacked sheets were
riveted together at one end to avoid the slide during roll bonding process. The riveted sheets were
divided into four groups, three of which were subjected to pre-rolling diffusion and then hot-rolling as
experimental groups while the left group was only hot rolled as a contrast with the former three to
explore the effect of pre-rolling diffusion. The whole fabrication process was shown in Figure 1.
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In the comparison group (conventional fabrication process), the riveted sheets were preheated
at 400 ◦C for 10 min, and immediately rolled to get a reduction of 50% by one pass with 2.5 mm in
thickness. The roll process was carried by a laboratory two-roll mill with rolls diameter of 170 mm,
rolling speed of 0.2 m/s and maximum rolling force of 30 t. In the experimental groups, the LMCs
were fabricated by two steps. In the first step, the riveted sheets were cold-rolled in a rolling reduction
of 20%, and then diffused at 450, 500 and 550 ◦C for 1 h, respectively. In the second step, the sheets
were rolled at 400 ◦C to 2.5 mm in thickness by one pass in order to contrast with the comparison
group. The diffusion sheets were denoted as D450, D500 and D550 to distinguish from each other.
The Al/Ti LMCs were annealed at 550 ◦C for 1 h to eliminate the internal stress and investigate the
effect of annealing on mechanical properties. The heat treatment experiments were carried out in a
vacuum environment.

2.3. Characterization of Microstructure and Mechanical Properties

The microstructure and interface structure of LMCs was characterized by optical microscope (OM,
Axiovert 40 MAT, Zeiss, Oberkochen, Germany) and scanning electron microscope (SEM, VEGA3
LMH, Tescan, Brno, Czech Republic). The energy dispersive spectrometer (EDS, VEGA3 LMH, Tescan,
Brno, Czech Republic) was conducted to analyze element diffusion in the bonding interface of LMCs at
5 kV with a working distance of about 15 mm. The mechanical properties of LMCs under different
fabricated conditions were investigated. The tensile tests were performed at room temperature on
the testing machine (AG-X, Shimadzu, Kyoto, Japan). The gauge section of the tensile specimen was
15 mm in length and 7 mm in width. A strain rate of 1.1 × 10−3 s−1 was carried out in the tensile test.
The shear test was conducted to evaluate the bonding strength of LMCs, and tested specimens were
cut into the shape with a 35 mm in length and 7 mm in width. The tensile and shear test specimens are
schematically shown in Figure 2.
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3. Results and Discussion

3.1. Microstructure after Pre-Rolling Diffusion Process

Figure 3 shows the SEM images and corresponding EDS results in the bonding interface of Al/Ti
LMCs diffused at 450, 500 and 550 ◦C. According to the SEM images, a clear interface can be detected,
indicating the superior bonding in the layer interfaces was achieved. It is interesting to note that,
the Al layers are embedded by Ti component with a zigzag shape, which is attributed to the effect
of uncoordinate deformation between constituent layers. In addition, few oxides or inclusions can
be found in the interfaces along rolling direction (RD) as a result of pre-rolling diffusion process
(Figure 3a–c).

According to EDS results for the evolution of Al and Ti elements across the bonding interface,
it can be deduced that a diffusion layer was formed in the bonding interface of LMCs under high
temperature process (Figure 3d–f). The thickness in diffusion layer was obtained from the element line
scan and SEM image. As can be seen in Figure 3d–f, the thickness in diffusion layer of D450, D500 and
D550 are 2.2, 3.2 and 4.6 µm, respectively. That is to say, the thickness in diffusion layer was increased
with increasing pre-rolling diffusion temperature. Similar effect of temperature on bonding interface of
Al/Ti LMCs was also reported previously [16].
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process: (a,d) 450 ◦C; (b,e) 500 ◦C; (c,f) 550 ◦C.

