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Abstract: Oxide growth plays a critical role in the failure mechanisms of thermal
barrier coating (TBC) systems. This study is aimed to investigate the chemo-
mechanical coupling oxidation behavior of CoNiCrAlY coating which is widely used
as bond coat in TBC systems. Oxidation experiments at 1000 °C were conducted on
both load-free and tension-loaded specimens. Microscopic examination was also
performed using scanning electron microscopy and Raman spectroscopy. The
experimental results show that the oxidation of the CoNiCrAlY coating was accelerated
by the applied tensile load. In the oxide scale of the load-free specimen, both a-alumina
and 6-alumina were present when the oxidation duration was short (<15 hours), but the
f-alumina transformed to a-alumina after 20-hour oxidation. By contrast, in the
tension-loaded specimen, mixed a-alumina and 6-alumina were found even after
oxidation for 20-60 hours. This phenomenon suggests that the tensile load can cause
delay in the phase transformation from fast-growing 6-alumina to slow-growing a-
alumina. A new mechanism based on the theoretically derived effect of mechanical
work on the free energy for alumina phase transformation has been proposed to explain

the experimental observations.
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1. Introduction

Thermal barrier coating (TBC) systems are the main constituent parts of hot end
components of turbine blades in modern gas turbines, and they comprise three layers at
least, i.e. ceramic top coat (TC), metallic bond coat (BC) and superalloy substrate [1-
5]. Thermally grown oxide (TGO) is an additional thin layer formed between BC and
TC, as a result of BC oxidation during the service of TBC systems. In the long-term
operation of a gas turbine, the TGO continues growing, and consequently it alters the
local interface morphology and generates significant stresses, which act as an important
driving force of cracking at the interfaces and surface in TBC systems [6-8]. Therefore,
it is important to understand the high temperature oxidation behavior of BC (i.e. the

TGO growth) in TBC systems.

Previous experimental studies on oxidation in TBC systems were carried out mainly
for load-free BC layer sprayed on planar test piece (mainly on wafer) and then oxidized
at high temperature; the research attention was placed to the microstructure, the
spraying process, the surface treatment before the oxidation and so on [9-11]. The
growth behavior of the TGO between BC and TC was also studied [12-14] in a way
similar to that for the specimens without TC. Different aspects of the oxidation behavior
have been examined. For instance, material scientists are mainly interested in the
oxidation mechanism and the growth rate of an oxide film, while mechanicians are

devoted to simplifying oxidation process so as to predict the oxide growth stress and
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the associated crack initiation and propagation at the oxide/substrate interface, for the
development of a series of failure theories [15-18]. It thus appears that the current
understanding of the oxidation process of BC in TBC systems is decoupled between
chemistry and mechanics. By contrast, in other similar areas of research, such as lithium
batteries, it has been found that some chemical reaction phenomena are actually
associated with the stress state, which acts as a chemical reaction condition and affects
the chemical reaction rate [19-21]. Therefore, it is believed also necessary to examine
the potential chemo-mechanical coupling during TGO growth in order to better
understand the oxidation behavior of BC and its associated failure mechanisms of TBC

systems.

Despite the paucity of experimental studies on the chemo-mechanical oxidation
behavior of metallic coatings, the effect of stress state on oxidation of metals/alloys is
a research topic of lasting significance and interest. For instance, in 1978, Evans et al.
[22] reported experimental observations showing that long-term oxidation weight gain
of Zircaloy-2 changed from following the classic parabolic law to cubic law, and they
asserted that the significant compressive stress developed during oxidation decelerated
the oxidation reaction and proposed a chemo-mechanical coupling mechanism to
account for this effect. Recently, some theoretical studies on the chemo-mechanical
coupling oxidation behavior of metals/alloys have been also reported [23-27], which
focused on the effect of stresses developed without external mechanical load. In parallel,
experiments were also conducted to examine the effect of applied load on the oxidation
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behavior of metals/alloys. For instance, Takei and Nii [28] investigated the oxidation
of Ni—20Cr—4Al alloy under tensile load and they found that different tensile loads
could cause different oxide exfoliation areas, thereby eventually leading to different
weight gain. Calvarin-Amiri et al. [29] investigated the effect of tensile load on the
oxidation of Ni-20Cr alloy and they found that the tensile load accelerated high-
temperature oxidation and the oxidation products were different between the specimens
with and without tensile load. Zhou et al. [30-32] investigated the oxidation of pure
nickel and Fe-20Cr alloy under compressive load, and the oxidation of pure nickel
under both tensile and compressive loads; they concluded that: (1) the oxidation
reaction can be accelerated by both tensile and compressive loads; (2) the grain size can
be reduced under mechanical loading; and (3) the grain boundary density can be
increased such that it would enhance the diffusion of oxygen ions. More recently, high-
temperature three-point bending experiments have been carried out to study the
oxidation of MoCu superalloy under tensile and compressive loads [33], and the results
showed that tensile stress accelerated high-temperature oxidation, whereas compressive
stress had opposite effect, which were explained via theoretically deriving the effect of

