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Abstract

Residual stress in the thermally grown oxide (T@Othermal barrier coatings (TBCs) was
measured by photoluminescence piezospectroscof@3Pand stress maps created to track
local stress changes as a function of thermal mycliThe local stress images were observed
to be correlated with morphological features on thetal surface that were purposely
introduced during specimen preparation. Local stretaxation and morphological evolution
with thermal cycling were studied using the stressps combined by post-mortem SEM
examination. It was found that the morphologyhe specimen having an initial polished
surface was quite stable, while that in the specimigh a rough surface was unstable. The
average residual stress in the specimen with tstable morphology decreased with thermal
cycling and it eventually failed along TGO/YSZ irfece. The specimen with stable
morphology maintained a high TGO stress throughioeithermal cycling process and failed
along TGO/bond coat interface. The rough surfa@s walso found to give rise to the
formation of transition alumingd{Al,O3) in the TGO which was correlated with a reduced
TGO stress.

Key words: TBCs; Stress Mapping; Luminescence 3pscbpy; Interface Morphology;
Failure Mechanism

1 Introduction



Thermal barrier coatings (TBCs) are applied onihglblades in both land-based power
generation gas turbines and airplane engines toowepthe performance and efficiency of
the engines. Subjected to high temperature oxidatml cyclic heating and cooling service
conditions, TBCs degrade in both thermal protectiapability and mechanical stability, as a
result of a combination of thickening of the alumihermally grown oxide (TGO), sintering
of the top layer (YSZ), and weakening of criticatieirfaces. Eventually TBC top coating falls
off from the metallic substrate after a certainigerof service. However, the actual failure
mechanisms of TBCs often turn out to be much mampticated. Detailed mechanistic
descriptions of TBC failure mechanisms can be fourttie literature [1-5]

TBCs typically have two ceramic layers (YSZ and T\@&@d two metallic components (bond
coat and substrate). It is believed that the dgwviorce for the TBC spallation is the stored
energy in ceramic layers resulting from the thermgbansion mismatch between metallic
materials and ceramic layers when the componentosled [1, 6]. Therefore, the
measurement of the residual stress in the TGO igoitant for achieving a better
understanding of TBC failure. Photo-luminescena@zpispectroscopy (PLPS) is an optical
technique for stress determination in alumina dachma-containing ceramics [7, 8]. Its high
spatial resolution and fast acquisition make ioaweful non-destructive evaluation tool for
characterisation of thermal barrier coatings. PLLiAS been employed in several studies to
characterise the stress in the TGO in TBC systé¥2] and efforts have been made to
relate the residual stress in TGO to the remaihiiagme of the TBCs [13, 14]. However, the
thermal mismatch stress in TGO can be relaxed bari@ty of mechanisms. Therefore the
relationship between residual stress and remaidiBg lifetime cannot be established
without gaining a better understanding of coatiaigufe mechanisms and stress relaxation in
TGO.

The mechanics associated with the TBC coatingriitwe not fully understood. TBCs have
been observed to fail in quite different ways; sbmes within the YSZ coating, sometimes
along the TGO/bond coat interface, and sometiméseal GO/YSZ interface [2, 15]. Surface
roughness has been found to have a large effeCG@nresidual stress and TBC lifetime [16-
18] and to influence the oxidation of the bond caiahigh temperature [19]. The interface
morphology in some TBC systems has been observedetanstable in that so-called
“rumpling” of the TGO occurs and its amplitude gwith the cyclic oxidation [20-22].
These interface morphological instabilities cardleathe formation of cracks which are the
nuclei for coating failure. The interface morpholagstabilities have been suggested to be
due to thermal expansion mismatch, phase transfamnsa and bond coat swelling [5, 23], as
well as being influenced by the mechanical properiof the bond coat [24]. The main
purpose of the current work was to investigatetkherrelation between interface morphology
and TGO residual stress and the effect of morphcdbghanges on coating failure. In this
work, firstly specimens with known morphologicalateres were studied by PLPS. The
stress variations obtained from luminescence mappwere found to match the major
morphological features introduced purposely durisigecimen preparation. Then two
specimens prepared with different surface roughmese subjected to thermal cycling and
characterised by luminescence mapping. It was fdbat grit-blasting of substrate surface
led to stress distributions with irregular pattenwhile surface polishing led to regular stress
distributions. Changes in the stress distributase related to the morphological changes as
thermal cycling progressed. Due to the high speg@olution capability of PLPS, the spatial
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distribution of8-Al,O3 and stress relaxation by loggkAl,O3 presence was also examined in
detail by luminescence mapping.

