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Abstract 

The effects of heat treatment on the microstructures, crystallization 

kinetics, mechanical performance, and anti-corrosion behavior of a hypoeutectic 

Zr68Al8Ni8Cu16 bulk metallic glass (BMG) were studied. Through annealing, the 

precipitated phases were crystalline Zr2Cu and Zr2Ni. The total crystallinity was 

determined to be 10 and 77 % for the samples  annealed at 673 K and 713 K, 

respectively. The partial crystallization of the alloy leads to a dramatic deterioration 

in the ductility as compared to the as-cast BMG.  Furthermore, the decrease in the 

ductility was accompanied by an increase in the crystallinity.  The as-cast Zr-based 

BMG exhibited a greater corrosion resistance in the HCl solution than that of  the
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annealed alloy. The depletion in the Zr and Al cation fractions of the surface 

oxidation film, which resulted from the precipitation of reactive nanocrystalline 

phases from the glassy matrix, is responsible for the reduced corrosion resistance.  
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1. Introduction  

  Because of their single-amorphous-phase structure, bulk metallic glasses (BMGs) 

generally exhibit a significantly higher strength than that of the crystalline alloys, 

which make them viable candidates as advanced structural materials [1-3]. However, 

the deformation of BMGs are localized into a single principal shear band [4-6]. Thus, 

BMGs are less-reliable owing to the limited room-temperature plasticity and 

catastrophic failure that occurs at relatively low applied strains. To overcome this 

drawback, a variety of attempts had been employed to improve the ductility of BMGs. 

For instance, introducing chemical or microstructural heterogeneity [7-14], 

developing BMGs with a high Poisson’s ratio [15,16], and enhancing the free volume 

content of the glassy alloys [17,18].  

Among various BMG systems, the Zr-based BMGs exhibit a combination of 

outstanding glass-forming ability (GFA), great mechanical performance, irradiation 

resistance, as well as anti-corrosion properties [19-22]. Recently, the hypoeutectic 

Zr-based BMGs (with Zr content above 65 at.%) were found to have superior 

plasticity and ductility, as compared with those alloys that had either eutectic or 

near-eutectic compositions (usually has a content of about 50 at.% Zr) [15,16,23,24]. 

For instance, it has been reported that the Zr70Al8Ni16Cu6 BMG can withstand a 

relatively high compressive strain before fracture and also has a high fracture 

toughness [15]. Moreover, the hypoeutectic BMG contains a structure which 

minimizes the degree of structural relaxation that can result in embrittlement. 

Furthermore, the hypoeutectic BMG also shows reduced stress corrosion cracking 
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during the stress corrosion testing [25,26].  

For engineering applications, the BMGs should possess high 

chemical/electrochemical stability in industrial environments. As compared to the 

near-eutectic Zr50Al10Cu40 BMG, the hypo-eutectic Zr70Al8Ni16Cu6 BMG 

demonstrates better anti-corrosion performance in the chlorine-ion-containing 

solutions [26]. Based on the above result, in addition to their desirable mechanical 

properties, the hypoeutectic BMGs are considered to have great potential as advanced 

engineering materials [15,16,23-27]. 

Generally, however, the BMGs are thermodynamically metastable at room 

temperature [28]. When they are subjected to the thermal or mechanical activation, 

the crystallization of BMGs can occur, which may substantially affect their chemical 

and mechanical performance. For example, it has been reported that the 

nanocrystalline/amorphous composites were fabricated in the Zr-based BMGs via 

annealing-induced-devitrification. These composites demonstrated the improved 

mechanical properties as compared to the fully amorphous materials [28-30]. On the 

contrary, some studies found that the precipitation of brittle crystalline phases during 

heat treatments led to the embrittlement of glassy alloys [31-33].  

The corrosion resistance of BMGs can also be enhanced with the partial 

devitrification of the glassy structure [34,35]. With devitrification, the 

nanocrystalline-glass microstructure facilitates the generation of a protective surface 

film, which can improve the overall corrosion resistance [34,35]. On the other hand, it 

has been reported that the annealing-induced-crystallization of the glassy matrix can 
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reduce the corrosion resistance of BMGs [36,37]. The presence of grain boundaries 

and dislocations that accompany crystallization can deteriorate the 

originally-homogeneous passive surface layer of the BMGs [36,37]. Therefore, it is 

quite important to study the influence of the crystallization behavior and kinetics of 

BMGs on their microstructure and properties.  

To date, there are a variety of studies on the crystallization kinetics of Zr-based 

BMGs [38–40]. Nevertheless, there are virtually no studies regarding the effects of 

the crystallization behavior on the microstructure and mechanical properties of the 

hypoeutectic BMGs. In this context, the objectives of this study are to (i) investigate 

the devitrification behavior of a hypoeutectic Zr68Al8Ni8Cu16 BMG, and (ii) gain a 

better understanding of the link between the annealing-induced microstructural 

evolution and the mechanical and chemical performance of the BMG. Furthermore, 

the results of this work are anticipated to provide foundational data and useful 

information relevant to the mechanical and chemical properties of the hypoeutectic 

Zr-based BMGs for future industrial applications. 