stress on ion diffusion.

The previous research, as reviewed above, has shown the significant difference in
oxidation behavior between the load-free metals/alloys and those under
tensile/compressive loads. In this study, the oxidation behavior of CoNiCrAlY coating
(i.e. typical BC in TBC systems) is investigated experimentally and theoretically.
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Section 2 deals with the details about the experiment. The results and discussion are
presented in Section 3 and Section 4, respectively. Concluding remarks are made in

Section 5.

2. Materials and method
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Fig. 1. Geometric configuration of the specimen (dimension in mm).

Ni-based superalloy plates (K465) were used as the substrates for spraying Co-
32Ni-21Cr-8Al-0.5Y (wt.%) coatings. The superalloy plates were cut into dog bone
shape via wire electrical discharge machining. The Chinese standard GB/T 2039-1997
was followed, and the specimen dimension was 126x25x3 mm. Fig. 1 shows the details
about the geometrical configuration of the specimen. High velocity oxy-fuel (HVOF)
was used to deposit a 150-um thick CoNiCrAlY coating in the middle region of the
specimen (i.e. dark part as shown in Fig. 1). It should be noted that the CoNICrAlY

coating was sprayed on both sides of the specimen and no surface treatment was
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performed. For simplicity, the ceramic TC in TBC systems was not considered in this

study.

High-temperature creep machine (Jilin GuanTeng) was employed to provide
uniform heating and apply tensile load to the specimen simultaneously. The test
temperature was 1000 °C with a heating rate of 10 °C/min and the tensile load was 900
N (corresponding to a nominal tensile stress of 30 MPa). The maximum oxidation
duration was 60 h at the exposure temperature. Every 20 h the specimen was cooled in
the air to the room temperature and then the weight was measured using an accurate
balance with 0.1-mg sensitivity (METTLER TOLEDO ME204). After the step of
weighing, the specimen was analyzed by scanning electron microscopy (SEM, FEI
Quanta 200) with energy dispersive spectroscopy (EDS). The oxidation weight gain
was divided by the total area of the surfaces (i.e. both sides of the specimen) on which
the CoNiCrAlY coating was deposited, and then the ratio was squared, such that a
parabolic oxidation kinetics law can be conveniently revealed by examining the
linearity of the relationship between the squared weight gain per area and oxidation

time.

3. Results

Fig. 2 shows the relation between the squared weight gain per area and the oxidation
time of the coating specimen. The overall trend of the measurement data is similar,
whether a tensile load is applied or not, and the relation does not deviate much from the

parabolic law of oxide growth. However, it is evident that more oxides were formed
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when the tensile load was applied, and consequently the oxide growth rate was

increased by 20%.