2 Experimental

Two different Thermal Barrier Coating (TBC) systemsre prepared and studied in the
present work:

a TBC system with a Pt-diffused bond coat, and
a TBC system with a Pt-modified aluminide bond coat

The Pt-modified aluminide bond coat has fh@t,Ni)Al microstructure (i.e. NiAl with Pt in
solid solution), while the Pt-diffused bond coatames the y - y* microstructure of the
superalloy substrate. Hence the Pt-diffused borad lcas a much higher creep resistance than
the Pt-modified aluminide bond coat at high tempees These two different bond coats
could therefore exhibit different stress build-upglaelaxation characteristics during thermal
cycling and consequently, different failure meclsams of TBCs.

The substrates adopted for both systems considtesinall disks of CMSX-4, 15mm in
diameter and 3mm in thickness.

The TBC systems with a Pt-diffused bond coat weenufactured at the National High
Temperature Surface Engineering Centre of Cranfieldiversity. One dimensional
roughness was introduced by mechanically grindimegdubstrate (CMSX-4) surface in one
direction, generating an array of grooves all parab each other. One of the specimens had
coarse and deep grooves on its surface, whereaghteone had relatively fine and shallow
grooves. The grinding procedure was carried oanifcdgetek 5 axis super abrasive machine
by Holroyd. The ground coupons were then coatet wilQum thick layer of Platinum by
DC magnetron sputtering at a pressure of 7*hfbar using a Nordiko2500 unit. The
coupons were heat treated for 1 hour at 1190 “@auum, in order to produce a bond coat
with they - y’ structure. At this stage, the grooves machinetb dhe substrate were still
evident on the surface of the bond coat and th&asairroughness was assessed using a
Talysurf profilometer, measured along a directi@arpendicular to the main irregularities.
The Ra parameter for the coarse ground specimenlvi&&um while for the fine ground
specimen was 0.688n. The specimens were finally coated with aj2@Ghick layer of YSZ

by Electron Beam Physical Vapour Deposition (EBPVD)

The TBC system with a Pt aluminid@ ¢tructure) bond coats were provided by Chromalloy
UK Ltd. The detailed manufacturing procedure fas thet of specimens were given in [25].
Here only a brief summary is given. The superaliapstrate was first subjected to a grit-
blast using alumina grit and then a layer of Pt wagosited by electroplating, followed by
heat treatment at 1050-1100°C and pack-aluminiginocess. The specimens had two
different bond coat surface finishes. For the speai having ‘normal’ surface finish the YSZ
ceramic top was deposited directly onto the surtdfter producing the bond coat for which
the roughness was measured as Ran5For the specimen with ‘polished’ surface, thado
coat surface was polished withuin diamond paste and had an Ra of vt The YSZ top
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coat was applied by EBPVD at 1000°C in an argorgexybackground atmosphere. The
YSZ top coat thickness for the specimens with noreeface was ~7@m and for the
specimens with polished surface was ~fi60

Thermal cycling was conducted using a rig in whtiod specimen was moved in and out of a
furnace by a computer-controlled motion stage. Témperature of the furnace was
maintained at either 1135°C or 1150°C. Immediatdtgr being removed from the furnace
the specimens were fan-cooled by laboratory aine $pecimens dwelt at high temperature
for 1 h and stayed out of the furnace for 30 misutelThe specimens were removed at
specified intervals for the luminescence measurésnen

For TGO residual stress measurement, luminesceramra were acquired using a Renishaw
Raman optical microprobe (model 2000) fitted witimatorised mapping stage. The laser
source was a green Alaser with a wavelength of 514.5 nm. An air coiodiing unit was
used to maintain a stable room temperature at 32€0. Before and after each experiment,
the spectrometer was calibrated by taking a spectimom a strain-free single crystal
sapphire sample.

