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Abstract: Multilayered Ti-Al based intermetallic sheets were fabricated by sintering alternately layered titanium and aluminum foils. 
The microstructure and phase formation of the obtained sheets under different sintering conditions were evaluated by various 
techniques. The results reveal that when the sintering temperature is above the melting point of aluminum, the self-propagating 
high-temperature synthesis reaction occurs between Ti and Al, and forms various phases of Ti-based solid solutions including α-Ti 
Ti3Al, TiAl, TiAl2 and α-Ti including TiAl3, etc. When the sintering time increased, Ti-based solid solution, TiAl2 and TiAl3 
disappeared gradually, and the sheet containing Ti3Al and TiAl phases in a multilayered structure formed finally. A lot of voids were 
also observed in the sintered structures, which were caused by the melting Al, Kirkendall effect and the difference of molar volumes 
between reactants and products. The voids were eliminated and a dense sample was obtained by the following hot press. 
Key words: multilayered composites; Ti-Al based intermetallics; self-propagating high-temperature synthesis; voids; cold rolling; 
annealing  
                                                                                                                                 
 
 
1 Introduction 
 

Ti-Al intermetallic compounds have great potential 
as high temperature structure materials in the 
applications of automobile and aerospace industries due 
to their low density, high specific strength, high melting 
temperature and environmental resistance at elevated 
temperatures [1−3]. The application of Ti-aluminide 
sheets is considered to be one of the breakthroughs of 
practicability of Ti-Al intermetallic compounds [4−5]. 
However, Ti-aluminide sheets are challenging to 
manufacture and have not been commercialized for its 
poor room temperature ductility and fracture   
toughness [6]. 

To explore an alternative approach to the 
conventional sheets production, studies have been 
recently undertaken to fabricate near-net-shaped sheets 
by self-propagating high-temperature synthesis (SHS) 
reaction using elemental Ti and Al foils [7−10]. This 
technique of forming intermetallic materials has the 
advantage that the starting materials are pure metals and 
therefore it is easy to fabricate near-net-shaped products. 

Otherwise, the reactions are sustained with the reaction 
front propagating through the unreacted materials by the 
exothermic heat of SHS, so a simplified fabrication and 
energy conserving process could be expected. Moreover, 
this method could form multilayered Ti-Al intermetallic 
composites [7]. The multilayered structures are designed 
based on the small spacing of layers and multi-interfacial 
effects to improve the impact and fracture resistance of 
materials, as a result, the materials would be insensitive 
to the original cracks [11−12]. Another advantage of 
using foils is that it could reduce the oxygen content of 
Ti-Al intermetallics made by powder processing, which 
might limit the usefulness of Ti-Al intermetallics 
[13−15]. 

For such a technological need, further study was 
carried out in this work on the fabrication of multilayered 
Ti-Al based intermetallic sheets by SHS after stacking 
thin Ti and Al foils, alternately. In order to investigate 
the phase formation and growth behaviors, several kinds 
of multilayered sheets were prepared by varying the heat 
treatment condition. The mechanism of voids formation 
was detailedly discussed. Hot press was applied at last 
for minimizing voids formed during SHS and diffusive  
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reactions. Thus, dense Ti3Al/TiAl multilayered 
composites were obtained finally. 
 
2 Experimental 
 

Elemental Ti foils (purity 99.8%, thickness 0.045 
mm) and elemental Al foils (purity 99.99%, thickness 
0.027 mm) were employed. The foils were cleaned 
ultra-sonically in methanol and cut into 11.5 cm in width 
before preparing Ti/Al multilayers. Ti/Al multilayer was 
firstly prepared by alternately stacking one elemental Ti 
foil and one elemental Al foil, and then convolved it into 
scroll shape. The scroll was inserted into a Ti tube 
(purity 99.8%; d15.9 mm (outer diameter) × 150 mm, 
wall thickness 0.6 mm), which was used to keep the 
scroll shape and prevent the sample from oxidation and 
leakage of Al when it was heated above the melting point 
of Al (660 °C). Next, the tube filled with scroll would be 
rolled several passes at room temperature, which could 
enhance the Ti/Al interfacial bonding and break the 
oxide films of the foils. Three samples prepared as above 
were then respectively sealed into vacuum quartz tubes 
to prevent oxidation during heat treatments. The samples 
were subjected to heat treatment at 950 °C for 30 min, 2 
h and 24 h in the tube furnace, respectively. Hot press 
was subjected to the sample annealed at 950 °C for 24 h. 
Hot press process was conducted under the compression 
stress of 35 MPa at 1 000 °C for 4 h in a hot-press 

furnace. The furnace was first evacuated and then 
backfilled with argon to provide an inert atmosphere. 

