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Abstract: Mg65 Cu25 Gdlo bulk metallic glass and its carbon nanotube reinforced composite were prepared. Differential 
scanning calorimeter (DSC) was used to investigate the kinetics of glass transition and crystallization processes. The influ- 
ence of CNTs addition to the glass matrix on the glass transition and crystallization kinetics was studied. It is shown that 
the kinetic effect on glass transition and crystallization are preserved for both the monothetic glass and its glass composite. 
Adding CNTs in to the glass matrix reduces the influence of the heating rate on the crystallization process. In addition, the 
CNTs increase the energetic barrier for the glass transition. This results in the decrease of GFA . The mechanism of the 
GFA decrease was also discussed. 

Key words : metallic glass : carbon nanotube ; glass transition ; crystallization ; kinetic effect ; composite glass ; Gadolini- 

CLC number: TG139 
um; rare earths 

Document code: A Article ID: 1002 - 0721(2006)03 - 0327 - 05 

Bulk metallic glasses ( BMGs) have unique prop- 
erties such as high strength, toughness and good corro- 
sion resistance"]. Among the BMGs developed so far, 
Mg-TM-RE ( TM , transition metal ; RE, rare earth 
metal) alloy system has gotten more and more attention 
for its excellent glass forming ability and high specific 
strengthi2-']. Recently, Kim'41 succeeded in manufac- 
turing bulk Mgs5 CuZ Gdlo glassy alloy with enhanced 
glass forming ability. Mg based BMGs are of interest 
as matrix of composite materials because of their low 
melting points and large undercooled liquid regions. 

duced into other materials as a promising reinforce- 
ment. In recent years, many efforts have been dedi- 
cated to the study of CNTs reinforced polymer and me- 
tallic compositesi6-"'. Wang et al. "'] studied the in- 
fluences of CNTs on the ultrasonic properties of Zr52.5 
C U ~ ~ . ~ N ~ ~ ~ . ~ A ~ ~ ~ T ~ ~  BMG . However, the kinetic behav- 
ior of glass transition and crystallization of CNTs rein- 
forced BMG composite was not concerned in their 
study. This paper is focused on the study of the glass 
transition and crystallization behavior of Mgs5 Cuu Gd,, 
bulk metallic glass and its CNTs reinforced composite. 

Carbon nanotube, as the "ultimate" carbon fiber, is 
well known for its unique mechanical properties such 
as high modulus and toughness, so it can be intro- 

1 Experimental 
Pure Cu and Gd elements (purity - 99.9%) were 
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arc-melted in Ti-gettered argon atmosphere to produce 
intermediate Cu-Gd alloys. Master alloys were prepared 
by induction-melting the intermediate Cu-Gd alloy to- 
gether with Mg (purity 99.99%) in a quartz tube under 
vacuum. When the master alloys were homogeneously 
melted, they were cast into a copper mold to get a BMG 
cylinder with a length of 50 mm and diameter of 3 mm. 
In order to fabricate CNTs reinforced composites, the 
pre-alloyed Mg-Cu-Gd ingots were ground mechanically 
into fine powder. The CNT powder was cleaned in ace- 
tone and dehydrated at 473 K before mixing. The ingot 
powder was mixed homogenously with CNTs powder 
(3% (volume fraction)) , and then the mixed powder 
was compressed into cylinders in steel dies (diameter = 
5 mm) . The cylinders were melted in a quartz tube 
rapidly by induction under a pure argon atmosphere and 
then cast into a copper mold to produce composite rods 
with a diameter of 3 mm. 

The phase and atomic structure of the samples 
were investigated by X-ray diffraction (XRD) using a 
MAC M03 XHF diffractometer. The microstructure of 
the samples was analyzed using scanning electron mi- 
croscopy (HITACHI S-570) . The thermal stability was 
examined by differential scanning calorimeter ( Netzsch 
DSC 404) at various heating rates of 5, 10, 20, and 
40 K min-' under purified argon. At each heating 
rate, the calorimeter was adjusted using the purified In 
and Zn. The onset temperature of glass transition 

TgOnse' , onset crystallization temperature T ,  , and crys- 
talline peak temperature T ,  were determined by DSC 
traces with an accuracy of * 1 K .  

