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Abstract: A fine-grained TiAl alloy with a composition of Ti—45A1-2Cr—2Nb—1B—-0.5Ta—0.225Y (mole fraction, %) was prepared
by double mechanical milling(DMM) and spark plasma sintering(SPS). The relationship among sintering temperature, microstructure
and mechanical properties was studied. The results show that the morphology of double mechanical milled powder is regular with
size in the range of 20—40 um and mainly composed of TiAl and Ti3Al phases. The main phase TiAl and few phases Ti;Al, Ti,Al and
TiB, were observed in the SPSed alloys. For samples sintered at 900 °C, the equiaxed crystal grain microstructure is achieved with
size in the range of 100—200 nm. With increasing the SPS temperature from 900 °C to 1000 °C, the size of equiaxed crystal grain
obviously increases, the microhardness decreases from HV658 to HV616, and the bending strength decreases from 781 MPa to 652
MPa. In the meantime, the compression fracture strength also decreases from 2769 MPa to 2669 MPa, and the strain to fracture in
compression increases from 11.69% to 17.76%. On the base of analysis of fractographies, it shows that the compression fracture

transform of the SPSed alloys is intergranular rupture.
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1 Introduction

TiAl-based alloys have been considered attractive
candidate materials to replace nickel-based superalloys,
titanium alloys and other high temperature alloys for
aerospace structural and engine applications due to their
low density, high specific strength and relatively good
properties at an elevated temperature and high creep
resistance at temperatures up to 900 °C [1]. However,
their low room temperature ductility and elevated
temperature formability limit the alloys being widely
used. In attempts to improve ductility, recent researches
have focused on the production of ultrafine grained TiAl
based alloys [2,3]. Grain refinement through boron
addition has been investigated in a range of cast
TiAl-based alloys and the local boron concentration in
the solidification during casting has effect on the grain
size [4]. Ultrafine grained
composites have been prepared by mechanical alloying

intermetallic/ceramic

and subsequent powder consolidation [5].

Powder metallurgy (PM) is a favourable process for
synthesizing ultrafine grained and nanostructure TiAl-
based alloys [6]. PM has the advantages of ensuring high
microstructure and compositional homogeneity, and
allows the use of nanostructure or ultrafine structured
powders and nanopowders produced using various
processes such as high energy mechanical milling and
rapid solidification [7,8]. TiAl-based alloys were
prepared by high-energy ball-milling and hot-pressing
sintering [9]. The microstructures and deformation
properties of Ti—46Al—(Cr,Nb,W,B) alloy consolidated
by pseudo-HIP technology were investigated [10].

SPS is found to compact powders satisfactorily
through the simultaneous application of direct current
pulses of high intensity and uniaxial pressure. Assisted
by the applied pressure, such an electric current induces
a temperature elevation within the sample by Joule’s
effect, at least in metallic materials, thus leading to
powder sintering [11]. Ti—47.5A1-2.5V—1.0Cr alloys
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from the prealloyed powder were prepared by spark
plasma sintering [12]. LI et al [13] investigated the effect
of SPS temperature on the microstructure of the
TiAl-based alloys fabricated by the mechanical milling
and SPS. SPS technique has already been successfully
used by several groups of researchers in synthesizing
bulk TiAl-based alloys with some of them being
nanostructured or ultrafine structured. In most of these
studies, pre-alloyed TiAl-based powders produced by
atomisation or by mechanical alloying were used [14,15].
Alloying elements, such as Mo, Nb, B and Y, have been
added to TiAl-based alloys in order to improve the
mechanical properties and oxidation resistance [16]. In
previous studies, YU et al [17] fabricated fine-grained
Ti—45A1-2Cr—2Nb—1B alloys by low temperature
high-energy ball-milling and hot isostatic pressing. In the
present work, Ti—45A1-2Cr—2Nb—1B—0.5Ta—0.225Y
(mole fraction, %) alloy is prepared by high energy
double mechanical milling and SPS. The aim of this
study is to determine the effect of SPS temperature on
the microstructure and mechanical properties of the
TiAl-based alloy with ultrafine grained microstructures.

