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Abstract: Al,Oj3 short fiber (containing 28 vol.% SiO») reinforced TiAl matrix composite was prepared by spark plasma
sintering (SPS). The interfacial reaction mechanism was clarified by thermodynamic and kinetic analyses. The main
interfacial phase was TisSi3, originated from Ti element of TiAl matrix and Si element of Al,O3 fiber. The activation
energy of interfacial layer was 285.1 kJ/mol. In addition, the matrix around the interfacial region was composed of
y-TiAl phase due to the consumption of Ti element in the process of interfacial reaction. However, the formation of
mullite phase occurred in the heat-treated Al,Os fiber and as-sintered composite due to the chemical reaction between

y-Al,03 and amorphous SiO; phases.
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1 Introduction

TiAl intermetallics are considered to be
promising high temperature structural materials
with the advantage of low density, high specific
strength and stiffness, good oxidation resistance and
creep resistance [1,2]. However, the high brittleness
and poor forming ability hinder their practical
applications [3,4]. Moreover, the fracture toughness
of TiAl intermetallics must be further improved.
Accordingly, many studies have addressed these
problems on alloying [5,6] and adjusting the
microstructures of TiAl intermetallics [7,8].
However, the toughening effect is limited. As a
result, TiAl matrix composites, which can
effectively improve the fracture toughness, are
drawing more and more attention.

The reinforcements of TiAl matrix composites
include particles [9], whiskers [10], and fibers [11].
YUAN et al [9] investigated the hot deformation
behavior of Ta-particle reinforced Ti—48Al-2Cr—
2Nb—0.2W composite, and found that the addition

of plastic Ta particles was beneficial to the hot
working of TiAl intermetallics. On the other hand,
the fiber reinforced TiAl matrix composites can
be toughened by bridging, crack bending and
deflection, fiber debonding and pull-out [11].
The fiber reinforcement categorized
into continuous (long) fiber reinforcement and
discontinuous (short) fiber reinforcement. The
continuous fiber reinforced composites have some
problems, such as high cost, complex preparation
process, difficulty in secondary processing and

can be

anisotropy of mechanical properties. However,
discontinuous fiber reinforced composites can be
more flexibly and simply processed. In addition, the
mismatch sensitivity of thermal expansion coefficient
between TiAl matrix and short fiber is low.

At present, some fiber reinforcements have
been introduced to TiAl matrix composites, such as
C, SiC, Mo, Ta, TiNb and Al>Os fibers. C [12] and
SiC [13] fibers have the advantages of low density
and good thermal stability. However, the interfacial
reaction between TiAl matrix and reinforcements
is very severe, and the compatibility of the thermal
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expansion coefficients is also a problem. Mo [14],
Ta [11] and TiNb [15] fibers have high toughness,
but large density. Among these reinforcements,
ALO; fiber matches well with TiAl matrix in
thermal expansion coefficient and elastic modulus,
which can significantly reduce the thermal residual
stress and formation of cracks at the interfacial
region [16,17]. In addition, Al,O; fiber possesses
low density, high melting point and excellent
mechanical properties [18]. CUI et al [10]
investigated the effect of AlO; whiskers on
mechanical properties of Al,Os./Ti—46A1—4Nb
composites, and found that the introduction of
Al,Os whiskers can significantly enhance the
comprehensive mechanical properties by fine-grain
strengthening and whisker toughening. WEBER
et al [16] demonstrated that continuous Al,O3
ceramic fibers can improve the creep property and
fracture resistance of TiAl matrix by weak
fiber—matrix interface. However, the interfacial
reaction mechanism of Al,Os; with TiAl matrix has
been rarely reported. Moreover, it is of significance
to disclose the phase transformation of Al,Os¢#/TiAl
composite after interfacial reaction.

In this work, Al:Os; short fiber (containing
28 vol.% Si0») was introduced into TiAl matrix by
spark plasma sintering (SPS). The SiO, phase in
Al,Os fibers was to inhibit the grain growth in the
fabrication process, which made interfacial reaction
more complicated. The microstructures of the
interfacial reaction between TiAl matrix and Al,O3
fiber were investigated. Moreover, the interfacial
reaction mechanism was also revealed by
thermodynamic calculation and kinetic analyses.
In addition, the phase transformation around the
ALQO; #/TiAl interface was also identified.

