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Chronological evaluation of interfacial damage
in TBC due to thermal cycling

Z. A. CHAUDHURY*, G. M. NEWAZ* S. Q. NUSIER*, T. AHMED?,R. L. THOMAS!*
*Mechanical Engineering Department, *Institute for Manufacturing Research, Wayne State
University, Detroit, Ml 48202, USA

A two layer electron beam-physical vapor deposited (EV-PVD) thermal barrier coating (TBC)
on a single crystal superalloy (René N5) substrate was characterized prior to and after
thermal cycling at 2, 18, 25, 44, 50, 75, 100, 110, 150, and 175 cycles in between 200
C-1177 C. Optical microscopy, scanning electron microscopy, and thermal wave imaging
techniques were used to characterize the interfacial damage. Pt-Al was used as bond coat
and 8 wt % YSZ was used as outer top layer. Interfacial cracking was observed even at two
thermal cycles. Thermally grown oxide (TGO) layer increased with the number of thermal
cycles. After numerous cycles over 100, interfacial separation was observed to be higher
at the middle than at the edges of the sample. This observation is consistent with

buckling induced delamination—a possible mechanism for spallation. © 7999 Kluwer
Academic Publishers

1. Introduction beam gun, temperature, and gas should be controlled
Different turbine engine components use thermal barvery carefully.
rier coatings (TBCs) to increase the life of the metal Calculations indicate that a 0.25 mm thick layer of
parts and to improve the operating temperature. TBCgirconia can reduce metal temperature by as much
offer a number of benefits including up to 145 metal as 170C depending on local heat flux [1, 4]. This
temperature reduction, significant fuel savings and im+elative temperature reduction can provide significant
proved durability [1, 2]. Other advantages and improve-benefits [1, 2] in the form of either component dura-
ments of TBCs on the turbine blades are the increashkility extension or system performance improvement.
in the turbine thermal efficiency due to a higher statorThe most widely used TBCs are based on zirconia
outlet temperature, the increase in the compressor eff{zirconium dioxide), which shows thermal expansion
ciency due to a reduced air flow for the turbine cooling,characteristic similar to superalloys. Zirconia offers a
and a longer service life for the metallic substrate duegood compromise with a low thermal conductivity of
to a decreased thermal fatigue load. TBCs consist of about 2 W/mK and a high thermal expansion coeffi-
thermally insulating zirconia ceramic overlayer appliedcient (~10x 10-¢K~1) [5]. Yttria stabilized zirconia
over a metallic bond coat, which protects the substrat€YSZ) coatings represent the current state of the art of
from oxidation and hot corrosion during high temper- TBCs [6].
ature operations. Bond coat compositions started from early-Xir
Several coating methods are available. Of them plaand Ni—Al compositions to the presently used MCrAIX
sma spray and electron-beam physical vapor depositiofM=Ni or Cr or both, X=Hf, Zr or Al) and Pt-Al
(EB-PVD) processes are very popular for their variouscompositions. PtAl diffusion coating has been de-
advantages. EB-PVD has been successfully used to cog¢loped due to demands on coatings for gas turbine
turbine airfoils [3]. EB-PVD ceramic structure is highly engines, which must operate at significantly higher
columnar, the columns are aligned perpendicular to théemperatures than required previously. Oxidation be-
metal-ceramic interface. Due to columnar microstruc-havior of platinum-modified aluminide coating and
ture in EB-PVD system, the coatings become strairplatinum—-aluminum alloys has been reported by other
tolerant. The reason for this is that the coatings carinvestigators [7, 8].
accommodate the applied thermal strain by movement The function of the bond coat in a TBC system is
between the columnar growth structures [2]. In the EB-to provide good adhesion between the metal substrate
PVD technique, a small piece of ceramic material suckand the ceramic top coat while providing good oxida-
as 8 wt% YSZ is evaporated by an electron beam in dion protection to the underlying substrate alloy. During
vacuum chamber. The ceramic vapor cloud condensdfermal exposure, this bond coat oxidizes and forms
on the surfaces of the component, which is rotated andn aluminum oxide layer between the ceramic and the
controlled in the vapor cloud to form the coating. Powerbond coat. Oxidation plays a dominant role in the fail-
to evaporate the ceramic coating material is providedire of graded thermal barrier coatings as confirmed by
by a high-energy electron beam gun. Feeders, electramany researchers [9-12]. Oxidation of the bond coat
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has been proposed [13] as a life limiting factor of TBCs.
Numerous studies have shown that oxidation of bondS 45 min
coat can significantly affect spalling [14-17]. i wi"
Depending on the temperature range to which ther-
mal barrier coatings are exposed, differenttypes of fail-g 200 — - — — — — — — — — — — — — — — =
ure modes have been observed. Bond coat oxidatiol
and damage initiation is common for high temperature Time (min)
applications [18-20]. On the other hand, for low tem-
perature applications, thermal cyclic stresses that occu
during engine operation is believed to be responsible fot Thermal Cycling Profile
coating delamination and spallation [21]. For long-term
successful use of the turbine components, the durabi’zigure 1 The temperature profile of the thermal cycle tests conducted
ity of the TBC must be maintained. Due to improve- " the Presentinvestigation.
ments in processing condition and coating materials, )
significant advances in coating durability have been reJhe thermally cycled samples were cold mounted using
alized [22—28]. Stress calculations have indicated thagPoxide resin. The samples were sectioned, ground, and
high rates of heating and cooling have a more destrug?0lished using normal metallurgical procedures. The
tive influence on ceramic coating life than isothermalPolished samples were observed under Olympus BX 60
exposure at temperature [29]. Substrate temperature @Ptical microscope. Scanning electron microscopy was
important in TBC behavior. Thermal cycle life of TBC carried by using a Hitachi 2000 SEM on the polished
decreases dramatically due to higher substrate tempe$@mples to observe interfacial damage/crack propaga-
ature [30-31]. Compressive stresses are also believdtpn at the ceramic top coat and bond coat interface and
to be responsible for TBC failure, which occur in the Mmorphology of the thermally grown oxide (TGO) layer
ceramic layer during cooling [14, 29]. The mechanismat higher magmﬂc;anon.
involves buckling of TBC due to compressive residual Thermal wave images were taken on the surface of
stress, which results in spallation. These stresses can e thermally cycled and untested samples in order to
attributed to the thermal expansion mismatch betwee#flentify any damage at the ceramic top coat and bond
the ceramic top coat and the metal bond coat [32—35c0at interface. The thermal wave imaging method is
Extensive research work on TBCs have been reported iRased on the idea that a time-dependent heat source at
the literature [36—46]. The basic causes of TBC failurethe surface of an object launches waves of heat into
and the effect of TGO on delamination is still not clear. the object in the form of heat diffusion, called thermal
As a part of our continued research program on an inWaves. The thermal waves are scattered from subsur-
vestigation with focus on damage accumulation mechface defects or anomalies in much the same way that
anisms in thermal barrier coated single crystal substratgound waves reflect from such defects and, upon return-
[47-49], a number of thermal cycling tests have beeriNd to the surface of the object, modify the temperature
carried out, evaluated, and analyzed to determine thef the surface map. In the usual configuration, high-
causes of coating failure and delamination. In this arti-Power flash lamps are used to pulse-heat the surface of
cle, we present a chronological sequence of damage ari@ie object under inspection. This causes a plane ther-

