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a b s t r a c t

The oxidation behavior of a commercial Co69B12Si12Fe4Mo2Ni1 amorphous ribbon (Co6-AR) was studied
over the temperature range of 400–600 ◦C in dry air. The results showed that virtually no oxidation
occurred at 400 ◦C. On the other hand, the oxidation kinetics of the Co6-AR alloy at 450–600 ◦C generally
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followed a multi-stage parabolic-rate law, and the parabolic-rate constants (kp values) tend to increase
with increasing temperature. It was found that the oxidation rates of the glassy alloy are slower than
those of pure Co, indicative of a better oxidation resistance. An exclusive scale of CoO was observed
after the oxidation of the glassy alloy in the temperature range of interest, and several crystalline phases
formed on the substrate beneath the scale, consisting of pure Co (both FCC and HCP structures), Co3B,
Co2Si, CoFe, and Co2B (absent at 450 ◦C), which indicated the occurrence of crystallization.
. Introduction

Iron- and cobalt-based amorphous alloys have been inten-
ively studied since the past two decades because of their unique
agnetic and mechanical properties as well as chemical stabil-

ty [1–4]. A typical result shown in the literature is to have an
ltra-high fracture strength of 5185 MPa for a Co43Fe20Ta5.5B31.5
morphous alloy [4]. Furthermore, particular examples of inter-
st are to use them for the soft magnet-tube and micro-electronic
ore applications [5,6]. Besides, it may be also important to
nderstand their thermal-activated degradation in oxidizing atmo-
pheres when using those alloys at elevated temperatures in
mbient environments. In spite of numerous data reported in
he literature on the mechanical and magnetic behaviors of Co-
ased amorphous alloys, their oxidation behavior was still lack of
tudy.

Most recently, a series of Co–Fe–Ni–Si–B–M amorphous sys-
ems (where M = Mo, Cr, Al) were developed, and the results
howed that most of the alloys possess excellent thermal and
echanical properties [7,8]. For example, a commercial product

f Co69B12Si12Fe4Mo2Ni1 glassy ribbon, as named Metglass-2705,
ad been reported to exhibit a higher Curie temperature (Tc) and
rystallization temperature (Tx) around 365 and 520 ◦C, respec-
ively. In addition, this glassy ribbon also exhibited a good magnetic

nduction value (Is) of 0.7 T [8,9]. Furthermore, this amorphous alloy
ontained significant amounts of common alloying elements (Co, B,
nd Si), which could offer a lower material-cost to meet the needs
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for practical applications in industries. In order to apply the Co6-AR
at elevated temperatures in industrial applications, it is essential to
understand its oxidation properties. Thus, the aim of this study is
to investigate the air-oxidation behavior of the Co6-AR at elevated
temperatures. The oxidation of pure Co is also explored in the same
environments for comparative purposes.

2. Experimental

The Co6-AR sheets of 25 mm × 25 mm (20 �m thick) were directly pur-
chased from the manufacturer in USA, while pure-Co sheets (99.99% pure) of
30 mm × 30 mm × 20 mm were obtained from the local supplier in Taiwan. Typical
XRD spectra of the Co6-AR are shown in Fig. 1a, revealing that a wide-broadening
peak near 2� = 45.60◦ was noted, indicative of the amorphous structure of the glassy
ribbon. Both Co6-AR and pure Co samples were initially cut into about 3 mm × 3 mm
sheets, polished and ground with 1-�m diamond paste, cleaned with acetone and
methanol, and immediately dried before the tests.

The thermal stability of the Co6-AR samples was done by the differential scan-
ning calorimetry (DSC) at a heating rate of 20 ◦C/min. As shown in Fig. 1b, DSC
results showed that the glass transition temperature (Tg) and crystallization tem-
perature (Tx) were around 481.8 and 523.9 ◦C, respectively. Thus, the present Tx

result is close to that in the literature mentioned above. Oxidation tests and char-
acterization of the substrate and scales were similar to those described previously
[10], except for that the heating and cooling rates of the TGA furnace were set at
20 ◦C/min.