 

2. Experiment methods  

2.1. Materials characterization 

The arc-melting method was employed to fabricate a Zr68Al8Ni8Cu16 (in atomic 

percent, or at. %) alloy. The pure metal (Zr: 99.8 wt.%, Cu: 99.98 wt.%, Ni: 99.95 

wt.%, and Al: 99.999 wt.%) components were melted to prepare the master ingot in a 

Ti-gettered high-purity Ar atmosphere. Rod samples with a gauge of ϕ 2 mm × 50 mm 
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and plate specimens having a size of 1.5 mm × 12 mm × 40 mm were made by casting 

under the high purity Ar atmosphere. Melt spinning was carried out to prepare ribbon 

samples with a cross section of 0.02   1 mm2. The structure of the as-cast and 

annealed (673 K and 713K) (denoted as Zr68A, Zr68B, and Zr68C alloys, 

respectively) Zr68Al8Ni8Cu16 alloy specimens, was identified using X-ray diffraction 

(XRD) and transmission electron microscope (TEM) characterization techniques.  

For the XRD, the Bruker AXS D8 X-ray diffractometer (XRD) was used with a Cu 

K radiation together with the working voltage and current of 40 kV and 40 mA, 

respectively. 

As for the TEM characterization, a JEOL JEM-1200EX TEM was used.  TEM 

samples were first mechanically ground to ~50 m thick and then the two-jet 

electropolishing method was performed to fabricate the TEM specimens. A chemical 

solution which contained 4% HClO4 ethanol was used for the electropolishing. The 

TEM specimens were cooled by liquid N2 during the electropolishing. 

2.2. Crystallization behavior and kinetics 

The crystallization behavior was examined by annealing as-cast Zr68Al8Ni8Cu16 

glassy ribbons in a NETZSCH DSC 404 C differential scanning calorimeter (DSC).  

A continuous flow of pure argon was introduced to prevent oxidation of the samples 

at high temperature over 673 K.  For the annealing process, a heating rate of 20 

K/min was used to raise the temperature from ambient to temperatures ranging from 

673 K to 773 K). After heating to the maximum temperatures, the samples were 

immediately cooled.  The microstructural evolution was examined using the XRD 



 7 

and TEM. The crystallization kinetics of the Zr68Al8Ni8Cu16 alloys was studied by 

means of the continuous- and isothermal-heating techniques. The heating rates for the 

continuous heating ranged from 10 K/min to 40 K/min. For the isothermal DSC 

analysis, the samples were heated to the objective heating temperatures which ranged 

from 670 K to 676 K.  

 

2.3. Mechanical property tests 

Microhardness experiments were performed using a THVP-10 Vickers 

microhardness tester.  Here, each sample was indented 5 times where the applied 

load was 300 gf with a dwell time of 10 s. Room-temperature compressive and tensile 

properties were examined using a DNS300 mechanical testing systems (MTS). For 

both tests, a strain rate of 2.1 × 10-4 s-1 was used. The samples were machined by wire 

electrical discharge machining and then manually ground with using 2,000 grit silicon 

carbide grinding paper. The sample geometries for the compression tests were ϕ 2 mm 

× 4 mm. The working zone for the tension sample has a gauge of 1.5 mm × 2 mm × 

10 mm. The surface morphology of the deformed samples was characterized using a 

CS 3400 scanning electron microscope (SEM). 

2.4. Corrosion behavior characterization 

To examine the corrosion behavior of the Zr68A, Zr68B, and Zr68C alloy 

samples, electrochemical tests were performed. The samples used for the experiment 

had linear dimensions of 1.5 mm × 4 mm × 4 mm. The sample surface was polished 

using 2,000 grit silicon carbide grinding paper.  For the experiment, samples were 
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immersed in a 1 mol/L HCl solution for one week.  After the immersion, the weight 

loss of the Zr68A, Zr68B, and Zr68C alloys was measured to calculate their corrosion 

rates. Furthermore, the surfaces of the immersed samples were examined by SEM and 

the compositions were verified by EDS. After an open circuit immersion in the 1 

mol/L HCl solution, the potentiodynamic polarization measurements for the Zr68A, 

Zr68B, and Zr68C specimens were carried out using a three-electrode cell system. For 

the experiment, the working, counter, and reference electrodes corresponded to the 

alloy samples, platinum plate, and saturated calomel electrode (SCE), respectively. 

The surface morphologies and compositions of the polarized sample were 

characterized by SEM and EDS. To determine the mechanism of the polarization 

behavior, the composition of the oxide films for the Zr68A, Zr68B, and Zr68C 

specimens, after the 1 h immersion in the 1 mol/L HCl solution, were analyzed by an 

ESCALab250Xi X-ray photoelectron spectrometer (XPS).  

