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Abstract: A fine-grained TiAl alloy with a composition of Ti-47%Al(mole fraction) was prepared by double mechanical 
milling(DMM) and spark plasma sintering(SPS). The relationship among sintering temperature, microstructure and mechanical 
properties of Ti-47%Al alloy was studied by X-ray diffractometry(XRD), scanning electron microscopy(SEM) and mechanical 
testing. The results show that the morphology of double mechanical milling powder is regular with size of 20−40 μm. The main 
phase TiAl and few phases Ti3Al and Ti2Al were observed in the SPS bulk samples. For samples sintered at 1 000 ℃, the equiaxed 
crystal grain was achieved with size of 100−250 nm. The samples exhibited compressive and bending properties at room temperature 
with compressive strength of 2 013 MPa, compression ratio of 4.6% and bending strength of 896 MPa. For samples sintered at 1 100 
℃, the size of equiaxed crystal grain was obviously increased. The SPS bulk samples exhibited uniform microstructures, with 
equiaxed TiAl phase and lamellar Ti3Al phase were observed. The samples exhibited compressive and bending properties at room 
temperature with compressive strength of 1 990 MPa, compression ratio of 6.0% and bending strength of 705 MPa. The 
micro-hardness of the SPS bulk samples sintered at 1 000 ℃ is obviously higher than that of the samples sintered at 1 100 ℃. The 
compression fracture mode of the SPS TiAl alloy samples is intergranular fracture and the bending fracture mode of the SPS TiAl 
alloy samples is intergranular rupture and cleavage fracture. 
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1 Introduction 
 

TiAl alloys are attractive candidate materials for 
aerospace structure and engine applications due to their 
low density, high specific strength and relatively good 
properties at elevated temperatures and high creep 
resistance at temperatures up to 900 ℃. The factors that 
limit the alloys from wide use include their low room 
temperature ductility and elevated temperature 
formability. In attempt to improve the ductility, recent 
researches have focused on the production of ultrafine 
grained TiAl[1−5]. Powder metallurgy (PM) is a 
favourable process for synthesizing ultrafine grained and 
nanostructured TiAl alloys and forming near-net shaped 
components of such alloys. PM allows the use of nano- 
structured or ultrafine structured powders and nano- 
powders produced using various processes such as high 
energy mechanical milling and rapid solidification[6−8].  

Spark plasma sintering (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[1]. This technique has 
already been successfully used by several groups of 
researchers in synthesizing bulk TiAl intermetallic based 
alloys with some of them being nanostructured or 
ultrafine structured[8−11]. In most of these studies, 
pre-alloyed TiAl based powders produced by atomisation 
or by mechanical alloying were used. In this study, we 
utilised a combination of high energy double mechanical 
milling (HEDMM) and SPS to produce TiAl based 
intermetallic alloy with a nominal composition of 
Ti-47%Al (mole fraction). The aim of this study was to 
determine the effect of SPS temperature on the 
microstructure and mechanical properties of the bulk TiAl 
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based intermetallic alloy with nanocrystalline or ultrafine 
grained (UFG) microstructures. 
 
2 Experimental 
 

A Ti/Al composite powder with a nominal 
composition of Ti-47%Al (mole fraction) was produced 
by high energy double mechanical milling (HEDMM) a 
mixture of Ti powder (99.9% pure, average particle size 
150 μm) and Al powder (99.9% pure, average particle 
size 50 μm) under the protection of high purity argon. 
The HEDMM was done using a PM 4000 Restch 
planetary ball mill with a stainless steel vial containing 
100 g of Ti/Al powder mixture, 0.63% of stearic acid 
which was added as a process control agent, and 75 
stainless steel balls with a diameter of 12.5 mm. The 
mass ratio of ball to powder was 61׃. Before milling, the 
vial was sealed in a glove box filled with high purity 
argon to ensure that the milling was done under an inert 
atmosphere. The milling process consisted of first 
milling of the powders for 24 h with a low rotation speed 
of 100 r/min to thoroughly mix the powders, and 
subsequent high energy mechanical milling of the 
powder mixture for 6 h with a high rotation speed of 300 
r/min (MA1), then 2 h vacuum heat treatment at 700 ℃ 
and 6 h with a high rotation speed of 300 r/min (MA2). 
The milling machine was stopped for 30 min after every 
30 min of milling to let the vial cool to room temperature. 
This was to ensure that the vial temperature was kept 
below 60 ℃.   

