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Abstract: CuesZrse metallic glass powders were prepared via gas atomization. The high-temperature oxidation behavior
of CussZr3s metallic glass powders under the influence of internal factors (powder particle size) and external factors
(oxidation temperature and oxidation time) was experimentally investigated by using XRD, DSC, TGA, SEM and
TEM. The oxidation kinetics, oxide phase, surface morphology and microstructure of metallic glass powders were
analyzed. The results show that CuesZr3s metallic glass powders form multiple layers of surface oxides after oxidation
and the major components of the surface oxides are t-ZrO,, m-ZrO,, Cu,O and CuO. The oxidation kinetics follows a
double-stage parabolic rate law. The oxidation process is dominated by the inward diffusion of O anions and the
outward diffusion of Cu cations. Thermodynamic analysis shows that the Gibbs free energy change of the oxidation
reaction increases with the decrease of particle size, leading to a more rapid and thorough oxidation of the powder with
a smaller particle size.
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such as casting, forging, and welding, cannot be

1 Introduction

Due to their unique amorphous structures,
metallic glasses (MGs) exhibit many excellent
properties, including high strength, superior hardness,
strong resistance to wear and corrosion, large elastic
limit, and favorable biocompatibility [1-5].
Therefore, MGs have long been considered to have
broad application prospects in the manufacturing of
high-performance parts [6—8]. However, due to the
strong brittleness of MGs, cracking is prone to take
place during load bearing at room temperature [9—11].
Hence, conventional manufacturing techniques,

used to produce MG parts with large dimensions
and complex structures due to the limitation of
glass forming ability (GFA) and room-temperature
brittleness [12,13]. Some scholars have suggested
manufacturing large-scale MG parts via powder
metallurgy, i.e., the sintering or additive
manufacturing based on MG powders to overcome
these difficulties, which has already been proven to
be a feasible solution [14—17].

In powder metallurgy processes, the surface
quality of powders is a crucial factor determining
the performances of final parts, since the interfacial
bonding of powders is the key step to achieving the
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designated mechanical performances. Currently,
MG powders are mainly produced via mechanical
alloying and gas atomization [18—21]. However,
due to the limitation of vacuum control, oxygen
contamination is inevitable during the preparation,
consolidation, storage, transport, and utilization of
MG powders. Moreover, frequently used Cu-, Zr-,
and Ni-based MGs all have strong oxygen affinities,
and surface oxidation is prone to take place [22,23].
What is worse, with the reduction of powder
particle size, the influence of the surface oxide layer
on the global performance of the particle becomes
more significant due to the dramatic increase of the
volume fraction of the surface oxide layer. The
surface oxidation of MG powders changes their
intrinsic properties and affects the interface bonding
of sintering and additive manufacturing, thereby
reducing the strength of final parts [24,25].
Therefore, surface oxidation becomes an inevitable
obstacle for the application of MG powders in
powder metallurgy. An in-depth understanding of
MG powders’ surface oxidation behaviors and
mechanisms becomes a premise for the further
engineering application of MG powder metallurgy
processes and products.

Available studies concerning the oxidation of
MGs mainly focus on the oxidation behaviors of
the bulk metallic glasses (BMGs) within the
supercooled liquid region (SCLR), at which BMGs
present superplasticity and become very suitable for
the thermoplastic forming. For example, HUANG
et al [26] compared the oxidation kinetics of
ZrssCuzAloNis BMG and its  crystalline
counterpart and reported that the oxidation process
was controlled by ionic diffusion. The diffusion
process was dominated by the inward diffusion of O
and outward diffusion of Zr within the first 60 h.
But it was dominated by the inward diffusion of O
and outward diffusion of Cu in the following 60 h,
while the outward diffusion of Zr was suppressed.
LIU and CHAN [27] reported that t-ZrO, and
m-ZrO, were formed during ZrssCuzAlioNis BMG
high-temperature oxidation, with t-ZrO, mainly
formed in the outer layer while m-ZrO;
concentrated in the inner layer. ZHANG et al [28,29]
reported that multilayered oxide scales were formed
during the oxidation of ZrssCuzoAl10Nis BMG.