2 Experimental

The powders of Ti(99.9%), Al(99.9%), Cr(99%),
Nb(99.8%), B(99.999%), Ta(99.98%) and Y(99.9%)
were used as the starting materials. The mean particle
sizes of Ti and Al were less than 150 ym and 70 pm,
respectively, Cr, Nb, Ta and Y powders 50 pm, and B
powders 0.6 um. Before milling, the powders were well
mixed as Ti—45A1-2Cr—2Nb— 1B-0.5Ta—0.225Y (%)
composition. The high energy double mechanical
milling(DMM) was carried out in a planetary ball mill
under high purity argon atmosphere. The DMM was
done with a stainless steel vial containing 100 g of
powder mixture, 0.63% (mass fraction) of stearic acid
added as a process control agent. Milling conditions are
given in Table 1. The milling process consisted of first
milling the powders with a low rotation speed of 100
r/min to thoroughly mixing the powders, and subsequent
high energy mechanical milling the powder mixture for 6
h with a high rotation speed of 300 r/min (MA1), after 2
h vacuum heat treatment at 700 °C and then 6 h with a
high rotation speed of 300 r/min (MA2). To minimize
sticking of powders on vial, ball interrupted milling was
carried out, and the milling machine was stopped for 30
min after every 30 min of milling.

Dr.Sinter SPS—1050 furnace was employed to sinter
and consolidate the alloying powders under a uniaxial
pressure of 50 MPa at 900 °C and 1000 °C, respectively.
The powder compact was heated through generating
spark plasma in the furnace first to a temperature equal
to +~100 °C at a rate of 100 °C/min, where ¢ is the

designated sintering temperature (900 °C and 1000 °C).
It was then heated to 50 °C at a rate of 50 °C/min,
followed by heating to the designated sintering
temperature at a rate of 25 °C/min. The furnace was held
for 5 min at the sintering temperature and then the
sample was cooled with the furnace. The sintered
samples were cylindrical disks with a diameter of 30 mm
and thickness of 6—7 mm.

Table 1 Milling conditions used in mechanical alloying of
TiAl-based powder fixture

Milling item Condition

Milling vial material Stainless steel

Ball material 75 stainless steel

Diameter of ball/mm 12.5
Rotation speed of disc/(rrmin ') 100-300
Rotation speed of vial/(rrmin ') 200-600

Ball-to-powder mass ratio 6:1
Atmosphere High purity argon

An electric discharge machining(EDM) cutter was
used to produce the metallography samples and the
specimens for compression. The density of the cut
samples was measured using the Archimedes technique.
The microstructures of the powder particles and bulk
SPSed samples were characterized 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). The compression tests were
performed using an INSTRON mechanical testing
machine with cylindrical specimen dimensions of
3 mmx4.5 mm, and rectangular three-point bending test
specimens with dimensions of 3 mmx4 mmx20 mm. The
cross-head speed for both types of tests was 0.5 mm/min.
The Vickers micro-hardness tests were performed using a
load of 0.98 N(100 g) and loading time of 15 s.

3 Results and discussion

3.1 Micrograph and phase composition of mechanical

alloying powders

Morphological images of Ti—45AI-2Cr—2Nb—1B—
0.5Ta—0.225Y powder particles at different stages of
double mechanical milling are shown in Fig. 1. After
high energy mechanical milling for 6 h with rotation
speed of 300 r/min, the power particles exhibit an
irregular shape due to the plastic deformation and the
brittle fracture as a result of rolling and compacting
during milling. The average particle size at this stage is
20—80 um (Fig. 1(a)). After 2 h vacuum heat treatment at
700 °C and then milling for 6 h with a high rotation
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Fig. 1 SEM images of Ti—45A1-2Cr—2Nb—1B—0.5Ta—0.225Y
powder particles at different stages of double mechanical
milling: (a) MAL; (b) MA2

speed of 300 r/min, powder particle size decreases as a
result of fracturing of powder particles over the cold
welding process and the powder particles show a regular
shape. The average particle size at this stage is 20—40 pm
(Fig. 1(b)).

