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The crystallization kinetics of Cu55Hf45 glassy alloy were investigated under non-isothermal and isothermal con-
ditions by differential scanning calorimetry. Under non-isothermal analysis the activation energies of glass tran-
sition and crystallization, at the onset and the peak crystallization temperatures were determined based on the
Kissinger's method, the experimental values obtained were 700.8 ± 20.3 kJ/mol, 469.4 kJ ± 12.7/mol and
444.73 ± 14.2 kJ/mol, respectively. Under isothermal conditions, the crystallization kinetics was calculated by
means of Johnson-Melh-Avrami equation and the activation energy was determined by using the Arrhenius
equation. The average activation energy was 447.92 ± 16.1 kJ/mol and the average Avrami exponent value
was n = 2.7, indicating that the crystallization mechanism implies a volume nucleation and two-dimensional
growth. The local activation energy decreased as a function of the increment of crystallization volume, as
when the crystallization progresses, the energy required for nucleation decreased and the value of activation en-
ergy drops.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Metallic glasses are materials with lack of long-range order in its
atomic structure. Since the first report [1], metallic glasses have
attracted a considerable amount of interest because their unique combi-
nation of structural and functional properties [2–5]. In particular, binary
alloys do not follow the empirical rules generally accepted for glass for-
mation [6], and have been recognized as exhibiting only moderate glass
formability because the degree of atomic rearrangement required for
crystallization is smaller than that for ternary or higher order alloys.
Thus, binary alloys generally require higher cooling rates to suppress
crystallization. Several binary compositions have been reported as
forming metallic glasses [7–9]. For Cu based binary glassy alloys, differ-
ent studies have been conducted: formation,mechanical properties and
thermal stability for Cu60Zr40, Cu45Zr55, Cu60Hf40 and Cu55Hf45 [10],
Vickers's hardness, Young's modulus, fracture strength and thermal
analysis of Cu66Hf 34 [8], kinetic study of Cu50Ti50 amorphous alloy
[11], glass forming ability and kinetics by non-isothermal analysis of
Cu65Hf45 bulk metallic glass [12,13]. More recently, the glass formation,
structure and thermal properties in binary Cu100 − xHfx alloy system
(where x= 25–50 at.%) [14], the comparison of bulk was formation be-
tween Cu\\Hf and Cu-Hf-Al alloys [15] and the elastics properties for
Cu64.5Zr35.5, Cu90Zr10 [16] were reported. However, very few studies
have been carried out focusing in the determination of crystallization ki-
netics parameters by non-isothermal and, especially, by isothermal
analysis for binary Cu based glassy alloys [17,18]. In order to provide
more information of this important Cu based binary glassy alloy, in
the present work, the crystallization kinetics of Cu55Hf45 binary glassy
alloy were investigated by non-isothermal and isothermal analysis by
differential scanning calorimetry (DSC) to measure the kinetics param-
eters and the crystallization behavior through the Kissinger's method
and others [19]. Finally a Johnson-Mehl-Avramimodel [20] was applied
at isothermal heating in order to understand the thermal stability and
nucleation and growth behavior.

2. Experimental procedures

Cu55Hf45 alloy ingots were prepared by argon arc melting mixtures
of Cu (99.99% pure) and Hf (99.8% pure). The alloy composition repre-
sents nominal values but weight losses in melting were negligible
(b0.1%). Each alloy ingot was re-melted at least five times to ensure
good chemical homogeneity. Ribbon glassy samples were produced by
chill-block melt spinning in a sealed He atmosphere at a roll speed of
25 m/s with an injection pressure of 0.4 bar and a nozzle orifice diame-
ter of 0.8 mm. The gap between the crucible and the copper wheel was
approximately 5 mm. The crystallization kinetics of the glassy alloy was
characterized by continuous heating and isothermal annealing in a TA
SDT Q600 calorimeter. Alumina sample holders and a constant flow of
high purity Ar was used. In the case of continuous heating, the heating
rates used were 5, 10, 20, 30 and 40 K/min. The isothermal crystalliza-
tion experiments were carried out in the super-cooled liquid region
(ΔTx = Tx − Tg), the glassy samples were first heated at a rate of
20 K/min up to a fixed temperature (between 495 and 520 K), and
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Fig. 2. DSC curves of Cu55Hf45 glassy alloy at different heating rates.
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then the sampleswere kept at the annealing temperature for a period of
time until the crystallization is completed, after that, the samples were
cooled down to room temperature. The DSC measurements were cali-
brated using a fresh zinc standard, giving an accuracy of ±0.2 K and
±0.02 mW. Structural characterization was examined by X-ray diffrac-
tion (XRD) using Co radiation (λ = 1.78897 Å) in a diffractometter
SIEMENS-D5000. Each test was repeated three times in order to calcu-
late the experimental error, using the Student's t distribution with 95%
of confidence.

