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Abstract:
In this research, mechanical alloying was used to produce Ti-50Al, Ti-45Al-5Cr and Ti-45Al-5W (at%) alloys. 
The effect of ternary addition (Cr and W) on microstructure and production efficiency of TiAl alloy were 
investigated. Alloying was performed in a planetary mill and the milling time varying from 5 to 70h. The 
structural evaluation in these powders was done by X-ray diffraction (XRD) technique and Scanning Electron 
Microscopy (SEM) during mechanical alloying and after annealing at 1100°C in vacuum oven. The results 
showed only a complete amorphous phase after 50h of milling of Ti-50Al powder mixture, but with 5at% 
addition of Cr, the Cr (Ti, Al) solid solution within the amorphous matrix were identified after 70h milling 
and with 5at% addition of W, the W lattice was remained with amorphous phase. The time required for solid 
solution or amorphous phase formation was longer in Cr and W containing powders. After annealing of 
mechanically alloyed Ti-50Al, the γ-phase with high purity and nanostructured size was produced and for 
sample with Cr addition, the TiAl(γ) with amount of Ti3Al(a2) were formed and for sample with W addition, the 
duplex phase (γ+a2) with a minor amount of W, were formed. 
Keywords:	Mechanical Alloying, Titanium Aluminide, Chromium, Tungsten, Nanostructure.

1. INTRODUCTION

In recent years the alloys based on γ-TiAl and 
a2-Ti3Al have received particular attention as 
a promising structural material for aerospace 
application. This is essentially due to some attractive 
properties such as low density, high specific strength 
and stiffness, high temperature strength retention 
and creep resistance of these alloys [1-6]. However 
the poor ductility and fracture toughness at ambient 
to intermediate temperature are the major obstacles 
for practical use of these materials. During recent 
years, many attempts have been made to improve 
the ductility. Attempts adapted include techniques 
such as grain refinement to nano-scale structure and 
microstructure modification [7-9]. 

Mechanical alloying have been used to refine the 
grain size and synthesize non-equilibrium structures. 
Mechanical alloying is described as a high-energy 
milling process in which powder particles are 
subjected to repeated cold welding, fracturing and 
re  welding. The transfer of mechanical energy to 
the powder particles results in introduction of strain 
into powder through generation of dislocations 
and other defects which act as fast diffusion paths. 
Additionally, refinement of particle and grain sizes 
occurs, and consequently the diffusion distances are 
reduced [10-12]. This process is a proper method 
to produce ultra fine grain and nanocrystalline TiAl 
products [13-15]. 
Meanwhile, considerable improved ductility and 
toughness can be achieved in two phase alloys. 
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Thus, during recent years extensive research has 
been carried out to develop two phase base alloys 
consisting of γ-TiAl and a2-Ti3Al for application. The 
most promising alloys are based on Ti-(45-48 at %)
Al compositions with ternary or quaternary additions. 
The properties of these alloys are quite sensitive to 
microstructure; duplex structure show higher tensile 
ductility [16-18].
Study the addition of B, Si, W, Cr, Nb, V on MA of 
TiAl alloys were investigated these years.
Combine the production of nanostructure grain size 
of the alloy and achieve the duplex phase (γ+α2) in 
the microstructure of the alloy are the best condition 
to overcome the obstacles of the single phase γ-TiAl 
alloy [19, 20].
The aim of the present work is to study the 
comparison between the influence of Cr and W 
addition on the phase structure, microstructure and 
production efficiency of Ti-Al system during MA 
and after annealing at 1100°C in vacuum oven.

2. EXPERIMENTAL  

Powders of Ti (100-120mm size and 99.8% purity), 
Al (100-150mm size and 99.7% purity), Cr (60-
90mm size and 99.6% purity) and W (80-100mm size 
and 99.7% purity) were used as starting materials. 
The powders were initially mixed and weighted 
to prepare a composition of Ti-50Al, Ti-45Al-5Cr 
and Ti-45Al-5W (in at %) in a glove box with 
argon atmosphere. The mechanical alloying process 
carried out in the FP4 planetary mill with tempered 
steel and 15, 20mm diameter steel balls. The ball-
to-powder weight ratio was 15:1. The rotation speed 
of the mill was 550rpm. The vials were designed 
to allow pumping and subsequent filling by an inert 
gas (Ar) with high purity (99.9999%). The final gas 
pressure in the vial was kept to be 0.1 Mpa. 1 wt 
% of Methanol was added to avoid the sticking of 
powders to milling media. After alloying for various 
lengths of time up to 70h, the milled powders 
were withdrawn from the vials for subsequent 
analysis. The crystal structure of the powders was 
characterized by a Bruker-D8-Advanced, using 
Cu-Kα radiation at 30kv and 20mA. Analysis of the 
powder morphology and particle size measurements 
was achieved using a Cam Scan MV-2300 SEM 

equipped with an EDS analyzer at an accelerating 
voltage of 25Kv. 
The crystallite size and lattice strain of the powder 
particles were determined using the X-ray peak 
broadening techniques (Scherrer and Williamson-
Hall formulas):

