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Abstract This study is concerned with investigation of

forming Ti fiber reinforced TiAl3 composite by infiltration-

in situ reaction. The as-cast material was obtained by

pressing molten pure Al into a preform which was com-

posed of Ti particles and Ti fibers. Based on the differential

scanning calorimetry (DSC) result, in situ reaction samples

were obtained by heating as-cast materials to 660, 950, and

1300 �C, and held for 1 h, respectively. The microstructure

evolution of in situ reaction samples was analyzed by

scanning electron microscope and Energy dispersive X-ray

(EDX). In addition, the phase composition of products was

inspected by X-ray diffraction (XRD). Experiment results

show that TiAl3 was formed initially, which was the unique

product between Ti and Al. While at high temperature,

products of Ti fibers and Al were complex, and TixAl1-x

(0.25 \ x \ 0.75) compounds were formed around Ti

fibers. Finally, TiAl3 decomposed, and oxidation occurred.

The mechanism of in situ reaction between Ti and Al in

this system was discussed.

Introduction

Titanium aluminide compounds (Ti3Al, TiAl, TiAl3) have

been investigated extensively as potential high temperature

structural materials [1, 2]. This is due to their outstanding

engineering performances, such as excellent acid/alkali

corrosion resistance, high specific modulus and strength [3].

Especially TiAl3 has many attractive characteristics such as

low density (*3.3 g/cm3), high hardness and high melting

temperature (*1390 �C). However, the intrinsic low ten-

sile ductility at room temperature and poor high tempera-

ture strength has limited its application [4, 5]. Alloying with

fourth-period transition elements (such as Cr, Mn, Fe and

Co) and reinforcing with particles (such as TiC, TiB2, TiN)

which have not resulted in great improvement of ductility at

room temperature [6–8].

Recently, the introduction of long fiber reinforcements

in these compounds might overcome the disadvantage [9–

11]. The reinforcement is often silicon carbide (SiC/C)

monofilaments with a thin carbon protective coating.

However, above 800 �C, the carbon protective coating of

the continuous reinforcement tends to react with matrix

during consolidation, leading to deterioration of mechani-

cal and physical properties of resulting composites

[12, 13]. It was stated by Zhang et al. [14] that TiNb fiber

could be introduced into titanium aluminide matrix by

using a hot-pressed fabrication technology. On the other

hand, He and Hu [15] studied a Ti alloy matrix composite

with Ti fiber reinforcement and investigated the interface

reactant between fibers and the matrix.

The present study suggests a new way to fabricate TiAl3
matrix composite (Ti fiber as a reinforcement) by infiltra-

tion-in situ reaction technology. The microstructure evo-

lution, and phase formation were analyzed, and reaction

mechanism was investigated.
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Materials and experimental methods

Ti fiber reinforced TiAl3 composite which was prepared by

infiltration-in situ reaction method. Ti particles (38 lm in

diameter), Ti fibers (120 lm in diameter), and pure Al

were used as raw materials. The nominal composition of Ti

particles and Ti fibers is shown in Table 1. The stoichi-

ometric ratio of Ti particles to Al was about 1:3, and the

volume fraction of Ti fibers was about 35%.

Ti fibers were coated by Ti particles, and coated fibers

were aligned in a steel mold. Molten pure Al was pressed

into the mold, and then the mold cooled rapidly, subse-

quently, the as-cast material was obtained.

Ti and Al (Ti fiber and Al, as well as Ti particle and Al)

in situ reaction sequence was studied by differential scan-

ning calorimetry (DSC). The as-cast sample was heated to

1400 �C, at a rate of 10 �C/min, in an STA 449C DSC.

Based on the DSC result (there were exothermic peaks at

660, 950, and 1300 �C), as-cast samples were heated to

660, 950, and 1300 �C, and held for 1 h at different tem-

perature, respectively. Reaction temperatures were accu-

rate to ±5 �C.

An S-4700 scanning electron microscopy (SEM) was

used for morphology examination. Energy dispersive X-ray

(EDX) was used to identify and calculate the approximate

elemental composition of products. X-ray diffraction

(XRD) was performed using Philips X’pert X-ray diffrac-

tion device for phase analysis, and the patterns were com-

pared with standard spectra from powder diffraction files.

Results and discussion

As-cast composite

Figure 1 shows the SEM microstructure and the corre-

sponding XRD pattern of as-cast composites. The micro-

graph indicates that a thin reaction layer (an average

thickness of 2 lm) was formed between Ti fiber and Al

(Fig. 1a). EDX result shows that this product was TiAl3
(the atomic ratio of Ti:Al was about 1:3), and a thin layer

(* 2 lm) of TiAl3 phase was also formed between Ti

particles and Al.

Formation of TiAl3 was also confirmed by XRD

(Fig. 1b). TiAl3 diffraction pattern was observed besides

the Ti and Al patterns (they are raw materials), which

indicates the interface reactant of Ti and Al was formed.

