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Microstructural change and corrosion behavior of Zr62Cu12.5Ni10Al7.5Ag8 bulk metallic glass (BMG) 

subjected to rolling at room temperature were studied. It is found that no phase transformation occurs, 

even when the BMG is rolled up to 95% reduction in thickness, except for the formation of narrow 

shear bands. Rolling-induced free volume in the BMG increases with the degree of deformation, which 

causes the decrease of corrosion potential and the increase of corrosion current density during the 

polarization of deformed BMG. It is proposed that the shear bands acting as preferential sites for 

pitting initiation, in which free volume is mainly stored, accounts for the reduction of corrosion 

resistance of BMG. However, the corrosion resistance in the rolled specimen can be improved by 

relaxation annealing associated with the annihilation of free volume. 
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1. INTRODUCTION 

Bulk metallic glasses (BMGs) with long-range atomic disorder possess exotic properties such 

as high strength and hardness, excellent magnetic properties and corrosion resistance [1-6]. 

Nevertheless, they are metastable in thermodynamics. Under the heat treatment or mechanical 

deformation, microstructure change in the BMGs may take place due to the enhancement of atomic 

diffusion, leading to the absence of all the characteristic properties [7]. Therefore, it is important to 

examine the structural stability against plastic deformation for their safe applications. In this regard, a 

series of deformation-induced microstructure changes such as phase separation or crystallization and 

its effects on mechanical properties have been reported in some BMG systems [8-11]. But very little 

attention has been paid to the effect of deformation-induced microstructure change on the corrosion 

behavior of the BMG. Considering that their applications as engineering materials require long-term 
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environmental stability, it is worthwhile to scrutinize the corrosion resistance of deformed BMGs. In 

this work, a series of rolling deformation experiments were carried out on novel Zr62Cu12.5Ni10Al7.5Ag8 

BMG with excellent plasticity, and the changes in microstructure and corrosion behavior with 

deformation degree were systematically studied, which is important for both fundamental research and 

technological application of BMGs. 

 

 

 

2. EXPERIMENT 

Master alloy ingots with nominal composition of Zr62Cu12.5Ni10Al7.5Ag8 were prepared by arc 

melting a mixture of pure Zr(99.9%), Al(99.99%), Ni(99.99%), Cu(99.99%), and Ag(99.99%) in a 

purified argon atmosphere. After six times remelting, the BMGs were producd by suction-casting for 

60 mm long rectangular plates with a thickness of 1 mm and width of 10 mm. The plates were then cut 

into strips with 3 mm in width for rolling. Strain is denoted by thickness reduction  = (h0-h)/h0, where 

h0 and h represented the specimen thickness before and after rolling, respectively. The strain rate was 

carefully controlled to be about 1×10
-1 

s
-1

. 

Thermo ARL X-ray diffractometer (XRD) with monochromatic Cu K radiation and JEOL 

JEM-2100F high-resolution transmission electron microscopy (HRTEM) were conducted to 

investigate the microstructures of the specimens. Thermal analyses were carried out on Perkin-Elmer 

Pyris Diamond differential scanning calorimeter (DSC) under a flow of high purity argon. Corrosion 

behaviors of the as-cast plates and the as-rolled specimens were evaluated by electrochemical 

polarization measurement, which were conducted in a three-electrode cell, consisting of a test 

specimen, a platinum counter electrode and a standard saturated calomel reference electrode (SCE). 

Before polarization scan, the specimen was immersed in the electrolytes of 3.5% NaCl solutions for 20 

min until the open circuit potential became steady. The electrochemical polarization measurement was 

examined at a potential sweep rate of 2 mV/s. At least four electrochemical measurements were 

conducted for an alloy to obtain reliable results. Surface of the corroded specimens after 

electrochemical polarization measurement were carefully examined using scanning electron 

microscope (SEM).  

 

 

3. RESULTS AND DISCUSSION 

Rolling at the strain rate of 1×10
-1 

s
-1

, the Zr62Cu12.5Ni10Al7.5Ag8 BMG exhibits excellent 

ductility and can be rolled to different thickness reductions (ε), respectively. The highest  achieved in 

our experiments is 95%, up to which no fracture occurs. Fig. 1 shows the XRD patterns of the as-cast 

and as-rolled specimens. All of them consist of two broad diffraction peaks without any detectable 

crystalline peak within the sensitivity of XRD. 
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Figure 1. XRD patterns of the as-cast specimen and the specimen with 95% thickness reduction. 