2 Experimental

2.1 Material preparation

Pre-alloyed TiAl powder with a nominal
composition of Ti—45A1-7Nb—0.4W—0.1B (at.%)
was fabricated by plasma rotating electrode process
(PREP) technology. Figures 1(a—c) show that the
average size of TiAl powder is 94 um. It can be
seen that TiAl powder is composed of y and a»
phases (Fig. 1(d)). AlO; fiber was produced by
sol-gel method and -electrospinning technology
in Shanghai Rongrong Co. Ltd., China. Figure 1(e)
shows the morphology of Al,O; fiber. The diameter

is about 16 um, and the phases include y-Al,O; and
amorphous SiO; (Fig. 1(f)).

The 1 vol.% Al,O3 short fibers (0.5—1 mm in
length) and 99 vol.% TiAl powder were mixed at
30 r/min for 24 h in a mixer. Subsequently, 30 g
mixtures were put into a graphite mold and sintered
in an SPS apparatus (LABOX TM 325R, Japan) at a
pressure of 40 MPa. The sintering temperatures
were from 1050 to 1300 °C. The heating process
included two stages: from room temperature to
600 °C at 50 °C/min, and from 600 °C to target
sintering temperature at 80 °C/min. At sintering
temperatures, the samples were held for 10 min.
Finally, the samples were cooled down to room
temperature in furnace. The Al,O;¢TiAl composite
with a diameter of 30 mm and a thickness of 10 mm
was obtained. The relative density of composite was
measured.

The high temperature thermal exposure
experiments were performed for the composite
sintered at 1100 and 1150 °C in order to study the
interfacial reaction kinetics. The exposure time was
from 0.5 to 3 h. It is worth noting that the ALLO;
fibers were also heat-treated at temperatures from
1050 to 1300 °C for 4 h in order to study the phase
transition.

2.2 Microstructural characterization and
hardness measurement

The microstructures of TiAl composite were
characterized by using scanning electron micro-
scopy (SEM, FEI Helios) and electron backscatter
diffraction (EBSD, Oxford). For the EBSD
characterization, polished specimens were etched
by A3 reagent (90 vol.% ethanol and 10 vol.%
perchlorate), and then electrolytically polished at
20 V for 20 s. The EBSD measurement was carried
out at an accelerating voltage of 20 kV and with a
step interval of 0.5 ym. Data from EBSD were
further analyzed by using HKL Channel 5 software.
The chemical compositions of composite were
detected by electro-probe microanalyses (EPMA,
JEOL). The phase constitutions of TiAl powder,
AlLOs fiber and composites were identified by using
an X-ray diffractometer (XRD, Rigaku D/max
2550VB) with Cu K, radiation. The scanning angle
ranged from 10° to 90° with a scanning step interval
of 0.02°. Jade 5.0 software was used to analyze the
phase structures. The macro-hardness of composite
was measured by Vickers hardness tester.
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Fig. 1 Morphologies and phase compositions of Ti—45A1-7Nb—0.4W—0.1B pre-alloyed powder and AlLO; fiber:
(a) Morphology of TiAl powder at low magnification; (b) Morphology of TiAl powder at high magnification; (c) Size
distribution curve of TiAl powder; (d) XRD patterns of TiAl powder; (¢) Morphology of Al,Os fiber; (f) XRD patterns

of AlL,O; fiber

3 Results

3.1 Microstructures

Figure 2 shows the microstructures of
as-sintered ALOs3#TiAl composite. At sintering
temperature of 1050 °C, some obvious pores
distribute in the composites, as indicated in
Figs. 2(c, f). In the meantime, there exist some
boundaries of primary TiAl particles in the matrix.
At 1150 °C, the densification process is almost
completed, and the composite exhibits a uniform
y phase microstructure. The interfacial reaction
region is observed between Al,O; fiber and TiAl
matrix (Fig. 2(h)). With the increase of sintering
temperature, the interfacial reaction becomes more
and more severe, as shown in Figs. 2(j—1). The

matrix microstructures of the composite sintered at
1300 °C transform from the near y phase to fully
lamellar structure (Fig. 2(1)).

