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Abstract: The formation of bulk metallic glasses (BMGs) in the ternary Zr56Co28Al16 and quaternary Zr56Co28−xCuxAl16 (x=2, 4, 5, 6, 
7, mole fraction, %) glassy alloys was investigated via the copper mold suction casting method. The main purpose of this work was 
to locate the optimal BMG-forming composition for the quaternary ZrCo(Cu)Al alloys and to improve the plasticity of the parent 
alloy. The X-ray diffractometry (XRD), transmission electron microscopy (TEM) and differential scanning calorimetry (DSC) were 
used to investigate the glassy alloys structure and their glass forming ability (GFA). In addition, the compression test, microhardness, 
nano-indentation and scanning electron microscopy (SEM) were utilized to discuss the possible mechanisms involved in the 
enhanced plasticity achievement. The highest GFA among Cu-containing alloys was found for the Zr56Co22Cu6Al16 alloy, which was 
similar to that of the base alloy. Furthermore, the plasticity of the base alloy increased significantly from 3.3% to 6% for the 
Zr56Co22Cu6Al16 BMG. The variations in the plasticity and GFA of the alloys were discussed by considering the positive heat of 
mixing within Cu and Co elements. 
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1 Introduction 
 

The Zr-based bulk metallic glasses (BMGs) have 
been widely used for the structural applications in recent 
two decades due to excellent properties such as high 
glass forming ability (GFA), superior mechanical 
properties, good corrosion resistance, good bio- 
compatibility and high wear resistance [1,2]. However, 
the deformation of BMGs under mechanical loading is 
highly localized in the shallow shear band region as a 
result of shear softening, leading to a catastrophic failure 
with limited plastic strain. Therefore, their applications 
and processing methods are limited severely due to their 
poor room-temperature plasticity [3,4]. In order to 
broaden the application of BMGs and overcome the 
intrinsic brittleness of BMGs, various methods such as 
the in-situ or ex-situ introduction of the second 
crystalline phase into the glassy matrix, excessive 
free-volume embedded in the structure, enhancement of 
the Poisson ratio, and heterogeneous structure have been 
applied [5−8]. All of these can be easily achieved by 
means of minor element addition. In addition, the minor 

addition can generally improve GFA of BMGs by 
stabilizing the liquid phase or destabilizing the 
competing crystalline phases during solidification [9,10]. 
Thus, the minor addition can be used as a promising way 
to explore the new BMG with outstanding mechanical 
properties or high GFA. 

Zr-based BMGs have been developed in various 
alloy systems. Among different Zr-based BMGs, the 
ternary Zr−Co−Al alloy system, as compared to other 
Zr-based glassy alloys, possesses better properties, 
including high fracture strength exceeding 2 GPa and 
toxic elements free like Ni and Be, which make       
it a possibly good candidate for biomedical  
applications [11,12]. WADA et al [13] systematically 
investigated Zr−Co−Al glassy alloy system and finally 
succeeded in synthesizing Zr56Co28Al16 BMG with the 
highest GFA among the ternary Zr−Co−Al glassy alloys. 
Numerous researches have been carried out to tune the 
composition and properties, especially GFA and 
plasticity, which are important features for applications. 
Previous studies found that Cu can improve GFA of the 
Zr−Co−Al-based BMGs. For example, ZHANG and 
INOUE [14] succeeded in synthesizing Zr55Al20Co20Cu5 
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BMG by optimizing the composition of the quaternary 
Zr55Al20Co25−xCux (x=0, 5, 10, 15) glassy alloys. They 
merely investigated the effect of Cu major addition on 
the GFA of Zr−Co−Al-based BMGs. It is noteworthy that 
the compressive plasticity and GFA of quaternary Zr− 
Co−Cu−Al alloy have not been studied in detail at all. 

