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Synthesis of Mg-Ti alloy by mechanical alloying
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Mg-based Mg-Ti binary alloys have been synthesized by mechanical alloying of Mg and Ti
powder blends. It was found that mechanical alloying of Mg and Ti results in a
nanocrystalline Mg-Ti alloy and an extended solubility of Ti in Mg, due to the favorable size
factor and the isomorphous structure of Mg and Ti. In the case of Mg-20at.%Ti, about 12.5%
Ti is dissolved in the Mg lattice when the mechanical alloying process reaches a stable
state. The rest (about 7.5 at.%) remains as fine particles in the size of 50-150 nm in
diameter. Dissolution of 12.5 at.% Ti in the Mg lattice causes a contraction of the unit cell
volume from 0.0464 to 0.0442 nm?® and a decrease of the c/a ratio from 1.624 to 1.612 of the
hexagonal structure. The supersaturated solid solution Mg-Ti alloy decomposes upon
thermal annealing at temperatures above 200°C. Hydrogenation enhances the
decomposition process at lower temperatures. © 2003 Kluwer Academic Publishers

1. Introduction

Mg-based alloys are attractive materials for hydrogen
storage and for structural applications because of the
low density of Mg. Tailoring the property of magnesium
by forming new alloys or new structures has been the
main focus for a number of researches [1-4].

Titanium has a melting point that greatly exceeds
the boiling point of magnesium and therefore, alloying
of Mg and Ti by conventional methods is extremely
difficult. Secondly, the solubility of Ti in liquid Mg is
very low [5], therefore, it is very difficult to extend the
solubility of Ti in Mg by rapid solidification. Physical
vapor deposition (PVD) was used to synthesize Mg-Ti
alloys and the solubility of Ti in Mg phase was extended
to 22.7 wt% [6].

Mechanical alloying (MA) has been proved to be an
excellent technique for extending terminal solid solu-
bility [7, 8]. The solid solubility enhancement during
this non-equilibrium process can be so high that a sin-
gle solid solution phase can be formed even in some
immiscible systems such as Fe-Cu [9] and Cu-Co [10].
Our previous work showed that mechanically alloying
of Mg-5at.% Ti results in a dissolution of Tiin Mg [11].
In this work, we extend the investigation to higher Ti
content.

2. Experimental

Commercial grade titanium powder with a purity
greater than 99% and Mg powder (>99.8% pure) were
used as starting materials. Mechanical alloying was per-
formed on a Spex 8000 ball mill in a steel milling vial
under the protection of argon. The milling balls were
made of stainless steel. The ball to powder mass ratio
was 10:1. A small amount of powder was removed at
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regular intervals for monitoring the structural changes.
All the handlings were performed in a glove box under
argon. Thermal annealing was performed in a hydro-
gen gas titration system (an automated Sievert’s type
apparatus) under a vacuum of 10~ torr. The hydrogen
sorption properties were also evaluated by using this
system.
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Figure 1 XRD spectra of the Mg-20at.%Ti mechanically alloyed for
various times.
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The X-ray powder diffraction (XRD) was carried out
by using Siemens D-500 diffractometer with Cu K« ra-
diation. The peak position and the instrumental broad-
ening was calibrated by using strain free pure Si pow-
ders. The grain size was determined from X-ray line
broadening by using the Williamson-Hall method, and
the lattice parameters were determined from the diffrac-
tion peak positions [12].

The DSC (differential scanning calorimetry) mea-
surements were performed on a Perkin-Elmer DSC7
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apparatus under the protection of argon. Field emission
scanning electron micrographs were taken on a Hitachi
model S4700.

3. Results and discussion
3.1. Mechanical alloying
Fig. 1 shows the XRD spectra of the Mg-20at.%Ti
mechanically alloyed for various times. After 1 h of
milling, the diffraction peaks of the Ti and Mg phases
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Figure 2 Backscattered images of the Mg-20at.%Ti mechanically alloyed for 1 (a) and 31 hours (b).
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can be clearly seen. The diffraction peaks of both phases
become broader with increasing milling time. We ob-
serve a decrease of the diffraction intensities of the Ti
phase and a concomitant peak shift of the Mg phase.
After 25 hours of milling, no clear Ti peaks can be ob-
served. This indicates that alloying between Mg and Ti
has occurred, and that the Ti atoms have been dissolved
in the Mg lattice.

Although the Ti peaks disappear on the XRD spectra
after a long time of milling, it does not mean that all the
Ti atoms have been dissolved in the Mg lattice at the
atomic level. Fig. 2 shows the backscattered images of
the Mg-20at.%Ti alloy after 1 and 31 hours of milling.
The Ti particles have been kneaded into the Mg ma-
trix after 1 h of milling. Most of the Ti is dissolved
in the Mg lattice after 31 hours of milling, however,
some fine Ti particles of 50—150 nm in diameter are still
present.

