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Abstract: The effects of 5%Ni addition on the glass forming ability, thermal stability and crystallization behavior of Mg65Cu25Tb10 
bulk metallic glass were investigated using X-ray diffractometry, differential scanning calorimetry and transmission electron 
microscopy. The small amount of Ni addition reduces the glass forming ability and thermal stability due to a significant decrease in 
the crystallization activation energy. Analyses of crystallization kinetics give evidence to the existence of quenched-in nuclei in 
amorphous Mg65Cu20Ni5Tb10. Final crystallization products are basically same for Mg65Cu25Tb10 and Mg65Cu20Ni5Tb10. 
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1 Introduction 
 

Since the discovery of Mg-Cu-Y bulk amorphous 
alloys in the early 1990s[1−2], Mg-based bulk metallic 
glasses(BMGs) have attracted wide attention due to their 
high specific strength, relatively low casting cost and 
excellent hydrogen storage capacities. The compositions 
were first extended to Mg-Cu-RE systems, where RE 
represents various rare-earth metals[3−6]. Then various 
transition metals, such as Ni and Ag, were selected to 
replace or partially replace Cu to improve the glass 
forming ability(GFA) and/or mechanical properties of 
these alloys[5−6]. Alloy addition is one of the simple and 
effective methods to improve the glass forming ability 
(GFA) and/or mechanical properties of amorphous 
metallic alloys. Recently, it is found that appropriate 
addition (5%) of Ni in Mg65Cu25Tb10 significantly 
improves the mechanical properties[7]. Although some 
investigation has been made, the crystallization behavior 
needs to be further studied. In this work, we report the 
effects of 5%Ni addition on the glass-formability, 

thermal stability and crystallization behaviors of 
amorphous Mg(CuNi)-Tb alloys. 
 
2 Experimental 
 

Cu-Tb and Cu-Ni-Tb master alloys were first 
prepared by arc melting Cu (99.99%, mass fraction), Ni 
(99.9%, mass fraction) and Tb (99.9%, mass fraction) 
under a Ti-gettered argon atmosphere in a water-cooled 
copper hearth. The ingot was then re-melted with pure 
Mg (99.99%) in an induction furnace under an argon 
atmosphere. Finally, cylindrical glassy samples of 
various sizes were prepared by the conventional copper 
mold casting method. The amorphous nature of the 
samples was examined by X-ray diffraction(XRD) 
(PHI-5400) using Cu Kα radiation. Thermal analyses 
were performed using differential scanning calorimetery 
(DSC) (Perkin-Elmer 2910) under a purified flowing 
argon. Different heating rates were applied to study the 
scanning rate dependence of the thermal parameters. 
Isothermal DSC scans were performed at appropriate 
temperatures in the undercooled liquid region to deter-  
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mine the crystallization kinetics and to explore the 
mechanism of crystallization. Transmission electron 
microscopy(TEM) investigation was carried out by using 
a JEM-200EX (JEOL Tokyo, Japan) microscope 
operating at 200 kV. 
 
3 Results and discussion 
 

Fig.1 shows the XRD patterns taken from the 
cross-sectional surface of the as-cast Mg65Cu25−xNixTb10 
(x=0, 5) rods. The lack of sharp crystalline diffraction 
peaks, as well as the appearance of the broad strong 
scattering near 37˚ (2θ) indicates that the samples are 
essentially amorphous. The critical size with which the 
sample remains amorphous is represented by the largest 
amorphous diameter. It is found that Dc of 
Mg65Cu25−xNixTb10 decreases gradually from 5 mm for 
the base alloy (Mg65Cu25Tb10) to 4 mm for 
Mg65Cu20Ni5Tb10. 
 

 
Fig.1 XRD patterns of as-cast Mg65Cu25Tb10 (a) and Mg65Cu20- 
Ni5Tb10 (b) bulk metallic glasses 
 

