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Abstract 

Long-term oxidation behavior of Zr48Cu36Al8Ag8 BMG under atmospheric conditions at 600 

K was investigated using in-situ X-ray diffraction analysis. Two oxide zones develop: an outer 

oxide zone (OOZ), consisting of a stratified distribution of CuOx, Ag, and ZrO2, and an inner 

oxide zone (IOZ) consisting of tetragonal ZrO2 showing Cu-enriched lines inclined to the 

surface. The stratified microstructure in the OOZ and the Cu enrichments in the IOZ are ascribed 

to micro-cracks resulting from the compressive stresses induced by ZrO2 formation. Segregation 

of noble elements towards these oxidation-generated free surfaces “repairs” the micro-cracks and 

can consistently explain the microstructural features.  

Keywords: Zr-Cu-Al-Ag BMG, Long-term oxidation behavior, In-situ X-ray diffraction, 

Oxide zones characterization 

 

Bulk amorphous alloys (BAAs), consisting of at least two principal components and additional 

alloying elements, have been extensively investigated over the last few decades [1–3]. Large 

effort has been devoted to the development of metallic glassy systems, motivated by their 

fundamental outstanding properties as high specific strength, high elastic limit, good corrosion 
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and wear resistance, low Young’s modulus, excellent surface finish and super-plasticity in the 

super-cooled liquid region [4–6]. Among metallic glasses, in particular the Zr-based bulk 

metallic glasses (BMGs) possess a desirable combination of properties and high glass-forming 

ability (GFA), which makes them attractive for potential exploitation in various structural 

engineering applications [4,7,8]. Hitherto, most studies have focused on enhancing the plasticity 

[9–12], thermal stability [13–14] and GFA [15–16] of BMGs to improve their functional 

capabilities.  

Surface engineering of Zr-based BMGs is hypothesized to be possible by incorporating oxygen 

at (moderately) high temperatures, due to the large solid solubility of O in Zr. So far the 

oxidation behavior of Zr-based BMGs has not been investigated for the purpose of surface 

engineering, but rather to investigate the oxidation behavior. Several published investigations 

[17–22] reported the oxidation behavior of Zr-based BMGs over the temperature range of their 

super-cooled liquid region (ΔTx). Zhang et al. [23] studied the oxidation behavior of the 

Zr55Cu30Al10Ni5 BMG in air within the temperature range 693-743 K for different durations. 

They found that the scales formed during oxidation consist mostly of tetragonal and monoclinic 

ZrO2 along with a small fraction of Al2O3. Cu and CuO particles were observed in the outer 

oxide scale. Here, it is noted that annealing metallic glasses below ΔTx could have a detrimental 

effect on the fracture toughness due to the annihilation of free volume in the glassy alloy [24].  

The present investigation is an experimental study of long-term (60 h) oxidation in air of a Zr-

based BMG containing noble metals, Ag and Cu, well below its glass transition temperature 

using in-situ X-ray diffraction analysis and electron microscopy. 

The material under investigation is ZrCu-based BMG with nominal composition 

Zr48Cu36Al8Ag8. The material was synthesized using vacuum arc melting of high purity (99.9 wt. 

Saber Haratian
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%) elemental constituents under a Ti-gettered high-purity argon atmosphere. The produced 

alloying ingots were re-melted four times to ensure compositional homogeneity. Homogenous 

2×10×60 mm3 plate ingots were cast in a copper mold (Rapid Quench Machine System VF-

RQT50, Makabe Co. Ltd. Japan). The glass transition and the onset crystallization temperatures 

were measured to 700 K and 770 K, respectively using a Netzsch STA 449C differential thermal 

analyzer (DTA) under a flow of argon (flow rate of 50 cm3/min; purity 99.999%).  

The oxidation was followed in-situ in a Bruker D8 Discover X-ray diffractometer. The in-situ 

XRD oxidation experiment was applied to a sample of dimensions 3×1×0.2 mm3 which was 

heated up to 600 K in 20 K intervals; for each step a diffractogram was recorded. The heating 

rate in-between steps was 60 K/min. Upon reaching 600 K, the sample was kept at this 

temperature for 60 hr. The cooling to ambient temperature was done in temperature steps of 50 

K. The cooling rate in-between the steps was 60 K/min. X-ray diffractometry was performed 

with Cr Kα radiation (λ=0.229 nm) in a parallel beam geometry for the 2θ-range 42°-75°; the step 

size was 0.06° 2θ and the counting time per step was 3 s. The temperature accuracy during in-

situ XRD experiment was ± 10 K.  