Compared to numerous reports concerning the
oxidation behaviors of BMGs, attention paid to the
oxidation of MG powders is still rare. YAN et al [30]

reported that the gas-atomized Cu-based MG
powders experienced fierce surface oxidation at
temperatures higher than its crystallization
temperature, while the oxidation rate was slow at its
glassy state. However, there is still much work to be
done to acquire sufficient knowledge of oxidation
behaviors and uncover the underlying mechanisms.
Therefore, in this work, the high-temperature
oxidation behavior of CuesZris MG powders was
studied, and the evolution of surface morphologies
and internal microstructures was characterized. The
underlying oxidation mechanism was discussed
based on experimental results and thermodynamics
analyses.

2 Experimental

2.1 Preparation of CueZrs¢ MG powder

The CuesZris MG was selected due to its
relatively broad SCLR. First, high-purity Zr and Cu
raw materials (purity >99.99 wt.%) were mixed
according to the composition ratio. After repetitive
melting at high temperatures, alloy ingots with
homogeneous compositions were obtained. The
MG powders were prepared via the inert gas
condensation method [15]. The atomization
temperature was 1523 K, the pressure was 3.3 MPa,
and the atomizing medium was high-purity Ar gas.
The prepared powders were then screened into three
grades: 0—50, 50—100, and 100—150 um, which are
referred to as Powder A, Powder B, and Powder C,
respectively. The screened powders’ particle size
distribution was verified using a laser particle size
analyzer (Mastersizer 3000, Malvern Panalytical).
The densities of prepared powders were measured
by using an automatic envelope density analyzer
(AEDA, GeoPyc1365, Micromeritic).

2.2 Isothermal oxidation treatment

Isothermal oxidation treatment was conducted
using a thermal gravimetric analyzer (TGA,
TGAS8000, PerkinElmer) in artificial dry air. Before
putting into the analysis crucible of TGA, the
powders were treated with ultrasonic vibration to
avoid agglomeration. The pressure was kept as the
normal pressure, and the temperature was set as 673,
773, 873, and 973 K, respectively. The temperature
range covered the glassy state, supercooled liquid
state, and crystallization state of the prepared
CuasZris MG powders. The heating/cooling rates
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were both set as 100 K/min. Accordingly, the
insulation periods were set as 30, 60, 90, and
120 min. Mass gain during high-temperature
oxidation was continuously recorded. The total
surface area S of powder samples was calculated
based on Eq. (1).

3 2/3
S =4n[—m] (1)
4pm

where m is the total mass of the powder sample, and
p is the density of the sample.

2.3 Materials characterization

XRD (XRD—-7000S, SHIMADZU) was used
for phase analysis of the prepared powders and
oxidized powders. Differential scanning calorimetry
(DSC, Diamond DSC, PerkinElmer Instruments)
was used to measure the thermodynamic parameters
of the prepared powders. A field-emission scanning
electron microscope (FE-SEM, JSM—7600F, JEOL)
was used to analyze the surface morphologies of the
prepared powders and oxidized powders.
Cross-section specimens for transmission electron
microscopy (TEM) observation were prepared via
focused ion beam milling (FIB, Helico Nanolab 600,
FEI). In order to improve the electrical conductivity
of the material and protect the fine features of the
oxide surface, a thin layer of Au was coated on the
oxidized particle before FIB milling. TEM
observations were conducted by using a field-
emission transmission electron microscope (FE-
TEM, Tecnai G2 F30, FEI) operating at 300 kV.
The chemical compositions of local regions were
detected by using an energy disperse spectrometer
(EDS, Inca X-Max 50, Oxford Instruments)
attached to the FE-TEM.

3 Results and discussion

3.1 Structure and thermal stability of CuesZr3s

MG powders

The particle size distribution of three grades of
gas-atomized MG powders is shown in Fig. 1. It is
indicated that the particle size presents a typical
beta distribution. The densities of gas-atomized
powders were measured to be 4.08, 4.23, and
4.38 g/cm?® for Powder A, Powder B, and Powder C,
respectively.

As shown in Fig. 2, Powder A and Powder B
are entirely amorphous, while some -crystalline

peaks can be found in the pattern of Powder C,
indicating that a small portion of Powder C is
crystallized. Based on the DSC curves displayed in
Fig. 3, the glass transition temperature (7y) and
crystallization onset temperature (7%x) of the gas-
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Fig. 1 Particle size distribution of gas-atomized CuesZr3s
MG powders
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atomized powders are determined to be 715 and
775 K, respectively.

