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Abstract: To identify the re-arrangement of constituent atoms of an amorphous Mg65Cu25Gd10 
alloy happened with annealing, structure relaxation of the alloy was investigated as a function of 
annealing time at 373 K through extended X-ray absorption fine structure (EXAFS) analysis 
procedures. To understand the effect of structure relaxation on strength, compression tests were 
conducted for both the as-cast and the annealed Mg65Cu25Gd10 samples. It is found that short range 
order around Cu and Gd atoms exhibits different variation trends with increasing annealing time at 373 
K, though the structure of the alloy still remains to be amorphous. Based on the fact that the strength of 
the alloy first exhibits a reduction and then a recovery with annealing time, it is suggested that the 
enhancement of short range order around Cu should be responsible for the strength reduction, while the 
enhancement of short range order around Gd should be responsible for the strength recovery. 
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1 Introduction 
 

It is well known that magnesium alloys are the 
，lightest structural materials however, their applications 

are so far limited due to their relatively low strength and 
corrosion resistance. Mg-based metallic glasses have the 
potential to overcome the deficiencies of traditional 
magnesium alloys for their higher strength and good 
corrosion resistance, so they are regarded as a new family 
of promising structural materials. Regarding Mg-based 
metallic glasses, Mg-Ln-TM[1-3] (Ln＝lanthanide metals, 
TM＝transition metals) system has been focussed on 
because of its high glass-forming ability and good 
mechanical properties. Some results on structure of 
Mg-based bulk amorphous alloys have been reported. 
Matsubara found that Mg atoms form strong local 
ordering clusters with the other constituent element Ni 
and La in amorphous Mg50Ni30La20 alloy[4]. Madge 
showed that an apparent two-phase cellular 
microstructure is seen in Mg65Ni20Nd15 glass[5]. Mizutani 
studied the electronic structure of amorphous Mg-Ni-La 
and Mg-Cu-Y alloys and pointed that the Fermi level sits 
in the La and Y d-band and that the density of states at EF 

decreases monotonically with increasing Mg content[6]. 
Recently, it has been reported that Mg65Cu25Gd10 alloy[7] 
exhib its a significantly improved GFA so that metallic 
glass rods with diameter of 8 mm were obtained by 
copper mold casting. Moreover, based on Mg65Cu25Gd10, 
a series of new Mg-based amorphous alloys with higher 
GFA have been developed[8-14]. So Mg65Cu25Gd10 has 
become the foundation for studying other Mg-based 
metallic glasses, however, the understanding of 
Mg65Cu25Gd10 is very limited. In the present work, we 
endeavored to study the structural changes in 
Mg65Cu25Gd10 metallic glass resulted from low 
temperature annealing through extended X-ray 
absorption fine structure (EXAFS) and evaluate their 
effects on strength that was in favor of the understanding of 
the relationship between local atomic structures and 
properties [15]. 
 
2 Experimental  
 

Cu-Gd ingot as intermediate alloy was prepared by 
arc melting Cu(99.99%) and Gd(99.9%) under a 
Ti-gettered argon atmosphere in a water-cooled 
cruc i ．ble The alloy was then melted with Mg(99.9%) by 
induction melting to obtain the master alloy with 
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composition of Mg65Cu25Gd10. The composition is 
nominally expressed in atomic percentage. From the 
master alloy ingot, amorphous rods with the diameter of 3 
mm were prepared by the copper mold casting method in 
an argon atmosphere. The amorphism of rod samples was 
examined by X-ray diffractometry (Rigaku D/max 
2200PC) with a monochromatic Cu Ka radiation. 
Thermal stability associated with sequential structural 
changes in glassy solid, glass transition, supercooled 
liquid and crystallization were measured with a 
differential scanning calorimeter at a heating rate of 0.33 
K/s. The samples were annealed for different time 
periods at 373 K according to the DSC curve. For 
mechanical testing, cylindrical samples of 3 mm diameter 
and 6 mm height were cut from the as-cast rods and 
polished on both ends. The compression tests were 
performed using a computer controlled tensile test 
machine. The room temperature X-ray absorption 
experiments on Cu K-edge and Gd LIII-edge in the usual 
fluorescence geometry were performed at National 
Synchrotron Radiation Laboratory (NSRL) in Hefei 
China running typically at 800 MeV, with an average 
current of 150 mA, using a double-crystal Si(111) 
monochromator .  
 
3 Results and Discussion 
 
3.1 DSC analysis 

In order to check the thermal stability of 
Mg65Cu25Gd10 metallic glass, differential scanning 
calorimetry (DSC) was conducted. Fig.1 shows the DSC 
curve of Mg65Cu25Gd10 amorphous rod with a heating 
rate of 0.33 K/s. From the DSC curve, a glass transition 
temperature of T σ ＝ 419 K and a crystallization 
temperature of Tx＝481 K were determined, resulting in 
an under cooled liquid region of ?Tx(? Tx ＝ Tx－Tσ) =62 
K .   