Fig. 3 shows the lattice parameters of Mg in the
Mg-10at.%Ti and Mg-20at.%Ti alloys as a function of
milling time. Both lattice parameters a and ¢ of the
hexagonal Mg decrease with milling time owing to the
dissolution of small Ti atoms in the Mg lattice. For Mg-
10at.%Ti, the lattice parameters reach stable values of
a=0.3177 £ 0.0002 nm and ¢ =0.5143 £ 0.0003 nm
after 15 hours of milling. Increasing the milling time
to 40 hours does not change the lattice parameters fur-
ther. For Mg-20at.%Ti, the saturated values for a and
care 0.3161 £ 0.0003 nm and 0.5097 £+ 0.0002 nm re-
spectively after 12 hours of milling. The evolution of
the lattice parameters with milling time indicates that
the alloying process has been completed after about
15-25 hours of milling for both samples. The c/a ratio
of the hexagonal Mg changes from 1.624 to 1.618 in
the Mg-10at.% alloy and to 1.612 in the Mg-20at.%Ti
alloy.

The lattice parameters of Mg are plotted as a func-
tion of Ti content for the Mg-Ti alloys made by PVD
[6] and for the Mg-Ti alloys made by mechanical al-
loying (this work) in Fig. 4. Based on the relationship
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Figure 3 Variation of lattice parameters as a function of milling time.
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Figure 4 Relationship of the lattice parameters of the hexagonal Mg in
the Mg-Ti alloy with Ti content.

of the lattice parameters with Ti content, we estimate
that about 8 at.%Ti in the Mg-10Ti and 12.5 at.% of
Ti in the Mg-20Ti are dissolved in Mg to form a solid
solution when the mechanical alloying reaches a stable
state.

When we inspect the X-ray spectra in Fig. 1 care-
fully, we can observe a small broad Ti peak at about
40° in the Mg-20at.%Ti alloy after 12 hours of milling.
Increasing the milling time to 25 and 31 hours,
this small peak is buried in the high background.
As pointed out previously, ordinary X-ray diffrac-
tion is not sensitive to crystals smaller than several
nanometers embedded in a matrix, especially, when
the grain size is very small and the background is high
[13, 14].

Fig. 5 shows the variation of the crystallite size and
the microstrain of Mg as a function of milling time. The
crystallite size decreases and reaches about 35 nm after
25 hours of mechanical alloying. In the mean time, the
microstrain increases and reach 0.7%. Further increase
of milling time does not lead to additional change of
crystallite size and microstrain.
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Figure 5 Variation of crystallite size and microstrain with milling time.
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3.2. Decomposition upon thermal
annealing treatment

The nanostructure, extended solubility and the reduced
c¢/a ratio of the mechanically alloyed Mg-Ti may lead
to novel mechanical and hydrogen storage properties.
However, the metastable structure of the supersaturated
Mg(Ti) tends to vanish upon exposure to high tempera-
tures. It is of significance to know the thermal stability
of the nanocrystalline Mg(Ti) supersaturated solid so-
lutions.

Fig. 6 shows the XRD spectra of the mechanically
alloyed Mg-20at.%Ti after 1 hour of annealing at var-
ious temperatures. There is no obvious change in the
diffraction pattern and the peak positions after 1 h of
annealing at temperatures below 200°C. The Ti peaks
start to show up after annealing at 300°C (not shown),
and become stronger at 350°C. The diffraction peaks
of both Mg and Ti phases are broad after annealing at
350°C, indicating that the grain growth is slow below
this temperature.

The variation of the crystallite size and microstrain
with annealing temperature is shown in Fig. 7. There
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Figure 6 XRD spectra of the Mg-20at.%Ti after 1 h of annealing at
various temperatures and after hydrogenation (3 days).
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Figure 7 Variation of the crystallite size and microstrain with annealing
temperatures (1 hour).
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Figure 8 Variation of the lattice parameters with annealing temperatures
for simple annealing of 1 h (circle); hydrogenation at 290°C for 3 days
(triangle) and hydrogenation at 350°C for 3 days (square).

is not much grain growth below 500°C. The high sta-
bility of the nanocrystalline Mg-Ti alloys is probably
due to the retardative effect of fine titanium particles
which pin grain boundaries and thus act against grain
growth. The strain release is slow below 300°C. This
may be explained by pinning effects of Ti solutes on
dislocations. Without Ti, the strain release is very fast
at 200°C for Mg [11].

Fig. 8 shows the variation of the lattice parameters
with annealing temperature. Only slight change of the
lattice parameter a is observed at temperatures below
250°C. Both a and c start to increase at 300°C and
reach values close to those of pure Mg at 500°C. The
variation of unit cell volume is shown in Fig. 9. The unit
cell volume decreases from 0.0464 to 0.0442 nm? after
25 hours of mechanical alloying, and increases back
from 0.0442 to 0.0464 nm? after annealing treatment at
500°C for 1 h.

