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A technique that uses high resolution infrared (IR) imaging was developed to track and
analyze damage evolution of thermal barrier coatings (TBCs) during controlled mechanical
testing of a TBC specimen. Coating debonding and spallation were examined during a
monotonic load-to-TBC-failure test. The infrared imaging, in concert with a controlled
thermal gradient in the specimen, was particularly effective in identifying and tracking
localized damage evolution because the damage in the TBC was always associated with a
measurable surface-temperature change. It is demonstrated that the combined use of
high-resolution infrared imaging and controlled mechanical testing of TBCs is an effective
method to characterize the evolution of their failure. © 2000 Kluwer Academic Publishers

1. Introduction These changes resultin higher thermal conductivities in
In 1992, the Department of Energy’s Office of Industrial the TBCs. An additional concern is the time (cycle) de-
Technology initiated the Advanced Turbine Systemspendent failure which arises from the combined effects
(ATS) Program with the primary objective of develop- of thermal cycling, changes in thermal conductivity of
ing ultra high efficiency gas turbine systems for land-the TBC-system constituents, and bond coat oxidation.
based utility and industrial markets. The utilization of Previous studies [3—7] have attempted to quantify
thermal barrier coatings (TBCs) on various hot sectiorfailure behavior through the measurement of coating-
components in the gas turbine has been identified asgpallation-time (or cycles) as a function of thermal
major approach for achieving the higher turbine inletcycling. Failure is assumed to occur via a damage evo-
temperatures associated with ATS performance goaldution mechanism that involves the generation of micro-
TBCs can be considered as a composite system comracks during the cooling portion of the thermal cycle.
sisting of a metal substrate, a ductile and oxidizationBecause of the net thermal expansion mismatch be-
resistant metallic bond coat, and a thermally insulatingween the ceramic coating and the bond-coat/substrate,
ceramic top coat (traditionally zirconia with 8% yttria the coating is subjected to tensile stresses during heat-
stabilizer). The top coatis deposited either by air plasméng and compressive stresses during cooling. Coating
spraying (APS) or electron beam physical vapor depospallation arises as microcracks coalesce to form larger
sition (EB-PVD). macrocracks. Unfortunately the specific sequence of
Anumber of TBC systems have been successfully apevents associated with the spallation process are poorly
plied to aircraft engine applications with the expressedinderstood.
goal of life extension. Due to the conservative nature Several spallation models [8, 9] assume that failure
of the engine design conditions, coating failure in thesedoccurs as a result of buckling of the zirconia top coat
applications can be tolerated without catastrophic lossluring cooling. A major requirement of this modelis the
of service function of the underlying metallic compo- presence of a dominant microcrack at or near the zirco-
nent. In the case of land-based turbines, the need for imia top coat/bond coat interface. The crack supposedly
creased inlet temperatures and long operating lifetimegrows under the influence of the stress intensity factor
will necessitate highly reliable TBC systems. Thermalarising from the stress state during cooling. Contrary to
aging studies [1, 2] have shown that relatively shortthis, a recent comprehensive microstructural analysis
duration isothermal exposures to the proposed inlefl0] of TBC specimens subjected to both isothermal
temperatures cause significant microstructural changeaging and thermal cycling found limited evidence of

* Research supported by the U.S. Department of Energy, Assistant Secretary for Energy Efficiency and Renewable Energy, by two sources:
(a) Office of Industrial Technologies, Advanced Turbine Systems Program, and (b) Office of Transportation Technologies, High Temperature
Materials Laboratory Fellowship Program, both under contract DE-AC05-960R22464 with Lockheed Martin Energy Research Corporation.