The consolidation of the milled powder was done 
using a DR. Sinter 21050 SPS furnace. Before the SPS 
process, the SPS furnace was evacuated and back-filled 
with argon 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 t −100 ℃ at a heating rate of 100 
℃/min, where t is the designated sintering temperature. 
It was then heated to t −50 ℃ at a rate of 50 ℃/min, 
followed by heating to the designated sintering 
temperature at a rate of 25 ℃/min. The furnace was held 
at the sintering temperature for 5 min, and then its power 
was switched off and the sample was cooled with the 
furnace. A uniaxial pressure of 50 MPa was applied to 
the powder compact in the whole duration of heating and 
sintering. Two sintering temperatures of 1 000 ℃ and   
1 100 ℃ were used. The sintered samples were 
cylindrical disks with a diameter of 30 mm and thickness 
of 6−7 mm.  

The bulk solid disks produced by SPS were cut 
using an electric discharge machining (EDM) cutter to 
produce the metallography samples and the samples for 
compression, three-point bending and hardness tests, 

respectively. The ratio between Ti and Al in the sintered 
samples was equivalent to Ti-45%Al, which means that 
some Al was lost during milling perhaps due to 
preferential sticking of some of the starting Al powder 
particles onto the wall of the vial. The density of the cut 
samples was measured using the Archimede technique, 
with five samples from different locations to give an 
average value. The microstructures of the powder 
particles and bulk SPS sintered samples were 
characterised using X-ray diffractometry (XRD)(Philips 
X-Pert system with Cu Kα 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%HNO3+3%HF+92%H2O (volume fraction)).  

The compression and three point bending tests were 
performed using an INSTRON mechanical testing 
machine. The cylindrical compression test specimens 
were in dimensions of d3 mm× 4.5 mm, and the 
rectangular three-point bending test specimens were in 
dimensions of 3 mm×4 mm×20 mm. The cross-head 
speed for both types of tests was 0.5 mm/min. The 
bending strength of the three-point testing specimens was 
calculated using the following equation:  
 

σ= 22
3
bh
PL                           ( 1 ) 

 
where P is the load at the point of fracture, L is the span 
between the two supporting points, and b and h are the 
width and thickness of the specimen, respectively. For 
each value, three specimens were tested to produce an 
average value. The Vickers micro-hardness tests were 
performed using a load of 100 g and loading time of 15 s. 
Five indentations were made to produce an average 
micro-hardness value. 
 
3 Results and discussion 
 
3.1 Phase composition and micrograph of powders 

Fig.1 shows the XRD patterns of Ti-47%Al 
powders at different stages of double mechanical milling. 
Fig.2 shows the SEM micrograph of the powders after 
high energy double mechanical milling. The XRD 
pattern only showed Al and Ti peaks as major peaks after 
6 h milling with a high rotation speed of 300 r/min 
(MA1), suggesting that the reaction between Al and Ti 
phases during milling was negligible. In the meantime, 
the Al and Ti peaks exhibited shoulders, suggesting that 
the milled powder particles contained Al(Ti) and Ti(Al) 
solutions formed by the interdiffusion between Al and Ti 
phases during milling. The XRD pattern only shows TiAl 
and Ti3Al peaks as major peaks after 2 h vacuum heat 
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Fig.1 XRD patterns of Ti-47%Al powders: (a) MA1 for 6 h; (b) 
Heat treatment (700 ℃, 2 h) and MA2 for 6 h 
 

 
Fig.2 SEM image of double mechanical milling Ti-47%Al 
powders 
 
treatment at 700 ℃ and 6 h with a high rotation speed of 
300 r/min (MA2). KAMBARA et al[10] showed that 
increasing the milling time resulted in the decrease of Ti 
and Al grain size and the formation of Ti(Al) solid solution. 
On continuous milling, an amorphous phase was formed. 
After heating, the amorphous phase crystallized to a 
mixture of TiAl and Ti3Al phase. This mechanism was 
also found by SURYANARAYANA et al[11]. 

