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Abstract: Co-based alloys are known to be high oxidation-
resistant material and used in several high temperature
applications. During high temperature oxidation, duplex
oxides containing Co and Cr were formed. It was thermo-
dynamically elucidated that when the growing scale was
thick enough, the partial pressure of O, in the scale
dropped. Then, the reduction of CoO occurred for pro-
moting 0, which was responsible for Cr,03; production.
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This work experimentally proved this point by in situ char-
acterising Co-27Cr-6Mo at high temperatures in air by X-ray
diffractometer in a grazing incident mode and metallic Co
was confirmed to be formed by the reduction of CoO con-
sistent with the image taken and analysed by field emission
scanning electron microscope, energy-dispersive X-ray, and
electron backscatter diffraction. Furthermore, the change in
lattice parameter and the phase transition were observed
when the temperature was altered.
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1 Introduction

Co-based alloys are the materials preferred to be used at
high temperatures. The objective of designing these mate-
rials is primarily for improving the mechanical properties
at elevated temperatures [1-3]. They are used in various
engineering applications, such as in combustion chamber
in gas turbine, nuclear power plants, and die casting pro-
cesses [1,4-6]. Several elements are usually added to Co-
based alloy for enhancing some properties, e.g. Cr is usually
alloyed with higher content than 20 wt% to improve the
oxidation resistance [1]. One of the most common composi-
tions compounded is CoCrMo alloy.

The high temperature oxidation of CoCrMo alloys has
been studied for several years by the ex situ demonstrations
and characterisations by various techniques. Kofstad and Hed
[7-9] were the first who oxidised Co-25Cr and Co-10Cr at high
temperatures in various O, partial pressures and their kinetics
and scale formed were studied. After that, there were many
researches trying to improve the properties, especially for
high temperature oxidation resistance, of Co-based alloys by
alloying with other elements [10-12] including with the work
of Li et al. [5]. They oxidised Co-29Cr-6Mo in air at 700°C and
reported that CoO was first formed on the specimen. The
growing scale led to the decrease in O, partial pressure in
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the oxide layer, then the reduction of CoO by Cr occurred
promoting the O that was responsible for Cr,03; production,
and the byproduct obtained was the metallic Co. This hypoth-
eses seemed to be in good agreement with Ellingham diagram
and the work of Young et al. [13] proving that the partial
pressure of O, inside the oxide scale was expected to be
much lower than that in the air as a result of the extremely
low diffusion coefficient of O atoms through the oxide scale.
Moreover, from our latest study [14], the metallic Co can be
observed in the oxide scale after high temperature oxidation
of Co-27Cr-6Mo alloy characterised by field emission scanning
electron microscope (FESEM) and energy-dispersive X-ray
(EDX). The reduction of CoO to form the metallic Co is disad-
vantage and should be avoided because, from our previous
study [14], Co can volatilise at higher oxidation rate than that
of CoO about three orders of magnitude at 900 and 1,000°C
leading to the loss of Co element and increase in Cr,05 thick-
ness. The effect of Co volatilisation, rather than the loss of Co
element, has been unknown at the present since this phenom-
enon has just been found and needed further studies to eluci-
date. For Cr,0; formation, it is well known that it helps
improve the oxidation resistance [15-17] since it is a protective
oxide layer, so it acts as a diffusion barrier protecting the
further oxidation of the matrix element [16] and, thus, the
degradation is decelerated. Nevertheless, the thickening Cr,05
develops the stress in the oxide and the cracks may occur after
a long exposure [18]. In addition, Cr,03; formation leads to
poorer electrical conductivity of the alloys compared to the
base-alloy [19,20] and Cr,05; can volatilise when exposed to
0,, and further aggressive rate in the presence of H,0 [21], at
high temperatures resulting in the loss of protective layer, then
the poorer oxidation resistance. These disadvantages are not
good especially when it is used as a metallic interconnect of
solid oxide fuel cells (SOFCs) because high electrical resistance
is needed and the Cr-volatile species causes a Cr-poisoning of
the cathode material leading to worse potential of SOFCs [22].

In this work, this CoO reduction situation was proved
again by using in situ technique. The Co-27Cr-6Mo alloy was
oxidised in air at high temperatures in X-ray diffract-
ometer (XRD) where the in situ characterisations were car-
ried out to observe the phases formed on the specimen in
the different stages of oxidation.