0022-2461 © 2000 Kluwer Academic Publishers 2643



the buckling mechanism. In the case of the plasmaanism involving shear-induced sliding of the opposing
sprayed coatings examined in the study, the zirconidiaces of microcracks. Although sliding was presumed
top coat became increasingly damaged with time as & be reversible, the jagged nature of the crack faces
result of localized microcracking. The application of led to energy dissipation (independent of the loading
piezospectroscopy to these samples [11] indicated thalirection) and thus a hysteresis during load cycling.
the compressive hydrostatic stresses supported by tdgnfortunately, the authors were unable to provide mi-
coat also decreased (approached zero) with increasesostructural evidence for this mechanism.
in the number of thermal cycles. The coating was less The validations of the described TBC failure mod-
able to support stresses that arise during thermal cyclingls have been limited by the lack of proven techniques
because of this damage. A simplified stress analysito quantify the damage generated during mechanical
suggested that the major role of the alumina scale thaind/or thermal loading. In a recent study [19], it was
formed at the top coat-bond coat interface was to inshown that the IR imaging had the potential to qualita-
crease the localized tensile stresses thereby facilitatintively measure this damage. In that study, an IR camera
the microcracking process. was used to map the surface temperatures of EB-PVD
Existing models suggest that the number of cyclesoated disks which had been previously subjected to
to failure (spallation) should be a power-law function thermal cycling (ramp to 115C€ with 1 hour hold at
of the inelastic strain change associated with a singléemperature). After cycling, each disk was placed on a
thermal cycle [12, 13]. A limitation with this model is hot plate in order to establish a modest temperature gra-
that the strain difference must be determined numeridient through the thickness (Fig. 1). By assuming that
cally. A further complication arises due to the fact thatthe primary effect of thermal cycling was the generation
the stresses that develop upon cooling are also a funof microcracks, changes in the average surface temper-
tion of the thickness of the alumina scale that forms orature could be directly related to the extent of this dam-
the bond coat during high-temperature oxidation. Thesage. As shown in Fig. 2, thermal cycling resulted in a
stresses are also affected by time-dependent changesdrop in the average surface temperature consistent with
the bond coat (resulting from creep and plastic deforthe generation of microcracks within the thermally-
mation) and the zirconia top coat (arising from phasegrown alumina located between bond and top coats.
transformations and sintering). In addition, for a given number of cycles, the surface
A limited number of investigators [13-18] have at- temperature decreased significantly near the coating
tempted to mechanically simulate TBC failure resultingedges indicating that the damage was more extensive
from thermal cycling. For example, DeMasi-Marcin, in these regions. Scanning electron microscopy con-
et al, [14] examined the damage generated in plasmafirmed that microcracking within the thermally-grown
sprayed coatings machined from bulk deposits usinglumina scale was the primary damage mechanism.
four-point bending, uniaxial tension, and uniaxial com- The intent of this article is to provide a description of
pression tests. They attributed hysteresis in the tensiorthe coupled applicability of IR imaging and controlled
compression stress-strain behavior to a stick-slip mechmechanical testing to identify and quantify damage in
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Hot Plate

Figure 1 An early motivation to the present study was provided by infrared imaging of thermally-excited TB-coated disks.
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Figure 2 Changes in surface temperature (and damage accumulation) as a function of thermal cycling were exploited with infrared imaging. Darker
shading denotes a cooler temperature.
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was selected over thermal cycling to eliminate time-
temperature dependent mechanisms, isolating the m

chanical tolerance aspect. A coated specimen was SUM @

jected to monotonic compression loading until coating

a TBC system. Room-temperature mechanical loadin 100 mm R / 7.0mmda.  120mmOD  5.0mmID

35 mm

spallation occurred. IR imaging was used with the di- L gage length ]
rect imposition of a controlled thermal gradient in the ! Coated Length ! |
specimen to identify and continuously monitor crackr™ pom— |

initiation (debonding) and coating spallation during its

testing. Although characterizations of both APS andFigure 3 Dimensions of coated test specimen.
EB-PVD TBC systems have been performed by the au-

thors, the examination of a spallation event in an APS

TBC subjected to monotonic loading was the focus ofPe less than 2% at both compressive and tensile forces

the present study. above 10 kN.
A contacting extensometer (Instron, Canton, MA)

was used to monitor axial strain during the displace-
ment-controlled load-to-coating-failure téstNor-

2. E)_(pel_'imental procedure . mally the extensometer with its capacitance gage has
Acylindrical, hour-glass-shaped specimenwas used fof (a5olution 0fv40.025m (10~ mm/mm); how-

the TBCtesting. The dimensions for the metal-substratg, o, pecause of environmental effects such as test-
are showninFig. 3. Ametal bond coatand APS zirconigame viprations, electronic noise, etc., the effective

top coat were deposited on its central length (including,, 1ansometer resolution was approximatet0.1,m

the specimen’s 35 mm gage length). The 1?'0 mm dittg x 10~ mm/mm)? The extensometer accuracy was
ameter shanks were not coated so to permit the dire librated and measured to be withif. 1%. Lastly, the
gripping of the substrate.