After heat treatments and hot press, the samples 
were sectioned and inlaid with epoxy resin. After the 
resin was solidified, the samples were prepared as a 
metallographic specimen through grinding with 
metallographic abrasive papers and then polishing. The 
microstructures and compositions were characterized by 
JXA−8100 electron probe microanalyzer (EPMA) 
equipped with an OXFord INCApentaFET×3 energy 
dispersive spectroscope (EDS). Phases formed inside 
multilayers were further confirmed by a D/max-IIIA 
X-ray diffraction instrument (Cu Target, 40 kV, 40 mA). 
Micro-hardness was measured on the hot pressed sample 
using a Leco M−400−Hl hardness testing machine with a 
Vickers indenter. 
 
3 Results and discussion 
 
3.1 Microstructure and phase formation after heat 

treatment 
Figure 1(a) shows the microstructure of the as-cold 

rolling Ti/Al multilayered samples without heat 
treatment. As shown in Fig. 1(a), white regions and dark 
regions represent Ti layers and Al layers, respectively. 
After cold rolling, the thickness of Ti foils is about     
30 μm, but the decrement of Al foils is not homogeneous 
with the thickness range of 17−25 μm. Besides, Ti/Al 

 

 
Fig. 1 EPMA back scattered electron images of as-processed sheets: (a) As-cold rolling without heat treatment; (b) Heat treatment at 
950 °C for 30 min; (c) Heat treatment at 950 °C for 2 h; (d) Heat treatment at 950 °C for 24 h 
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interfacial bonding is good and smooth, and no cracks 
and interfacial phases are observed. 

The microstructure of the samples held at 950 °C 
for 30 min, 2 and 24 h after cold rolling are shown in 
Figs. 1(b)−(d), respectively. In Fig. 1(b), it is seen that 
the microstructure consists of six regions. Figure 2(a) 
presents the XRD pattern of the sample annealed at  
950 °C for 30 min. Peaks of Ti, Ti3Al, TiAl, as well as 
TiAl2 and TiAl3 are observed. The six points denoted on 
the sample in Fig. 1(b) were analyzed by EDS to 
 

 
Fig. 2 XRD patterns of multilayered sheets: (a) Heat treatment 
at 950 °C for 30 min; (b) Heat treatment at 950 °C for 2 h;   
(c) Heat treatment at 950 °C for 24 h 

compare the compositions, and the result of EDS 
analysis is shown in Table 1. In Ti-Al binary system[16], 
six kinds of phases appear depending on the 
compositions and temperatures, as shown in Fig. 3, 
namely Ti based α solid solution, Ti3Al, TiAl, TiAl2, 
TiAl3 and Al based solid solution. According to the 
Ti-Al phase diagram, the results of XRD and EDS 
indicate that Ti, Ti based α solid solution, Ti3Al, TiAl, 
TiAl2 and TiAl3 are aligned in order from white regions 
to dark regions, as marked in Fig. 1(b). No aluminum is 
detected. Comparison of the positions of these six 
regions in Fig. 1(b) with those of the Ti and Al foils in 
Fig. 1(a) suggests that: 1) aluminum foils are replaced 
with voids and dark gray regions, 2) all the voids are 
shown in the starting aluminum layers and 3) the starting 
titanium foils become thinner and only a few pure Ti are 
left. 

 
Table 1 EDS analysis of positions in Fig. 1(b) 

Position x(Al)% Phase 

A 0 Ti 

B 5.31 α-Ti 

C 22.52 Ti3Al 

D 46.99 TiAl 

E 64.14 TiAl2 

F 71.89 TiAl3 

 

 
Fig. 3 Phase diagram of Ti-Al system 
 

Figures 1(c) and (d) are BEI images of the samples 
held at 950 °C for 2 and 24 h, respectively. The XRD 
patterns of the two specimens are shown in Figs. 2(b) 
and (c), respectively. Figure 2(b) shows the peaks of Ti, 
Ti3Al, TiAl as well as TiAl2. Figure 2(c) shows just the 
peaks of Ti3Al and TiAl. Compared to Fig. 1(b), the 
phases in Fig. 1(c) should be Ti, Ti based α solid solution, 
Ti3Al, TiAl, and TiAl2 aligned in order from white 
region to gray region. The phases in Fig. 1(d) should be 
Ti3Al and TiAl, represented with light gray region and 
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dark gray region, respectively. The voids observed in  
Fig. 1(b) coarsen accordingly to the heat treatment 
condition, as shown in Figs. 1(c) and (d). 