2 Experimental procedures

2.1 Materials preparation

Co-27Cr-6Mo alloy, with the chemical composition given in
Table 1, was supplied by Eiwa Co. Ltd. (Japan) as a
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Table 1: Chemical composition of Co-26Cr-6Mo alloy used in this work

Element Cr Mo C Si Mn Co

wt% 26.70 5.90 0.04 0.61 0.45 Bal.

cylindrical bar with the diameter of 25 mm. Then, it was
cut into 2 mm thick. Prior to the high temperature oxida-
tion experiments, the specimens were polished by SiC
paper, finished by 1- and 0.3-pm alpha alumina suspension
(AP-A suspension, Struers), and cleaned with ethanol in an
ultrasonic bath at 60°C for 15 min.

2.2 Oxidation kinetics

The high temperature oxidation experiments of the speci-
mens were performed in the muffle furnace in the atmo-
spheric air. The temperature was constantly controlled at
900°C for 24, 48, 72, and 96 h with the heating rate of
15°C'min™". The weights of the specimens were measured
by using a 4-digit balance with the sensitivity of 10 pg
before and after the experiments to observe the weight
changes during oxidation.

2.3 Material characterisations

The in situ characterisations of specimens were achieved
in the X-ray diffraction spectroscopy (SmartLab-Rigaku) in
the grazing incident mode (GI-XRD) under high tempera-
tures because the oxide films developed during an early
stage of oxidation were supposed to be thin. There were
three specimens in this study: Specimen A oxidised at
900°C, Specimen B oxidised at 1,000°C, and Specimen C char-
acterised at 900 and 1,000°C, subsequently. For Specimens A
and B, the in situ characterisations were made four times
per specimen. The first time of characterisations on both
specimens was at 30°C (room temperature) giving the results
Al and B1 for Specimens A and B, respectively. After that
Specimens A and B were heated up to the desired tempera-
tures of 900 and 1,000°C, respectively, with the heating rate
of 15°C'min . The second characterisations were made after
holding the specimens at the desired temperatures for 5 min
and aligning the sample for 10 min giving the results A2 and
B2. Then, the specimens were continuously held at the
desired temperatures for 5 min. The third characterisations
were achieved after the sample alignment for 10 min pro-
viding the results A3 and B3. Afterward, the specimens were
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Figure 1: Experimental steps and the characterisation conditions during high temperature oxidation of (a) Specimens A and B and (b) Specimen C. The

symbol “x” represents where the characterisation occurs.

cooled down at the rate of 30°C'min* to 200°C. Then, the
temperature dropped freely to 50°C without the use of air
pressure pump (uncontrol rate) which was taken about
15 min. After holding at 50°C for 1 min and sample alignment
for 10 min, the fourth characterisations, A4 and B4, were
achieved. All characterisation steps of Specimens A and B
are illustrated in Figure 1a.

Specimen C was double-step oxidised. The tempera-
ture was first increased to 900°C followed by 1,000°C to
compare the oxide formed with that on the Specimens A
and B which were the single-step oxidations. The in situ
characterisations of this specimen were made five times
(C1 to C5) as shown in Figure 1b. The results C1 to C3 were
attained at 30, 900, and 1,000°C. From 1,000°C, the specimen
was cooled down to 900°C where the fourth characterisa-
tion (C4) was achieved for observing the stability of the
oxide formed on the specimen surface before cooling
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Figure 2: The square mass gain of Co-27Cr-6Mo oxidation in air at 900°C
for 24-96 h.

down to 50°C at which the last characterisation occurred
(C5). Similar to Specimens A and B, prior to shoot the X-ray
for analysis, the specimen was held at the desired tempera-
tures for 5 min followed by the sample alignment for 10 min.
After in situ characterisations at high temperatures, the
cross-sections of Specimens A, B, and C were prepared and
characterised by FESEM-EDX (Apreo S-Thermo Fisher Scien-
tific) and Electron Backscatter Diffraction (EBSD).

3 Results and discussion

3.1 Oxidation kinetics

Figure 2 shows that the square specific mass gains, (W/A)%,
during oxidation of Co-27Cr-6Mo alloy in air at 900°C were
plotted against the oxidation time. From the graph, it can
be seen that the square specific mass gain and time align
the linear relation with the R* of 0.9888 implying that this
was the parabolic oxidation according to equation (1) with
the reaction rate constant of 4.20 x 10~ mg*cm *h ™ and
the oxides formed on the specimen surface were protec-
tive. Table 2 shows the comparison of kinetic rate constants

Table 2: Chemical composition of Co-26Cr-6Mo alloy used in this work

Alloy Kinetic constant Reference
(mg*cm™*h™")

Co-27Cr-6Mo 420x1073 This work

Co-25Cr 4.00 x 1073 [23]

