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A comprehensive crystallization kinetics study was carried out in order to understand the mechanism of
formation of a Mg-rich nanocrystalline Mg6Ni phase in a metallic glass with similar overall composition,
Mg83Ni17. Adequate description of the transformation kinetics was obtained by the JMKA equation with
an integer Avrami exponent n = 4, associated with nucleation and three-dimensional linear growth crys-
tallization mechanism. To study the nanocrystals growth mechanism separately a controlled heat treat-
ment of the amorphous alloy was applied and thus a three-dimensional growth with a constant rate was
obtained (n = 3) for the pre-annealed alloys. For all transformation curves the dependence of n on the
degree of transformation a, n(a), was analyzed and the regions with constant n were defined. The correct
separation of the processes of nucleation and crystal growth allowed reliable values for the activation
energies of both nucleation and growth processes to be determined.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The thermal stability and crystallization of Mg–Ni-based metal-
lic glasses have been intensively studied [1–6] due to their applica-
bility for hydrogen storage as well as because of the possibility to
produce nanocrystalline microstructures with attractive chemical
and physical properties. The crystallization, microstructure and
hydriding properties of magnesium rich Mg–Ni amorphous alloys
with various compositions have been investigated as well [3,6–
11]. Depending on the amorphous alloy composition different crys-
tallization mechanisms (eutectic, primary, polymorphous) were
determined [2–5,12,13]. Formation of a metastable Mg6Ni phase
with cubic structure (F43m) with high thermal stability was found
in Mg-richer Mg–Ni and Mg–Ni–RE alloys [3,5,6]. It has to be
pointed out that according to Sommer et al. [5] the composition
of the metastable phase is slightly different, i.e. Mg�5.5Ni. The for-
mation of Mg6Ni is inhibited by the increase of the hydrogen con-
centration introduced into the ribbon [3,6]. During continuous
heating this metastable phase transforms to the equilibrium aMg
and Mg2Ni [3]. The thermal stability of the Mg6Ni phase was found
to depend on the alloy composition, as the highest transformation
temperature of about 350 �C was detected for Mg83Ni17 and
Mg87Ni12Y1 [3,13].
ll rights reserved.

assov).
The crystallization of the metastable Mg6Ni phase in amor-
phous Mg83Ni17 alloy was studied and a nucleation with subse-
quent three-dimensional crystal growth mechanism was found
[13]. The activation energy of this transformation, determined by
the Kissinger method, was estimated to be 160 ± 10 kJ/mol. An
average grain size of about 30 nm was determined before the
transformation of this phase to the equilibrium aMg and M2Ni
[13]. In contrast, annealing of the Mg82Ni18 amorphous alloy leads
to the formation of Mg2Ni and Mg [5]. The crystallization of this
glass is governed by nucleation and three-dimensional growth
mechanism [5].

Based on a comprehensive crystallization kinetics analysis the
present study aims to elucidate upon the Mg6Ni nanocrystalliza-
tion reaction mechanism in a glass with an overall composition
very close to Mg6Ni (i.e. Mg83Ni17).

2. Experimental part

The alloy was prepared by melting of high purity Mg (99.95)
and Ni (99.99) in an induction furnace under pure argon atmo-
sphere. From the master alloy ingots ribbons were produced by
melt-spinning with an approximate quenching rate of 25–30 m/s.
The chemical composition of the alloys was examined by SEM with
an energy dispersive X-ray analysis (EDX).

The microstructure of the melt-spun materials as well as the
crystalline phases in the as-quenched and heat treated alloys were
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characterized by X-ray diffraction (XRD) using both in house
equipment (Cu-Ka; k = 1.54 Å) and synchrotron radiation X-rays
(k = 0.103 Å) at the beamline 11IDB (Argonne National Laboratory).
Thanks to the high energy/short wavelength of synchrotron radia-
tion X-rays used XRD data were collected over quite a wide region
(0–25 Å�1) of reciprocal space vectors, Q. Here Q = 4p (sinh)/k,
where h is half the angle between the incoming and outgoing X-
rays, and k is the wavelength of the radiation used. Besides, the
higher flux of synchrotron radiation X-rays and the usage of a large
area detector yielded XRD data of a very good statistical accuracy.
Experimantal struture functions are shown in Fig. 1(a), and their
Fourier transforms – the experimental reduced atomic distribution
functions, G(r) – in Fig. 1(b).

Thermal stability and crystallization kinetics of the rapidly
solidified alloys were studied by means of DSC (Perkin–Elmer
DSC7) under pure argon atmosphere.

