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Abstract: In order to minimize the crystal phase in Al-Cu—Ti amorphous powder, AlgsCuss., Ti, amorphous powders were optimized
via ball milling through adjusting the amount of Cu and Ti elements and the ball milling time. The results show that increasing the
mole fraction of Ti can decrease the amount of AlCu,Ti, CugAl,, and Al,Cu intermetallics formed during the process of ball milling;
and prolonging the ball milling time can reduce the element crystalline phase to almost none. The optimal composition is determined
to be AlgsCuygsTigs. TiH, forms in all selected AlgsCuss—, Ti, amorphous powders during the process of optimization. H atom is
decomposed from toluene and reacts with Ti during ball milling, leading to the formation of TiH,. The volume fraction of TiH, in

AlgsCuys5Ti g5 amorphous powder is measured to be 4.30%.
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1 Introduction

In recent years, Al-based amorphous alloys have
attracted considerable attention due to high strength and
low density. Currently, rapid quenching (RQ) and
mechanical alloying (MA) are the main methods of
synthesizing Al-based amorphous alloys [1,2]. However,
some kinds of Al-based amorphous alloys with
promising excellent mechanical properties but low glass
forming ability (GFA) cannot be prepared through RQ.
MA provides possibility for preparing these amorphous
alloys due to that MA possesses distinct mechanism of
amorphization [3—5]. Thus, much attention has been paid
to the synthesis of Al-based amorphous alloy by
mechanical alloying [6—8].

Although ball milling element powders within a
wide range of mole fraction can achieve amorphous or
amorphous/nanocrystalline  alloys, there
optimum mole fraction, which can reduce the residual
crystal phase to the minimum level [9]. The present work

exists an

attempted to obtain the optimal composition of
Al-Cu-Ti alloy by adjusting the mole fractions of Cu
and Ti. The structural evolution of the powders during
optimizing process was investigated in detail.

When several ductile powders are ball-milled, the
effect of cold welding may be stronger than that of
fracturing, resulting in the aggregation of powders. The
wet mechanical alloying seems to be an appropriate
technique to produce alloyed powders with reduced
average particle size of ductile elements [10]. Process
control agent (PCA) is added during wet milling. The
process control agents are usually organic substances,
such as stearic acid cyclohexane and methanol [11,12].
However, the presence of PCA is also the source of
contamination during milling, such as oxygen, carbon
and hydrogen. [11-13]. During the process of
optimization, TiH, is formed as a new compound in the
present work. In general, TiH, may be obtained by the
reaction between element Ti and hydrogen atmosphere.
However, there is no hydrogen atmosphere. Thus,
the formation and content of TiH, were investigated in
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detail, which may broaden the horizon of preparing TiH,
without hydrogen atmosphere.

2 Experimental

The element powders of Al (~50 um, purity
>99.5%), Cu (~50 um, purity > 99.5%) and Ti (~50 pum,
purity > 99.5%) were ball-milled to produce AlssCus;s., Ti,
powders (x=13.5, 15.0, 16.5, 17.5 and 18.5). A high
energy ball mill (SPEX 8000D) was employed to
mechanically alloying the as-mixed powders under argon
atmosphere. Toluene was added as the process control
agent (PCA) to prevent the agglomeration of particles
during ball milling.

The phase identification was characterized by X-ray
diffraction (XRD) using a Philips diffractometer with
Cu K, radiation. The X-ray diffraction spectroscopy was
analyzed by Lorentzian multi-peak fitting to obtain the
intensity, location, and full width at half maximum
(FWHM) of every peak. Scherrer formula was used to
estimate the crystal grain size:

D=0.89//(ficost) (1

where D is the average grain diameter, A is the
wavelength of X-ray, £ and @ stand for the full width at
half maximum and the location, respectively. The
morphology of the powders was examined by scanning
electron microscopy (SEM, HITACHI S4800). The
microstructure of the powders was verified by high-
resolution transmission electron microscopy (HRTEM)
using a TECNAI F30 with an accelerating voltage of
300 kV. The thermal analyses were examined by
differential scanning calorimetry (DSC) and thermo-
gravimetric (TG) using METTLER TOLED TGA/DSC
at a fixed heating rate of 10 K/min in a high-purity
flowing argon atmosphere.