Fig.2 presents the DSC curves of Mg65Cu25−xNixTb10 
(x=0, 5) at a constant heating rate of 40 K/min. Both 
curves exhibit an obvious endothermic event 
corresponding to the glass transition, as well as a large 
undercooled liquid region. The sharp exothermic peak 
corresponding to the major crystallization process is 
located at the peak temperature (Tp) of around 500 K. 
Characteristic temperatures such as Tg, Tx, Tp, Tm (solidus 
temperature) and Tl (liquidus temperature) are marked on 
the DSC curves. The accuracy of the determined 
temperatures is within ±1 K. From Fig.2, we can find 
that Tg increases slightly from 424 K to 426 K, while Tx 
decreases from 488 K to 481 K due to the addition of 5% 
Ni. As a result, the width of the undercooled liquid 
region (defined as ∆Tx=Tx−Tg) shrinks from 64 K to 55 
K. The increase of Tg for the Ni-containing alloys is 
attributed to the enhancement of bonding forces among 
the constituent atoms[8]. A smaller ∆Tx usually implies a 

weaker resistance to the nucleation and growth of 
crystalline phases, leading to a lower GFA[9]. Thus, the 
small amount of substitution Ni for Cu (e.g. 5%) 
deteriorates GFA and the thermal stability of 
Mg65Cu25Tb10 amorphous alloys. If we compare the 
melting events of the above two compositions, we find 
that Tm of the Mg65Cu20Ni5Tb10 increases slightly with 
the addition of Ni, while Tl has a more significant 
increase, giving a larger melting range. As a result, the 
reduced glass transition temperature, Trg (defined as Trg= 
Tg/Tl) decreases from 0.570 for Mg65Cu25Tb10 to 0.544 
for Mg65Cu20Ni5Tb10. This tendency is consistent with 
the decrease of ∆Tx, which may suggest that the new 
composition is much away from the eutectic composition. 
 

 
Fig.2 DSC curves of Mg65Cu25Tb10 (a) and Mg65Cu20Ni5Tb10 (b) 
bulk metallic glasses at constant heating rate of 40 K/min 
 

The heating rate dependence of characteristic 
temperatures was investigated (listed in Table 1). With 
increasing heating rate, the measured characteristic 
temperatures such as Tp increase slightly. This 
phenomenon is quite common for a kinetic process such 
as nucleation and growth[10], and was observed in 
similar bulk metallic glasses[11−13]. The relation 
between Tp and the heating rate can be analyzed by 
Kissinger’s method to extract the activation energy[14]: 

1
p
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p
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RT
Q
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+−=                    ( 1 ) 

where  F is the heating rate, Q is the activation energy, 
R is the ideal gas constant and C1 is an integration 
constant. Fig.3 shows plots of )/ln( 2

pTF as a function of 
1/Tp for two different compositions. The activation 
energy is about 185 kJ/mol for the primary 
crystallization process of Mg65Cu25Tb10. However, the 
activation energy is much lower for Mg65Cu20Ni5Tb10 
(120 kJ/mol). This result indicates that the crystallization 
is easier to occur with 5% Ni addition, which is also 
consistent with the above analysis based on Trg and ∆Tx 
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Table 1 Temperature dependence of characteristic temperatures of Mg65Cu25−xNixTb10 (x=0, 5) bulk metallic glasses 

Composition Heating rate/(K·min−1) Tg/K Tx/K Tp/K Tm/K Tl/K ∆Tx/K Trg 

Mg65Cu25Tb10 
20 
30 
40 

416 
419 
424 

475 
480 
488 

493 
497 
500 

705 
706 
707 

737 
739 
742 

59 
61 
64 

0.564 
0.566 
0.570 

Mg65Cu20Ni5Tb10 
20 
30 
40 

419 
421 
426 

472 
475 
481 

474 
480 
485 

720 
722 
724 

777 
778 
782 

53 
54 
55 

0.539 
0.541 
0.544 

 

 
Fig.3 Heating rate dependence of Tp for Mg65Cu25Tb10 (a) and 
Mg65Cu20Ni5Tb10 (b) bulk metallic glasses 
 
changing tendency. 

Isothermal DSC scans were performed at 433 K in 
the undercooled liquid region to explore more 
information about the primary crystallization of 
Mg65Cu25−xNixTb10 (x=0, 5), as shown in Fig.4. For 
Mg65Cu25Tb10 (Fig.4(a)), the incubation time is about 7 
min. The relatively long incubation time suggests that 
this composition is quite stable against nucleation. After 
9 min of annealing, the crystallization starts and 
completes quickly. The rapid completion of crystalliza- 
 

 
Fig.4 Isothermal DSC curves of Mg65Cu25Tb10 (a) and 

Mg65Cu20Ni5Tb10 (b) bulk metallic glasses (Annealing 
temperature 433 K) 

tion (less than 4 min) suggests that the crystal growth 
rate is large in this case. However, Mg65Cu20Ni5Tb10 
does not show an obvious incubation period before the 
onset of crystallization (Fig.4(b)), and the relatively 
sluggish crystallization process (larger than 10 min) 
corresponds to a lower crystal growth rate. This is 
attributed to the existence of quenched-in nuclei. Similar 
phenomena were observed in Mg-Cu-Ag-Y amorphous 
alloys[15]. 