Figure 4 illustrates the close-up view of element face scan in the bonding interface of LMCs
diffused at 550 ◦C for 1 h. A well-defined diffusion layer was formed in the bonding interface of Ti/Al
LMCs as shown in Figure 4, which is consistent with the observation of Figure 3. It can be concluded
that the formation of diffusion layer in the bonding interface will result in the oxygen induced by high
temperature was limited. In addition, the table of Figure 4 shows that the percentage of Al and Ti
atoms in the diffusion layer is approximately 74.34% and 25.66%, respectively. The ratio of the two
elements is nearly 3:1, according with the type of IMCs TiAl3. Based on the Ti-Al binary phase diagram,
the solubility of Al in the Ti matrix is greater than 10% in the temperature of 550 ◦C and the solubility of
Ti in the Al matrix is almost zero. Besides, the free energy of TiAl3 is lowest among the main five Ti-Al
IMCs (Ti3Al, TiAl, TiAl3, TiAl2 and Ti2Al5) [21,22]. Therefore, when the solubility of Al atoms in the Ti
matrix reaches a super saturation concentration, the nucleation requirements of TiAl3 phase will be
achieved firstly. As is well known, TiAl3 is an ideal lightweight high-temperature structural phase with
low density, high specific strength and high temperature resistance [21]. Thus the emergence of TiAl3
phase has an important effect on the mechanical properties of LMCs. In present study, the amount of
TiAl3 phase increases with the diffusion temperature rising, which contributed to significant inhibition
effect of oxide and contaminants in the interfaces.
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Figure 5 shows the OM micrographs of Al layer and Ti layer of LMCs undergoing pre-rolling
diffusion process.
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From Figure 5a–c, it can be seen that the grains of Al layer were obviously elongated along the
rolling direction. The grain sizes near the interface are greatly larger than the grain size far from
the interface, revealing that the effect of uncoordinated deformation between constituent layers and
the friction between roller and surface of Al layer. In addition, the increasing of grain size with
increasing diffusion temperature was also observed in Al layers, which is attributed to the recovery
and recrystallization occurred in the Al layers when the LMCs were subjected to diffusion at different
temperature for 1 h. The similar evolution trend can be detected during annealing process of rolled
LMCs [19,20]. On the other hand, detailed inspection in Figure 5d–f reveals, after pre-rolling diffusion
process, the increasing of deformed microstructure can be detected and initial grains of pure Ti were
developed into the lamellar microstructure, which resulted from the cold rolling process before diffusion.
However, with increase of diffusion temperature, the grains of Ti layer still remained deformed structure
without significant recovery and recrystallization, which is due to the diffusion temperature from 450
to 550 ◦C is not enough to cause significant recrystallization in Ti layers. Interestingly, a lot of twinning
can be found in Ti layers for all diffused samples, indicating that less slip system were activated. As is
well known, some typical twinning were developed in Ti during deformation, such as {1212}<1100>

compressive twinning and {1121}<1101> or {1102}<1120> tensile twinning, which have become an
important way of plastic deformation in pure Ti. Also, the activated deformation twining in Ti during
rolling process will lead to further fragmentation of microstructure [23,24].

3.2. Effect of Pre-Rolling Diffusion on Mechanical Properties of Hot-Rolled Al/Ti LMCs

The effect of pre-rolling diffusion process on mechanical properties of Al/Ti LMCs was investigated.
Table 3 summarizes the maximum shear strength of Al/Ti LMCs obtained from the shear test to evaluate
the interfacial bonding ability.
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Table 3. Maximum shear strength of hot-rolled Al/Ti LMCs.

Samples Shear Area (mm2) Load (N) Maximum Shear Strength (MPa)

Conventional process 4.13 92.36 22.36
D450 4.13 107.3 25.98
D500 4.07 112.8 27.72
D550 4.00 120.24 30.06

