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a b s t r a c t

The crystallization behavior of Mg61Cu28Gd11 and (Mg61Cu28Gd11)99.5Sb0.5 bulk metallic glasses was
studied using differential scanning calorimeter technique under different heating conditions. Under
isochronal heating, the onset and peak temperatures of crystallization for these glasses exhibit strong
heating-rate dependence. The activation energies for onset and peak crystallization were determined,
based on Kissinger plots, to be 77 and 79 kJ/mol, respectively, for Mg61Cu28Gd11 glassy alloy, and 104 and
eywords:
morphous alloys
hermal analysis
rystallization kinetics

108 kJ/mol, respectively, for (Mg61Cu28Gd11)99.5Sb0.5 glassy alloy. The isothermal kinetics was modeled by
the Johnson–Mehl–Avrami equation. The Avrami exponents suggest that the isothermal crystallizations
of the two glassy alloys are both governed by diffusion-controlled growth. On the basis of Arrhenius
relation, the activation energies in the isothermal process were calculated to be 88 and 112 kJ/mol,
respectively for Mg Cu 8Gd11 and (Mg Cu Gd ) Sb glassy alloys. The superior thermal stabil-

lloy c
e for
61 2

ity of Sb-additive glassy a
to impose resistance to th

. Introduction

Mg-based bulk metallic glasses (BMGs) have attracted increas-
ng interests in recent years due to their high specific strength
nd relatively low cost [1–4]. Among them, the Mg–Cu–Gd
ernary system exhibits superior glass forming ability as com-
ared with Mg–Cu–Y and Mg–Ni–Y systems, and has become
he active research area in Mg-based BMGs [5–7]. The fracture
trength of Mg–Cu–Gd-based BMGs has been reported to achieve
00–1005 MPa, which is about twice as high as the highest strength
or conventional Mg-based crystalline alloys [8–11]. As promis-
ng engineering materials, the thermal stability (i.e. crystallization
esistance) of BMGs is also considered as one of the greatest
mportant aspects for the application, and thus the crystalliza-
ion behavior with the increasing temperature could be the critical
oint of understanding the mechanisms of phase transformation far
rom equilibrium [12–14]. In general, it is the differential scanning
alorimetry (DSC) technique that is used to investigate isochronal
nd isothermal crystallization processes and analyze the crystal-
ization kinetics of glassy alloys, as has been confirmed in Zr-

15–17], Pd- [18], Mg- [19–21], Ti- [22] and Fe-based [23–25] glassy
lloys.

To date, the addition of quaternary element is an effective
ethod to improve the thermal stability of Mg–Cu–RE (RE = Y, Gd)
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an be attributed to the strong affinity for Sb/Mg and Sb/Gd, which appears
mation of Mg2Cu and Cu5Gd phases.

© 2010 Elsevier B.V. All rights reserved.

glassy alloy. Cheng et al. [19] have studied the effect of B addition on
thermal stability and crystallization kinetics of Mg65Cu25Y10 glassy
alloy, and confirmed that the minor B element appears to enhance
the thermal stability of Mg–Cu–Y–B alloy. Chang et al. [20] have
investigated the crystallization processes of Mg65Cu25Gd10 glassy
alloy with Ag addition. It has been found that the activation energy
of crystallization is increased by minor addition of Ag, and the
main crystallization process for Mg65Cu22.5Gd10Ag2.5 glassy alloy
is governed by diffusion controlled crystal growth with decreasing
nucleation rate [20]. As can be seen, both the B and Ag elements
have negative heat of mixing, �Hm (for liquid phase), with the main
constitutes of Mg–Cu–Y/Gd glassy alloys [26]. However, the ele-
ments that exhibit partial positive �Hm with main constitutes have
not been reported to improve the thermal stability of Mg–Cu–Gd
glassy alloy, such as Sb (Cu–Sb: +7 kJ/mol) [26].