Figure 3(a) displays the relative density of
ALOs;¢TiAl composite at various sintering
temperatures. The density increases rapidly with the
increase of temperature from 1050 to 1100 °C, then
increases slowly from 1100 to 1200 °C, and finally
remains constant in the range of 1200—1300 °C.
The XRD patterns of as-sintered Al,Os¢/TiAl
composite are shown in Fig. 3(b). Compared with
that of TiAl powder in Fig. 1(d), the content of a
phase in the as-sintered AlLO;¢/TiAl composite
decreases significantly. In the meantime, the
contents of a; and S phases in the as-sintered
composite increase with the increase of sintering
temperature.
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Fig. 2 Microstructures of Al,O3#/TiAl composite after sintering at different temperatures: (a—c) 1050 °C; (d—f) 1100 °C;
(g, h) 1150 °C; (i, j) 1200 °C; (k) 1250 °C; (1) 1300 °C
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Fig. 3 Relative density (a) and XRD patterns (b) of Al,Os3 ¢#/TiAl composite after sintering at different temperatures

3.2 Interfacial reaction of composites Al,O3¢/TiAl composite at 1150 °C. The interfacial
Figure 4 shows the interfacial reaction region layer, as marked by arrow in Fig. 4(a), is rich in Ti
and corresponding compositions of as-sintered and Si elements (Figs. 4(b, d)). There are relatively
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(b) Ti; (¢) Al; (d) Si; (e) O; (f) Nb

few other elements distributed in the interfacial
region (Figs. 4(c, e, f)). EPMA analysis results of
matrix, interfacial layer and Al,Os fiber in Fig. 4(a)
are listed in Table 1. It provides further evidence
of the enrichment of Ti and Si elements in the
interfacial reaction region (Point 2). Compared with
that of original ALOs fiber, the composition of
ALO; fiber in the center of as-sintered Al,Os¢#/TiAl
composite has little change (Point 3).

Table 1 EPMA analysis results of as-sintered AlO; ¢/
TiAl composite in Fig. 4(a) (at.%)
Point Ti Al Nb Si (0] w B
1 4403 4552 635 0.14 354 042 -
2 4692 1090 5.47 1938 11.76 0.16 5.41
3 0.17 30.69 0.01 6.17 6296 - -

Figure 5 shows the relationship between the
thickness of interfacial reaction layer and sintering
temperature in as-sintered AlOs¢#/TiAl composite.
Among them, the interfacial reaction of the
composite sintered at 1050 °C is very weak, as
shown in Figs. 6(a, b). The interfacial reaction starts

= -
Fig. 4 Microstructures and EPMA analysis results of Al,Os3 ¢/ TiAl composite after sintering at 1150 °C: (a) Morphology;
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Fig. 5 Relationship between thickness of interfacial
reaction layer and sintering temperature in as-sintered
AL O3 ¢/TiAl composite

to occur at 1100 °C. With the increase of sintering
temperature from 1100 to 1300 °C, the thickness
of interfacial reaction layer increases from 0.6 to
2.5 um (Fig. 5). However, the interfacial reaction of
the composite sintered at 1300 °C is very severe, in
which the AlLO; fiber tends to break down
(Figs. 6(c, d)).
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Fig. 6 Microstructures (a, ¢) and EPMA analyses (b, d) of A,O3¢#/TiAl composites after sintering at 1050 °C (a, b) and

1300 °C (c, d)

3.3 Phase evolution of composites

In order to investigate phase transformation
process of AlO; fiber containing SiO, phase
reinforced TiAl matrix composite, it is necessary to
study the phase evolution of Al,O; fiber. The phase
changes of Al,Os fiber after heat treatment at the
corresponding sintering temperature are shown in
Fig. 7. It can be seen that when the temperature
rises to 1100 °C, the phase compositions of Al,O3
fiber are still y-Al,O; and amorphous SiO,. At
1150 °C, the diffraction peaks of orthorhombic
structured mullite phase appear. As the temperature
increases to 1200 °C, no y-Al,O3; and amorphous
SiO, phases can be observed. In addition, a small
number of 6-Al,O; phase is detected. After heat
treatment at higher temperatures, there is little
change in the phase contents of mullite and 6-Al,O3
phases.

