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Two large exothermic reaction peaks at 658 and 690 K are observed in the differential scan-
ning calorimetric (DSC) curve for the amorphous metallic alloy, Nig;Cr,P,4. Extensive DSC
and X-ray diffractometer measurements were carried out for pre-annealed samples, and it is
concluded that the two peaks are due to crystallization of Ni and stable Ni,P phases, respect-
ively. The expanded lattice constants of these phases can be explained by assuming that a
small amount of Cr atoms were dissolved in these crystalline phases. As for the metastable
Ni;P phase, confirmation of its presence by X-ray measurement could not be obtained. These
results may be interpreted by considering that the metastable phase appears only in the thin

film region of the sample.

1. Introduction

Amorphous metallic alloy is well known as a new
material which has high magnetic permeability and
excellent resistance to corrosion. Since these charac-
teristics of amorphous alloys deteriorate drastically
during crystallization, investigation of the crystaliliza-
tion kinetics has been extensively studied. Further
attention has been paid to the appearance of meta-
stable crystalline phases during crystallization of the
amorphous materials. This is because these metastable
phases could not be obtained by usual crystal growth
techniques. A comparison of the crystallization pro-
cess for the metastable phase with that for the stable
phase may give an insight into the detailed kinetics of
nucleation and atom diffusion mechanisms in the
amorphous materials.

A two phase mixture of Ni and Niy;P was known
to be present during the crystallization process of
a metallic amorphous Ni-P alloy system. The
stable Ni;P phase has a body centred tetragonal
(b.c.t) crystal structure, with lattice constants of
a = 0.8954 nm and ¢ = 0.4386 nm [1]. The metast-
able crystalline phases were observed by transmission
electron microscope (TEM) measurements during
crystallization of amorphous Ni-P alloy, or Ni-P
based ternary alloys. However, discussion of their
structures and compositions are still controversial.
For Nigg 5Cry4 5P, metallic alloy, Conde et al. [2]
reported preliminary results of differential scanning
calorimetric (DSC) measurements. They showed that
the Ni—Cr and (Ni,Cr), P crystalline phases grow from
the amorphous phase by continuous heating; and, no
indication for the appearance of the metastable phase,
which is commonly observed in these metal-metalloid
systems, was given. In this paper, detailed experi-
mental results from DSC and X-ray diffraction meas-
urements for amorphous Nig;Cr, (P, metallic alloy
are reported, especially on samples which were sub-
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jected to pre-annealing at temperatures below and
above the crystallization temperature prior to meas-
urement. The presence of metastable and stable
crystalline Ni(Cr) phases will be confirmed, and the
role of Cr atoms in the crystallization mechanism will
be discussed. It is also suggested that the metastable
Ni;P phase with hexagonal symmetry, observed in the
TEM measurements, does not appear in the bulk
samples.

2. Experimental procedure

Quenched amorphous NigsCr,; P4 (a-NiCrP) alloy
ribbon of 40 um thickness were obtained from Allied
Chemical Co. Ltd. The composition of the alloys was
checked by energy dispersive X-ray spectrometer
(EDX) measurements. Cobalt atoms, of 0.8 at %, were
included in the samples as an impurity. The ribbons
were pre-annealed in vacuum by continuous heating
at a rate, ¢, of 10 K min~" to the desired temperature; the
ribbons were then quenched in water. Measurement of
the crystallization temperatures for as-received and
pre-annealed samples were performed by DSC. The
samples, 1.5-2.0 mg, sealed in Al sample pans, were
placed in the calorimeter, and an N, gas flow was used
for the ambient atmosphere. The absolute temper-
ature of the calorimeter was calibrated by checking
the melting points of iead and tin at 600.6 and 505.1 K,
respectively.

Selected area electron diffraction (SAD) measure-
ments were carried out using 200 kV TEM. Samples
for the TEM study were prepared by jet-polishing in a
Tenupol apparatus; with concentrated acetic acid plus
perchloric acid, in the volume ratio 7:3, as the electro-
lyte. Pre-annealing treatments were always performed
after jet-polishing, since selective etching was recog-
nized when the pre-annealed samples were sub-
sequently polished.
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X-ray diffractometer measurements, to estimate the
lattice constant precisely, were carried out for the as-
received and pre-annealed samples by CuK, radiation
with a Ni filter. Powder samples were obtained by
grinding the heat treated alloy ribbons to a particle
size of ~ 90 pum. Calibration of the lattice constants
was carried out using Si powder as a reference
material.