 

3. Results  

3.1. Structural characterization of the as-cast alloy sample 

Figure 1 displays the XRD pattern for the as-cast Zr68Al8Ni8Cu16 BMG (Zr68A) 

sample with a diameter of 2 mm. For this sample, no crystalline phase peaks can be 

observed in the pattern. The broad hump centered around ~37o indicates that the BMG 

is fully amorphous. The inset of Fig. 1 presents the continuous DSC curve of the 

Zr68A alloy under a heating rate of 20 K/min. The characteristic temperatures, 

including the glass transition temperature (Tg), onset crystallization temperature (Tx), 
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and peak crystallization temperature (Tp), are marked by arrows in the DSC curve. As 

suggested by previous studies, the Tx and Tp correspond to the nucleation and growth 

of crystallization, respectively [29,30]. The endothermic and exothemic reactions in 

the DSC curve correspond to the glass transition and crystallization, respectively.  

 

Fig. 1 XRD pattern of the as-cast Zr68A BMG. Inset is the continuous DSC curve of the 

Zr68A alloy. 

3.2. Crystallization behavior 

Figure 2 illustrates the XRD patterns for the Zr68A BMG after annealing to 

objective temperatures that ranged from 673 K to 773. After annealing the Zr68A 

alloy at 673 K, two crystalline phases were identified as the Zr2Ni and Zr2Cu 

precipitates with a volume fraction of 10 %. Increasing the heating temperature up to 

693 K results in an increase of the volume fraction of the Zr2Ni and Zr2Cu phases to 

20 % in the glass. Furthermore, it was determined that the increase in the amount of 

these precipitates was not accompanied by the formation of new crystalline phases. 

Upon heating the Zr68A alloy at 773 K, the volume fraction of the Zr2Cu phase 

further increases whereas that of the Zr2Ni phase decreases.  

 

Fig. 2 XRD patterns for the Zr68A BMG after annealing to objective temperatures that 

ranged from 673 K to 773 K with subsequently furnace cooling 

Figures 3(a)-(c) present the images of the transmission electron microscope 

(TEM) and selected area electron diffraction (SAED) of the (a) Zr68A (as-cast BMG), 

(b) Zr68B (annealed at 673 K), and (c) Zr68C (annealed at 713 K) alloys, respectively. 

The bright-field TEM image of the Zr68A shows a homogeneous contrast, which 
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suggests that the Zr68A BMG still contains a glassy structure. The broad halo in the 

SAED pattern (see the inset of Fig. 3(a)) further confirms the glassy structure of the 

Zr68A alloy. As shown in Fig. 3(b), the TEM image of the Zr68B alloy reveals that 

nanocrystals with sizes ranging from 5 to 100 nm are homogeneously dispersed in the 

glassy matrix. The inset SAED pattern obtained for the crystallized alloy is indexed as 

the [011] zone axis, which is representative of the tetragonal Zr2Cu phase. The 

analysis of the XRD data (see Fig. 2) indicates that as the heating temperature 

increases, the volume fraction of the crystal phase increases from 10 % for sample 

Zr68B to 77 % for sample Zr68C. However, the crystal size of the alloy remains on 

the order of nanometers for the Zr68C alloy, as identified by the TEM image in Fig. 

3(c). The diffraction pattern in the inset of Fig. 3(c) corresponds to the [331] zone axis 

of the tetragonal Zr2Cu phase.  

 

 

 

 

(a) (b) 

(c) 

[011] 
(0-11) 

(200) 
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Fig. 3 TEM bright field images and SAED patterns for the (a) Zr68A (as-cast BMG), (b) 

Zr68B (annealed at 693 K), and (c) Zr68C (annealed at 713 K) alloys. 

3.3. Crystallization kinetics 

Figure 4(a) shows the continuous DSC plots of the Zr68A BMG for the heating 

rates of 10 - 40 K/min. The Tg, Tx, and Tp are marked by arrows in the DSC curves.  

It can be observed that the values of the Tg, Tx, and Tp increase with an increasing 

heating rate.  This result indicates that the glass transition and crystallization are 

dependent on the heating rate. The well-known Kissinger method was employed to 

study the crystallization kinetics of the Zr68A alloy. The Kissinger equation can be 

expressed as follows [24]: 

                 

2

1ln
T E

C
RT

 
= + 

 

,                          (1) 

In equation (1), T is the above-mentioned characteristic temperature, like the Tg, 

Tx, and Tp, respectively. The ϕ, R, and C1 correspond to the heating rate, the ideal gas 

constant, and an arbitrary constant, respectively. By solving for the Kissinger equation, 

the apparent activation energy, Eg, for the glass transition, Ex, and Ep for the 

crystallization of the Zr68A, were evaluated. These values were determined to be 

264.7 KJ/mol, 245.6 KJ/mol, and 242.5 KJ/mol, respectively, and are displayed in Fig. 

4(b).  It can also be observed that the value of the Ep for the Zr68A is very similar to 

that of the Ex.  