It can be seen that, when the diffusion temperature was increased to 450 ◦C, the max shear
strength of conventional hot-rolling plate increased from 22.36 to 25.98 MPa. With further increasing
of temperature, the shear strength was increased gradually for all pre-rolling process samples. It is
interesting to note that the most excellent bonding strength was detected at 550 ◦C for 1 h sample
(30.06 MPa), which is much higher than the conventional sample. The improvement of bonding
strength can be explained by the optimized bonding interface. In present study, the pre-rolling diffusion
promoted the formation of IMCs TiAl3 in bonding interface, resulting in the oxides or other inclusions
were restricted and excellent bonding was achieved. That is to say, the bonding interface was improved
obviously over the conventional sheets. On the other hand, the IMCs TiAl3 acted as a reinforcement
phase in the interface and restricted the movement of dislocation, which could be a reason for the
bonding strength was reinforced. For the pre-rolling diffusion process, the max shear strength of Al/Ti
LMCs increased from 25.98 to 30.06 MPa when the diffusion temperature was increased from 450
to 550 ◦C, which is attributed to the development of diffusion layer. As shown in the EDS results
(Figure 3d,f), when the diffusion temperature was increased from 450 to 550 ◦C, the thickness in
diffusion layer was increased from 1.65 to 3.72 µm, indicating that the thickness in diffusion layer plays
an important role on the improvement of interfacial structure.

Investigating the bonding ability on the interface in the Al/Ti LMCs required further analyzing
the micro-morphology for bonding interface after shear test. Figure 6 shows the shear surface of the
Al/Ti LMCs under the conditions of conventional process and D550 (red represents aluminum and
green represents titanium).
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As shown in Figure 6a, tearing morphology can be observed in the Al side of conventional
processed sample, and no titanium is found on the shear surface. Besides, Figure 6b presents the
sporadic aluminum is stuck on the Ti side. Compared with conventional processed sample, fracture
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surface of the hot-rolled sample fabricated by pre-rolling diffusion at 550 ◦C (D550) exhibited a small
number of titanium stuck in Al side. More obviously, as the image of the Ti side of the D550 shown in
Figure 6d, considerable fraction of aluminum stuck on the Ti side, rather than rare as the conventional
processed sample, indicating the optimization of bonding ability for interface after pre-rolling diffusion.

The tensile specimens were cut into the size shown in Figure 2a to execute the tensile tests, and the
stress-strain curves of LMCs fabricated by hot rolling were obtained as Figure 7.

Metals 2019, 9, x FOR PEER REVIEW 7 of 13 

 

As shown in Figure 6a, tearing morphology can be observed in the Al side of conventional 
processed sample, and no titanium is found on the shear surface. Besides, Figure 6b presents the 
sporadic aluminum is stuck on the Ti side. Compared with conventional processed sample, fracture 
surface of the hot-rolled sample fabricated by pre-rolling diffusion at 550 °C (D550) exhibited a 
small number of titanium stuck in Al side. More obviously, as the image of the Ti side of the D550 
shown in Figure 6d, considerable fraction of aluminum stuck on the Ti side, rather than rare as the 
conventional processed sample, indicating the optimization of bonding ability for interface after 
pre-rolling diffusion. 

The tensile specimens were cut into the size shown in Figure 2a to execute the tensile tests, and 
the stress-strain curves of LMCs fabricated by hot rolling were obtained as Figure 7. 

 

Figure 7. Engineering stress-strain curve of Al/Ti LMCs after hot rolling. 

It can be seen from Figure 7 that the tensile strengths of Al/Ti LMCs optimized by pre-rolling 
diffusion process were also obviously higher than conventional sheets. This reveals the pre-rolling 
diffusion process provided by present investigation has a positive effect on the mechanical 
properties of Al/Ti LMCs. In addition, for the samples fabricated by pre-rolling diffusion process, 
the tensile strength of Al/Ti LMCs was increased with increasing of diffusion temperature, which is 
consistent with the development trend of bonding strength in Table 3. With increasing diffusion 
temperature, the optimized interfacial structure resulted in the improvement of bonding strength of 
Al/Ti LMCs. For the LMC materials, it can be believed that the development of interfacial bonding 
ability has a significant effect on the fracture behavior, thus affects the mechanical properties [9]. On 
the other hand, the total elongation of Al/Ti LMCs exhibits an increasing trend with diffusion 
temperature from 450 to 550 °C but lower than the conventional sheets. The main reason for the 
decreasing of ductility for pre-rolling diffusion processed samples is explainable by the effect of 
work hardening on Al/Ti LMCs in the cold rolling stage. 

