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Reliable life-prediction models for the durability of thermal barrier coatings require
the identiﬁcation of the relative importance of various mechanisms responsible for
the failure of the coatings at high temperatures. Studies of these mechanisms in
subsystems of thermal barrier coatings can provide valuable information. In the
present work, we undertake an experimental study of ‘rumpling’, or progressive
roughening of the bond-coat (BC) surface in the bond coat–superalloy systems upon
high-temperature exposure. Thermal cycling and isothermal experiments are carried
out on a platinum aluminide BC, a nickel aluminide BC, and an NiCoCrAlY BC
deposited on an Ni-based superalloy in air and in vacuum. Cyclic experiments are
conducted in air for diﬀerent levels of initial roughness of the BC surface. Upon thermal cycling in air, the BC surfaces with a wide range of initial roughness rumple to
comparable characteristic wavelengths and amplitudes, indicating the insensitivity
of the rumpling phenomenon to the initial surface ﬂuctuations. Observations of the
rumpled BC surfaces show that the stresses in the BC provide driving force for the
rumpling process. On comparing the experimental observations with existing rumpling models in the literature, it is concluded that the thermally grown aluminium
oxide and the microstructural changes in the BC have a limited role in inducing
rumpling. Plausibility of several possible deformation mechanisms is discussed. It is
shown that several of the rumpling observations in the current work can be explained
by a BC stress-driven surface-diﬀusion model from the literature.
Keywords: thermal barrier coatings; surface rumpling; surface diﬀusion

1. Introduction
Increasing demand for higher operating eﬃciencies of jet engines and gas turbines
has led to the development of thermal barrier coating (TBC) technology over the
last two decades (Goward 1998; Meier & Gupta 1994; Miller 1987; Padture et al.
2002; Schulz et al. 2003; Sheﬄer & Gupta 1988; Stiger et al. 1999; Strangman 1985).
The TBCs are multi-layered metal–ceramic coatings used to reduce the surface temperature of superalloy components in the hot sections of jet engines, gas turbines
and diesel engines (Levy & MacAdam 1988; Padture et al. 2002; Rejda et al. 1999).
c 2004 The Royal Society
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The higher operating temperatures made possible by TBCs result in higher engine
eﬃciencies. For a ﬁxed operating temperature, this translates into an improved oxidation resistance and prolonged creep life of the engine components. The anatomy of
a typical TBC system consists of a ceramic topcoat, a thermally grown aluminium
oxide (TGO), an intermediate (metallic) bond coat (BC) and a substrate superalloy.
The BC is deposited on the superalloy, while the ceramic is deposited over the BC at
high temperatures. The TGO is a reaction product that grows over the BC at high
temperatures and occupies the BC–ceramic interface. The BC is typically platinum
aluminide or NiCoCrAlY alloy.
In spite of the excellent advantages oﬀered by TBCs, their long-term durability is
limited, primarily due to the problems associated with ceramic topcoat spallation.
Since the local temperature in the hot section of a gas turbine can exceed the melting
temperature of the superalloy, this spallation can be quite dangerous. Several laboratory and ﬁeld experiments have been carried out in the past subjecting diﬀerent
types of TBC systems to failure under isothermal, thermomechanical or cyclic thermal histories (Ambrico et al. 2001; Bouhanek et al. 2000; Ibegazene-Ouali et al. 2000;
Mumm et al. 2001; Ruud et al. 2001; Schulz et al. 2001; Sohn et al. 2001; Tolpygo &
Clarke 2001; Tolpygo et al. 2001; Vaidyanathan et al. 2000; Wright 1998; Wu et al.
1989). Although the TBC failure under thermal loading is seen to vary from system
to system (e.g. Bouhanek et al. 2000; Ruud et al. 2001; Schulz et al. 2001; Tolpygo
& Clarke 2001; Tolpygo et al. 2001), some general trends can be established.
Typically, the failure process is associated with morphological instabilities, or ‘rumpling’, occurring at the BC–ceramic interface, with the TGO inbetween (Evans et
al. 2001; Wright & Evans 1999). Aspects of the rumpling phenomenon have previously been explored through experimental studies on TBC subsystems consisting of
the substrate coated with BC only (Deb et al. 1987; Holmes & McClintock 1990;
Pennefather & Boone 1995; Tolpygo & Clarke 2000; Zhang et al. 1999). Platinum
aluminide, nickel aluminide and NiCoCrAlY BCs deposited on superalloy substrates
rumple to wavelengths ranging from ca. 40 µm (Tolpygo & Clarke 2000) to ca. 300 µm
(Pennefather & Boone 1995) upon thermal cycling to temperatures up to 1200 ◦ C.
The amplitude of the rumpled surfaces in these experiments was up to 15 µm. Under
isothermal experiments at 1100 ◦ C (Deb et al. 1987) and at 1150 ◦ C (Tolpygo &
Clarke 2000), no rumpling was observed. Under fast heating and cooling rates (a
temperature change from 1050 to 300 ◦ C in about a minute) along with mechanical
loading of the superalloy substrate, the BCs were seen to rumple (see Holmes &
McClintock 1990; Zhang et al. 1999) with additional thermal shock eﬀects such as
‘scalloping’ (Holmes & McClintock 1990), or large-scale spallation of the TGO.
The critical questions to understanding the instability-related failure process in
TBCs are as follows.
(i) What are the deformation mechanisms responsible for such rumpling of the
BC–ceramic interface?