Figs. 3 and 4 show the oxide microstructure on the surface of the coating specimen,
as observed in SEM images. Comparing the results shown in Figs. 3 and 4, different
oxidation products can be clearly seen for different oxidation time and load conditions.
As shown in Fig. 3, for the load-free specimen, the oxidation products were regular
oxide grains. Distinctive microstructures developed in the tension-loaded specimen; i.e.
blade, whisker or needlelike oxidation products were observed in Fig. 4. These two
types of oxides were analyzed by energy dispersive spectrometer (EDS), as shown in
Figs. 5 and 6. The chemical compositions of all the oxidation products are dominated
by Al and O (Figs. 5b and 6b). Therefore, the two types of oxidation products, as shown
in Figs. 3 and 4, are actually different phases of alumina. It has been recognized that 6-
alumina usually grows with a bladelike, whisklike or needlelike morphology, while the
a-alumina grows to form a dense equiaxed microstructure [34-37]. It is thus clear that
the regular oxide phase, as shown in Fig. 3, is a-alumina, whereas the bladelike oxide
phase, as shown in Fig. 4, is 6-alumina. Fig. 4 also indicates that the proportion of the

bladelike oxide phase, i.e. 0-alumina, reduced with the oxidation time increasing.
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Fig. 2. Oxidation weight gain (squared ratio to area) vs. time.

Fig. 3. Microscopic surface morphology of the coating specimen without mechanical
load after oxidation for 20 h (a), 40 h (b) and 60 h (c).
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Fig. 4. Microscopic surface morphology of the coating specimen with an applied
nominal tensile stress of 30 MPa after oxidation for 20 h (a), 40 h (b) and 60 h (c). The
red rectangles indicate distinctive microstructures.

Element o Al Cr Co Ni Total
Weight
percentage | 52.74 | 37.68 | 2.40 | 4.04 | 3.14 | 100.00
(%)
Atom
percentage | 67.81 | 28.73 | 0.95 | 1.41 | 1.10 | 100.00
(%)

Counts{cps/eV)

O
Target point

: 10pm
Fig. 5. (a) Microscopic surface morphology of the coating specimen without
mechanical load after oxidation for 20 h; (b) EDS spectrum for the location indicated

as target point in (a).
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(b)

Element o Al Cr Co Ni Y Total
Weight
percentage | 54.43 | 38.53 | 1.93 | 3.02 | 1.90 | 0.18 | 100.00
(%)
Atom
percentage | 68.69 | 28.83 | 0.75 | 1.04 | 0.65 | 0.04 | 100.00
(%)

.

Counts(cps/eV)

Fig. 6. (a) Microscopic surface morphology of the coating specimen with an applied
nominal tensile stress of 30 MPa after oxidation for 20 h; (b) EDS spectrum for the
location indicated as target point in (a).

4. Discussion

4.1. Theoretical analysis

It has been mentioned in Section 1 that previous experimental results showed an
acceleration effect of applied tensile load on oxidation rate of some metals and alloys
at high temperature [29, 32, 38], and our experimental results for CoNiCrAlY coating,
as presented in Fig. 2, are consistent with these previous observations. Such accelerated
oxidation was prevalently explained as a result of the effect of stress on ion diffusion,
e.g. the tensile stress enables more oxygen ions to cross the oxide layer which acts as
an oxidation barrier and finally more metal ions underneath the oxide layer are oxidized.
By contrast, herein we propose another mechanism to explain the tensile-stress

enhanced oxidation phenomenon for the CoNiCrAlY coating.

In the CoNIiCrAlY coating, alumina is the dominant oxide formed, as shown in

Figs. 5 and 6, because Al is the most reactive element. The Al oxidation generates
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metastable oxide first, e.g. 6-alumina, and then it transforms to a stable oxide, i.e. a-
alumina. Eventually the oxide is only composed of a-alumina. It has been widely
recognized that the coefficient of the growth rate of 6-alumina is much larger (even two
orders larger in magnitude) than that of a-alumina [37, 39-41]. From Figs. 3 and 4, it is
clearly seen that the development of different phases of alumina is affected by the
tensile load. Consequently, the oxidation rates are significantly different (Fig. 2) due to
the effect of tensile load on alumina phase transformation. We observed both 6-alumina
and a-alumina in the tension-loaded specimen, but only a-alumina in the load-free
specimen for the same oxidation time (Figs. 3-6). The 6-alumina gradually disappeared
with oxidation time increasing, and the transformation from 6-alumina to a-alumina
was retarded when the tensile load was applied, as shown in Figs. 3 and 4 (additional
short-duration oxidation experiment has been also conducted to verify this, see Section
4.2). Therefore, we propose a new mechanism that the tensile load accelerates the oxide

growth via its effect on phase transformation, as schematically shown in Fig. 7.
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Fig. 7. Schematic diagram of 6- to a-alumina phase transformation process [42]. The
crystal structural parameters are a=1.17 nm, b=0.57 nm, ¢=1.12 nm, $=103.34° for 0-

alumina and a=0.47 nm, b=0.47 nm, ¢c=1.29 nm for a-alumina.

