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a b s t r a c t
The nanostructured phases formed in the elemental powder blends of nominal compositions Al92Mn6Ce2 and
Al93Mn6Ce1 during mechanical alloying were investigated by X-ray diffraction and transmission electron
microscopy. The difference in Ce content in the two alloys strongly inﬂuenced the types of the intermetallic
phase(s) formation, including those of the Ce-free phases. Partial amorphization observed in Al92Mn6Ce2
after prolonged (60 h) milling was not apparent in the lower Ce bearing alloy. Analysis of the X-ray diffraction
data of these alloys along with those reported in the literature indicated the dominant role of the topological
factors in the amorphous phase formation by mechanical alloying of the concerned system. The phases
present in the mechanically alloyed Al92Mn6Ce2 were entirely different from those reported for rapid
solidiﬁcation processing of the same composition [A. Inoue, Nanostruct. Mater. 6 (1995) 53–64.]. Moreover,
the phases present in the mechanically alloyed powder showed inferior thermal stability, when compared to
that reported for the rapidly solidiﬁed product, apparently due to the difference in the nature of structural
disorders and strain induced in the products by the two non-equilibrium processing routes.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
Aluminium-based bulk metallic glasses or composites with high
speciﬁc strengths are eagerly awaited in the transportation and aviation
industries [2,3]. The strength of light weight Al alloys could be signiﬁcantly enhanced from about 600 MPa in the age hardened condition
to over 1500 MPa in the amorphous-based alloys or nanocomposites [4].
Synthesis of nanocomposites consisting of amorphous and nanocrystalline phases by mechanical alloying (MA) or rapid solidiﬁcation
processing (RSP) was reported earlier by many researchers [5–14].
Three major factors contributing to the glass formation are the
atomic size mismatch, high negative heat of mixing, and multicomponent alloy system [15]. One of the distinct features possessed by
the nanostructure produced by MA, compared with those produced by
RSP, is the presence of a high level of internal stress in the former [16].
RSP of an alloy having a nominal composition1 of Al92Mn6Ce2 is
known to generate a unique structure of nanocomposite consisting of
nanoscale icosahedral (I) particles surrounded by a thin Al-rich phase
[1]. The present paper reports the phase evolution in an elemental
blend of the same composition during MA, studied by X-ray diffraction
(XRD) and transmission electron microscopy (TEM). Moreover, in an
attempt to understand the role of Ce in this system, the MA characteristics of a similar composition containing less amount of Ce, i.e.,
Al93Mn6Ce1, were compared with those of Al92Mn6Ce2. The thermal
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stability of the amorphous phase produced by MA was also investigated by differential scanning calorimetry (DSC) and was compared
with that reported for the product of RSP of the same composition.
2. Experimental
Elemental powders of pure (N99.0 wt.%) Al, Mn and Ce having
average particle sizes b70 μm were blended under protective atmosphere to obtain the nominal compositions of Al92Mn6Ce2 and
Al93Mn6Ce1. The powder blends were subjected to high energy ball
milling in the cemented carbide grinding media at a mill speed of
300 rpm. by means of a Fritsch Pulverisette-5 planetary ball mill. The
ball to powder weight ratio was 10:1 and toluene was used as the
process control agent. The phase evolution with the progress of
milling was studied by means of a Philip’s X'pert Pro high-resolution
X-ray diffractometer using the Co-Kα radiation (λ = 0.178897 nm). The
reﬁned values of lattice parameter of the Al-rich solid solution (aAl)
were calculated from the peak positions in the XRD patterns by the
extrapolation of aAl against (cos2θ/sinθ) to cosθ = 0 [17]. The average
crystallite size and lattice microstrain of the Al-rich solid solution
were estimated from the broadening of Al111 reﬂection after stripping
its Kα2 component using Philips X'Pert Plus software, and then
analyzing the resultant XRD peak proﬁle by the Voigt method [18],
which allowed judicious elimination of the contribution due to the
instrumental peak broadening. For the overlapping peaks, the full
widths at half-intensity maximum and the true Bragg angle (2θ) were
determined by an appropriate deconvolution exercise. A JEOL JEM2100 transmission electron microscope was employed to observe the
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particle size and to establish the crystalline/amorphous nature of the
milled samples.
The extent of WC contamination in the mechanically alloyed powders,
due to the milling media, was determined by energy dispersive X-ray
(EDX) analysis of elemental W at several areas of the sample using a
scanning electron microscope (Zeiss, Supra-40), which was ﬁtted with an
EDX attachment. The total carbon (C) and oxygen (O) levels in the asmilled powder were determined by elemental analysis using carbon
analyzer (LECO, CS-244) and oxygen analyzer (LECO, TC-436), respectively.
The thermal stability of the mechanically alloyed product was
characterized by means of a differential scanning calorimeter (Perkin
Elmer-Pyris Diamond). The as-milled powder product containing
amorphous phase was carefully wrapped up in a thin Al foil and
annealed at 250 °C for 2 h in high purity (impurity level b10 ppm)
helium atmosphere and the resultant phase transformations were
examined by XRD.
3. Results and discussion
Fig. 1(a) shows the modulation of the XRD patterns of Al92Mn6Ce2
powder blend with the progress of MA. It was interesting to note that