(ii) What is the driving force for such deformation mechanisms?
Models for rumpling instabilities have been developed for generic metal-oxide systems
(He et al. 2000; Karlsson & Evans 2001; Suo 1995), for speciﬁc BC–superalloy systems
(Tolpygo & Clarke 2000), and for metallic coating–substrate systems (Panat et al.
2003), in which diﬀerent mechanisms have been proposed to explain the experimental
observations.
Proc. R. Soc. Lond. A (2004)
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Some of these models emphasized the role played by the TGO. He et al. (2000)
proposed that plastic ratcheting of the BC due to the mismatch stresses in the developing TGO during thermal cycling is responsible for the rumpling. Such a mechanism requires that the initial amplitude of surface ﬂuctuation be larger than a critical
value. Moreover, to generate plastic ratcheting, cyclic thermal history is a necessary
condition for rumpling to occur. Further numerical studies by Karlsson & Evans
(2001) and numerical and analytical studies on an idealized rumple geometry by
Karlsson et al. (2002) elucidated the role of BC reverse yielding and TGO yield in
inducing the TGO stress-driven rumpling (He et al. 2000). Suo (1995), on the other
hand, suggested that the highly compressive stresses in the TGO (of the order of
GPa) would provide the driving force necessary for the metal atoms to diﬀuse along
the TGO–metal interface, leading to a wavy metal surface. Suo (1995) estimates
that this mechanism would result in a rumpling characteristic wavelength of a few
times the thickness of the TGO, roughly an order of magnitude smaller than that
observed in experiments by Tolpygo & Grabke (1994). It is noted that the mechanisms proposed by He et al. (2000) and by Suo (1995) are generic for all metal-oxide
systems, regardless of whether there exists an intermediate BC layer. Other models concern the microstructural changes in the BC during high-temperature testing.
Based on their experimental observations, Tolpygo & Clarke (2000) suggested that
the rumpling in BC–superalloy systems occurs as a result of diﬀerential diﬀusion of
various constituents, like Ni and Al, perpendicular to the BC surface. In order to
verify this mechanism, however, one needs to quantitatively demonstrate the correlation between microstructural features, such as composition variations, and surface
rumpling features. Recently, Panat et al. (2003) developed a model based on the
assumption that the stress in BCs is the driving force for the BC surface atoms to
diﬀuse, and will give rise to rumpling with characteristic wavelengths decided by the
energetics of the process, i.e. a balance between strain energy and surface energy of
the BC. Among all the mechanisms proposed by the above models, it is unclear, from
the experimental data available to date, which mechanism is (or which mechanisms
are) dominant during the rumpling process.
Present work is inspired by the experimental observations of BC surface rumpling
(Deb et al. 1987; Holmes & McClintock 1990; Pennefather & Boone 1995; Tolpygo &
Clarke 2000; Zhang et al. 1999) and theoretical predictions by various models (He et
al. 2000; Panat et al. 2003; Suo 1995; Tolpygo & Clarke 2000), and tries to shed light
on the issue. A detailed experimental study of the rumpling of BC–superalloy systems
subjected to isothermal and cyclic thermal heat treatments in air is performed. Both
platinum aluminide and NiCoCrAlY bond-coated superalloy are considered. The
results demonstrated that rumpling of comparable patterns occurs under a wide
range of conditions, such as isothermal and thermal cycling with drastically diﬀerent
initial surface ﬂuctuations. An experiment with a nickel aluminide BC subjected
to an isothermal condition in vacuum is also presented. This result shows that the
rumpling can occur in the absence of signiﬁcant TGO. Microstructural examinations
reveal poor correlation between microstructural changes and rumpling peak/valley
locations. Several of the current experimental results can be explained by assuming
the mechanism proposed by Panat et al. (2003), i.e. rumpling due to BC surface
diﬀusion driven by BC mismatch stress. Findings in the current work point to the
need for ‘mechanism maps’ showing the dominant mechanisms active in diﬀerent
thermal barrier systems under diﬀerent temperature histories.
Proc. R. Soc. Lond. A (2004)
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2. Experimental procedure
The substrate material used in the BC–superalloy systems in the current study was
René N5, an Ni-based superalloy provided by General Electric Aircraft Engines
(Cincinnati, OH). The superalloy samples were 5 mm × 5 mm × 22 mm in dimension. One of the surfaces of these samples was polished successively down to 1 µm
diamond paste to remove initial surface roughness prior to BC deposition. Two types
of BC materials, NiCoCrAlY and platinum aluminide, were deposited on the superalloy by the Chromalloy Gas Turbine Corporation (Orangeburg, NY). The platinum
aluminide BC was deposited by electroplating a Pt layer followed by a vacuum heat
treatment and a vapour-phase aluminization. The NiCoCrAlY BC was deposited by
the electron beam–physical vapour deposition (EB–PVD) method. Each of the BC–
superalloy samples were cut further using a wafering blade (Buehler, Lake Bluﬀ, IL)
into cubes of ca. 5 mm × 5 mm × 5 mm. During the cutting process, each sample was
protected by embedding it in an acrylic mount. The mount was then removed using
acetone.
