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Abstract: A fine-grained TiAl alloy with the composition of Ti—43Al-9V was prepared by mechanical milling and spark plasma
sintering (SPS). The relationship among sintering temperature, microstructure and mechanical properties was studied. The results
show that the morphology of mechanical milling powder is regular with size in a range of 5—30 um. Main phases of y-TiAl, a,-TizAl
and few B, phase are observed in the SPS bulk samples. For samples sintered at 1150 °C, equiaxed crystal grain microstructure is
achieved with size in a range of 300 nm—1 um. With increasing SPS temperature to 1250 °C, the size of equiaxed crystal grains
obviously increases, the microhardness decreases from HV592 to HV535, and the bending strength decreases from 605 to 219 MPa.
Meantime, the compression fracture strength also decreases from 2601 to 1905 MPa, and the strain compression decreases from

28.95% to 12.09%.
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1 Introduction

Recently, TiAl-based alloys have been developed as
candidate materials in aerospace structural and engine
applications due to their low density, high specific
strength and attractive high-temperature properties [1,2].
However, their low room temperature ductility and
elevated temperature formability limit the application of
the alloys. The oxidation resistance of binary Ti—Al
intermetallics is rather poor and other additives, such as
Nb, Cr, V and Si, can improve the oxidation resistance
and ductility [1,3]. Refining the microstructure is another
current way investigated to attain well balanced and
reproducible mechanical properties [4]. In attempt to
improve the ductility, recent researches have focused on
the production of ultrafine grained TiAl. Powder
metallurgy (PM) is a favourable process for synthesizing
ultrafine grained and nanostructured TiAl based alloys
and forming near-net shaped components out of such
alloys [4-6]. CALDERON et al [7] studied the
mechanical properties of nanocrystalline TiAl-based
alloys. YU et al [8] synthesized an ultrafine grained TiAl

based alloy by subzero temperature milling and HIP.
KAMBARA et al [9] obtained nano-structured
intermetallic compound TiAl by the crystallization of
mechanically alloyed amorphous TiAL
SURYANARAYANA et al [10] studied the
characterization of alloyed nanocrystalline titanium
aluminides. Spark plasma sintering (SPS) technique has
already been successfully used by several groups of
researchers in synthesizing bulk TiAl inermetallic based
alloys, some of them are nanostructured or ultrafine
structured. COURET et al [4] used the PM route coupled
with the SPS process to produce TiAl alloys with refined
microstructure. LU et al [11] prepared Ti—45A1-8.5Nb—
0.2B—0.2W—0.1Y and Ti—47.5Al- 2.0V—-1.0Cr alloys by
SPS with the average lamellar grain sizes of about 25
and 200 pm, respectively. CHEN et al [12] obtained
ultrafine grained Ti—47Al alloy by SPS.

In the present work, a combination of high energy
mechanical milling and SPS was used to produce
TiAl-based alloy samples with a nominal composition of
Ti—47A1-9V. The aim of this study is to determine
the effect of SPS temperature on the microstructure and
mechanical properties of the TiAl-based alloy.
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2 Experimental

A mixture of Ti (purity>99.9%, particle size<50
um), Al (purity>99.9%, particle size<50 um) and V
(purity>99.9%, particle size<74 um) powders was used
as starting materials. The Ti, Al and V powders were
mixed with a molar ratio of Ti—47A1-9V. The weighed
powders were mixed and loaded in a stainless steel vial
under argon atmosphere. Mechanical milling was carried
out in a high-energy planetary ball mill. The mass ratio
of ball to powder was 10:1 and 1% (mass fraction)
stearic acid was added as a process control agent. The
milling process included milling the powders for 20 h at
a low rotation speed of 180 r/min to thoroughly mix the
powders, and subsequently high energy mechanical
milling the powder mixture for 60 h at a high rotation
speed of 400 r/min.

The consolidation of the milled powder was done
using a Dr. Sinter SPS—1050 furnace. Prior to the SPS
process, the SPS furnace was evacuated and back-filled
with argon for three times, and then evacuated to a
vacuum of 2 Pa. The powder compact was heated
through generating spark plasma in the furnace first to a
temperature equal to (7 —150) °C at a heating rate of 100
°C/min, where T is the designated sintering temperature.
It was then heated to T at a heating rate of 50 °C/min.
The furnace was held at the sintering temperature for 8
min, and then its power was switched off and the sample
was cooled in the furnace. A uniaxial pressure of 50 MPa
was applied to the powder compact in the whole duration
of heating and sintering the powder compact. Three
sintering temperatures of 1150, 1200 and 1250 °C were
selected. The sintered samples were cylindrical disks
with size of d30 mmx(6—7) mm.