An acquisition time of one second was used for esgpgctrum collection. For high spatial
resolution mapping, an objective lens, 50X (075NAwvas used, which is capable of
delivering a spot size of 14#m. The mapping area was 300 x 200 and the pitch size was
5 um. For even higher resolution mapping, an objectans, 100X (095NA ) was used,
which is capable of delivering a spot size of quh. The mapping area was varied for
different purposes and the pitch size was 1 pm2

In order to track back to the same area on theisea after different thermal treatments,
reference points that not only survive high tempeeatreatments, but also have geometrical
stability all the time are critical for mapping acately the stress evolution. For this purpose
three micro-indentation marks aligned in a stralgtg were made on each specimen surface.
The Vickers indents were about 70 microns in diajdength. The sharp corners of the
indents were found to be quite stable during tred treatment and be ideal reference points.
Position registering between successive maps wigrr less thanbn was achieved.

In addition, stress relaxation near a specimen &édgebeen observed in a separate study of
TBC systems (unpublished). Such relaxation onlyuoea under the YSZ within a short
distance (~1@m) of the edge. In this study, care was taken tish a mapping area which
was well away from the edges (typically >0.2mm)exclude the effect of edge creep
relaxation on stress evolution.

Since the R2 luminescence linecchlumina has a nearly linear dependence on stged9],

all the peak shift data in this paper are of thdiR2 For the convenience of presentation, the
peak shift in this paper is expressed as a pogitiveber. In reality the peak shift is negative
due to a compressive residual stress in TGO.

3 Results
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3.1 Residual stress in TGO on Pt diffusion bondswaath known morphology

The specimens with Pt diffusion bond coats weremgmad using PLPS after 20 thermal

cycles at 1150°C. Fig.1 shows peak shift (stresm)s for both specimens. A peak shift of 5
cm™* corresponds approximately to a biaxial stress @&Ph. In both cases the shift is large
and corresponds to a residual stress of 5-6 GRaspacimen which had the coarse ground
substrate (Fig.1a) clearly exhibits one dimensideatures in the TGO stress distribution,

whereas the fine ground specimen (Fig.1b) doesshowv any similar features. The stress
variations in Fig.1b are quite randomly-positioned.

Both specimens failed after about 37 thermal cyales post-mortem SEM examination was
conducted on spalled pieces of coating and expsgestrate surfaces. It was found that both
specimens failed along the TGO/bond coat interfate under side of the coating pieces
spalled from the coarse ground specimen was coyaetbminantly by AlO; (Fig.2a) and
longitudinal features are clearly visible. The undigle of the coating spalled from the fine
ground specimen was also covered igBl However, the longitudinal features could not be
seen until the electron beam was incident on tleeisgen surface at a shallow angle. As
shown in Fig.2b, the one dimensional features weza visible, but they are much shallower
than for the coarse ground specimen.

3.2 Residual stress in the TGO on Pt-Al bond ce#ts different surface conditions.

These specimens were subjected to thermal cyclifgl3a5°C and luminescence mapping
was carried out periodically. Sequential mapping wanducted on the same areas of each
specimen in order to follow how the local featudeselop.

Figs.3a-c show how the stress distribution in caiqular area of the specimen with normal
surface finish evolved from 63cycle to 103 cycle. The average stress in the TGO for this
sample (approximately 1 GPa) was much lower thanhfthr the ones with Pt diffusion bond
coats and decreased gradually with thermal cyclitayvever, some larger changes occurred
locally. For example the stress around the areainAFig. 3 decreased significantly with
thermal cycling; the low stress region ‘B’ in Fib.8isappeared after further cycling in Fig.3c;
and a new low stress zone ‘C’ has appeared in&ig.3

In contrast, no major changes in stress distributvere observed for the specimen with the
polished surface (Figs. 4a-c) and the mean strassmuch higher (approximately 3.5 GPa).