Similar to the previous theoretical model of the effect of tensile load on martensitic
transformation [43, 44], we present the following theoretical analysis of the effect of
tensile load on alumina phase transformation during the oxidation of CoNiCrAlY
coating. As a general model, both volumetric and distortional deformation is considered.
Provided that the parent phase is subjected to uniaxial stress when the phase

transformation occurs, the free energy change under uniaxial stress is

AG, = Ay, +0Ag, (1)

where 7z and o are the shear and normal components of the uniaxial stress,

respectively, as decomposed on the habitat surface for the phase transformation; Ay,
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and Ag, are the change of the shear strain along the habitat surface and the change of

dilation strain after phase transformation, respectively.

Decomposition is performed using the Mohr Cirle, i.e.

7=0.50,5In260 (2)

o =10.50; (1+cos 26) (3)

Incorporating above equations into Eq. (1) we obtain

AG,_ =0.50,Ay,sin26 +0.50, (1+cos 20)Ag, (4)

The £ appears since the parent phase can be subjected to either tensile or compressive

stress (tension is positive), and o, stands for the absolute value of the uniaxial stress.

Along a particular angle, the dAG,_ reaches maximum, i.e.

dAG
dé

z =0,Ay,C0520 £ 0,(-sin20)Ag, =0 %)

when tan 26 = Ay, | Ag, . If the specimen is subjected to hydrostatic pressure:

AG, =-0/A¢, (6)

In this study, the specimen was only subjected to uniaxial tensile stress, so we have
AG,_ =0.50,Ay,sin 20 +0.50,(1+c0s20)Ag, and tan20 =Ay,/ Ag,. Since the 6- to
a-alumina transformation is a volume reduction process [45, 46], we have Ag, <O0. If

Ay, <0, thentan20>0, i.e. sin20>0and cos20>0, thus A, sin20 <0

13/23



and &, (1+cos26)Ae, <0 - Eventually we have aG <0. In contrast, if oy, >0, then
tan20 <0, .. sin20<0and cos20>0, thus 5y sin2e<0 and & (1+cos26)as, <0, and
eventually we still have aG <o0. If the phase transformation does not introduce
additional shear strain and only involves the change of dilation strain, we can always

decompose the volumetric strain into vertical and parallel to the direction of the uniaxial

tension. So Ag, is the change of volumetric strain along the direction of tensile stress,

while the volumetric strain perpendicular to the direction of the uniaxial tensile load
does not contribute to the change in free energy, and again, we have AG_ =o,A¢, <0.

Therefore, AG, isalways less than zero if tensile stress is present, no matter how much

Ay, is.

The total free energy change associated with the phase transformation consists of two

parts, viz.

AG=AG,, - AG, (7)

where AG,, is the free energy change with chemical origin. As this phase
transformation is spontaneous, the AG,, is less than zero. Learning from the analysis
presented earlier, we obtain AG_ <0, so at last, we have 0> AG > AG,, . In other words,
the tensile stress slows down the phase transformation from 6-alumina to a-alumina,

because the less decrease in the free energy causes slower phase transformation.

If the specimen was subjected to compressive stress, same analysis method could

be applied and in such a case we find that AG_>0. Then we obtain 0> AG,, > AG, so
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the compressive stress accelerates the phase transformation from 6-alumina to o-

alumina.

4.2. Short-duration oxidation

In the main experiments presented in Section 3, no microscopic morphology typical
for 0-alumina was observed in the load-free specimen that was exposed to high
temperature for 20-60 h. This result may suggest that the 0-alumina has already
transferred to a-alumina before the microstructural examination was performed. To

verify this, we conducted an additional short-duration oxidation experiment as follows.