The in-situ XRD results are shown in Fig. 1. Initially, in the heating stage, the sample is 

amorphous as evidenced by the diffuse peak which narrows with increasing temperature (dotted 

line). The faint diffraction peaks marked by arrows and present from room temperature originate 

from the supporting Al2O3 sample holder rods, which are unavoidable in the test set-up for the 

small sample.  On heating, tetragonal ZrO2 formed at a temperature as low as ~450 K, which is 

attributed to the high affinity of Zr for O. On continued heating and oxidation the intensity of 

ZrO2 is reduced while Cu2O, CuO and Ag become visible. This suggests that the latter phases 

appear at the surface on top of the ZrO2. Also, metallic Cu is observed, but this peak soon 
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vanishes while Cu2O and CuO peaks appear. On continued oxidation the intensity of CuO 

appears to increase while that of Cu2O decreases with oxidation time, indicating that CuO is the 

most stable of the Cu-oxides. In the cooling stage (see top of Fig. 1), the peak positions of most 

phases shift to higher Bragg angles as a consequence of thermal contraction. The peak positions 

of the Cu2O phase, however shift to lower Bragg positions which may be as a result of its 

negative thermal expansion (NTE) coefficient at low temperatures1 reported in Ref. [25] or the 

thermal contraction is counteracted by (additional) compressive stresses as compared to the other 

phases.  

 
Fig. 1. XRD results of the Zr48Cu36Al8Ag8 BMG during isothermal heating at 600 K for 60 hr and isochronal 

cooling in air. The 2D plot gives the diffractograms vs time, including heating, isothermal and cooling stages. 

The square root intensity is indicated by the color according the scale on the right. Diffraction lines indicated by 

arrows result from the Al2O3 rods to mount the sample and could be seen as a reference.  

 

                                                             
1 It is noted that the NTE is observed in the temperature range 9-240 K, which was not reached in the present 
experiments. 
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Cross-sections of the oxidized BMG were investigated in a Neophot 32 (Zeiss, Jena) light optical 

microscope (LOM) and a Merlin scanning electron microscope (SEM, Carl Zeiss) equipped with 

a Bruker Xflash 6ǀ60 energy dispersive (EDS) detector. The surface morphology of the oxidized 

sample was characterized in a FEI Helios Nanolab 600 field emission scanning electron 

microscope (FEG-SEM), equipped with a focused ion beam (FIB). The results are collected in 

Fig.2. A secondary electron (SE) micrograph of the surface morphology of the oxidized BMG 

treated at 600 K for 60 hr is given in Fig. 2a. The micrograph indicates grey irregularly 

distributed granular and hemispherical porous particles of different sizes, covering the entire 

surface. Needle-like oxide features (white) grown on top of oxide precipitates are observed, too. 

Moreover, small mushroom-like particles (indicated by arrows) are unevenly distributed between 

the large precipitates. Energy dispersive spectroscopy (EDS) analyses at selected locations show 

that the surface region is enriched in Cu, Ag and O. Additionally, according to the estimated2 

elemental concentration values, the mushroom-like particles are enriched in metallic silver. 

These results are consistent with the XRD results where the development of non-oxidized Ag 

and Cu-oxides was observed. Apparently, metallic Ag is heterogeneously distributed over the 

surface and also present underneath the Cu-oxide regions. A cross-sectional light optical image 

of the investigated oxidized BMG is provided in Fig. 2b. The oxide scale can be subdivided in an 

inner and an outer oxide zone (IOZ and OOZ, respectively); the transition from the IOZ to the 

un-oxidized BMG is very sharp and parallel to the surface. The various contrasts in the two 

zones indicate the existence of several phases. Arrows in the IOZ in Figs. 2b and 2d mark the 

occurrence of Cu-colored (red in Fig. 2b) lines, inclined to the surface. These lines are 

interpreted as cracks which were filled with pure Cu, suggesting that the cracks developed at the 

                                                             
2 EDS analyses can only be approximate if light elements are present and for a heterogeneous microstructure, both 
along and perpendicular to the surface. 
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oxidation temperature and that Cu diffused to these newly created free surfaces, filling out the 

cracks, thus providing a self-healing mechanism. The presence of Cu is confirmed by EDS 

analysis (Fig. 2d). The bright white (highest BSE yield) dots in the OOZ as observed in Fig. 2b 

and 2c are discontinuous Ag layers (cf.  Fig. 2d). The IOZ is depleted in Cu and Ag and is 

enriched in O (Fig. 2d). The sharp IOZ/BMG transition indicates that the IOZ develops under the 

influence of inward diffusion of O and is accompanied by outward diffusion of Cu and Ag, 

which accumulate in the OOZ (Fig. 2d). The OOZ displays a stratified microstructure and 

consists of alternating layers of Cu-oxides, Ag and ZrO2. This could be interpreted as a repeating 

Cu/Ag redistribution during ZrO2 formation. The presence of porosity in OOZ aligned parallel to 

the surface (Fig. 2c) indicates that cracks parallel to the surface have been present. It is suggested 

that the volume expansion associated with ZrO2 formation and the associated compressive stress3 

causes cracks parallel to the surface and induces a redistribution of Cu and Ag by stress-induced 

diffusion.   