The maps show well-defined regions that have steesgyher and lower than the average and
these regions remain in the same place as theyuolah@ proceeds.

Fig. 5 gives the TGO stress evolution as a funatibthermal cycling for the two specimens
with Pt-Al bond coats. The TGO stress in the speainwith normal surface finish was
initially very low (~5 cm, or 1GPa), quickly increased to 2 GPa within a fawles, and
then decreased gradually with further thermal eggliin contrast, the TGO stress in the
specimen with the polished surface was much highérGPa) and remained at this high
level (Fig.4b).



The approximatd®- Al,O3; content in the TGO was estimated using the folgaequation
[26]:

C. = Az30t Aasast Aase

)=
Aszzot Assast Auszst Ar T Are

Eq. 1

where Aussg Awssas and Avsess are the areas of luminescence peaks centred 801et8’,
14546 crit and 14626 ci respectively and & and Ag, are the peak areas of the
characteristic R1 and R2 peaks. The evoluGo/Al,O; content with thermal cycling is also
given in Figs.5a and b for the specimens with Pbéhd coats. Th8- Al, Oz content in the
specimen with normal surface finish was much highan that in the polished one. Tée
Al,O3 content in both specimens decreased with thergwhing, but theB- Al,O; content in
specimen with normal surface finish experiencedamnatic decrease in the first 25 cycles
and after that th@- Al,O3 content change was much slower.

Luminescence mapping with a pitch size of 2 pum wasducted to reveal detailed local
stress variation. Many very low stress region (asveed in Fig.6a) were seen in the normal
surface finish specimen, which were only a few oner in size. In contrast, the residual
stress in the polished specimen was quite uniforem @t high resolution, as shown in Fig.6b.

Thermal cycling was terminated at the 105th cyolethe normal surface specimen and at
75th cycle for the polished specimen and the cgatwere intact at this stage. However, the
coatings on both specimens were found to havedfaifter leaving for two months at room

temperature and in ambient atmosphere. SEM wastasadestigate the failure mode. It was

found the failure locus for the specimen with norswface finish was along the TGO/YSZ

interface while that for the polished specimen vedeng the TGO/bond coat interface.

Figs.7a and b give the SEM images of the exposkstiates. The TGO layer stayed on the
normal surface finish substrate with sporadic Y8Zidual grains. Conversely the polished
specimen (Fig.7b) has only small amount of residi@D left on bond coat.

X-ray diffraction was used to examine the phase pmsition of the failed TBC. No
monoclinic phase zirconia was seen in the cerastidhe room temperature failure was not
due to tetragonal to monaoclinic transformation. Tdikire was probably caused by moisture-
assisted subcritical spall propagation [27]. Howetarther detailed investigation is needed
to substantiate this speculation.

4 Discussion
4.1 Stress redistribution by interface roughness

Figs.1la and 2a clearly shows that bond coat surtagghness influences TGO residual stress.
These two figures have a similar magnification &edce it is evident that the number of
linear features in the stress map (Fig.1a) is fetvan in the SEM image (Fig.2a). In earlier
studies [11] we showed that the luminescence magppas a resolution of <5 um and so
luminescence mapping should have been able to ypcteatures corresponding to all the
parallel grooves in Fig.2a if they were all capabfeinfluencing TGO stress to a similar
extent. Furthermore, the luminescence mappingetgecimen with the fine ground surface
6



shows no indication of linear features. These oladEms indicate that the amplitude of
surface roughness has to be larger than a critadak to have a significant influence on the
TGO stress distribution.  Since the roughness fur toarse ground specimen was
Ra=1.16m and that for the fine ground specimen was Ra2u®8 so the critical
roughness should be between 0.682 and 1.165.

The effect of local curvature on the peak shifttloé luminescence from TGO has been
assessed using a composite cylinder model in aquepaper [26] and by Gong and Clarke
for a sinusoidal TGO (but without top coat)[28].cdecding to the models, the peak shift of a
concave curvature should be almost the same a$othatflat surface, while the peak shift at
a convex location is smaller by an amount dependimghe curvature (as reflected in the
amplitude and wavelength of the TGO roughness coedpavith the TGO thickness).
Therefore, in Fig.1a the strips with relativelydarpeak shift correspond to local concave
curvature (valleys), while the strips with relativesmall peak shift correspond to local
convex curvature (peaks).