The microstructures and resultant phases of the
powder particles and bulk SPS sintered samples were
characterised using X-ray diffractometry (XRD, Philips
X-Pert system with Cu K, radiation) and scanning
electron microscopy (SEM, Hitachi S—4700 SEM
equipped with an energy dispersive spectrometer). For
SEM examination, the polished surfaces of the sintered
bulk solid samples were etched with Krool solution (5%
HNO;+3% HF+92% H,0).

For compression test, the samples were cut into
cylindrical samples with dimensions of 2.5 mmx3 mm.
The three-point bending test samples were cut into
rectangular shape with dimensions of 3 mmx4 mmx
26 mm. These sample surfaces were polished with
1200—grit SiC papers. For each data, three specimens
were tested to record an average value. The compression
and three-point bending tests were performed using an
INSTRON mechanical testing machine. The cross-head
speed for compression tests and three-point bending test

were 0.18 and 0.5 mm/min, respectively. The Vickers
micro-hardness tests were performed under a load of
4.9 N for loading time of 10 s. Five indentations were
tested to record an average micro-hardness data.

3 Results and discussion

3.1 Phase composition and micrograph of powders
Figure 1 shows the XRD pattern of Ti—47AI-9V
powders after mechanical milling for 60 h and Fig. 2
shows the SEM micrograph of the powders after high
energy mechanical milling. The XRD pattern shows Ti,
Al and V peaks as major peaks after milling for 60 h at a
high rotation speed of 400 r/min, suggesting the extent of
the reaction between Al and Ti phases during milling is
negligible. Meantime, the Al and Ti peaks exhibit
shoulders, suggesting the milled powder particles
contain Al(Ti) and Ti(Al) solutions formed by the
interdiffusion between Al and Ti phases during milling.
KAMBARA et al [9] indicated that increasing milling
time resulted in a decrease of grain size of Ti and Al and
the formation of Ti(Al) solid solution. FADEEVA et al
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Fig. 1 XRD pattern of mechanical milling Ti—43A1-9V
powders

Fig. 2 SEM morphology of mechanical milling Ti—43A1-9V
powders
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[13] and BHATTACHARYA et al [5] separately
reported that Ti(Al) solid solution was the only product
of milling. The results show that the morphology of
mechanical milling powder is regular with size in a range
of 5-30 pum.

3.2 Phase composition and microstructure of bulk

samples

Figure 3 shows the XRD patterns of the bulk
samples prepared by SPS at different temperatures with
Ti—47A1-9V composite powders milled for 60 h. It is
clearly shown that at SPS temperature of 1150 °C, the Al,
Ti, Al(Ti) and Ti(Al) phases in the as-milled powders are
completely reacted during SPS, resulting in the
formation of y-TiAl and a,-Ti;Al as the major phases,
and B, phase as the minor phase. Increasing the SPS
temperature from 1150 to 1250 °C has little effect on the
phase structure of the sintered samples, and only the
fraction of the Ti;Al and B, phases appears to increase
slightly.
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Fig. 3 XRD patterns of Ti—43AI-9V alloy bulk samples
prepared by SPS

a2
u“'|

Microstructural examination by SEM (Fig. 4)
clearly shows the effect of SPS temperature on the
microstructure of the sintered samples. At SPS
temperature of 1150 °C, the sintered sample exhibits an
equiaxed grain microstructure with grain size typically in
the range of 300 nm—-1 pm and some bright
microstructure (Fig. 4(a)). At SPS temperature of
1200 °C, the bright microstructure is also observed (Fig.
4(b)), which is the B, phase. With increasing SPS
temperature to 1250 °C, the size of equiaxed crystal
grain obviously increases. During SPS process, a small
amount of a, phase forms, which is related with two
transformation mechanisms: 1) a phase nucleates and
grows at the y grain boundaries during the phase
transformation of a—ypta—yp+ta,; and 2) a particles
formed at y grain boundaries in the course of prior
powder consolidation grow into a, during the SPS
treatment [ 14].