3. Results and discussion

As already mentioned in the introduction, in a series of our pre-
vious studies [3,4,12,13] the formation of the metastable Mg6Ni
phase in melt-spun amorphous Mg–Ni alloys was analyzed. The
kinetics of its formation and its thermal stability depend on the
amorphous alloy composition. For the one with an overall compo-
Fig. 1. Experimental structure functions of as-quenched Mg83Ni17 and Mg6Ni phase
(a) and their Fourier transforms (b).
sition close to that of the metastable Mg6Ni compound (Mg83Ni17)
the kinetic analysis reveals nucleation with subsequent three-
dimensional linear growth mechanism [13], although the micro-
structure of the Mg6Ni formed is fine nanocrystalline (10–15 nm)
and remains in the nanometer range (20–30 nm) during annealing
up to the temperatures of its decomposition to aMg and Mg2Ni
(330–360 �C). Substantial grain growth of Mg6Ni was not detected
as well. Therefore, it was challenging to take a deeper look into the
local range order of the as-cast amorphous Mg83Ni17 alloy. As can
be seen in Fig. 1(a) the experimental structure function for as-cast
Mg83Ni17 exhibits a sharp first peak followed by low-frequency,
low-amplitude oscillations, a picture typical for metallic glasses.
The Q[S(Q) � 1] data for the Mg6Ni phase show more and sharper
peaks, reflecting the onset of (nano)crystallization. Correspond-
ingly, the correlations between atoms in Mg6Ni are defined better
and extend to longer interatomic distances compared to those seen
in as cast Mg83Ni17. This is well demonstrated by the fact that the
atomic PDF for Mg6Ni is much more structured than that for amor-
phous Mg83Ni17. (see Fig. 1b) which decays to zero already at ap-
prox. 20 Å.

The DSC analysis of the amorphous Mg83Ni17 (Fig. 2) shows a
single crystallization reaction at 165 �C (Tmax = 175 �C), resulting
in nano-Mg6Ni formation (see Fig. 1), with an enthalpy of crystal-
lization of 70 J/g and confirms our preliminary results [13]. The
transformation of the metastable Mg6Ni phase into the equilibrium
aMg and Mg2Ni takes place with a low velocity in the temperature
range of 300–350 �C and therefore the thermal peak associated
with this reaction is very broad and weak. Compared to other Mg
based metallic glasses, which also transform to the stable crystal-
line state through the metastable Mg6Ni phase, the thermal stabil-
ity of the Mg6Ni phase in the studied alloy is higher.

It is interesting to note that the Mg6Ni phase, formed by anneal-
ing the Mg83Ni17 glass up to a temperature immediately after the
single crystallization peak (180 �C), is extremely fine nanocrystal-
line (3–4 nm). Experimental XRD and RDF data clearly show that
the short-range atomic order in the nanocrystallized alloy extends
to about 3.0 nm (Fig. 1(b)). In addition, the (nano)crystallization in-
volves a modification/change of the immediate/local atomic/chem-
ical order in the glass as indicated by the change in the shape of the
first peak in the corresponding atomic RDFs.

To determine the mechanism of the crystallization reaction,
leading to the nanocrystalline Mg6Ni phase, a comprehensive iso-
thermal kinetic study at different temperatures was carried out.
Figs. 3 and 4 present the DSC isothermal curves and the corre-
sponding transformation curves in the range 145–165 �C, which
is the largest temperature interval in which the reaction kinetics
Fig. 2. DSC scans of as-quenched and pre-annealed Mg83Ni17.



Fig. 3. DSC isotherms of Mg6Ni crystallization reaction in as-quenched Mg83Ni17.

Fig. 4. Corresponding transformation curves of the crystallization of Mg6Ni in
Mg83Ni17 (solid line, calculated transformation curves according to the JMKA model
with n = 4).
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can be correctly investigated. Since our preliminary investigation
[13] showed a crystallization mechanism (nucleation with subse-
quent three-dimensional linear growth), which is not typical for
a nanocrystallization reaction in metallic glasses, the present study
aimed to obtain more information on the transformation mecha-
Fig. 5. Kinetic curves, plotted in logarithmic coordinates for the isothermal
experiments in the range 145–165 �C.
nism and, if possible, to get reliable results on the nucleation and
nanocrystals growth processes separately. From the kinetic curves,
plotted in logarithmic coordinates of the JMKA equation,
(a = 1 � exp(�k(t � s0)n) [14,15], Fig. 5, an average Avrami expo-
nent of n = 4 was obtained for all temperatures in the range 150–
165 �C. At lower temperatures (145 �C) n is about 3.5, which most
probably means that at this temperature growth of pre-existing
nuclei proceeds parallel with the nucleation process. It has to be
pointed out that at the low temperatures of isothermal annealing
(145 and 150 �C) the deviation from the linear dependence is sub-
stantial, indicating that at these temperatures a satisfactory predic-
tion of the transformation kinetics by the JMKA model with a
constant Avrami exponent n can not be obtained. The incubation
time, s0, in the JMKA equation was determined from the experi-
mental kinetic curves.