The SEM examination of cross-sections of the
powder particles was used for studied microstructure of
the powder particles at different milling stages (Fig. 2).
At the stage of MAI, the starting materials became the
layered composite structure. In the structure, the bright
phase is a-Ti phase and the dark phase is Al phase. From
Fig. 2(a), the Ti phase strip could be found. The section
rich in elements of Nb and Ta appear (the white section
in Fig. 2(a)) due to difficulty of Nb and Ta solution into
Ti phase or Al phase. After heat treatment and following
milling for 6 h the layered structure is refined and then
disappears, and the structure exhibits homogeneous
structure (Fig. 2(b)).

The XRD patterns of Ti—45AI-2Cr—2Nb—1B—
0.5Ta—0.225Y powder mixture at different milling stages
are shown in Fig. 3. The powder after milling for 6 h
shows peaks of Ti and Al, and peak width of Ti increases
due to decrease in crystallite size caused by mechanical
alloying during milling (Fig. 3(a)).

After heat treatment on the base of MA1, the XRD
peak intensity of Ti decreases and the peak of Al
disappears due to lattice strain and chemical reaction
between Ti and Al. The TiAl, Ti3;Al and TiAl; phases

Fig. 2 SEM images of cross-sections of Ti—45A1-2Cr—2Nb—
1B—-0.5Ta—0.225Y powder particles at different stages of
double mechanical milling: (a) MA1; (b) MA2

appear owing to the reaction between Ti and Al (Fig.
3(b)), that is to say after heat treatment, Ti, TiAl, Ti;Al
and TiAl; are the all phases in the powders. During the
continued milling (MA2), the XRD peaks of Ti and TiAl;
are not found, the TiAl and Ti;Al are the main phases in
the milled powder particles and the width of peaks
increases (Fig. 3(c)). The reason causing the result is the
interdiffusion and reaction between the phases. Based on
the broadening of the XRD peaks and the Schererr’s
equation, the grain sizes of the phases decrease [17].

A=Ti  +—ThAl
% v—Al  e—TiAl

1
20 40 60 80 100
26/(%)
Fig. 3 XRD npatterns for Ti—45A1-2Cr—2Nb—1B—-0.5Ta—
0.225Y powders at different stages of double mechanical
milling: (a) MA1; (b) MAl+heat treatment (700 °C, 2 h); (c)
MA2
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3.2 Microstructure and phase composition of SPSed
Ti—45A1-2Cr—2Nb—-1B-0.5Ta—0.225Y alloy
Figure 4 shows the SEM images of the bulk samples

prepared by SPSed Ti—45AI-2Cr—2Nb—1B-0.5Ta—

0.225Y powders at different temperatures, which clearly
effect of SPS temperature on the

microstructure of the sintered samples. From Fig. 4(a)

and Fig. 4(b), it could be found that the samples with the

SPS temperature of 900 °C exhibit the equiaxed structure

and the grain size is 100—200 nm. The sample exhibits

compact structure with a few pores. As the SPS

temperature increases from 900 °C to 1000 °C (Fig. 4(c)

and Fig. 4(d)), the microstructure remains to be equiaxed

structure, but the grain size increases to 200—500 nm,
and the TiB, phase with a diameter of about 50 nm
appears. The compact structure without visible pore was

shows the

obtained due to diffusion in the fine powders at the high
SPS temperature.

Figure 5 shows the XRD patterns of the bulk
samples prepared by SPSed Ti—45AI-2Cr—-2Nb—1B—
0.5Ta—0.225Y powders at different SPS temperatures of
900 °C and 1000 °C. The clear diffraction peaks suggest
that the sintered specimens are the formation of TiAl as
the major phase, Ti;Al and Ti,Al as the minor phases and
with a minor amount of TiB, phase. The reason is that
interdiffusion and reaction of the milled powders had
happened during SPS. The intensities of peaks of the
phases show that with increasing SPS temperature, peak
intensity of TiAl phase decreases and intensities of peaks

of TizAl and TiB, phases increase, which indicates that
the contents of Ti3Al and TiB, phases increase.

