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The amorphization process during mechanical alloying (MA) was investigated for the
Al-50at%Ti and Al-50at%Ti-10vol%TiB2 powder mixtures. Pure metallic powders of Al and Ti
were finely mixed and transformed to the amorphous phase after being milled for about
2880 ks. In the case of Al-50at%Ti-10vol%TiB2 powder, the amorphous alloys with a fine
dispersion of TiB2 particles could be obtained for a shorter milling times than that required
for the powders without TiB2 ceramics. As a result of heat treatment for the mechanically
alloyed amorphous powders, a nanocrystalline intermetallic compound of TiAl (γ ) could be
produced. Subsequent grain growth of the γ phase during heat treatment was investigated
by estimating the grain-growth exponent and the activation energy for grain growth. It was
found from this estimation that the grain growth was further suppressed as the powders
were mechanically alloyed for longer times. Furthermore, the addition of the TiB2 particles
that could be dispersed during MA finely and homogeneously in the amorphous matrix
was found to be effective for suppression of the γ grain growth especially at elevated
temperatures as well as for a long annealing. C© 2000 Kluwer Academic Publishers

1. Introduction
Non-equilibrium alloys and composite materials are ex-
pected as new materials to meet the request of recent
industrial progress. Especially amorphous alloy in the
Ti-Al system has been recognized as one of the most
prospective heat-stable materials since it is equipped
with the advantages of both high ductility and high
weight to strength ratio. However, it has been also
considered to include some difficulties in the amor-
phization process for TiAl alloys by rapid quenching
or other conventional techniques in this system. On the
other hand, mechanical alloying (MA) was proposed
as a new simple technique to yield non-equilibrium
materials at lower temperatures [1], which was orig-
inally introduced to produce composite powders with
a controlled fine microstructure such as oxide disper-
sion strengthened superalloys (ODS) [2]. Since MA
process includes the processes of repeated cold weld-
ing and fracturing of mixtures of powder particles, it
enables to produce amorphous state as well as fine in-
terdispersion of the ingredients. Furthermore, MA tech-
nique is an entirely solid state process, which permits to
synthesize non-equilibrium alloys for the reactive alloy
elements system such as Al and Ti [3–11]. Therefore,
it is expected that a nano-structured composite of the
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TiAl phase can be produced from the amorphous alloy
powders by employing the MA technique.

In this work, aiming at fabrication of nano-structured
TiAl alloys, the amorphization process during mechani-
cally alloying was investigated for the Al-50at%-Ti and
Al-50at%-Ti-10vol%-TiB2 systems. Subsequent grain
growth process of the TiAl phase (γ ) was also inves-
tigated quantitatively by evaluating the growth kinetic
parameters in order to understand the efficiency of the
TiB2 dispersoid as well as the MA technique.

2. Experimental procedure
Precursor powder mixtures were prepared by using pure
Ti (purity: 99.9%, average particle size: 150µm), Al
(99.8%, 20µm) powders and TiB2 (98%, 1.7µm) ce-
ramic powders, maintaining the overall composition
of Al-50at%-Ti and Al-50at%-Ti-10vol%-TiB2. These
mixtures were sealed in a cylindrical stainless vial under
an argon atmosphere together with hardened stainless
balls (12 mm). The ball to powder weight ratio was ap-
proximately 100 to 1. The 0.1 cc of methanol was also
added into the vial to avoid the adhesion of the pow-
ders with balls and vial. MA process was carried out at
room temperature at a rotating speed of 90 rpm for 180,
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360, 720, 1440 and 2880 ks. The mechanically alloyed
powders were annealed at a heating rate of 0.33 K/s to
the temperatures of 973 K, 1173 K and 1273 K and held
for various annealing periods. Microstructure of the
mechanically alloyed powders and the annealed pow-
ders were investigated by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM).
The powders embedded in epoxy resin were sliced into
a thin layer with 30 nm in thickness and used for TEM
observation. In order to identify the existing phases as
well as to estimate the average grain size, the powders
were analyzed by X-ray powder diffraction (XRD) with
Co-Kα and Cr-Kα radiations. The following Scherrer