3. Results and discussion

3.1. Structural characterization of Cu55Hf45 metallic glass

Themelt spun ribbons cast for the binary alloy showed highmetallic
lustre. The XRD pattern of the sample consist only of a broad diffused
peak in the 2ϴ ranging from 36° to 57°, which indicates the formation
of fully glassy phase (Fig. 1). Besides, confirming the XRD fully amor-
phous structure, the ribbons could easily be bent through 180o without
fracture. The produced ribbon thickness was 25 μm, corresponding to
the roll speed of 25 m/s.

3.2. Non-isothermal crystallization behavior

The crystallization peaks of DSC curves in Cu55Hf45 glassy alloy by
means of continuous heating are shown in Fig. 2. As mentioned above,
the heating rates chosen were 5 K/min, 10 K/min, 20 K/min, 30 K/min
and 40 K/min. All DSC curves exhibited a clear glass transition (Tg),
followed by an extended super-cooled liquid region (ΔTx) before the
onset of crystallization (Tx) and a single pronounced exothermic peak
(peak temperature, Tp), which is associated to the crystallization phe-
nomena. The values of Tg, Tx, and Tp, at different heating rates are listed
in Table 1. These values are similar to the previously reported [14]. It can
be seen that all the characteristic temperatures of metallic glasses are
shifted to higher temperatureswith the increase of heating rate, indicat-
ing that both the glass transition and crystallization displays a strong
dependence on the heating rate during the continuous heating [21,
22]. This is caused by the fact of nucleation is a thermally activated pro-
cess, while the kinetics behavior of glass transition is due to the relaxa-
tion processes in the glass transition region [23].

In Fig. 3, the relationship between the crystallization fraction (α) of
the Cu44Hf45 glassy alloys as a function of different heating rates is
shown. All curves exhibited a sigmoidal dependence with temperature.
This behavior is typical in the amorphous materials by isothermal and
continuous heating.

The activation energy of glass transition and crystallization for the
investigated Cu55Hf45 metallic glass has been estimated by means of
the Kissinger's method [19], according to the following equation:

Ln
T2

β

 !
¼ Ea

RT
þ C ð1Þ
Fig. 1. XRD pattern of the Cu55Hf45 glassy alloy ribbon.
where β is the heating rate, R the gas constant and T is the specific tem-
perature (Tg, Tx or Tp), Ea is the effective activation energy for glass tran-
sition and crystallization temperatures (Tg, Tx and Ta) and C is a constant.
Fig. 4 shows the Ln(T2/β) vs 1000/T Kissinger's plot, an approximately
straight line with the E/R slope can be obtained, with these values, the
activation energy was calculated. The obtained values of Eg, Ex and Ep
are 700.8 ± 20.3 kJ/mol, 469.4 kJ ± 12.7/mol and 444.73 ±
14.2 kJ/mol, respectively. The value of Eg is higher than those for Ex
and Ep, suggesting that the energy required for glass transition (endo-
thermic process) is greater than the energy required for the crystalliza-
tion of this glassy alloy (exothermic process) This indicates that the
atomic diffusion requires higher amounts of energy through glass tran-
sition process (in which the temperature values are lower) than in the
crystallization. The Ex values are associated with the nucleation and
the Ep values are related to the grain growth [24], therefore, the nucle-
ation process requires higher amount of energy than that for the grain
growth process.
3.3. Isothermal crystallization behavior