It is well-known that the structure of the parent 
amorphous phase has a significant influence on the 
properties. Thus, the enhancement of GFA and plasticity, 
and their correlation with the structure have been 
elaborated. In this work, we systematically investigated 
the effect of the minor substitution of Co with Cu (mole 
fractions of Cu are 0, 2%, 4%, 5%, 6% and 7%) on the 
GFA and plasticity by varying the composition of 
Zr56Co28−xCuxAl16 BMG. Zr-based Zr56Co28Al16 metallic 
glass has been selected since it has the highest GFA 
among the Zr−Co−Al glassy alloy system. This work 
was performed with the aim of fabricating the  
monolithic BMG with intrinsic plasticity and locating the 
optimal BMG-forming composition for the quaternary 
Zr−Co(Cu)−Al glassy alloy, which is potentially 
favorable for the biomedical applications. The highest 
GFA among glassy alloys was found for the 
Zr56Co22Cu6Al16 alloy. Furthermore, the plasticity of the 
base alloy increased significantly for the optimized 
Cu-containing alloy. It should be noted that this work has 
focused extensively on the internal state evolution to 
study the possible mechanisms involved in the plasticity 
and GFA variations. 
 
2 Experimental 
 

A series of Zr56Co28−xCuxAl16 (x= 0, 2, 4, 5, 6 and 7, 
mole fraction, %) alloy ingots, denoted as Z, C2, C4, C5, 
C6 and C7 respectively, were prepared via arc melting 
the high-purity constituent elements, namely Zr (99.9%), 
Co (99.99%), Al (99.999%), Cu (99.999%), under the 
Ti-gettered high-purity argon atmosphere. The ingots 
were remelted four times to ensure compositional 
homogeneity. Then, rods with different diameters and   
5 cm in length were fabricated via water-cooled copper 
mold suction casting method. The structure of as-cast 
rods was examined by X-ray diffractometry (XRD, 
PANalytical X’Pert PRO diffraction, Cu Kα radiation) 
and transmission electron microscopy (TEM, FEI Tecnai 
G2 F20 200 kV Cryo-STEM). TEM samples were 
prepared using the dual beam FIB system. The thermal 
behavior of samples was characterized using differential 
scanning calorimetry (TG−DSC, Setaram, France) under 
a continuous helium flow at a heating rate of 0.67 K/s 

and differential thermal analysis (TG−DTA, Bahr STA 
503, Germany) under a continuous argon flow at a 
heating rate of 0.33 K/s. 

The nano-indentation test was performed on the 

as-cast samples by the nono-indentation tester with 
Berkovich diamond tip under the loading rate of     
100 µN/s and the load limit of 10 mN. The 
microhardness test was performed on the as-cast and 
as-annealed samples on the Leitz machine with a load of 
100 g and a holding time of 10 s. At least five points 
were measured to ensure statistical reliability of the data. 
The structural relaxation heat treatment was performed in 
the resistance furnace under high-purity argon 
atmosphere at 70 °C below Tg (Tg is the glass transition 
temperature) and a holding time of 2 h for the samples 
placed in the vacuumed sealed quartz tube. The density 
of samples was measured using Archimedean principles 
on an electrical balance (Sartorius) with an accuracy of 
0.0001 g. At least three times were measured to ensure 
statistical reliability of the data. The mechanical 
properties were measured by the room temperature 
compression test performed on an instrument (Santam, 
Iran) at low strain rate of 3×10−4 s−1. The dimensions of 
specimens for the compression test were 1.5 mm in 
diameter and 3 mm in length with aspect ratio of 2:1 
according to ASTM: E9−09 standard. The specimens 
were cut from the as-cast rods by a low-speed saw and 
then both the top and bottom sides of the sample    
were carefully polished to ensure parallelism. The 
compression test was repeated at least three times for 
each sample. The fracture surface morphology and lateral 
surface of fractured samples were investigated by 
scanning electron microscopy (SEM-Vega Tescan). 
 