 
3.2 Reactive process according to soaking time 

As observed in Fig. 1(b), when the multi-stacked 
Ti/Al sheets are held at 950 °C for 30 min, the phases of 
Ti/α-Ti/Ti3Al/TiAl/TiAl2/TiAl3 form. With the heat 
treatment time extends to 2 h (Fig. 1(c)), TiAl3 
disappears, and Ti as well as Ti based α solid solution 
becomes thinner. At the same time, Ti3Al, TiAl and 
TiAl2 phases all become thicker. While the soaking time 
increases to 24 h, just Ti3Al and TiAl are left, as shown 
in Fig. 1(d). 

In the experiment, the initial temperature of 950 °C 
is enough for the self-propagating high-temperature 
synthesis (SHS) reaction occurring between solid Ti and 
melting Al, according to CHE and FAN [17]. TiAl3 
would form firstly, and then the solid-state reaction is 
dominated by the diffusive process in the Ti-TiAl3 
couple, so Ti3Al, TiAl and TiAl2 are formed between Ti 
and TiAl3 (Fig 1(b)). After all the liquid Al is consumed, 
competing diffusion happens among Ti/α-Ti/Ti3Al/TiAl/ 
TiAl2/TiAl3, and the thickness of Ti3Al, TiAl and TiAl2 
increases accompanying with the absence of TiAl3    

(Fig. 1(c)). When TiAl3 is exhausted, Ti, α-Ti and TiAl2 
start to decrease, while Ti3Al and TiAl keep increasing. 
Finally, Ti3Al/TiAl multilayer is fabricated after 24 h 
heat treatment, as shown in Fig. 1(d). 

The process of the solid-solid diffusion reaction can 
be described as follows: diffusion of Al atoms in TiAl3 
into the Ti layer leads to the converting of Ti layer into 
Ti based α solid solution layer and Ti3Al layer. 
Meanwhile, diffusion of Ti atoms into the TiAl3 layer 
leads to converting of part of the TiAl3 phase near the 
original Ti layer into TiAl layer. Accordingly with the 
present of TiAl, TiAl2 forms between TiAl layer and 
TiAl3 layer. With further interdiffusion between Al and 
Ti atoms, the TiAl3 layer and Ti layer become thinner 
and thinner. Meanwhile, the Ti3Al layer and TiAl layer 
become thicker and thicker. However, the amount of 
TiAl2 layer becomes thicker at first, and then become 
thinner when entire TiAl3 layer disappears[18]. With a 
longer heat treatment time, TiAl will grow 
accompanying with decreasing TiAl2, and eventually a 
multilayered sheet of Ti3Al and TiAl is achieved. 
 
3.3 Void formation 

As shown in Figs. 1(b)−(d), many voids are 
observed in original Al layers and no voids are seen in 
original Ti layers. With prolonging soaking time, voids 
grow up and coarsen. In the present study, it is concluded 

that the voids are mainly caused by the melting Al, 
Kirkendall effect and the difference of molar volumes 
between reactants and products. 

In the study, the annealing temperature is 950 °C 
which is much higher than the melting point of 
aluminum (660 °C). Otherwise, the emission of the 
reactive heat by melting Al and solid Ti could make the 
maximum temperature reach 1 350−1 400 °C [19]. So Al 
would be totally melted at the beginning of the reaction. 
With the appearance of melting Al, WANG et al [14] 
recognized that swelling takes place during the heating 
of Ti-Al systems caused by flowing away of the melting 
Al and increases with an increasing amount of Al. In 
addition, there is a sintering effect at temperature higher 
than 1 000 °C in the system; and the shrinkage of the 
sample takes place. With the swelling and shrinkage, 
many voids would be generated in the procedure. So, the 
appearance of the melting Al is one of the causes of 
voids formation. 

Secondly, void formation as an accompanying 
phenomenon also takes place due to the great diffusion 
discrepancy between Ti and Al elements in intermediate 
phases such as TiAl3. This is the so-called Kirkendall 
effect which has been found in several intermetallic 
compounds[20]. JIANG et al [21] investigated the voids 
formation mechanism using Ti/Al diffusion couple. The 
results show that there is a directional net mass flow 
along the diffusion direction of Al element since Al 
atoms diffuse faster than Ti atoms. Moreover, the 
realization of atom diffusion is through the exchange 
between atoms and vacancies instead of the direct 
exchange between atoms. Otherwise, the situation of 
Ti-Al system is different from other cases. As shown in 
Fig. 3, Ti forms a solid solution with Al in a wide 
composition range, while almost no solid solution area 
exists in pure Al or TiAl3 sides. This means that Al can 
diffuse into Ti phase, while Ti can hardly diffuse into 
pure Al or TiAl3 regions. So the vacancies contributing 
to the diffusion of Al into Ti region from Al and TiAl3 
regions are not available for the diffusion of Ti into Al 
and TiAl3 regions. Consequently, there must be a 
directionally net vacancy flow balanced with the 
above-mentioned mass flow. Thus, the vacancies are 
expected to be accumulated throughout the Al and TiAl3 
regions. With the continuation of the diffusion reaction 
of Ti and Al elements, the vacancy concentration is 
saturated. To reduce the system energy, these excessive 
vacancies collapse into voids preferentially at the sites of 
defects such as grain boundaries and dislocations. As a 
result, a large number of Kirkendall voids generated in 
the original Al layer, as shown in Figs. 1(b)−(d). 