[331] 
(1-10) 

(10-3) 

(01-3) 
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Moreover, the isothermal analysis was also carried out to further investigate the 

crystallization kinetics of the Zr68A alloy. Figure 5(a) shows the DSC curves of the 

same BMG that was isothermally heated from 670 K to 674 K, which are the 

temperatures in the supercooled liquid interval. It can be seen that in all of the DSC 

curves, there is an incubation period before the onset of crystallization. Moreover, the 

incubation time increases with a decrease in the annealing temperature, indicating that 

the isothermal   

 

 Fig. 4(a) DSC curves of the Zr68A alloy under various heating rates of 10 - 40 K/min. (b) 

The apparent activation energies of the Eg, Ex, and Ep for the Zr68A BMG.  

annealing process of the Zr68A BMG corresponds to a nucleation and growth 

transformation mechanism [29,30]. Figure 5(b) shows a plot of the volume fraction, x, 

of the crystallites vs. the annealing time t for the crystallization process of the Zr68A 

BMG. The x and t data clearly shows a sigmoidal relationship. Similar relationships 

have been reported on the isothermal crystallization kinetics for some other Zr-based 

BMGs, such as the Zr60Al10Cu20Ni10, Zr62.5Al12.1Cu7.95Ni17.45, and Zr70Al12.5Fe17.5 

amorphous alloys [17–21]. 

In this work, the Johnson-Mehl-Avrami (JMA) equation was introduced to 

analyze the nucleation, growth transformation behavior, and crystallization 

mechanism of the Zr68A BMG [31]. The JMA equation can be written as the 

following: 

( ) 1 exp[ ( ) ]nx t K t = − − − ,                        (2) 

In equation (2), t and x(t) are the annealing time and volume fraction, of the 
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crystal phases, respectively.   refers to the nucleation incubation time, which can be 

determined by deducting the time of the onset annealing temperature from that of the 

onset crystallization, n is the Avrami exponent, depending on the nature of the 

nucleation and growth of crystallization, and K is a reaction rate constant, which can 

be deduced from the Arrhenius equation:  

a
0 exp[ ]

E
K K

RT
= −                        (3) 

in which Ea is the activation energy for the crystallization process and K0 is a constant. 

By integrating Eqs. (2) and (3) together, the JMA equation can be interpreted as: 

1
ln ln ln ln( )

1
n K n t

x


  
= + −  − 

             (4) 

According to equation (4), the Avrami exponent n is calculated as the slope of 

the plot for ln{ln[1/(1−x)]} vs. ln(t−), as displayed in Fig. 5(c). The Avrami exponent 

n was found to be 2.17, 2.19, 2.09, and 2.10, for the Zr68A BMG samples that were 

annealed at temperatures of 670 K, 672 K, 674 K, and 676 K, respectively. 

Generally, the Avrami exponent is a value that can characterize the nucleation 

and growth of crystalline phases in the metallic glasses during isothermal annealing.  

An Avrami exponent of about 2.5 indicates that the crystallization exhibits a 

 

Fig. 5(a) DSC curves of the Zr68A BMG isothermally heated at temperatures of 670 K, 

672 K, 674 K, and 676 K. (b) Volume fraction of the crystals x of the Zr68A BMG as a 

function of the annealing time t. (c) Avrami exponent n deduced by the JMA equation. 

constant nucleation rate and the three-dimensional growth is controlled by diffusion 

[32]. However, if n is greater than 2.5, the diffusion-controlled three-dimensional 

growth mechanism will exhibit an increasing nucleation rate and vice versa [32]. In 
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this work, the n value for the Zr68A BMG was found to vary from 2.09 to 2.19 at 670 

- 676 K. Moreover, the average Avrami exponent is approximately 2.15, which 

implies that the crystallization process has a decreasing nucleation rate and the 

three-dimensional growth is controlled by diffusion.  

3.4. Mechanical properties 

The microhardness of the Zr68A, Zr68B, and Zr68C alloys is illustrated in Fig. 6, 

and are 455 HV (4.55 GPa), 430 HV (4.30 GPa), and 521 HV (5.21 GPa), respectively. 

The value of the microhardness for the Zr68 alloys shows a general increasing trend 

as the annealing temperature increases. Figure 7(a) shows the compressive 

stress-strain curves for the Zr68A, Zr68B, and Zr68C alloys.  The Zr68A BMG 

shows a relatively high yielding strength (y,c) of 1,480 MPa together with a large 

plastic strain (p,c) of 9 %. As for the Zr68B alloy (annealed at 673 K), it also exhibits 

a high yielding strength of 1,500 MPa, but only exhibits a plastic strain of 3 %. In 

contrast to these two alloys, the Zr68C alloy (heated at 713 K) fractures at a 

relatively-low strength of 750 MPa. Furthermore, no distinct yielding can be observed 

from the stress-strain curve of the same alloy, indicating a brittle fracture of the 

specimen during the compressive deformation.  