Θ
=

cos
9.0

B
d l                                                           (1)

Θ+=Θ sin9.0cos ηl
d

B                                         (2)

Where d is the crystallite size, λ is the wavelength 
of the X-radiation used; B is the peak width at half 
the maximum intensity, Ө Bragg angle and η is the 
strain. Some of the as milled samples were annealed 
using an Alcatel CFA-222 vacuum furnace.

3. RESULTS  AND  DISCUSSION

In order to study the comparison between the 
effect of Cr and W on kinetic of structural changes 
during MA process, three compositional Ti-50Al, 
Ti-45Al-5Cr and Ti-45Al-5W powder blends were 
mechanically milled for different times.
Comparison of the XRD patterns shown in Figure 
1, 2 and 3 indicates that addition of Cr and W to 
powder blends leads the MA process rates at various 
stages to be considerably reduced. 
In Ti-50Al powder mixture, the diffraction 
intensities of elements reduced and broadened after 
5h alloying and Al diffraction peaks disappeared 
faster than Ti peaks. The lattice parameters of 
the a-Ti after MA for 10h are approximately 
a=0.255nm and c=0.467nm whereas those befor 
MA are approximately a=0.258nm and c=0.470nm 
so that about 2% volume shirinkage has occurred, it 
was due to the diffusion of Al into Ti lattice, which 
promotes of Ti(Al) solid solution.
Al is diffused faster in Ti lattice in comparison to Ti 
in Al lattice . After 10h milling, the powder blends of 
Ti-50Al transformed to metastable solid solution of 
Al in Ti phase and a little metastable solid solution 
of Ti in Al [21, 22, 23] .
The results of XRD patterns showed that the 
diffraction angles of Ti shifted to higher angles. 
Considering the smaller size of the Al atom 
compared with Ti, the lattice parameters and hence 

Ө

Ө Ө
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the inter-planar spacing d in the Ti crystal structure 
is reduced due to the replacement of Al atom for Ti, 
and therefore the diffraction angle 2q is increased 
according to Bragg’s law of 2dsinq=l, where l is 
the X-ray wavelength.
In Figure 1, the diffraction peaks around 2q=40° can 
not be separated after 30h alloying time.
The formation of an amorphous-like phase or very 
fine particles has been strongly enhanced with 
increasing the alloying time [21]. Amorphization 
during MA, as a result of increasing the free energy 
of system. The continuous decrease in grain size 
(and consequent increase in grain boundary area) 
and a lattice expansion would also contribute to the 
increase in free energy of the system [24]. In Ti-
50Al sample, an amorphous phase was completely 
formed after 50h.
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Fig. 1.  X-ray diffraction patterns of Ti-50Al  powder mixtures at various
stages of milling process. Figure	1: X-ray diffraction patterns of Ti-50Al powder 

mixtures at various stages of milling process.

In Figure 2, the XRD pattern showed that, the 
diffraction peak of Cr didn’t disappear with 
increasing the milling time.
The study on lattice parameters of elements in 
powder mixture and the shifted angles showed that 

after 15h milling a solid solution of Al and Ti in Cr 
structure and solid solution of Al in Ti were formed. 
Al and Ti have solid solubility in Cr lattice [25, 26].
An amorphous phase with Cr (Ti, Al) solid solution 
phase were identified after 70h milling. The same 
results has been reported by W. Maziraz (2004) and 
S. Dymek (2006) when they studied mechanical 
alloying process of various kinds of Ti-Al-Cr powder 
blends. In samples with W addition, the studies on 
characterizations of XRD patterns showed that after 
15h alloying a minor solid solution of Al in W was 
formed.
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Fig. 2.  X-ray diffraction patterns of  Ti45Al5Cr powder mixtures at various stages
of milling process. 