Fig. 4 reveals the non-linear fit of the experimental kinetic
curves by JMKA equation at fixed n = 4 for T = 150, 155, 160 and
165 �C and at n = 3.5 for T = 145 �C. The kinetic constant in the
JMKA equation, estimated at fixed value of n = 4, k4, includes the
nucleation (J) and growth (u) rates, according to the equation
k4 = c � J � u3 (c is a constant). Its temperature dependence, Fig. 6,
gives the overall activation energy of crystallization
Q = 864 ± 2 kJ/mol. It includes the activation energy for nucleation
(Qn) and for three-dimensional crystal growth (Qg). Although the
description of the experimental curves by the JMKA model is very
good one can clearly see that there is a noticeable difference be-
tween the experimental and calculated curves for a < 0.1–0.2,
Fig. 4, especially at the lower annealing temperatures.

Due to the observed differences in the values of n, determined
using different parts of the a(t) curve, its dependence on the degree
of transformation a, n(a), was studied for all experimental curves,
Fig. 7, according to the equation: nðaÞ ¼ @ln½lnð1=ð1�aÞÞ�

@lnðt�s0Þ
. It is obvious

that n varies with a for all temperatures of annealing. At higher
temperatures (P155 �C) after a transient period, in which n in-
creases from 3 to 4–4.5, a nearly constant Avrami exponent,
n = 4.5 ± 0.2, was established. These values imply that nucleation
and further three-dimensional linear growth is the most probable
crystallization mechanism. Values of n above 4 usually reveal a
nucleation process with increasing nucleation rate. The transient
period, before a constant value of n to be established, varies be-
tween a = 0–0.20 to a = 0–0.30 and depends on the temperature
of isothermal annealing, as it is shorter for the higher tempera-
tures. At the lower annealing temperatures (150 �C) n reaches a
Fig. 6. Arrhenius temperature dependence of the kinetic constant k4 (for as-
quenched Mg83Ni17) and k3 (for the pre-annealed Mg83Ni17) in the JMKA equation
for the crystallization of Mg6Ni.



Fig. 7. Dependence of n on the degree of transformation (a) in the range 145–
165 �C for the as-quenched Mg83Ni17.

Fig. 8. Dependence of a on ln(t � s0) (filled squares) and its first derivative (filled
stars).
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nearly constant value of 3.5 at a = 0.25 and remains 3.5 almost un-
til a � 0.7, which means that the dominating mechanism is three-
dimensional linear growth of pre-existing crystal nuclei and simul-
taneous nucleation with subsequent three-dimensional growth
(i.e. both mechanisms work simultaneously). A possible reason
for the different shape of the n(a) curve at 145 �C is the poorer pre-
cision of the isothermal kinetics analysis at low temperatures, due
to the slow release of heat and the resulting option for an incom-
plete crystallization. The last was detected by a DSC isochronal
experiment after isothermal annealing at 145 �C.

Applying the approach of Avramov et al. [16], which uses for the
Avrami exponent determination the more reliable experimental
data in the middle part of the ‘‘a � t” curve, similar n-values were
obtained (Table 1). According to this approach, for the interpreta-
tion of the kinetic results the coordinates ‘‘a vs. ln(t � s0)” instead
of ‘‘a vs. (t � s0)” are used, Fig. 8. From the maximum slope
(a0 ¼ @a

@½lnðt�s0Þ�
) of the S-shaped curve, Fig. 8, the Avrami exponent

n can be determined according to a0 = 0.368.n [16]. The n-values
obtained by this method depend on the temperature of annealing
and correspond to the n-values determined in the range of
a = 0.3–0.7 (see Fig. 7).