 

Fig. 6 The microhardness of the Zr68A, Zr68B, and Zr68C alloys.  

Figures 7(b)-(d) display the surface SEM images of the Zr68A, Zr68B, and 

Zr68C alloys after the compression. A variety of highly-branched shear bands (SBs) 

can be observed on the lateral surface of the Zr68A sample. This trend can prohibit 

the primary SBs from propagating along the localized shear direction [15-17], which 
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enhances the ductility of the Zr68A alloy. The Zr68B alloy, which was annealed at 

673 K, contains branched and intercrossed SBs on the lateral surface. However, the 

density of the SBs in the Zr68B alloy is less than that of the Zr68A alloy. Moreover, 

the spacing between the primary and secondary SBs of the Zr68B alloy is larger than 

that of the Zr68A alloy. The greater spacing of the SBs in the Zr68B alloy corresponds 

to lesser degree of plasticity as compared to the Zr68A alloy, and is most likely a 

consequence of the heat treatment. On the contrary, the lateral surface of the Zr68C 

alloy, which was annealed at 713 K, shows very limited SBs after compression. 

Furthermore, the fracture morphology of the Zr68C alloy is characteristic of smooth 

river-like patterns that typically accompany brittle fracture.  

 

Fig. 7(a) Stress-strain curves of the Zr68A, Zr68B, and Zr68C alloys tested under 

compression. SEM images of the surface morphology for the (b) Zr68A, (c) Zr68B, and (d) 

Zr68C alloys subjected to the compressive deformation. 

Figure 8(a) presents the stress-strain curves of the Zr68A, Zr68B, and Zr68C 

alloys that were subjected to tensile testing. The nearly zero plastic strain that was 

displayed by all of the Zr-based alloys before the fracture failure demonstrates a 

typical feature of the quasi-brittle behavior. However, the Zr68A BMG displays a 

large elastic strain of about 2.0 % and a high tensile yield strength of 1,580 MPa.  It 

is thought that the annealing treatment reduces the yield strength of the Zr68A BMG.  

The Zr68B and Zr68C alloys display the yield strengths of 1,500 MPa and 700 MPa, 

respectively.  

Figures 8(b)-(d) illustrate the lateral surface morphology of the fractured Zr68A, 

Zr68B, and Zr68C alloys after tensile deformation tests. The fracture morphology 
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SEM characterization (in Fig. 8(b)) illustrates that a few SBs are present on the lateral 

surface of the Zr68A alloy after the tensile deformation. The secondary SBs that can 

be observed also formed during the tensile deformation process.  Importantly, these 

SBs can hinder the propagation of the primary SBs along one localized shear direction. 

As a result, the primary and secondary shear bands are intercrossed, and distinct shear 

offsets on the tensile side are formed. This feature indicates that the Zr68A alloy 

exhibits a good crack growth resistance. By contrast, almost no SBs can be observed 

on the surface of the Zr68C alloy (see Fig. 8(d)), which is characteristic of brittle 

fracture. 

 

 

Fig. 8(a) Stress-strain curves of the Zr68A, Zr68B, and Zr68C alloys under tensile test. 

Surface morphology SEM images of the (b) Zr68A, (c) Zr68B, and (d) Zr68C alloys after the 

tensile deformation. 

3.4. Corrosion behaviors 

Weight loss measurements were performed to determine the corrosion rate of the 

Zr68A, Zr68B, and Zr68C alloys that were immersed in the 1 mol/L HCl solution for 

one week.  This weight loss was calculated using the equation Rcorr = 8.76×

104m/At (mm per year), where m is the weight loss (g), A is the total exposed surface 

area (mm2),  is the density of the sample (g/cm3), and t is the immersion time (hour). 

The corrosion rates of the Zr68A, Zr68B, and Zr68C alloys were found to be 5.36 

g/m2h, 5.95 g/m2h, and 7.95 g/m2h, respectively (see Fig. 9). From the data it can be 

determined that the annealing treatment leads to an increase in the corrosion 

degradation of the Zr-based BMGs. After the immersion experiment was completed, 

the SEM was employed to examine the surfaces of the post-immersed Zr-based 
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alloys.  

 

Fig. 9 Corrosion rates of the Zr68A, Zr68B, and Zr68C alloys in the 1 mol/L HCl solution.  

Figs. 10(a)-(c) present the SEM images of the surface morphology of the (a) 

Zr68A, (b) Zr68B, and (c) Zr68C alloys after the immersion corrosion testing. After 

immersion in the HCl solution for one week, the Zr68A alloy surface contains some 

corrosion pits that are several micrometers in size. As can be observed in Fig. 10(b), 

the corrosion pits on the surface of the Zr68B alloy have a honeycomb-like structure. 