Fig. 1. (a) Modulation of XRD patterns of Al92Mn6Ce2 with the progress of MA and (b)
enlarged view of the same patterns for 60 and 75 h of MA.
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intermetallic compounds of Al, Mn and Ce, namely, AlCe and
Al8CeMn4, which were formed during the early stage of milling (3–
15 h), gradually disappeared on further milling, and a different set of
intermetallic compounds like Al3Ce, and Al11Mn4 appeared at the later
stage of MA (Fig. 1(a)). The enlarged view of the XRD patterns of the
same composition after 60 h and 75 h of MA is presented separately in
Fig. 1(b) for better illustration of the phase evolution during prolonged
milling. Here, after 60 h of milling the structure appeared to be
substantially amorphous, as evidenced by the presence of a broad
amorphous hump in the XRD pattern (Fig. 1(b)). After 75 h of milling
some new intermetallic phases like Al2Ce and Al4Ce were found in the
milled product (Fig. 1(b)). The complicated nature of the ball milling
process, namely, the complexity and sequence of dissolution of the
alloying elements in the matrix, and the stability of the phases under
sustained deformation during the MA process [19–23] were possibly
responsible for the formation and/or dissolution of different intermetallic compounds during milling. From Fig. 1(b) it appears that the
dissolution of Mn and Ce in the Al matrix coupled with the structural
defects induced during prolonged MA possibly promoted the partial
amorphization in Al92Mn6Ce2 composition. The XRD pattern of the
powder milled for 60 h or more (Fig. 1(b)) shows the presence of traces
of WC, which is readily detectable because of the high scattering
power of WC. Nevertheless, it emerges from the present study that the
phases generated in the Al92Mn6Ce2 composition by MA were quite
different from those reported for the RSP of the same composition [1].
In order to investigate the role of Ce in the present alloy system, an
elemental powder blend containing less amount of Ce, i.e., Al93Mn6Ce1
was mechanically alloyed, and the evolution of phases in course of its
milling was monitored by XRD (Fig. 2(a)). The phases generated by MA
in this case were somewhat different from those found in the higher Ce
containing alloy. For instance, the intermetallic phases like Al6Mn,
Al2Mn3, Al2Ce and Al3Ce formed in the early stage of milling (3–15 h) of
Al93Mn6Ce1, and most of these phases (except Al3Ce) were found to be
stable even after 75 h of MA (Fig. 2(a)). But the intermetallic phases like
Al11Mn4 and Al4Ce, which were present in the Al92Mn6Ce2 composition
after 60 h of milling (Fig. 1(a)), were not found in the Al93Mn6Ce1 alloy
even after 75 h of MA. In case of Al92Mn6Ce2 composition most of the
phases forming in the early stage (3–15 h) of milling decomposed and/
or dissolved with the progress of milling, whereas in lower Ce
containing alloy mostly stable intermetallic phases were synthesized
in the early stage of milling. This is basically due to the difference in Ce
content, which seems to play an important role in the phase formation
by MA in the Al–Mn–Ce system. The dissolution of the intermetallic
phases, which were formed in the early stage of milling of Al92Mn6Ce2,
possibly resulted in the formation of partial amorphous structure in it
with the progress of milling, as apparent from the presence of an
amorphous hump in the XRD pattern (Fig. 1(b)).
It is interesting to note that the Ce content is the main difference
between the two Al–Mn–Ce alloy compositions, and it exerted its
inﬂuence even on the Ce-free intermetallic phases generated by MA,
viz. Al11Mn4 formed in Al92Mn6Ce2, whereas Al6Mn and Al2Mn3
were found in Al93Mn6Ce1. It may be noted that the alloy containing
lower amount of Ce formed less number of Ce containing intermetallic
compounds.
A magniﬁed view of the XRD proﬁles after 60 h and 75 h of milling
of Al93Mn6Ce1 is presented separately in Fig. 2(b) for better illustration
of the phase evolution in it. The absence of amorphous hump and the
presence of peaks corresponding to WC can be clearly noticed in these
XRD patterns. It is, therefore, evident that a completely crystalline
structure was formed in the Al93Mn6Ce1 composition after 75 h of MA
(Fig. 2(b)) in contrast to the partial amorphization in Al92Mn6Ce2 alloy
(Fig. 1(b)). It may be pointed out that the XRD peak for WC in Fig. 1(b)
appears to be much more prominent than that in Fig. 2(b), because the
range of intensity involved in recording each crystalline pattern in
Fig. 2(b) is about 2.5 times higher than that employed for recording
individual amorphous based pattern in Fig. 1(b).
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pattern of 75 h milled sample of Al92Mn6Ce2 in the inset of Fig. 3(a)
shows a diffused halo due to the presence of amorphous phase,
superimposed on the spotty patterns from the crystalline constituents. In contrast, the ED pattern of Al93Mn6Ce1 alloy milled for the
same duration in the inset of Fig. 3(b) displays only spotty rings,
indicating predominantly crystalline nature of the phases generated in
the alloy by MA.
Analysis of the XRD patterns of both the alloys, i.e., Al92Mn6Ce2 and
Al93Mn6Ce1, revealed that the crystallite size of Al-rich solid solutions
initially decreased rapidly and attained almost a constant value of
∼20 nm after 30 h of milling in both cases (Fig. 4). Fig. 3 displays the
TEM images of the alloys of both compositions after prolonged milling
(75 h). Here the average size of the particles is found to be of the order
of 30 nm (Fig. 3), which is in reasonable agreement with the average
crystallite size of the Al-rich solid solutions estimated by the XRD
analysis (Fig. 4).

