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A B S T R A C T

Oxidation and cracking behavior during thermal-shock experiments of a new Co-based alloy were analyzed in
the present work. Comparing to the static conditions, the oxidation behavior during thermal shocks is stress-
assisted and crack-accelerated. Cracks during the thermal shocks were initiated from the sample surfaces and
their growth are driven by various stresses, including those induced by volume change, mismatch of coefficients
of thermal expansion (CTEs), and temperature gradient between the matrix and the internal oxides. It is found
that the crack propagation correlates to these stresses in the classic Paris’ law.

1. Introduction

The Co-based alloy has a good combination of high-temperature
toughness, wear resistance, and excellent oxidation resistance for long-
term exposure [1–3]. It is extensively applied in aerospace, chemical,
petrochemical industries, and power plants [4–6]. Components working
at high temperatures are expected to perform at elevated operating
temperatures to produce high efficiency [7]. At the same time, high
operating temperatures mean that drastic temperature variations can be
produced during the startup and shutdown. In other applications, for
example, in the cutting field, the repeated thermal variations are in-
duced during the cutting and cooling of the cutting tools. Temperature
distributions on the components in the process of heating and cooling
are not uniform, which can produce enormous thermal stresses [8].
Repeated compressive-tensile stress cycles associated with the repeated
abrupt temperature variations cause drastic degradation of materials
[9–12]. Mechanical fatigue caused by the thermal stress and oxidation
at elevated temperatures leads to the degradation of the material. The
investigation of the oxidation and cracking behavior under thermal
cycles is thus becoming an important issue to superalloys in high-
temperature fatigue.

Oxides generated in the cyclic oxidation of the Co-based alloy are

also different from that in the static oxidation. The cyclic oxidation
behavior of the Co-based alloy has been well investigated by Barrett
and Lowel [13]. They conducted a series of cyclic oxidation experi-
ments of Co-Cr-Al/Ni alloys in air at 1100 ℃ and 1200 ℃. The results
indicated that if the Al contents in both systems are high enough, a
protective oxide layer with α-A12O3 oxides can be generated. However,
in the long time run, when the oxide layers eventually start to fail, the
dominant CoO is formed in the Co-Cr-Al system and NiO in the Ni-Cr-Al
system.

Fracture mechanism is the main concern in the research of thermal
fatigue. Fatigue life, fatigue resistance, and residual mechanical prop-
erties of the alloy are closely related to the operating temperatures
[8,14–16]. The occurrence of oxidation at high temperatures has a
significant influence on these factors [17,18]. The detrimental influ-
ences of oxidation on the degradation of materials are possibly attrib-
uted to oxidation-induced, oxidation-assisted or oxidation-accelerated
internal cracks initiated on the surface. The mechanism of the internal
cracks have been investigated in the Co–Cr alloy [14,19] and in the Ni-
base superalloy [20,21]. Cracks and final failures produced during
high-temperature fatigue are directly related to the preferential oxida-
tion at grain boundaries, because the diffusion coefficients of some
elements (Cr or Al, most time) at the grain boundaries is higher than
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that in the matrix [22,23]. The diffusion of elements can be accelerated
by high temperatures and tensile stresses [24,25], which leads to ser-
ious oxidation.

Thermal shock is an issue that involves the cyclic oxidation and
cyclic thermal stress. However, most literature works only pay attention
to the oxidation in the cyclic oxidation and fatigue during cyclic
loading. Less attention is concentrated on the cracking behavior during
cyclic oxidation and the oxidation during cyclic loading.

In the present work, a new kind of Co-based alloy was manufactured
by the Hot Isostatic Pressing (HIP) sintering technology. This new Co-
based alloy has a much more homogeneous microstructure and includes
fine carbides particles. A series of thermal-shock tests had been con-
ducted to investigate the oxidation behavior and the cracking behavior
of this new Co-based alloy [6,26,27]. X-Ray Diffraction (XRD), Scan-
ning Electron Microscopy (SEM), and Energy Dispersion Spectrum
(EDS) were adopted to analyze the contents of oxides, microstructures,
crack morphologies, and element-distribution maps. A hypothesis was
proposed to explain the features of oxidation and cracking behaviors
under thermal-shock conditions.