The results show that the morphology of the double 
mechanical milling powder is regular with size of 20−40 
μm. Since this work focuses on the effect of SPS 
temperature on the microstructure and mechanical 
properties of the sintered samples, the more detailed 
characterisation of the microstructure of the Ti/Al 
composite powder particles is beyond the scope of this 
work. 

 
3.2 Phase composition and microstructure of bulk 

samples 
Fig.3 shows the XRD patterns of the bulk samples 

produced by SPS with the 12 h milled Ti-47%Al 
composite powder at different temperatures. They clearly 
show that after SPS at temperature of 1 000 ℃, the Al, Ti, 
Al(Ti) and Ti(Al) phases in the as-milled powders were 
completely reacted during SPS, resulting in the 
formation of TiAl as the major phase, and Ti3Al and 
Ti2Al as the minor phases. Increasing the SPS 
temperature to 1 100 ℃ had little effect on the phase 
structure of the sintered samples, and only the fraction of 
Ti3Al increased slightly. 
 

 
Fig.3 XRD patterns of Ti-47%Al bulk samples prepared by 
SPS: (a) At 1 000 ℃; (b) At 1 100 ℃ 
 

After the SPS at temperatures of 1 000 ℃ and 1 100 
℃, the densities of the bulk samples were 3.947 g/cm3 
(Table 1), which was equivalent to a relative density of 
approximately 99.92% by taking the theoretical density 
of TiAl to be 3.95 g/cm3. This means that the sample was 
almost fully densified and did not show any obvious 
pores in the microstructure. 

Microstructural examination using SEM (Fig.4) 
clearly showed the effect of SPS temperature on the 
microstructure of the sintered samples. As shown in 
Fig.4(a), with the SPS temperature of 1 000 ℃, the 
sintered sample exhibited an equiaxed grain microstructure 
with grain size in the range of 100−250 nm. When the 
SPS temperature was increased to 1 100 ℃, the sintered 
sample exhibited a duplex structure consisting of further 
coarsened equiaxed TiAl grains and colonies with a 
lamellar structure (Fig.4(b)). The sizes of the equiaxed 
TiAl grains were in the range of 0.5−1.5 μm. 

 
Table 1 Mechanical properties of bulk Ti-47%Al samples prepared by SPS at different temperatures 

SPS temperature/℃ Density/(g·cm−3) Grain size/nm Micro-hardness(HV) σ0.2/MPa σf/MPa εf/% BS*/MPa

1 000 3.947 100−250 731 1 659 2 013 4.6 896 

1 100 3.947 500−1 500 577 1 241 1 990 6.0 705 

*BS: three-point bending strength 
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Fig.4 SEM images of Ti-47%Al bulk samples prepared by SPS: 
(a) At 1 000 ℃; (b) At 1 100 ℃ 
 
3.3 Mechanical properties 

Fig.5 shows the typical compression true stress− 
true strain curves of specimens cut from the samples 
produced by SPS at different temperatures. All the 
specimens showed a substantial amount of plastic 
deformation and work hardening prior to fracture. The 
changes of yield strength (σ0.2), fracture strength (σf), 
plastic strain to fracture (εf), bending strength and 
micro-hardness of the samples with SPS temperature are 
shown in Table 1. With increasing the SPS temperature 
from 1 000 to 1 100 ℃, the yield strength decreased from 
1 659 to 1 241 MPa, and the fracture strength decreased 
from 2 013 to 1 990 MPa. In the meantime, the bending 
strength also decreased from 896 to 705 MPa, and the 
strain to fracture in compression increased from 4.6 %  
to 6.0 % (Table 1). The micro-hardness of the SPS bulk  
 

 
Fig.5 True stress−strain curves of Ti-47%Al samples prepared 
by SPS: (a) At 1 000 ℃; (b) At 1 100 ℃ 

samples prepared at 1 000 ℃ is obviously higher than 
that of the SPS bulk samples at 1 100 ℃. 

Fig.6 shows the SEM micrographs of the fracture 
surfaces of the compression test samples. As shown in 
Fig.6, the fracture mode is likely to be intergranular 
fracture. Fig.7 shows the fracture micrographs of the 
bending test samples. The characteristic of intergranular 
fracture and some cleavage planes were found. The fracture 
mode is intergranular fracture and cleavage fracture. 