DSC curve

Figure 2 shows the DSC curve of as-cast materials. An

exothermic peak at about 653 �C was recorded. Subse-

quently, an endothermic peak at about 656 �C was detec-

ted, which indicates the melting of Al. Following the

endothermic peak, a sharp exothermic peak at about

660 �C can be observed. By heating the as-cast material to

high temperature, other two exothermic peaks can be seen

(at about 950 and 1300 �C, respectively).

In order to understand the characteristics of micro-

structure evolution and phase transformation during in situ

Table 1 Nominal composition of Ti particle and Ti fiber

Composition (at.%) Fe Si O N H V Al Ti

Ti particle 0.056 0.026 0.63 0.054 0.051 – – 99.183

Ti fiber – – – – – 1.13 7.46 91.41

Fig. 1 a SEM micrograph of the as-cast composite, b XRD pattern of the as-cast composite
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reaction, as-cast materials were heated to three different

temperatures of 660, 950, and 1300 �C (based on the DSC

result), and held for 1 h, respectively.

In situ reaction composite

When the as-cast material was heated to 660 �C and held

for 1 h, the SEM image was shown in Fig. 3. It is obvious

that the thickness of reacting layer around Ti fiber

increased. At the same time, the reacting layer thickness

also increased between Ti particles and Al.

The extent of reaction increased with increasing tem-

perature. Figure 4a is the SEM image of as-cast sample

was held at 950 �C for 1 h, in which there were four

sequential layers around Ti fiber. An expanded view of the

interface between Ti fiber and Al was shown in Fig. 4b,

which marked with A, B, C, D, and E in different atomic

number contrast. The element concentrations at different

positions were measured by EDX, as illustrated in Fig. 5.

From ‘‘A’’ to ‘‘E’’, Ti and V decreased, while Al increased.

While at this stage, Ti particles eliminated, and lumpy

shaped particles were formed. Higher magnification SEM

photographs of the matrix in Fig. 4a was shown in Fig. 4c.

EDX indicates that these particles were TiAl3. Some white
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Fig. 2 DSC curve of the as-cast composite

Fig. 3 SEM micrograph of in situ reaction composites at 660 �C 0
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Fig. 5 Chemical composition of different positions in Fig. 4

Fig. 4 SEM micrograph of in situ reaction composites at 950 �C. a Low magnification of Ti fiber and the matrix, b high magnification of Ti

fiber, c high magnification of the matrix
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products were observed around these lumpy particles.

These white products were composed of Ti, Al, and O (Ti

27.55%, Al 53.03%, O 19.4%), which implies that oxida-

tion occurred at this temperature.

At 1300 �C, the thickness of reacting layers around Ti

fiber increased (Fig. 6a), and the element concentrations at

different positions (Fig. 6b) were shown in Fig. 7. From

‘‘F’’ to ‘‘J’’, Ti and V decreased, while Al increased.

TiAl3 in the matrix decomposed, and islands TiAl3
phases and rodlike shape particles (Ti 42.91%, Al 26.81%,

O 30.27%) formed. The higher magnification SEM pho-

tograph was shown in Fig. 6c.

Figure 8 shows XRD patterns of in situ reaction sam-

ples. When the sample was held at 660 �C for 1 h, there

were TiAl3 and Ti phases (mainly Ti fiber from SEM

observation) without Al diffraction peaks. With an increase

in temperature, at 950 �C, Al2O3 and Ti4O7 XRD patterns

were generated, besides the formation of TiAl3. At

1300 �C, the intensity of TiAl3 peaks decreased, but the

relative intensity of TiO2 and Al2O3 increased.

In addition, it is noted that multiphase products of Ti–Al

compounds (besides TiAl3) around Ti fiber are observed by

SEM, but they have not been detected in XRD patterns,

which suggests the quantities of them are below the reso-

lution of the instrument.

Thermodynamic analyses

It is clear from the aforementioned results that two former

exothermic peaks in the DSC curve can be considered as a

big exothermic peak, which was interrupted by the melting

of Al. Because the exothermic reaction began before the

melting of Al, but the reaction rate was slow and the heat

was consumed by the melting of Al, the total heat was

dropped. On the other hand, the activity of Al increased

quickly after Al melted, and the reaction between Ti and

Al was promoted. When the heat covered the melting of

Al, the second exothermic peak appeared. Therefore, the

exothermic reaction of Ti and Al preceded the melting of

Al, and the melting temperature of Al was at about 656 �C.

The possible products at whole temperature range can be

evaluated by comparing their free energy change (DG).

Using thermodynamic data, the DG of Ti–Al intermetallics

can be plotted as function of temperature. Figure 9 shows

this relationship between DG and temperature, DG curves

for TiAl2 and Ti2Al5 are lower than others, but the for-

mation of them is based on the formed TiAl [16]. Both DG

curves for Ti3Al and TiAl are straight lines, but they have

different sloping ratio so that a cross point can be appeared

(the cross point at about 700 K). DG of TiAl3 is more

negative than Ti3Al and TiAl in the temperature range of

200–1600 K, indicating that the formation of TiAl3 is

easier than direct formation of Ti3Al and TiAl. Thus, the

product at 660 �C was TiAl3.