Figure	2: X-ray diffraction patterns of Ti45Al5Cr 
powder mixtures at various stages of milling process.

The solubility of Ti and Al in W is weak. The rate of 
solid solubility of Al in Ti is larger than Al in W [27, 
28]. Comparing Figure 3 with Figure 1, illustrates 
that W was also decreased the amorphization rate of 
Ti-Al system.
The final production of mechanical alloyed of Ti-
45Al-5W system, was amorphous phase plus W, 
which appeared after 70h milling.
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SEM micrographs of Ti-50Al, Ti-45Al-5Cr and 
Ti-45Al-5W powders that mechanically milled at 
several alloying times are shown in Figures 4, 5 and 
6, respectively.
In all cases, the configuration of each powder turns 
to roughly spherical shape and very fine particles 
after MA process, whereas the starting elemental 
powders have irregular shapes.
The grain sizes of productions of MA process were 
routinely estimated from the XRD spectra with 
scherrer’s analysis (Figure 7).
The grain sizes of particles were decreased with 
increasing the milling time because the impact 
energy of the balls which exerted on powder 
particles increased with increasing the milling time 
further.
It seems, in samples with Cr and W addition the 
grain sizes of particles are a little larger than Ti-
50Al sample.

Figure 8 shows the variation in the amounts of 
powders recovered from the vial as a function of 
milling time.
It seems that there is a correlation between sticking 
tendency of powders mixtures to milling tools and 
their phase transformation from elemental powder 
to solid solution phase.
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Fig. 3.  X-ray diffraction patterns of  Ti45Al5W powder mixtures at various stages 
of milling process. 
Figure	3:	X-ray diffraction patterns of Ti45Al5W 

powder mixtures at various stages of milling process.

 7

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   
 Fig. 4. SEM micrographs of as milled Ti-50Al powder mixtures for (a)10h (b)20h (c)30
and (d)50h . 

 

 Fig. 5. SEM micrographs of as milled Ti-45Al-5Cr powder mixtures for (a)10h
(b)20h (c)30 and (d)70h . 
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 Fig. 4. SEM micrographs of as milled Ti-50Al powder mixtures for (a)10h (b)20h (c)30
and (d)50h . 

 

 Fig. 5. SEM micrographs of as milled Ti-45Al-5Cr powder mixtures for (a)10h
(b)20h (c)30 and (d)70h . 
 
 

	Figure	5:	SEM micrographs of as milled Ti-45Al-5Cr 
powder mixtures for (a)10h (b)20h (c)30 and (d)70h .

 Figure	4: SEM micrographs of as milled Ti-50Al 
powder mixtures for (a)10h (b)20h (c)30 and (d)50h .
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The same observation has been reported by 
Takasaki, Furya (1999) and Bhattacharya, Bellon 
(2004) when they studied MA process of various 
kinds of Ti-Al powder blends.
Figure 8 shows that during structural changes from 
elemental powder mixtures to Ti solid solution 
phase, the amount of recoverable powders has been 
decreased in all samples.
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Fig. 8 shows the variation in the amounts of powders recovered from the vial as a function of milling time. 

It seems that there is a correlation between sticking tendency of powders mixtures to milling tools and 

their phase transformation from elemental powder to solid solution phase. 
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Figure	6: SEM micrographs of as milled Ti-45Al-5W 
powder mixtures for (a)10h (b)20h (c)30 and (d)70h .

In sample with W addition, the recoverable powders 
seem to be increased with other samples. This might 
be due to settling of harder W particles between 
powders and milling tools and preventing from 
sticking together which results in higher amounts 
of recoverable powders as compared with two other 
samples.
X-ray diffraction patterns from mechanically milled 
amorphous powders of Ti-50Al, Ti-45Al-5Cr and 
Ti-45Al-5W after annealing at 1100ºC in a vacuum 
oven for 10 min are shown in Figures 9, 10 and 11 
respectively.
The XRD patterns indicated a complete phase 
transformation in amorphous samples.
The results of XRD patterns showed that the main 
phase is the γ-TiAl in three productions and the yield 
have high purity with very minimum contamination. 
The average grain size of γ-TiAl in productions was 
40-70nm. In Ti-50Al annealed sample, only γ-TiAl 

was detected.
In Ti45Al5Cr annealed sample, γ-TiAl plus a2-
Ti3Al were formed and we didn’t see any Cr or 
solid solution of Cr compounds in X-ray diffraction 
pattern. This suggests a solubility of Cr(Ti,Al) solid 
solution in γ-TiAl and a2-Ti3Al. 
In sample with W, XRD patterns showed duplex 
phase (γ-TiAl+a2-Ti3Al) with a minor amount of W.
Moreover, W demonstrates weaker solubility in 
γ-TiAl and a2-Ti3Al phases.
Addition of 5%at Cr and W, shifted the γ-TiAl phase 
to duplex phase (γ+a2) in this system.