(a)

(b)

Figure 1 SEM images of the powders as mechanically alloyed for various times. (a) Al-50at%Ti and (b) Al-50at%Ti-10vol%TiB2. In the series of
(b), the white contrasted areas correspond to the TiB2 particles.

formula [12] was used to estimate theγ grain size,

D = 0.9λ

β cosθ
(1)

where D is the mean grain size,λ is the wavelength
of X-ray, θ is diffraction angle andβ is the full width
of half maximum of the diffraction peak. In this work,
diffractions at (111), (200) and (202) faces of theγ
phase were used for estimation. Thermal analysis was
performed by differential scanning calorimetry (DSC)
at a heating rate of 0.33 K/s in an argon flow atmosphere
using alumina powder as a reference material.
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3. Results and discussion
3.1. Formation of non-equilibrium

and intermetallic phases
Fig. 1a shows the SEM images of the microstructure in
the Al-50at%Ti powders as mechanically alloyed. It can
be clearly seen that the layered composite structure of
starting materials was formed at an early stage of MA,
such as 180 ks and 360 ks. As a milling time increases,
this layered structure was further refined and convo-
luted as a result of repetitive kneading effect. After a
milling for 2880 ks, no significant structure could be
found within the resolution of SEM observation, which
is considered to be at the final stage of MA process.
Changes of X-ray diffraction patterns with the milling
time for the MA powders are shown in Fig. 2a. The
diffraction peaks of Al and Ti phase became gradu-
ally broader and smaller with increasing the MA time.
These peaks were still remained slightly after 1440 ks of
milling, but they were completely disappeared and the

Figure 2 Changes of X-ray diffraction patterns of (a) Al-50at%Ti and
(b) Al-50at%Ti-10vol%TiB2 powders as a function of MA time.

only broad peak was found after 2880 ks milling. On the
other hand, morphological change with MA time in the
microstructure of the Al-50at%Ti-10vol%TiB2 powder
seems to be similar to that of the Al-50at%Ti powder
mixtures as shown in Fig. 1b. The layered structure was
observed at the early stage of MA, which was gradually
refined and convoluted with increasing the milling time.
It can be also found that the TiB2 particles represented
in white contrasted area became refiner and distributed
more homogeneously in the matrix. Change of XRD
patterns of these powders also shows the similar ten-
dency with that of the TiB2 free powders as shown in
Fig. 2b. The sharp peaks of TiB2 phase as well as Al
and Ti phases became smaller and broader as the MA
time increases, and when the powder was mechanically
alloyed for 1440 ks or over, the peaks of Al and Ti disap-
peared completely and the broader peaks of TiB2 were
only remained. In order to identify the existing phases
after 2880 ks milling, the microstructure of both pow-
ders with and without TiB2 particles was investigated by
employing TEM spectroscopy as shown in Fig. 3. For
both powders with different compositions, any grains
of Al and/or Ti phase could not be observed within the
resolution of TEM with a beam size of 5 nm. Also, from
the electron diffraction patterns, only the halo pattern,
which is generally recognized as a typical pattern for
amorphous phase, could be found except TiB2 diffrac-
tions in the case of Al-50at%Ti-10vol%TiB2 powder
mixture. Therefore, it can be considered that the amor-
phous phase was attained after milling at least for 2880
ks for both systems.