3. Results

Compositional analysis by EDX shows that the ratio
of Ni to Cr is always four for the samples pre-annealed
below 770 K. This indicates that these atoms were
uniformly distributed, as is the case for the amorphous
phase. For the annealed samples, above 770K, a
region with a high concentration of Cr appeared in the
matrix. However, no distinctive evidence of the segre-
gation of Cr atoms could be observed from the SAD
patterns.

Only a broad halo was observed in the SAD pattern
for the as-received samples. This indicates that the as-
received samples were in an amorphous state. A SAD
pattern with a six-fold symmetry was observed for the
samples pre-annealed at 643 K. This shows that a
metastable Ni;P phase, with hexagonal symmetry,
appears at this annealing temperature. The estimated
lattice constant, a = 0.463 nm, is slightly larger than
that of the metastable NiyP phase observed in the
Ni-P system [3]. This metastable phase disappeared
for samples annealed above 720 K. Furthermore,
above the pre-annealing temperature of 660 K, thin
rings corresponding to fine Ni particles overlay the
broad halo of the amorphous phase in the SAD
pattern. These rings became clearer when the an-
nealing temperature increased. For samples annealed
around 690 K, SAD patterns with four-fold symmetry
were observed. These diffraction spots are due to the
stable b.c.t. phase of Ni;P crystals [3].

Fig. 1 shows the DSC curve of the as-received a-
NigsCri4P,o sample, with a heating rate, ¢, of
10 Kmin~!. Two large exothermic reactions were
observed. The lower temperature peak (hereafter re-
ferred to as the first peak) starts at 651 K, and has a
maximum at 658 K. The higher temperature second
peak starts at 685 K, with a maximum at 690 K. The
rise up temperature for the second peak is not clear
because of strong tailing of the first peak. Both peaks
shift to the lower temperature side when the heating
rate decreases. The enthalpies of the transformations
for the first and the second peaks estimated from
integrated intensities of the exothermic peaks, are 23
and 47 kJ mol ™ ?, respectively.

In addition to these two sharp peaks, fine structures
are observed in the tail regions. To clarify these struc-
tures, expanded DSC curves, multiplied by a factor of
20, are also shown in the Fig. 1. Below the first peak, a
broad and weak exothermic reaction band is observed
above 450 K. This exothermic band is considered to
be due to a change in the microstructure of the
amorphous phases. A smaller, but distinctive, en-
dothermic reaction at 626 K, indicated by the arrow in
the Fig. 1, is also shown in the expanded DSC curve.
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Figure 1 DSC curve for a-NiCrP alloy at a heating rate of
10 K min~!. The expanded curve is shown.
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Figure 2 Pre-annealing temperature dependence of the DSC curve

for a-NiCrP at a heating rate of 10 K min™ 1.

This endothermic reaction is truncated by the sub-
sequent exotherm (the first peak), with quite large
intensity. As in the case for many metallic glasses [2],
this may be assigned to transition from the glass state
to the supercooled liquid phase. Details are discussed
in the next section.

Fig. 2 illustrates the DSC curves for the pre-an-
nealed sample; heated at ¢ = 10 Kmin~" to the de-
sired temperature, which characterizes the degree of
crystallization. The pre-annealed temperatures are,
thus, taken as parameters. At a pre-annealing temper-
ature of 647 K, which is lower than the first peak
temperature in the DSC curve of the as-received
sample, the height of the first peak becomes smaller
and the temperature peak shifts to the lower temper-
ature side. However, the shape and the peak temper-
ature of the second peak remain unchanged. This
indicates that pre-annealing below the first peak tem-
perature does not interfere with the second peak.



When the samples were pre-annealed from 670 to
681 K, i.e. the region between the first and the second
peak, the first peak disappeared completely. The
heights and the peak temperatures of the second peak
become smaller with increased pre-annealing temper-
ature. For the samples pre-annealed above 688 K, no
peak due to crystallization occurs.