Fig. 2. (a) XRD patterns of Al93Mn6Ce1 at different instances of MA, and (b) magniﬁed
view of the same patterns for 60 and 75 h.

It is known that small amount of impurities can trigger amorphization during ball milling [24,25]. For example, presence of 2.65 wt.% O in
the milled powder along with C b 0.05% resulted amorphization of Ti
during ball milling [24]. In another case stable intermetallic phase Fe2B
could not be amorphized by mechanical grinding; but, an additional
4.2 wt.% Fe in the powder blend could yield amorphous structure by ball
milling [25]. Hence, it is of interest to know the levels of contamination
in the present compositions at the end of 75 h of ball milling. The XRD
patterns in Figs. 1(b) and 2(b) show that some amount of WC
contamination was present at this stage. The elemental analysis of
both the alloys showed the presence of W ∼ 0.01 wt.% (in the form of
WC), C b 0.02 wt.% and O ∼ 0.08 wt.% as contamination in the powders
after MA for 75 h. These levels are much smaller than the levels of
impurity contamination/additions cited in the literature [24,25] for
provoking the amorphous phase formation by ball milling. Hence, the
presence of such a small level of contamination is unlikely to have any
signiﬁcant effect in the phase evolution during MA of Al92Mn6Ce2 and
Al93Mn6Ce1. Moreover, in spite of the presence of similar level of
contamination, entirely different types of structures were produced in
Al92Mn6Ce2 and Al93Mn6Ce1 after prolonged milling under identical
condition. Hence, it appears that the difference in Ce content in the two
Al–Mn–Ce alloys played the pivotal role in the phase evolution during
MA.
The XRD patterns in Figs. 1 and 2 indicate that the reduction in Ce
content in the alloy from 2 to 1% remarkably diminished the
amorphous phase formation. This result is in conformity with the
electron diffraction (ED) patterns of the two alloys in Fig. 3. The ED

Fig. 3. Bright ﬁeld TEM image and corresponding ED pattern (in the inset) of 75 h milled
powders of (a) Al92Mn6Ce2 and (b) Al93Mn6Ce1.
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Fig. 4. Variation of crystallite size of Al-rich solid solution with milling time for
Al92Mn6Ce2, and Al93Mn6Ce1 compared with that reported for Al88Ni6Ti6 in [23].