Fig. 4 shows the DSC curves of the powders mechan-
ically alloyed for various milling periods. For both the
powders with different compositions, two exothermic
peaks were found at around 630 K and 730 K for the
MA powders of 180 ks milling time, while only one
exothermic peak was observed at around 850 K for the
MA powders milled for 2880 ks. In order to identify
the origin of these exothermic reactions, XRD analysis
was carried out for the samples which were continu-
ously heated up below and above these temperatures of
each exothermic peak. In the case of the powder added
with TiB2 particles mechanically alloyed for 180 ks,
the diffraction patterns annealed at 698 K and 813 K
are shown in Fig. 5 comparing with that of the pow-
der as mechanically alloyed. It is apparently found that
theγ phase appeared at 698 K andα2 phase exists at
813 K together with theγ phase. Therefore, it is con-
firmed that the exothermic peaks at 630 K and 730 K
were due to the formations ofγ andα2 phases from the
mixture of the pure Ti and Al powders, respectively. On
the other hand, XRD patterns for the MA powders con-
tinuously heated up to 973 K as displayed in Fig. 6
shows an interesting feature for the powders milled
for 2880 ks. That is, although the temperature of the
exothermic peak is almost the same between the two
different powders, only theα2 phase was found for the
TiB2 free powder while theγ phase mainly exists with a
slight amount of theα2 phase in the TiB2 doped sample.
These results could in turn indicate that the both pow-
ders alloyed for 2880 ks that transformed intoγ and/or
α2 phases after annealing are surely an amorphous state
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(b)

Figure 3 TEM images and diffractions of (a) Al-50at%Ti and (b) Al-50at%Ti-10vol%TiB2 powders mechanically alloyed for 2880 ks. Black contrasted
spots correspond to the TiB2 particles.

and hence exhibit the same temperature of exothermic
reaction, i.e., crystallization of amorphous, which is
in a good agreement with the literature [11]. For the
powders milled for 180 ks, compared with the samples
annealed at above and below the temperature of the
endothermic peak around 900 K, no significant differ-
ence could be found in the XRD patterns. Therefore,
it is plausible that the evaporation of hydrogen orig-
inally contained in methanol is responsible for these
endothermic peaks and it has no strong relation with
the transformation of amorphous powders.

In order to understand the results that different phases
were crystallized from the amorphous phase at the same
temperature of 850 K in the MA powders with and
without TiB2 particles, these samples were annealed
at different temperatures for several holding periods.
Fig. 7 shows the change of diffraction patterns with the
holding time for both samples annealed at 971 K. It is
clearly found from Fig. 7a that theα2 phase was gradu-
ally transformed into theγ single phase with increasing

the annealing time in the case of the Al-50at%Ti sam-
ple. A similar tendency can be found in the case of the
TiB2 doped sample as shown in Fig. 7b. It is found
that the peaks ofα2 phase became smaller with anneal-
ing time and finally they disappeared completely and
transformed into theγ single phase after being held
for 3.6 ks. Furthermore, Fig. 8a and b show the XRD
patterns of the samples that were continuously heated
up to the higher temperatures of 1173 K and 1273 K,
respectively. It can be found in the both powders with
different compositions that the peaks of theα2 phase
no longer exist and theγ single phase has already pro-
duced just after the continuous heating. These results
imply that theα2 phase appeared as a metastable phase
during the crystallization from the amorphous phase to
the γ stable phase. In other words, theα2 phase is at
a relatively higher energy hierarchy than theγ phase.
Therefore, when the amorphous powders are given a
certain thermal energy during annealing and/or a me-
chanical energy through mechanical alloying process,
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Figure 4 DSC curves of (a) Al-50at%Ti and (b) Al-50at%Ti-
10vol%TiB2 powders as a function of MA time.

Figure 5 X-ray diffraction patterns of Al-50at%Ti-10vol%TiB2 pow-
ders which were mechanically alloyed for 180 ks and continuously heated
up to various temperatures.

the amorphous phase could be crystallized directly into
theγ phase without showing anyα2 phase. It can be also
considered from Fig. 6 that the addition of the TiB2 par-
ticles can enhance the kneading and convolution effect

Figure 6 X-ray diffraction patterns of the MA powders continuously
annealed up to 973 K. (a) Al-50at%Ti and (b) Al-50at%Ti-10vol%TiB2.

of MA pronouncedly and introduce more mechanical
energy into the amorphous phase.