2. Materials and experimental procedures

The main composition of this new Co-based alloy is Co-29Cr-2.3C-
3W (atomic percent, at %). The original powder supplied to the HIP
process was produced by the inert-gas-metal atomization (IGMA)
technique. IGMA is used to produce spherical metal powders [28].
These powder particles range from 2 to 20 μm in diameters. The Co-
based alloy subjected to thermal-shock experiments was machined with
geometry dimensions of 32mm×3mm×4mm. Its microstructure
presented in Fig. 1 demonstrates that this Co-based alloy consists of the
WC particles with the mean diameter of 0.6 μm, Cr7C3 particles with the
mean diameter of 0.9 μm, and Co matrix with the mean diameter of 7

μm. The areal fraction of WC particles and Cr7C3 particles is about 6%
and about 22%, respectively. Samples subjected to thermal shocks were
machined by the electric-discharge machine. All surfaces were ground
and polished with the metallographic sandpaper, ensuring that the
surface roughness is below 0.8 μm.

The heating procedures during thermal shocks were carried in the
air in a box furnace. Samples were first placed into the furnace that has

Fig. 1. Microstructure of the as-received Co-based alloy.

Fig. 2. Thermal-shock procedure and samples. (a) Schematic diagram of the thermal-shock procedure at temperatures of 800 ℃ - RT, and samples (b) before thermal
shocks and after (c) 60, (d) 75 thermal-shock cycles.

Fig. 3. XRD patterns of the surface oxides. Static oxidation in air at 800 ℃ for
(a) 100 h, and (b) 1 h. Thermal shock at temperatures of 800 ℃ - RT for (c) 90
cycles, (d) 75 cycles, (e) 60 cycles, (f) 45 cycles, (e) 30 cycles, and (h) 15 cycles.

Fig. 4. XRD patterns of the substrate, (a) after 150 thermal-shock cycles at
temperatures of 800 ℃ - RT, and (b) in the as-received material.
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been heated up to 800 ℃ and then exposed in the furnace for 15min,
and finally quenched in the water at room temperature. The tempera-
ture variation in the thermal-shock procedure is sketched in Fig. 2. The
cycles of thermal shocks were repeated as 15, 30, 45, 60, 75, and 90,
respectively. More details about this material and the thermal shock
procedures could refer to Refs [6,27]. The difference between thermal
shocks and the cyclic oxidation elaborated in Refs. [13,29] is the
cooling medium and the cooling rate. The cyclic oxidation usually cools
in air and has a relatively slow cooling rate.

To understand the oxidation mechanism during thermal shocks,
static oxidation is comparably conducted. Static oxidation was per-
formed in air in a box furnace at 800 ℃ and the oxidation time was 1 h,
100 h, 150 h, and 200 h, respectively.

One specimen in every group was randomly chosen to observe the
internal oxidation and cracks. The cross-section specimens were pre-
pared following the standard metallography techniques. The thickness
of the internal oxidation and the length of cracks were observed by
Scanning electron microscopy (SEM, JSM-7001 F/JEOL). The surface
oxides on the thermal-shock specimens were identified by the XRD
technique using an X’ Pert PRO X-ray diffractometer. SEM with back-
scattered electron (BSE) imaging was adopted to observe the distribu-
tion of the elements around the cracks generated during thermal
shocks.