3 Results

Figure 1 shows the XRD patterns of AlgsCujs—,Ti,
(x=13.5, 15.0, 16.5, 17.5 and 18.5) powders after ball
milling for 20 h. The designed composition alloys exhibit
a mixture of amorphous phase and several crystal phases.
The difference of atomic composition induces different
contents and crystal phases. AICu,Ti (220), CugAl, (330),
and Al,Cu (220) peaks appear on the XRD patterns of
AlgsCuss_, Ti, (x=13.5, 15.0, 16.5 and 17.5), while
Al(111), Ti(101) and Al,Cu (220) peaks appears on
AlgsCuy65Tig 5. The intensities of AICu,Ti (220), CuyAl,
(330) and Al,Cu (220) peaks decrease gradually with
increasing x from 13.5 to 18.5, as shown in Fig. 1.

Figure 2 shows the XRD patterns of AlgsCuss_ Ti,
powders after ball milling for 30 h. Compared with those
in Fig. 1, the most dramatic change occurs in

AlgsCuys5Ti g5 powder. After ball milling for 30 h, the
peaks of elements Al and Ti disappear completely.
Prolonging the ball milling time induces no significant
phase transformation except for further broadening the
existing peaks of AlgsCuss_, Ti, (x=13.5, 15.0, 16.5 and
17.5) powders due to the grain refinement. The grain size
decreases from (14+0.5) to (12+0.5) nm for Al Cu,
(10£0.5) to (8+0.5) nm for CueAl, and (9+0.5) to
(8+0.5) nm for AICu,Ti with increasing the ball milling
time from 20 to 30 h.
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Fig. 1 XRD patterns of AlgsCuss, Ti, alloys after ball milling

for 20 h
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Fig. 2 XRD patterns of AlssCuss, Ti, alloys after ball milling
for 30 h

Figures 3(a) and (b) show the microstructures of
AlgsCuyg5Tig s amorphous powder after ball milling for
20 and 30 h, respectively. Both of the AlgsCussTijss
powders exhibit similar size and shape, and the size of all
the irregular particles is less than 10 pm.

The unidentified phase appearing at 26 = 36° on the
XRD patterns of AlgsCujs—, Ti, powders in Figs. 1 and 2
is identified as TiH, (111) (PDF card No. 09-0371) by
Jade 6.0 software. Figure 4 shows the HRTEM image of
AlgsCuy5Tijgs amorphous powder after ball milling for
30 h, exhibiting crystal phases in the amorphous matrix.
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Fig. 3 Microstructures of AlgsCuygsTijgs powders after ball
milling for 20 h (a) and 30 h (b)
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Fig. 4 HRTEM and corresponding SAED images of

AlgsCuyg5Ti18 5 alloy after ball milling for 30 h

The value of interplanar spacing measured from the
HRTEM image is 0.2563 nm, which equals the PDF data
of TiH,. The lattice constant calculated from the SAED
patterns also equals the PDF data of TiH,. Thus, the
crystal phase appearing in the HRTEM image of
AlgsCuy5Tijgs amorphous powder is identified to be
TiH, (111).
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In order to investigate the formation of TiH,, Ti
element powder was ball-milled for 20 h with toluene as
the PCA. For comparison, Al powder was also ball-
milled. Figure 5 shows the XRD patterns of ball-milled
Ti and Al powders with toluene for 20 h. However, no
TiH, was found in the XRD patterns.
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Fig. 5 XRD patterns of Al and Ti after ball milling for 0 h and
20h