To observe the eﬀect of surface texture on rumpling, three types of surface morphologies were induced on each type of BC surface. In the ﬁrst type, the BC surface
was polished successively down to 1 µm diamond paste to produce a highly smooth
surface. The second and the third types of BC surface were polished by 60 grit and
600 grit SiC papers (Buehler, Lake Bluﬀ, IL). In the case of the platinum aluminide
BC, an as-deposited surface was also used for comparison. The specimens were subjected to thermal cycling or isothermal heat in air. The thermal cycles, 25 in number,
consisted of heating the specimens to 1200 ◦ C in 55 min, a hold time of ca. 50 min at
1200 ◦ C, followed by air cooling to 200 ◦ C in 25 min. Isothermal experiments were
carried out on platinum aluminide BC at 960, 1100 and 1175 ◦ C with a hold time
of 100 h and also at 1200 ◦ C with a hold time of 25 h. The hold time at 1200 ◦ C
was chosen so as to be approximately equal to the total time at high temperature
for the cyclic experiments. The choice of the other temperatures and hold times for
isothermal experiments is explained in § 4. For uniformity, the surfaces of all the
BC samples used in isothermal experiments in air were polished successively down
to 1 µm diamond paste. A specimen with nickel aluminide BC was also subjected to
isothermal exposure at 1200 ◦ C for 25 h in vacuum (10−6 –10−8 Torr) environment.
A box furnace (Vulcan 3-400HTA, NEYTECH, Bloomﬁeld, CT) was used to carry
out all the experiments in air. A tube furnace (HTF55322A, Lindberg/Blue M,
Asheville, NC) along with a quartz tube was used to carry out the experiment in
vacuum environment. The quartz tube that carried the specimens ran through the
tube furnace. The tube was connected to a roughing pump/diﬀusion pump assembly
to produce a vacuum of 10−6 –10−8 Torr at 1200 ◦ C. The temperature during the
experiments was measured using a K-type thermocouple (Omega, Stamford, CT)
calibrated using an optical pyrometer (The Pyrometer Instrument Company Inc.,
Northvale, NJ). The estimated error in the temperature measurement was ca. ±0.75%
when measured in ◦ C. Some of the samples were cut and their cross-section polished
successively down to 1 µm diamond paste to observe the microstructural changes.
The samples were examined using scanning electron microscopy (SEM), the semiquantitative elemental analysis tool of energy-dispersive X-ray spectroscopy (EDX),
and proﬁlometry.
Proc. R. Soc. Lond. A (2004)
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Figure 1. Microstructure of platinum aluminide BC prior to thermal cycling. (a) Cross-sectional
SEM micrograph showing outer zone (labelled ‘1’) and interdiﬀusion zone (labelled ‘2’). Black
arrows show alumina inclusions irregularly placed between the two regions, while the white arrow
shows a pore seen intermittently in the outer region. (b) SEM micrograph (with backscatter
electrons) of the top surface polished to 1 µm diamond paste.

3. Experimental results
(a) Initial microstructure and composition
Representative SEM images of the platinum aluminide BC are shown in ﬁgure 1.
Figure 1a shows the cross-section of the platinum aluminide BC having an outer
zone (region 1) and an interdiﬀusion zone (IDZ) (region 2). The nominal composition of the BC is (wt%) 17Al–3.4Cr–5.9Co–34Pt–balance Ni, as determined by EDX
analysis. The BC is β-Ni(Pt)Al with the IDZ containing precipitates (bright regions
in ﬁgure 1a) rich in refractory elements (W, Mo and Ta). Alumina inclusions, shown
by black arrows in ﬁgure 1a, were irregularly placed at the border between region 1
and region 2. Occasionally, pores were observed in region 1, as indicated by the
Proc. R. Soc. Lond. A (2004)
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Figure 2. Cross-sectional SEM micrographs of NiCoCrAlY BC at diﬀerent magniﬁcations (a), (b)
prior to thermal cycling. The randomly distributed dark and bright regions in (b) represent
regions with an Al content of ca. 4 and 15 wt%, respectively.

white arrow in ﬁgure 1a. This structure is typical of the platinum aluminide coatings
reported in the literature (Deb et al. 1987; Mumm et al. 2001; Tolpygo & Clarke
2000). The BC composition in the outer zone varied slightly in the direction perpendicular to the BC surface. Towards the top, the Al content increases (ca. 22 wt%),
while towards the IDZ, the Al content decreases (ca. 15 wt%) with a concomitant
increase in Co and Cr content. The nominal thickness of the IDZ was ca. 22 ± 2 µm,
while the thickness of the outer zone varied from ca. 24 to 30 µm depending upon
the polishing treatment of the surface. A possible eﬀect of this variation on the
rumpling behaviour is discussed in § 4. Figure 1b shows an SEM micrograph (with
backscatter electrons) of the top surface of the platinum aluminide BC polished
successively down to 1 µm diamond paste. At high magniﬁcation, BC grains of variable sizes (5–10 µm) are seen with occasional occurrences of large-sized (15–20 µm)
grains. Bright regions representing secondary PtAl2 can also be seen, mainly concentrated at the BC grain boundaries. These regions were present near the surface,
reducing successively for thinner outer zones. Figure 2a, b shows cross-section images
of an NiCoCrAlY BC at diﬀerent magniﬁcations. The randomly distributed dark
and bright regions in ﬁgure 2b represent regions with an Al content of ca. 10 and
2 wt%, respectively. The composition of the René N5 superalloy (from Walston et
al. 1996) is (wt%) 7.5Co–7Cr–1.5Mo–6.5Ta–5W–3Re–6.2Al–0.15Hf–0.05C–0.004B–
0.01Y–balance Ni.