On the basis of the above reported results it can be concluded
that the fine nanostructure formed by the crystallization of the
studied metallic glass can only result from a high nucleation rate.
However, to understand the nanocrystallization reaction in detail
it is necessary to study the nucleation and growth reactions sepa-
rately. To achieve this a short time (1 min) pre-annealing was ap-
plied at 165 �C in order to generate sufficient nucleation sites in the
amorphous alloy and then the alloy was rapidly cooled down to
room temperature. After this pre-annealing of the alloy the crystal-
lization reaction was carried out at different temperatures in the
range 130–145 �C, where the process is supposed to be controlled
mainly by the crystal growth. The pre-annealing time (1 min) was
chosen to correspond to the incubation time of the overall crystal-
lization reaction at this temperature (165 �C). DSC scan of the pre-
Table 1
n-values obtained applying the approach of Avramov et al.

T �C a0 = n/2.718 n

145 1.74 4.7
150 1.73 4.7
155 1.67 4.5
160 1.37 3.7
165 1.51 4.1
annealed sample (1 min at 165 �C) shows also an exothermic peak,
which differs in its shape from that of the as-cast sample, Fig. 2.
The pre-annealing causes a shift in the crystallization temperature
to a lower value (from �165 �C to �160 �C), but the crystallization
enthalpy remains practically equal for both samples (70 J/g for the
as-cast and pre-annealed alloys). This result reveals that indeed the
pre-annealing most probably results in formation of crystalline nu-
clei (clusters), which have a negligible volume part in the amor-
phous matrix. As it was mentioned above the pre-annealed
samples were subjected to an isothermal kinetic analysis. In this
case the temperature range in which such study could correctly
be carried out was 130–145 �C. The experimental DSC curves and
the corresponding transformation curves are shown in Fig. 9. From
the experimental data in the linearized JMKA coordinates, Fig. 10,
an Avrami exponent n = 3 was determined for most of the kinetic
curves obtained at different temperatures. The Avramov’s ap-
proach [16] and the non-linear fit of the experimental curves with
the JMA equation also give n-values of about 3. These values imply
three-dimensional linear growth of existing nuclei, as the most
probable crystallization mechanism of the pre-annealed samples.

The n(a)-dependence was also derived from the isothermal ki-
netic curves of the pre-annealed alloys, Fig. 11. The pre-annealed
samples show smaller ‘‘incubation” period, before a constant n-va-
lue to be reached, compared to the as-cast alloys. At a > 0.1–0.2, n
Fig. 9. DSC isotherms and corresponding transformation curves (inset) of the
crystallization of Mg6Ni in pre-annealed Mg83Ni17 (solid line, calculated transfor-
mation curves according to the JMKA model with n = 3).



Fig. 10. Kinetic curves, plotted in logarithmic coordinates for the isothermal
experiments in the range 130–145 �C.

Fig. 11. Dependence of n on the degree of transformation (a) in the range 130–
145 �C for the pre-annealed Mg83Ni17 samples.

Fig. 12. Arrhenius temperature dependence of k4(T)/k3(T) (filled squares) and its
linear fit (solid line).
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obtains a constant value of 2.5–3.0, depending on the temperature
of annealing. It is noteworthy that at 145 �C n possesses an almost
exact value of 3 in the whole range of a.

From the temperature dependence of the k3-values (the kinetic
constant in the JMKA equation at n = 3; k3 = c � N � u3, where N is the
number of nuclei formed during the pre-annealing (1 min/165 �C))
the activation energy of three-dimensional crystal growth was ob-
tained, Qg = 440 ± 15 kJ/mol (Fig. 6), because in the constant k3 only
the growth rate u is temperature dependant.

The extrapolation of the k3-values to higher temperatures, at
which the crystallization kinetics of the as-quenched samples were
studied (150–165 �C), enables analyzing of the temperature depen-
dence of the nucleation rate J(T), according to the equation: k4(T)/
k3(T) = J(T)/N. From the Arhenius temperature dependence of k4(T)/
k3(T), Fig. 12, the activation energy of nucleation, Qn = 423 ± 2 kJ/
mol, was determined. This value is noticeably lower compared to
that for nucleation processes in other metallic glasses and could
explain the high nucleation rate in this alloy [17,18].

4. Conclusions

On the base of comprehensive crystallization kinetics study the
mechanism of nanocrystallization of Mg6Ni in the Mg83Ni17 glass
was determined. A nucleation and three-dimensional linear
growth crystallization mechanism was found for the as-quenched
amorphous alloy. The process of nanocrystals growth was studied
separately by applying a controlled pre-annealing of the glass.
Thus, a three-dimensional growth with a constant rate was ob-
tained for the pre-annealed alloys. The correct separation of the
processes of nucleation and crystal growth allowed reliable values
for the activation energies of both nucleation and growth to be
obtained.
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