It is well known that the activation energies of
crystallization are determined by Kissinger’s plot of
In[¢/T?] versus 1/T; where ¢ is the heating rate, and T
is the reaction starting temperature observed in the
DSC curves [4]. The starting and the peak temper-
atures of the first and the second peak were measured
by changing the heating rate, ¢, from 0.167 to
20 K min ™! for the as-received samples. The observed
Kissinger’s plots are shown in Fig. 3. All the data
points for the first peak fall on a straight line, with an
estimated activation energy (AE) of 360 kI mol ™. The
activation energy for the second peak is also deter-
mined to be 333 kFmol™*. Similar analyses of the
activation energies were also carried out for samples
pre-annealed at different temperatures. The activation
energies, as a function of pre-annealing temperatures,
are shown in Fig. 4. Both activation energies for the
first and the second peak decrease as the pre-an-
nealing temperature increases. No peak correspond-
ing to the first peak appears for the samples pre-
annealed above 670 K as discussed above.

Fig. 5 shows the X-ray diffraction patterns for the
samples pre-annealed at different temperatures. No
distinctive diffraction line is observed for the samples
heated up to 597 K. Their diffraction patterns are well
characterized by a broad halo, which implies that the
samples are in an amorphous phase. For the sample
pre-annealed at 655 K, which characterizes the start-
ing temperature of the first exothermic peak in the
DSC curve, the maximum, of the halo shift to the low
diffraction angle side and a tiny peak appears at
20 = 44.5°. This diffraction angle coincides with the
(111) diffraction of a face centred cubic (fc.c.) Ni
crystal. This shows that small Ni precipitates exist
around the first exothermic peak. Many diffraction
lines appear for the samples pre-annealed at 690 and
793 K. The former and the latter temperatures corres-
pond exactly at, and far above, the second peak,
respectively. The halos which characterized the
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Figure 3 Kissinger’s plot of In (¢/7?) versus 1/T for a-NiCrP.
Activation energies (A E) for the first (O) and second (@) peak are
estimated as 360 and 333 kJmol ™!, respectively.

amorphous phase still remain. The observed diffrac-
tion lines are well assigned to the mixture of the f.c.c.
Ni and stable b.c.t. NiyP crystalline phases. Typical
Miller indices for the diffraction lines are indicated in
Fig. 5. Considerable amounts of Ni precipitates and
the stable Ni;P phase crystallizes, above 690 K. The
lowest pattern in Fig. 5 is for a completely crystallized
sample, which is obtained by annealing at 876 K for
24 h. The diffraction lines for the Ni crystal become
large compared with that of the NiyP phase. No
evidence for the presence of a metastable Ni,P phase
is observed by present X-ray diffraction measure-
ments.

The observed lattice constants of f.c.c. Ni and b.c.t.
NiyP crystals, estimated from the X-ray diffraction
angle as a function of pre-annealing temperature, are
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Figure 4 Pre-annealing temperature dependence of the estimated

activation energies by Kissinger’s plot. (O) first peak, (®) second
peak.
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Figure 5 X-ray diffraction patterns of samples continuously heated
up to different temperatures. Annealing at 876 K for 24 h com-
pletely crystallizes the sample.
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shown in Fig. 6. The lattice constant of Ni decreases
with annealing temperature, from 669 to 693 K, and
becomes constant at 0.3542 nm above 790 K. For the
stable Ni,P crystal, lattice constants a and c¢ increase
gradually with annealing temperature. They are
0.8958 and 0.4423 nm, respectively, for the sample pre-
annealed at 680 K.

The X-ray diffraction patterns in Fig. 5 are decom-
posed numerically into three components, i.e. f.c.c. Ni,
stable b.c.t. Ni;P crystals and amorphous phases.
Supposing that the integrated X-ray diffraction intens-
ity is proportional to the total amount of each phase
involved in the sample, then the annecaling temper-
ature dependence of the fractional compositions of
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Figure 6 Annealing temperature dependence of the lattice constant
for Ni and stable Ni;P crystals.
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Figure 7 Annealing temperature dependence of relative X-ray dif-
fraction peak intensity. This is considered to be proportional to the
volume fraction of crystals. Note that the amorphous phase still
remains even above 800 K. (@) amorphous, (O) Ni (111), (A) Ni;P
(321), (V) Ni3P (411).
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these phases can be estimated. They are shown in
Fig. 7 as a function of pre-annealing temperature. The
(111) diffraction line for Ni, and (321) and (411) for
Ni,P, were typically used for the calculation. The
intensity of the amorphous phase was determined
from the area of the halo by subtracting the back-
ground signal. Above 680 K, the fraction of the stable
NiP phase abruptly increases and shows a plateau
above 680 K. This indicates that almost all of the
stable Ni, P phase grows within a narrow temperature
range of the second peak. However, the Ni phase
gradually increases above 680 K, and continuously
increases up to the maximum temperature of the
present experiment. The amorphous phase decreases
with increasing pre-annealing temperature, in the
range between the first (658 K) and the second peak
(690 K). Note that small amounts of the amorphous
phase still exist at temperatures as high as, say, 800 K.