3. Results and discussion

3.1. Oxidation kinetics
Parabolic plots of the oxidation kinetics of the Co6-AR and pure
Co over the temperature range of 400–600 ◦C in dry air are shown
in Fig. 2. As can be seen in this figure, nearly no mass-gain data
can be recorded by TGA at 400 ◦C, which implied that virtually no

dx.doi.org/10.1016/j.jallcom.2010.12.053
http://www.sciencedirect.com/science/journal/09258388
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Fig. 2. Parabolic plots of the oxidation kinetics of (a) the Co-based amorphous ribbon
at 400–600 ◦C and (b) pure Co at 450–600 ◦C in dry air.
Fig. 1. (a) XRD spectra and (b) DSC curves of the as-received Co6-AR.

xidation occurred at this temperature. At higher temperatures
T ≥ 450 ◦C), the oxidation kinetics of the glassy alloy generally
ollowed a two-stage parabolic-rate law, with its oxidation-rate
onstants (kp values) increasing steadily with temperature. This
bservation further indicates that diffusion is the rate-controlling
tep for the scaling behavior of the Co6-AR during oxidation. The
easured kp values of the Co6-AR and pure Co are tabulated in

able 1. As can be seen in the table, the kp values of the Co6-AR are
ower than those of pure Co by factors of 22.6, 54.8, and 10.3 at 450,
00, and 600 ◦C, respectively. The lower kp values measured for the
o6-AR further indicated that this amorphous ribbon exhibited a
etter oxidation resistance than pure Co. In addition, the observed
iscrepancy of the kp values for the Co6-AR with respect to pure
o may be due to the formation of various scales and crystalline
hases, as discussed later.

.2. Scale constitution and phases
A typical SEM micrograph of the surface of Co6-AR after a 48-h
xposure at 400 ◦C is shown in Fig. 3a, revealing that numerous

able 1
ir-oxidation rate constants of pure Co and the Co-based amorphous ribbon at
50–600 ◦C.

Material Temperature

450 ◦C 500 ◦C 600 ◦C

Pure Co 2.53 × 10−13 7.24 × 10−12 2.09 × 10−11

Co6-AR 1.12 × 10−14 1.32 × 10−13 2.02 × 10−12

Fig. 3. (a) SEM topograph and (b) corresponding XRD spectra of the Co6-AR alloy
after oxidation for 48 h at 400 ◦C.
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ig. 4. (a) Cross-sectional BEI micrograph and (b) corresponding XRD analyses of the
o-based amorphous ribbon (c) Cross-sectional BEI micrograph of pure Co oxidized
t 450 ◦C for 48 h.

iny precipitates were observed. EDS analyses of four different
recipitates gave the average composition (in at.%) of Co(78.08%),
i(15.20%), Fe(4.74%), and Mo(1.98%). However, since the light ele-
ent of B was unable to detect, the exact composition of crystalline

hases is further analyzed by XRD spectra, as shown in Fig. 3b. At
east three crystalline phases were obtained, consisting of mostly
o2Si and minor amounts of Co3B and CoFe. Thus, it is clearly that no
vidence of any oxide was detected on the Co6-AR after oxidation
or 48 h at 400 ◦C. A cross-sectional backscattered-electron-image
BEI) micrograph of the Co6-AR oxidized at 450 ◦C for 36 h is shown
n Fig. 4a, revealing a thin scale layer. The XRD analyses (Fig. 4b)
evealed that the scale consisted of a thin CoO layer intermixed with
n-corroded pure Co (both FCC and HCP structures), Co3B, CoFe,
nd Co2Si. For comparison, a BEI micrograph of the scales formed
n pure Co after the same temperature and exposure duration is

hown in Fig. 4c. Although not shown here, XRD analyses indicated
hat the scales formed on pure Co consisted of CoO and Co3O4. It
hould be pointed out that the scale thickness formed on the Co6-
R is much thinner (around 655 ± 45 nm) than that formed on pure
pounds 509S (2011) S179–S183 S181