In an exhaustive review, Eckert [26] has pointed out that it is very
difﬁcult to achieve complete amorphization during MA of an alloy
containing more than 80 at.% Al, and often the structure shows
coexistence of an amorphous phase and fcc Al-rich matrix with some
intermetallic compounds [27–29]. The kinetic factors like competition
between the amorphization and crystallization, and the structural
factors like the extent of crystallite size reﬁnement and strain energy
stored in the milled product, the atomic size difference between the
constituent elements, as well as, the stability of any intermetallic
phase(s) under continued deformation can have a profound inﬂuence
on the amorphization by MA. It is of interest to know, which of these
factors has a dominant role in the amorphous phase formation during
MA of the present alloy system.
In the present study, the lattice microstrain in both the Al–Mn–Ce
alloys increased in a similar manner to nearly same level (∼0.5%)
during MA up to 60 h (Fig. 5). Thus, Fig. 4 along with Fig. 5 indicate that
the excess energy stored in the milled products in the form of surface
energy (due to the crystallite size reﬁnement) and microstrain energy
in both the Al–Mn–Ce alloys is of similar magnitude, and therefore,
these factors cannot account for the diversity in structures of the asmilled products in these alloys. The variation of lattice parameter of
the Al-rich solid solution (aAl) during MA of these two alloys, however,
showed a signiﬁcant difference, as illustrated in Fig. 6. In both the
alloys lattice parameter showed a decrease during the initial 15 h of
milling, and thereafter it gradually increased up to 60 h of MA (Fig. 6).

Fig. 5. Lattice microstrain (%) vs. milling time for Al92Mn6Ce2, Al93Mn6Ce1 and Al88Ni6Ti6
(see text).
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Since the atomic radius of Mn (0.118–0.134 nm) is less than that of Al
(0.14318 nm) [30], Mn seems to enter into the solid solution of Al
during the early stage of MA, and thereby causing a decrease in aAl. On
the other hand, the Ce (0.18244 nm) atoms are much bigger in size
than the Al atoms, and the atomic size difference also exceeds 28%,
which makes Ce almost insoluble in fcc-Al under equilibrium
condition [30]. Therefore, the increase in lattice parameter during
MA beyond 15 h (Fig. 6) may be attributed to the delayed dissolution
of Ce in Al.
Fig. 6 shows that the extent of increase in lattice parameter with
the progress of milling, after the initial decline, was more pronounced
in the case of Al92Mn6Ce2 as compared to that in Al93Mn6Ce1 (i.e.
lower Ce containing alloy). This factor was possibly instrumental in
generating the partially amorphous structure in the Al92Mn6Ce2 alloy.
In order to verify this view, the variation of crystallite size and lattice
parameter during MA of a fully amorphous phase forming Al-rich
composition, i.e., Al88Ni6Ti6 recently reported by Das et al. [22,23]
have been compared with the present alloys. The variation of lattice
microstrain in Al88Ni6Ti6 with the milling time was calculated from
the experimental XRD data reported in [23], and the results are
superimposed in Fig. 5. The results in Figs. 4 and 5 demonstrate that
the variation of crystallite size and lattice microstrain with milling
time (up to 60 h) in all the three Al-rich alloys are quite similar to each
other. But the variation in lattice parameter is much more pronounced
in the case of Al88Ni6Ti6 (Fig. 6), which has also yielded a completely
amorphous structure during MA, as compared to the partial
amorphization achieved in the Al92Mn6Ce2 milled under identical
condition. Therefore, a wide variation in the lattice parameter of the
Al-rich solid solution in the course of MA by addition of appropriate
type and quantity of the alloying elements seems to be of profound
importance in the design of amorphous forming composition. This
view is in tune with the ‘confusion principle’ outlined by Inoue [15].
Rao [12] ﬁrst postulated that an alloy with the smallest possible
molar volume is most prone to the glass formation. Egami [13]
discussed the theory of topological instability of the local atomic
structure due to the atomic size difference, as well as, the concentration of these alloying additions to explain the solid state amorphization. The remarkable inﬂuence of the wide variation in lattice
parameter of the Al-rich solid solution (Fig. 6) in the presence of
similar level of interfacial and strain energy (cf. Figs. 4 and 5) indicated
the dominant role of the said topological factors in the amorphous
phase formation by MA. Naturally, any portion of these alloying
additions utilized in the formation of intermetallic compounds is not