2 Results and Discussion 

2.1 Experimental results 
Figs. 1 ( a ) ,  ( b )  show DSC curves obtained from 

BMG and CNTs composite at different heating rates. 
Fig. 1 ( a )  illustrates that T ,  , T ,  and T ,  of BMG move 
to higher temperature with increasing of heating rate. 
Not only crystallization but also glass transition shows 
a strong dependence on the heating rate during contin- 
uous heating, indicating that both the glass transition 
and crystallization processes have significant kinetic 
effects. This phenomenon is also reported for Zr-based 
BMGs by Wang et a.l"21 . Fig. 1 ( b )  shows that similar 
trend exists in CNTs composite, which implies that 
CNTs addition cannot change the kinetic effects of 
glass transition and crystallization. Values of T,, T ,  , 
T ,  and SLR, A T  ( = T ,  - T,) for both monothetic 
BMG and CNTs composite at a heating rate of 
20 K-min- '  are listed in Table 1 .  With CNTs addit- 
ion, T ,  , T ,  and A T of BMG decrease about 20 K , in- 
dicating that GFA and thermal stability of BMG are re- 
duced, but the dependence of glass transition and 
crystallization behavior on heating rate is retained. 
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Fig. 1 DSC curves of Mg-Cu-Gd BMG and its CNTs composite at different heating rates 
(a)  M~,,CuuGdl0 bulk metallic glass; (b) CNTs-BMG composite 

Table 1 T ,  , T . ,  T ,  and AT of Mg-Cu-Gd BMG and its CNTs composite at different heating rates 
Samples Heating rates/( K * min I ) T,IK TJK T,/K AT(  T. - T,)/K 

Mg65CusGdla BMG 5 405.3 461.6 462.4 56.3 
10 409 469.1 470.6 60.1 
20 415 478.3 480.6 63.3 
40 425.8 491.6 497.2 65.8 

CNTs-BMG composite 5 400.4 439.6 ' 443.4 39.2 
10 408.2 446.4 447.6 38.2 
20 413.3 453.2 455.4 39.9 
40 420.3 461.6 466.2 41.3 
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Fig.2 XRD patterns of Mg-Cu-Gd BMG and its CNTs composite 

X-ray diffraction patterns of undoped BMG and 
3% CNT-reinforced BMG composite are shown in 
Fig. 2 .  The curve of the composite exhibits a superim- 
position of broad maximum from amorphous phase and 
several sharp peaks indicating the existence of crystal- 
line phase. The crystalline peaks are identified as 
CuzGd phase and an unknown phase. SEM images of 
the BMG and its composite are shown in Fig. 3. The 
precipitated phase can be well identified. 

2.2 Kinetic effects of glass transition and 
crystallization 

The above-obtained results show that T , ,  T ,  , T ,  
and A T  are closely dependent on heating rate and 
shift to higher temperatures with an increasing heating 
rate @ for BMG, as well as CNTs composite. Fig. 4 
shows the variation of T , ,  T ,  as a function of In@. It 
has good linearity that can be expressed as: 

where A and B are constants. The formula is referrecl 
to as Lasoka equation[13]. The values of B indicate the 
pertinency of T ,  on heating rate @ .  On the basis of 
the results of Fig.4, it could be known that the varia- 
tion of heating rate has more influence on crystalliza- 
tion process than glass transition. In another aspect, 
CNTs addition made a big change of B value, as 
shown in the T ,  - In@ curve. This demonstrates that 
CNTs addition lowers kinetic effect in crystallization 
process. 

An abrupt change of specific heat of BMGs was 
observed during the transition from glass states into su- 
percooled liquid region. The changes of specific heat 
are 0 .477 and 0.606 J g - I - K I for monothetic Mg- 

O = A + B l n @  ( 1 )  

Fig.3 SEM images taken from cross-sectional surface of as-cast rods 
( a )  Mg-Cu-Gd BMG; ( b )  CNTs-BMG composite 
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Fig.4 Plots of T, ,  T ,  vs. In@ for Mg-Cu-Gd BMG ( a )  and CNTs-BMG composite ( b )  
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Cu-Gd BMG and its CNTs composite, respectively, 
under a heating rate of 5 Kamin-l. It indicates the oc- 
currence of second-order phase transition from glass 
state to supercooled liquid state, which has been dis- 
cussed in Ref. [ 141 . 
2.3 GFA and crystallization kinetics 

During crystallization process , atoms participating 
in crystallization reaction should acquire additional en- 
ergy to form nuclei of Crystallization. The activation 
energy can be interpreted as the additional energy ac- 
quired by an atom before it becomes a part of the nu- 
clei. Kissinger method is widely used in calculating 
the activation energy in BMG[I5]. 