3. Results

3.1. XRD analysis of the oxides and the substrate

Fig. 3 compares the XRD patterns of the surface oxides after static
oxidation with that after thermal shocks. The oxides formed during
thermal shocks are similar to those during static oxidation. Peaks of
Cr2O3, WO3, CrWO4, CoCr2O4, and Cr23C6, as shown in Figs. 3(a)-(h),
are detected both in the static oxidation and in the thermal-shock
oxidation. A dominant amount of Cr2O3 peaks and minimum amounts
of CrWO4 and Co2CrO4 peaks are detected in the oxides of static oxi-
dation at 800 ℃, presented in Figs. 3(a) and (b). The oxides generated

by thermal shocks mainly consist of Cr2O3 and CoCr2O4, and a small
amount of WO3 and CrWO4. Obvious peaks of Cr23C6 are detected on
the surfaces both after static oxidation and thermal shocks. The for-
mation of Cr23C6 is one of the decarburization steps in the oxidation of
Cr7C3, where carbon is removed as gaseous CO, and Cr is oxidized into
Cr2O3 [30].

It is found that the phases in the material subjected to thermal
shocks are a little different from that in the as-received material, as
presented in Fig. 4. From Fig. 4(b), the as-received material is com-
posed of the Co, Cr7C3, Cr23C6, and WC phases. After 150 thermal
shocks at temperatures of 800 ℃ - RT, a little peak of Co3W3C is de-
tected in Fig. 4(a), and the minor change can be found in the peaks of
face-centered-cubic (fcc)-Co and Cr7C3. A new Co3W3C phase is formed
in the process of thermal shocks, which has been discussed in Ref. [27].
According to their Gibbs formation energy [30], the Cr23C6 is much
more stable than Cr7C3 at 800 ℃. And the in-situ transformation of
M7C3 →M23C6 has been directly observed in the aging treatment of a
single-crystal cobalt-base superalloy at 1100 °C by Gui. et al. [31].
Based on the above analysis, the amount of Cr23C6 should increase
while the amount of Cr7C3 should decrease during the thermal-shock
process. For the present Co-based alloy, the transformation tempera-
tures range of hexagonal close-packed (hcp)-Co → fcc-Co is 735 ℃ ∼
834 ℃ according to the calculation of the phases diagram by the soft-
ware of JmatPro. This feature, corresponds to the experimental result of
another Co-based ally [32], whose transformation temperatures range
of hcp-Co → fcc-Co is 740 ℃ ∼ 950 ℃. This trend means that the
content of fcc-Co phase increases while the content of hcp-Co phase
decreases with the increase of thermal shocks at temperatures of 800 ℃
- RT.

3.2. Oxidation during the thermal shocks and static oxidation at 800 ℃

To understand the degree of oxidation during thermal shocks, the
cross-section images of the oxidized samples after various thermal-
shock cycles and various times of static oxidation are presented in
Figs. 5 and 6, respectively. The measured thicknesses of the oxide scales

Fig. 5. Comparison of the oxide scales and the internal oxide zones after various thermal shocks at temperatures of 800℃ - RT. (a) 30 cycles, (b) 60 cycles, and (c) 75
cycles.

Fig. 6. Comparison of the oxide scales and the internal oxide zones after various oxidation times in air at 800 ℃. (a) 100 h, (b) 150 h, and (c) 200 h.
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and the internal oxide zones are compared in Fig. 7.
Fig. 5 presents the features and thickness of the oxide scale, internal

oxide zone, and the substrate in specimens after various thermal-shock
cycles at temperatures of 800 ℃ - RT. The microstructures of the sub-
strate shown in Figs. 5(a) - (c) are similar to that of the as-received
material presented in Fig. 1. A distinguishable internal oxidation zone
beneath a quite thick oxide scale could be formed after several thermal-
shock cycles. After 30 thermal-shock cycles, exhibited in Fig. 5(a), the
thickness of the internal oxide and the oxide scale is about 9 μm and
19 μm, respectively. After 60 thermal-shock cycles, shown in Fig. 5(b),
the thickness of the internal oxide zone and the oxide scale increases to
about 24 μm and 53 μm, respectively. After 75 thermal-shock cycles,
shown in Fig. 5(c), the thickness of the internal oxide zone and the
oxide scale reaches about 39 μm and 47 μm, respectively. As shown in
Fig. 7(a), the thickness of the oxide scales and the internal oxide zones
are approximately increased with the increased thermal-shock cycles.
However, the thicknesses of the oxide scales and the internal oxide
zones are somewhat scattered because of the peeling off ofoxide scales
during the process of thermal shocks.