Co-23Cr-11Ni- 2.80x 1073 [24]

7W-3Ta
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attained from this work and the literatures of Phalnikar
et al. [23] and Hou [24] oxidising Co-based alloy in air at
900°C. It can be elucidated that our kinetic rate constant
was comparable with that of the literatures especially for the
oxidation constant of Phalnikar et al. [23] that oxidised the
alloy containing rather close Cr content to this work. Consid-
ering the kinetic rate constant of Hou [24], it can be seen that
our constant was little lower than that of Hou [24] even the Cr
content in their alloy was lower. This was due to the Ni con-
tent in the alloy which was known to be the element pro-
moting the oxidation resistance of the alloys.

2

[ﬂ - k. )

A

3.2 Oxide formation

FESEM and EDX were used to characterise the oxides
formed on those three specimens after high temperature
oxidation in air. The cross-sectional images and the carto-
ghaphies are shown in Figure 3. From all specimens, CoO
can be obviously seen at the external layer of the oxide
scale while Cr,03; was internally grown at the metal/oxide
interface. This related to many literatures [5,7,8,25,26] con-
firming the outward diffusion of Co*" and the inward
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diffusion of O. In addition, the Co was observed at the
pointed position in the scale of Specimens A and B while
O was absent in that place. This revealed that the metallic
Co was actually formed in the oxide scale and the possible
reaction is as in equation (2). For Specimen C, the large
narrow area which seemed to be the crack can be observed
in FESEM image. The EDX element map shows that it was
an O-free area. However, Co and a little Cr could still be
seen revealing that it was not the crack position. To go
deeper, EBSD was used to characterise Specimen C and
the results are shown in Figure 4. Figure 4a and b shows
the images of the area including the scale and the matrix.
This specified that the major phase formed in the scale was
CoCr,0,4. The metallic Co with the same phase (green area)
as in the matrix was obviously seen in the oxide layer and
the few amounts of Cr,05; was distributed in the scale.

3Co0 + 2Cr —» 3Co + Cp0s. 2)

The oxide scale at the hole area which seemed to be
the crack similar to what observed by FESEM in Figure 3
was focused and its EBSD images are displayed in Figure 4c
and d. Since it was the hole, so the X-ray coming from the
source and going inside the hole cannot diffracted back to
the detector resulting in the black area in the image. Never-
theless, at the edge of this area Cr,03 and Co ensuring that
this area was not the crack position.

Cr Kal

O Kal

Figure 3: Cross-sectional SEM images and cartographies of Specimens A, B, and C.
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Figure 4: Cross-sectional EBSD images of Specimen C at two different areas: (a and b) for Area 1 showing both oxide scale and matrix and (c and d) for
Area 2 showing only oxide.

3.3 Evolution of the specimen during Data (ICDD), the crystal structure, and the lattice para-
oxidation meters, matched with XRD results. For Specimen A oxi-
dised at 900°C, only the metallic Co (phase: Co-1) was

Figures 5-7 show the XRD patterns of Specimens A, B, and Observed at room temperature, pattern Al, confirming
C, respectively, in situ characterised in air during the thatthere wasno oxide before high temperature oxidation.
experiments and Table 3 shows the identification of the The lattice parameter a and the cell volume of this phase
phases, comprising the Powder Diffraction Files number Were 3.569A and 45453 A°. These were close to that
(PDF no.) reported by International Center for Diffraction Treported by Saldivar-Garcia and Lopez [27] analysing the

A4| A Co-1
0 CoO-1
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A3 y
” o Cr,0;
g
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o
O
A2
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20 30 40 50 60 70 80
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Figure 5: XRD pattern in the grazing incident mode of Specimen A oxidised in air at 900°C. The conditions where the characterisations were carried
out were at 30°C (A1 pattern), after the temperature reached 900°C (A2 pattern), after holding at 900°C for 5 min (A3 pattern) and after cooling down
the temperature to 50°C (A4 pattern).
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Figure 6: XRD pattern in grazing incident mode of Specimen B oxidised in air at 1,000°C. The conditions where the characterisations were carried out
were at 30°C (B1 pattern), after the temperature reached 1,000°C (B2 pattern), after holding at 1,000°C for 5 min (B3 pattern), and after cooling down

the temperature to 50°C (B4 pattern).