(b) Rumpling observations
(i) Thermal cycling experiments
Representative SEM micrographs of initial and rumpled surfaces of platinum aluminide BC under 25 thermal cycles from 200 to 1200 ◦ C, along with the proﬁlometer
scans are shown in parts (a)–(d) of ﬁgure 3. Note that the ﬁgure designations beginning with a given letter (say ‘a’) refer to the same sample. The proﬁlometer scans
in parts (a)(ii), (a)(iv), (b)(ii), (b)(iv), (c)(ii), (c)(iv), (d)(ii) and (d)(iv) correspond
to the BC surfaces shown in parts (a)(i), (a)(iii), (b)(i), (b)(iii), (c)(i), (c)(iii), (d)(i)
and (d)(iii), respectively. All scans have the same scale along the vertical axis for
Proc. R. Soc. Lond. A (2004)
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comparison. Further, the scan lengths have been chosen to be identical to the actual
width of the SEM pictures. Figure 3a(i) shows a BC surface polished successively
down to 1 µm diamond paste, while parts (b)(i), (c)(i) and (d)(i) show BC surfaces
polished with 600 grit SiC paper, with 60 grit SiC paper and in an as-deposited
condition, respectively. The corresponding line scans in parts (a)(ii), (b)(ii), (c)(ii),
(d)(ii) show surface ﬂuctuations with a peak-to-valley distance of ca. 0.02 (not seen
at the scale shown), 0.25, 3 and 2.5 µm, respectively. On subjecting these samples to
25 thermal cycles, the BC surfaces develop waviness, as seen in parts (a)(iii), (b)(iii),
(c)(iii) and (d)(iii) with peak-to-valley distances of ca. 4–5, 10, 6 and 8 µm, respectively. Note that the scans for the BC surfaces polished with SiC grit (parts (b)(i),
(c)(i)) are perpendicular to the polishing direction. The characteristic wavelengths
of the rumples for all the samples can be seen to be ca. 60–100 µm. It is interesting to see that the amplitudes of the initial waviness of the BC samples varied over two orders of magnitude, while those after thermal cycling were of the
same order of magnitude. Parts (a)(i)–(iv) indicate that signiﬁcant initial defects
on the BC surface were not needed for rumpling to occur. Further, the rumpling
pattern seen in parts (b)(iii) and (c)(iii) does not appear to be inﬂuenced by the
initial scratching directionality of the corresponding BC surfaces (parts (b)(i) and
(c)(i)). The rumples on the BC surface are randomly oriented, but have some local
directionality.
Cross-sectional examination of the rumpled BC revealed additional important features of the rumpling phenomenon. Figure 4 is a cross-sectional SEM image of the
rumpled surface in ﬁgure 3a(iii). The higher-magniﬁcation image in ﬁgure 4 reveals
a 1–2 µm thick TGO layer formed over the BC. The TGO is non-uniform in thickness due to a wavy BC–TGO interface. The wavelength of this interfacial waviness
is ca. 3–5 µm, while its amplitude is slightly less than 1 µm. Thus, the BC top surface has a smaller waviness with a characteristic wavelength a few times the TGO
thickness.
The platinum aluminide BC also experienced several changes in the initial
microstructure upon thermal cycling as seen from the SEM image (with backscatter
electrons) in ﬁgure 5, although the presence of two distinct regions in the cross-section
was similar to that before cycling, as seen in ﬁgure 1a. Most signiﬁcantly, the upper
region showed intermittent zones of Al depletion, seen as lighter regions in ﬁgure 5b.
The Al content in these zones was ca. 8.5 wt% as compared with ca. 15 wt% in the
surrounding regions. Such Al-depleted zones have been identiﬁed as γ  regions in the
literature (Mumm et al. 2001; Tolpygo & Clarke 2000). The Al depleted from these
zones is believed to be used in the formation of the TGO (He et al. 2000; Holmes &
McClintock 1990; Tolpygo & Clarke 2000) during thermal cycling. The lower region
of the cross-section (ﬁgure 5a) can be seen to have randomly distributed (bright)
precipitates rich in W, Mo and Ta. Comparing with the initial microstructure in ﬁgure 1a, the precipitates have undergone considerable coarsening and agglomeration
upon high-temperature exposure. Note that the apparent thickness of the BC has
considerably increased upon thermal cycling, consistent with the observations in the
past (He et al. 2000; Holmes & McClintock 1990). This increase is believed to be
due to diﬀusion of Ni from the superalloy to the BC at high temperature and the
subsequent decrease of the solubility of refractory elements below the BC–substrate
interface (Holmes & McClintock 1990).
Proc. R. Soc. Lond. A (2004)
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Figure 3. Representative SEM micrographs of initial and rumpled surfaces along with the corresponding proﬁlometer scans for platinum aluminide BC. The SEM pictures and scans in (a)–(d)
show BC surfaces polished successively down to 1 µm diamond paste, polished with 600 grit SiC
paper, polished with 60 grit SiC paper, and in an as-deposited condition, respectively.
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Figure 3. (Cont.) The proﬁlometer scans in (a)(ii), (b)(ii), (c)(ii), (d)(ii), (a)(iv), (b)(iv), (c)(iv),
(d)(iv) correspond to the BC surfaces shown in (a)(i), (b)(i), (c)(i), (d)(i), (a)(iii), (b)(iii), (c)(iii),
(d)(iii), respectively. Parts (a)(i), (b)(i), (c)(i) and (d)(i) show BC surfaces before thermal cycling.