3 Glass forming ability 
 
3.1 Structural analysis 

The XRD patterns of the as-cast Zr56Co28−xCuxAl16 

(x=0, 2, 4, 5, 6, 7) BMGs with a diameter of 2 mm are 
shown in Fig. 1. As can be seen, there exists a broad halo 
peak in 2θ range of 35°−40°, yet no other diffraction 
peaks of crystalline phases are observed for Z and C6 
samples, indicating the fully amorphous phase within the 
XRD instrument resolution limit. However, some 
detectable diffraction peaks on the broad peak, 
corresponding to the crystalline phase in the C2, C4, C5 
and C7 samples, are observed. Furthermore, the intensity 
of peaks, revealing the volume fraction of crystalline 
phases, has clearly been decreased upon Cu addition up 
to the optimum chemical composition and then has been 
increased by further Cu addition. Based on the phase 
analysis results, there is an optimal Cu amount, at which 
the GFA reaches the maximum value and then drops by 
further adding the Cu element such that the highest GFA 
is found for the C6 sample. One can find that GFA of 
Zr56Co22Cu6Al16 glassy alloy remains more or less 
similar to that of Zr56Co28Al16, in spite of micro alloying 
an element with the positive heat of mixing. 
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Fig. 1 XRD patterns of as-cast Zr56Co28−xCuxAl16 (x=0, 2, 4, 5, 

6, 7) BMGs with diameter of 2 mm 
 

Noticeably, the critical diameter dc of the glassy 
rods can be promoted by other casting methods such as 
injection and tilt casting, e.g., Zr56Co28Al16 BMG with dc 

of 18 mm can be fabricated via the tilt casting    
method [13]. The present work has merely been 
performed to optimize the composition to achieve the 
highest GFA among ZrCoCuAl glassy alloys; thus, future 
works need to explore the critical diameter of glassy 
alloy by varying the solidification conditions such as the 
casting method or processing parameters. 

Figure 2 shows the bright-field TEM/HRTEM 

images and selected area electron diffraction (SAED) 
patterns of the as-cast Z and C6 glassy rods with a 
diameter of 2 mm. The uniform featureless contrast in 
the images and a broad halo in the SAED patterns 
confirm amorphous nature of the samples. 

It is well-known that the glassy-forming alloys 
should follow three empirical Inoue rules for glass 
formation: 1) the multicomponent system with at least 
three components, 2) a significant atomic size difference 
ratio above 12%, and 3) the negative mixing enthalpy 
between the constituents. These glass-forming alloys 
have special features as follows: 1) the higher degrees of 
dense randomly packed atomic configurations, 2) the 
new local atomic configurations, which are different 
from those of the corresponding crystalline phases, and  
3) a homogeneous atomic configuration of the multi- 
component on a long range scale. 

It should be mentioned that the combination of 
these features leads to the higher crystallization 
resistance of the super-cooled liquid, resulting in higher 
GFA for the following reasons: 1) a decrease in the 
atomic diffusivity and an increase in super-cooled liquid 
viscosity, leading to higher Tg, 2) an increase in the 
solid/liquid interfacial energy, leading to a decrease in 
the nucleation rate, and 3) a necessity for the long-range 
diffusion of atoms, leading to a decrease in the growth of 
crystalline phases [15,16]. 

 

 
Fig. 2 Bright-field TEM/HRTEM images and selected area electron diffraction (SAED) patterns of as-cast Z (a, b) and C6 (c, d) 
glassy rods 
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In order to examine the GFA of glassy alloys closely, 
we have presented a possible explanation from the 
atomic structural perspective. The atomic size and 
mixing enthalpy of the constituents of ZrCoCuAl glassy 
alloy are shown in Fig. 3. According to the first empirical 
Inoue rules, the multicomponent glassy alloy has been 
obtained with Cu addition. Yet, the second rule has not 
been satisfied because of the marginal mismatch of Co 
and Cu. Cu with small radius and with a size similar to 
that of Co does not make a more sequential change to the 
atomic size such that Zr>>Al>>Co=Cu. Thus, it seems 
that the Cu addition would not affect the packing state of 
glassy alloy. 
 

 

Fig. 3 Mixing enthalpy and atomic radius of constituent of 

ZrCoCuAl glassy alloy 

 
Furthermore, the alloy mixing enthalpy has been 

decreased as result of the positive mixing enthalpy    

of the mix
Cu CoH  , as well as the lower mix

Cu ZrH   and 
mix
Cu AlH  , as compared to the mix

Co ZrH   and mix
Co AlH  . 

The mixing enthalpy and microhardness of the 
alloys are shown in Fig. 4. The microhardness and 
mixing enthalpy variations show a decrement trend by 
increasing the Cu content. 