The density of the sample prepared by SPS at 900
°C is 4.167 g/em’, showing that the sample is not fully
densified (pores shown in Fig. 4(b)). When the
temperature increases from 900 °C to 1000 °C, the
density of the sample reaches 4.176 g/cm’ and the
sample exhibits almost fully densified structure.

3.3 Mechanical properties of SPSed Ti—45A1-2Cr—

2Nb—1B—0.5Ta—0.225Y alloy

Figure 6 shows the compress stress—strain curves
of the bulk samples produced by SPSed
Ti—45A1-2Cr-2Nb—1B-0.5Ta—0.225Y alloy powders at
different temperatures. The samples exhibit plastic
deformation and work hardening before fracture. The
typical mechanical properties of the bulk TiAl samples
produced by SPS of double mechanical milled
Ti—45A1-2Cr—2Nb—1B—-0.5Ta—0.225Y  powders at
different temperatures are shown in Table 2. The results
show that two kinds of samples obtained at different SPS
temperatures exhibit the excellent mechanical properties.
With the SPS temperature increasing from 900 °C to
1000 °C, the bending strength and micro-hardness
decrease, and the compression strength decreases from
2769 MPa to 2669 MPa due to the increase in grain sizes
of TiAl, which suggests the strength change follows the
Hall-Petch relationship. Figure 7 shows the fracture
morphologies of compression test specimens from the

Fig. 4 SEM images of Ti—45A1-2Cr—2Nb—1B—-0.5Ta—0.225Y alloys sintered at different temperatures: (a), (b) 900 °C; (c), (d) 1000

°C
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Fig. 5 XRD patterns of Ti—45A1-2Cr—2Nb—1B—-0.5Ta—0.225Y
alloy sintered at different temperatures: (a) 900 °C; (b) 1000 °C
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Fig. 6 Compress stress—strain curves of Ti—45A1-2Cr—2Nb—
1B—0.5Ta—0.225Y alloy samples different
temperatures: (a) 900 °C; (b) 1000 °C

sintered at

Table 2 Properties of Ti—45A1-2Cr—2Nb—1B—0.5Ta—0.225Y
alloy samples sintered at different temperatures

SPS Density/( -cm73) Microhardness,
temperature/°C RAS HV

900 4.167 658

1000 4.176 616
Compression Compression Bending strength/
strength/MPa rate/% MPa

2769 11.69 781

2669 17.76 652

Ti—45A1-2Cr—2Nb—1B—0.5Ta—0.225Y bulk samples at
different temperatures. The transform of fracture of both
kinds of samples is likely to be intergranular fracture.

Fig. 7 Fracture morphologies of compression test samples from
Ti—45A1-2Cr—2Nb—1B—0.5Ta—0.225Y alloy samples sintered
at different temperatures: (a) 900 °C; (b) 1000 °C

4 Conclusions

1) The morphology of double mechanical milled
Ti—45A1-2Cr-2Nb—1B-0.5Ta—0.225Y(mole fraction, %)
powders is regular with size in the range of 20—40 um,
and the structure exhibits homogeneous structure. The
TiAl and TizAl phases are observed in the double
mechanical milled powders.

2) The sintered Ti—45A1-2Cr—2Nb—1B-0.5Ta—
0.225Y sample exhibits an equiaxed grain microstructure
and grain size increases from 100-200 nm to 200—500
nm with the SPS temperature increasing from 900 °C to
1000 °C. TiAl, Ti3Al, Ti,Al and TiB, phases are observed
in Ti—45A1-2Cr—2Nb—1B— 0.5Ta—0.225Y bulk samples.

3) Ti—45A1-2Cr-2Nb—1B—0.5Ta—0.225Y alloy
shows a substantial amount of plastic deformation and
work hardening before fracture. With the SPS
temperature increasing from 900 °C to 1000 °C, the
bending strength, micro-hardness, and the compression
strength decrease. The compression fracture mode of
SPSed Ti—45A1-2Cr—2Nb—1B-0.5Ta—0.225Y alloy is
likely to be intergranular fracture.
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