This work aims to investigate the crystallization kinetics of
Mg61Cu28Gd11 and (Mg61Cu28Gd11)99.5Sb0.5 BMGs. The isochronal
and isothermal DSC annealing techniques are employed to investi-
gate the crystallization behaviors of two glassy alloys. The details of
the nucleation and growth behaviors in the crystallization process
are explained by the parameters of activation energy and Avrami
exponent. The effect of minor addition Sb on thermal stability of
Mg–Cu–Gd glassy alloy is also discussed in this paper.
2. Experimental

Elements with purity better than 99.9% were used as starting materials. Cu–Gd
as intermediate alloy was melted prior to be re-melted with Mg and Sb to obtain the
master alloy. The glasses were prepared by copper mold casting with a diameter of
2 mm and a length of 50 mm.
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(Mg61Cu28Gd11)99.5Sb0.5 alloy. The Sb-additive alloy exhibits the
Ex and Ep about 35% higher than the parent alloy, suggesting
the larger energy barriers of onset and peak crystallization for
(Mg61Cu28Gd11)99.5Sb0.5 glassy alloy. Accordingly, the resistance
ability to crystallization as well as the thermal stability has been

Table 1
The characteristic temperatures Tg, Tx, Tp, �Tx and �Hx of Mg61Cu28Gd11 (a) and
(Mg61Cu28Gd11)99.5Sb0.5 (b) glassy alloys at different heating rates.

Heating rate
(K/min)

Tg (K) (±1) Tx (K) (±1) Tp (K) (±1) �Tx (K) �Hx (J/g) (±2)

(a)
10 415 471 474 56 51
20 419 480 483 61 54
30 423 488 490 65 56
40 429 500 502 71 56
80 440 517 520 77 60
(b)
Fig. 1. XRD patterns of as-prepared (Mg61Cu28Gd11)99.5M0.5 (M = 0, Sb) BMGs.

The structures of the samples obtained were examined by X-ray diffrac-
ion (XRD, Bruker D8) with Cu K� radiation. The crystallization process of the

g61Cu28Gd11 and (Mg61Cu28Gd11)99.5Sb0.5 amorphous alloys was characterized by
ontinuous heating and isothermal annealing in a DSC (Perkin-Elmer DSC 7) under
owing high purity argon. In the case of continuous heating, the DSC plots were
ecorded at heating rates of 10–80 K/min. For the isothermal analysis, the amor-
hous samples were firstly heated at a rate of 50 K/min to a fixed temperature
between 464 and 479 K), and then held for a certain period of time until completion
f crystallization. It should be mentioned that the possible temperature values at
he beginning of the isothermal measurement are usually 5 K lower than the fixed
emperatures due to the temperature lag effect. Al2O3 and Al pans were utilized for
he continuous heating and the isothermal annealing, respectively. The DSC system
as calibrated for temperature and enthalpy by using zinc and indium standards,

iving an accuracy of ±0.2 K and ±0.02 mW, respectively. For each test sample, two
dentical DSC runs were carried out. The second run was served as in situ recorded

ith the baseline. This baseline was then subtracted by the first run DSC to count
he correction for the apparatus baseline shift. It should be noted that to acquire the
etter accuracy in the DSC measurements, the test weight of each sample was at

east 5 mg.
The Mg61Cu28Gd11 and (Mg61Cu28Gd11)99.5Sb0.5 glassy samples were annealed

sothermally at 469 K for 20 min and the annealed samples were investigated by X-
ay diffraction with Cu K� radiation to verify the phases formed upon crystallization.

. Results and discussion

Fig. 1 shows the XRD patterns of as-prepared Mg61Cu28Gd11
nd (Mg61Cu28Gd11)99.5Sb0.5 samples. The alloys both exhibit an
RD pattern typical for the amorphous phase without an obvious
rystalline peak.