oxidation evolution at the bond coat and TBC interface Mal wave pulse to propagate into the material from the
heated surface. As this pulse encounters subsurface ma-

terial defects, each defect scatters a fraction of the pulse

2. Experimental procedure back towards the surface. When these scattered pulses
The TBC specimens were 25.4 mm in diameter byorth_ermal waves arrive backatthe_sur_fac_e,theymodify
3.17 mm thick button samples of nickel base Super_thetlme_z—de.pendenttemperature _dlstrlbutlon onthe sur-
alloy Rene’ N5. There are two coats: one is the topface,W|th signal from defects atd!fferent d_epths affe_ct—
coat, which is the EB-PVD thermally insulting outer "9 the surface tempe_rature at different times. l?ur!ng
ceramic layer, and the other is the bond coat, whicth€ Process, the evolving surface temperature distribu-
is a diffusion aluminide Pt-Al alloy. The outer layer tion is imaged by an infrared video camera as a func-
TBC was the 8 % wt YSZ. The thickness of the outertion of time. Through the use of fast image processing
top coat is 0.127 mm, and that of bond coat is 0.04g21ardware and software, the system's computer mem-
mm. Several researchers have worked on this materi&y Stores a sequence of gated images corresponding
system between 150 C-1200 C. A number of coatedo the various times after the flash heating. The result
specimens were placed in a muffle-type rapid heatls a series of thermal wave images corregponding to
ing/cooling furnace and thermally cycled to 2, 18, 25,Various depths benea_th the su_rface. The time afte_r the
42,50, 75, 100, 110, 150, and 175 cycles in the range genset of the flash heating at which defects from various
(200°C—-1177°C). The holding time was 45 minutes at depths beneath the surface can b_e_observed dep_ends on
the peak temperature in each cycle. The rate of heatinf® depth and the thermal diffusivity of the specimen
was nine minutes to reach to the peak temperature ari¢nder inspection.
the rate of cooling was 10 minutes to reach to the lower
temperature of the cycles. Fig. 1 shows the temperatur@. Results and discussions
profile of the thermal cycle tests. 3.1. Thermal cycling of TBC samples

