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Abstract

Local residual stress in thermally grown oxide (TGO) layers is the primary cause of
failure of thermal barrier coating (TBC) systems, especially TBCs prepared by air
plasma spray (APS) with a highly irregular TGO. Herein, the distribution of residual
stress and the evolution of the irregular TGO layer in APS TBCs were investigated as a
function of oxidation time. The stress was measured from cross-sectional micrographs
and converted to the actual stress inside the coatings before sectioning. The TGO
exhibited significant inhomogeneity at different locations. Stress conversion occurred
across the TGO thickness; the layer near the yttria-stabilised zirconia (YSZ) component
exhibited compressive stress, whereas that along the bond coat was under tensile stress.

The evolution of the compressive stress is also discussed. These analyses may provide a
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better understanding of the mechanism of APS TBCs.

Keywords: Thermal barrier coating, thermally grown oxide, irregular morphology,

local residual stress, near in situ evolution

1. INTRODUCTION

The deposition of thermal barrier coatings (TBCs) is one of the most important
techniques for providing insulation in gas turbines [1-3]. A typical TBC system has a
multilayer structure [2]. An yttria-stabilised zirconia (YSZ) topcoat is used for thermal
insulation, an MCrAlY (M = Ni, Co, etc.) bond coat acts as an oxidation-resistant layer
sprayed between the topcoat and superalloy substrate, and a thermally grown oxide
(TGO, predominantly a-Al,O3) layer is formed between the top and bond coats due to
oxidation. Each layer presents fairly different thermal and mechanical parameters,
leading to a complicated failure mechanism [4-10]. The main failure mode of TBCs
during operation is premature delamination and spallation, and it is generally believed
that the accumulated stress in TBCs is the most important factor that controls their
durability. The stress originates from two components [2, 11-13]: (1) thermal expansion
mismatch stress in the YSZ topcoat (with a value of several hundred megapascal),
generated by the drastic temperature drop during thermal cycling, and (2) misfit and
growth stresses in the TGO, which exhibits an extremely large residual compression of
approximately 3—6 GPa. Although the TGO is very thin (1-10 um), its energy density is

significantly higher than that of the YSZ topcoat, which is the primary cause of failure



of TBCs.

Generally, TBCs used for gas turbine blades are fabricated by the air plasma spray
(APS) method, rather than the electron beam physical vapor deposition (EB-PVD)
technique used for aero-engine blades [2, 11, 14]. Consequently, the TGO of TBCs
prepared by the two approaches are significantly different: the TGO of TBCs prepared
by EB-PVD is relatively flat, smooth, and dense, whereas that of APS TBCs is fairly
rough, tortuous, and irregular, as shown in Fig. 1. Therefore, the TGO stress field in
APS TBC:s is significantly less uniform and more complex [12, 15-17]. Local stress
may arise near the curved portions (convex- or concave-shaped) of the TGO, resulting
in the initiation and propagation of interface microcracks, eventually leading to

spallation of the coating.

Fig. 1. Three-dimensional TGO morphology of APS TBCs, obtained by X-ray computed

tomography.

Problems with the local residual stress caused by the TGO of TBCs have been

extensively investigated in previous studies. Sun et al. [16, 17] proposed a spherical



model to analyse the local stress and its evolution around the cap-like portions of the
TGO in APS TBCs. Bialas [18] conducted numerical simulations to study the
development of interfacial cracks based on a non-uniform TGO growth and confirmed
that the TGO growth results in a tensional zone within the oxide layer. Ranjbar et al. [19]
built a thermo-mechanical model to evaluate the stresses induced by thermal cycling in
APS TBC:s as well as the effects of the TGO morphology on local interface stresses and
interface microcrack nucleation. Gupta et al. [20] established a two-dimensional
diffusion-based TGO growth model using the real TGO morphology extracted from
cross-section micrographs and obtained stress profiles before and after TGO layer
growth. Chen et al. [12] proposed a complex numerical model using
temperature-dependent material parameters to study the influence of inhomogeneous
TGO thickness on the residual stress distribution in APS TBCs. Tomimatsu et al. [21]
measured the stress distributions in the regular TGO layer of EB-PVD TBCs and found
that the stress distribution is not uniform, that is, the stress near the ceramic topcoat is
lower than that close to the metal bond coat. Wang et al. [22, 23] experimentally
investigated the residual stress and its TGO field in EB-PVD TBCs and monitored local
stress changes during thermal cycling.

However, most studies have focused on the effect of the TGO on the surrounding
coatings, and few studies have investigated the relationship between the highly irregular
TGO morphology and its intrinsic local stress in APS TBCs. In particular, no

experimental evidence has been reported on the synchronous in situ evolution of the



TGO and local residual stress. The primary goal of this work is to track the evolution of
the local residual stress and morphology of highly irregular TGO in APS TBCs. We
performed in situ measurement of the residual stress distribution and evolution of a
highly irregular TGO in a polished region with a cross-section of 300 x 60 um?. The
TGO residual stress within the coatings was then corrected based on the results of the
cross-section analysis. The TGO morphology and interface microstructures, including
cracks and delamination, were simultaneously monitored. Finally, we analysed the

effects of the local stress field.