Given the catalysis of Al element during the
formation of TiH,, AlsoTisy mixed powder was ball-
milled for 20 h with toluene as the PCA. Figure 6 shows
the XRD patterns of AlsgTisy powder after ball milling
for 20 h with toluene as the PCA. TiH, peak as well as
AL;Ti peaks appear in the XRD patterns of AlsyTiso
powder after ball milling for 20 h with toluene.
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Fig. 6 XRD pattern of AlsoTiso powders after ball milling for
20 h

Since TiH, in the ball-milled powder is thermal
metastable, the content of TiH, can be obtained based on
the dehydrogenation of TiH,. Figure 7 shows the TG and
DTG plots obtained by heating the ball-milled
AlgsCuyg5Tig s amorphous powder. The mass loss occurs
from 300 to 825 K, as shown in the TG plot. The
corresponding DTG plot shows that the mass loss ratio
against temperature is different in the two major stages
ranging from 300 to 673 K and 675 to 823 K. There may
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be still some residual toluene in the amorphous powder
although the powder was annealed at low temperature.
Thus, the mass loss at the stage from 300 to 673 K is
mainly attributed to the evaporation of toluene. The
decomposition of TiH, mainly occurs from 675 to 823 K.
As a consequence, the mass loss caused by TiH,
decomposition is about 0.17%. The decomposition of
TiH, is described as

TiH, (s)—Ti (s)*H, () 2

The mass loss is induced by hydrogen escape during
the decomposition of TiH,. As a consequence, the mass
fraction of TiH, can be calculated to be 4.25% based on
the mass conservation. The volume fraction can also be
calculated to be 4.30% by substituting into the density of
TiH, (3.76 g/cm3) and AlgsCuyg5Tig 5 amorphous powder
(3.81 g/em?).
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Fig. 7 TG and DTG plots of AlgsCussTijgs amorphous
powders after ball milling for 30 h
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4 Discussion

According to the XRD patterns of AlgsCuss—, Ti,
(x=13.5, 15.0, 16.5, 17.5 and 18.5) powders after ball
milling for 20 h, the contents of CugAl,; and AlCu,Ti
phases decrease with increasing the Ti content from 13.5
to 18.5, indicating that Ti has significant effect on the
formation of amorphous phase, which induces the phase
transformation from intermetallics to amorphous phase.
The completely dissolved time of element Ti increases
with increasing the mole fraction of Ti in AlgsCujs-, Ti,
powder, while Al keeps element state instead of forming
compounds due to the lack of Cu. As a consequence,
there are still elements Al and Ti peaks in the XRD
patterns of AlgsCuy5Tig s after ball milling for 20 h, as
shown in Fig. 1.

The prolongation of ball milling time promotes the
diffusion of Al and Ti elements, resulting in the
formation of amorphous phase. Because the processes of
cold-welding and fragmentation reach the dynamic

balance state after ball milling for 20 h, the average size
of powders changes little during prolonging the ball
milling time, as shown in Fig. 3.

Although energy is continuously input to the
powders by prolonging the ball milling time, there is no
phase transformation in AlgsCuss_, Ti, (x=13.5, 15.0, 16.5
and 17.5) powders, as shown in Figs. 1 and 2. As a
dynamic process, ball milling often exhibits steady-state
microstructure under balance condition, thus sufficiently
large energy can be stored in the steady-state
microstructure [14,15]. The steady-state microstructure is
a mixture of amorphous phase and intermetallic
compounds.

The phase transformation occurs in AlgsCuyes5Tiigs
powder with increasing the ball milling time. It is
remarkable to note that intermetallic compounds are
much more stable than element phases, because the
diffusion of elements in compounds is more difficult
than that in element phases during ball milling.
AlgsCuygsTigs powder shows mixed phases of
amorphous phase and unidentified crystalline after
completing the phase transformation, as shown in Fig. 2.
The unidentified crystalline phase is considered not to be
element crystalline phase.