As for the Zr68C alloy, the SEM imaging (see Fig. 10(c)) revealed that the surface 

had severely corroded during immersion in the HCl solution for one week. As 

indicated by the inset of Fig. 10(c), there are nano-scale pores which are dispersed 

inside the micron-scale corrosion pits.  It is thought that these pores are related to the 

preferential dissolution of the Zr68C alloy. The EDS was then performed to compare 

the chemical composition of the corrosion pit with the surrounding surface.  These 

regions were labelled A and B (alloy Zr68A), C and D (alloy Zr68B), and E and F 

(Zr68C) in the inset of Figs. 10(a)-(c), respectively. It is noted that the A, C, and E 

refer to the regions in the corrosion pits whereas the B, D, and F locate in the regions 

outside the corrosion pits. The results of the EDS analysis for the aforementioned 

regions are shown in Fig. 11. The corrosion pits of the Zr-based alloys were found to 

consist primarily of Zr, Al, Ni, Cu, and O. It is seen that these regions (labelled as A, 

C, and E) are O-enriched as compared to surrounding surface.  From these results it 

is suggested that the high fraction of O is attributed to the oxide corrosion product that 

is located outside of the corrosion pits. 
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Figure 12 shows the potentiodynamic polarization curves for the Zr68A, Zr68B, 

and Zr68C alloys that were immersed in the 1 mol/L HCl solution. From the Fig. 12 it 

can be seen that the Zr68A alloy has the most positive corrosion potential (Ecorr = 

-0.25 V). The sampled that was annealed at 673 K (Zr68B alloy) displayed a positive 

corrosion potential of -0.254 V during the experiment, which was similar to the value 

for the Zr68A alloy.  The sample that was annealed at 713 K (alloy Zr68C) exhibited 

a potential value of -0.274 V, signifying a notable shift towards more cathodic values. 

It can be surmised from the polarization curves that the Zr-based alloys actively 

dissolutes as long  

 

Figs. 10(a)-(c) Surface SEM morphology after the immersion test for the (a) Zr68A, (b) 

Zr68B, and (c) Zr68C alloys, respectively. 

 

Fig. 11 EDS composition results on typical regions of the corrosion pits 

as the potential reaches the corrosion potential, owing to the unstable oxide films 

that form on the surface of the Zr-based alloys while immersed in the 

chloride-ions-containing solutions. After the potential exceeded Ecorr the current 

density increased rapidly. Furthermore, annealing leads to an increase of the corrosion 

current density (icorr) from 1.42 × 10-3 A/m2 for the as-cast Zr68A sample to 2.55 × 

10-3 A/m2 and 1.68 × 10-2 A/cm2 for Zr68B and Zr68C alloys, respectively. This result 

demonstrates that the corrosion resistance of the Zr68A BMG is reduced because of 

the microstructural change induced by annealing.  

 

Fig. 12  Potentiodynamic polarization curves of the Zr68A, Zr68B, and Zr68C alloys in the 

1 mol/L HCl solution 

In this study, the XPS analysis was performed on the Zr-based alloy specimens 
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immersed in the HCl solution at 298 K for 1 h to investigate the chemical 

compositions of the passive films. Figures 13(a)-(f) present the XPS spectra for both 

the survey (Fig. 13 (a)) and narrow scans (Figs. 13 (b)-(f)). As can be seen, the results 

show that the O, Zr, Al, Cu, and Ni are on the surfaces of the Zr68A, Zr68B, and 

Zr68C. The C 1s peaks are from the carbon contamination of the specimen. The O 1s 

peaks correspond to O2- and OH. The peaks for the Zr3d, Al2p, Ni2p, and Cu2p states 

represent both the oxidized and metallic states. The oxidized states are associated with 

the surface films whereas the metallic states correspond to the alloy substrate. The 

elemental distributions of the surface film for the Zr-based alloys, as measured by 

XPS, are shown in Fig. 14. The results show that the surface oxide film is primarily 

enriched with O, Zr, and Al.  After annealing at 673 K, the cation fractions of the Zr 

and Al in the Zr68B alloy are approximately equal to that of the Zr68A. The cation 

fractions of Zr and Al for the sample annealed at 713 K (Zr68C) are smaller as 

compared to the other two samples.  The reduction in the corrosion resistance of the 

Zr-based alloys as a resulting of the annealing can be ascribed to the decreasing cation 

fractions of the protective Zr and Al contained in the surface film oxides. 