2. EXPERIMENTAL

The substrate used in this work was a nickel-based superalloy IN718. A 120-pm
bond coat was fabricated by high-velocity oxygen fuel flame spraying, using
commercial NiCoCrAlY powders (4575 pm, Ni: 32 wt%, Co: 38.5 wt%, Cr: 21 wt%,
Al: 8 wt%, Y: 0.5 wt%, Sulze-Metco). A 500 pm topcoat was fabricated via the APS
method using commercial YSZ powders (45—-100 pum, purity 99.99%, Institute of
Process Engineering, Chinese Academy of Science). Before spraying the bond coat, the
substrates were grit-blasted using aluminium oxide particles using a high-pressure
suction blasting system (model STR-1212, STELLE, China). The average surface
roughness of the blasted substrate was controlled at approximately 4.5-5.5 pm using a
surface roughness tester (model SJ-310, Mitutoyo, Japan). The bond coat surface was

not grit blasted before spraying the topcoat, and the roughness was measured as 4-5 pm.



The specimen was then cut into small blocks with dimensions of 4 mm X 4 mm X 3.62
mm using a wire-cutting device (model STX-202A, KEJING, China). The detailed
parameters used for thermal spraying can be found in previous studies [24, 25].

Four small TBC blocks were chosen for the tests. Three were oxidized at 1150 °C
in a laboratory muffle furnace (KSL-1700X, KEJING, China) from the as-sprayed state
to spallation. The total oxidation time was determined to be 120 h; delamination
occurred, and the residual stress substantially decreased. The remaining small block was
used for the residual stress measurement. At different oxidation times (20, 40, 80, and
120 h), the specimens were temporarily removed from the furnace and mounted in cold
resin at room temperature. The cross-section was then polished with abrasive paper. It
should be noted that we did not detect the stress and morphology before oxidation,
because the TGO layer was very thin (usually no more than 0.5 um) after thermal
spraying, and the spectrum signal was too weak to be detected. To prevent TGO growth
normal to the cross-section and ensure the in-situ tracking of the same location at each
time, minimal polishing was conducted within 1 min; thus, stress induced by polishing
could be ignored. Next, the residual TGO stress was measured from a cross-section with
an area of approximately 300 pum x 60 pm, as shown in Fig. 2. The selected measured
region was located in the middle of the sample, which was helpful to avoid the edge
effect. This was a representative region in APS TBCs, containing many typical TGO
morphologies, such as convex interfaces and concave interfaces. The morphology and

interface micro-cracks were inspected using a scanning electron microscope (SU3500,



Hitachi, Japan) equipped with an energy dispersive X-ray (EDX) spectrometer. At the
end of each measurement, the specimens were returned to the furnace for the next

oxidation cycle.

Irregulér TGO -
Bpnd coat

Substrate

Fig. 2. Cross-sectional zone selected for residual stress measurements in APS TBCs (area: 300

pm x 60 um)

The photoluminescence piezo-spectroscopy (PLPS) method was used to map the
TGO residual stress and monitor its evolution. This is currently regarded as the most
successful and accurate non-destructive method, whereas the residual stress was
obtained from the stress-induced frequency shift of crt impurities in TGO. A Raman
spectrometer (LabRAM HR Evolution, HORIBA, France) with a 532-nm laser
operating at 75 mW was used to excite the Cr’* jons and obtain the luminescence
spectrum. The spectral resolution was set at 0.3 cm™ with a grating of 1800 g/cm. The
laser beam was focused on the sample using a 50x objective lens, and the spot size of
the laser was approximately 1 um. The spatial resolution was also set to 1 um for a

more accurate TGO mapping. The total measured zone data included approximately



18,000 points. The acquisition time of each point was 0.5 s at a 0.1% laser power, and
the total measurement time was approximately 2.5 h. For the analysis, a Lorentz curve
was used to fit the spectrum and determine the peak position. The spectral peak of crt
ions shifts to shorter wavelengths under compressive stress. The peak shift could be
determined by comparing it to the reference peak position in the stress-free TGO, whose
average value was 14,435.7 cm’

The following relationship between peak shift and stress was used to convert the
shift values to average local residual stress mappings [26]:

0160 = (Vs = Vo)/Mii = 5 X (O + Oyy + 015) (1)
where vg and v, are the peak positions of the Cr’* luminescence spectrum of the TGO
under residual stress and in the stress-free state, respectively; o;; is the stress state on
the crystallographic basis of the host crystal, II;; is the trace of the piezo-spectroscopic
coefficient tensor. A value of 7.59 cm™'/GPa was used for the R1 peak [27], and z
direction represents the through-thickness direction.