After 25 thermal cycles, these surfaces become rumpled as shown in (a)(iii), (b)(iii), (c)(iii) and
(d)(iii), respectively.
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Figure 4. SEM micrograph showing the TGO morphology formed after 25 thermal cycles on the
platinum aluminide BC having an initial surface polished down to 1 µm diamond paste. The
micrograph is taken at a tilt of 30◦ to the BC cross-section.

An interesting rumpling pattern was observed near the free edge of the specimens.
Figure 6a is an SEM micrograph of the middle region of a rumpled sample showing
the random distribution of surface undulations. At the free edge, however, the rumpling ridges are distinctly aligned perpendicular to the edge, as shown in ﬁgure 6b.
As shown schematically in ﬁgure 6c, the tensile stress normal to the free edge, σxx ,
in the BC vanishes at the edge. This stress component will gradually build up to
the maximum over a distance of the order of the ﬁlm thickness. In ﬁgure 6b, both
the TGO and the BC are stress free at the edge. The extent of the ‘edge zone’ is,
however, of the order of the BC thickness (ca. 100 µm).
Rumpling results for the NiCoCrAlY BC–superalloy system upon thermal cycling
are shown in ﬁgure 7. The NiCoCrAlY BC surface polished down to 1 µm diamond
paste is shown in ﬁgure 7a, b. It is seen in ﬁgure 7c, d that, upon 25 thermal cycles,
the BC surface rumples at a wavelength about the same as that of the platinum
aluminide BC. The peak-to-valley distance in the initial waviness in ﬁgure 7a, b
is ca. 50 nm (not seen at the scale shown in the ﬁgure). The rumple amplitude of the
Proc. R. Soc. Lond. A (2004)
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Figure 5. Representative SEM micrograph (with backscatter electrons) of BC cross-section showing the microstructure after 25 thermal cycles at diﬀerent magniﬁcations. The close-up view in
(b) shows γ  domains along with BC grain boundaries. The white arrows indicate peaks of
rumples.

NiCoCrAlY BC (ﬁgure 7d) is ca. 2 µm, smaller than that for the platinum aluminide
BC (ﬁgure 3a(iii), (iv)) by about a factor of two. For the NiCoCrAlY BC surface
polished by 600 and 60 grit SiC paper, the initial surface ﬂuctuations were too large
for the rumpling to be observed.
(ii) Isothermal experiments in air
Figure 8 shows a representative SEM micrograph and the corresponding proﬁlometer scan of the surface of a platinum aluminide BC–superalloy specimen subjected
to 1200 ◦ C isothermal exposure for 25 h. As seen in ﬁgure 8b, the BC under isothermal exposure has rumpled with comparable rumpling amplitude and wavelength
as that under thermal cycling experiments seen in ﬁgure 3a(iv). A representative
SEM micrograph with backscatter electrons of the cross-section of the BC subjected
to 1200 ◦ C isothermal exposure for 25 h is shown in ﬁgure 9. Similar to the thermally cycled samples seen in ﬁgure 5, the BC for the isothermal experiments can be
divided roughly into two regions: an upper region showing grain boundaries and a
lower region consisting of bright precipitates rich in W, Mo and Ta. However, unlike
the thermally cycled samples, the Al-depleted γ  regions were not seen in the upper
region after isothermal treatment in ﬁgure 9. Figure 9 also shows alumina inclusions as dark regions at the boundary of the outer and the inner regions of the BC.
These alumina inclusions were present before the isothermal exposure, as seen in
ﬁgure 1a.
The rumpled surfaces seen in ﬁgures 8a, 3a(iii) and 3b(iii) all have a waviness with
comparable wavelength and amplitude, but they appear to have a diﬀerent degree
of local directionality. The cause of the local directionality in rumpling patterns and
Proc. R. Soc. Lond. A (2004)
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Figure 6. Rumpling (a) at the specimen centre and (b) at the specimen edge. (c) Expected
variation of the thermal mismatch stress in a thin ﬁlm. (Reprinted from Panat et al. (2003),
with permission from Elsevier.)

its variation is not clear at present. A similar observation has been made by Tolpygo
& Clarke (2000) for systems subjected to thermal cycling. Rumpling similar to that
in ﬁgure 8 is observed in specimens under 1175 ◦ C isothermal exposure for 100 h in
ﬁgure 10a. But for isothermal experiments at 1100 and 960 ◦ C with a hold time of
100 h, no apparent rumpling could be observed (ﬁgure 10b, c). In the case of isothermal exposure at 1175 ◦ C for 100 h, the BC developed voids, ca. 10–15 µm across,
near the interface between the upper and the lower regions (ﬁgure 11). These voids
were irregularly placed at a distance ranging from 90 µm to 1 mm from each other.
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Figure 7. Representative SEM micrographs showing the top view of the NiCoCrAlY BC and
corresponding proﬁlometer scans. (a), (b) Before thermal cycling. (c), (d) After thermal cycling.
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Figure 8. Top surface of platinum aluminide BC after 25 h exposure at 1200 ◦ C. (a) SEM
micrograph taken at 30◦ inclination to the cross-section; (b) proﬁlometer scan.
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10 µm
Figure 9. Representative SEM micrograph (with backscatter electrons) of platinum aluminide
BC cross-section showing the microstructure after 25 h isothermal exposure at 1200 ◦ C. Alumina
inclusions can be seen as the dark regions at the boundary of the outer and the inner region of
the BC. These alumina inclusions were present before the isothermal exposure (ﬁgure 1a).

