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Abstract

Amorphous 55Mg35Ni10Si alloy powder has been synthesized by mechanical alloying technique using pure Mg, Ni and Si elemental
powders. The transformation of the crystalline powders into an amorphous one has been investigated by X-ray diffraction, scanning elec-
tron microscopy, transmission electron microscopy and differential scanning calorimetry. The new material produced has a higher ther-
mal stability than reported results, which is beneficial to the fabrication of Mg–Ni–Si bulk amorphous components through powder
metallurgy.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Mg alloys are well known light-weight alloy systems
with outstanding specific mechanical properties that will
find applications in a number of engineering fields [1].
Unfortunately, the plasticity and the toughness of Mg
alloys are usually unsatisfactory and therefore, implemen-
tation treatments have to be conducted to improve these
properties. As is widely reported, metallic materials with
nano-grains show extraordinary physical and mechanical
properties and this suggests that the plasticity and the
toughness of the Mg alloys can be modified if the grains
are tailored into nanometer dimensions. Among others,
amorphous route has been proved to be one of the most
effective technologies in producing nanocrystalline struc-
tures through crystallization [2–6]. There are several ways
to produce Mg based amorphous alloys including mechan-
ical alloying (MA) [7–9]. The main Mg based amorphous
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ternary alloy powders prepared via MA include Mg–Y–
Cu [10,11], Mg–Ni–Ge [12], Mg–Ni–Sn [13], Mg–Ni–Y
[14,15], and Mg–Al–Ca [16]. The selection of ternary alloy
system may be based on the fact that they have relatively
strong glass formation ability in comparison of binary
alloys [17]. However, although these Mg ternary systems
have very strong glass forming ability, they have relatively
low crystallization temperatures, which is unfavorable for
production of bulk amorphous component through hot
pressing or extrusion. It has been proved that Ni has a
rather high amorphous forming ability and Si tends to ele-
vate the glass transition temperature of Mg based amor-
phous materials, and thus elemental Mg, Ni and Si
powders were selected as starting materials in the present
study. The MA processing parameters and alloy composi-
tions were investigated with the objective of fabricating a
new ternary Mg based amorphous powder with a relatively
high crystallization temperature. It is expected that the new
ternary Mg–Ni–Si amorphous alloy powder will be suitable
for developing bulk amorphous components that will be
useful in automobile parts, portable electric appliances,

mailto:fshan@issp.ac.cn


Fig. 1. XRD patterns of 55Mg35Ni10Si powder after milling for (a) 0 h;
(b) 20 h; (c) 30 h; (d) 44 h and (e) 68 h.
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aerospace components, sports equipment and hydrogen
storage applications and so on.

2. Experimental procedure

The starting materials are elemental Mg, Ni and Si pow-
ders with the purity of 99.9% and the nominal mean diam-
eters of the powders are 180 lm, 35 lm and 44 lm,
respectively. The powders were weighed using an electrical
balance with an accuracy of 0.01 g in terms of the targeted
composition of 55Mg35Ni10Si in atom percent. The mix-
tures of 20 g starting powders and 400 g stainless steel balls
with a diameter of 10 mm were used in each milling test. It
has been known that the powder particulates tend to bind
together after milling for a certain time, giving rise to so
called cold-welding effect due to heavy plastic deformation
of the metallic particulates, such as Mg and Ni particulates
in the present study. To weaken the cold-welding effect,
2 wt% stearic acid was added into the powder mixtures
before the milling [7]. The MA was conducted in a Retsch
Fig. 2. (a) Bright field image and (b) diffraction pattern of the sele
mill (PM400), where the pot rotates against the revolution
and cold air is blown over the pot to keep the pot from
heating up. The rotation speed was 200 rpm and the milling
time ranged from 20 to 68 h. During the milling, the pow-
ders are liable to adhere to the wall of the pot due to the so
called cold welding effect, causing the milling efficiency
decreased or even uncompleted milling. The pot was there-
fore taken into a glove box every 5 h to remove the adher-
ent powders from the pot wall and to break the
agglomerated powders. Meanwhile, a small amount of
powders were taken out from the pot to examine the evo-
lution of the microstructures of the milled powders. The
phase composition of the milled powders was characterized
by X-ray diffraction (XRD) using Cu Ka radiation (X 0 Pert
Pro MPD) and the thermal stability was evaluated by dif-
ferential scanning calorimetry (DSC, Pyris Diamond) at a
heating rate of 20 K/min under argon atmosphere. The
microstructures were examined by high resolution trans-
mission electron microscopy (HRTEM, Philips JEM2010)
and scanning electron microscopy (SEM, Leica S440).