4. Discussion 

4.1. Effects of crystallization on the mechanical properties of the hypoeutectic 

Zr-based BMG 

The BMGs usually show a limited plastic strain before fracture at room 

temperature, owing to the localized deformation in the shear bands [4-6]. A composite 

structure can therefore be an effective way to improve the ductility of BMGs [10,11]. 
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It has been reported that Zr-based metallic glass composites, which contain ductile 

bcc or B2 phases, exhibit relatively large plasticity during both compression and 

tensile tests [10,11]. Also, the effect of devitrification of the BMGs on their 

mechanical behavior through controlled annealing treatment were also studied. For 

instance, it was reported that crystalline Zr55Cu30Al10Ni5 alloy exhibits the higher 

Young’s modulus and hardness than those of the as-cast metallic glass [41].  

Fig. 13  The XPS spectra of the Zr68A, Zr68B, and Zr68C alloys for both the survey (a) 

and narrow scans (b)-(f) 

Fig. 14 The chemical compositions of the surface film for the Zr-based alloys measured by 

XPS. 

For the current investigation, isothermal annealing was introduced as an attempt 

to enhance the mechanical properties of a Zr65Cu17.5Fe10Al7.5 BMG. After annealing at 

573 K for 1.0 h, the alloy displays a large plastic strain of 7.1% as well as high 

strength, owing to the precipitation of the 5-12 nm nanocrystallites in the glassy 

matrix [42]. Similar results were obtained for other BMGs after crystallization [43,44]. 

Qin et. al [44] found that in a Ti40Zr10Cu36Pd14 BMG which contained thermally 

induced nanocrystalline/metallic glass composites, it exhibited a yield strength and 

plastic strain of 2,100 MPa and 0.8%, respectively. However, with the increase of the 

annealing temperature, the compressive strength of the composites decreased in 

proportion with the increasing degree of crystallization.  

It has been reported that the hypoeutectic Zr60Cu30Al10 BMG has relatively good 

mechanical properties, such as high tensile fracture strength and great resistance to 

relaxation-induced embrittlement [25]. In this study, the high-Zr-bearing 

Zr68Al8Ni8Cu16 BMG, which exhibits a good combination of high yield strength and 
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plastic strain (1,480 MPa and 9 %, respectively), are potentially viable candidates for 

engineering applications. It is well known that the mechanical performance of BMGs 

and their composites are strongly dependent on their microstructures. Therefore, the 

relationship between the crystallization and mechanical properties of the hypoeutectic 

BMGs requires intensive investigation to further understand their suitability for 

engineering applications.  

It is concluded that the Zr2Cu and Zr2Ni phases precipitate out from the 

amorphous matrix of the BMG through annealing. The volume fractions of the 

crystalline phases are determined to be 0, 19, and 77% for the Zr68A, Zr68B, and 

Zr68C alloys, respectively. Based on the compressive and tensile deformation results, 

the fully amorphous Zr68A alloy displays the excellent mechanical properties, 

including the largest plastic strain of 9% and high yield strength of 1,480 MPa. After 

annealing at 673 K, the Zr68B alloy exhibits a reduced plastic strain of 3 % without 

losing its strength. After annealing at 713 K, the crystallization leads to a progressive 

decrease in the strength of the alloy (750 MPa) and a nearly zero plastic strain. This 

decrease in the strength and plasticity is a typical characteristic of the 

annealing-induced-embrittlement. As seen in Figs. 2 and 3, increasing the annealing 

temperature did not change the amount of precipitating Zr2Cu and Zr2Ni crystalline 

phases in the glass. However, the volume fractions of the crystalline phases increase 

from 19 % to 77 % as the annealing temperature increases from 673 K to 713 K. Thus, 

it can be concluded that the volume fractions of the precipitated crystalline phases 

significantly affect the mechanical properties of the hypoeutectic Zr-based BMGs. 
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4.2. Effects of crystallization on the corrosion resistance of the hypoeutectic 

Zr-based BMG 

Apart from the alloying elements, the microstructure also takes a principle role in 

determining the corrosion resistance of metallic alloys [34-37]. Generally, the BMGs 

exhibit higher corrosion resistance than that of conventional crystalline alloys. This 

enhanced corrosion resistance of the BMGs arises from its amorphous structure, 

which lacks dislocations and grain boundaries that are susceptible to corrosion attacks 

[1,2,26].  

Recently, the corrosion resistance of these thermally crystallized BMGs have 

been studied. It has been reported that partially crystallizing a BMG can either 

improve or reduce its corrosion resistance [34-37]. For instance, the corrosion 

response of the Zr47.5Cu47.5Al5 BMG and its composites in seawater solution have 

been investigated. The results show that the as-cast BMG composite has a 

microstructure consisting of CuZr nanocrystals that are surrounded glassy matrix. 