An isolated void was observed at 1200 ◦ C after 25 h, while at other temperatures,
isothermal exposure did not result in void formation.
(iii) Isothermal experiments in vacuum
Figure 12 shows the result from the experiment conducted at 1200 ◦ C for 25 h in
vacuum for nickel aluminide BC. From the SEM micrograph and the corresponding proﬁlometer scan in ﬁgure 12 it can be seen that the BC surface has rumpled
upon isothermal exposure. The oxide thickness over this BC surface was estimated
to be less than 10 nm from X-ray photoelectron spectroscopy (XPS) studies. This
estimate was based on a comparison between the areas under the peaks representing Al in metallic form and Al in oxide (Al2 O3 ) form in the X-ray intensity versus
binding energy plot of the XPS of the current specimen surface (see Finnie et al.
2000; Strohmeier 1990). Note from ﬁgures 3 and 12 that the rumple wavelength and
amplitude in the vacuum experiment are comparable to those in air.

4. Discussion
The experimental results presented in the current work elucidate several aspects
of the rumpling phenomenon. It is shown that rumpling of the BC surfaces can
occur under cyclic as well as isothermal temperature histories. BC surfaces with
vastly diﬀerent initial surface morphologies are shown to have rumpled to comparable
wavelengths and amplitudes upon thermal cycling. Changes in the microstructure of
the BC have been observed during rumpling. In the present section we analyse these
results in the context of the existing rumpling models by He et al. (2000), Suo (1995),
Tolpygo & Clarke (2000) and Panat et al. (2003).
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Figure 10. SEM micrographs of platinum aluminide BC after isothermal exposure for 100 h at
(a) 1175 ◦ C, (d) 1100 ◦ C and (e) 960 ◦ C. The micrographs are taken at a tilt of 30◦ to the BC
cross-section.

5 µm
Figure 11. SEM micrograph showing an isolated void formed in platinum
aluminide BC after 100 h isothermal exposure at 1175 ◦ C.
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Figure 12. Nickel aluminide BC after 25 h isothermal exposure at 1200 ◦ C in vacuum. (a) SEM
micrograph showing BC surface rumpling; (b) corresponding proﬁlometer scan. The micrograph
is taken at a tilt of 30◦ to the BC cross-section.
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Figure 13. (a) SEM micrograph showing an unrumpled surface of bulk superalloy after thermal
cycling. (b) A close-up view showing the superalloy surface, which has developed roughness
during thermal cycling. Prior to thermal cycling, the superalloy surface was polished successively
down to 1 µm diamond paste, similar to that in ﬁgure 3a(i), (ii). The micrographs are taken at
a tilt of 30◦ to the superalloy cross-section.

(a) Role of TGO in inducing BC rumpling
Figure 13 shows SEM micrographs of a superalloy specimen without the BC subjected to identical thermal cycles as those with the BC shown in ﬁgure 4. The micrographs at diﬀerent magniﬁcations (ﬁgure 13a, b) show that the superalloy surface has
not rumpled in spite of the fact that the TGO on the superalloy surface is thicker
than that on the BC surface (see ﬁgure 4). Prior to thermal cycling, the superalloy
surface in ﬁgure 13 was polished successively down to 1 µm diamond paste, similar
to that in ﬁgure 3a(i), (ii). The superalloy surface exposed due to chipping of the
TGO (ﬁgure 13b) has developed a surface roughness during thermal cycling. Note
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that the TGO spallation seen in ﬁgure 13b occurred during cutting of the specimen
after the thermal cycling experiment.
Under thermal cycling of the bulk superalloy, the TGO stresses alone are expected
to be dominant; while for the BC on the superalloy, the stresses in both the BC and
the TGO might be important. Figure 13 demonstrates that the presence of BC is
critical for the rumpling to occur. Moreover, we observed from ﬁgure 3 that initial
ﬂaws of certain amplitude were not necessary to cause the BC surface to rumple, as
required by the TGO-driven ratcheting model of He et al. (2000). These experiments
suggest that the role of the TGO is limited in inducing the long-range rumpling seen
in the present work and previous studies (e.g. Deb et al. 1987; Holmes & McClintock
1990; Pennefather & Boone 1995; Tolpygo & Clarke 2000; Zhang et al. 1999).
In fact, TGO of a few micrometres thick is not likely to result in rumpling with
wavelengths of the order of 100 µm. Similar inference has been drawn by Suo (1995)
and by Tolpygo & Clarke (2000). Suo (1995) suggests that his TGO stress-driven
diﬀusion model coupled with TGO growth kinetics would cause a metal substrate
to rumple with wavelengths of a few times the TGO thickness (Tolpygo & Grabke
1994). Note that the small-scale waviness observed in the present work (ﬁgure 4) does
indeed have a wavelength that is a few times the TGO thickness. Tolpygo & Clarke
(2000) have reported that signiﬁcant diﬀerence in the levels of TGO stresses at room
temperature has no quantitative eﬀect in the resulting BC rumpling amplitudes and
wavelengths, further indicating a limited role for TGO in determining the rumpling
behaviour.