 8

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 shows the variation in the amounts of powders recovered from the vial as a function of milling time. 

It seems that there is a correlation between sticking tendency of powders mixtures to milling tools and 

their phase transformation from elemental powder to solid solution phase. 

The same observation has been reported by Takasaki, Furya (1999) and Bhattacharya, Bellon (2004) when 

they studied MA process of various kinds of Ti-Al powder blends. 

 

 
 Fig. 6. SEM micrographs of as milled Ti-45Al-5W powder mixtures for (a)10h (b)20h
(c)30 and (d)70h . 

۰

۵۰

۱۰۰

۱۵۰

۲۰۰

۲۵۰

۳۰۰

۳۵۰

۴۰۰

۴۵۰

۵۰۰

٠ ١٠ ٢٠ ٣٠ ۴٠ ۵٠ ۶٠

Milling Time (h)

Cr
ys

ta
lli

te
 s

iz
e 

(n
m

) 

Ti-۴۵Al-۵W

Ti-۴۵Al-۵Cr

Ti-۵٠Al

Fig. 7. The average grain size of productions of M.A process as a function of
milling time for three samples.  Figure	7: The average grain size of productions of M.A 
process as a function of milling time for three samples.

 9

Fig. 8 shows that during structural changes from elemental powder mixtures to Ti solid solution phase, the 

amount of recoverable powders has been decreased in all samples. 
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Figure	10: X-ray diffraction pattern of mechanically milled Ti-45Al-5Cr powder 
mixture for 70h after annealing at 1100ºC for 10min.

 10

 

Addition of 5%at Cr and W, shifted the γ-TiAl phase to duplex phase (γ+2) in this system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

۲θ
۱۰ ۲۰ ۳۰ ۴۰ ۵۰ ۶۰ ۷۰ ۸۰ 

۵۰h (۱۱۰۰ºC) 

       



 
   



          
             
 


      

TiAl(γ)    

In
te

ns
ity

 

 
   Fig. 9.  X-ray diffraction pattern of mechanically milled Ti-50Al powder
mixture for 50h after annealing at 1100ºc for 10min.

   Fig. 10.  X-ray diffraction pattern of mechanically milled Ti-45Al-5Cr powder
mixture for 70h after annealing at 1100ºc for 10min. 
 

 Figure	11: X-ray diffraction pattern of mechanically milled Ti-45Al-5W powder 
mixture for 70h after annealing at 1100ºC for 10min.
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   Fig. 11.  X-ray diffraction pattern of mechanically milled Ti-45Al-5W powder 
mixture for 70h after annealing at 1100ºc for 10min. 
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4. CONCLUSION

- During mechanical alloying of Ti-50Al, the 
Al diffractions disappeared fast that resulted 
from solution of Al in Ti lattice and formation of 
metastable solid solution Al in Ti phase.
- Increasing the milling time accelerated the 
formation of an amorphous and nano sized mixture.
- After 70h milling of Ti45Al5Cr powder particles, 
formation of mixture of amorphous and Cr(Ti,Al) 
solid solution was observed.
- After 70h milling of Ti45Al5W powder particles, 
formation of mixture of amorphous phase and minor 
amount of W was detected.
 - The time required for amorphous phase formation 
was longer in Cr and W containing powders 
compared with Ti-50Al powder mixtures.
- Adhesion tendency of powder mixtures to 
milling tools was considerably increased during 
transformation from elemental powder form into 
solid solution phase. The adhesion tendency of W 
containing powders was considerably lower than 
other samples.
- After annealed the MAed Ti-50Al sample at 
1100°C, the nanostructure TiAl(γ) phase with high 
purity were produced.
- Addition of Cr and W to the TiAl samples changed 
the final phase to nanostructured duplex phase (γ+ 
α2).
- The W was remained even after annealing process 
of amorphous Ti-45Al-5W powder.
- It suggested that Cr(Ti, Al) solid solution had 
solubility but W had weak solubility in γ-TiAl and 
a2-Ti3Al phases.
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