Fig. 6 shows the cross-section image of the samples after various
times of static oxidation at 800 ℃. As presented in Figs. 6(a) and (b),
the thicknesses of the oxide scales and the internal oxide zones formed
in 100 h and 150 h are very thin, and only less than 10 μm. After oxi-
dation in air for 200 h at 800 ℃, the thickness of the oxide scale and the
internal oxide zone increases to about 32 μm and 70 μm, respectively.
As exihibited in Fig. 7(b), the thickness of the oxide scales and the in-
ternal oxide zones have a minor increase before 150 h. After static
oxidation for 200 h, the internal oxidation is catastrophic but the oxide

scale is relatively thin. This trend indicates that the oxide scale is ser-
iously peeling off after static oxidation at 800 ℃ for 200 h.

3.3. Cracks during the thermal shocks

Fig. 8 shows the longest cracks on the observed cross sections of
samples after various thermal-shock cycles. No apparent cracks can be
produced on the specimen within 15 thermal-shock cycles. After 30
thermal-shock cycles, cracks were observed in specimens, as exhibited
in Fig. 8. The crack length gradually increases with the increase of
thermal-shock cycles.

3.4. Elemental distribution around the crack during thermal shocks

Fig. 9(a) shows the SEM map of a whole crack with an oxide scale on
it. EDS-maps shown in Figs. 9(b), (c), and (d) present the elemental
distributions at the locations of the beginning of the crack, the mid-
crack, and the crack tip, which is corresponded to the region in Fig. 9(a)
marked by yellow square frame I, II, and III, respectively. Elemental
maps in Figs. 9(b), (c), and (d) indicate that Cr and O elements are all
rich in the oxide scale, the internal oxide, and the crack. The mor-
phology of the cracks in Fig. 9 is similar to that observed by Tuntha-
wiroon et al. [14] in high-temperature isothermal fatigue experiments
of the Co-based, and Valsan et al. [19] in elevated-temperature iso-
thermal fatigue experiments of the PE-16 superalloys.

As shown in Fig. 5, internal oxides are produced under the oxide
scales and penetrate the substrate. The internal oxides with the pocket-
like feature are generated around the Cr7C3 particles. In Fig. 9 (a), the
internal oxides is not only dispersed beneath the oxide scale but also
around the cracks generated during the thermal shocks, which is also
observed in Fig. 8. At the beginning of thermal shocks, the internal
oxides are of pocket-like feature, and no obvious Cr-depletion zone can
be found under the oxide scale because the Cr7C3 phases haven’t been
totally consumed. After more thermal-shock cycles, the internal oxides
became dendritic, and distributed along the grain boundaries as a result
of the short-circuit diffusion of O and Cr elements [22,23,33] at grain
boundaries. And then the internal oxides become intergranular oxides.
The thickness of the internal oxide zone increases with the increase of
thermal-shock cycles. The oxidation rate is much faster than that in
static oxidation due to the dendrite internal oxides and cracks.

The SEM-EDS elemental mapping of the crack tip in Fig. 9(d) de-
monstrates that Cr and O elements are rich in the crack tip. The Cr-rich
internal oxide is less protective to prevent further oxidation in the
thermal-shock process due to their porosity and poor coherence with
the matrix. The content of oxygen in the crack is high enough for the Cr
elements to be selectively oxidized in the crack. When oxygen diffuses
into the crack, it reacts rapidly with the Cr elements and then forms
dominant Cr-rich oxides.