 

Fig. 2 displays the DSC traces of the as-cast and as-rolled specimens heating at 20 K/min. The 

as-cast specimen exhibits an endothermic event, which is characteristic of glass transition temperature 

Tg=648 K, followed by three exothermic reactions corresponding to the crystallization process with the 

first, second and third crystallization peak temperature (Tp1=745 K, Tp2=763 K and Tp3=783 K). The 

first exothermic reaction corresponds to formation of an icosahedral phase (I-phase) in the glass 

matrix, while the second and third one reflects the crystallization of the residual amorphous phase and 

the transformation of I-phase into the Zr2Cu and Zr2Ni intermetallic compounds [12], respectively. 

After rolling at 1×10
-1 

s
-1

, as compared with the as-cast specimen, the peak temperatures and the 

corresponding enthalpies of the as-rolled specimens keep unchanged regardless of thickness reduction, 

indicating that no phase transformation takes place during the rolling deformation of BMG. 

 

 
 

 Figure 2. DSC curves of the specimens with different thickness reductions ε heating at 20 K/min. 

 

HRTEM was carried out to carefully examine the microstructure of the as-cast and as-rolled 

specimens. As displayed in Figs. 3a and 3b, a homogeneous contrast in the bright-field image and a 
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diffraction halo in the selected area electron diffraction (SAED) pattern were found in the as-cast 

specimen, indicating the glassy nature of the alloy. Figs. 3c and 3d show the bright-field TEM image 

of specimen with ε=95% rolled at 1×10
-1 

s
-1

. Compared with the undeformed specimen, no obvious 

contrast was observed except for a brighter shear band with about 5-10 nm in width. And no lattice 

fringes were observed inside or around the shear band, but the atomic configuration in the shear band 

becomes more disordered as compared with the undeformed matrix. The corresponding SAED pattern 

consists of a diffraction halo. These results further confirm the as-rolled specimens retain the 

amorphous structure, and neither phase separation nor nanocrystallization occurs during the rolling 

deformation. 

 

  

  
 

Figure 3. TEM bright-field images and the corresponding SAED patterns of the as-cast specimen (a) 

and the specimen with ε=95% rolled at 1×10
-1 

s
-1

 (c). (b, d) are the HRTEM images of (a) and 

(c), respectively. 

 

The stable microstructure against deformation might be ascribed to the structural nature of 

metallic glasses. Dissimilar to crystals, metallic glasses do not possess long-range order while retain 

short or medium range order. The short or medium range order is however different from that of 

liquids. The microstructure of Zr62Cu12.5Ni10Al7.5Ag8 BMG is heterogeneous, consisting of hard 

regions (IMRO) with less free volume and soft regions with more free volume [12]. The atoms in the 
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hard regions are closely packed with strong bonds, leading to high strength. While the weakly bonded 

soft regions with large free volume are characterized by low strength and are readily for the initiation 

of shear bands or plastic flow upon mechanical deformation. As has been argued, mechanical 

deformation tends to enhance the atomic mobility, which may consequently promote the change in 

microstructure. During the rolling of Zr62Cu12.5Ni10Al7.5Ag8 BMG, however, the energy imposed by the 

rolling at 1×10
-1 

s
-1

 is not high enough to initiate the breaking and reforming of the strong bonds in the 

hard region. As a result, no amorphous-to-crystal phase transformation occurs, except for leading to 

some localized narrow shear bands in the soft regions.  

 

 
 

Figure 4. Polarization curves of the specimens with different ε at the strain rate of 1×10
-1 

s
-1 

in 3.5wt% 

NaCl solution open to air at room temperature. 

 

Table 1. The corrosion potential Ecorr, pitting potential Epit, passive region Epit-Ecorr, and corrosion 

current density Icorr derived from the polarization curves for the Zr62Cu12.5Ni10Al7.5Ag8 alloys. 