 
 
 
 
 
 
 
 
 
 

 
 
Fig.1 The DSC trace of as-cast Mg65Cu25Gd10 rod at a heating rate 

of 0.33 K/s 

 
3.2  XRD analysis 

According to the DSC result, the samples were 
annealed at 373 K (below Tg) for 2 h and 4 h, respectively. 
Fig.2 shows the X-ray diffraction patterns of the 
Mg65Cu25Gd10 rods heat treated at 373 K along with the 
X-ray diffraction pattern of the as -cast rod. The XRD 
pattern of as -cast rod exhibits a broad diffraction peak 
instead of a sharp diffraction peak, indicating that a 
dominantly single amorphous phase is formed. The 
magnitude of broad diffraction peak decreases after 
annealing while no obvious sharp diffraction peaks are 
observed, indicating that some changes for the samples 
heat treated at 373 K have taken place but no observable 
crystalline phases appear.  

 
 
 
 
 
 
 
 
 
 
 
 

Fig.2 XRD patterns of as-cast Mg65Cu25Gd10 rods 
heat treated at different conditions 

3.3  Compression test 
Fig.3 shows compressive stress-strain curves of the 

as-cast and heat treated bulk glassy Mg65Cu25Gd10 rods 
with a diameter of 3 mm. The fracture strength (σcf) for 
the as-cast Mg65Cu25Gd10 rod decreased while the 
brittleness increased after annealing at 373 K for 2 h, 
however, with further increase of annealing time, the 
fracture strength (σcf) increased while the brittleness 
decreased compared with the sample heat treated at 373 
K for 2 h. The change in mechanical properties for 
Mg65Cu25Gd10 metallic glass is suggested to have most 
probably resulted from structural changes during 
annealing.   
 
 
 
 
 
 
 
 
 
 

Fig.3 Compressive stress-strain curves of the as-cast and heat 
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   treated Mg65Cu25Gd10 glassy rods with a diameter of 3 mm 

3.4 EXAFS analysis 
Raw X-ray absorption data are background-subtracted, 

normalized and transformed from energy to momentum 
space, resulting in the experimental function ( )kχ . 
This ( )kχ  function is weighed by 3k and k for Cu and Gd 
respectively to correct for the decaying amplitude at high 
k , and is subsequently Fourier transformed into real 
space, producing FT[ 3 ( )k kχ ] and FT[ ( )k kχ ]. 

Fig.4 shows the EXAFS spectra of Cu K and Gd LIII 
edge of the as-cast and heat treated Mg65Cu25Gd10 alloys. 
From Fig.4(a), the amplitude of oscillations increased 
slightly as the annealing time increased, however, in 
Fig.4(b), the amplitude of oscillations first decreased and 
then increased slightly with the annealing time increasing 
as distinctly seen from the radial distribution functions 
(RDFs) results. 

Even by restricting our attention only to the 
qualitative features emerging from the Fourier transforms 
(FT) data, some important observations can be made. 
Form Fig.5, it can beseen that the FT of the as-cast 
Mg65Cu25Gd10 rod is typical of a highly disordered 

(amorphous) structure with a single broad peak around 
0.23 nm for the absorbing atom Cu and for the absorbing 
atom Gd around 0.27 nm corresponding to the nearest 
neighbor distribution. Fig.5(a) shows that heating at 373 K 
for 2 h slightly modifies the Cu local environment. 
Nevertheless, in FT the increase of amplitude intensity of 
the first peak can be observed. This indicates that the 
short range order around the Cu atoms increases slightly 
and some atoms transfer towards the Cu atoms resulting 
in an increase of coordination number as can be seen 
from the increase of amplitude intensity. The nearest 
neighbor peak becomes sharper and higher and moves to 
higher ‘r’ after treatment at 373 K for 4 h, indicating the 
above situation about the Cu atom local environment 
develops ulteriorly while the bonds between absorbing 
Cu atoms and their first neighbor atoms become weaker. 
Fig.5(b) shows that changes in the Gd atom local 
environment differ from the Cu atoms as the annealing 
time increases. The short range order around the Gd 
atoms initially decreases and then increases with increase 
of annealing time at 373 K.  

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.4 (a) Cu-K edge absorption spectra and (b) Gd-LIII edge absorption spectra for Mg65Cu25Gd10 at different conditions 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5 (a) The Fourier transforms at the K-edge of Cu and (b) the Fourier transforms at the LIII-edge of Gd in the sample rods 
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The above analysis results suggests that the changes 

of strength for Mg65Cu25Gd10 samples after annealing at 
373 K for different time are closely related to the changes 
of absorbing Cu and Gd atom local environment resulting 
from annealing. Integrating with the previous work 
(having been discussed in other where), we think that the 
increase of short range order around the Cu atoms and the 
decrease of short range order around the Gd atoms 
induced by annealing have a negative effect on the 
strength of Mg65Cu25Gd10 alloy, and the decline of 
strength is also related to the weaker bonds between the 
absorbing atoms (ie, Cu and Gd) and their first neighbor 
atoms. It is noticeable that an increase of the short range 
order around Gd atoms is accompanied with an im-
provement of the strength for Mg65Cu25Gd10 metallic glass 
annealed at 373 K for 4 h though the short range order 
around Cu atoms also has an increase at the same time. It 
seems to be suggested that the increase of the short range 
order around Gd atoms has a stronger effect on the 
strength for Mg65Cu25Gd10 metallic glass than that around 
Cu atoms. The mechanism about above phenomenon will 
be specially discussed in other where. 
 
