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Structural changes during mechanical alloying
of elemental aluminium and molybdenum

powders

M.V.ZDUJIC*, K. F. KOBAYASHI*, P. H. SHINGU
Department of Metal Science and Technology, Kyoto University, Sakyo-ku, Kyoto 606, Japan

Mechanical alloying of elemental aluminium and molybdenum powders was performed by
conventional low-energy ball milling. Seven compositions (Al-3, 10, 17, 20, 27, 50 and

75 at% Mo), as well as elemental aluminium and molybdenum powders, were milled up to
1000 h. The structural changes during milling were foliowed by X-ray diffraction. In all cases
milling produced refinement of the microstructure, and prepared powders were microcrystalline
with grain sizes of the order of nanometres. A supersaturated solid solution of molybdenum in
aluminium was formed. Only for the Al-75 at% Mo powders was a solution of aluminium in

molybdenum observed.

1. Introduction
Mechanical alloying is a powder metallurgy technique
for the production of composite metal powders. It
utilizes various types of milling machines in which a
blend of different powders (elemental, prealloyed,
intermetallic etc.) is subjected to highly energetic com-
pressive forces. By repeated fracture and cold welding
of the constituent powder particles, it is possible to
make alloys from normally immiscible components.
Mechanical alloying was first developed for the pro-
duction of complex oxide dispersion-strengthened al-
loys [1]. The discovery that amorphous alloys can be
prepared by mechanical alloying starting from crystal-
line powders [2] has promoted this previously neg-
lected technique in one of the most attractive metal-
processing route available today. Several reviews on
mechanical alloying have appeared recently [3-5].
Alloying by melting of metals with significantly differ-
ent melting points may present considerable prob-
lems, which may be overcome by mechanical alloying,
as it is a solid-state process.
Aluminium-molybdenum, like other aluminium-—
transition metal systems, is a good candidate for
processing by mechanical alloying. In this paper we
present results of structural changes during mechan-
ical alloying of elemental aluminium and molyb-
denum powders. Conventional low-energy ball milling
was chosen, to enable us to perceive all the steps of
mechanical alloying, as well to retain non-equilibrium
structures that may appear in the resultant powders.

2. Experimental procedure
Elemental powders of aluminium (nominal purity
99.99% and particle size less than 150 ym { — 100

Mesh)) and molybdenum (nominal purity 99.98% and
particle size 3 pm) were used as starting materials.
Powders were weighted to obtain the desired propor-
tion of starting powders.

Seven compositions were taken for investigation,
namely Al-3, 10, 17, 20, 27, 50 and 75 at % Mo. Addi-
tionally, for comparison, elemental aluminium and
molybdenum powders were milled separately under
the same milling conditions as powder mixtures. The
compositions were chosen by considering an Al-Mo
phase diagram {6]. Mechanical alloying was carried
out in a conventional horizontal ball mill. A cylindri-
cal stainless-steel vial of inner diameter 130 mm and
height 128 mm filled with stainless-steel balls of dia-
meter 9.4 mm was used as milling tool. The vial was
rotated at angular velocity 9.4 radsec™! (90 r.p.m.).
The total weight of the balls was 4000 g, and the
ball: powder-weight ratio was 90: 1. The vial was loa-
ded and sealed in a glove box in an argon atmosphere.
Prior to milling 2.7 mass % methanol, as a process
control agent, was added to the powder mixtures. To
follow the process of mechanical alloying, milling was
interrupted periodically and a small amount of pow-
der was removed, also in a glove box, for analysis.

The microstructure of mechanically alloyed pow-
ders were observed by scanning electron microscopy
(SEM) under a Hitachi X-650 microscope. The sam-
ples were prepared using standard metallographic
techniques. A few compositions, namely Al-17, 20 and
27 at % Mo were observed after mechanical alloying
by transmission electron microscopy (TEM) on the
JEOL JEM-200CX equipment.

X-ray diffraction (XRD) analyses were performed
on a Rigaku RAD-B diffractometer with Cuk,
(2 = 0.154 nm) radiation, operating at 40kV and
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20 mA. Scan speed was 0.02 degs™!. All X-ray data
were stored on a computer for further analysis. Peak
intensities were corrected for background, polariza-
tion, Ko, , separation as well as for instrumental
broadening.

In order to determine the composition of the pow-
ders after mechanical alloying, chemical analysis was
done on a few powders, namely Al-17, 27 and 27 at %
Mo after milling for 1000 h. Chemical analysis was
done by the inductive coupled plasma (ICP) tech-
nique; the results are given in Table 1.

3. Results and discussion

The microstructural evolution of the powders sub-
jected to mechanical alloying is presented in Fig. 1.
The starting blend of the elemental powders consisted
of fine agglomerated molybdenum particles and much

Figure 1 SEM micrographs of the mechanically alloyed Al-27 at %
Mo powders after various milling times.