4. Discussion

4.1. Paris’ law and the cracking behavior during thermal shocks

The length of the longest cracks presented in Fig. 8 is drawn in
Fig. 10. Only the longest crack length data on the observed cross sec-
tions of the specimens after various thermal-shock cycles were picked
out because the length of the cracks is dispersive. The crack length
increases with the increase of thermal-shock cycles, and the crack
growth curve obeys Paris’ law [34].

da/dN = C(△K)m (1)

Where a is the crack length, N is the cycles of thermal shocks, and
da/dN is the crack growth rate for one thermal-shock cycle. C and m are
material constants, which are experimentally determined and depend
on the environment [35]. △K is the stress intensity range and is

Fig. 7. Comparison of the thicknesses of the oxide scales and internal oxide
zones. (a) Produced during thermal shocks at temperatures of 800 ℃ - RT. (b)
Produced at static oxidation in air at 800 ℃.
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determined by the stress gradient and crack length [36].

=K Y aΔ Δ σ (2)

Y is a constant. The stress gradient is constant because the gradient
of temperature is constant. The Paris’ law could be modified into:

=da dN A a/ m (3)

A is a constant. We do the logarithm of both sides of Eq. (3). Eq. (3)
can be written as:

⎛
⎝

⎞
⎠

= +Ln da
dN

LnA mLn a
(4)

Fig. 11 presents a linear fit between the values of ( )Ln da
dN versus the

value of Ln a . The value of m and A could be calculated from the slope
and the intercept of the fitting line respectively. The fitted results in
Fig. 11 can be expressed as Eq. (5).

=da dN a/ 0.0171 2.296 (5)

Eq. 5 illustrates that the crack growth rate of the thermal shocks at
temperatures of 800℃- RT increases with the crack length of a. The
crack growth rate exponentially increases with the increase of crack
length.

4.2. Transient thermal stress at the moment of heating and cooling

Fig. 12 shows the schematic illustration of the transient thermal
stress generated during the thermal-shock processes. At the beginning

of heating, the temperature gradient is not uniform in the specimen.
The surface of the specimen is heated up to 800℃ at the moment of
putting into the furnace. It needs a certain time for the inside of the
specimen to be heated up to 800℃. This time depends on the heat
conductivity and the thickness of the specimen. During the heating
moment, the surface and the inside of the specimen changes from states
1 into 2, as presented in Fig. 12(a). Because of the different tempera-
tures, the inside and the surface of the specimens have different ex-
pansions. The surface of the specimen has great expansion and is sub-
jected to a compressive stress. The inside of the specimen has a small
expansion and is subjected to a tensile stress. The thermal stress gen-
erated in the moment of the cooling process is vice-versa, as presented
in Fig. 12(b).

The crack growth rate is dominantly determined by the temperature
gradient in the thermal-shock experiment, which could be calculated
by:

=
−

σ E
μ

α T
1

Δ
(6)

where α is the coefficient of thermal expansion (CTE). μ is the Poisson's
ratio, here is about 0.3. = − =T T RTΔ max 780 ℃. E is the elastic
modulus. Here, two assumptions were suggested to calculate the
thermal stress induced on the surface of the specimen. (i) There was no
heat transient into the specimen but only the surface. (ii) E and α are
constants. According to the thermophysical and mechanical parameters
listed in Table 1, the extreme thermal stress calculated by Eq. (6) is
2.54 GPa.

Fig. 8. The longest cracks in the observed specimens after various thermal-shock cycles at temperatures of 800 ℃ - RT. (a) 15 cycles, (b) 30 cycles, (c) 45 cycles, (d)
60 cycles, (e) 75 cycles, and (f) 90 cycles.
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4.3. Interactions of oxidation and cracks during thermal shocks

Comparing to the static oxidation at the temperatures of 800 ℃, the
oxidation during the thermal shocks is disastrous as a result of the in-
ternal oxides and the cracks. Several suggestions can be put forward to
explain the stresses induced by oxidation during thermal shocks.