Co-27Cr-5Mo at room temperature and its lattice constant,
a, was found to be 3.584 A. After heating up to 900°C and
holding at this temperature for a short period, CoO (phase
Co0-1) was formed and fully covered on the specimen sur-
face since the metallic Co cannot be observed anymore as
shown in patterns A2 and A3. This CoO formation was
proved by thermodynamic calculation that CoO was formed

during the oxidation of Co in the environment containing
partial pressure of oxygen of 0.21atm at 900°C [4,5]. After
decreasing the temperature to 50°C, the pattern A4 shows
the detection of both Cr,03 and CoO (phase Co0-2) with little
shift of the peaks. Comparing the CoO-1 and CoO-2, they
were both cubic structure with little difference in lattice
parameters. The constant a and cell volume of CoO-1 were

C5
A Co-1
2
c4 A Co-2
A Co-3
0 CoO-1
2
g C3 @ CoO-2
O
O Cry04
o
O CoCr,04
c2
A Cl
20 30 40 50 60 70 80

2-Theta

Figure 7: XRD pattern in grazing incident mode of Specimen C oxidised in air at 900 and 1,000°C, consequently. The conditions where the
characterisations were carried out were at 50°C (C1 pattern), at 900°C during heating up (C2 pattern), at 1,000°C during heating up (C3 pattern), at
900°C during cooling down (C4 pattern), and after cooling down the temperature to 50°C (C5 pattern).
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Table 3: Identification of all phases detected by XRD

Possibility of metallic cobalt formation == 7

Phase ICDD PDF no. Crystal system Lattice parameter
a(h) b () c(A) a B y Vol. (A%

Co-1 01-071-4238 Cubic 3.569 3.569 3.569 90 90 90 45.453
Co-2 01-077-7451 Cubic 3.544 3.544 3.544 90 90 90 44.524
Co-3 04-015-9337 Hexagonal 2,514 2.514 4.105 90 90 120 22.524
CoO-1 04-018-4843 Cubic 4.320 4.320 4.320 90 90 90 80.622
Co0-2 01-078-0431 Cubic 4.260 4.260 4.260 90 90 90 77.418
Cry03 01-082-3804 Trigonal 4.629 4.629 12.880 90 90 120 239.013
CoCr,04 00-022-1084 Cubic 8.330 8.330 8.330 90 90 90 578.010

4320 A and 80.622 A3, respectively, while those of Co0-2
were 4.260 A and 77.418 A% It can be seen that the cell was
smaller when the temperature reduced. This was because of
the thermal expansion promoting the expansion of the cell
at high temperatures [27]. The XRD pattern of Specimen A
implied that Co was first oxidised forming CoO followed by
the oxidation of Cr to form Cr,0s. This remark was con-
firmed by the work of Zimmermann et al. [28] finding that
the initial oxide formed on CoCr alloy was Co-rich layer
leaving the cation vacancies behind which allow the inward
diffusion of O underneath the surface. Additionally, this
revealed the counter transport of Co and O through the
growing scale during high temperature oxidation [25]. This
was the reason why CoO layer was formed externally as shown
in Figure 3. Also, Ellingham diagram indicates that equilibrium
partial pressure for the formation reactions of CoO and Cr,05
at 900°C was about 5 x 10" and 5 x 10" atm respectively [7],
so at the higher partial pressure of O,, 0.21 atm, in this study,
these phases were ensured to be formed.

For Specimen B, no oxide was observed on the spe-
cimen before high temperature oxidation as shown in the
pattern B1. After heating to 1,000°C, CoO (phase Co0-1) was
first formed as in the pattern B2 which was similar to
Specimen A. When the specimen was held at this tempera-
ture for a while, the intensity of CoO-1 was dropped while
that of Co-1 which was the phase detected before oxidation
became the main phase of the layer characterised. This
implied the reformation of Co and confirmed the literatures
[1,8,9] reporting that Co was able to form during high tem-
perature oxidation as a product of CoO reduction, (equation
(2)), if the partial pressure of O, in the scale was low. There-
fore, this O production by reduction of CoO led to the further
formation of Cr,05 that was the reason why Cr,03 was found
to be the major oxide in the scale after long exposure time as
observed by Li et al. [5]. No Cr,05 peak was presented in this
pattern. However, Figure 3 ensures the formation of Cr,0s.
However, because the scale growth during the experiment
increased the thickness of the oxide scale combined with the

