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a b s t r a c t

The oxidation behavior of Cu42Zr42Al8Ag8 metallic glass ribbons at 633–693 K was investigated. The oxida-
tion kinetics followed initially a parabolic rate law but change to a linear one after some time. Mushroom
shaped silver crystals were observed on the surface of the oxide layer of the sample oxidized at 663 K and
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their formation seemed to accelerate the overall oxidation. The formation of the ‘silver mushrooms’ was
attributed to the extrusion of silver segregated out during oxidation through weak points in the surface
oxide scale. The rounded cap was thought to form due to surface tension or residual stress arising from
the extrusion process. Such surface morphology is expected to be beneficial for the metallic glasses as
biomaterials.
xidation
GA

. Introduction

Metallic glasses have been attracting more attentions due to
heir superior properties for extensive potential applications, such
s mirror-like surface for optical components, super-plasticity in
upercooled region, good corrosion-resistance, strength approach-
ng theoretical value, superior magnetic properties and good
iological properties etc. [1–3]. However there are several factors

imiting their scope of applications, especially glass forming abil-
ty (GFA) and stability. Over past decades, metallic glasses with
igh glass forming ability were developed in many systems [4–6].
mong them, Cu–Zr based metallic glasses are popular due to

heir low materials cost. Cu–Zr binary alloys (Cu50Zr50 with crit-
cal dimension of 2 mm) already show large glass forming ability
7–9]. Minor addition of Al is found to improve the GFA of such
lloys effectively, for instance, Cu42Zr42Al8 has a critical radius of
mm [10]. Bulk metallic glasses up to centimeters in critical dimen-

ion were fabricated by further addition of small amounts of Ag
Cu42Zr42Al8Ag8) [11–13]. The properties and structures of Cu–Zr
nd Cu–Zr–Al metallic glasses were widely studied [14–16]. How-
ver, the investigation on properties and structures of Cu–Zr–Al–Ag
etallic glasses were seldom reported [17–19]. In this investiga-

ion, oxidation of Cu42Zr42Al8Ag8 metallic glasses just below glass

ransition temperature was studied to reveal the thermal stabil-
ty of such metallic glasses in air. Mushroom-like silver rods were
bserved on the oxidized surface. It is proposed that the ‘silver
ushrooms’ were formed by a mechanism similar to extrusion
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through the oxide layer and this process on the surface accelerated
the oxidation kinetics.

2. Experimental procedures

Cu42Zr42Al8Ag8 alloy ingots were prepared by arc melting the mixtures of pure
Cu (99.99 wt.%), Zr (99.9 wt.%), Al (99.99 wt.%) and Ag (99.99 wt.%) metals in a Ti-
gettered argon atmosphere. Glassy ribbons with thickness of ∼ 30 �m and width of
∼2 mm were fabricated by melt-spinning in argon atmosphere. The glass transition
temperature and crystallization temperature were measured as 696 K and 775 K,
respectively, in a purified nitrogen atmosphere with a Perkin Elmer DSC 7 differen-
tial scanning calorimeter (DSC) at a heating rate 20 K/min. Oxidation of melt-spun
ribbons were investigated by thermogravimetric analysis (TGA Q50, TA USA) in syn-
thetic air just below glass transition (at 633 K, 663 K and 693 K, respectively, for 3 h).
The structure of the oxide scales were studied with a Siemens D 500 diffractiome-
ter with CuK� radiation (� = 0.15406 nm). Surface and cross-section morphologies
were observed with JEOL JSM 820 scanning electron microscope (SEM) and JEOL JSM
6335 field-emission SEM. Chemical composition analysis were conducted by energy
dispersive X-ray spectrometers (EDX) attached to the two SEMs.

3. Results and discussions

Plots of the mass gain per area with oxidation time are shown in
Fig. 1a. It is clear that at all three temperatures the oxidation kinet-
ics of the samples exhibit two distinctive stages after instability
of a very short time. Initially, the oxidation obeyed parabolic-rate
law, W = Kt1/2, and then followed a linear rule W = Kt, where W is
mass gain per area of the sample, t oxidation time and K is the rate
constant. The rate constants and transition time � at various tem-

peratures were listed in Table 1 (K1 for the first stage and K2 for the
second stage). From Fig. 1a and Table 1, the sample underwent a
fast-growth transient oxidation followed by a slower second stage
at 633 K and 693 K. However the sample suffered an accelerated
transition when tested at 663 K.
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Table 2
Compositions of different zones on the surface of oxidized samples at 663 K.