TABLE I Chemical composition of the mechanically alloyed Al-17,

larger well-shaped aluminium particles (milling time
0 h). As a result of intensive cold welding and fracture
of the constituent aluminium and molybdenum pow-
der particles, composite particles had already formed
after 30 h of milling. More brittle molybdenum was
embedded in the aluminium matrix. Further milling
refined the microstructure, and after 100 h of milling
the molybdenum was finely dispersed in the alumi-
nium matrix. Particle size increased due to intensive
cold welding. After 300 h of milling, a uniform single-
phase microstructure was formed: molybdenum dis-
persoids could not be resolved by SEM. Also, a de-
crease in particle size is obvious, indicating that at this
stage particle fracture prevailed over cold welding.
Prolonged milling time further decreased particle size
(milling time 1000 h) and particles became more roun-
ded in shape. No significant change could be resolved
by SEM in a comparison of the microstructures of
mechanically alloyed powders milled for 300 and
1000 h.

The XRD patterns of the mechanically alloyed
powders of two characteristic compositions for vari-
ous milling times are presented in Fig. 2. As milling
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Figure 2 XRD patterns of the mechanically alloyed Al-17 at % Mo
(a) and Al-20 at % Mo (b) powders after various milling times.

27 and 50 at % Mo powders milled for 1000 h

Nominal composition Al (at %) Mo (at %) Fe (at %) Ni (at %) Cr (at %)
Al-17 at % Mo 83.494 16.342 0.146 0.005 0.012
Al-27 at % Mo 72.494 26.540 0.859 0.044 0.064
Al-50 at % Mo 52.489 46.602 0.796 0.036 0.079
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time increased, both the aluminium and molybdenum
peaks broadened and the intensity of aluminium
peaks decreased. The aluminium peaks shifted to
higher angles. For example, for the Al-17 at % Mo
mixture before milling, the aluminium line was at
20 = 38.45°, and shifted to 2@ = 38.62° for the pow-
ders milled for 1000 h. The position of the molyb-
denum peaks remained almost constant for all milling
times. As can be seen from Fig. 2, in the mechanically
alloyed Al-17 at % Mo powders both aluminium and
molybdenum peaks are still visible even in the final
powders milled for 1000 h, whereas for the Al-20 at %
Mo powders, aluminium peak intensities continuously
decrease as milling time increases and disappear com-
pletely for the sample milled for 1000 h.

The XRD patterns of aluminium-molybdenum

mechanically alloyed powders as a function of com-
position are presented in Fig. 3. Up to 17 at % Mo,
both the aluminium and molybdenum peaks are vis-
ible in the diffraction patterns and for compositions
with {Mo) = 20 at % Mo, only molybdenum peaks
can be resolved. Furthermore, it can be seen that
molybdenum peaks are broader with the increase in
molybdenum concentration.
To foliow the refinement of a structure due to
milling, the Scherrer formula [7] was used:
D =09A/Bcosd where D is the mean crystallite
dimension normal to diffracting planes, A is the X-ray
wavelength (A = 0.15406 nm), P is the peak width at
half-maximum peak height (radians) and 8 is the peak
position.

The aluminium and molybdenum crystallite size as
a function of milling time for the mechanically alloyed
Al-17 at % Mo powders, as well as for the elemental
aluminium and molybdenum powders milled separ-
ately, is presented in Fig. 4. The crystal grain size of
both aluminium and molybdenum in the starting
powders before milling was about 40 nm. The crystal-
lite size decreased very rapidly at the start of milling in
elemental powders, and also in all the mixtures invest-
igated. It is obvious that milling produces the most
effective crystallite size reduction in elemental molyb-
denum powders. After about 300 h, the crystallite size
reached minimal value, and for elemental molyb-

Intensity (arb. units)
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Figure 3 XRD patterns of mechanically alloyed powders as a func-
tion of molybdenum content. Milling time for all compositions was
1000 h except for elemental aluminium powders, milled for 650 h.
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Figure 4 Crystallite size of aluminium and molybdenum calculated
by the Scherrer formula from the Al(110) line and Mo(11 1) line as

a function of milling time. (J, Al elemental; B, Mo elemental; O, Al
(Al-17 at % Mo); @, Mo (Al-17 at % Mo).

denum powders it was about 5nm. These values
remained almost constant for further milling times. In
the mechanically alloyed Al-17 at % Mo powders,
minimal values of crystallite size were about 13 and

16 nm for aluminium and molybdenum, respectively.