The mixing enthalpy of alloys could be calculated 
as follows [17]: 
 

mix mix4 ij i j
i j

H H x x


                          (1) 

 
Based on the decrease of the mixing enthalpy and

 

 
Fig. 4 Mixing enthalpy and microhardness of Z, C5, C6 and C7 

glassy alloys 
 
marginal atomic size mismatch of Cu-containing glassy 
alloys, it is expected that the glassy alloy with a less 
dense packing state would be formed. Furthermore, the 
microhardness decrease along with the mixing enthalpy 
decrease can prove the formation of a structure with a 
less dense randomly packed state or without any 
polytetrahedral packed cluster such as icosahedral 
short-range ordering (ISRO). 

As can be seen in Table 1, in order to examine the 
structure closely, the microhardness and density of the Z 
and C6 samples have been measured in the as-cast and 
as-structural relaxation states. An increase in the 
microhardness difference from 10% for the Z sample to 
15% for the C6 sample indicates that the excessive 
free-volume in the structure of the C6 sample has been 
annihilated through structural relaxation treatment. In 
addition, the density variations also show the same result 
as mentioned above. One can find that the Cu addition 
changes the atomic configuration of base alloy, leading 
to the less dense packing structure. 

The excessive free-volume in the structure or less 
dense packing structure for the Cu-containing alloys 
leads to a decrease in the Tg and liquid viscosity. Based 
on the Turnbull crystallization kinetic theory, the 
nucleation rate increases by decreasing the liquid shear 
viscosity, providing favourable conditions for 
crystallization during solidification and finally resulting 
in lower GFA [18]. Also, based on the third empirical 
Inoue rule, it can be predicted that GFA for the 
ZrCoCuAl glassy alloy would be reduced due to the 

 
Table 1 Microhardness and density of Z and C6 samples at as-cast and as-structural relaxation states 

Sample 
ρ/(g·cm−3) 

(Δρ/ρ)/% 
Hardness (HV) 

(ΔHV/HV)/% 
As-cast Relaxed As-cast Relaxed 

Z 6.6837±0.056 6.7648±0.023 1.2 630.8 698.66 ~10 

C6 6.7480±0.052 6.8437±0.026 1.4 596.8 702.66 ~15 
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mixing enthalpy decrease of glassy alloys and 
subsequent less dense packing structure formation. 
However, it has been surprisingly observed that GFA of 
Zr56Co22Cu6Al16 glassy alloy is similar to that of the 
parent alloy. The reasons for this will be discussed in the 
next sections. 
 
3.2 Thermal analysis 

Figures 5(a) and (b) show the DSC and DTA curves 
for the fully amorphous samples with a diameter of     
1 mm of Zr56Co28−xCuxAl16 (x=0, 5, 6, 7) BMGs at 
heating rates of 0.67 and 0.33 K/s, respectively. The DSC 
curves exhibit the endothermic peak, characteristic of 
glass transition to super-cooled liquid temperature Tg, 
followed by two-step exothermic peak corresponding to 
the crystallization processes. Also, DTA curves exhibit 
the endothermic peak corresponding to the melting 
process. The characteristic temperatures, i.e., the glass 
transition temperature Tg, onset crystallization peak Tx, 
onset melting temperature Tm and liquid temperature Tl 
have been marked by arrows in the figures and 
summarized in Table 2. 

The significant change in the thermal behavior has 
not been observed by varying the Cu content. Only the 
values of Tg and Tx decrease little upon Cu addition. 
However, a slight increase in Tg for the C6 sample, as 
compared to that of the C5 and C7 samples, has been 
observed. Also, the DTA curves show that the 
characteristic temperatures and peak width Tl−Tm have 

not been changed distinctively upon Cu addition, 
indicating that the compositions of glassy alloys are 
close to eutectic. 