Although there is no TiH; in the ball-milled Ti and
Al powders with toluene for 20 h, a remarkable structure
transformation of Ti is found (Fig. 6). Ball milling for 20
h not only leads to the increase of peak width and the
decrease of peak intensity, but also makes Ti peaks shift
towards higher 26, indicating the formation of FCC Ti.
However, there is no FCC Ti in the initial Ti powder and
Ti does not possess any equilibrium FCC structure at
room or elevated temperatures [16]. The transformation
from HCP Ti to FCC Ti occurs during ball milling, and
the same phenomenon was also observed in some
researches [17,18]. The HCP—FCC polymorphic change
in Ti is attributed to the combined effect of
nanocrystallisation and crystal defects introduced by ball
milling.

Ti cannot react with toluene directly, while local
high temperature induced by high-energy ball milling
with the catalysis effect of Al atom may lead to the
decomposition of toluene, resulting in the formation of H
atoms. Subsequently, H reacts with Ti quickly, resulting
in the formation of TiH, phase. TiH, does not appear
during the first 6 h of ball milling, because FCC Ti is
believed to absorb H atom more easily than HCP Ti for
more slip systems in FCC Ti [19], and there is nearly no
FCC Ti in the initial stage of ball milling with the ball
milling time less than 20 h. As a consequence, the
formation of TiH, results from the joint effects of
transformation of HCP-FCC Ti and formation of H
atoms decomposed from toluene. Free H atoms diffuse
into FCC Ti after FCC Ti forms to form TiH,. Only
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small amount of free H atoms can be decomposed from
toluene, thus the amount of TiH, is limited on a small
scale.

AL;Ti forms in AlsyTiso powder after ball milling for
20 h with toluene as the PCA, as shown in Fig. 6. Ball
milling makes Ti atoms dissolve into Al matrix as a
result of interdiffusion reaction [20]. Ti in the Al matrix
can form metastable AL;Ti by solid—solid reaction
because of the nearly equal formation enthalpy of TiH,
(—144.3 kJ/mol) and Al;Ti (—146.4 kJ/mol) [21].

The DSC test of ball-milled AlsyTisy powder was
performed to investigate the evolution process during
heat treatment. Figure 8 shows the DSC curve of AlsyTis
powder after ball milling for 20 h. There exists an
exothermic peak induced by the decomposition of TiH,
into Ti and H, in the temperature ranging from 675 to
823 K.

To testify the formation of the exothermic peak, the
powder was heated to the corresponding peak temperature
and then was cooled to room temperature rapidly.
Subsequently, the heated powder was investigated by
XRD, as shown in Fig. 9. The TiH, peak disappears after

Heat flow/(W-g™)

373 473 573 673 773 873
Temperature/K

Fig. 8 DSC curve of Als(Tisy powders after ball milling for 20 h
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Fig. 9 XRD pattern of AlsyTisg powders after finishing DSC
test

heating the ball-milled AlsTiso powder to 773 K,
verifying the decomposition of TiH,. While no Ti peak
appears, which is supposed due to the alloying between
Al matrix and Ti during heating process.

5 Conclusions

1) The optimal amorphous AlgsCuygsTijgs powder
was obtained by combining the dual influences of fitting
mole fractions of Cu and Ti elements and ball milling
time. Increasing the mole fraction of Ti from 13.5% to
18.5% can promote the transformation from
intermetallics to amorphous phase. Prolonging the ball
milling time induces the dissolution of elements Al and
Ti phases in AlgsCuyesTigs powder, thus reducing the
crystalline phase to almost none, while the extension of
ball milling time has nearly no influence on the
AlgsCusys- T, (x=13.5, 15.0, 16.5 and 17.5) alloy.

2) There still exists a little TiH, in AlgsCuy65Ti155
amorphous powder after balling milling for 30 h. The
formation of TiH, results from the joint effects of the
transformation of HCP—FCC Ti and the formation of H
atoms decomposed from toluene. The volume fraction of
TiH, in AlgsCue5Ti55 amorphous powder is measured
to be 4.30%. The DSC results demonstrate that TiH, is
thermal metasable, TiH, is decomposed and Ti is
re-alloyed with the matrix alloy after heating the powder
to 675 K.
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