For the elemental aluminium powders, the trend
seems somewhat different. After reaching minimal
values of about 20 nm for the milling time of about
100 h, the crystallite size slightly increased to values of
about 26 nm for further milling time. We explain this
phenomenon as follows. As aluminium is very ductile,
after a long milling time the methanol (added as a
process control agent) could not prevent cold welding.
Between milling times of 650 and 1000 h, all the
aluminium powder was cold welded to balls and vial
walls, and examination of the powder milled for
1000 h was not possible.

The dependence of the molybdenum crystallite size
on molybdenum content is presented in Fig. 5. Obvi-
ously, as the molybdenum content increases, reduc-
tion of the crystallite size is more effective. For ex-
ample, in the mechanically alloyed Al-3 at % Mo
powders, molybdenum crystallite size was about
23 nm and decreased to about 5 nm for the Al-75 at %
Mo powders. This indicates that aluminium acts as an
inhibitor of molybdenum crystallite size reduction.

In comparison, crystallite size (effective particle size)
in the mechanically alloyed amorphous NisoNb,, and
Ni-Ge powders, also calculated by the Scherrer for-
mula, is about 1-2 nm [2, 8].

From the XRD patterns, the most intensive lines of
aluminium and molybdenum, namely Al(111) and



Mo(110), were used to calculate the lattice para-
meters. The change of aluminium and molybdenum
lattice parameters as a function of milling time for the
mechanically alloyed Al-3, 10 and 17 at % Mo (alumi-
nium rich compositions) as well as for the elemental
aluminium and molybdenum powders, is presented in
Fig. 6. In the elemental aluminium and molybdenum
powders milled separately, almost the same trend can
be observed. As milling time increased, the lattice
parameters of both aluminium and molybdenum in-
creased to maximum values, and as milling continued
they decreased. Such results indicate that uniform
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Figure 5 Molybdenum crystallite size as a function of molybdenum
content. Milling time, 1000 h.
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Figure 6 Lattice parameters of aluminium and molybdenum calcu-
lated from the Al(110) line and Mo(111) line as a function of
milling time. O, elemental; [J, A, O, Al-3, 10, and 17 at % Mo,
respectively. Open symbols, Al; closed symbols, Mo.

macrostrain was accumulated during milling. How-
ever, it seems that after some miiling time, the powder
becomes more relaxed in respect to uniform macro-
strain.

In general, considering all the results obtained from
the X-ray examination, it can be seen that during
milling, due to plastic deformation, powders are sub-
jected to crystallite size reduction and accumulation of
both uniform macrostrain and non-uniform micro-
strain [97].

For the powder mixtures, different results were
obtained. Lattice parameters of both aluminium and
molybdenum increased at the very beginning of
milling (initial stages less than about 100 h). As mech-
anical alloying progressed, refinement of the micro-
structure occurred. The aluminium lattice parameter
decreased while the molybdenum lattice parameter
remained almost constant (Fig. 6). The calculated
value of the aluminium lattice parameter in the ele-
mental aluminium powder is 0.4053 + 2.3 x 10”4 nm,
whereas for the mechanically alloyed Al-3, 10 and
17 at % Mo powders milled for 1000 h, it is 0.4046
+09x%x 1074 0.4036 + 3.3x10™* and 04026 + 5.8
x 10~* nm, respectively. Such results indicate that
a supersaturated solid solution of molybdenum in
aluminium was formed.

The amount of molybdenum in solid solution
increased as milling time increased (Fig. 6). From a
linear extrapolation of the rapidly quenched Al-Mo
alloy data [10], the amount of molybdenum entrap-
ped in supersaturated solid solution obtained by
mechanical alloying can be roughly estimated. Thus
about 0.4, 1.3 and 2.4 at % molybdenum was in solu-
tion in aluminium for the mechanically alloyed Al-3,
10 and 17 at % Mo powders milled for 1000 h. The
equilibrium solid solubility of molybdenum in alumi-
nium is less than about 0.07 at % [6].

The molybdenum lattice parameter in the mechan-
ically alloyed Al-20, 27, 50 and 75 at % Mo powders
(molybdenum rich compositions} as a function of
milling time is presented in Fig. 7. As already stated
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Figure 7 Lattice parameters of molybdenum calculated from the
Mo(11 1) line as a function of milling time. Al-V, 20; ¥, 27; O, 50;
@®, 75 at % Mo.
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for these compositions, XRD patterns of the final
products show only molybdenum peaks (Fig. 3). In the
Al-20, 27 and 50 at % Mo powders (Fig. 7) the molyb-
denum lattice parameter does not change significantly,
and shows almost the same trend as a function of
milling time. The exception is the Al-75at % Mo
composition. For these samples, the molybdenum
lattice parameter continuously increased as milling
time increased, indicating that a solid solution of
aluminium in molybdenum was obtained.