Co (1.27 ± 0.11 �m), which is in good agreement with the observed
slow oxidation rate for the amorphous ribbon. Interestingly, the
crystallization to form both FCC- and HCP-Co modifications after
oxidation is observed because the hexagonal structure is relatively
stable at room temperature for pure cobalt. Very likely, the oxi-
dation of the amorphous ribbon resulted in the local change of
the initial composition, which may depart from the ideal case for
pure cobalt. In addition, the presence of two modifications of pure
Co and three intermetallics may be due to the thin-scale nature,
which allows the X-ray penetration down to the non-oxidized Co6-
AR substrate. Nevertheless, the formation of the crystalline phases
further indicated that the phase transformation for the glassy sub-
strate was taken place although the oxidation temperature is much
lower than Tg (481.8 ◦C). It is also noted that at least two different
images were present in the Co6-AR substrate after SEM operation
with BEI mode, indicative of the formation of multiple crystalline
phases. However, EDS analyses failed to identify their exact com-
position because their average grain size is too small to beyond the
SEM resolution limits.

Typical BEI micrographs and the corresponding XRD analyses
of the cross-sections of the Co6-AR oxidized at 500–600 ◦C for
36 h are further shown in Fig. 5, revealing a single-layer scale. The
total thickness of the scales is much thicker than that at 450 ◦C,
being about 1.18 ± 0.30 �m at 500 ◦C and 1.60 ± 0.25 �m at 600 ◦C
under the same exposure time. Based on XRD analyses, the scale
is also composed exclusively of CoO, which intermixed with the
non-oxidized crystalline phases of Co, Co3B, Co2B, CoFe, and Co2Si.

The additional presence of Co2B at 500 ◦C or higher tempera-
tures is unexpected, which deserved further TEM analyses. A typical
TEM bright-field image and SAD patterns of the cross-sectional
scale and substrate are shown in Fig. 6. Numerous nano-sized par-
ticles presented in the substrate beneath the scales (Fig. 6a), and
SAD analyses taken from a dark region showed that both Co3B and
Co2B were co-existed as ring patterns, which further confirms the
formation of Co2B. Another TEM bright-field image taken from the
innermost scale (Fig. 6b) showed a continuous oxide layer, whose
SAD spot-patterns under a zone axis of [0 1 1] confirmed the for-
mation CoO. No evidence of Co3O4 and other oxides was detected
by TEM analyses, which was further in good agreement with XRD
analyses.

An interesting aspect to further discuss is to possibly form other
oxides in oxidation of Co6-AR since it contained high amounts of B
and Si. According to the Gibbs free energies of formation (�Gf

◦;
in unit of kJ/mol O2) of possible oxides at 450 ◦C [11], the val-
ues of �Gf

◦ for both SiO2 (−779.2) and B2O3 (−720.2) are much
more negative than those of CoO (−365.8) and Co3O4 (−315.6). One
would expect that the formation of either SiO2, B2O3, or both should
be thermodynamically favorable, because their dissociation partial
pressures are much lower that the local oxygen pressure between
the substrate and CoO. However, none of them was observed by
XRD, EPMA, and TEM analyses. It is most likely that the scaling rate
of CoO is much faster than that of other oxides, so that the formation
of SiO2 or B2O3 becomes unfavorable.

On the other hands, one would also expect that the activities
of B and Si in the substrate should be relatively increased when
a certain amount of Co was preferentially oxidized, which in turn
resulted in an increase the possibility to form intermetallic Co3B,
Co2B and Co2Si precipitates, as observed above. Perhaps, the forma-
tion of these intermetallics in the substrate could further provided
a partly blocking effect to reduce the availability of Co in the sub-
strate, which in turned subsequently reduced its outer diffusion
for the metal-oxygen reaction, thereby leading the reduction of

oxidation rates of the amorphous ribbon.