The same K465 superalloy was used to prepare coating specimen. But for the
additional experiment, the specimen was a disk with edge chamfering (2.54 cm in
diameter and 3 mm in thickness). The same proportion of CoNiCrAlY powder was used
to spray a 150-um thick coating on the disk using the same parameters for the HVOF
process, without any surface treatment. The specimen experienced oxidation in the
furnace (MTI KSL—1700X) at same high temperature of 1000 °C. The microscopic
morphology of the oxidation product was observed by SEM (FEI Quanta 200) when
the oxidation lasted for 5 h, 10 h, 15 h and 20 h. Then we used the Raman spectroscopy
(HORIBA JOBIN YVON) to analyze the chemical composition of the oxide for the
oxidation time of 5 h and 20 h. The wavelength of the excitation of the Raman
spectroscopy was 476 nm and the power of the laser was 10 mW. It should be mentioned

that Raman spectroscopy is a suitable method to analyze the components of the thin
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oxide layer because of the non-destructiveness and the small depth of laser (about
dozens of nanometers). As the metal does not have any Raman peak, the collected

signals all come from the oxide.

Fig. 8 shows the microstructures of the oxidation products without any mechanical
load. It is clearly seen that 6-alumina was formed in the 5-h oxidation product but absent
in the 20-h oxidation product. The 6-alumina was also observed in the SEM images of
specimens oxidized for 10 h and 15 h. Raman spectroscopy was used to further examine
the constituent phases. The Raman spectroscopy characteristic peak of 6-alumina is
about 220 cm™, and the peak of a-alumina is about 420 cm™ [47, 48]. It is evident that
the oxide that formed after 5-h oxidation comprises both 6-alumina and a-alumina,
while the oxide formed after 20-h oxidation comprises only a-alumina. So this
additional experiment confirms the conclusion reached in section 4.1, i.e. the specimen
without mechanical load initially produced 6-alumina before the first 20-h oxidation

reaction, but with oxidation continuing, the 6-alumina transferred into a-alumina and

eventually 6-alumina disappeared after 20-h oxidation.




Fig. 8. Microscopic surface morphology of the additional coating specimen (disk wafer)
without mechanical load after oxidation for 5 h (a) and 20 h (b).
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Fig. 9. Raman spectra obtained from two additional coating specimens (disk wafer)
without mechanical load after oxidation for 5 h.
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Fig. 10. Raman spectra obtained from two additional coating specimens (disk wafer)

without mechanical load after oxidation for 20 h.
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5. Concluding remarks

The chemo-mechanical coupling oxidation behavior of CoNiCrAlY coating is
investigated by means of high temperature (1000 °C) experiment and theoretical model.
The oxidation time ranged from 5 h to 60 h in experiments on both load-free and
tension-loaded specimens. A chemo-mechanical coupling mechanism based on alumina
phase transformation has been proposed to explain the experimental observation. The

observations and conclusions are summarized as follows.

1. The oxidation rate of CONiCrAlY coating was accelerated by tensile load (applied

nominal tensile stress equal to 30 MPa).

2. The oxidation products were composed of both a-alumina and 6-alumina for high
temperature oxidation time of 20 h /40 h / 60 h under tensile load, and similar oxide
microstructure was observed in the load-free specimen under short-duration
oxidation (<15 h). By contrast, only o-alumina was formed in the load-free
specimens after oxidation for 20 h or longer. This suggests that the tensile load can

retard phase transformation from 6-alumina to a-alumina.

3. It has been theoretically demonstrated that the phase transformation from 6-alumina
to a-alumina can be slowed down due to the effect of the mechanical work exerted
by applied tensile load on the free energy, and consequently the tensile load can
accelerate the oxide growth in the CoNiCrAlY coating since 6-alumina has much
higher growth rate than a-alumina.
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Highlights

e Chemo-mechanical coupling oxidation behavior is investigated experimentally and
theoretically

e  New mechanism based on effect of mechanical work on phase transformation is proposed

e  Tensile load accelerates oxidation of CoNiCrAlY coating at high temperature

e  Transformation from fast-growing 6-alumina to slow-growing a-alumina is retarded by

tensile load
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