A further conﬁrmation of this inference can be seen in the rumpling observed
for nickel aluminide BC in ﬁgure 12 under vacuum environment. The TGO with
a thickness less than 10 nm over this BC surface cannot possibly be the cause of
BC rumpling to the wavelengths seen in ﬁgure 12. Figures 3 and 12 show that the
rumpling wavelengths and amplitudes in the vacuum experiment are comparable
with those in air, conﬁrming again that TGO is not needed to induce the long-range
rumpling. For thicker TGOs developed in these systems, the TGO stress may play
an important role in the system behaviour. In the presence of the TBC, the BC
is shown to develop conical ‘depressions’ or ‘instability sites’ upon thermal cycling
(Mumm et al. 2001; Ruud et al. 2001). These sites that aﬀect TBC life (Ruud et al.
2001) have a characteristic dimension of a few times the TGO thickness. The TGO
stresses may play an important role in their development (Karlsson & Evans 2001).
The role of the TGO growth stresses in the development of the small-scale waviness
observed in the current experiments (ﬁgure 4) needs further work.
(b) The role of BC microstructural changes in inducing BC rumpling
Tolpygo & Clarke (2000) suggested that the rumpling behaviour is related to the
microstructural changes in the BC. Particularly, the roles of the γ  phase formed
in the BC under cyclic oxidation and the voids formed in the BC under isothermal
oxidation have been emphasized. It was suggested that rumpling and void formation
may be diﬀerent manifestations of the same form of a common volume-depletion
process. To check the validity of this argument, we analysed ﬁgure 5 for a possible correlation between the microstructural evolution and BC rumpling behaviour.
Figure 14 shows the number of occurrences of the Al-depleted γ  phase in the BC
cross-section in ﬁgure 5a, as a function of their relative locations with respect to the
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Figure 14. Occurrence of the γ  phase relative to the rumples in ﬁgure 5. The schematic in the
insert shows the method of calculating the γ  phase occurrence with respect to the rumpled
surface.

rumple peak and the adjacent rumple valley. If the distance between a peak and the
nearest γ  region is Si , the normalized distance li is calculated by
 
Si
,
(4.1)
li = 2
λi
where λi is the wavelength of the surface undulation at the occurrence of the γ 
phase, as shown in ﬁgure 14. It is clear that the γ  phase coincides with the peak
when the normalized distance l ≈ 0, or with the valley when l ≈ 1. Figure 14 shows
that the γ  phase is not preferentially oriented either towards the valleys or towards
the peaks of the rumples. A further look at ﬁgure 5 reveals that the occurrence of
bright regions representing the precipitates rich in W, Mo and Ta have a poor correlation with the occurrence of the rumples. Note also that prior to thermal cycling, the
microstructural periodicity associated with the precipitates in the IDZ of the platinum aluminide BC is ca. 2–3 µm (ﬁgure 1a), while that associated with the bright
and dark regions in NiCoCrAlY BC is ca. 3–4 µm (ﬁgure 1d), much smaller than the
rumple wavelengths seen in experiments (ﬁgures 3 and 7). These observations indicate that the microstructural changes occurring in the BC are not strongly correlated
with the rumpling phenomenon. A study of TBC systems by Mumm et al. (2001)
with a similar BC as in the present work has also shown a poor correlation between
the occurrence of γ  domains and BC instability sites (i.e. valleys in the presence of
the ceramic topcoat) in their experiments.
Furthermore, the isothermal experimental results at 1175 ◦ C, shown in ﬁgures 10a
and 11, indicate that the distance between these voids (90 µm to 1 mm) did not correspond well with the rumple wavelength. It should be recognized that void formation
under isothermal conditions is an important phenomenon that may inﬂuence TBC
failure (Tolpygo & Clarke 2001). However, the relationship between BC rumpling
and void formation is not well established.
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(c) BC stress-driven deformation mechanisms
The above discussion in §§ 4 a and 4 b and the result in § 3 a (ii) on the extent of
the ‘edge zone’ demonstrate that the stresses in the BC provide the driving force for
rumpling formation. In this section, we discuss the deformation and mass-transport
mechanisms that give rise to the rumpled surface in the BC. These mechanisms could
include volume diﬀusion, surface diﬀusion (see Panat et al. 2003), dislocation creep,
or a combination of these processes. In particular, we focus our discussion on one
such possible mechanism, the BC stress-driven surface diﬀusion, which was proposed
by the present authors (Panat et al. 2003).
The model by Panat et al. (2003) predicts that the rumpling behaviour should
be relatively insensitive to the initial surface ﬂuctuations as long as the amplitudes
of the initial ﬂuctuations are signiﬁcantly smaller than the thickness of the BC.
Our experimental observations in ﬁgure 3 demonstrate that vastly diﬀerent initial
surfaces with roughness from tens of nanometres to a few micrometres will all evolve
into similar rumpled surfaces upon thermal cycling. The model by Panat et al. (2003),
using estimates of material parameters from the literature (Freund 1995; Karlsson
& Evans 2001), predicts that the characteristic wavelength of the rumpled surfaces
is ca. 100–250 µm, which is also consistent with the measured rumpling wavelengths
in the present work as well as in other researchers’ observations (Deb et al. 1987;
Holmes & McClintock 1990; Pennefather & Boone 1995; Tolpygo & Clarke 2000;
Zhang et al. 1999).
The source of the stresses in the BC is believed to be the thermal expansion mismatch between the BC and the substrate materials. As a result, the model by Panat
et al. (2003) does not discriminate between cyclic thermal and isothermal histories.