In the present measurements, peak shifts were detected from the polished
transverse section of the TGO layer. Thus, free-edge (x-z section) effects should be
considered for the conversion between the peak shift and TGO layer stress.

Owing to the lack of individual values of stress components (only the average local
residual stress was obtained by PLPS), o0y, 0y, and 0, it is difficult to realise stress
conversion. Provided that the TGO thickness (in the z direction) is very small, the TGO

can be assumed to be flat [28]. Thus, under plane stress conditions, the stress



component 0,, can be assumed to be zero (0,, = 0), and the stress components O,
and o, are equal, thatis, gy, = g,,,,. The TGO stress inside the TBC system is then

expressed as

2
0TGO-inner = gcyy; (2)

The measured stress from the x—z section can be written as [28]

0TGO-section = é X (0xx + Qayy + 0,,), 3)
where Q is the correlation factor which cancels the free-edge effects on the measured
average stress of the TGO layer; it was experimentally determined as 0.25 in a previous

study [28]. Under the plane stress condition, Eq. (3) can thus be written as [28]

0TGO-section — To-yy- (4)

Finally, the TGO stress within the coatings can be written as

2
0TGo-inner = 140, O0TGO section* (5)

3. RESULTS AND DISCUSSION

Figure 3 shows the colour-rendered cross-sectional microstructure and EDX
images at the same location of APS TBCs after oxidation for 20, 40, 80, and 120 h. The
NiCoCrAlY bond coat and the YSZ topcoat are coloured light blue and green,
respectively. The irregular TGO at the topcoat/bond-coat interface is marked in dark red.
The in situ evolution of the TGO growth and interface cracks is evident. Up to 80 h (Fig.
3a—c), the TGO grew rapidly while the interface remained intact, and no interface

micro-cracks were observed. Subsequently, as shown in Fig. 3d, the TGO growth rate
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slows down. A major interface crack occurs at the bottom of the topcoat above the TGO,
leading to the final coating spallation.

Top coat

Bond coat

(a)

e e
: { ntit.-
Interface ¢ratks

Bond coat

(d)

Fig. 3. Cross-sectional EDX maps of TBCs at different oxidation times, showing in situ TGO

growth and occurrence of interface cracks.
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Figure 4 shows the residual TGO stress distribution on the polished cross-section
of the selected TBC specimen and its evolution at the same location. The mappings
correspond to the cross-sectional results at different oxidation times, as shown in Fig. 3.
The relative proportions of TGO residual stress at different oxidation times are shown in
Fig. 5. The stress value (positive in tension) was estimated by Eq. 2, showing the actual
stress levels inside an uncut TBC specimen. After the first 20 h of oxidation, as shown
in Figs. 4a and 5a, the TGO exhibits both compressive and tensile stresses at different
locations. Approximately 67% of locations are under O—1 GPa compression, 5% are
under 1-2 GPa compression, and the others are under tension. The stress appears to
change across the TGO thickness, with the layer near the YSZ exhibiting compressive
stress (O—1 GPa), while some concave-interface regions near the bond coat show tensile
stress (0—3 GPa). Furthermore, tensile stress is likely to accumulate at TGO positions
with downward concavity. This is very different from the results reported for EB-PVD
TBCs, where the TGO stress distribution was nearly uniform [22] and only a few
positions near the TGO/YSZ interface were under tensile stress [21]. This may be due to
the highly irregular TGO morphology and local imperfections in the surrounding
coatings. The present results provide sufficient evidence to show that the stress in the
irregular TGO of APS TBCs is non-uniform and that compressive and tensile stresses
coexist. After 40 h of oxidation (Figs 4b and 5b), the TGO becomes thicker, and is
accompanied by stress accumulation. The proportion of 0—1 GPa compression zones
decreases, while that of 1-3 GPa compression zones increases; the percentage of tensile

11



stress remains unchanged. The TGO stress level in the original compressive-stress zones
near the YSZ increases to 1-3 GPa. Concurrently, some newly formed
compressive-stress zones are observed in the original tensile-stress zones near the bond
coat, although they are very small, possibly due to the following factors: on the one
hand, the constraint of the surrounding YSZ topcoat and NiCoCrAlY bond coat
increases significantly as the TGO increases, resulting in an overall upward compressive
stress in the entire TGO layer; on the other hand, the composition of the TGO may
change during growth. Shillington and Clarke [29] reported that the formation of Cr,0O3
in the TGO layer may lead to a change in the TGO stress. It should be noted that a new
tensile-stress area is generated in the original compressive-stress area. This may also be
due to variation in the TGO compositions. After 80 h of oxidation (Figs 4c and 5c), the
proportion of tensile stress zones drastically reduces to approximately 10%, and most of
the TGO profile exhibits large compressive stresses with estimated values of 1-4 GPa.
The remaining tensile stress remains localised at the downward concavity positions of
the TGO. After 120 h of oxidation (Figs 4d and 5d), interface cracks form and
delamination occurs (Fig. 3d). The residual TGO stress thus significantly reduces, and
~55% of compression zones under 0—1 GPa and ~10% of tensile stress zones under 0—1
GPa remain until coating spallation. Moreover, due to the disappearance of the coating
constraints, the state of the stress-converted zones in the first 80 h changes again from