The third broad exothermic peak (at about 950 �C)

shown by the DSC curve is possible due to the formation of

multiphase products (Ti–Al compounds), and the formation

of oxidation.
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Fig. 7 Chemical composition of different positions in Fig. 6

Fig. 6 SEM micrograph of in situ reaction composites at 1300 �C. a Low magnification of Ti fiber and the matrix, b high magnification of Ti

fiber, c high magnification of the matrix
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TiAl3 was the unique product between Ti particle and

Al. While multiphase products of Ti–Al compounds were

formed between Ti fiber and Al. The possible reaction

between Ti fiber and Al is shown below.

Tiþ 3Al ¼ TiAl3 ð1Þ
4Tiþ TiAl3 ¼ Ti3Alþ 2TiAl ð2Þ
Tiþ Al ¼ TiAl ð3Þ
3Tiþ Al ¼ Ti3Al ð4Þ
2Tiþ Al ¼ Ti2Al ð5Þ

According to Kattner [17], DG for reaction 2 is that

DG \ 0, and the reaction can proceed.

The different products between two couples (Ti fiber

and Al couple, Ti particle and Al couple), it is related to the

content of Al in different parts. For Ti particle and Al

couple, the amount of Al was high, Al diffused continu-

ously along the grain boundaries of TiAl3 and to be reac-

tion interface, and reaction 1 proceeded constantly,

therefore, TiAl3 was the unique product. For Ti fiber and

Al couple, the amount of Al around Ti fiber was limited, Al

was consumed soon and reaction 2 began. Al in TiAl3 is a

very active element, it diffused along grain boundaries and

formed TixAl1-x (0.25 \ x \ 0.75) compounds [18]. In

addition, because of O existence, Al2O3 and Ti4O7 were

detected.

When the temperature reached 1300 �C, the temperature

at the reactive interface rose over the melting point of

TiAl3 (1390 �C), due to high exothermic heat [19], and

local TiAl3 phases melted, leading to islands of TiAl3
existence in the matrix.

Accompanied with TiAl3 decomposition, some rod-

shaped products formed. EDX reveals that these were Ti

and Al oxides, which were detected as TiO2 and Al2O3 by

XRD. The microstructure and composition of oxidation

products are very complex and the reader is referred to

previous publications for a more detailed description

[20–22]. Since endothermic heat of TiAl3 decomposition is

smaller than exothermic heat of oxidation formation, the

fourth sharp exothermic peak is owing to the formation of

Al2O3 and TiO2.

Combining both metallographical and thermoanalytical

results, the possible reaction mechanism of Ti fiber rein-

forced TiAl3 composite could be separated into three stages.

First stage, TiAl3 is generated. Below and at the melting

point of Al, the product of Ti fiber and Al couple and the

product of Ti particle and Al couple are TiAl3.

Second stage, Ti–Al compounds are formed. With the

increasing temperature, the content of TixAl1-x (0.25 \
x \ 0.75) will be rearranged according to phase equilibrium

through elements diffusion.

Ti2AlTiAl Ti3AlTi particle Ti fiber TiAl3 TiAl2 Oxidation 

(c)

(a) (b)

(d)

Fig. 10 A model for the infiltration-in situ reaction mechanism of Ti

fiber reinforced TiAl3 composites. a reactants, b forming TiAl3, c
forming multiphase Ti–Al compounds, d decomposing TiAl3 and

forming oxidation

Fig. 8 XRD patterns of in situ reaction composites
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Last stage, TiAl3 decomposes and oxidation occurs.

TiAl3 is an unstable phase at higher temperature, accom-

pany with the decomposition of TiAl3, TiO2, and Al2O3 are

formed.

A model of the infiltration-in situ reaction mechanism of

Ti fiber reinforced TiAl3 composite is shown in Fig. 10.

Conclusions

The reaction product between Ti particle and Al was TiAl3
under a particular range of holding temperature. TiAl3
decomposed when reaction temperature at 1300 �C.

The reaction product between Ti fiber and Al were

complex. TiAl3 was formed at Ti fiber and Al interface

initially, when the as-cast material was heated to 950 �C,

multiphase Ti–Al compounds were formed due to inter-

action between Ti and TiAl3.

At high temperature ([950 �C) oxidation occurred.

Al2O3, Ti4O7, and TiO2 were formed.

Ti fiber reinforced TiAl3 composite has been prepared by

infiltration-in situ reaction. The reaction among Ti fiber, Al,

and Ti particle can be separated into three stages: TiAl3
generated and formed a layer; multiphase Ti–Al compounds

formed; TiAl3 decomposed, and oxidation occurred.
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