Fig. 2 shows the DSC curves of Mg61Cu28Gd11 (a) and
Mg61Cu28Gd11)99.5Sb0.5 (b) glassy alloys obtained at various heat-
ng rates of 10, 20, 30, 40 and 80 K/min. The values of glass transition
emperature Tg, onset temperature of crystallization Tx, peak tem-
erature Tp and �Tx (defined as temperature region between Tg

nd Tx), as well as the exothermic enthalpy �Hx at different heat-
ng rates are listed in Table 1. It is clearly seen that Tg, Tx and
p, shift to higher temperatures with the increasing heating rate.
he crystallization of samples is rate dependent caused by the fact
hat nucleation is a thermally activated process, whereas the rate
ependence of the kinetic glass transition is due to the relaxation
rocesses in the glass transition region [27]. This phenomenon has
een also reported for Zr-based BMGs [28].

The effective activation energy of crystallization processes can
e calculated by means of the Kissinger equation [29]:

n
(

�

T2

)
= − E

RT
+ C (1)
here � is the heating rate, R is the gas constant, T represents the
pecific temperature, such as Tx or Tp, and C is a constant. By plot-
ing ln(� /T2) vs. 1/T, an approximately straight line with a slope
f Ex and Ep can be obtained, as shown in Fig. 3, in which Ex and
Fig. 2. Continuous heating DSC curves of amorphous Mg61Cu28Gd11 (a) and
(Mg61Cu28Gd11)99.5Sb0.5 (b) alloys at different heating rates of 10, 20, 30, 40 and
80 K/min.

Ep are the effective activation energy for the onset and peak tem-
perature of crystallization. From the slope of the straight lines, we
derived the values of activation energy and obtained Ex = 77 kJ/mol
(±9 kJ/mol), Ep = 79 kJ/mol (±10 kJ/mol) for Mg61Cu28Gd11 alloy,
and Ex = 104 kJ/mol (±9 kJ/mol), Ep = 108 kJ/mol (±8 kJ/mol) for
10 417 480 486 63 54
20 422 490 492 68 56
30 424 495 501 71 58
40 427 502 503 75 60
80 436 518 522 82 63
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Fig. 3. The Kissinger plots for onset and peak temperatures of crys

mproved by the Sb addition. In addition, the Ep values of the
wo glassy alloys are both higher than their Ex values. It is gener-
lly known that the onset temperature of crystallization associates
ith the nucleation process, and the peak temperature is related

o the growth process. It may presume that the activation ener-
ies deduced from onset and peak temperatures of crystallization
epresent the activation energy for nucleation and growth, respec-

ively [30,31]. Therefore, for the two glassy alloys, the fact that the
x values deduced from Kissinger’s method are lower than the Ep

alues means the nucleation process is easier than growth one.
Their isothermal kinetics of crystallization was further studied

ith DSC at annealing temperatures of 464, 469, 474 and 479 K, and

ig. 4. Isothermal DSC curves and the crystallized volume fraction as a function of annea
lloys at different annealing temperatures.
tion for Mg61Cu28Gd11 (a) and (Mg61Cu28Gd11)99.5Sb0.5 (b) BMGs.

the corresponding DSC plots are shown in Fig. 4. Similar to contin-
uous heating, all DSC traces exhibit a single exothermic peak after
passing a certain incubation period and the incubation time (�) as
well as the exothermic enthalpy �Hx at different temperatures is
shown in Table 2. From the table, it is clear that the incubation
time � (defined as the time interval between the specimens reach-
ing the annealing temperature and the start of the transformation)

becomes shorter when the annealing temperature is higher for both
the glassy alloys. These facts indicate that the amorphous phase
crystallizes via a nucleation-and-growth process [32]. Moreover, as
the annealing temperature decreases, the exothermic peak width
(referred to the time between 1 and 95% of transformation into the

ling time for Mg61Cu28Gd11 (a and c) and (Mg61Cu28Gd11)99.5Sb0.5 (b and d) glassy
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Fig. 5. The JMA plots for the isothermal crystallization of Mg61Cu28Gd11 (a) and (M

Table 2
The kinetic parameters and �Hx of Mg61Cu28Gd11 (a) and (Mg61Cu28Gd11)99.5Sb0.5

(b) glassy alloys in the case of isothermal annealing.