A number of samples were taken out after a certairfig. 2 shows the photomicrograph of a thermal barrier
number of thermal cycles. These samples did not failcoated sample without any thermal cycling. No
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at elevated temperature does occur [53], and their
Epoxy Mounting Media effect on TBC failure is still not clear. Migration of
aluminum from bond coat into the substrate can change
the oxidation behavior of the bond coat and sometimes
may be responsible for the formation of less adherent
oxide species. A few thermal cycles lead to the forma-
tion of interfacial cracking at the bond coat/top coat
interface, and increasing the number of cycles leads
to the formation of both interfacial cracking and TGO
layer. Fig. 3a and b shows the photomicrographs of the
interfacial cracking at the bond coat/top coat interface
taken after 2 and 18 thermal cycles. TGO layer just
started growing at 18 thermal cycles. The length of
150 um the interfacial crack was typically 60Qm and the
thickness of the crack was @m. The TGO layer
Figure 2 An optical micrograph of an untested thermal barrier coated starts grqwmg with lncre_asmg the n.umber of thgrmal
sample. Thermally Grown Oxide (TGO) layer and/or interfacial separa—CyCIeS' Fig. 3c and d, Flg_' 4a-c, Flg_' S, and Fig. _6a
tion were absent at the bond coat/top coat (TBC) interface. and b show the chronological evaluation of interfacial
damage in TBC due to thermal cycling at 25, 42, 50,
75, 100, 110, and 175 cycles. The thickness of the
interfacial cracking and oxidation product (TGO) was TGO layer grows as the number of cycles increases.
observed at the bond coat/top coat (TBC) interfaceFig. 4c shows separation through the TGO layer. In
Thermally cycled TBC samples in air leads to theFig. 5, interfacial cracking at the bond coat/top coat
formation of a reaction product layer and interfacialinterface are increased and TGO layer is quite visible
cracking/damage at the bond coat/top coat interfacehrough the interfacial cracking. Interfacial cracking
This oxidation product (TGO) is AD3 and has been is showing a sinusoidal nature. In Fig. 6a and b, com-
confirmed by many researchers [47, 48, 51, 52]plete separation through the TGO layer is observed.
Interdiffusion of bond coat and substrate elementsThis TGO layer/separation is very high at the center
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Figure 3 (a) and (b) Photomicrographs of interfacial cracking at the bond coat/top coat interface taken after 2 and 18 thermal cycles. TGO layer
started growing at 18 cycles, (c) and (d) chronological evaluation of interfacial damage in TBC due to thermal cycling at 25 and 42 cycles.
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Figure 5 The photomicrograph of bond coat cracking in between bond
coat and TBC after thermal cycled at 110 cycles. TGO layer is visible
through the bond coat cracking. This bond coat cracking is sinusoidal
nature.
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Figure 4 The optical micrographs showing the chronological evaluation
of interfacial damage in TBC due to thermal cycling at 50 and 75 and
100 cycles. Separation through TGO layer is quite visible.