Composition Cu (at.%) Zr (at.%) Al (at.%) Ag (at.%)
ig. 1. (a) Plots of mass gain versus time for Cu42Zr42Al8Ag8 metallic glass during
xidation tests. (b) XRD pattern of oxide scales obtained at 663 K.

The XRD patterns in Fig. 1b, which is typical for all oxidized
amples, indicated that the oxidation scale consisted mostly of
etragonal-ZrO2 and Ag with minor amounts of CuO and Cu2O in all
amples. The matrix was still amorphous which suggested that the
g was not produced by pure thermal crystallization of such metal-

ic glass. After oxidation for 3 h at 633 K, oxide scales consisting of
wo layers were formed. EDX analysis showed that the thin sur-
ace layer is CuAg-rich (Cu > 65% and Ag∼20%) and the sub-surface
ayer is Zr-rich. A nearly uniform Cu-rich (Cu > 85%) surface layer
lso formed at elevated temperature of 693 K after 3 h oxidation,
nd the content of Ag in the surface is limited (less than 8%). EDX
nalysis on the cross-section indicated Ag is rich at the bottom of
he outer layer.

Close examination of the SEM micrographs of the oxidized sur-
ace in Fig. 2a reveals that there are “white” particles on the oxide
cale at 663 K. Composition analysis by EDX on more than 10 parti-

les indicated that these particles consist of mainly Ag with minor
mount of Cu, and the average composition is given in Table 2.
ccording to Table 2 and the Cu–Ag binary phase diagram [20], it

s reasonable to consider these particles as a solid solution of small

able 1
he rate constants for the oxidation kinetics of the Cu42Zr42Al8Ag8 metallic glass at
ifferent temperatures. K1 is for the initial parabolic stage; K2 for the subsequent
tage with linear kinetics and � is the transition time between the parabolic and the
inear stages.

Temp. (K) K1 (g cm2 s−1/2) K2 (g cm2 s) � (s)

633 3.60 × 10−6 2.1 × 10−5 4600
663 6.10 × 10−6 4.2 × 10−5 5300
693 7.20 × 10−6 2.6 × 10−5 6800
Mushroom-like particles 6.8 0 0 93.2
Oxide layer 68.8 11.7 3.5 16
Bulk material 35.7 45.1 10 9.2

amount of Cu in Ag. Close examination of the XRD spectra in Fig. 1b
also confirmed that peaks of Ag shifted towards higher diffraction
angle, which indicated the decrement in lattice parameters caused
by copper solute.

The particles are shown at higher magnification in Fig. 2b and a
mushroom – like morphology was revealed. Composition analysis,
listed in Table 2, shows that the upper layer of oxide is Cu-rich
and the flat base region is Zr-rich compared with the bulk material.
Combined with XRD spectra, it can be inferred that the upper layer
made up of copper oxides (CuO and Cu2O) and Ag, and the base
mainly consisted of ZrO2 perhaps with minor amount of copper
oxide. The high Ag content in the upper layer is likely to support
the growth of these mushrooms.

A cross-sectional secondary electron (SE) image of sample oxi-
dized for 3 h at 663 K is shown in Fig. 2c, which reveals that there are
two layers in the surface oxide scale. Results of EDX indicated that
the inner scale is Zr-riched and outer scale is loose and Cu-riched,
corresponding to the base and upper layer, respectively, in Fig. 2b.
Several white precipitates were visible in outer scale as marked by
arrows and confirmed as nearly pure silver. Back-scattered elec-
tron (BE) image of the cross-section shown in Fig. 2d reveals that
there are many such silver precipitates inside the outer oxide scale.
Oxidation behaviors around glass transition were generally consid-
ered as diffusion-controlled process. However, no mushroom-like
precipitate was found in samples annealed for 3 h at 663 K in argon
atmosphere, which suggested that the formation of mushroom is
not only controlled by diffusion.

In order to understand the structural evolution of Ag precip-
itates during oxidation, microstructures of samples oxidized for
different durations at 663 K were investigated. Fig. 3 presents typ-
ical BE image and the corresponding X-ray mapping of constituent
elements (Cu, Zr and Ag) of the cross-section of the sample oxi-
dized for 1 h at 663 K. It is clear that the scale contained a thick
weakly oxidized layer and a thin strongly oxidized layer, which
were both Zr-rich. At top of the scale, Cu oxide and Ag were precip-
itated. Except for the Ag precipitates, one channel of Ag is also seen
to penetrate the oxide layer as marked by the dotted circle in the
mapping of Ag (Fig. 3d). Thus a channel structure consisting mainly
of oxides and Ag extrusion was formed during oxidation. Similar
structures of oxide embedding crystals of alloying element were
also found in oxidation of some other metallic glasses [21,22].