compression to tensile stress.
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Fig. 4. Residual stress distribution (positive in tension) and evolution of TGO in a polished

cross-section at a specific location of a selected APS TBCs specimen.
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Fig. 5. Relative probability of TGO residual stress (positive in tension) at different oxidation

times.

Figure 6 shows the synchronous variation in the TGO thickness and average
residual stress as a function of oxidation time. The figure reveals that the TGO thickness
rapidly increases to approximately 7 um during the first 80 h before slowing down.
Concurrently, the standard deviation shows a significant increase during the entire
oxidation period, indicating a continuous increase in the irregularity and heterogeneity
of the TGO. The average residual stress changes from 0.26 GPa (tension) at 20 h to 0.06
GPa (compression) at 40 h and then to 1.1 GPa (compression) at 80 h. Next, the stress

rapidly drops to approximately 0.66 GPa in compression, and interface cracks are
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formed. Notably, the average cross-sectional stress is lower than that measured from the
top surface across the YSZ topcoat. This may be due to the luminescence signals
detected from the surface originating primarily from the upper region of the TGO close
to the YSZ layer and represents compressive stress. The mean cross-sectional stress
values are the average of the compressive and tensile stresses of the entire TGO. In
addition, lower TGO stresses were measured in the zone with interface cracks.
Therefore, if changes in the TGO local stress can be accurately measured from the top

surface, monitoring the conditions of TBCs could be based on the analysis of the TGO

stress.

—=— Mean TGO stress B
94 |—4—TGO thickness r2

3 F1
8 | 1
\I /' _0
7 e
51 ’ -3
4 1 { L4

3 T T T
0 40 80 120

Oxidation time (hours)

:
N\

TGO Thickness (um)
TGO stress (GPa)

Fig. 6. Synchronous TGO thickness changes and the average residual stress (positive in tension)

with increasing oxidation time.

4. Conclusion

We performed in situ measurements of the residual stress of a highly irregular TGO
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in APS TBCs with a large, polished cross-section of 300 x 60 umz. The cross-sectional
stress values were then converted to internal stresses of the coating before sectioning.
Then, we obtained the local stress distribution in the full TGO and monitored its
evolution with the oxidation time. The main conclusions can be summarised as follows:

(1) Although TGO exhibits overall compressive stress, it presents significant
inhomogeneity at different locations. Stress conversion appears to occur across the TGO
thickness, with the layer near the YSZ exhibiting compressive stress and some
concave-interface regions near the bond coat showing tensile stress (0-3 GPa). These
findings are markedly different from the results obtained for EB-PVD TBC:s.

(2) With increasing oxidation time, the compressive stress in the TGO region near
the YSZ topcoat increases from approximately O to 1 GPa at 20 h to 1-3 GPa at 40 h,
and then to 14 GPa at 80 h. After, the stress drops rapidly owing to the occurrence of
interface cracks. The tensile stress in the TGO region close to the bond coat remains at
0-3 GPa until the TBC spallation. At the same time, the proportion of tensile stress
zones decreased throughout the experiment.

(3) After the failure of the TBC, tensile stress zones still existed until the spallation
of the coating. Furthermore, owing to the disappearance of the coating constraints, the
state of some stress-converted zones before 80 h returns from compression to tensile
stress.

(4) The average stress measured on the cross sections is lower than that estimated
on the top surface across the YSZ topcoat. This may be due to the luminescence signals

16



detected from the top surface originating primarily from the upper TGO region close to

the YSZ layer and denotes compressive stress.
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Figure captions

Figure 1. Three-dimensional TGO morphology of APS TBCs obtained via X-ray

computed tomography.

Figure 2. Cross-sectional zone selected for residual stress measurement in APS TBCs

(area: 300 pm x 60 pum)

Figure 3. Cross-sectional EDX map of TBCs at different oxidation times, showing in

situ TGO growth and occurrence of interface cracks.

Figure 4. Residual stress distribution (positive in tension) and evolution of TGO on the

polished cross-section at a specific location of a selected APS TBCs specimen.

Figure 5. Relative probability of TGO residual stress (positive in tension) at different

oxidation times.

Figure 6. Synchronous TGO thickness changes and the average residual stress (positive

in tension) with increasing oxidation time.
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