The tensile fracture morphologies of hot-rolled Al/Ti LMCs at different diffusion temperature 
were presented in Figure 8. It is obvious that ductility fracture was the main characteristic of Al and 
Ti constituent layers. With increasing diffusion temperature, the predominant mechanism of Al 
layers can be determined by increasing dimple size. In contrast, the dimple size in the fracture 
surface of Ti layers almost remained same for all hot-rolled LMCs fabricated by diffusion. In 
addition, it can be observed that, the gradient distribution of microstructure can be detected in the 
fracture surface through the thickness of Al layers. This inhomogeneity of the microstructure can be 
explainable for the effect of the friction between the sheet and roller and the uncoordinated 
deformation between Al and Ti layers. On the other hand, it is interesting to note that the difference 
in layer interface can be observed in the fracture surface with increasing diffusion temperature. For 
the D450 sample, the micrograph of fracture surface (Figure 8a) shows debonding of the layer 

Figure 7. Engineering stress-strain curve of Al/Ti LMCs after hot rolling.

It can be seen from Figure 7 that the tensile strengths of Al/Ti LMCs optimized by pre-rolling
diffusion process were also obviously higher than conventional sheets. This reveals the pre-rolling
diffusion process provided by present investigation has a positive effect on the mechanical properties
of Al/Ti LMCs. In addition, for the samples fabricated by pre-rolling diffusion process, the tensile
strength of Al/Ti LMCs was increased with increasing of diffusion temperature, which is consistent
with the development trend of bonding strength in Table 3. With increasing diffusion temperature,
the optimized interfacial structure resulted in the improvement of bonding strength of Al/Ti LMCs.
For the LMC materials, it can be believed that the development of interfacial bonding ability has a
significant effect on the fracture behavior, thus affects the mechanical properties [9]. On the other hand,
the total elongation of Al/Ti LMCs exhibits an increasing trend with diffusion temperature from 450
to 550 ◦C but lower than the conventional sheets. The main reason for the decreasing of ductility for
pre-rolling diffusion processed samples is explainable by the effect of work hardening on Al/Ti LMCs
in the cold rolling stage.

The tensile fracture morphologies of hot-rolled Al/Ti LMCs at different diffusion temperature
were presented in Figure 8. It is obvious that ductility fracture was the main characteristic of Al and Ti
constituent layers. With increasing diffusion temperature, the predominant mechanism of Al layers
can be determined by increasing dimple size. In contrast, the dimple size in the fracture surface of
Ti layers almost remained same for all hot-rolled LMCs fabricated by diffusion. In addition, it can
be observed that, the gradient distribution of microstructure can be detected in the fracture surface
through the thickness of Al layers. This inhomogeneity of the microstructure can be explainable for the
effect of the friction between the sheet and roller and the uncoordinated deformation between Al and Ti
layers. On the other hand, it is interesting to note that the difference in layer interface can be observed
in the fracture surface with increasing diffusion temperature. For the D450 sample, the micrograph of
fracture surface (Figure 8a) shows debonding of the layer interface, indicating the weaker bonding
strength during tensile test. However, with increasing temperature, an excellent bonding was achieved
in D500 and D550 samples, which was attributed to the thickness in TiAl3 IMCs was increased after
pre-rolling diffusion process, as shown in Figure 3.
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3.3. Effect of Annealing on Mechanical Properties of Al/Ti LMCs

In order to emphasize the improvement of mechanical properties after pre-rolling diffusion,
the hot-rolled Al/Ti LMCs were annealed to eliminate residual stress caused by deformation. Figure 9
shows the engineering stress-strain curves of the hot-rolled Al/Ti LMCs after annealing at 550 ◦C for
1 h.