(i) Elements distribution maps in Fig. 9(d) indicate that there are a
greater amount of oxide inclusions at the crack tip. Compression stress
is expected around the crack tip due to the volume expansion of internal
oxides. According to the calculation of strain induced by volume ex-
pansion of oxides in Ref. [42], the stress induced in the matrix could be

calculated by Eq. (7):

=
−

−
σ E

μ
λ

d d1
(1 )

/m
m

m

PB

m ox

3

(7)

where, the subscript m denotes matrix and ox denotes oxide, respec-
tively. λPB is the Pilling Bedworth Ratio, which is the ratio of the molar
volumes of the oxide to the molar volumes of the metal. dm is the dis-
tance between two inner oxides, which approximately equal to the
grain size because the internal oxides usually distributed along the
grain boundaries. dox is the width of the internal oxide.

(ii) Due to the mismatch of CTEs between the internal oxides and

Fig. 9. SEM cross-section images and the elemental maps around one crack on the specimen after 75 thermal-shock cycles at temperatures of 800 ℃ - RT.
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the matrix, residual compressive stress during heating and tensile stress
during cooling can be expected in oxides. We assume that the elastic
modulus, μ, and α is not changed with temperature, the thermal stress
caused by the mismatch of CTEs during cooling process can be

calculated with Eqs. (8) and (9) [42].

=
−

−

+ −
−

σ E
μ

α α T
1

( )

1
Δox

ox

ox

m ox
d
d

E
E

μ
μ

(1 )
(1 )

ox
m

ox
m

m

ox (8)

=
−

−

+ −
−

σ E
μ

α α T
1

( )

1
Δm

m

m

ox m
d
d

E
E

μ
μ

(1 )
(1 )

m
ox

m
ox

ox

m (9)

(iii) The temperature gradient exists at the oxide/matrix interface
due to the inadequate quality of poor heat transfer between the oxide
and the matrix. The so-induced stress can be calculated by Eq. (6).

Here, we choose Cr2O3 as the represent oxide and Fig. 8(d) as the
represent distribution picture of internal oxides. The width of the in-
ternal oxides is measured as about 0.2 μm by the ImageJ software.
Combined by the above parameters provided in Table 1, the stresses
induced in the thermal-shock process are listed in Table 2. The stress
caused by the volume change of internal oxides is about -3.34 GPa. The
stress induced by the mismatch of CTEs during cooling is about
1.01 GPa in the internal oxides and 0.03 GPa in the matrix. Stress in-
duced by the temperature gradient in the oxide is about -2.93 GPa.
These stresses are of the same order of magnitude as those previous
research [43–45], which reported the stresses in the oxide scale was
about -0.4 ∼ 3.9 GPa. The actual stress in the oxide and the oxide scale
is not an summation of the stresses listed in Table 2, and is smaller than
the summation of the stresses listed in Table 2 . It is probably due to the
stress relaxation mechanism [42], e.g. the creep of the matrix, creep of
oxide, and fracture of oxide.

Anyhow, the internal oxides at the interfaces among the carbide
particles and the Co matrix are porous, loose, and brittle [16]. They can
weak the coherence between the internal oxides and matrix, which is
called oxidation embrittlement. The oxidation during the thermal
shocks shortens the incubation time of cracks and reduces the resistance
of cracking. With the increase of thermal-shock cycles, the micro-cracks
associated with the internal oxides are initiated around the Cr7C3 par-
ticles and penetrate deep into the specimens with the increased
thermal-shock cycles, which are evidenced by the increasing length of

Fig. 10. The relationship between the longest crack length and thermal-shock
cycles.

Fig. 11. The linear fitting curve between the crack growth rate and the crack
length.

Fig. 12. The transient thermal stress induced at the moment of heating and cooling.

Table 1
Physical parameters of Cr2O3, Co, and the present alloy.

System Thermal expansion coefficient
α/(10−6/K)

Elastic modulus
E/(GPa)

Poisson's ratio
μ

Cr2O3 9.6 [37] 286 [38] 0.27 [39]
Co 13 [40] 209 [40] 0.51 [41]
Present alloya 11.013 207 0.3

a Experimental.
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cracks in Fig. 8. The thermal stress aroused by the thermal shocks is
abrupt and not uniform [8]. The oxides at the crack tip serve as the
preferential stress-concentration sites and then accelerate the cracking.
After a certain number of thermal-shock cycles, the cracks could be
visibly observed and make the specimen fracture.