From the SEM examination of the bulk alloy 
samples, increasing the SPS temperature from 1 000 to  
1 100 ℃ causes a significant increase of the size of TiAl 
equiaxed grains from 100−250 nm to 500−1 500 nm. The 
increase of the grain size of TiAl alloy cause a clear 
decrease of the compression yield strength based on the 
Hall-Petch relationship between strength and grain size. 
With the SPS temperature increase, the effect of grain 
coarsening on strength is more significant. As shown 
Fig.5, the coarser grains and better bonded microstructure 
of the bulk TiAl alloy sample produced at SPS temperature 
of 1 100 ℃ facilitates substantial compression plasticity 
and work hardening. Since in bending half of the 
specimen is in tension, it is expected that the bending 
strength of a sample is more sensitive to the defects such 
as pores and weak interparticle atomic bonding. Based 
on this consideration, it is not surprising to observe that 
the bending strength of the bulk samples produced at the 
SPS temperature of 1 100 ℃ is fairly low.  

Table 1 shows that the fracture strength and bending 
strength decrease with increasing the SPS temperature 
from 1 000 to 1 100 ℃. There are two possible reasons: 
the enhanced work hardening effect due to larger grains, 
and the formation of the duplex structure at the SPS 
temperature of 1 100 ℃. The enhanced work hardening 
 

 
Fig.6 Fracture morphologies of Ti-47%Al compression samples 
prepared by SPS: (a) At 1 000 ℃; (b) At 1 100 ℃ 
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Fig.7 Fracture morphologies of Ti-47%Al bending samples 
prepared by SPS: (a) At 1 000 ℃; (b) At 1 100 ℃ 
 
effect associated with increasing SPS temperature is 
clearly shown by the compression true stress−true 
strain curves of the sintered samples (Fig.5). The 
beneficial strengthening effect of the duplex structure in 
the sintered sample can be expected from the fine 
inter-lamellar spacing of the lamellar structured colonies 
of less than 300 nm. The fine lamellar structured 
colonies are much more resistant to the dislocation 
movement than the coarse equiaxed TiAl grains. This 
effect of the duplex structure may be the major reason for 
the observation (Fig.5) that the fracture strength almost 
unchanged, despite the equiaxed TiAl grain sizes are 
increased by almost four times with the SPS temperature 
increasing from 1 000 to 1 100 ℃. 
 
4 Conclusions 
 

1) The morphology of double mechanical milling 
powders was regular with size of 20−40 μm. The TiAl 
and Ti3Al phases were observed in the double 
mechanical milling powders. 

2) With the SPS temperature of 1 000 ℃ and 1 100 
℃, TiAl, Ti3Al and Ti2Al phases were observed in bulk 
samples, and the densities of the bulk samples were 
3.947 g/cm3 which was equivalent to a relative density of 
approximately 99.92% by taking the theoretical density 
of TiAl to be 3.95 g/cm3.  

3) With the SPS temperature of 1 000 ℃, the 
sintered sample exhibited an equiaxed grain 
microstructure with grain size in the range of 100−250 
nm. When the SPS temperature was increased to 1 100 
℃, the sintered sample exhibited a duplex structure 

consisting of further coarsened equiaxed TiAl grains and 
colonies with a lamellar structure. The size of the 
equiaxed TiAl grains was in the range of 0.5−1.5 μm. 

4) All the specimens showed a substantial amount 
of plastic deformation and work hardening prior to 
fracture. With increasing the SPS temperature from 1 000 
to 1 100 ℃, the yield strength decreased from 1 659 to  
1 241 MPa, and the fracture strength decreased from    
2 013 to 1 990 MPa. In the meantime, the bending 
strength also decreased from 896 to 705 MPa, and the 
strain to fracture in compression increased from 4.6% to 
6.0%. The micro-hardness of the SPS bulk samples at   
1 000 ℃ is obviously higher than that of the SPS bulk 
samples at 1 100 ℃. 

5) The compression fracture mode of the SPS TiAl 
alloy samples is intergranular fracture and that of the 
bending fracture mode is intergranular rupture and 
cleavage fracture. 
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