analysis of very thin surface of the oxide layer, GI-XRD could
not penetrate to the Cr,03 layer where was at the oxide/alloy
interface. After cooling down, the specimen surface was
analysed again at 50°C and the results are shown the pattern
B4. Due to the reduction in temperature, the shrinkages of the
structures were appeared by CoO-2 and Co-2 phases identi-
fying by their smaller lattice constants and cell volumes
leading to replace the previous CoO-1 and Co-1 phases formed
like occurring in Specimen A. Furthermore, CoCr,0, was also
observed in this pattern. These results together with FESEM,
EDX, and EBSD were in good agreement with the research of
Wright and Wood [29] oxidising Co-30Cr at 1,000°C. They
demonstrated that the CoO was the outer layer, the Cr,03
was the thin and partly continuous layer at the oxide/alloy
interface while CoCr,0, was between CoO and Cr,0s, and it
was the major inner layer. In summary, what we observed
from Specimens A and B can provide the sequence of the
process as follows: (1) oxidation of Co to form CoO; (2) oxida-
tion of Cr to form Cr,03; (3) the reduction of CoO to form Cr,03
and Co; and (4) the formation of (Co,Cr);0,.

For Specimen C which was double-step oxidised at 900
and 1,000°C consequently, the metallic Co (phase Co-1) was
the only phase detected before oxidation as same as what
observed on Specimens A and B at room temperature. The
pattern C2 exhibits the similar results to Specimens A and B
that CoO-1 and Cr,03; were formed during the beginning

Table 4: Chemical composition of Co-26Cr-6Mo alloy used in this work

Material Lattice parameter Reference
a(B) c(A) Vol (A%

Co-27Cr-6Mo 2514 4105 22524 This work
C0-29.6Cr-7.4Fe-7.6Ni 2520 4132 — [30]
Co-27Cr-5M0-0.05C 2541 4.099 22920 [27]
C0-28.5M0-8.5Cr-2.6Si-3.0(Ni  2.530 4.090 22.672 [31]

+ Fe)-0.06C

Pure Co 2.507 4.070 22.153 [32]
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period of oxidation. The unusual but interesting result was
found when the temperature reached 1,000°C as in pattern
C3. The hexagonal Co (Co-3) was formed implying that the
phase transition occurred. Saldivar-Garcia and Lopez [27]
report that the temperature equilibrium of FCC and HCP
structure of Co-27Cr-5Mo-0.05C alloy was around 970°C.
Assuming that, due to rather similar composition of their
alloy and the alloy used in this work, the phase transition
equilibrium temperatures were approximately compar-
able. Taking into account the lattice constant, a, and the
unit cell volume of hexagonal structure compared to that
reported in the literatures [27,30-32] the parameters were
rather closed, as shown in Table 4, ensuring that our Co-3
phase was actually HCP. In addition, CoO-1 and CoO-2 were
detected at the same time. Gamarnick [33] described that
the lattice parameters of the small particle can differ from
that in a bulk crystal due to the excess or deficit of the
inner stress called intracrystalline pressure as a result of
the interaction between the elements of the charge lattice
in the crystal. The energetic non-equivalence of the surface
and inner cells specified the lattice parameter. It was pos-
sible that when the temperature increases, the intracrystal-
line pressure increases leading to the compression of
the lattice; hence, the lattice parameters were smaller.
Then, CoO-1 and CoO-2 were possible to be both found.
After cooling to 900°C, the specimen was analysed again
and the pattern C4 was attained. CoO-1 and CoO-2 can still
be detected at this stage. Besides, the higher intensity of
cubic Co-1 than that of the hexagonal Co-3 was found. As
mentioned above, during the interchange between the
temperature of 900 and 1,000°C, the FCC-HCP transition
equilibrium temperature existed, so it might be at the
step changing back into the FCC structure, then both
phases were demonstrated. When the temperature was
cooled down to 50°C, the final characterisation, pattern
C5, the hexagonal Co-3 disappeared due to the temperature
was much less than the transition temperature while both
cubic forms of Co, Co-1 and Co-2, were found. The forma-
tion of Co-2 was probably due to the temperature drop and
the composition variation in the oxide leading to develop
the stress in the structure and then the lattice size was partly
changed. CoO-1 was partly shrink and became CoO-2 like
occurring Specimens B and C while the remaining reacted
with Cr,03 and form CoCr,0,.

4 Conclusions

(D). The reduction of CoO to promote O and metallic Co in
the oxide scale was experimentally proved to occur
consistent with thermodynamic calculation.
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(2). At the initial stage of oxidation, Co was the first ele-
ment oxidised followed by Cr to form chromia.

(3). The investigation of the oxide evolution revealed the
oxidation reaction sequence occurring during high
temperature oxidation.

(4). The change in the lattice parameters due to the inner
stress was observed especially when the temperature
was cooling down to low temperature.

(5). The hexagonal Co can also be observed at only high
temperature around 900-1,000°C and it would disappear
when the temperature became lower than this range.
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