Moreover, the as-cast BMG composite possess a greater anti-corrosion capacity than 

that of the BMG and the as-annealed composite [45]. Meanwhile, the pitting corrosion 

resistance of a Zr65Cu17.5Fe10Al7.5 BMG has been enhanced by annealing, which is 

attributed to the formation of nanocrystallites with diameters of 5-12 nm in the glassy 

matrix [42]. Similarly, Li et al. [46] reported that the heat treatment results in the 

precipitation of the nanocrystalline phases in the Fe73.5Si13.5B9Nb3Cu1 amorphous 

alloy. The composite structure improved its corrosion resistance in a 3.5% NaCl 

solution because it formed a protective passive film. However, Wu et al. [47] found 
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that nanocrystalline Fe40Si38B18Mo4 led to a reduced corrosion resistance in the Fe 

based metallic glass when immersed in a 3.5% NaCl solution during the galvanic cell 

reaction. Therefore, the effects of annealing on the corrosion behaviors of the BMGs 

requires further investigation. 

It has been reported that the Zr-based BMGs are usually subject to the pitting 

corrosion in the chloride-ion-containing solutions [26,27,42,48]. Furthermore, the 

Zr41.2Ti13.8Cu12.5Ni10Be22.5 BMG was exhibited low resistance to stress corrosion 

cracking in the neutral 0.5 M NaCl solution [49]. The Zr55Cu30Al10Ni5 BMG also 

showed high fatigue crack growth rates in the NaCl solution [50]. Nevertheless, it was 

recently found that the hypoeutectic Zr70Cu6Al8Ni16 BMG showed high resistance to 

stress corrosion cracking under the same condition [51]. The XPS analysis revealed 

that the exceptional anti-corrosion property of the Zr70Cu6Al8Ni16 BMG resulted from 

the homogeneous and protective Zr-enriched passive film [51]. 

Nonetheless, the effects of crystallization on the corrosion resistance of the 

hypoeutectic Zr-based BMGs are still not fully understood. From the immersion and 

electrochemical testing results, it is observed that the as-cast Zr68A glassy alloy 

displays the excellent anti-corrosion performance. With an increase in the annealing 

temperature the volume fraction of the crystal increases, resulting in a progressively 

reduced corrosion resistance. It is suggested that the structure and composition of the 

precipitated crystalline Zr2Cu and Zr2Ni phases are responsible for the low corrosion 

resistance in the highly-crystallized alloy. It has been reported that [26,27] galvanic 

corrosion may occur among the Zr2Cu and Zr2Ni nanocrystalline phases and the 
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glassy matrix.  

The good anti-corrosion properties of the Zr68A BMG can be ascribed to the 

chemistry and microstructure of the alloy surface. For instance, the Zr-based BMG 

contains a homogeneous glassy structure without crystalline defects, which results in 

the formation of a stable passive film. The stable passive film can protect the BMG 

from an aggressive environment and, hence, contribute to the excellent corrosion 

resistance of the alloy. As illustrated in Fig. 14, with the increasing annealing 

temperature up to 713 K, the fraction of Zr and Al contained in the surface film of the 

Zr-based alloys significantly reduces. Since the ZrO2 and Al2O3 oxides films are 

dense and stable, they can reduce the attack of the chloride-containing solution. Thus, 

the greatly reduced corrosion resistance of the Zr68C alloy, as compared to that of the 

Zr68A and Zr68B alloys, results from the depletion of the Zr- and Al-oxide surface 

film. 

 

5. Conclusions 

The present study investigated the evolution of the microstructure, crystallization 

kinetics, mechanical performance, and corrosion characteristics of a Zr68Al8Ni8Cu16 

BMG that was annealed at temperatures of 673 and 713 K. 

(1) The crystal Zr2Cu and Zr2Ni phases were observed in the Zr68Al8Ni8Cu16 

BMGs after heating. The volume fractions of these crystalline phases were 

determined to be 0, 10, and 77% for the Zr68A (as-cast), Zr68B (annealed at 673 K), 

and Zr68C (annealed at 713 K ) alloys, respectively.  
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(2) Under isothermal annealing, the average Avrami exponent of the Zr68A alloy 

modeled by the JMA equation is about 2.1, indicating that the crystallization is mainly 

governed by a diffusion-controlled three-dimensional growth with a decreasing 

nucleation rate. 

(3) The Zr68A alloy exhibits the high compressive yield strength of 1.48 GPa and 

tensile yield strength of 1.5 GPa. Partial crystallization led to progressively 

deteriorated mechanical properties. The yield strength and plastic strain of the Zr68C 

alloy are 0% and 0.75 GPa, respectively. The annealing-induced-embrittlement can be 

ascribed to the precipitation of the Zr2Cu and Zr2Ni intermetallics from the glassy 

matrix.  

(4) The immersion and potentiodynamic polarization testing results show that the 

Zr68A alloy exhibits the highest corrosion resistance in the HCl solution. With an 

increase in the annealing temperature, the corrosion resistance becomes progressively 

reduced. The results suggested that the increasing degree of partial crystallization of 

reactive intermetallic phases in the glass matrix could be responsible for the reduced 

corrosion resistance. 
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