Figure 4 shows the surface morphologies of
gas-atomized CussZr3s MG powders. Most particles
are spherical or nearly spherical, and only a small
amount of irregular particles exist. These irregular
particles mainly include satellite particles and
ellipsoid particles. Since the gas flow field in the
gas atomization chamber is relatively complex,
collision between particles will frequently take
place. Smaller particles are more likely to be
pushed to fly by airflow, and more quickly to get
fully solidified. When fully solidified smaller
particles collide with partially solidified larger
particles, smaller particles will metallurgically
adhere to larger particles, thus, forming satellite
particles. The formation of ellipsoid particles is
mainly caused by the insufficient spheroidization of
larger droplets [31,32].

Fig. 4 Surface morphologies of gas-atomized CussZrse
MG powders: (a) Powder A; (b) Powder B; (c) Powder C

3.2 Oxidation Kinetics

Figures 5(a—c) show the oxidation kinetics
curves of Powder A, Powder B and Powder C,
respectively. It can be seen that at all temperatures,
after a short period of time, the curves all begin to
rise, which indicates that oxygen enters the sample
and begins to react with elements with strong
oxygen-affinities. The oxidation kinetics of
CuesZrss MG powders follows a double-stage
parabolic rate law, consisting of an initial stage (the
first stage) with fast oxidation and a subsequent
stage (the second stage) with slow oxidation. It is
thereby indicated that the oxidation is controlled by
ionic diffusion, and the diffusion mechanism
changes during prolonged oxidation [33]. The
parabolic rate constants at both stages are calculated
and plotted in Figs. 5(d—f). The parabolic rate
constants of the first stage are generally high and
change significantly with temperature rising,
meanwhile, the parabolic rate constants of the
second stage are low and basically unchanged. That
is, the oxidation rates of CussZrss MG powders at
different temperatures all decrease with the increase
of time.

It can be seen from Figs. 5(d—f) that the
particle size has a significant impact on the
oxidation rate of MG powders. At 673 K, the
first-stage oxidation rate of Powder A is several
times greater than that of Powder B and Powder C,
which further confirms that the reduction of particle
size significantly accelerates the oxidation rate. The
main reason is that compared with Powder B and
Powder C, Powder A has the smallest average
particle size, so it has a larger specific surface area,
which leads to the increase of the volumetric
fraction of weakly bonded surface atoms, which are
more chemically active and more prone to oxidation.
Therefore, at a lower temperature (673 K), Powder
A will undergo extremely intense oxidation, thus
forming a dense oxide film quickly. With the
gradual thickening of the oxide film, the activity
gradient across the oxide film will inevitably
decrease, so that the oxidation rate will decline
rapidly with the rise of temperature [34]. Therefore,
the maximum parabolic rate constant of Powder A
appears at 673 K. However, the specific surface
area of Powder B and Powder C is small, and the
oxidation rate is low at a lower temperature (673 K),
which requires a higher temperature to drive
the oxidation process. Therefore, the temperature
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during high-temperature oxidation

corresponding to the maximum parabolic rate
constants of Powder B and Powder C appears at
873 and 973 K, respectively. The influence of
particle size on the oxidation rate of MG powders
will be discussed in the next section.

In addition, there is a transition of diffusion
mechanism during the long-term oxidation of MG
powders. The diffusion process is essentially a
thermal activated process, so the oxidation

temperature has a great influence on the oxidation
rate of MGs. This is mainly reflected in the
following two aspects. On the one hand, at the
initial stage of oxidation, the oxide layer formed is
amorphous, and ions diffuse in the form of
accumulated atomic jump due to the existence of
excessive free volume in the amorphous matrix [35].
As the temperature rises, the activity of ions
increases, and the ion diffusion rate increases,



Mao ZHANG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 1814—1826 1819

resulting in the increase of the oxidation rate [26].
On the other hand, with the oxidation temperature
increasing towards 7%, the amorphous MG particle
interior and the surface oxides will gradually get
crystallized, leading to the fast elimination of the
free volume. Thus, both the oxide layer and matrix
become denser, and it becomes more difficult for
ions to diffuse inward, resulting in a decline in the
oxidation rate [36]. In the end, the global oxidation
rate is determined by these two competitive
processes. When the influence of temperature on
the thermal activation process is greater than that of
the free volume annihilation, the oxide kinetics
curve rises, and vice versa. This explains the
different variation tendencies of oxidation rates in
the first-stage oxidation.