Annealing
temperature
(K)

Incubation
time, � (min)
(±0.25)

Avrami
exponent, n
(±0.01)

Reaction
constant, k
(±0.001)

�Hx (J/g) (±2)

(a)
464 4.84 1.98 0.577 54
469 4.29 2.06 0.719 54
474 3.76 2.56 0.932 57
479 3.52 2.15 1.174 60
(b)
464 12.94 2.34 0.336 65

c
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c

469 8.05 2.63 0.472 68
474 5.98 3.09 0.651 70
479 4.91 2.24 0.827 71

rystalline state) increases considerably, indicating a more slug-
ish crystallization process. Furthermore, as compared with the
arent alloy, the Sb-additive alloy exhibits longer incubation time,

ndicating its retarded crystallization process.
It has been proposed that the fraction transformed x, up to any

ime t, is taken as proportional to the area of the exothermic peak,
o the crystallized volume fraction during crystallization proce-

ure can be accurately determined by measuring the partial area of
he exothermic peak. The measurement results of Mg61Cu28Gd11
nd (Mg61Cu28Gd11)99.5Sb0.5 BMGs at different temperatures are
hown in Fig. 4(c) and (d), respectively, which are of the usual sig-
oid type. The isothermal phase transformation is usually modeled

ig. 6. Plots of the Arrhenious equation for the isothermal crystallization of Mg61Cu28Gd11

rystallization is obtained.
g61Cu28Gd11)99.5Sb0.5 (b) glassy alloys at different annealing temperatures.

by the Johnson–Mehl–Avrami (JMA) equation [33–36]:

x(t) = 1 − exp{−[k(t − �)]} (2)

in which x(t) is the crystallized volume fraction, t is the annealing
time, n is the Avrami exponent, a constant related to the behavior
of nucleation and growth, and k is a reaction rate constant which is
function of annealing temperature and can be described by Arrhe-
nius equation:

k = k0 exp
[
− Ec

RT

]
(3)

Here k0 is a constant and Ec is the apparent activation energy for
crystallization. The values of k and n can be determined using the
relationship:

ln[− ln(1 − x)] = n ln k + n ln(t − �) (4)

Plotting ln[−ln(1 − x)] vs. ln(t − �) at different annealing tempera-
tures for the data x = 10–90%, the corresponding JMA plots of the
two glassy alloys can be obtained and the results are shown in
Fig. 5. The plots are nearly straight lines. The Avrami exponent
n and the reaction constant k could be calculated from the slope
and intercept of the straight line in Fig. 5 and the detailed results

are shown in Table 2. It should be noted that the different values
of Avrami exponents reflect the change in nucleation and growth
behaviors in the process of crystallization. The Avrami exponents n
are about 1.98–2.56 for Mg61Cu28Gd11 alloy, and about 2.24–3.09
for (Mg61Cu28Gd11)99.5Sb0.5 alloy, which indicates that the growths

(a) and (Mg61Cu28Gd11)99.5Sb0.5 (b), from which the activation energy of isothermal
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ig. 7. XRD patterns of (Mg61Cu28Gd11)99.5M0.5 (M = 0, Sb) BMGs after isothermal
nnealing at 469 K for 20 min.

f the two glassy alloys are both diffusion-controlled [37]. More-
ver, the variation of n values of the two glassy alloys indicates the
rystallization mechanism changes from 464 to 479 K. At 464 K,
he crystallizations of the two alloys are basically governed by a
ecreasing nucleation rate with time. Subsequently, the n values of
g61Cu28Gd11 and (Mg61Cu28Gd11)99.5Sb0.5 alloys increase to 2.56

nd 2.63 at 474 K and 469 K, respectively, indicating an increas-
ng nucleation rate. For the Sb-additive alloy, the n value achieves
t 3.09 under the temperature of 474 K, implying the growth of
he glassy alloy is still with the increasing nucleation rate. How-
ver, with the further increase of annealing temperature, the n
alues begin to decrease to be 2.15 and 2.24 for Mg61Cu28Gd11
nd (Mg61Cu28Gd11)99.5Sb0.5 BMGs, respectively, which both indi-
ate the decreasing nucleation rate [37]. The variation of Avrami
xponents can be attributed to the atomic diffusion in the alloy.
he difficult atomic diffusion at low temperatures (such as 464 and
69 K) retards the nucleation and growth, resulting in a decreas-