Fig. 6. Variation of lattice parameter of Al-rich solid solution, aAl, with the progress of
MA of Al92Mn6Ce2 and Al93Mn6Ce1 compared with that of Al88Ni6Ti6 milled under
identical condition and reported in [23].
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(ΔH = −166 J/g), which were indicative of some phase transformation in
the partially amorphous milled product. In order to get an insight into
this event, the 75 h milled sample of Al92Mn6Ce2 was annealed at 250 °C
for 2 h, and then analyzed by XRD. The corresponding XRD pattern has
been compared with that of the as-milled powder in Fig. 7(b). It shows a
pronounced presence of the newly formed intermetallic compounds like
Al6Mn and Al8Mn5. This strong tendency of forming intermetallic
compounds at relatively low temperatures (148 °C–190 °C) is not
attractive for retaining the amorphous phase after sintering of this
nanostructured powder. In contrast, Schwarz et al. [31] reported earlier
that the icosahedral based structure produced by RSP of the same alloy,
i.e., Al92Mn6Ce2 remained stable during the subsequent annealing at
550 °C for 1 h. This difference in the thermal stability may be attributed
to the difference in the microstructure and strain in the products of MA
and RSP. The presence of a high level of mechanical disorders in the
milled product might have provoked easy decomposition of the
metastable phases (e.g. amorphous phase) during subsequent annealing.
4. Conclusions

Fig. 7. (a) DSC thermogram of Al92Mn6Ce2 milled for 75 h, recorded during heating at a
rate of 5 °C/min under ﬂowing helium atmosphere. (b) XRD patterns of 75 h milled
sample before and after annealing at 250 °C for 2 h.

expected to contribute to the desired lattice parameter variation for
the amorphous phase formation.
It may be recalled that the MA of Al92Mn6Ce2 composition
generated a structure that was completely different from that reported
for RSP of the same composition [1]. This divergence in the product
structure can originate from the difference in the mechanism of nonequilibrium phase formation in the two non-equilibrium processing
routes. In RSP, all the alloying elements are in solution in the liquid
prior to rapid solidiﬁcation, and along with these the thermal disorders
are frozen-in; whereas the sequence of dissolution of the different
alloying elements and the level of mechanical disorders induced by the
MA process can dictate the resultant phase evolution.
Fig. 7(a) depicts the thermal stability of the 75 h milled partially
amorphous nanostructured product of Al92Mn6Ce2 composition studied
by DSC under ﬂowing helium atmosphere. During DSC the temperature
was raised up to 250 °C and the heating rate was 5 °C/min. First, an
endothermic peak appeared at ∼100 °C involving a small change of
enthalpy (ΔH = 0.61 J/g), which possibly was associated with the
evaporation of adsorbents (like moisture) from the milled product.
Thereafter, four prominent exothermic peaks appeared at ∼148 °C (ΔH =
−97 J/g), ∼156 °C (ΔH = −32 J/g), ∼175 °C (ΔH = −27 J/g) and ∼190 °C

Phase evolution characteristics during mechanical alloying in
Al92Mn6Ce2 were quite different from that in Al93Mn6Ce1, and it
evidenced a strong inﬂuence of Ce even on the type of Ce-free
intermetallic phase formation. The partial amorphization obtained in
Al92Mn6Ce2 during prolonged milling was not found in the lower Ce
containing composition, i.e., Al93Mn6Ce1, thus indicating an important
role of Ce in the formation of amorphous phase in Al–Mn–Ce system
during MA.
The icosahedral based product structure reported for RSP of
Al92Mn6Ce2 was not obtained by MA of the same composition,
possibly due to the difference in the alloying mechanism in these two
non-equilibrium processing methods.
The wide variation in lattice parameter of the Al-rich solid solution
in the presence of similar level of surface and strain energy stored in
the milled products apparently indicated a pivotal role of the
topological factors in the amorphous phase formation during MA of
the present Al–Mn–Ce alloys.
The thermal stability of the metastable phases generated by MA
was inferior to that reported for RSP of the same composition, i.e.,
Al92Mn6Ce2, possibly due to the difference in the product structure
obtained through these two non-equilibrium processing routes.
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