Another interesting aspect to further discuss is the possible rea-
sons for the slow oxidation rate with respect to that of pure Co.
Unlike the formation of a duplex layer of CoO and Co3O4 on pure
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Fig. 5. Cross-sectional BEI micrographs and corresponding XRD analys

ig. 6. (a) TEM bright-field micrograph and SAD ring-patterns of the Co6-AR sub-
trate and (b) TEM bright-field micrograph and SAD spot-patterns of the scale
ormed on the Co6-AR oxidized at 500 ◦C for 96 h.
es of the Co6-AR oxidized for 48 h (a) at 500 ◦C and (b) at 600 ◦C.

Co at 450–600 ◦C, a single scale-layer of CoO formed on the Co6-AR.
In a review of the defect chemistry, Co1−xO was a metal-deficient, P-
type conducting oxide with its non-stoichiometry values (x) being
around 0.01 at 1150 ◦C and 1 atm O2 [12]. Conversely, Co3O4 was
an n-type conducting oxide at higher partial pressures of oxygen
(PO2 ≥ 2.1 × 104 Pa) and at 900 ◦C although its non-stoichiometry
values were not given [12]. It is very likely that the defect species
at 450–600 ◦C may retain unchanged, so that the scaling rates of
complex scales of double cobalt oxides of CoO and Co3O4 on pure
Co would be much faster than that of the single CoO layer on the
Co6-AR. Thus, it may conclude that the formation of an exclusive
CoO layer is responsible for the slower oxidation rate of the Co6-AR
as compared to the fast-growth of CoO and Co3O4 for pure Co.

3.3. Short-term oxidation
In order to study the relationship between the initial oxidation
and crystallization of the Co6-AR, short-term oxidation tests were
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Fig. 7. XRD analyses of the crystalline phases formed on the Co-based amorphous
ribbon oxidized at 500 ◦C for various durations of time.
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erformed at 500 ◦C with various durations of time. Typical XRD
nalyses of the amorphous alloy after the oxidation at various dura-
ions of 500 ◦C are shown in Fig. 7. As can be seen in this figure, three
rystalline phases of pure Co (both FCC and HCP structures) and
o2Si formed on the amorphous substrate after an initial oxidation
or 20 min, which further implies that the Co6-AR undergoes the
referential crystallization before any oxidation of the substrate.

n addition, the fourth crystalline phase of Co3B was also detected
fter a 50-min exposure, while the CoO phase further formed after
prolong exposure (up to 70 min) at the same temperature. Thus,

he scaling behavior for the Co6-AR at 500 ◦C is the first formation
f the four crystalline phases, and followed by the growth of CoO
t the later exposure.

. Conclusions

The oxidation behavior of a Co69B12Si12Fe4Mo2Ni1 amorphous
ibbon (Co6-AR) over the temperature range of 400–600 ◦C was
haracterized. Several conclusions can be made.

. The oxidation kinetics of the Co6-AR followed a two-stage
parabolic-rate law with their rate constants increasing with tem-
perature.

. No evidence of any oxide was detected on the Co6-AR after oxi-
dation for 48 h at 400 ◦C although XRD spectra revealed three
crystalline phases of mostly Co2Si and minor amounts of Co3B
and CoFe.

. The Co6-AR exhibited a better oxidation resistance than pure Co,
having its kp values were lower than those of pure Co by factors

of 10.3–54.8 from 450 ◦C to 600 ◦C.

. The scales formed on the Co6-AR consisted of an exclusive
layer of CoO, while the scales formed on pure Co consisted of
CoO and Co3O4. At least five various non-oxidized crystalline

[

[
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phases formed on the substrate beneath the scale, consist-
ing of pure Co (both FCC and HCP structures), Co3B, Co2Si,
and CoFe, indicative of the crystallization of the amorphous
substrate during the oxidation over the temperature range of
interest.
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