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Abstract: Diffusion behavior of Ni in Zr48Cu36Ag8Al8 metallic glass was investigated in the temperature range of 683−723 K by 
secondary ion mass spectrum (SIMS) and transmission electron microscope (TEM). The diffusivity of Ni in Zr48Cu36Ag8Al8 is 
reasonably fitted by a single Arrhenius relation with small effective activation energy. The diffusivity of Ni in Zr48Cu36Ag8Al8 is an 
instantaneous function of annealing time in the supercooled liquid region. In addition, a large number of nano-crystals are detected 
near the interface of Ni−Zr48Cu36Ag8Al8 diffusion couple, and its width is broader than the Ni diffusion depth determined by SIMS. 
The results indicate that atomic inter-diffusion is an important factor to promote the formation of nano-crystals within the diffusion 
zone. 
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1 Introduction 
 

Metallic glasses always transform from metastable 
state to relaxation or even crystalline state when the 
atoms receive a certain amount of energy. These 
transition processes are mainly governed by diffusion, 
which is important not only from the standpoint of 
interpreting the glass forming ability, but also for the 
design of the safe working temperature against crystalli- 
zation [1,2], such as welding technique [3−5], exterior 
geometric composite [6] and interior composite [7,8]. 

For conventional amorphous alloys, the diffusion 
distances in the permissible temperature−time regime  
are generally very small with only a few tens of 
nanometers [9,10], which limited the research on 
diffusion. Many new bulk metallic glasses with a variety 
of multi-component alloy systems have been prepared at 
cooling rates less than 100 K/s [11], which allow the 
investigation on atomic migration over a wide 
temperature range including the caloric glass transition, 
the supercooled state [12−14] and the equilibrium   
melt [15]. For crystalline metals, solutes in crystals 
diffuse via single jumps involving vacancies and the 

diffusion is determined by the size of the solute. The 
increasing size dependence shows a typical interstitial- or 
interstitialcy-type diffusion mechanism, while the 
decreasing size dependence shows a typical vacancy 
diffusion mechanism [16]. However, the situation for 
bulk metallic glasses is much more complex due to its 
special microstructure. BARTSCH et al [17] reported 
that the diffusion mechanism occurs by highly collective 
hopping below a critical temperature (TC), in accordance 
with the results from molecular dynamics simulations 
[18]. Decoupling of the diffusivities of different atomic 
sizes occurs at around TC [19]. This implies that the 
diffusion mechanisms are different when the atomic size 
varies below this critical temperature. However, a few 
reports were focused on the interface characteristics of 
external atomic diffusion to understand the internal 
microstructure changes of the impurity atoms in metallic 
glasses. In recent years, Cu−Zr-based BMGs have 
potential to be a candidate of structure material due to 
their excellent glass forming ability, high-compressive 
fracture strength, excellent corrosion resistance and 
relatively low elements cost [20−22]. In the present  
work, to analyze diffusion behavior of the smallest atom 
(Cu) in Zr48Cu36Ag8Al8 BMG (the maximum diameter of  
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25 mm), the impurity atom Ni was selected as substitute 
of Cu in consideration that Ni is adjacent with Cu in the 
periodic table and the radius difference is very small, 
besides they are ultimate mutual soluble above 627 K. A 
Ni/Zr48Cu36Ag8Al8 diffusion couple was developed and 
the diffusion behavior and interface characteristic were 
investigated by integrating secondary ion mass spectrum 
(SIMS) and transmission electron microscope (TEM). 
 
2 Experimental 
 

The Zr48Cu36Ag8Al8 alloy was prepared by arc 
melting high purity metals in a Ti-gettered argon 
atmosphere, and cast into a copper mold to produce 
BMG rods with 5 mm in diameter. Diffusion couple 
sample of about 1 mm in thickness was cut with a 
diamond saw and mechanically polished. Then, the 
samples were ultrasonically cleaned in acetone. The 
samples were characterized by DX−2700 X-ray 
diffractometer using Cu Kα radiation with the continuous 
scanning mode. Each diffraction analysis shows the 
typical amorphous pattern without Bragg peaks, as 
indicated in Fig. 1. The glass transition temperature (Tg) 
and the onset temperature of the first crystallization peak 
(Tx) were determined as 681 and 762 K, respectively by 
NEZTCH 402 differential scanning calorimeter at a 
heating rate of 20 K/min. All the samples were sputter- 
cleaned for about 3 min to avoid diffusion barriers due to 
the surface oxides under ultra-high vacuum conditions. 
The Ni layer with 100 nm in thickness was sputter 
deposited onto the surface. Finally, the specimens were 
sealed with some small pieces of polished zirconium 
sheet in an argon-filled quartz capsule. Diffusion 
annealing was performed in the supercooled liquid 
region between 683 and 723 K from 300 to 1800 s. 
Subsequently, samples were quenched into water in order 
to preserve their amorphous structure. The depth  
profiles of Ni in Zr48Cu36Ag8Al8 bulk metallic glass were  

 

 

Fig. 1 XRD patterns of Zr48Cu36Ag8Al8 metallic glass samples 

obtained by ION TOF-SIMS 5 secondary ion mass 
spectrometry using 5 keV Cs ions for sputter sectioning. 
The scanned and sputtered area is about 50 μm×50 μm. 