4. Discussion

4.1. Crystallization mechanism

Below the first peak, a broad and weak exothermic
reaction band is observed above 450 K, as shown in
Fig. 1. This exothermic band is considered to be due
to changes in the microstructure of the amorphous
phases. A certain kind of atomic rearrangement occurs
in this temperature range. Such structural changes at
an atomic scale can exist even when the matrix still
remains in an amorphous state. A similar weak exo-
thermic band, just below the narrow exothermic peak
in the DSC curve, was observed in Fe—Ni based alloys
by Chang and Sastri [5]. They considered that the
first DSC precipitation peak of small Ni particles,
before the onset of crystallization, may cause the
structural change and the weak exothermic reaction.
However, no evidence for precipitation of Ni crystals
was obtained by the X-ray measurements presented
here. This could be explained by supposing that the
particle sizes of the Ni precipitates were too small to
be detected by the X-ray equipment. Although a
detailed mechanism is not clear at present, it would be
reasonable to consider that some sort of atomic re-
arrangement occurred in this temperature region.

A small, but distinctive, endothermic reaction at
625 K was attributed to glass transition from the
amorphous to the supercooled liquid phase. Conde
et al. [2] observed a similar glass transition in their
DSC curve for Nigg sCry 4 5P, amorphous metallic
alloy. Their reported glass transition temperature is
slightly larger than that given here. Since the composi-
tion of Conde et al.’s constituent atoms is quite similar
to that of the samples in this experiment, the difference
observed between the glass transition temperatures
needs to be explained. It is considered that the differ-
ence is due to the different heating rates employed to
obtain the DSC curves. The larger heating rates indu-
cing the larger glass transition temperatures.

Similarly, two large exothermic peaks in the DSC
curve were obtained by Thorpe et al. {6] for
Fe,o,Ni,oP;4Bs metallic amorphous alloys. They at-
tributed these two peaks to the crystallization of two
metastable (MS) phases (MS-T and MS-II for low and



high temperature peaks) from the amorphous matri-
ces. Inspite of an extensive investigation into the
crystal structure of these metastable phases, no definit-
ive structure nor composition were elucidated. It is
well known that the two MS phases transform to the
stable crystalline phase by successive heating [7].
These characteristics are generally accepted for crys-
tallization processes of the ternary metal-met-
alloid—amorphous alloys.

The first exothermic peak starts steeply at 651 K,
and has a maximum at 658 K. The glass transition is
not accomplished in this temperature region. The X-
ray diffraction pattern for the 655 K annealed sample
shows a tiny peak near the top of the amorphous halo.
Since the diffraction angle of 44.8° 20 is close to the
(111) diffraction line of the Ni crystal, it is considered
that crystallization of Ni atoms induces the first peak.
A metastable Ni, P phase (MS Ni,;P), with hexagonal
symmetry, was observed in this temperature region by
TEM analysis, as stated above. However, confirma-
tion of the presence of the metastable NiyP phase by
X-ray measurement could not be observed. These
results may be interpreted by assuming that the MS
Ni; P phase only appears in the thin film region of the
sample. The samples for TEM measurement are usu-
ally perforated and have wedge-shaped regions
around the hole to transmit the electron beam effect-
ively. Past reports on the appearance of metastable
phases were all investigated by TEM measurement.
The surfaces of the thin film may prohibit crystal
growth of the stable Ni;P phase, and advance the
crystallization of the metastable phases. In an early
investigation of the Ni—P amorphous system [3], the
activation energies, AE, for crystal growth were deter-
mined by Kissinger’s plot. The observed AE for the
metastable NiyP phase is larger for thin film samples
(3.1eV) than for the bulk samples (2.3eV). These
experimental results also support considerations made
here for the present Ni--Cr—P system. The metastable
phase could not appear in the bulk samples.