Finally, the difference of molar volume between 
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reactants and products is another cause of void formation. 
It was supposed that there was no mass change after 
reaction, YI et al [13] calculated that the ratio of the 
molar volume of the reactants and products was 0.911 
for TiAl, 0.932 for TiAl3 and 0.969 for Ti3Al. This 
means that, for example, if there are no dimensional 
changes after reaction, the relative product volume 
would be 0.911Vr (Vr is the volume of reactants) for TiAl, 
which means there is 8.9 % porosity attributable to the 
molar volume difference between Ti + Al and TiAl. As a 
result, there are many voids caused by the difference of 
molar volume between reactants and products at the end 
of the reaction. Therefore, the technique of hot press is 
necessary to be applied during the reaction synthesis in 
order to eliminate the voids. 
 
3.4 Microstructural changes after hot pressing 

Figure 4(a) shows the microstructure of sample hot 
pressed under compressive stress of 35 MPa and 1 000 
°C for 4 h. As observed in Fig. 4(a), only two layers are 
achieved finally, and the voids decrease significantly. 
The X-ray diffraction pattern of this specimen is 
presented in Fig. 4(b), and Ti3Al and TiAl peaks are 
observed. The energy dispersive spectroscopy (EDS) line  

 

 

Fig. 4 EPMA back scattered electron image (a) and X-ray 
diffraction pattern (b) of sample after hot press under 35 MPa 
and 1 000 °C for 4 h 

profile in Fig. 4(a) indicates more detection of Al in dark 
gray layers and whereas more Ti in light gray layers, so 
the two phases in Fig. 4(a) are identified to be Ti3Al 
(light gray layers) and TiAl (gray layers). 

Hardness tests were carried out on the hot-pressed 
sample, where load of 0.49 N was applied for 15 s at 
least 5 locations for each layer. The micro-hardness 
values are HV (285±5) on the Ti3Al layers and      
HV (350±5) on the TiAl layers, respectively. Figure 5 
shows the indentation under a load of 9.8 N applied. No 
cracks are observed around the indentation and some 
plastic deformation could be seen. This suggests the 
multilayered materials possess a certain plasticity and 
toughness. 
 

 
Fig. 5 Indentation with load of 9.8 N 

 
4 Conclusions 
 

1) The SHS reaction occurs between the solid Ti 
and the melting Al when the annealing temperature is 
above the melting point of Al. TiAl3 forms firstly, then 
the solid-state reaction is dominated by the diffusive 
process among Ti/α-Ti/Ti3Al/TiAl/TiAl2/TiAl3, until 
Ti3Al/TiAl multilayer is fabricated finally. 

2) Many voids are fabricated in original Al layers. 
The voids are mainly caused by melting Al, Kirkendall 
effect and difference of molar volumes between reactants 
and products. 

3) The voids are significantly decreased by hot 
press, and the dense multilayered Ti3Al/TiAl sheet is 
finally obtained. Hardness tests show that the 
multilayered materials possess a certain plasticity and 
toughness. 
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冷轧热处理钛−铝箔制备微叠层 Ti-Al 系金属间化合物板材 
 

孙彦波，赵业青，张 迪，刘翠云，刁浩岩，马朝利 
 

北京航空航天大学 材料科学与工程学院 空天先进材料与服役教育部重点实验室，北京 100191 

 

摘  要：通过钛箔、铝箔叠加烧结制备出微叠层 Ti-Al 系金属间化合物合金板材。对不同烧结条件下获得的板

材组织和相组成进行分析。结果表明，当烧结温度到达到 Al 的熔点以上时，高温自蔓延反应(SHS)在 Ti 箔和

Al 箔之间发生，生成 α-Ti、Ti3Al、TiAl、TiAl2和 TiAl3等相；随着烧结时间的延长，α-Ti、TiAl2和 TiAl3逐渐

消失，最终获得包含 Ti3Al 和 TiAl 的叠层结构板材。由于铝的熔化，柯肯达尔效应和反应前、后摩尔体积的变

化在烧结过程中产生大量的孔洞，随后的热压处理将孔洞消除并获得致密的合金板材。 

关键词：微叠层复合材料；Ti-Al 系金属间化合物；高温自蔓延反应；孔洞；冷轧；退火 
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