ng nucleation rate. With the further increase of temperature (up
o 474 K), the atoms move relative easily in the supercooled liquid,
his results in the increase of n values. However, at higher temper-
ture (479 K), both the incubation time and the crystallization time
ecome much shorter than those of lower temperature as shown in
able 2, so there is not enough time for the alloy to process the time-
ependent nucleation and incubate large amount of new nuclei.
his renders a possible explanation for the decreasing nucleation
ate of crystallization at higher temperature.

Fig. 6 shows the plots of lnk vs. 1/T of Mg61Cu28Gd11 (a) and
Mg61Cu28Gd11)99.5Sb0.5 (b) BMGs, which also yield a straight
ine. According to Eq. (3), the apparent activation energy for
rystallization is calculated to be Ec = 88 kJ/mol (±2 kJ/mol) and
c = 112 kJ/mol (±5 kJ/mol), respectively for the Mg61Cu28Gd11 and
Mg61Cu28Gd11)99.5Sb0.5 alloys. These values are close to the ones
erived from the Kissinger method, demonstrating that the crys-
allization on both isochronal and isothermal annealing follows a
imilar phase transformation mechanism.

To study the crystalline phases formed during the crys-
allization process, we annealed the Mg61Cu28Gd11 and
Mg61Cu28Gd11)99.5Sb0.5 glassy samples isothermally at 469 K
or 20 min. Fig. 7 shows the XRD patterns of the annealed samples,
hich are typical for all the samples of the two glassy alloys

nnealed to complete transformation. From these patterns, it is

nown that Mg2Cu, Cu5Gd and GdMg3 are the major crystalline
hases after the isothermal annealing treatment for Mg61Cu28Gd11
nd (Mg61Cu28Gd11)99.5Sb0.5 glassy alloys. It can be seen that the
eak of Mg2Cu and Cu5Gd crystalline phases are apparently

[

[
[
[
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reduced with minor addition of Sb, implying that the atomic diffu-
sion in Sb-additive alloy is more difficult comparing to the Sb-free
alloy. This might be a result of multiple factors, including the larger
overall atomic size difference, the increment of packing density in
supercooled liquid and the higher overall electronegativity differ-
ence. Moreover, the strong affinity for Sb/Mg (�Hm = −16 kJ/mol)
and Sb/Gd (�Hm = −68 kJ/mol) [26], together with the repulsion for
Sb/Cu (�Hm = +7 kJ/mol) will impose resistance to the formation of
the major Mg2Cu and Cu5Gd phase, possibly by blocking the path
of Mg and Cu diffusion, and indirectly increase the crystallization
energy barrier.

4. Conclusions

The crystallization kinetics of Mg61Cu28Gd11 and
(Mg61Cu28Gd11)99.5Sb0.5 BMGs were studied under different
heating conditions. The isochronal and isothermal activation
energies are both enhanced by minor addition of Sb. The isother-
mal kinetics was modeled by the JMA equation and the Avrami
exponent indicates that the crystallizations of two alloys are
both governed by diffusion-controlled growth. At 464 K, the
Mg61Cu28Gd11 and (Mg61Cu28Gd11)99.5Sb0.5 glassy alloys are both
with the decreasing nucleation rate. With increase of temperature,
the growth of nuclei changes to be with increasing nucleation rate.
However, at higher temperature of 479K, the shortened incubation
time, which is not enough for the time-dependent nucleation to
incubate large amount of new nuclei results in the decrease of
Avrami exponent. The superior thermal stability of Sb-additive
glassy alloy can be attributed to the strong affinity for Sb/Mg and
Sb/Gd, which appears to impose resistance to the formation of
major Mg2Cu and Cu5Gd phases.
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