The EBSD analyses of phase evolution in
ALOs3#/TiAl composite sintered at 1150 °C are
shown in Fig. 8. Figure 8(a) displays the micro-
structure, and Fig. 8(b) shows the phase map of
interfacial reaction region in the as-sintered
composite. Obviously, there exists some TisSi3
phase in the interfacial layer. In addition, a small
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Fig.7 XRD patterns of ALO; fiber after thermal
exposure at temperatures from 1050 to 1300 °C

quantity of mullite phase is detected in the
composite, as indicated by arrow in Fig. 8(b).
Moreover, the remaining Al,Os fiber in as-sintered
composite is composed of a-Al,O3 phase.

3.4 Hardness

Figure 9 displays the hardness results (HVS)
of ALOs;¢TiAl composite at various sintering
temperatures. The hardness increases rapidly with
the increase of temperature from 1050 to 1100 °C,
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then remains constant in the range of 1100—1200 °C,
and finally decreases rapidly from 1200 to 1300 °C.

(2)

® 0-Al)O;
® TiAl

® Ti Al
Mullite

TisSi,

Fig. 8 Microstructures of interfacial region of ALOs¢/
TiAl composite after sintering at 1150 °C: (a) SEM
image; (b) EBSD phase map
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Fig. 9 Hardness of Al,O; ¢/ TiAl composite after sintering
at different temperatures

4 Discussion

4.1 Thermodynamic analyses

The interfacial reaction layer was formed in
Al,Os fiber reinforced TiAl matrix composite,
and the enrichment of Ti and Si elements in the
interfacial region was identified. The interfacial
reaction also affected the mechanical properties of
composite, as shown in Fig. 9. The Ti atom diffused
from TiAl matrix to Al,O; fiber, while Si atom

diffused from AL,O; fiber to TiAl matrix. In fact, the
affinity between Ti and Si atoms is strong [19,20].
The possible chemical reaction is shown in
Eq. (1) [21,22]:

xTi+ySi—Ti,Si, (1)

where x and y are the stoichiometric ratios of Ti
and Si, respectively. Based on the Ti—Si binary
equilibrium phase diagram [23], there exist five
Ti—Si compounds, i.e., Ti3Si, TisSi3, TisSis, TiSi
and TiSi,.

The Gibbs free energy change of five Ti—Si
compounds in the temperature range from 1050 to
1300 °C was calculated by using Thermo-Calc
thermodynamic software, and the results are shown
in Fig. 10. Obviously, Gibbs free energy changes
follow the sequence: TisSi3; < TisSis < TiSi < TisSi <
TiSiz. TisSis phase exhibits the lowest Gibbs free
energy change, and is thermodynamically stable.
The phase analyses of as-sintered composite in
Fig. 8 also prove that the interfacial reaction
product is TisSi; phase. Other studies have shown
that TisSi3 phase was the major reaction product in
Ti and TiAl alloys if the alloy systems contained
Si elements. HUANG et al [23] investigated the
interfacial microstructure of SiC reinforced
Ti—6Al-4V matrix composite, and found that TisSis
phase was mainly formed. LI and ZHANG [22] also
reported the existence of TisSi; compound in C
coated SiC fiber reinforced TiAl matrix composite.
The solubility of Al element in TisSiz compound is
no more than & at.% [24], which hinders the
diffusion of Al atoms to the interfacial layer. So, Al
atom is rich in the matrix, leaving behind y-TiAl
phase (Fig. 4).
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Fig. 10 Gibbs free energy changes of Ti—Si compounds
in temperature range from 1050 to 1300 °C
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4.2 Kinetic analyses

The interfacial reaction product TisSiz phase is
prone to the crack initiation and propagation, which
is harmful to the properties of composites [13,25].
Therefore, it is necessary to analyze the growth
kinetics of interfacial layer. Figure 11 exhibits the
relationship between the interfacial thickness and
heat treatment time at 1100 and 1150 °C. The linear
relationship shows that the interfacial reaction of
ALO;¢TiAl composite is mainly controlled by
diffusion [26]. The growth kinetics of interfacial
reaction layer can be expressed by Eq. (2) [26]:

z=kt"+z, )

where z is the interfacial thickness, & is the growth
rate constant of interfacial layer, ¢ is the thermal
exposure time, and xo is the initial interfacial
thickness before thermal exposure experiment. The
growth rate constant & and temperature 7 satisfy the
Arrhenius’ relation [25]:

_ 0

In k=In k, “RT 3)
where ko is the pre-exponential factor, Q is the
growth activation energy of interfacial layer, R is
the molar gas constant and 7 is the thermodynamic
temperature. The values of %k and QO are
independent of temperature, depending on the
chemical reaction itself.