3.2. Grain growth of nanostructured phase
It was found that a single intermetallicγ phase could
be produced by means of MA for a long milling time
and a subsequent annealing at higher temperatures in
the precious section. In order to evaluate the efficiency
of the γ grains produced by the MA process and of
TiB2 dispersoid, annealing time dependence of theγ

grain size was investigated using the powders mechan-
ically alloyed for 2880 ks. The grain size was measured
from the XRD patterns by employing Scherrer formula,
and theγ peaks at differentangles were used to mini-
mize the effect of the residual elastic stress on the size
calculation. For both powders with and without TiB2
particles, theγ grain size was estimated to be about
25 nm after a continuous heating up to 975 K. On
the other hand, theγ grains represented in black con-
trasted area in the TEM images as shown in Fig. 9 are
also estimated to be about 25 nm, which is roughly
in an agreement with that measured from XRD pat-
terns. It is therefore considered that the estimation
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Figure 7 Change of X-ray diffraction patterns with annealing time for
the (a) Al-50at%Ti and (b) Al-50at%Ti-10vol%TiB2 powders. The an-
nealing temperature is 973 K.

form the XRD patterns could be accurate enough
to understand the tendency of the grain growth fea-
tures. Then, the time dependence of theγ grain
size was studied as shown in Fig. 10 in the case
of the powders mechanically alloyed for different
milling times and annealed for different periods at
973 K. For both Al-50at%Ti and Al-50at%Ti-
10vol%TiB2 systems, it can be found that theγ grain
size increased with increasing the annealing time.
However, no significant difference in size could be
found between the powders milled for different MA
times in the case of the Al-50at%Ti powders. On the
other hand, once the TiB2 powders were added, the dif-
ference was found pronouncedly, that is, theγ grains
that were mechanically alloyed for 2880 ks kept smaller
in size compared with that milled for 180 ks and 360 ks
especially after a long annealing. The relationship be-
tween the grain size and the annealing time at 1173 K
and 1273 K was also investigated for the powders milled
for 2880 ks, as shown in Fig. 11. It can be found that the
γ grains become larger with the annealing time, how-
ever, the size of theγ grain in the TiB2 doped samples
is smaller than that of the sample without the TiB2 par-
ticles. It should be further noticed that the coarsening
rate of theγ phase in the MA powder with TiB2, that
is represented in a slope of the graph, was found to be

Figure 8 Change of the X-ray diffraction patterns with annealing time
for the MA powders annealed at (a) 1173 K and (b) 1273 K.

lower than that in the MA powder without TiB2 parti-
cles. This means that the TiB2 dispersoid can play an
effective role in suppressing theγ grain growth espe-
cially at higher temperatures.

Theoretical and experimental studies on the grain
growth process have been intensively carried out so
far [13, 14], and Burke and Turnbull have reported a
general equation of a parabolic relationship between
grain size and time to explain successfully the grain
growth features [15]. However, since this relationship
is also recognized to satisfy only near the melting point,
the following empirical equation has been proposed to
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(b)

Figure 9 TEM images and diffractions of (a) Al-50at%Ti and (b) Al-50at%Ti-10vol%TiB2 powders which were mechanically alloyed for 2880 ks
and continuously heated up to 973 K.

describe the grain growth mechanism better [16],

Dn − Dn
0 = Kt (2)

whereD, D0 andn are the mean grain size at timet ,
mean initial grain size, and the grain-growth exponent,
respectively.K is a constant that satisfies the following
equation,

K = −K0 exp

(−Q

RT

)
(3)

where Q is the activation energy required for grain
growth andK0, R and T are constant, gas constant
and temperature, respectively. A variety ofn values has
been reported for various systems and discussed to un-
derstand the physical meaning by proposing different
theories. Although a general principle to explain the va-
riety of n values has not been established especially for
grain growth from nanocrystalline alloys, then value

can be a useful factor to describe the difference in
growth mechanism between the different systems. In
this work, the grain growth exponent and the activa-
tion energy were estimated to discuss the grain growth
kinetics.