T A

) Separation Through TGO Layer

and small at the edges of the TBC sample. The thickFigure 6 The optical micrographs showing complete separation through
ness of this separation at the center is roughly doublée TGO layer after thermal cycled at 175 cycles. (a) Separation at the
that at the edges, which 'i885.5,u,m at the center and edge of the specimen, and (b) separation at the center of the specimen.
~42.9 um at the edges. Fig. 7 depicts the schematic

cross-section and photomicrographs of TBC specimengjear that buckling induced delamination is a possible
showing interfacial separation through TGO layer af-mechanism for spallation.

ter 150 thermal cycles. The TGO layer is thicker at

the middle and thinner at the edges of the specimen. A

large interfacial delamination crack is needed for buck-3.2. Scanning electron microscopy (SEM)

ling induced spallation to occur. Current understanding-ig. 8a—c show the high magnification SEM micro-
[9, 12] and from the Figs 5, 6a and b, and 7, it is nowgraphs taken from the specimens thermally cycled at
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Figure 7 The schematic and photomicrographs of TBC specimen showing interfacial separation through TGO layer after thermal cycled at 150 cycles.
The photomicrographs were taken from two edges and center of the specimen.
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Figure 8 The scanning electron micrographs taken from the polished TBC specimens after thermal cycled at 25, 50, and 150 cycles. TGO layer,
microcracks, voids, and separation through TGO layer are observed in those specimens.

25, 50, and 150 cycles. At 25 thermal cycles, separa3.3. Nondestructive evaluation using

tion through TGO layer is quite prominent as shown thermal wave imaging (TWI)

in the micrograph 8a. In micrograph 8b, voids and mi-Fig. 9 shows the schematic experimental set up for ther-
crocracks are seen, and TBC seems to be spalling outal wave imaging. This set up is used to take thermal
Fig. 8c shows the microcrack and big separation. Interwave image of a number of samples. Fig. 10a shows the
facial damage is very large in this situation. thermal wave image of four samples at 0, 25, 50, and
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Flash lamp trigger cycles increases, the damage at the bond coat/top coat

Flash 1 . . .
and control unit ash arpe interface are also increased. The damage thickness may
—>|$3T5ss also change depending on the number of thermal cy-
cles. This damage thickness may be responsible for the
IR Camera @ variation in the thermal wave signal amplitude.
0
D Specimen 4 conclusions

— = Based on the present investigation, the following con-

clusions may be drawn:

Microcomputer
_with real-time 1. Microcracks may occur early due to thermal cy-
Image processor cles. Anumber of microcracks were observed only after

two cycles (200C-1177°C) in the bond coat near the
TBC/bond coat interface.

2. The TGO layer continues to grow with higher the
100 thermal cycling, respectively, from left to right. In number of thermal cycles. However, there is a substan-
this image map, the deeper gray levels indicate highetial interaction of TGO layer and damage at higher num-
thermal wave signal amplitudes. The correspondinger of cycles.
surface temperature profile plots, shown on the right- 3. There appears to be a transition from low-scale
hand side of the figure, represent the relative amplitudelistribution damage (microcracks that are separate) to
plotted as function of position or distance across thenmore extensive interlinked damage (microcracks that
center of the samples. The plot indicates that the thehave connected) around 100 cycles.
mal wave signal amplitude increases 100% from O ther- 4. Interfacial separation between bond coatand TBC
mal cycling to 25 thermal cycling, while the change in increases with increasing the number of thermal cycles.
the thermal wave signal amplitude from 25 thermal cy-This separation is higher at the center and lower atedges
cling to 50 thermal cycling is only 10% for each case.of the sample. The separation has been estimated to be
Fig. 10b shows the thermal wave image of a secon®5 um for 175 thermal cycles. This separation is twice
set of samples at 0, 150, and 175 thermal cycling rethe separation measured at the edges of the sample.
spectively from left to right. The corresponding surface 5. Based on current evidence and from our previ-
temperature profile shows that the thermal wave signabus investigation [50], it can be concluded that buck-
amplitude increases 150% from O thermal cycling toling induced delamination is a possible mechanism for
150 thermal cycling, however, the thermal wave signalspallation.
amplitudes of the 150 thermal cycling and 175 thermal 6. Thermal wave imaging technique is a potential
cycling samples are identical. As the number of thermaNDE tool to assess the degradation in TBC system.

Figure 9 A schematic experimental setup for thermal wave imaging.

(a)
) Al
a
[ ]
e
2
S
£
<
0Cys 25Cys S0Cys 100Cys Distance (pixel coordinate)
(b)
'5 kq_l—v—ﬂ,.n_p\,‘_]
s
(4]
e
=
S
£
=

0 Cys 150Cys 175 Cys

Distance (pixel coordinate)

Figure 10 (a) Thermal wave image of four samples at 0, 25, 50, and 100 thermal cycles and their corresponding surface temperature profile plots,
respectively, (b) thermal wave image of other set of samples at 0, 150 and 175 cycles and their corresponding surface temperature profile plots.
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