35
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Fig. 11 Relationship between thickness of interfacial
reaction layer and time in heat-treated Al,O;¢/TiAl
composite at 1100 and 1150 °C

"2 curves of thermal exposure

By fitting z—
experiments in Fig. 11, the growth rate constants of
interfacial layer k are calculated as 1.67x107® m/s!?

at 1100 °C and 2.58x10*m/s'?> at 1150 °C,

respectively. Combined with Eq. (3), the values of
pre-exponential factor ko and activation energy QO
are 4.43x107° m/s'? and 285.1 kJ/mol, respectively.
According to other studies [13,25], the activation
energy of interfacial reaction in the SiCy/TiAl,
C-coated SiC¢TiAl and B4C-coated SiCy/TiAl
composites was 190, 230.7 and 308.1 kJ/mol,
respectively. The activation energy of AlOs;¢/TiAl
composite in this work is higher than that of
SiC¢/TiAl and C-coated SiCy¢/TiAl composites, and
is close to that of B4C-coated SiC¢/TiAl composite.

4.3 Phase changes

The AlOs; fiber containing SiO, phase is
susceptible to the occurrence of the phase
transformation at high temperatures [27]. The phase
compositions of Al,Os fiber heat-treated at different
temperatures were identified. The Al,Os fiber could
maintain the phase stability at 1100 °C or less.
At 1150 °C, the mullite phase was formed. The
formation mechanism of mullite phase was related
to the chemical reaction between y-Al,Os; and
amorphous SiO; phases [28,29]. The detailed phase
reaction is as follows:

3A1,03+2S10,—3A1,03-2S10, (4)

At the heat treatment temperature higher than
1200 °C, the crystallization process of mullite phase
was completed. JIANG et al [27] also observed the
mullite phase transformation in Al,Os fiber.

5 Conclusions

(1) At sintering temperatures lower than
1100 °C, some pores and primary boundaries of
TiAl powder particles distributed in the composite.
At 1150 °C, the densification process was almost
completed. With the increase of sintering
temperature, the interfacial reaction became more
and more severe.

(2) The interfacial phase of Al,Os¢/TiAl
composite was TisSi3 due to the lowest Gibbs free
energy change, and the interfacial reaction was
controlled by diffusion of Ti atom from TiAl matrix
and Si atom from Al,Os fiber. The activation energy
of interfacial reaction in the AlO;¢TiAl composite
was 285.1 kJ/mol, which was higher than that of
SiC¢/TiAl and C-coated SiCy¢/TiAl composites, and
was close to that of BsC-coated SiCyTiAl
composite.
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(3) In the ALO; fiber, the mullite phase was

formed after heat treatment at 1150 °C. The main
phases of AlbO; fiber remained to be y-Al,O3; and
amorphous SiO,. The formation of mullite phase

was

due to the chemical reaction between y-Al,O3

and SiO; phases. The mullite phase was also present
in the composite at 1150 °C.
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ALO; F4E1858 TiAl EE SRR E R M
T BT, T o2, X W, MEE, X sk
R Ky ARG ESEREALIGE, Kb 410083

W E: RIS R TSPl & ALOs J4F4E (7 28% (AR /3 #)Si02) 3k TiAl = E A Mk, it # )
SNBSS, AR R B S ALOs A 4EN S HAN TisSis, ZAHFEZHRIET TIAl F4EH 1 Ti o
FHM ALOs A4 1) Si JEER . TiAl 2255 ALOs 41 4EIf ST R BIUE RE N 285.1 kI/mol. tb4h, BT SR pid
FEh Ti TR MEFE, S BRI E p-TIAL ARG, RS ALOs A4k S E A B, y-ALOs 5
R SiO MR R, TERREER A,
KR TIALEE AR SRS ALOs 414 M4 BUAWHIE

(Edited by Bing YANG)