Fig. 10 shows the DSC curves of the Mg-20at.%Ti
alloy after 1 and 25 hours of mechanical alloying. Two
scans were conducted under the same conditions for
each sample. The second run was used as baseline. The
curves shown in Fig. 10 is the difference of the first
run with the second run (baseline). As it can be seen,
after 1 h of mechanical alloying, no obvious reaction
peak is observed. However, a broad exothermic reaction
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Figure 9 Variation of the unit cell volume with milling time (solid circle)
and annealing temperature for thermal annealing (open circle), hydro-
genation at 290°C (triangle) and hydrogenation at 350°C (square).
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Figure 10 DSC curves of the Mg-20at.%Ti mechanically alloy for 1 and
25 h (scan rate: 20°C/min).

starting at 120°C is observed for the sample mechani-
cally alloyed for 25 h. This broad exothermic peak most
likely results from the decomposition reaction of the su-
persaturated solid solution Mg-Ti alloy and the release
of strain and grain boundary energies (see Fig. 7). We do
not observe separate DSC peaks for different reaction.

The exothermic reaction is not complete at 500°C
(since the sample starts to react with the Cu crucible
above 500°C, the measurements were stopped at this
temperature). The exothermic reaction takes place at
very low temperature (although very slow). By inte-
grating the peak area from 120°C to 500°C, we obtain
a reaction heat of 3.8 kJ/mol. Since the strain level is
not high (<0.7%) and the grain size is not very small
(>35 nm), the contribution of strain energy and grain
boundary energies to the heat release may not be large.
We believe that the heat release mainly comes from
the decomposition reaction. However, the above value
is an estimation of the real reaction enthalpy because
the reaction is not completed at 500°C as mentioned
before. The theoretical enthalpy of formation for the
Mg-20at.%Ti alloy is about +10 kJ/mol [15].

Using Kissinger’s method, DSC measurements un-
der different scanning rates have been done in an at-
tempt to obtain the apparent activation energy of the
exothermic reaction, even though the validity of a
Kissinger analysis in terms of a single process is not
strictly fulfilled. The determination of the activation
energy may help us understand the underlying pro-
cess occurring during the exothermic reaction. Fig. 11
shows the Kissinger’s plot of In(S/Tp?) versus the re-
ciprocal peak temperature 7p, where S is the scanning
rate. From the slope, we determine an activation energy
of 134.1 kJ/mol for this exothermic reaction process.
This value is close to the activation energy of the self-
diffusion of Mg [16]. It may indicate that the exother-
mic reaction is dominated by a decomposition reaction
of the supersaturated solid solution controlled by the
self-diffusion of Mg. There is no data available for the
diffusion of Ti in Mg, therefore, we can not confirm
such a hypothesis.

3.3. Effect of hydrogenation
The mechanically alloyed Mg-Ti alloy powders can be
easily activated at 290°C under 10 bars of hydrogen.
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Figure 11 Kissinger plot of scanning rate () versus peak temperature
(Tp).
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Figure 12 First hydrogen absorption/desorption curves of the
Mg-20at.%Ti mechanically alloyed for 31 h (at 290°C under 10 bars).

We observe two clear steps on the hydrogen absorption
curve of the Mg-20at.%Ti alloy shown in Fig. 12. In the
first step, a fast hydrogen absorption takes place, and
0.7wt.% of hydrogen has been absorbed. This absorp-
tion results from the formation of TiH, of the free Ti
which is present in the mechanically alloyed sample.
After that a slow hydrogen absorption reaction due to
the hydrogenation of the supersaturated Mg(Ti) solid
solution occurs. The hydrogen desorption is fast, how-
ever, the amount of hydrogen desorbed is 1.4 wt% short
comparing with that of absorption. This discrepancy is
equivalent to the amount of hydrogen in TiH, which
can not be desorbed.

X-ray analysis shows that hydrogenation causes a de-
composition of the Mg(Ti) solid solution into MgH; and
TiH; (see Fig. 6). The TiH, stays as hydride after hydro-
gen desorption at 350°C under moderate vacuum. The
lattice parameters of Mg after hydrogen desorption are
shown in Fig. 8. In comparison with the data obtained
after simple thermal annealing, we observe that hydro-
genation enhances the decomposition of the supersatu-
rated Mg-Ti alloy at low temperatures. The lattice pa-
rameters of Mg after hydrogen absorption/desorption at
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Figure 13 PCT curves of the mechanically alloyed Mg-20at.%Ti and
the mechanically milled MgH;-5at.%Ti at 290°C.

290°C are close to those of pure Mg. However, some Ti
may remain in the Mg lattice. Ti solutes may cause high
hysteresis in the hydrogen sorption as shown in Fig. 13.
We observe that the hydrogen absorption plateau pres-
sure is much higher for the Mg-20at.%Ti in compari-
son to that of the Mg-5at.%TiH, made by mechanical
grinding [17], while their desorption plateau pressures
are basically the same. No destabilization of the mag-
nesium hydride by adding Ti is achieved.

4. Conclusions

1. Mechanical alloying of Mg and Ti powder mix-
tures leads to a solid solution of Ti in Mg. Some free
Ti still remains when the mechanical alloying process
reaches stable state. Dissolution of Ti in Mg causes a
lattice contraction.
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2. The supersaturated Mg(Ti) solid solution is rela-
tively stable at temperatures below 250°C. Phase de-
composition becomes fast at 300°C.

3. Hydrogenation accelerates the phase decomposi-
tion. The Mg(Ti) solid solution transforms to MgH,
and TiH; upon hydrogen sorption. Due to such decom-
position, no destabilization of the MgH, is achieved.
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