The reasons why the GFA is improved at the 
composition closer to eutectic can be considered through 
the thermodynamic and kinetic approach. From the 
thermodynamic point of view, the nucleation driving 
force, i.e., Gibbs free energy between the super-cooled 
liquid and competitive crystalline phase is lower in 
eutectic, as compared to the off-eutectic composition. 
Also, from the kinetic point of view, a number of 
crystalline phases begin competing with one another for 
the nucleation and growth in the eutectic composition, 
requiring extensive atomic fluctuation and rearrangement 
to form the crystalline phases [19]. Therefore, by the 
proper adjustment of the liquid composition closer to the 
eutectic, the liquid can be transformed into the glassy 
state without crystallization during solidification. 
ZHANG and INOUE [14] succeeded in synthesizing 
Zr55Al20Co20Cu5 BMG by optimizing the composition of 
the quaternary Zr55Al20Co25−xCux (x=0, 5, 10, 15) glassy 
alloys. It was suggested that the composition of this alloy 
should be located close to the eutectic. Thus, the 
reasonable GFA for the Z and C6 samples can be 
attributed to this fact in accordance with the DTA results 
and a composition similar to that of the above-mentioned 
glassy alloy. 

A number of GFA indicators in the literature, which 
have been formulated to predict GFA of glassy alloys 

 

 
Fig. 5 DSC curves at heating rate of 0.67 K/s (a) and DTA curves at heating rate of 0.33 K/s (b) for Zr56Co28−xCuxAl16 (x=0, 5, 6, 7) 

BMGs  

 
Table 2 Characteristic temperatures, GFA indicators and critical diameters of Z, C5, C6 and C7 samples 

Sample 

code 
Tg/K Tx/K Tm/K T1/K 

GFA indicator 
dc/mm 

γ Trg K β1 δ 

Z 760 810 1226 1247 0.403 0.609 0.120 1.675 1.656 2 

C5 750 808 1226 1244 0.405 0.602 0.138 1.680 1.622 <1.5 

C6 753 802 1222 1245 0.401 0.604 0.116 1.669 1.613 2 

C7 748 794 1224 1245 0.398 0.600 0.106 1.662 1.591 1 
γ=Tx/(Tg+Tl); Trg=Tg/Tl; K=(Tx−Tg)/(Tm−Tg); β1=Tx/Tg+Tg/Tl; δ=Tx/(Tl−Tg) 
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along with dc, have been summarized in Table 2 [20]. As 
can be seen, GFA indicators do not show a reliable 
correlation between GFA of the alloys and dc. The 
unreliable correlation between GFA and critical size for 
glass formation was observed in other works, especially 
for glassy alloys with immiscible element pairs [21]. 

It is expected that the Cu micro-alloying with a 
large positive heat of mixing between Cu and Co atoms 
leads to degradation in GFA since the repulsive chemical 
interaction causes the segregation of component atoms 
and finally increases the system potential energy [21]. 
However, the present results showed that the appropriate 
Cu addition can improve or does not degrade the GFA of 
parent alloy. 

The main reason for the GFA improvement of the 
C6 sample, as compared to that of the other 
Cu-containing alloy could be attributed to Egami   

theory [22]. According to this theory, introducing the 
repulsive interaction between small atoms and increasing 
the interaction between the small and large atoms would 
favor the BMG formation. In this glassy alloy, Cu and 
Co atoms with smaller atomic sizes, as compared to 
those of Zr and Al atoms have the positive heat of mixing 
( mix

Cu Co 9 kJ/molH   ). The Cu addition in the certain 
composition range 0≤x≤6 causes the Co atom to be 
attracted to large atoms, such as Zr and Al through the 
negative heat of mixing. Thus, this phenomenon leads to 
a decrease in the mobility of the Co atom for 
rearrangement, resulting in GFA improvement. It is 
noteworthy that Egami theory works better by increasing 
the Cu content in the certain composition range 0≤x≤6 as 
a result of the extensive repulsive interaction along with 
lower direct contact between Cu and Co atoms. However, 
the direct contact between Cu and Co atoms would be 
inevitable by further adding the Cu element up to 7% 
(mole fraction), which destabilizes the liquid and  
finally deteriorates the GFA. A similar phenomenon        
has been reported by LIU et al [23,24] for (Zr0.62Cu0.23- 
Fe0.05Al0.10)97Ag3 and Zr53Co18.5Al23.5Ag5 glassy alloys 
with the positive heat of mixing between constituents. 
Another possible reason for the Cu-containing alloy GFA 
improvement, as compared to that for the base alloy 
could be attributed to “confusion principle”, which 
expresses that the multicomponent alloy systems have a 
lower chance to select the viable structures [25]. 
 