4 Conclusions 

 
a) The compressive strength of Mg65Cu25Gd10 alloy 

after annealing at 373 K for different time exhibits 
sharper decrease then pronounces recovery. 

b) The decline of strength for Mg65Cu25Gd10 
metallic  glass annealed at 373 K for 2 h can be mainly 
attributed to an increase of short range order around Cu 
atoms and a decrease of short range order around Gd 
atoms.  c) The increase of the short range order around Gd 
atoms that occurred after annealing at 373 K for 4 h has 
resulted in the improvement of strength. 
 
References 

  
[1] A Inoue, A K Ohter, K Kita, et al. New Amorphous Mg-Ce-Ni 

Alloys with High Strengh and Good Ductility[J]. Jpn. J. Appl. 

Phys, 1988, 27(12): 2248-2251 

[2] S G Kim, A Inoue, T Masumoto. High Mechanical Strengths   
of Mg-Ni-Y and Mg-Cu-Y Amorphous Alloys with 

Significant Supercooled Liquid Region[J]. Mater. Trans. JIM, 

1990, 31(11): 929-934 

[3] Y Li, H Y Liu, H Jones. Easy Glass Formation in Magnesium-based 

Mg-Ni-Nd Alloys[J]. J. Mater. Sci., 1996, 31: 1857-1863 
[4] E Matsubara, T Tamura, Y Waseda, et al. Structural Study of 

Amorphous Mg50Ni30La20 Alloy by the Anomalous X-ray 

Scattering (AXS) Method [J]. Mater. Trans. JIM, 1990, 31(3): 
228-231 

[5] S V Madge, D T L Alexander, A L Greer. An EFTEM Study  

of Compositional Variations in Mg-Ni-Nd Bulk Metallic 
Glasses[J]. J. Non-Crystal. Solids, 2003,317(1-2): 23-29 

[6] U Mizutani, K Tanaka, T Matsuda, et al. Electronic Structure 

and Electron Transport Properties Amorphous Mg-Ni-La and 
Mg-Cu-Y Alloys[J]. J. Non-Crystal. Solids, 1993, 156-158: 

297-301 

[7] H Men, D H Kim. Fabrication of Ternary Mg-Cu-Gd Bulk 
Metallic Glass with High Glass-forming Ability under Air 

Atmo sphere[J]. J. Mater. Res., 2003, 18(7): 1502-1504 

[8] E S Park, J S Kyeong, D H Kim. Enhanced Glass Forming 
Ability and Plasticity in Mg-based Bulk Metallic Glasses[J]. 

Mater. Sci. Eng. A, 2007, 449-451: 225-229 

[9] H Men, W T Kim, D H Kim. Fabrication and Mechanical 
Properties of Mg65Cu15Ag5Pd5Gd10 Bulk Metallic Glass[J]. 

Mater. Trans. JIM, 2003, 44(10): 2141-2144 

[10] E S Park, J Y Lee, D H Kim. Effect of Ag Addition on the 
Improvement of Glass-forming Ability and Plasticity of 

Mg-Cu-Gd Bulk Metallic Glass[J]. J. Mater. Res., 2005, 

20(9): 2397-2385 
[11] E S Park, W T Kim, D H Kim. Bulk Glass Formation in  

Mg-Cu-Ag-Y-Gd Alloy[J]. Mater. Trans. JIM, 2004,45 (7):  

2474-2477 
[12] E S Park, D H Kim. Design of Bulk Metallic Glasses with 

High Glass Forming Ability and Enhancement of Plasticity in 

Metallic Glass Matrix Composites: A Review[J]. Met. Mater. 
Int., 2005, 11 (1): 19-27 

[13] H Ma, L L Shi, J Xu, et al. Discovering Inch-diameter 

Metallic Glass in Three-dimensional Composition Space[J]. 
Appl. Phys. Lett., 2005, 87: 181915(1-3) 

[14] Q Zheng, S Cheng, J H Strader, et al. Critical Size and 

Strength of the Best Bulk Metallic Glass Former in the 
Mg-Cu-Gd Ternary System[J]. Scripta. Materialia, 2007, 56 

(2): 161-164 

[15] C Fan, P K Liaw, T W Wilson, et al.  Structural Model for 
Bulk Amorphous Alloys[J]. Appl. Phy. Lett., 2006, 89: 

111905(1-3) 

 