In order to back up the results of grain-size estima-
tion obtained from X-ray measurements, TEM was
employed for observation of a few powders after
mechanical alloying was completed. Relevant TEM
micrographs of the mechanically alloyed Al-17, 20
and 27 at % Mo powders milled for 1000 h are pre-
sented in Figs 8 and’9. For all samples, bright- and
dark-field images correspond to the centre and first
(diffuse) ring on the associated electron diffraction
pattern, respectively.

TEM micrographs reveal a very fine microcrystal-
line structure with the grain (crystallite) sizes in the
range from 5 to 50 nm. It can be recognized that

grain size becomes smaller as molybdenum content
increases (compare micrographs of Al-17, 20 and
27 at % Mo powders). Crystalline material is embed-
ded in a matrix which appears to be very disordered
(a supersaturated solid solution of molybdenum in
aluminium) and which appears to be amorphous. The
electron diffraction pattern shows one diffuse ring
which corresponds to a disordered or amorphous
phase, and a series of sharp rings. For the Al-17 at %
Mo samples, diffraction rings are from both alumi-
nium and molybdenum, whereas for the Al-20 at %
Mo samples, only rings from molybdenum are re-
vealed (Fig. 8). In Fig. 9, TEM micrographs of the
mechanically alloyed Al-27 at % Mo powders, as-mil-
led as well as heat-treated up to 973 K, are presented.
Powders were heated in differential scanning calori-
metry (DSC) as well as in differential thermal analysis
(DTA) cells, and almost the same results were ob-
tained. Exothermic peaks with maximum at about
770 K appeared in both DSC and DTA curves.

It can be seen that further disordering of the mater-
ial occurred due to heat treatment. The material ap-
pears to be a mixture of crystalline and amorphous

Figure 8 TEM micrographs (i) bright-field and (i) dark-field, and (iii) associated electron diffraction patterns of mechanically alloyed

(a) Al-17 at % Mo and (b) Al-20 at % Mo powders.
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Figure 9 TEM micrographs (i) bright-field and (ii) dark-field, and (iii) associated electron diffraction patterns of the mechanically alloyed
Al-27 at % Mo powders (a) as-milled and (b) after heat treatment in a DTA cell in argon atmosphere (continuous heating up to 973 K, heating

rate 0.33 Ks™1).

structures. The electron diffraction pattern of the heat-
treated sample shows only one diffuse ring (compare
Fig. 9 bottom left and right). Several spots from the
molybdenum crystal grains can also be detected. This
disordering phenomenon was also confirmed by the
XRD analysis as shown in Fig. 10. Comparing the
X-ray patterns of the as-milled powders and those
heat-treated up to 973 K, it can be seen that the
principal peak is shifted to lower angles, and new very
weak peaks appear in the heat-treated sample. This
suggests that an intermetallic compound with very
fine grain size was already formed at these relatively
low temperatures. However, it appears that this inter-
metallic compound may have a very deformed crystal
structure.

Heat treatment of the powders to higher temper-
atures resulted in the formation of the stable inter-
metallic compound AlgMo;. In Fig. 10, the XRD
patterns are presented of the mechanically alloyed
Al-27 at % Mo powders milled for 1000 h and heat
treated continuously (heating rate 0.33 Ksec™*) in a
DTA cell in argon atmosphere up to various final
temperatures. Inspection of the line positions revealed
that the intermetallic compound AlgMo, was formed.

Intensity (arb. units)

60

26 (deq)

Figure 10 XRD patterns of the mechanically alloyed Al-27 at %
Mo powders milled for 1000 h and after continuous heat treatment
to different final temperatures in a DTA cell in argon atmosphere
(heating rate 0.33 Ks™?).

4. Conclusions

Mechanical alloying by conventional low-energy ball
milling of elemental aluminium and molybdenum
powders in the wide composition range from 3 to
75 at % Mo was studied. The main conclusions are as
follows.
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1. Mechanical alloying produces very fine com-
posite powders with a microcrystalline structure. The
crystallite sizes are of the order of nanometres.

2. Very fine molybdenum dispersoids are embed-
ded in a disordered supersaturated aluminium matrix.

3. The amount of molybdenum entrapped in super-
saturated solution increases as the molybdenum con-
tent in the powders increases.

4. A solution of aluminium in molybdenum is only
observed for the composition Al-75 at % Mo.

5. The effect of milling on the reduction of molyb-
denum crystallite size depends on aluminium content.
Molybdenum crystallite size becomes smaller as alu-
minium content decreases.

6. By the heat treatment at relatively low temper-
atures (993 K) of as-milled powders, the structure of
the Al-27 at % Mo samples becomes more disordered
and appears to be amorphous.
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