According to Cu–Ag [20], Cu–Zr [23] and Ag–Zr [24] binary phase
diagrams, the solubility of Ag in Zr is up to 20%, while that of Ag
in Cu and Cu in Zr are less than 7%. Thus it is expected that most
Ag existed as solute in Zr. During oxidation, Cu was depleted or
removed towards sample surface by fast fusion, as indicated by
the low Cu content shown in X-rays mapping. Ag was gradually
expelled from Zr due to the formation of Zr oxides. The weak bound-
aries or vacancies induced by oxidation are promising segregation
sites for the expelled Ag. The volume expansion by oxidation and
thermal expansion both induced compression on the weak regions,
thus Ag rod could be extruded out of the sample surface, just like
extrusion of Sn whiskers in Pd-free solders [25]. The vacancies left
after extrusion of Ag are more promising for the further expulsion

of Ag during oxidation due to fast diffusion of Ag at the elevated
temperature. Therefore the expelled Ag diffused to the root of Ag
rod and pushed it up continuously. Since the temperatures for the
oxidation experiments exceeded 50% of the melting of Ag, a low
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Fig. 2. (a) Surface morphologies of Cu42Zr42Al8Ag8 metallic glass oxidized at 663 K; (b) magnified views of the particles in (a); (c) cross-section SE image of samples oxidized
at 663 K for 3 h; (d) cross-section BE image of samples oxidized at 663 K for 3 h.
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boundary of ZrO2 and they provided an easy channel for expelling
Ag from Zr solid solution. A lamella-like structure was formed dur-
ing extrusion and accelerated the oxidation. Due to the internal
stress and volume expansion induced by the further oxidation,
Fig. 3. (a) Cross-section BE image of samples oxidized at 663

iscosity, or creep strength, of the extruded Ag was expected and
he cap of mushroom was likely formed due to creep under the
urface tension or residual stress in the extruded Ag. In samples
nnealed in argon atmosphere, there was no oxide scale and sub-
tantial internal stress, thereby no mushroom-like precipitate was
bserved.

Oxygen diffusion along interface can be orders of magnitude
aster than the volume diffusion in the bulk of ZrO2 grains [22].
xidation was therefore accelerated as shown in Fig. 1a. How-
ver, since the Zr oxides layer was formed underneath the Cu-rich
xide scale, the extrusion of Ag therefore depends on the thick-
ess of the outer oxide scale. As the temperature increases, a dense
nd thick Cu oxide outer scale is expected, for instance at 693 K.

t seems that the dense layer inhabited the extrusion of silver,
ecause no accelerated oxidation and only scattered mushroom
as seen at elevated temperature. However, crack is prone to

e initiated due to the interface and the soft Ag, at an elevated
emperature.
1 h and X-ray mapping of elements, (b) Cu, (c) Zr and (d) Ag.

Summarizing the above discussions, the evolution of silver
mushrooms can be illustrated schematically with Fig. 4. At the ini-
tial stage of oxidation, some weak regions were produced at the
Fig. 4. Schematic illustrations of the formation of Ag mushrooms.
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hese Ag rods were extruded and cap of mushroom was formed
n the surface due to surface tension or residual stress. The contin-
al diffusion of Ag to the weak regions favors the directional growth
f the Ag mushrooms.

Having large glass forming ability and being Ni-free,
u42Zr42Al8Ag8 metallic glass may be potential biomaterials.
lthough the growth of silver mushroom deteriorated the oxi-
ation resistance, it seems to make the metallic glasses more
romising in the biomaterials and clinical uses. Due to the wide-
pectrum of antimicrobial activity of silver, such extrusion on
urface can kill many microbial organisms. Moreover such shape
r pattern may benefit anchoring and growth of cell on the surface.
ery fine silver (∼100 nm) precipitates were found in the top layer
f oxide scales of Cu45Zr45Al5Ag5 metallic glasses [19], which
ndicated the size of Ag can be controlled for tailored surface
roperties to suit specific applications.

. Conclusions

In summary, mushroom of silver solid solution grew on the sur-
ace in the oxidation of Cu42Zr42Al8Ag8 metallic glass at 663 K.
-rays mapping shows that a lamella-like structure consisting of
rO2 embedding Ag rods was formed during oxidation, which also
ccount for the accelerated oxidation at the temperature. After
xtrusion of Ag rod by further oxidation, a cap formed on the sur-
ace. And the mushroom was produced by further extrusion.
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