The second-stage oxidation rates of Powder A
are close to zero, implying that the oxidation of
Powder A mainly occurs at the first stage and gets
saturated at the second stage. Meanwhile, the
non-zero nature of Powder B and Powder C curves
indicates that the oxidation continues at the second
stage for these two large-sized powders.

Figure 6 summarizes the final mass gain of
powders after oxidation at different temperatures.
As implied by the figure, the final mass gain
increases monotonically with particle size reduction
at all temperatures. That is, the smaller the particle
size, the faster the oxidation rate. Meanwhile, for a
specific particle size, the final mass gain firstly
increases with the temperature rising and reduces
after reaching a peak value, which indicates an
oxidation mechanism transition induced by high
temperature.
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Fig. 6 Final mass gain curves of CuesZrss MG
powders after high-temperature oxidation

3.3 Oxidation thermodynamics analysis

The influence of particle size on the oxidation
rate of MG powders can be explained based on
thermodynamics analysis. According to Ref. [37],
the oxidation process of MG can be modeled as

AG, =AG, +AG, 2)

where AGm, A.G’ and A.G: are the molar total
Gibbs free energy change, the molar internal Gibbs
free energy change without considering the surface
effect, and the molar surface Gibbs free energy
change of the system, respectively.

The MG powders are simplified into spheres
with the same radius v, which refers to the average
radius of particles. Hence, ArleT’1 and A .G, can
be written as

A Gy =Y it (3)
AG, = Z‘gM:Lt;A = ZzlgMGMMM Y (4)

where 9, is the stoichiometric number of the
constituent M in the chemical equation of oxidation
reaction; uy, and ), are the internal chemical
potential and surface chemical potential of M,
respectively; om, Mwm, and pum are the surface tension,
molar mass, and mass density of M, respectively;
rum 1s the particle radius. Since only the air/particle
interface exists during the powder oxidation, the
molar total Gibbs free energy change during MG
particle oxidation can be expressed as

A,G, =A.G> + 28,0 My /Pyl (5)

And the equilibrium constant K for the
oxidation process can be derived as

In(K/K")= —%AKG; =280 My /(RT pyiy)
(6)
For metallic constituents, ,, <0, hence,
A,G, decreases with the reduction of ru.
According to previous studies, BMG samples
(rm— =) also experience notable oxidation, thereby,
A,G® <0. Thus, with the rv decreasing, the
absolute value of A;Gm keeps increasing (becomes
more negative), indicating that the particle is more
prone to oxidation. Accordingly, the equilibrium
constant K also is greater with the reduction of ruv,
implying that powders with smaller particle sizes
experience more thorough oxidation.
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3.4 Oxidation products

Based on prior experimental results, Powder B
with the medium particle size was selected for
further characterization of morphology and
microstructure, since it presents the most typical
phenomena. To determine the oxidation products,
Fig. 7 displays the XRD patterns of Powder B after
oxidation. As oxidation begins, the powders is
crystallized quickly. Even at 673 K, the powders is
fully crystallized after 30 min of insulation. At the
beginning of oxidation, ZrO, phases are first
detected, which indicates that Zr is preferentially
oxidized in CuesZris MG powders. It is further
found that it has two isomers, t-ZrO, and m-ZrO,,
and the content of m-ZrO; is higher than that of
t-ZrO,. However, Cu immediately diffuses outward
at the beginning of oxidation. With the increase of
oxidation temperature and oxidation time, a large
number of Cu aggregates can be formed, and
metallic Cu begins to appear, which is then oxidized
into Cu0 and CuO. It can be seen from Fig. 7 that
with the same oxidation time, the higher the
oxidation temperature is, the earlier and more
oxidation products appear, namely, the faster the

Mao ZHANG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 18141826

oxidation is. This is very reasonable for a thermal
activated process.