The isothermal analysis of Cu55Hf45 glassy alloy was carried out at
different annealing temperatures within the super-cooled liquid region
(ΔTx=Tx− Tg) the selected temperatureswere 768, 773, 778, 783, 788
and 793 K. It was observed that each DSC curve presents an incubation
time, τ. This time is defined as the time scale between the time reaching
the annealing temperature and the start time of crystallization process,
followed by a single exothermic peak. The latter is associated to the time
interval between the onset of crystallization and the ending crystalliza-
tion times. Here, if a higher annealing temperature is needed, a lower
annealing time will be required. This implies that the crystallization
route is via “nucleation and growth” process [25], as can be observed
in Fig. 5.
Table 1
Values of Tg, Tx, Tp and ΔTx of Cu44Hf45 glassy alloy ribbon.

Heating rate (K/min) Tg (K) Tx (K) Tp (K) ΔTx (K)

5 760 ± 4 793 ± 3 795 ± 2 33 ± 7
10 764 ± 3 801 ± 2 803 ± 2 37 ± 5
20 768 ± 4 808 ± 2 812 ± 3 40 ± 6
30 772 ± 3 813 ± 2 815 ± 1 41 ± 5
40 774 ± 5 816 ± 2 820 ± 2 42 ± 7



Fig. 3. Relationship between crystallization fraction (α) and temperature, at different
heating rates.

Fig. 5. DSC curves of Cu55Hf45 glassy alloy at different annealing temperatures.
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The crystallized volume fraction is proportional to the fractional area
of exothermic peak and can be expressed as a function of annealing
time, according to the following equation [26]:

α tð Þ ¼ A tð Þ
A∞

ð2Þ

where A∞ is the total area of the exothermic peak and A(t) is the partial
area of exothermic peak between the onset crystallization time and the
chosen time. Fig. 6 shows the sigmoidal curves obtained by plotting the
crystallization fraction (α) as a function of the annealing time. It can be
noted that the crystallization process ismuch fasterwhen increasing the
annealing temperature. This could be related to the annealing tempera-
tures, since at higher annealing temperatures, near to Tx, the atomicmo-
bility is much greater and, therefore, the crystallization occurs almost
spontaneously.

The isothermal crystallization kinetics of Cu55Hf45 glassy alloy can be
modeled by the Johnson-Melh-Avrami equation (JMA) [20,27] as fol-
lows:

α tð Þ ¼ 1− exp − K t−τð Þn� �� � ð3Þ
Fig. 4. Kissinger's plots for Cu55Hf45 glassy alloy, from which Eg, Ex and Ep are calculated.
where n is the Avrami exponent, which is related to the characteristics
of nucleation and growth during crystallization, τ is the incubation
time and K is a reaction rate constant related to the activation energy
for the process. Taking the double logarithm of Eq. (3) the following ex-
pression is obtained [28]:

ln − ln 1−α tð Þð Þ½ � ¼ n lnKþ n ln t−τð Þ ð4Þ

Fig. 7 shows the JMA plots at the chosen annealing temperatures for
0.10 ≤ α ≤ 0.90, the Avrami exponent n and the reaction rate constant K
can be obtained from the slope and intercept of this curves. These re-
sults are given in Table 2. It can be noted that the values of n (in isother-
mal analysis), increased from 2.78 to 3.07 for annealing temperatures of
768K and 778K, respectively. Then, it decreased down to a value of 1.35
for an annealing temperature of 793 K. This can be attributed to the fact
that at lower annealing temperatures (such as 768 K and 773 K) the
atomic diffusion is retarded, impacting on the nucleation and growth,
and therefore, resulting in a drop in nucleation rate. On the other
hand, at 778 K, the mobility of the atoms in ΔTx is relatively easy, pro-
moting the increment of the nucleation rate. It is known that the values
of n are related to different crystallization transformation mechanism
[29]: for n≈ 3 (associatedwith temperatures near Tg) implies a volume
nucleation and two dimensional growth. With n ≈ 1 (at 793 K), the
Fig. 6. Relationship between crystallization fraction (α) and annealing time at different
annealing temperatures.