The kinetics of such isothermal transformations can 
be analyzed using Johnson-Mehl-Avrami (JMA) 
equation[16]: 
 
X(t)=1−exp{−k(t−τ)n }               (2) 
 
where  X(t) is the transformed volume fraction at time t, 
τ is the incubation time and n is the Avrami exponent. 
The combination of different growth mechanisms will 
produce different Avarami exponents[16]. 

The temperature dependence of the rate constant k 
can be described by the following Arrhenius equation: 
 
k=k0exp(−Q/RT)         (3) 
 
where  k0 is a constant, Q is the effective activation 
energy and R is the ideal gas constant. We can rewrite 
Eqn.(2) as 
 
ln[−ln(1−X)]=lnk+nln(t−τ)       (4) 
 

Then the Avrami exponent n can be obtained by 
fitting ln[−ln(1−X)] vs ln(t−τ) linearly, as shown in Fig.5. 
For Mg65Cu25Tb10, n is about 2.3. This value is typical 
for crystallization governed by the diffusion-controlled 
growth of spherical grains, with the nucleation occurring 
at a decreased rate and low temperatures and increases to 
a constant rate at higher temperatures[12]. For 
Mg65Cu20Ni5Tb10, n is about 2.9. A typical Avrami 
exponent of 2.9 often implies that the crystallization 
starts from crystalline grains of small dimensions with an 
increased nucleation rate, namely, the linear growth of 
quenched-in nuclei[17]. All the above proofs suggest the 
existence of quenched-in nuclei in Mg65Cu20Ni5Tb10. 
However, the reason of forming those quenched-in 
nuclei after substituting only 5% Ni for Cu is still 
unknown. 
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Fig.5 JMA plots of exotherm of Mg65Cu25Tb10 (a) and 

Mg65Cu20Ni5NiTb10 (b) bulk metallic glasses 
 

Fig.6 shows TEM bright field(BF) images and 
selected area electron diffraction(SAED) patterns of the 
sample annealed at 433 K for 5 min. The BF image and 
the SAED pattern of Mg65Cu25Tb10 in Fig.6(a) show that 
it is still amorphous after annealing, suggesting its high 
stability against crystal nucleation observed in the DSC 
 

 
Fig.6 TEM bright-field images of Mg65Cu25Tb10 (a) and 
Mg65Cu20Ni5Tb10 (b) annealed at 433 K for 5min 

traces. However, very fine nanocrystalline particles can 
be observed in the samples for x=5 annealed for 5 min, 
consistent with the DSC observations. It is confirmed 
that quenched-in nuclei exists in the sample for x=5. 

Finally, both the as-cast Mg65Cu25−xNixTb10 (x=0, 5) 
bulk metallic glasses were annealed for 6 and 12 min at 
510 K, a temperature just after the completion of the 
primary crystallization process. XRD examinations were 
performed on the annealed samples to identify the 
crystallization products and crystal growth rates (shown 
in Fig.7). For annealed Mg65Cu25Tb10, the final 
crystallization products are α-Mg, Mg2Cu, Mg3Tb and 
some unknown phases. For annealed Mg65Cu20Ni5Tb10, 
the major crystalline phases are basically same as those 
of Mg65Cu25Tb10. It seems that the small amount of Ni 
has not been involved in forming major phases. 
 

 
Fig.7 XRD patterns of Mg65Cu25Tb10 (a) and Mg65Cu20Ni5Tb10 
(b) bulk metallic glasses annealed at 510 K for different time 
 
4 Conclusions 
 

1) Although the small amount of Ni is helpful to 
increasing the glass transition temperature slightly, both 
the thermal stability and GFA deteriorate due to a 
remarkable reduction in the activation energy of 
crystallization. 

2) Avrami analysis gives evidence to the existence 
of quenched-in nuclei in as-cast Mg65Cu20Ni5Tb10 glassy 
samples. 

3) For annealed Mg65Cu20Ni5Tb10, the major 
crystalline phases are basically same as those of 
Mg65Cu25Tb10. It seems that the small amount of Ni has 
not been involved in forming major phases. 
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