 

                                                             
3 The development of compressive stresses as a consequence of internal ZrO2 formation on oxidizing an ZrCuAl- 
based BMG was recently demonstrated by X-ray diffraction and  incremental ring-core FIB milling method and will 
be presented in a forthcoming manuscript [26]. 
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Fig. 2. (a) SE micrograph of the top surface morphology of oxidized Zr48Cu36Al8Ag8 BMG; (b) cross-sectional 

light optical microscopy; (c) Cross-sectional BSE micrograph of the oxide zones developed on Zr48Cu36Al8Ag8 

BMG; (d) EDS mapping of selected area (dotted pink rectangular in b.) of the oxidized metallic glassy system. 

 

 

The phase distribution in the OOZ was further investigated with transmission electron 

microscopy (TEM; JEOL 3000F) on a 4 µm long lamella extracted in the FEI Helios Nanolab 

600, using the available Ga+ ion source of the focused ion beam (FIB). TEM investigation of the 

OOZ  in the direction perpendicular to the surface revealed a very fine structural distribution of 

the oxide phases. A representative area of the lamella is provided in Fig. 3a with the surface 
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annotated as Pt deposit in the lower left corner. TEM bright-field imaging combined with local 

EDS analyses (not included) and selected area electron diffraction (SAED; Figs. 3b-d) shows 

that the OOZ consists of Cu-oxides, metallic Ag and tetragonal-ZrO2.  

Underneath the copper oxide-rich zone, a discontinuous sandwich-like distribution of metallic 

Ag-rich grains is observed. At various locations within the Ag grains (annealing) twins are 

identified. The mixed oxide zones consist predominantly of tetragonal ZrO2, and are located 

adjacent to grains of silver and copper oxide. At various locations pores are found, consistent 

with the porosities in Fig. 2c. Besides the three main regions identified in the outer oxide zones, 

some grains, designated as I and II, appear to contain Ag, Cu, and O, indicating that metallic 

silver grains are surrounded by copper oxide grains. The SAED patterns confirm the existence of 

CuO (monoclinic), metallic Ag (fcc) and ZrO2 (tetragonal) which is in excellent agreement with 

the results acquired from in-situ XRD experiments (Fig. 1). Whereas for CuO and Ag SAED 

patterns for individual grains can be obtained, ring-type patterns where acquired for ZrO2, 

indicating that ZrO2 is present as nano-sized particles. Interestingly, EDS revealed the presence 

of Al in the ZrO2 areas, but no diffraction spots of Al oxides were visible in the SAED. This 

result is consistent with the in-situ XRD data in Fig. 1, where no Al oxides were observed. It is 

anticipated that Al is bound to O in an amorphous Al2O3 structure or dissolved in ZrO2. 

 

Marcel A. J. Somers
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Fig. 3. (a) Marked positions (1, 2 and 3) in the OOZ on the Zr48Cu36Al8Ag8 BMG. Typical selected area electron 

diffraction (SAED) pattern of position (b) 1; (c) 2, (d) 3.  The surface of the sample is in the lower left corner of 

(a) and annotated Pt deposit. 

 

The following oxidation mechanism can consistently explain the observed microstructural 

features. The strong affinity of Zr for O leads to the development of nano-crystalline ZrO2 grains 

under the influence of inward diffusion of oxygen, thus developing the IOZ. Since Cu and Ag do 

not dissolve in ZrO2, these elements need to be redistributed. The compressive stresses that 

develop as a consequence of the volume expansion associated with the volume increase by the 

conversion of Zr into ZrO2 [26] provide the driving force for outward diffusion of Cu and Ag, 

similarly as described in [27]. The nano-crystallinity of ZrO2 is likely to enable diffusion of the 
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metallic elements along the abundant matrix in-between ZrO2 nanoparticles or, if ZrO2 is the 

only remaining phase, along grain boundaries. Since Cu and Ag have limited mutual solubility, 

Cu and Ag crystallize separately at the surface and Cu is readily oxidized in air at 600 K. The 

presence of un-oxidized metallic Cu regions in the IOZ along lines inclined to the surface, 

indicate that the oxygen activity (i.e. the apparent equilibrium partial pressure) is too low in this 

region to oxidize Cu. The inclination of the Cu-enriched lines indicates that the cracks were 

formed by a shearing mechanism. Apparently, the compressive stresses in the IOZ due to volume 

expansion become so high that they can no longer be accommodated elastically. Once a crack is 

formed, the free (internal) surface thus created provides a location for Cu (and Ag) segregation. 