The second peak starts to increase near 685 K, and
has a maximum at 690 K. Above these temperatures,
the stable NiyP phase grows rapidly followed by a
gradual increase. The amount of the amorphous phase
decreases in the same temperature region, as shown in
Fig. 7. The TEM results also indicate that the Ni,P
stable phase grew rapidly in these temperature re-
gions. The stable Ni;P phase grows within a narrow
temperature range of the second peak.

It should be noted that the amorphous phase re-
mains up to a surprisingly high temperature of 800 K.
Therefore, when the as-received sample was heated up
to 700 K and then quenched to room temperature, an
appreciable fraction of the amorphous phase should
remain in the sample (hereafter referred to as the
residual amorphous phase). DSC measurements were
carried out up to 900 K for this pre-annealed sample
consisting of residual amorphous phases. No peak
corresponding to the two sharp exothermic peaks, as
shown in Fig. 1, could be observed. These facts indi-
cate that the residual amorphous phase is more stable
than the amorphous phase in the as-received samples,
with respect to composition and structure. No crystal-

lization occurs even when the DSC curve traces up to
900 K. If it is considered that when the residual
amorphous phase exists within a narrow region am-
ong the crystalline phases, such as Ni and stable NiyP
phases in this case, the activation energy of crystalliza-
tion becomes large. The diffusion of the constituent
atoms may be prohibited in these restricted regions.
Therefore, the crystallization exotherms in the DSC
curve could not be obtained.

4.2. Change of lattice constants

The lattice comnstant of Ni crystals having a fc.c.
structure is reported to be 0.3524 nm [&] and this
value is considerably smaller than that of the present
experiments (0.3542 nm), as shown in Fig. 6. Since
Ni—Cr alloy forms a solid solution in the composi-
tional range of interest, the lattice constant slightly
increases to 0.3528 nm when the 22 at % of Cr atoms
is dissolved in the Ni crystal [9]. This fraction of Cr to
Ni, 22 at %, is almost the same as the ratio of the
present alloy system of NigsCr, 4P, . This shows that
increase of the lattice constant would be ~ 0.0004 nm.
Therefore, the larger lattice constant of the Ni crystal-
line phase, below 696 K in Fig. 6, is explained by
substitution of Cr atoms into the Ni atom sites. The
invariance of the lattice constant above 696 K indic-
ates that the Cr atoms were saturated in the Ni phase.
It is unlikely that Cr atoms further substitute the Ni
atom sites by pre-annealing in this temperature range.

The Ni lattice constant decreases with the pre-
annealing temperature below 696 K, as shown in
Fig. 6. This may be explained by assuming that the
density of the Ni crystal phase becomes large with the
increase of pre-annealing temperature. The most den-
se form of Ni crystals appear above 696 K. Therefore,
it is considered that a metastable Ni crystalline phase,
with a larger lattice constant, appears at the temper-
ature of the first exothermic peak (658 K) and becomes
more stable up to 696 K. The strong first peak at
658 K, in the DSC curve in Fig. 1, is due to the
formation of a metastable Ni crystalline phase. Since
the Cr atoms easily dissolve in the Ni phase, this
metastable Ni phase should contain a certain fraction
of the Cr atoms. In the case of Nig,P,, amorphous
alloy, which has a nearly equal metal-metalloid ratio
as in the present experiment, only one dominant peak
was observed at 642 K in the DSC curve [3]. One of
the differences of the crystallization features between
Ni—P and Ni-Cr-P alloys is considered to be due to
the fact that part of the Ni atomic site is substituted by
the Cr atom. However, why two peaks appear in the
N-Cr-P systems is open to question. The diffusion of
P and Ni atoms may be influenced by the presence of
Cr atoms.

The lattice constant of the stable Ni;P phase, which
has a b.c.t. structure, is reported to be a = 0.8925 nm
and ¢ = 0.4388 nm [8]. The results in Fig. 6 show that
the lattice constants are larger than their reported
value by 0.2% and 1% for the a and ¢ axes, respect-
ively. Furthermore, these lattice constants increase
considerably with the increase in pre-annealing tem-
perature. If it is assumed that the Cr atoms dissolve in
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the Ni,P phase, and substitute for the Ni atoms, the
lattice expansion may be estimated to be as large as
~ 0.0004 nm for lattice constant a, as discussed
above. This is a reasonable variation of the lattice
constant for the experimental results shown in Fig. 6.
However, the difference between the experimental res-
ults and the assumed value is not reasonable for ¢. The
lattice expansion may be due to substitution of the Cr
atoms for Ni atom sites in the crystalline Ni,P phase.
A detailed mechanism for this substitution is not clear
at present.