The diffusivity was obtained by the thin film 
solution of the Fick’s second law, and the formula is 
shown as follows [19]: 
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where D is the diffusivity, t is the annealing time, x is the 
penetration depth, and I0 is the initial layer thickness.  

The intensity of Ni ions is proportional to the 
concentration of Ni ions, so the diffusivity is the slope of 
each straight line (m=−1/(4Dt)) which could be obtained 
by fitting the experimental data according to Eq. (1). The 
experimental uncertainty of the diffusivity originates 
from uncertainties in the measurements of depth and 
temperature [23]. In order to further investigate the 
interface characteristics of Ni/Zr48Cu36Ag8Al8 metallic 
glass, the microstructure of the diffusion interface was 
examined by transmission electron microscope (TEM) 
performed on Tecnai G2F30 with an energy-dispersive 
spectrometer (EDS). 
 
3 Results and discussion 
 
3.1 Temperature dependence of diffusivity 

Figure 2 shows the diffusion profiles of Ni in 
Zr48Cu36Ag8Al8 metallic glass. The diffusivity (D) of Ni 
in Zr48Cu36Ag8Al8 metallic glass is calculated from the 
slope of straight lines. The diffusivity of Ni in 
Zr48Cu36Ag8Al8 metallic glass has an Arrhenius 
dependence on temperature, as shown in Fig. 3, which 
can be expressed by D(T)=10−8.53±0.12exp[(−1.457± 
0.162)/(kBT)]. It is in accordance with the Arrhenius 
diagrams reported for other bulk metallic glasses in the 
supercooled liquid region [12,13]. Compared with 
Zr-based bulk metallic glasses, the activation energy of  
 

 
Fig. 2 Concentration-depth profiles of Ni diffusion in 
Zr48Cu36Ag8Al8 metallic glass 
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Fig. 3 Arrhenius plot of Ni diffusivities in Zr48Cu36Ag8Al8 
metallic glass (The solid line corresponds to linear Arrhenius 
fit) 
 
Ni in Zr48Cu36Ag8Al8 metallic glass is smaller than those 
of Be in Zr41Ti14Cu12.5Ni10Be22.5 and Zr46.75Ti8.25Cu7.5- 
Ni10Be27.5. This difference is attributed to the difference 
of diffusion temperature (the glass transition temperature 
and the crystallization temperature of Zr41Ti14Cu12.5- 
Ni10Be22.5 metallic glass are lower than those of 
Zr48Cu36Ag8Al8 metallic glass [24]). Furthermore, 
structural changes in metallic glass with increasing 
temperature will affect the Arrhenius parameters [19]. 
 
3.2 Diffusion mechanism 

It is known that the self-diffusivities of tracer atoms 
in as-quenched specimens for most of the amorphous 
alloys decrease with increasing thermal annealing time 
due to structural relaxations in the glassy state [25]. 
Moreover, the diffusivity of Ni in the as-quenched 
Zr48Cu36Ag8Al8 bulk metallic glass also decreases 
obviously at first and becomes a constant after certain 
time within the supercooled liquid region, as shown in 
Fig. 4. Many studies showed that the decrease of the 
diffusivity during structural relaxation is related to the 
transition of diffusion mechanism. It has been proved 
from single-jump dominated indirect diffusion by 
vacancy-like defects, to a purely cooperative mechanism 
via a direct diffusion [26]. Considering that the 
distribution of free volume is non-uniform within the 
amorphous alloys, the mechanism of single-atom 
hopping does not disappear during structural relaxation 
of a metallic glass. Thus, two distinct processes 
including the single-atom hopping and highly collective 
hopping simultaneously contribute to transport in the 
whole supercooled liquid and the glass state, but their 
proportion of the two diffusion mechanisms change with 
annealing time.  

Furthermore, it is necessary to classify the diffusion 
mechanism on the basis of the size of the tracers and the 

 

 
Fig. 4 Instantaneous diffusivities of Ni in metallic glasses as 
function of annealing time at 703 K 
 
composition of metallic glass according to the diffusion 
mechanism of the size of solutes in crystals [15]. If the 
tracer is of the same size or smaller than the smallest 
component of an alloy, the jumping of diffusive single 
atom also seems to be possible, like Be in a loosely 
packed amorphous structure. In the case of large atoms in 
dense amorphous structures, diffusion requires a 
cooperative motion involving a cluster of neighboring 
atoms [27,28].  
  