Generally in order to calculate then values, the fol-
lowing equation can be developed from Equation 2
when the grain sizeD could be recognized to be enough
large to neglect the initial grain sizeD0,

n log D = log K + log t. (4)

Then the values ofn andK can be easily obtained by
plotting logD as a function of logt . However, it is ob-
vious from Fig. 11 that since the grain sizeD of the
γ phase after annealing for 3.6 ks is still not enough
large to neglect the initial grain sizeD0, i.e. at the be-
ginning of annealing, it would be unreasonable to apply
the above equation to the present study. Therefore, the
following equation was developed from Equation 2 and
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Figure 10 Changes ofγ grain size with annealing time for (a) Al-
50at%Ti and (b) Al-50at%Ti-10vol%TiB2 powders mechanically al-
loyed for various times, and annealed at 973 K.

Figure 11 Changes ofγ grain size as a function of holding time for the
MA powders mechanically alloyed for 2880 ks and annealed at 1173 and
1273 K.

TABLE I Calculated grain-growth exponent;n of theγ grain in the
powders mechanically alloyed for 2880 ks

Grain-growth exponent:n
Annealing
temperature Al-50at%Ti Al-50at%Ti-10vol%TiB2

973 K 8.9 12.1
1173 K 15.6 38.3
1273 K 16.6 44.3

TABLE I I Calculated activation energies required for grain growth
of theγ grains

Activation energy

Al-50at%Ti 292.7 kJ/mol
Al-50at%Ti-10vol%TiB2 1994.4 kJ/mol

used to evaluate then value in this work,

log
dD(t)

dt
= −(n− 1) log D(t)+ log K − logn. (5)

The value of dD/dt can be estimated from the Figs 10
and 11, and the relationship between log(dD/dt) and
log D gives the values ofn andK . Also, the activation
energyQ can be obtained from Equation 3 by plotting
logK as a function of 1/T . For both Al-50at%Ti and
Al-50at%Ti-10vol%TiB2 systems, the estimatedn and
Q values are listed in Tables I and II, respectively.

It was found that then value increased with increas-
ing the annealing temperature, and this tendency was
pronounced for the samples with TiB2 particles. On
the other hand, the activation energy needed for grain
growth of the Al-50at%Ti powder was found to be
larger than the reported value (235.2 kJ/mol) [17], and
much higher activation energies are required for the
grain growth of the MA powder with TiB2 particles.
Generally, it is reported that the value ofn varies from
2 to 4 corresponding to the different metallic systems
[15]. Therefore, it is difficult to develop the physically
meaningful explanation for this large deviation from the
generally reported values. However, it can be simply de-
rived from Equations 2 and 3 that the largern and Q
values can give the smallerD at a constant annealing
time. In other words, the grain growth could be sup-
pressed further when a material has relatively largern
andQ values. Accordingly, at least it can be concluded
that the grain growth of theγ phase could be suppressed
effectively when the samples were produced by the me-
chanical alloying technique. Also, this effect could be
more enhanced by the addition of TiB2 particles since
this ceramic dispersoid could be distributed finely and
homogeneously at the grain boundaries to prevent the
γ grain from growing further.

4. Conclusion
Amorphous alloys were produced by mechanical al-
loying in the Al-50at%Ti and Al-50at%Ti-10vol%TiB2
systems and a nanocrystalline intermetallic compound
of γ phase could be obtained through crystallization of
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the amorphous alloy so produced by applying a certain
thermal energy. As a result of investigation of the rela-
tionship between the grain size and the annealing time,
the grain growth exponent and the activation energy
needed for the grain growth were found to be larger
than those of TiAl alloys produced by the conventional
method. These results indicate that the grain-growth
of theγ phase could be suppressed effectively by em-
ploying MA technique, and this effect would be further
enhanced by the dispersion of TiB2 ceramic particles.
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