The surface morphologies of Powder B after
120 min of oxidation are displayed in Fig. 8. It is
demonstrated that severe surface precipitation takes
place on all observed samples, and the particle
surfaces are covered by precipitates with various
morphologies. At 673 K, the particle surface is
covered by needle-like whiskers. At 773 K, the
particle surface is covered by nodule-like structures
with some thick needle-like whiskers embedding.
As oxidation temperature increases to 873 K,
whiskers disappear, and the dimension of
nodule-like structures becomes larger. Cracks are
also found on the nodule-like structures. While at
973 K, the nodule-like structure seems to “fuse,”
and the gaps between nodules are filled. In some
regions, the nodule-like structure even disappears,
and the particle surface becomes smooth. Therefore,
it is implied that the surface diffusion or lateral
diffusion of ions on the particle surface is enhanced
with  temperature resulting the
homogenization growth, the
smoothing of surface oxide morphologies.
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Fig. 7 XRD patterns of Powder B oxidized at 673 K (a), 773 K (b), 873 K (¢), and 973 K (d) for different durations
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To undercover the detailed structure of surface
oxides and reveal their growth mechanisms, TEM
analyses were conducted. Special attention was paid
to the formation of oxide whiskers at 673 K and
oxide cracking at 873 K, the FIB sampling positions
of which are labeled in Fig. 8 accordingly.

R

Figure 9 shows the TEM image and
corresponding EDS mappings of the surface layer
of Power B oxidized at 673 K for 120 min, the
surface morphology of which is displayed in
Fig. 8(a). The particle surface is covered by a
Cu-enriched layer with a thickness of about 400 nm

B ~

Fig. 8 Surface morphologies of Powder B oxidized for 120 min at 673 K (a), 773 K (b), 873 K (c), and 973 K (d) (The

yellow line in (c) indicates the sample position of FIB milling)

Fig. 9 HAADF-STEM image of surface layer of Powder B oxidized at 673 K for 120 min (a), and EDS mapping of all

elements (b), Au (c), O (d), Zr (e), and Cu (f)
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(labeled as Layer 0), while Zr is depleted in the
surface layer. The Cu-enriched layer consists of
equiaxed oxide grains with sizes around 100 nm
and needle-like whiskers with diameters about
40 nm. A distinct and straight interface can be
found between the Cu-enriched region and the
Zr-enriched region, which is suggested to be the
original particle surface. According to our previous
work, the Cu-enriched layer is a result of the
outward diffusion of Cu and the subsequent
oxidation of Cu [28] . Since the oxygen affinity of
Zr is stronger than that of Cu, Zr and O will
preferentially react and form ZrO; in-situ [38,39].
Meanwhile, due to the smaller size of Cu and
significant compressive stress induced by the
formation of ZrO, [40], Cu continuously diffuses
outward during the oxidation of Zr—Cu-based
MGs [26,41].

Figure 10(a) shows the cross-section TEM
image of a whisker growing on the surface of the
Powder B after oxidation at 673 K for 120 min.
According to the HR-TEM image (Fig. 10(b)) and
SAED pattern (Fig. 10(d)), it is verified to be a

Fig. 10 TEM image of Layer 0 (a), HR-TEM image of oxide whisker (b), HR-TEM image of grain boundary
triple-junction beneath oxide whisker (c), and SAED pattern of oxide whisker formed on Powder B oxidized at 673 K
for 120 min (d)
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CuO monocrystal. Previous studies have reported
that whisker oxides will appear during the oxidation
of Cu, Fe, Mo, and Ta under the specific
conditions [42]. Whisker oxide usually grows very
fast, but it is brittle and easy to break. Due to the
deposition of Au on the surface prior to FIB milling,
the whiskers are well protected in this study. The
formation of this CuO whisker is explained as
follows. As shown in Fig. 10(c), a grain boundary
triple-junction exists at the root of the monocrystal,
which implies that the whisker nucleates from the
grain boundary between two CuO grains beneath.
Compared to the grain lattice, the grain boundary
can act as a short-circuit diffusion path and allow
the fast outward transport of massive Cu cations [43].
Moreover, the compressive strain in surface
layers can provide the driving force for the growth
of whiskers, as indicated by research concerning the
Sn whisker growth [44]. During the oxidation of
Cu—Zr-based MGs, the formation of oxides will
introduce remarkable compressive strain inside the
surface scale due to volume expansion, which can
act as the driving force for the outward diffusion of

(004)

010 -
10T o 202)

10 1/nm
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Cu cations [45]. Therefore, Cu cations continuously
diffuse outward to the whisker root via grain
boundaries driven by the compressive strain and
feed the rapid growth of CuO monocrystal along
specific orientations.