4 Mechanical properties 
 
4.1 Compression test 

The compressive stress−strain curves of the Z and 
C6 samples with a diameter of 1.5 mm are shown in  
Fig. 6. As can be seen, the yield strength with a value of 
2010 MPa and the ultimate strength with a value of  
2320 MPa for the Z sample decrease to the values of 

1710 MPa and 2080 MPa for the C6 sample, respectively. 
The decrease in the yield strength and ultimate strength 
is consistent with a decrease in the total mixing enthalpy 
and microhardness of the C6 glassy alloy. The 
comparison between the plastic strains of samples shows 
an increase in the plastic strain from the value of 3.3% 
for the Z sample to 6% for the C6 sample. It is 
noteworthy that the significant change in the plasticity 
for the monolithic BMG has been obtained by 
composition adjusting. 

 

 
Fig. 6 Compressive stress−strain curves of Z and C6 samples 

with diameter of 1.5 mm at strain rate of 3×10−4 s−1 

 
The results have demonstrated that the serrated flow 

behavior is extremely different between the Z and C6 
samples, e.g., the shapes of serrations are sharp and blunt 
for the Z and C6 samples, respectively. These differences 
in the serration shape may be resourced by the intrinsic 
brittleness or plasticity of materials. The serrated flow 
part in the stress−strain curve consists of two parts, that 
is, the stress drop part, resulting from the shear band 
sliding and the elastic loading part, resulting from the 
elastic recovering by the surrounding material and the 
arresting of the shear-band propagation. It is noteworthy 
that the elastic recovering for the brittle materials is more 
difficult, as compared to that for the ductile materials, 
thereby contributing to the sharp serrations [26,27]. 
However, the multiple shear bands in the ductile material 
prohibit the shear band propagation and slow down the 
shear band propagation velocity, thereby contributing to 
the blunt serrations. The enhanced plasticity for the C6 
sample is related to this fact, which will be discussed in 
the next sections. 
 
4.2 Fracture surface morphology 

Figure 7 shows SEM images of the fracture surface 
and lateral surface of the Z and C6 fractured samples. As 
can be seen from Figs. 7(a) and (b), vein-like pattern 
extending towards the maximum shear stress direction 
which is typically characteristic of the fracture surface of 
glassy alloys exists in both fractured samples [28,29]. 
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Fig. 7 SEM micrographs of fracture surface (a, b) and lateral surface (c, d) of Z (a, c) and C6 (b, d) samples 

 
The liquid droplets and liquid region have also been 
observed on the fracture surface of the samples. The 
locally melted regions observed on the fracture surface 
suggest a large strain along the shear band [30,31]. 

The uniform straight primary shear bands for the 
lateral surface of Z fractured sample could be observed 
both parallel to each other and also parallel to the 
fracture direction, as shown in Fig. 7(c). In addition, a 
number of secondary shear bands with a deviation from 
the primary shear bands have also been observed. In fact, 
there exist interactions between the secondary shear 
bands and primary shear bands. 

The illustrations show that the multiple shear bands 
exist in both samples, but the density of shear bands is 
different. As can be clearly seen from Fig. 7(d), the 
density of shear bands for the C6 sample is higher than 
that for the Z sample, especially the secondary and 
tertiary shear bands. In some cases, the interactions 
between the shear bands are responsible for the 
branching and nucleating of the third new shear bands. 
Alternatively, the interactions between the shear bands 
are considerable for this sample. The deformation of 
BMGs under mechanical loading is highly localized in 
the shallow shear band region as a result of shear 
softening. The shear softening in the shear bands results 

from increasing the free-volume amount and also 
increasing the heat output due to the elastic energy 
release. The deformation and shear softening on one 
main shear band lead to the catastrophic failure without 
much macroscopic ductility. The multiple shear bands 
result in the plasticity enhancement by dissipating the 
shear softening and prohibiting the shear band  
movement [32]. The plasticity enhancement for the C6 
samples is attributed to the shear band pattern 
characteristic of the multiple shear bands interacting with 
each other, that is, the branched and proliferated ones. 
 