3.3 Interface characterization 

To understand the diffusion behavior of Ni in 
Zr48Cu36Ag8Al8 metallic glass, the representative 
cross-sectional TEM image of Ni/Zr48Cu36Ag8Al8 couple 
after heating at 713 K for 1800 s is shown in Fig. 5. The 
bright field image (Fig. 5(a)) shows the Ni layer and the 
obvious diffusion zone in Ni/Zr48Cu36Ag8Al8 diffusion 
couple. The deposited Ni layer with the thickness   
about 100 nm is in polycrystalline state, as confirmed by 
 

 
Fig. 5 Bright field TEM image of interface between metallic 
glass and Ni (a), and diffraction patterns (b, c, d, e) from 
marked regions 1, 2, 3 and 4 in (a), respectively 
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selected-area electron diffraction (SAED) pattern in  
Fig. 5(b). The scattered diffraction patterns distinguished 
from the amorphous loop shown in Figs. 5(c) and (d) 
indicate that there exist significant quantities of complex 
ordered phases near the interface. The structure of the 
matrix still keeps amorphous, which is confirmed by the 
SAED pattern in Fig. 5(e). Moreover, a large number of 
nanoparticles are also clearly observed in the diffusion 
zone, as shown in Fig. 6. The width of the amorphous− 
crystal mixture zone is 200−360 nm, which is broader 
than Ni diffusion depth. Meanwhile, the grains of about 
30 nm are detected along the interface by the dark field 
image. The precipitated phases in the diffusion zone 
characterized by the corresponding EDS are rich in Cu, 
Zr and small amounts of Ni, as listed in Table 1. It is 
detected as Zr2Cu according to the results of EDS and 
TEM. Accordingly, the composition of white particles 
denoted as “E” near the metallic glass is detected. 
 

 
Fig. 6 TEM image of interface between Zr48Cu36Ag8Al8 

metallic glass and Ni annealed at 713 K 
 
Table 1 EDS analysis results of diffusion zone in Fig. 6 

Mole fraction/% 
Position 

Ni Cu Zr Ag Al 

B 0.52 23.74 53.33 13.57 8.84 

C 1.47 13.14 67.66 − 17.73

D 0.73 38.15 55.32 5.80 − 

E − 11.82 77.08 − 11.10

 
A simplistic schematic of the interface 

crystallization growth path can be established as shown 
in Fig. 7. From Fig. 7, it can be seen that the original 
interface grows into both Ni layer and Zr48Cu36Ag8Al8 
metallic glass simultaneously. Due to the higher 
quasi-vacancy near the interface, the diffusion rate of 
atoms is higher than that in the Zr48Cu36Ag8Al8 metallic 
glass. This is the main reason for the formation of 
nano-crystals (about 30 nm) along the interface. In 
previous experiment, we found that a number of 
nano-particles occurred within the diffusion zone of 
Zr-based BMG/copper laminated composite [24]. These 

results suggest that the atomic inter-diffusion is an 
important factor to promote the formation of nano- 
particles within the diffusion zone.  
   

 
Fig. 7 Schematic of interface crystallization path at 713 K:   
(a) Before diffusion; (b) Atom inter-diffusion between BMG 
and Ni; (c) Nano-crystal formation after 1800 s (Different 
circles represent different components of nano-crystals, 
respectively) 
 

Small variations in chemical composition or further 
elements addition will change the stability of the glass 
and form different metastable phases or even crystalline 
phase during annealing [29,30]. In addition, there exists a 
driving force for metastable system of metallic glasses to 
relaxation and crystallization during heat treatment 
above the glass transition, which also leads to the 
formation of crystalline phase. Based on the above 
analysis, the amorphous−crystal mixture zone probably 
depends on the twofold reasons: one can be explained by 
mutual diffussion of the atoms between Ni layer and 
Zr48Cu36Ag8Al8 metallic glass, and the other is prompted 
by composition fluctuation due to the atomic inter- 
diffusion between Ni and Zr48Cu36Ag8Al8 metallic glass. 
Whether or not the formation of nano-crystals near the 
interface will influence the atom diffusion mechanism of 
amorphous alloy needs further research.  
 
4 Conclusions 
 

1) The diffusivities of Ni atoms in Zr48Cu36Ag8Al8 

metallic glasses were fitted by a single Arrhenius relation 
with D(T)=10−8.53±0.12exp[(−1.457±0.162)/(kBT)]. The 
small effective activation energy is attributed to the 
different diffusion temperature and structural changes. 

2) The width of the amorphous−crystal mixture 
zone (200−360 nm) near the interface is broader than Ni 
diffusion depth, which is attributed to the consequences 
of the interaction of the inter-diffusion reaction from 
Ni/Zr48Cu36Ag8Al8 and composition fluctuation near the 
amorphous matrix. 
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Ni 在过冷液态 Zr48Cu36Ag8Al8非晶合金中的扩散行为 
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摘  要：采用二次离子质谱(SIMS)以及透射电镜(TEM)研究在 683~723 K 温度范围内 Ni 原子在 Zr48Cu36Ag8Al8

非晶合金中的扩散行为。在过冷液相区内，Ni 原子在 Zr48Cu36Ag8Al8非晶合金中的扩散系数满足单一的 Arrhenius
关系式，具有较低的激活能，在过冷液相区内其扩展数系数是一个随退火时间变化的函数。此外，在界面附近有

大量的纳米晶形成，其宽度大于通过二次离子质谱检测到的 Ni 原子扩散深度。结果表明：原子互扩散是促使界

面纳米晶形成的重要因素。 
关键词：非晶合金；扩散行为；界面；纳米晶 
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