Crystallization of the metallic element(s) will fill out and “repair” the crack. It cannot be 

excluded that these regions in the IOZ also contain small amounts of Ag; this was not 

investigated in detail and EDS (Fig. 2d) was inconclusive in this respect. 

The stratified OOZ is anticipated to have developed as follows. The compressive stress in the 

IOZ could lead to local cracks parallel to the surface, thus initiating spallation. Thereby a new 

internal surface is created where Cu and Ag, arriving from the interior by stress-induced outward 

diffusion, can segregate and crystallize and largely “repair” the crack. The BSE micrograph in 

Fig. 2c (black spots) and TEM BF micrographs Fig. 3a (white areas) shows porosity along lines 

parallel to the surface, which could corroborate this interpretation. Subsequently, in the OOZ Cu 

oxidizes and forms Cu2O and CuO, because the oxygen activity is higher than in the IOZ. 

Repetition of this mechanism of a local initiation of spallation induced by compressive stress 

imposed by the inwardly growing IOZ, Cu/Ag segregation and Cu oxidation leads to the 

stratified microstructure, which progressively grows into the IOZ on continued oxidation.  
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In summary, the long-term oxidation behavior of Zr48Cu36Al8Ag8 BMG at 600 K for 60 hr under 

atmospheric conditions was investigated using in-situ XRD and advanced electron microscopy 

techniques. The developing oxide scale can be subdivided in an outer (OOZ) and an inner oxide 

zone (IOZ). In the initial stage of oxidation, the dissolution of oxygen induces crystallization of 

tetragonal ZrO2 at a temperature as low as ~450 K, which is about 250 K below the glass 

transition temperature. Along with the development of nano-crystalline ZrO2, metallic Ag and 

Cu develop at the surface and Cu is readily oxidized to Cu2O and CuO. The outward transport of 

Cu and Ag is anticipated to proceed along “grain boundaries” in the nano-crystalline ZrO2 and to 

be driven by the compressive stresses induced by the volume increase associated with ZrO2 

formation. In the IOZ these compressive stresses lead to shearing in the IOZ and results in cracks 

inclined with respect to the surface, which provide locations for segregation and crystallization 

of Cu (and Ag), thereby “repairing” the crack.  In the OOZ, the compressive stresses imposed by 

the growing IOZ lead to cracks parallel to the surface, i.e. the initiation of spallation. Segregation 

and crystallization of Cu and Ag, largely repairs these cracks and, in contrast to the IOZ, Cu is 

subsequently oxidized as a consequence of the higher oxygen activity as compared to the IOZ. A 

repetition of the spallation, Ag/Cu segregation/crystallization and Cu oxidation leads to a 

stratified microstructure in the OOZ that grows into the IOZ on prolonged oxidation. 
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Figure captions 

 

Figure 1. XRD results of the Zr48Cu36Al8Ag8 BMG during isothermal heating at 600 K for 60 hr and 

isochronal cooling in air. The 2D plot gives the diffractograms vs time, including heating, isothermal 

and cooling stages. The square root intensity is indicated by the color according the scale on the right. 

Diffraction lines indicated by arrows result from the Al2O3 rods to mount the sample and could be 

seen as a reference.  

 

Figure 2. (a) SE micrograph of the top surface morphology of oxidized Zr48Cu36Al8Ag8 BMG; (b) 

cross-sectional light optical microscopy; (c) Cross-sectional BSE micrograph of the oxide zones 

developed on Zr48Cu36Al8Ag8 BMG; (d) EDS mapping of selected area (dotted pink rectangular in b.) 

of the oxidized metallic glassy system. 

 

Figure 3. (a) Marked positions (1, 2 and 3) in the OOZ on the Zr48Cu36Al8Ag8 BMG. Typical 

selected area electron diffraction (SAED) pattern of position (b) 1; (c) 2, (d) 3.  The surface of the 

sample is in the lower left corner of (a) and annotated Pt deposit. 

 