4.3 Plasticity 
It is well-known that the excessive free-volume  

with heterogeneous distribution in the structure, 
low-population polyhedral clusters and lower packing 
regions around the packed polyhedral clusters could act 
as a fertile site for the shear transformation zones  
(STZs) [33]. The shear band formation involves 
cooperative actions of numerous STZs [34]. Thus, more 
shear bands nucleate by increasing the fertile sites for 
STZ. The plasticity enhancement through introducing the 
free-volume in the structure has been studied on different 
glassy alloys via designing the processing thermal 
history or alloy composition in previous studies [35,36]. 
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The presence of the free-volume affects the critical shear 
stress for the shear flow according to the Speapen theory 
as follows [37]: 
 

2 3
max maxsinh exp(1/ )i iG v                (2) 

 
where τmax is the critical shear stress, G is the shear 
modulus, , β and γ are constants and vi is the 
free-volume content. It could be numerically concluded 
that the critical shear stress decreases dramatically when 
the free-volume content increases slightly, resulting in 
the convenient shear flow and numerous shear bands 
formation. 

Based on the structural analysis results and Speapen 
theory, the excessive free-volume in the structure of the 
C6 sample, as compared to that of the Z sample could be 
the main reason for Cu-containing plasticity 
enhancement. 

Another possible reason for increasing the plasticity 
of the C6 sample may be related to the Tg decrease upon 
Cu addition. Based on the cooperatives shear model, the 
activation energy W(Tg) for STZ depends on Tg as 
follows [38]: 
 

2 2
g c g m g( ) (8/ ) ( ) ( )W T γ G T V T                    (3) 

 
where Vm is the molar volume of the alloy and γc is 
constant. It was concluded that the GVm could be well 
scaled with the RTg (R is the mole gas constant), 
validating the equivalence between W ∝ RTg and      
W∝GVm [39]. Therefore, the Tg decrease causes the 
activation energy decrease for STZ. Thus, more shear 
bands nucleate and are distributed in the whole sample 
by increasing the fertile sites for the STZ, thereby 
improving the plasticity. In addition, the intrinsic 
plasticity can be explained by elastic constants. The 
correlation between the elastic constants and intrinsic 
plasticity has been widely studied as an interesting 
subject to succeed in the synthesizing monolithic BMGs 
with the intrinsic plasticity recently [40,41]. Larger 
Poisson ratio has been found to have good correlation 
with the intrinsic plasticity [42,43]. The correlation 
between elastic constants, including the shear modulus G, 
bulk modulus B and Poisson ratio υ can be expressed as 
follows: 
 
υ=(3−2G/B)/(6+2G/B)                         (4) 
 

According to Eq. (4), the lower the G/B ratio is, the 
higher Poisson ratio will be. The lower G/B ratio and 
higher Poisson ratio were employed for the fracture 
process of a head of the crack tip. It is well-known that 
the fracture processes ahead of a crack tip are controlled 
by the shear flow and dilatation of the material, while the 
shear modulus captures the resistance to the material 
shear flow and the bulk modulus embodies the material 
dilatation.  

The nano-indentation test was utilized to measure 
the elastic constants and the results have been plotted in 
Fig. 8. The results obtained from the load−displacement 
(P−h) curves have been summarized in Table 3. As can 
be seen, the contact stiffness (S) is lower, but the contact 
area (A), maximum depth (hmax) and contact depth (hc) of 
the C6 sample are higher than those of the Z sample. 
 