3. Results

Fig. 1 shows the typical XRD spectra of the
55Mg35Ni10Si alloy powders milled for different times
from 20 to 68 h. For the initial mixture of the powders,
sharp diffraction peaks related to hcp-Mg, fcc-Ni and fcc-
Si appeared in the spectrum. These peaks gradually became
lower and broader and some peaks even disappeared with
increasing milling time, as shown in Fig. 1(b) and (c), due
to the refinement of the crystalline grains and increase of
lattice strain. With further increasing milling time such as
milling for 44 h, however, only small Ni peaks can be seen
while the Mg and Si related peaks are almost invisible. This
phenomenon should not be attributed to the dissolution of
Mg and Si in Ni because the Ni diffraction peaks did not
shift [18]. In order to understand the state of Mg and Si
at this stage, the powders milled for 44 h were analyzed
by HRTEM, as shown by the bright field image and the
diffraction pattern in the selected area in Fig. 2(a) and
cted area for the 55Mg35Ni10Si powder after milling for 44 h.



Fig. 3. (a) Bright field image and (b) diffraction pattern of the selected area for the 55Mg35Ni10Si powder after milling for 68 h.
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(b). It is seen that, in addition to the sharp diffraction rings
and some bright spots, a diffusive diffraction ring presented
near the center, showing the existence of an amorphous
phase. Therefore, the most of Mg, Si and some Ni have
transformed into the amorphous phase in this stage. As
the milling proceeded, the amount of the amorphous phase
increased until a single amorphous phase was achieved, as
shown by the broad peak shown in Fig. 1(e). The corre-
sponding bright field image and the selected area diffrac-
tion pattern shown in Fig. 3(a) and (b) further evidence
the formation of the single amorphous phase. The particu-
lates show a very fine and homogeneous microstructure
without any facet structure, and the diffusive halo with lim-
ited diffraction spots shows a typical amorphous feature,
being in good agreement with the XRD results presented
in Fig. 1(e).

4. Discussion

It is useful to compare the above MA results with those
of conventional solid state reactions induced by thermal
annealing of the same premilled powders. Fig. 4 shows
Fig. 4. DSC curves of the 55Mg35Ni10Si powder after milling for (a)
20 h; (b) 44 h and (c) 68 h.
DSC curves of the 55Mg35Ni10Si powders milled for 20,
44 and 68 h, illustrating the differences among the three
powders. The powder milled for 20 h exhibited a broad
endothermic peak at about 260 �C, while the powder milled
for 44 h not only showed a smaller endothermic peak at an
elevated temperature, but also exhibited a sharp exother-
mic peak at around 410 �C. For the powder milled for
68 h, however, only a sharp exothermic peak appeared at
420 �C and no endothermic peak can be seen. In order to
understand the origin of these peaks, XRD measurements
were performed with the powders milled for 20 h and
68 h, as shown in Figs. 5 and 6. For the powder milled
for 20 h, there only existed the peaks of Ni, Si and Mg2Si
in the original powder, while there existed enhanced Si
and Ni peaks and other peaks related to compounds such
as Mg2Si, Mg5Si6, MgNi2, and Mg2Ni3Si in the heat trea-
ted powder. The enhanced Si and Ni peaks can be attrib-
uted to the growth of crystal grains during the heat
treatment, and the formation of new phases is most likely
due to the inhomogeneous mixing of the milled powders.
From the above XRD results, the endothermic peak at
260 �C should be related to layer bonding by atomic diffu-
Fig. 5. XRD patterns of (a) without heat treatment and (b) heat treated to
300 �C at a heating rate of 20 K/min for the 55Mg35Ni10Si powder after
milling for 20 h.