It can be seen that the ultimate tensile strength (UTS) of all pre-rolling diffusion processed
samples are prominently high compared to the conventional sample. The experimental results after
annealing treatment demonstrated that, beside the increased strength provided by the pile-up of
dislocation and residual stress after pre-rolling, there existed other factors to affect the mechanical
properties. More interestingly, for the mechanical properties after hot rolling (Figure 7), the excellent
UTS is obtained in pre-rolling diffusion processed samples while higher elongation can be observed
in conventional processed sample. However, after the annealing treatment, the UTS of D550 is still
higher than other sample (270 MPa) and its elongation (44.4%) is higher than that of the conventional
hot-rolled sample (41.7%). It can be concluded that the improved strength was attributed to the
optimization of interfacial structure caused by pre-rolling diffusion process, i.e., increasing of thickness
in LMCs.
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As shown in Figure 10a, the interfacial debonding of layer interface can be recognized after tensile
test, and the fracture surfaces of Al and Ti constituent layers shows obvious sign of plastic fracture.
It is interesting to note that similar fracture morphology was detected in D550 sample (Figure 10b).
However, an excellent bonding was obtained from the pre-rolling diffusion process, which is closely
related to the optimized interface structure. Therefore, it can be believed that increasing bonding
quality will lead to the improvement of mechanical properties of Al/Ti LMCs, as observed results in
Figure 9.

It is necessary to investigate the effect of interfacial optimization on mechanical properties.
The extra strengthening effect provided by layer interface can be predicted by rule of mixture (ROM).
For LMCs, the volume fraction-based ROM can be expressed as [25]:

σ = VAl σAl + VTi·σTi (1)

where VAl, VTi, σAl and σTi are the volume fraction and the flow stress of relevant Al and Ti layers in
the Al/Ti LMC, respectively. Considering the thickness of raw materials, volume fraction of 60% and
40% for Al and Ti layers were used to ROM calculation.

Figure 11 shows the ultimate tensile strength (UTS) of Al/Ti LMCs and the predicted strength
based on the ROM.
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based on the ROM (rule of mixture).

As shown in Figure 11, for the pre-rolling diffusion processed samples, it is cleared that the
predicted value of UTS from ROM is lower than the experimental observation. An obvious deviation
was observed in these samples, indicating that there existed other strengthening mechanisms affected
the mechanical properties. In present investigation, the Al/Ti LMCs prepared by pre-rolling diffusion
and subsequent hot rolling and annealing process resulted in the formation of TiAl3 IMCs within the
interface, which played an important role on the improvement of interfacial structure (i.e., inhibition of
oxide). That is to say, the improvement of interfacial optimization is a main reason for the formation of
extra interface strengthening effect, which improves the mechanical properties of Al/Ti LMCs.

Figure 12 shows the comparison of ultimate tensile strength and total elongation obtained from
present experiment and previous references [10,20,26,27]. It can be seen that the combination of
strength and ductility in present study is excellent to other reported results (Figure 12). The mechanical
properties of hot rolled and annealed Al/Ti LMCs were higher than reported references. This indicates
that the pre-rolling diffusion process has a positive effect on the mechanical properties of Al/Ti LMCs,
and has promising potential to produce bulk LMCs for industrial application.
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4. Conclusions

In the present work, Al/Ti laminated metal composites (LMCs) were fabricated by introducing
a novel pre-rolling diffusion process. The microstructure and mechanical properties of the LMCs at
different processes were evaluated and compared. The conclusions can be summarized as follows:

(1) With increasing diffusion temperature, the thickness in diffusion layer comprising the diffusion
intermetallic compounds (IMCs) was increased gradually at the bonding interface, resulting in
the oxide was inhibited and the bonding strength was improved.

(2) The development of microstructure in Al layers was observed from elongated grain to equiaxed
grain with increasing diffusion temperature, while the microstructure of Ti layers was found to
be a constant. The inhomogeneity of microstructure through the thickness of Al layer can be
attributed to the effect of the friction between the roll and sheet surface and the uncoordinated
between constituent layers.

(3) The extra strengthening effect was revealed using rule of mixture (ROM) in the pre-rolling
diffusion processed Al/Ti LMCs, which indicated that the interfacial optimization played an
important role on the improvement of mechanical properties.
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