Kissinger equation can be described as follows: 

(a) * Mg&u,,Gd,, BMG 
A CNTs-Mg,Cu$d,, 

e2 E E In - = - + In - @ kB8 k B ~ o  

(a) 
Gd 

where 0 stands for T ,  or T,, @ is the heating rate 
represents Boltzmann constant. k B  is the value of crys- 
tallization constant. The value of crystallization activa- 
tion energy E can be calculated from the slope. Fig. 5 
shows the Kissinger plots of glass transition and crys- 
tallization for monothetic BMG and its CNTs compos- 
ite. There exists a strong linear relation between 
In( @/@) and 1/T in spite of CNTs addition. The ap- 
parent activation energy of glass transition increases af- 

I 
Mg c u  

Gd 

ter the addition of CNTs, implying that the addition of 
CNTs degrades glass-forming ability of BMG matrix. 

In the process of preparing BMG and its CNTs 
composite, cooling rate during quenching and sample 
size are kept as the same. The rate constant of crystal- 
line reaction reflects GFA to some extent[L63. The rela- 
tion between rate constant of crystalline reaction ane 
the temperature obeys Arrehenius law : 

V T  = uoexp( - E / k , T )  ( 3 )  
where v o  is frequency factor. According to Kissinger 
Eq. (2 ) ,  uo can be obtained from the slope and inter- 
cept of Kissinger plots. The calculated uT of BMG and 
its composite at crystallization peak are 0. 333 and 
0.522 s - ' ,  respectively. The addition of CNTs in- 
creases the rate constant of crystalline reaction, and 
subsequently decreases GFA of BMG matrix. The 
same phenomena were also reported for Zr-based 
CNTs-BMG composite"". It is argued that the forma- 
tion of ZrC at the interface between amorphous matrix 
and CNTs leads to the decrease of GFA. However, 
there is no element, which can react with the added 
CNTs for Mg-based BMGs. In order to reveal the 
mechanism of this GFA decrease for Mg-based CNTs 
reinforced composite, EDX analysis of the matrix is 
carried out which is shown in Fig.6 
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EDX results 

Fig. 5 Kissinger plots of crystallization temperature (a )  and glass transition ( b )  for Mg-Cu-Gd BMG and its CNTs composite 

ElkeV EkeV 

EDX spectra of Mg-Cu-Gd BMG and its CNTs composite 
(a) Mg-Cu-Gd BMG; (b )  CNTs-BMG composite 

Fig. 6 
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show that the compositions of undoped BMG and 
CNTs-BMG composite are Mg3.28 Cux.88 Gd9.83 and 
Mg,., C U ~ ~ . ~  Gd,., , respectively. Considering the loss 
of Gd element is the same at the same cast condition, 
the relatively low Gd content in BMG composite should 
be induced by CNTs addition. Xi et a1 . [ I 7 ]  studied the 
properties of Mg-Cu-RE ( RE,  rare earth metal) 
BMG. They found that GFA of BMG is very sensitive 
to Gd content, when the Gd atomic suffix is not equal 
to 10, GFA of BMG decreases obviously and crystalli- 
zation temperature shifts to lower temperature, which 
is very similar with our experimental results. There- 
fore, the decrease of GFA might be attributable to the 
change of Gd content in the matrix by CNTs addition. 

3 Conclusions 
1. Both the glass transition and crystallization 

process of Mg-based BMG and CNTs composite have 
kinetic effect. CNTs addition cannot change this fea- 
ture. The relation between T,, T, and heating rate 
can be well described by Lasoka equation. CNTs addi- 
tion weakens the dependence of crystallization on heat- 
ing rates. 

2.  The activation energy of glass transition of 
BMG as well as its CNTs composite was calculated by 
Kissinger equation. The activation energy increases af- 
ter the addition of CNTs, indicating the decrease of 
glass-forming ability. 

3. CNTs addition increases the rate constant of 
crystalline reaction, hence decreases GFA . 

4.  GFA decrease in CNTs composite is possibly 
attributable to the change of Gd content in the matrix 
induced by CNTs addition. 
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