4.2 The effect of surface roughness on morpholbghalution and failure

Since stress mapping is sensitive to the morphcdddeatures, stress maps could be used to
track morphological changes during thermal cyclidgwever, it must be borne in mind that
other factors influence local TGO stress, suchamsatje, and therefore variations in stress do
not necessarily relate directly to surface morpgploNevertheless, one interpretation of the
low stress areas in Figs.3 and 4 is that they sparding to local peaks in the bond coat
surface and the high stress areas corresponddbvalteys. The irregular shapes of the high
and low stress areas in Figs.3a-c are consistett thie irregular surface morphology
resulting from the grit blasting during specimeregaration. Similarly, the more regular
stress variation seen for the polished specimeRigs. 4a-c is consistent with a gradual
rumpling of the bond coat/TGO interface resulting thermal exposure.

The rough interface introduced in the manufactumhghe specimen with normal surface
finish favours further short wavelength roughenimigthe interface which facilitates the
formation of local cracks between top coat and T[@&4). Eventually this leads to weakening
of the YSZ/TGO interface and finally delaminatiantlais interface driven by the release of
stored elastic energy within the YSZ.

Conversely the specimen with the polished surfacEntained a relatively flat bond
coat/TGO interface throughout the thermal cyclimgcess with only relatively gentle, long
wavelength morphology and hence no large localxatian of the TGO stress. Thus the
TGO/YSZ interface was not degraded in this caseemahtual failure was by delamination
along the bond coat/TGO interface driven by theas¢ of stored elastic energy within both
the TGO and the YSZ.

4.3 The effect of th8- Al,O; content on the TGO residual stress

From Figs.5a and b it is clear that the TGO ingpecimen with normal surface finish Pt-Al
bond coat had a much high@rAl,O; content than that with the polished bond coat,
especially in the early stage. This suggests ti@pblished surface favours the formation of
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the stablex- Al,Os, while the rough surface encourages the formaifdhe transition phase
6- Al,O3. Also from Fig.5a, the TGO stress increases a8-tl#¢,0; content decreases.

The correlation betwee® Al,O3; content and TGO residual stress was investigatdteiu
using the data from the 2501 spectra acquirechiiuminescence map of the specimen with
normal surface finish after 25 cycles. The transifphase content as a function of peak shift
is plotted in Fig.8. It can be seen that the p&ak tends to increase as the transition phase
content decreases. The reduction in the stresgei-tAl ,O; could be due to th8-Al,0s
having a lower elastic modulus and/or a higher CH@n a-Al,Os;. High resolution
luminescence mapping (area 30 x20 and pitch size iim) was conducted within a small
area to reveal the distributions of tBeAl,O3; and TGO stress. As shown in Fig.9a fhe
Al,0O3; was not uniformly distributed, but was prefereihitocated in the lower region of the
mapped area. Fig.9b is the corresponding peak stafi and shows that the higher stress
region matches the region with low8rAl,O3 content quite well. The low stress areas
associated with the transition phase are only arnfegvons in extent (Fig.9b) and similar in
size to the small regions of low stress seen agcidps” in Figs. 3a-c. These can be
attributed to the existence of tide Al,O;. From Figs. 3a-c, it is clear the number of the
“speckles” decreases with thermal cycling, whichcamsistent with thé- Al,O3; content
decreasing with thermal cycling as shown in Fig.5a.

When significant transitiofi-alumina was present in the TGO, the regions with@b-Al ;O3
that subsequently transformeddatoAl,O3; are placed under a tensile strain due to thenvelu
decrease associated with the phase transformdtirs the presence of transitibBralumina
is an extra contributor to the stress evolutiorrtafpam the morphology.