As long as the temperature is suﬃciently diﬀerent from the BC processing temperature such that enough mismatch stress exists in the BC, rumpling will occur. Indeed
our experiments show that, under isothermal conditions at 1200 ◦ C and 1175 ◦ C in
air and at 1200 ◦ C in vacuum, BC surface rumpling occurs with comparable amplitudes and wavelengths as those subjected to cyclic thermal history. However, our
isothermal experiments at 1100 and 960 ◦ C for 100 h did not result in any rumpling
of the BC surface, neither did the isothermal experiments of Tolpygo & Clarke (2000)
or Deb et al. (1987) at 1150 and 1100 ◦ C, respectively.
Using the model of Panat et al. (2003), we estimated the time required, at diﬀerent
isothermal heating temperatures, to generate the waviness of the same magnitude
as that subjected to 1200 ◦ C exposure. The result is shown in ﬁgure 15. The biggest
uncertainty in generating this ﬁgure is the BC processing temperature, i.e. the ‘stressfree temperature’. Based on the BC processing parameters of the current specimens,
we considered several processing temperatures in ﬁgure 15. The plot indicates that,
at a given isothermal heating temperature, rumpling of the same amplitude as that
obtained at 1200 ◦ C for 25 h can be achieved after the heating time dictated by
the curves. Diﬀerent curves indicate that diﬀerent heating times are needed if the
processing temperature is diﬀerent. The solid and open symbols are our and other
researchers’ experimental results. The solid symbols represent the experiments in
which rumpling has occurred, whereas open symbols indicate no rumpling. Figure 15
shows that if the processing temperature is ca. 1050 ◦ C, rumpling will occur after
25 h exposure at 1200 ◦ C or after 100 h at 1175 ◦ C. However, for the BC surface
to generate a comparable rumpling at 1150 ◦ C, ca. 780 h of heating time is needed,
Proc. R. Soc. Lond. A (2004)
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Figure 15. Time required to reach the comparable rumpling amplitude as that at 1200 ◦ C after
25 h for diﬀerent processing temperatures based on the BC stress-driven surface-diﬀusion model
by Panat et al. (2003). The open symbols indicate that BC rumpling did not occur, while the
ﬁlled symbols indicate that BC rumpling occurred.

substantially longer than the exposure time used by Tolpygo & Clarke (2000). The
exposure times of our isothermal experiments at 1100 and 960 ◦ C, as well as other
researchers’ experiments at 1100 ◦ C (Deb et al. 1987), are all far shorter than what
is needed to produce reasonable rumpling of the BC surface.
To compare the isothermal results with those with cyclic temperature history, we
plot in ﬁgure 15 the data from the literature (Deb et al. 1987; Tolpygo & Clarke
2000) for platinum aluminide BCs subjected to thermal cycling with fast heating
and cooling rates. The equivalent heating times of their experiments were calculated
by the sum of the holding times at high temperature and a weighted average of the
heating and cooling times. This comparison shows that the model of Panat et al.
(2003) cannot fully resolve the diﬀerence between isothermal heating and thermal
cycling, especially for the data from Deb et al. (1987). We speculate that other
mechanisms such as plastic deformation or creep may be contributing to the rumpling
process, or the TGO could have some eﬀect on rumpling. These are factors not taken
into account by Panat et al. (2003). We know, however, from our experiments in
vacuum that rumpling can occur in the absence of any signiﬁcant oxidation. Further
research, both modelling and experimental, is needed to obtain a complete picture of
the rumpling behaviour in thermal barrier systems. Note that, in generating ﬁgure 15,
we assumed that the speciﬁc diﬀusivity D0 and the activation energy q for surface
diﬀusion in the BC remain constant at all temperature levels, which may not be true,
especially at lower temperatures.
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Recently, Suo et al. (2003) have found that after 300 h exposure at 1150 ◦ C, the
BC develops extensive voids near the surface. The void formation was attributed
to the diﬀusion of BC constituents perpendicular to the BC top surface (Suo et al.
2003). Clearly, void formation appears to dominate the BC behaviour at 1150 ◦ C
after a long time. It is conceivable that diﬀerent mechanisms may be dominant at
diﬀerent temperatures during high-temperature exposure. We are currently conducting experiments in vacuum and in air to investigate the dominant processes in BC
for several temperature ranges. Extensive experimental observations are needed to
obtain a ‘mechanism map’ in these systems that can show a complete picture of the
behaviour of BC systems at high temperatures. Such a map can then be used to
enhance their performance in TBCs.

5. Conclusions
In the present work, isothermal and cyclic thermal experiments are carried out on
BC–superalloy systems. The results indicate the following.
(i) The driving force for rumpling formation is likely to be the thermal mismatch
stress in the BC.
(ii) Rumpling can occur under both thermal cycling and isothermal heating conditions.
(iii) Rumpling wavelength is relatively insensitive to initial BC surface ﬂuctuations.
Signiﬁcant initial ﬂaws are not needed for rumpling to occur.
(iv) TGO plays a limited role in BC surface rumpling behaviour. Rumpling occurs
even in the absence of oxidation when experiments are conducted in vacuum.
(v) Several microstructural changes occur in the BC during rumpling. These
changes are found to have a poor correlation with the periodicity associated
with rumpling.
(vi) Rumpling behaviour under isothermal conditions depends upon the hold temperature and time.
(vii) Several deformation mechanisms are plausible for rumpling formation, including surface/bulk/grain boundary diﬀusion, dislocation creep, and plastic deformation. The rumpling features observed in the present study can be explained
by a BC stress-driven surface-diﬀusion model (Panat et al. 2003).
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