Fig. 4 SEM images of Ti—43Al-9V alloy bulk samples
prepared by SPS at different temperatures: (a) 1150 °C;
(b) 1200 °C; (¢) 1250 °C

3.3 Mechanical properties of bulk samples

Figure 5 shows the typical compression stress—
strain curves of specimens cut from the samples
produced by SPS at different temperatures. All the
specimens show a substantial amount of plastic
deformation and work hardening prior to fracture. The
changes of compression fracture strength, compression
strain, bending strength and micro-hardness of the
samples with SPS temperature are listed in Table 1. With
increasing SPS temperature from 1150 to 1250 °C, the
compression fracture strength decreases from 2601 to
1905 MPa, and the compression strain decreases from
28.95% to 12.09%. At the same time, the bending
strength also decreases from 605 to 219 MPa, and the
micro-hardness decreases from HV592 to HV535.

SEM examination of the bulk alloy samples shows
that increasing of SPS temperature from 1150 to 1250 °C
causes a significant increase of the size of TiAl equiaxed
grains. This increase of the grain size of TiAl should
cause a clear decrease in the compression yield
strength according to the Hall-Petch relationship between
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Fig. 5 Compression stress—strain curves of Ti—43A1-9V alloy
samples prepared by SPS at different temperatures

strength and grain size [13]. The SPS temperature
increase has more significant effect than the grain
coarsening on the strength of the alloy. As shown in the
typical compression strain—stress curves in Fig. 5, the
finer grains of the bulk TiAl alloy sample produced at an
SPS temperature of 1150 °C facilitates substantial
compression plasticity and work hardening. Since the

Table 1 Mechanical properties of Ti—43AI-9V alloy bulk
samples prepared by SPS at different temperature
Three-point Compression

SPS Micro- . .
temperature hardness bending fracture ~ Compression
I;Q C (HV) strength/ strength/ strain/%
MPa MPa
1150 592 605 2601 28.95
1200 543 402 2188 14.27
1250 535 219 1905 12.09

bending half of the specimen is in tension, it is expected
that the bending strength of a sample is sensitive to grain
coarsening. Based on this consideration, it is not
surprising to observe that the bending strength of the
bulk samples produced at SPS temperature of 1250 °C is
fairly low.

Figure 6 shows the bending fracture morphologies
of Ti—43Al-9V alloy samples prepared by SPS at
different temperatures. The fractured surfaces for the
sample prepared by SPS at 1150 °C are shown in
Figs. 6(a) and (b). Fine cleavage facets are observed in
the fracture surface of this sample, together with some
terrace-type morphology. As shown in Figs. 6(c) and
(e), at SPS temperatures of 1200 and 1250 °C, coarse

Fig. 6 Bending fracture morphologies of Ti—43A1-9V alloy samples prepared by SPS at different temperatures: (a), (b) 1150 °C;

(), (d) 1200 °C; (e), (f) 1250 °C
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cleavage facets are observed in the fracture surfaces of
these samples, which contain a lamellar microstructure.
A combination of interlamellar cracking and
intergranular fracture leads to brittle fracture of the
lamellar structure. At higher magnification in Figs. 6(d)
and (f), the lamellar morphology is more obvious. In
these samples, delamination of the lamellar appears to be
the principal mechanism for the nucleation of
microcracks within the grains. When these microcracks
propagate and reach the lamellar grain boundaries, the
cracks are deflected and follow the grain boundaries,
causing the intergranular fracture [15]. The cleavage
fracture is the extreme brittleness of these samples.

4 Conclusions

1) The morphology of mechanical milling powders
is regular with size of 5-30 um. The main phases y-TiAl,
0,-TizAl and few B, phase are observed in the
Ti—43A1-9V alloy.

2) The sintered Ti—43Al-9V alloy exhibits an
equiaxed grain microstructure. With increasing SPS
temperature from 1150 to 1250 °C, the size of equiaxed
crystal grain obviously increases.

3) The samples show a substantial amount of plastic
deformation and work hardening prior to fracture. The
mechanical properties of Ti—43A1-9V alloy prepared at
SPS temperature of 1150 °C are better than those
prepared at 1200 and 1250 °C. The bending fracture
mode of the SPS Ti—43Al-9V alloy is cleavage fracture.
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