 

Alloys Ecorr (mV) Epit (mV) Epit-Ecorr (mV) Icorr ( A·cm
-2

) 

As-cast -284 ± 3 208 ± 2 492 ± 2 (7.5 ± 0.6) × 10
-8

 

40%  -301 ± 2 121 ± 2 422 ± 2 (1.4 ± 0.3) × 10
-7

 

80%  -312 ± 2 11 ± 1 323 ± 2 (5.5 ± 0.4) × 10
-7

 

95%  -332 ± 2 -156 ± 2 176 ± 2 (1.3 ± 0.3) × 10
-6

 

95%-annealed -307 ± 2 86 ± 1 393 ± 2 (2.2 ± 0.3) × 10
-7

 

 

The polarization curves of the as-cast and as-rolled specimens in 3.5wt% NaCl solution open to 

air at room temperature are displayed in Fig. 4, and the derived corrosion parameters are presented in 

Table 1. It can be seen that the as-cast specimen spontaneously passivated with low current density 

(Icorr) of about 7.5×10
-8

 A·cm
-2

 prior to pitting corrosion (Epit) at -208 mV. However, the polarization 

curves of the specimen subjected to rolling shifts to lower potential position, resulting in that the 

corrosion potential Ecorr and Epit become negative-shifting. Specifically, as ε increases from 0 to 95% 

during the rolling of BMG at the strain rate of 1×10
-1 

s
-1，the Ecorr gradually decreases from -284 to -

332 mV, and Epit significantly decreases from -208 to -156 mV, making passive region Epit-Ecorr 
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decrease from 492 to 176 mV. Meanwhile, the Icorr tremendously decreases from 7.5×10
-8

 to 1.3×10
-6

 

A·cm
-2

. Generally, the higher Ecorr and the lower Icorr reflect a better corrosion resistance. Therefore, it 

can be concluded that rolling deformation significantly reduces the corrosion resistance of BMG. 

To further understand the influence of rolling deformation on the corrosion behavior of BMG, 

SEM was employed to investigate the morphologies. Fig. 5 displays the SEM images of the as-cast and 

as-rolled specimens anodically polarized to the potential at which pitting corrosion just took place. As 

is seen, the surface of the as-cast specimen appeared to be slightly corroded. Pitting corrosion occurred 

in some regions, where some corrosion products were formed. When the specimen rolled up to ε=60% 

at the strain rate of 1×10
-1

 s
-1

, the pits produced are much larger in size than those in as-cast specimen. 

The preferential pitting initiation at shear bands can be obviously observed in the cross section of the 

specimen. The corrosion products were almost formed in the shear bands. However, a large number of 

pits, peel-like region and corrosion products can be observed for the specimens with ε=95%. These 

morphologies illustrate that rolling deformation deteriorates the corrosion resistance of the BMG, and 

pit corrosion preferentially initiates in the shear bands.  

 

  
 

  
 

Figure 5. SEM images of the surface for the corroded specimens with different ε rolled at 1×10
-1 

s
-1

: 

ε=0 (a), ε=60% (b), ε=95% (d); (c) is the cross section of specimen with ε=60%. 

 

As mentioned above, no phase transformation takes place in the specimen during the whole 

rolling. Therefore the possibility for deformation-induced nanocrystallization or structural 

heterogeneous to contribute to decreasing corrosion resistance can be ruled out. The corrosion results 

raise an intriguing question that what factors contribute to deteriorating the corrosion resistance of the 
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specimen. Plastic deformation of BMG is known to be inhomogeneous with formation of highly 

localized shear bands under temperatures far below glass transition temperature, realized by a series of 

atomic diffusional jumps associated with free volume [13]. Deformation induced free volume as 

structural defect not only affects mechanical and physical properties [14-17], but also influences 

corrosion behaviors. Jiang et al. [18] reported that a decrease in free volume by annealing BMG favors 

the improvement of corrosion resistance. Therefore, it is necessary to scrutinize the free volume 

content evolution upon deformation，in order to investigate the relationship between the amount of 

free volume and the corrosion behaviors of the BMGs. 

Free volume in metallic glass can be characterized by positron-annihilation spectroscopy (PAS) 

[19], density measurements [20], and differential scanning calorimetry (DSC) [21]. Here, exothermic 

peak below Tg (relaxation energy) was used to quantify the free volume content of the BMG, which 

was developed by Beukel and Sietsma [22]. Fig. 6 shows the relative change of the apparent specific 

heat Cp calculated from the DSC curves, based on which the variation of the relaxation energies Er 

with thickness reductions of the specimens is deduced and shown in Fig. 7.  