4.3. Activation energies

The apparent activation energies of crystallization
(AE) in a-Nigg sCr,, 5P, alloys were investigated by
Conde et al. [2]. They determined AE of 404 and
368 kJ mol " for the first and second exothermic crys-
tallization peaks, respectively. The results of 360 and
333 k) mol ™! reported here are about 10% smaller. As
stated above, the amorphous Ni—P binary alloy sys-
tem has one dominant exothermic peak. The obtained
AE for the Nig,P,, and Nig,P,, systems are
262 kJmol ! [3] and 216 kI mol ~! [4], respectively.
For the commercially available amorphous alloy of
2826A (Fe;,NizqCr,,P;,Bg), two exothermic peaks
due to crystallization were reported by Thorpe et al.
[6]. They observed AE of 186 and 543 kJmol ™! for
the first lower temperature and the second higher
temperature peak, respectively. The bonding state of
metal and metalloid in amorphous phases may drasti-
cally affect the activation energies of crystallization.
The activation energies become larger when the num-
ber of constituent atoms increases.

The activation energy, AE, for the first peak de-
creases with the increase of pre-annealing temperature
above 647 K, as shown in Fig. 4. For the as-received
samples, the activation energy of crystallization con-
sists of two contributions. They are the activation
energy for crystal nucleation and that for crystal
growth, e.g. diffusion and stacking of the atoms.
Above the glass transition temperature of 625 K, the
viscosity of the super-cooled amorphous liquid be-
comes smaller; and accordingly, diffusion of the con-
stituent atoms becomes easier. Therefore, a number of
the Ni nuclei appear and the structure becomes more
relaxed for the samples pre-annealed at 647 K. This
leads to a decrease in the activation energy for the first
peak. The contribution from the activation energy of
nucleation diminishes when the pre-annealed samples
undergo subsequent DSC measurement.

The activation energy of the second peak of stable
NizP crystallization also decreases above the pre-
annealed temperature of 670 K. The reason for this
decrease is similarly considered to be due to an in-
crease in the number of nuclei of stable Ni,P crystals
present. At the pre-annealing temperature of 670 K,
nuclei of NiyP crystals appear in the sample. There-
fore, the activation energy decreases in the same man-
ner, as is the case for the first peak.

5. Conclusions
Two large exothermic reaction peaks at 658 and
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690 K (referred to as the first and second peaks) and
accompanying fine structures in the DSC curve for the
amorphous metallic alloy, NigsCr;;P,, were ob-
served. Extensive DSC and X-ray diffractometer
measurements were carried out for the pre-annealed
samples in order to discuss the origin of these peaks.
Pre-annealing temperatures were chosen to character-
ize the crystallization stages that appeared in the DSC
curve of the as-received samples. Since the diffraction
line of the f.c.c. Ni crystal appears in the X-ray chart
for the sample pre-annealed at 658 K, it was con-
sidered that crystallization of the Ni phase induced the
first peak. The larger lattice constant, a, of the Ni
phase, than that of the reported value, can be ex-
plained by assuming that a small amount of Cr atoms
were dissolved in the f.c.c. crystalline phase. This Ni
phase becomes more stable with increasing temper-
ature, and induces the decrease of a from the first peak
temperature to about 700 K.

The second peak is attributed to crystallization of
the stable Ni;P phase with a b.c.t. crystal structure.
The lattice constants a and ¢ both increase with
temperature. These increases are partly explained by
assuming that the Cr atoms dissolve in the Ni site of
the Ni, P crystal phase and expand the lattice. As for
the metastable Niy P phase previously observed in the
TEM measurements, confirmation of the presence of
such a phase by X-ray measurement could not be
obtained. These results may be interpreted by consid-
ering that the metastable Ni; P phase only appears in
the thin film region of the sample. The surfaces of the
thin film may prohibit crystal growth of the stable
Ni P phase and advance the crystallization of the
metastable phases.

The apparent activation energies, AE, for the first
and the second DSC peaks are estimated using
Kissinger’s plot for the as-received and pre-annealed
samples. They decrease with an increase in the pre-
annealing temperature around the exothermic peaks
in the DSC curve. Since AE consists of activation
energy for nucleation and that for crystal growth, it
decreases when nucleation proceeds during the pre-
annealing treatment.
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