These giant cracks serve as oxygen diffusion channels, shown in
Fig. 9. The O elements rapidly diffuse into the metal along these cracks
and strengthen the internal oxidation around the Cr7C3 particles. The
oxides at the crack tip serve as the preferential stress-concentration sites
again and then accelerate the cracking. The damage mode ascribed to
the oxidation has been proposed by Neu et al. [17,18] and was also
observed by many researchers under the thermal-shock cycles condi-
tions [11,15,46] as well as under isothermal fatigue conditions [47].

As a summary of the above analysis, Fig. 13 presents the process of
an oxidation-assisted and oxidation-accelerated cracking during
thermal shock process. After a short time of oxidation, a thin oxide scale
is produced on the specimen, and the internal oxidation occurs beneath
the oxide scale, as presented in Fig. 13(a). The crack is easy to be
produced at the oxide scale during the thermal shock process because
thermophysical properties of the oxides and the matrix have significant
differences. The oxide scale is susceptible to peeling off with the in-
crease of the thermal-shock cycles, as illustrated in Figs. 13(b) and (c).
Without the protective oxide scale, the internal oxidation is disastrous.
The pocket-like internal oxides in Figs. 5, 8, and 9(a) serve as the
preferential stress-concentration sites. The internal oxides become the

crack initiation sites and accelerate the crack propagation during the
thermal-shock process.

What’s more, oxidation during the thermal shocks is thermal stress-
assisted and cracking-accelerated. The generated stress arising from the
concomitant oxidation-diffusion-creep processes [26] during the
heating treatment makes the oxides grow and preferentially penetrate
the substrate. The tension stress accelerates the diffusion coefficient of
O and Cr elements [48] and leads the grain boundaries to be covered
with more oxides than the matrix [20,21,49]. When the rapid diffuse O
elements channels associated with the cracks are generated into the
substrate, as illustrated in Figs. 13(b) and (c), the oxidation rate is ac-
celerated.

5. Conclusion

The internal oxidation and cracking behavior of a new Co-based
alloy were observed and analyzed during the thermal shocks at tem-
peratures of 800 ℃ - RT and in static oxidation at 800 ℃.

(1) The interfaces between the Cr7C3 particles and the Co matrix are
preferentially oxidized during the thermal shocks. The internal oxides
with the pocket-like feature are produced around the Cr7C3 particles.

(2) The oxidation during thermal shocks is much more disastrous
than that during static oxidation. The oxidation during the thermal
shocks is accelerated by the thermal stress and cracks generated during
thermal shocks.

Table 2
Stresses induced by PBR, CTE, and temperature gradient in the oxides, matrix, and the present alloy.

System Equation Location Stress (GPa) Complement Parameter Stress in the oxide scale in references

Volume change
=

−
−σm

Em
μm

λPB
dm dox1

(1 3 )
/

Matrix −3.34 λPB =2.07 [27]
(Cr2O3/Cr)

=d 7 μmm
=d 0.2 μmox

△T=780 °C

−3.080 ± 0.88 GPa [43].
−0.4 GPa [44]
−2.6 GPa [45]CTE mismatch =

−
−

+
−
−

σ TΔox
Eox

μox

αm αox
dox
dm

Eox
Em

μm
μox

1
( )

1
(1 )
(1 )

Internal oxide 1.01

=
−

−

+
−
−

σ TΔm
Em

μm

αox αm
dm
dox

Em
Eox

μox
μm

1
( )

1
(1 )
(1 )

Matrix −0.03

Temperature gradient =
−

Tσ ΔEα
μ1

Internal oxide 2.93
Sample surface 2.54

Fig. 13. Schematic of an oxidation-assisted cracking in the thermal-shock process of the Co-based alloy.
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(3) The crack growth rate of this new Co-based alloy during the
thermal shocks obeys Paris’s law and is dominated by the thermal
stress, and accelerated by oxidation.
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