 

 
 

Figure 6. Specific heat data of the specimens with different ε at the strain rate of 1×10
-1 

s
-1

. 

 

 
 

Figure 7. Variation of the relaxation enthalpy per unit mass (Er) with ε. 
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It is clear that the Er monotonically increases from 4.6 to 20.1 J·g
-1

 for the specimens rolled at 

the strain rate of 1×10
-1

 s
-1

 as ε increases from 0 to 95%, meaning that more free volume is introduced 

into the as-rolled specimens. 

In the present work, no phase transformation occurs in the Zr62Cu12.5Ni10Al7.5Ag8 BMG during 

rolling. The as-rolled specimens can be considered to be composed of shear bands and the undeformed 

matrix [23]. The plastic strain mainly concentrated in the shear bands results in rolling-induced free 

volume mostly stored in them. The introduction of free volume in the shear band increases the average 

atomic distance [24], and enhances atomic mobility and chemical activity, which puts the amorphous 

atoms to be a higher energy state and make it susceptible to chemical attack. Consequently, shear 

bands are sensitive or active sites for pitting corrosion, which has been observed in Zr-Cu-Ni-Al alloy 

system [25]. As the rolling deformation proceeds, the density of shear bands increases. Considering 

that the free volume content in a deformed BMG is closely related with the density of shear bands, 

more free volume is introduced into the metallic glass, and makes the BMG to be higher energy level 

of metastability, which favors the initiation of pitting corrosion, and fast pit propagation takes place at 

the motivation of high potential. As a result, the corrosion resistance of deformed BMG significantly 

decreases with thickness reduction. 

As mentioned above, the increase of free volume in the rolled specimen results in deteriorating 

corrosion resistance. On the contrary, if the rolled specimen was annealed below the glass transition 

temperature, as shown in Fig 8, compared with the rolled specimen, annealing treatment increases 

corrosion potential, and shifts polarization curve to lower corrosion current position, bringing about a 

decrease of Icorr from 1.3×10
-6

 A·cm
-2

 for the specimen with ε=95% down to 2.2×10
-7 

A·cm
-2 

for the 

rolled/annealed specimen with ε=95%, meaning that the rolled/annealed specimen show less 

spontaneous corrosion tendency and better corrosion resistance. The enhancement of corrosion 

resistance is originated from structural relaxation associated with the decrease of free volume by 

annealing which decreases the average atomic distance and atomic mobility, and puts the atoms in the 

BMG to be lower energy wells, and makes them less electrochemically active. The present work 

reveals that annealing treatment is an effective way to improve the corrosion resistance of deformed 

BMGs. 

 

 
Figure 8. Polarization curves for Zr62Cu12.5Ni10Al7.5Ag8 alloy in the as-cast condition, rolled up to 

ε=95%, annealed at 638 K for 10 s after rolling up to ε=95%. The annealed specimen was 

heated by a vacuum electric resistance furnace up to (Tg-10 K), and then cooled down quickly 

to make sure that no crystallization occurred in the material. 
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4. CONCLUSIONS 

(1) The Zr62Cu12.5Ni10Al7.5Ag8 BMG has been rolled at the strain rate of 1×10
-1 

s
-1

, to different 

thickness reductions. The microstructure of the BMG is fairly stable upon rolling deformation. Neither 

phase separation nor nanocrystalline phase formation has been observed except for the appearance of 

some localized shear bands in the deformed BMG.  

(2) As the thickness reduction increases, the corrosion potential of the BMG shifts to more 

negative value, and the corrosion current density gradually decreases. Combined with the corrosion 

morphologies, corrosion reaction in the deformed BMG with large strain is more severe than that of 

low strain, because it exhibits an increase in free volume content during the rolling. It is proposed that 

free volume mainly concentrated in shear band increases the pitting susceptibility, leading to the 

reduction of corrosion resistance. Nevertheless, the corrosion resistance in the rolled specimen can be 

enhanced by relaxation annealing associated with annihilation of free volume. 
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