 
Fig. 8 Load−displacement curve (P−h) obtained from nano 

indentation test for Z and C6 samples 

 

Table 3 Contact stiffness (S), contact area (A), max depth (hmax) 

and contact depth (hc) of Z and C6 samples 

Sample 

code 

Contact 

stiffness, 

S/(µN·nm−1)

Contact 

area, 

A/nm2 

Max depth, 

hmax/nm 

Contact 

depth, 

hc/nm 

Z 172.1 743100 187.8 144 

C6 166.6 787900 193.7 153.5 

 

The reduced elastic modulus (Er) can be obtained 
from the (P−h) curve as follows [44]: 
 

r
d 2

d

P
S E A

h
 


                          (5) 

 
It could be concluded that Er increases by increasing 

the contact stiffness and decreasing the contact area. On 
the other hand, Er is directly proportional to the elastic 
modulus (E) as follows [44]: 
 

22
i

r i

(1 )1 (1 )

E E E


 


                        (6) 

 
where E and υ are elastic modulus and Poisson ratio of 
the material, respectively, and Ei and υi are elastic 
modulus and Poisson ratio of the indenter, respectively. 
Therefore, it could be concluded that the elastic modulus 
of C6 sample decreases by increasing the contact area 
and decreasing the contact stiffness. Thus, according to 
the direct proportion of elastic modulus and shear 
modulus, it could be predicted that the G/B ratio 
decreases and Poisson ratio increases by Cu addition. 
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In addition, it is noteworthy that Poisson ratio is 
controlled by two factors, including the average 
elemental Poisson ratio and the degree of structural 
ordering [45]. From the average elemental Poisson ratio 
perspective, it is speculated that the substitution of Co 
with the Poisson ratio of 0.31 by Cu with a larger 
Poisson ratio of 0.36 may contribute to an increase in 
Poisson ratio of the glassy alloy [46]. From the glassy 
alloy structure perspective, it is expected that the 
structural evolution effect on the Poisson ratio would be 
negligible regarding the absence of a remarkable 
structural change such as short-range ordering. Therefore, 
it could also be predicted that Poisson ratio increases by 
Cu addition. In summary, the internal state evolutions 
such as the excessive free-volume embedded in the 
structure and the increase of the Poisson ratio may be in 
good agreement with the intrinsic plasticity of the C6 
sample. 
 
5 Conclusions 
 

This work was performed with the aim of 
fabricating the monolithic BMG with intrinsic plasticity 
and locating the optimal BMG-forming composition for 
the quaternary Zr−Co(Cu)−Al glassy alloy. The highest 
GFA among glassy alloys was found for the 
Zr56Co22Cu6Al16 alloy, which was similar to that of the 
base alloy. In addition, the base alloy plasticity increased 
significantly from εp=3.2% to εp=6% for the optimized 
Cu-containing glassy alloy. It was revealed that Cu 
micro-alloying with the positive mixing enthalpy within 
Cu and Co elements brings the less dense atomic packing 
structure with excessive free-volume, thereby 
contributing to a decrease in liquid viscosity and finally 
GFA deterioration. However, the reason for the GFA 
improvement of Zr56Co22Cu6Al16 is the existence of   
the repulsive interaction between small radium 
constituents according to Egami model. Furthermore, the 
convenient activation of more STZ and the convenient 
nucleation of more shear bands due to the existence of 
excessive free-volume, the Tg decrease and the Poisson 
ratio increase are the main reasons for the plasticity 
enhancement of Zr56Co22Cu6Al16. 
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具有最优玻璃形成能力的 
Zr−Co(Cu)−Al 大块金属玻璃及其压缩性能 
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摘  要：采用铜模吸铸法在三元 Zr56Co28Al16和四元 Zr56Co28−xCuxAl16 (x=2，4，5，6，7，摩尔分数，%)非晶合金

中形成大块金属玻璃(BMGs)。本研究主要目的是找到四元 ZrCo(Cu)Al 合金中形成大块金属玻璃的最优成分，并

提高母合金的塑性。采用 X 射线衍射(XRD)技术、透射电镜(TEM)和差示扫描量热法(DSC)研究非晶合金的结构

及其玻璃形成能力(GFA)。此外，利用压缩试验、显微硬度、纳米压痕和扫描电镜(SEM)讨论塑性提高的可能机制。

含铜合金中玻璃形成能力最强的是 Zr56Co22Cu6Al16合金，与基体合金相似。此外，Zr56Co22Cu6Al16大块金属玻璃

的塑性从基体合金的 3.3%显著增加到 6%。最后，结合铜和钴的正混合热，讨论合金塑性和 GFA 的变化。 

关键词：大块金属玻璃；锆基合金；玻璃形成能力；塑性 
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