Figure 11 illustrates the structure of the whole
oxide scale. Multilayered structures are formed
inside the oxide scale, besides the Cu-enriched
Layer 0 discussed above. Two layers of Zr-enriched
sublayers, labeled as Layer 1 and Layer 2
accordingly, can be distinguished according to the
distinct morphologies of oxide grains. As implied
by the HAADF-STEM image in Fig. 11(a), these
two sublayers consist of columnar oxide dendrites,
which can be determined to be ZrO, dendrites based
on XRD (Fig. 7) and EDS mapping results. This
kind of multilayered scale structure can also be
found during the oxidation of BMG, as reported in
our previous work [28]. As stated above, Layer 0 is
formed above the original sample surface due to the
outward diffusion of Cu. Meanwhile, Layer 1 and
Layer 2 are formed beneath the original sample
surface due to the inward diffusion of O and in-situ
reaction with Zr. Within Layer 1 and Layer 2, the
distributions of Zr and O are relatively
homogeneous, while notable Cu-depleted regions
can be found near the boundaries between the two
layers, as shown in Fig. 11(d). Undoubtedly, this is
attributed to the massive outward diffusion of Cu to
the surface. Moreover, in Layer 1, fissure-like local
Cu-depleted but Zr-enriched regions can also be
found, which is attributed to the growth of large
71O, dendrites.

With the increase of insulation temperature,
the oxidation behavior of MG powders becomes
more complicated. For example, the surface
precipitates have greater sizes, and surface cracks
appear, as displayed in Fig. 8. Figure 12 shows the
cross-section TEM images of the crack depicted in
Fig. 8(c). It is displayed that the original surface
fractures, and the crack opening is filled up with
precipitates. EDS mapping results indicate that the
precipitates are Cu oxides, including Cu, Cu,O, and
CuO grains. This is similar to the precipitation
behavior in the oxidation process of ZrissCuscAlsAgs
BMG reported by HARATIAN et al [40]. The
formation of the crack can be attributed to two
aspects. First, the continuous outward diffusion of
Cu cations leads to defects, including pores and
fissures inside the scale, which provides the nucleus
for the origin of cracks [28]. Second, since the
Pilling-Bedworth ratio (PBR) of Zr/ZrO, is 1.51,
the inward diffusion of O and in-situ formation of
ZrO; will lead to a significant expansion of volume
therein [46]. Thus, compressive oxidative stress is
triggered and accumulated during the continuous
formation of ZrO,. After the accumulated oxidative
stress exceeds the fracture strength of the oxide,
cracks are initiated at the nucleus of cracks. During
oxidation, the crack provides fast diffusion paths for
the outward diffusion of Cu cations and inward
diffusion of O anions. The fierce nucleation, growth,
and merging of Cu oxide grains on the surface
result in the formation of nodule-like morphologies
depicted in Fig. 8. Due to the insufficient supply of
outward diffusing Cu, there are some pores inside

O CulZs m O
500 nm| 500 nm|

Fig. 11 HAADF-STEM image of oxide scale formed on Powder B oxidized at 673 K for 120 min (a), and EDS mapping
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images of all elements (b), O (c), Cu (d), and Zr (e)
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Fig. 12 Cross-section TEM images of crack on surface of Powder B oxidized at 873 K for 120 min (a), HAADF image
of crack region (b), and EDS mapping results of all elements (c), O (d), Cu (e), and Zr (f)

the Cu oxides.

It is thereby implied that the notable surface
oxidation occurs on the MG powders at high
temperatures, either in the glassy state, supercooled
liquid state, or crystalline state. The surface
morphologies and microstructures are remarkably
changed after oxidation, with oxide scales,
precipitates, pores, and cracks formed on the
surface regions. Moreover, significant elemental
redistribution takes place and results in a
Cu-enriched layer near the surface. These new
phases are certainly unfavorable for the
densification and bonding of particles during
sintering or 3D printing. Hence, the exposure to the
oxidizing atmosphere should be strictly controlled
during the preparation, transportation, storage, and
utilization of MG powders to avoid surface
oxidation.

4 Conclusions

(1) The high-temperature oxidation kinetics of
CuesZrss MG powders follows the double-stage
parabolic rate law. The oxidation process is
dominated by the inward diffusion of O anions and
the outward diffusion of Cu cations.

(2) The reduction of particle size will enhance

the oxidation process, which is attributed to the
increase of the absolute value of Gibbs free energy
change based on thermodynamics analysis.

(3) Multilayered oxide scales are formed on
the surface of MG powders. The notable outward
diffusion of Cu cations results in a layer of Cu
oxides above the original sample surface, which
consists of needle-like oxide whiskers at low
temperatures or nodule-like oxides at high
temperatures.
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