It is far from being fully understood as to why amalv transition6- alumina is formed. In a
separate study [26], we found that, despite twditer blades having been subjected to
identical thermal treatments, and supposed to Hhgesame chemical composition and
manufacturing procedure, they had significantlyfeddnt 6 content at convex parts of the
blades. The result from the present study andftbat [26] both seem to indicate that the
kinetics of the formation of the- Al,O3 and its transformation t@ Al,O; could be changed
significantly by subtle changes in chemical composj interface morphology or defect
content in the TBC system. Further investigationesded.

5 Summary and Conclusions

In this paper, it was observed that TGO stressrildigtons obtained by luminescence

mapping of specimens with different degrees of dimaensional surface roughness can
reflect morphological features of the bond coat/TiGterface because sharp curvature in the
TGO can give rise to significant local stress rateon. The interface roughness is also
reflected in the frequency distribution, which armower for the smoother interface.

Thus the TGO stress maps for a coating on a swbstith a normal grit-blasted surface and
Pt-Al bond coat showed irregular patterns and lowrage stress due, at least in part, to
relaxation by local TGO bending. Conversely, ailsimspecimen with a polished surface

8



had much higher mean TGO stress and the maps showesl regular longer wavelength
variations, possibly caused by slight interface pling.

The luminescence maps show that the TGO stressbdistn for the specimen with the
normal surface finish is not stable with thermatloyg (i.e. some low stress regions appear to
move) and there was a gradual lowering of TGO stnegh thermal cycling. This is
interpreted as the result of changing interfacepmology due to rumpling. It leads to local
separation of the TGO/YSZ/ interface, which is étgr weakened, and finally this interface
delaminates driven by the release of stored elastergy within the YSZ. Conversely the
polished specimen had a high TGO residual stresgpamable with the theoretical thermal
mismatch stress throughout thermal cycling andinterface morphology was stable. This
specimen eventually delaminated along the bond TG& interface driven by the release of
stored elastic energy within both the TGO and t&ZY

The TGO stress is also influenced by the presehtramsition aluminaf-Al,0s) in the TGO,

in addition to TGO morphology, and high transitelnmina content was correlated with low
TGO stress.
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Figure captions

Fig. 1 Peak shift (stress) maps for TGO in coatwgh Pt diffusion bond coat on a) one-
dimensionally coarse ground; and b) one dimengipfiake ground substrates after 25 cycles
at 1150°C. Mapping area is 300 um by 200 pm atwth gize 5 pm.

Fig.2 Scanning electron micrograph of the reverde oef the TBC coatings spalled from a)
one-dimensionally coarse ground; and b) one dinoeadly fine ground substrates with Pt
diffusion bond coats. AD; appears mid-gray.

Fig.3 Sequential peak shift (stress) maps of tineesarea on the specimen with Pt-Al bond
coat and normal surface finish after aj’&Scle, b) 8% cycle, c) 103rd cycle. The mapped
area is 300 um by 200um and pitch size is 5 um.

Fig.4 Sequential peak shift (stress) maps of tineesarea on the specimen with Pt-Al bond
coat and polished surface finish after a) 25theyi) 45th cycle, ¢)7 5th cycle. The mapped
area is 300 um by 200um and pitch size is 5 um

Fig.5 Evolution of average residual stress @n#ll,O; content with thermal cycling for
specimens with Pt-Al bond coats and a) normal grmqEbbshed surface finishes.

Fig.6 High resolution (50 um by 50um) peak shiftgss) maps after 25 cycles for specimens
with Pt-Al bond coats and a) normal and b) poliskedace finishes.

Fig.7 SEM images of the exposed substrate aftkiréafor specimens with Pt-Al bond coats
and different surface finishes: a) normal surfacésii (white area is YSZ and gray area
Al,03); and b) polished surface finish ( gray is bondt@nd dark islands are residual TGO )
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Fig.8 The correlation between peak shift and fitems alumina content in the spectra
acquired during mapping the TGO on the specimeh RitAl bond coat and normal surface
finish after 25 cycles.

Fig.9 High resolution maps for the specimen withAPbond coat and normal surface finish
after 25 cycles showing 8) Al,O3; content and b) peak shift (same area).
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