Fig. 6. XRD patterns of (a) without heat treatment and (b) heat treated to
500 �C at a heating rate of 20 K/min for the 55Mg35Ni10Si powder after
milling for 68 h.
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sion in the solid state that resulted in the formation of these
compounds and the growth of Si and Ni crystal grains. In
addition, it is seen from the XRD pattern in Fig. 5 that all
diffraction peaks of the resultant phases are broader and
lower than those of the corresponding peaks of the pow-
ders without MA and heat treatment, suggesting that the
20 h milling had lead to the formation of nanocrystalline
and amorphous grains, as indicated by the arrow in
Fig. 5(b). It is noted that some powders have agglomerated
to form as large as 15–20 lm particulates due to the cold
welding effect during the MA, as shown in Fig. 7. After
68 h milling, large differences in the XRD patterns were
noted between the heat treated and original powders. The
XRD pattern of the powder after heat treatment reveals
the appearance of some new phases, which are nanocrystal-
line Mg31Si12, Mg2Si, Mg5Si6, MgNi2, Mg2Ni5Si and Ni2Si.
Fig. 7. SEM micrograph of typical 55Mg35Ni10Si agglomerates after
milling for 20 h.
Accordingly, the exothermic peak at 420 �C should be
attributed to the crystallization of the amorphous phase.
It should be pointed out that this temperature is much
higher than reported values, for example, 300 �C for
75Mg15Ni10Si powder, which is due to the relatively high
Si/Mg ratio in the present powders [19]. As mentioned
above, relatively high crystallization temperature is extre-
mely important for manufacturing bulk amorphous com-
ponents because the consolidation of the amorphous
powders is usually conducted at relatively high tempera-
tures during extrusion. The elevated crystallization temper-
ature of the amorphous powders is necessary to guarantee
the amorphous microstructures after consolidation [20].

As displayed in Fig. 2(a), heavy and heterogeneous plas-
tic deformation arisen in the powders and in the diffraction
pattern at the selected zone shown in Fig. 2(b), the bright
Laue spots suggest that the oriented particles have very fine
crystalline grains in the unprocessed Ni. In addition, the
diffusive diffraction rings demonstrate the occurrence of
the amorphous phase. It is in good agreement with the
DSC results shown in Fig. 4(b), where the first endothermic
peak is caused by the reaction of the unprocessed Mg, Ni
and Si powders to form the new phases. The physical sig-
nificance of the observed exothermic peak lies in that it
actually represents the crystallization temperature of the
amorphous powder. Increasing the milling time leads to
decreased amount of the unprocessed Mg, Ni and Si and
thus gives rise to increased amount of the amorphous
phase. Moreover, the enthalpy DH of the endothermic
peak for the powder milled for 44 h is smaller than that
milled for 20 h, while the enthalpy DH of the exothermic
peak for the powder milled for 44 h is smaller than that
milled for 68 h. These differences are consistent with the
crystallization temperatures of the powders having varied
milling times and also disclose the evolution of the micro-
structures in the amorphous phases.

The experimental results reveal the influence of milling
time on both the evolution of the phases and the final prod-
uct of 55Mg35Ni10Si powders. After a relatively short
milling, for example 20 h, the powders were transformed
into layered structures and refined crystalline grains, as
demonstrated by the broadened diffraction peaks in the
XRD spectra. With increasing milling time, a solid state
reaction must have taken place that caused some powders
to transform into amorphous phase in addition to nano-
crystalline phases. Finally, when the milling time reached
68 h, the solid state reaction was complete and most of
the powders were transformed into the 55Mg35Ni10Si
amorphous phase. It is therefore concluded that the micro-
structures of the powders developed during the MA should
be in the order of the grain refinement, the formation of the
amorphous Mg and Si and the formation of the amor-
phous 55Mg35Ni10Si alloy, as shown by the following
reactions:

Mg+Ni+Si!Mgnanocrystalline +Ninanocrystalline +Sinanocrystalline

! (Mg–Ni–Si)amorphous +Ninanocrystalline! (55Mg35Ni10Si)amorphous
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5. Conclusions

Amorphous 55Mg35Ni10Si powders were produced by
mechanical alloying technique. The sequence of phase
transformations during the milling can be described as
follows:

Mg + Ni + Si!Mgnanocrystalline + Ninanocrystalline + Sinanocrystalline

! (Mg–Ni–Si)amorphous + Ninanocrystalline

! (55Mg35Ni10Si)amorphous

The amorphous powder has a relatively high thermal sta-
bility. The crystallization temperature of the powder is as
high as 380 �C, which is beneficial to the consolidation of
bulk amorphous materials. These results show promise to-
wards the development of Mg–Ni–Si amorphous alloys
through powder metallurgy.
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