Fig. 7. JMA plots for the Cu55Hf45 glassy alloy. Fig. 8. Determination of the activation energy as a function of the different crystalline
volume fractions, α, for the Cu55Hf45 glassy alloy.
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phenomena is related to surface nucleation, one dimensional growth
from surface to inside [30].

The activation energy for the crystallization process in the isother-
mal model can also be deduced by the Arrhenius equation using the re-
lation between the time required, t(α), for a given crystallized fraction,
α, and the annealing temperature [20]:

t αð Þ ¼ t0 exp
Ec xð Þ
RT

� �
ð5Þ

where t0 is a constant. Fig. 8 shows the approximate straight lines
obtained by fitting the experimental values using Arrhenius equation
as a function of crystalline volume fractions (α = 0.1, 0.2, 0.3, 0.4, 0.5,
0.6, 0.7, 0.8 and 0.9) According to Eq. (5) the activation energy can be
obtained from the slope of the fitted straight lines. The average value
was 447.92 ± 16.1 kJ/mol for isothermal heating condition. This value
of the activation energy, by isothermal heating, is very close to that de-
termined from the non-isothermal heating by Kissinger analysis
(444.73± 14.2 kJ/mol), this implies that the crystallization phenomena
on isothermal and non-isothermal heating follows a very similar phase
transformation mechanism [31].

In Fig. 9 the activation energy as a function of crystallization volume
fraction,α, is presented. During isothermal analysis, the activation ener-
gy can determine how easy the crystallization proceeds. Here, it can be
observed that the activation energy decreases as themagnitude of α in-
creases. This behavior could be explained in terms of the activation en-
ergy, since it consists of two main components: nucleation and grain
growth: when the crystallization progress takes place, the energy re-
quired for nucleation decreases, therefore, the total value of the activa-
tion energy is lower. On the other hand, at an initial stage, the
magnitude of the activation energy suggested the presence of a high-
energy barrier for crystallization. As the crystallization progresses, the
activation energy drops rather fast (from 480 ± 24 kJ/mol to 391 ±
19.55 kJ/mol) implying that the crystallization phenomena follows
Table 2
Kinetic parameters for the Cu55Hf45 glassy alloy.

Annealing
temperature (K)

Incubation time, τ
(min)

Avrami
exponent, n

Reaction rate
constant, K

768 23.52 ± 0.16 2.78 0.20 ± 0.01
773 13.64 ± 0.15 2.87 0.34 ± 0.02
778 7.75 ± 0.17 3.07 0.50 ± 0.02
783 4.82 ± 0.13 2.86 0.80 ± 0.04
788 3.03 ± 0.15 2.65 1.04 ± 0.05
793 1.35 ± 0.09 1.79 1.74 ± 0.09
semi-lineal behavior (R2= 0.9368) as a function of the crystallized frac-
tion (between 0.1 ≤ α ≤ 0.9)
4. Conclusions

By means of differential scanning calorimetry, the crystallization ki-
netics of Cu55Hf45 was investigated in non-isothermal and isothermal
conditions. In non-isothermal condition, the activation energies were
determinate according to Kissinger's equation. The obtained values of
Eg, Ex and Ep were 700.8 ± 20.3 kJ/mol, 469.4 kJ ± 12.7/mol and
444.73 ± 14.2 kJ/mol, respectively, while under isothermal process
the Ea value was 447.92 ± 16.1 kJ/mol. A good agreement between
these conditions was found. In isothermal conditions, the average
value of calculated Avrami exponent was n=2.7. These values assume
that the crystallization mechanism implies a volume nucleation and
two-dimensional growth. The local activation energy decreased as a
function of the increment of the crystallization volume. This could be re-
lated to the crystallization progresses, as the energy required for nucle-
ation drops when the crystallization fraction increases.
Fig. 9. Activation energy as a function of crystallization volume fraction, α, for Cu55Hf45
glassy alloy.
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