An electromechanical test frame (Model 808, MTS,

Eden Prairie, MN) was used for the uniaxial mechanicak gor jow cycle fatigue tests, this extensometer is used to control the
testing. The test specimens were mounted in hydrauliccyclic strain application.
collet grips (646, MTS, Eden Prairie, MN). Prior to * For LCF tests, the extensometer’s control signal is tuned using the
testing, a strain-gaged superalloy specimen was usedest frame’s computer software’s “auto-tuning” capability with a TBC-
in concert with a Ioad-train-containing alignment fix- coated specimen. This tuning effort is very critical for the successful

- S | strain-controlled LCF testing of the coating because the strain that the
ture (MTS, Eder_1 Pr_alrle, MN) to minimize angular .. oo o measures is a consequence of strain transfer between the
and concentric misalignment of the upper and lower hy- thin zirconia top coat, the thin metal bond coat and the relatively large
draulic grips. Both misalignment types were adjusted to (and stiff) superalloy substrate.

2645



Front View of Test Setup Section A-A With Positioned

Without IR Camera and Extensometer IR Camera and Extensometer
= A
[~e— Upper Support
- Alignment Fixture lirared
Camera
Load Cell Contact
Extensometer
¢ Upper Grip
L [
l_ - Coated Specimen ] Eil ﬂ —=
< Lower Grip
- Push Rod/Actuator
—
~4— Base of Frame
Ll ‘w ]
= A

Figure 4 Layout of the positioning of the infrared camera, test specimen, and extensometer.

horizontally applied extensometer force is adjustableon the extensometer side of the specimen, the evolution
and needed to be minimal (to avoid the inducementf coating spallation is usually visible through the field
of crack initiation) while maintaining intimate contact of view of the IR camera during the testing.
with the APS coating during testing. The optimal exten- The detection of coating debonding required the es-
someter force for this testing was approximately 0.2 Ntablishment of a controlled thermal gradient through
(30 g) per rod. the specimen thickness. To promote this, the uncoated
A high-resolution IR camera (Radiance 1t, substrate shanks were heated with heating tape. A
Amber/Raytheon, Goleta, CA) with a 25 mm lens wasschematic showing a close-up view of this arrange-
used to map the temperature field of the APS top coat'snent is shown in Fig. 5. The tape-heating of the shanks
surface during its mechanical loading. The cameraaused an effective internal heating of the specimen’s
contained a 256 256 pixel indium antimonide sensor gage section that further aided the identification of coat-
that was sensitive in the 3-+Bm waveband. Each pixel ing damage at the top coat’s surface during mechanical
represented~100 um x 100 um projected area of testing because of the differing thermal conductivities
the top coat surface and had a temperature resolutioof the substrate, bond coat, and top coat and the radial
of ~+0.1°C throughout the examined temperaturethermal gradient through them. For this case of a long
ranged The camera has a high speed (12 bit) videocylindrical metallic rod (substrate) of length, main-
bus that was used to digitally capture the temperaturgained at a constant temperatufig, heat transferd)
distribution field as a function of time during the will occur radially through the top coat in accordance
specimen’s mechanical testing. A conventional VCRwith the equation,
was also used to continuously videotape the camera’s

. . 1
field of view. —27L(T =T |: 1/K) In(ro /1) + _:|
The contact location between the coated specimen q (T /| (1710 Infre/ri) (hro)
and extensometer was oriented to be diametrically op- 1 o
posed to the IR camera’s field of view. A schematic of =27 L(T — TC)/[(E) In (r_)} (1)
I

the IR camera, load frame, and extensometer position-
ing is illustrated in Fig. 4. Although there is a blind

X ; ) hereT, is the ambient temperatur&; is the surface
spot with this arrangement that is narrow and locate

emperature of the coating,is the radius of substrate,
§ Note that the piezocaloric effect is readily observed with this temper-l 0 IS the radps_of the SUbStra'-te plus c.:oatlng;,the.ther-
ature resolution during LCF testing. mal conductivity of the coating, arfdis the coefficient
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Figure 5 Schematic showing a close-up view of the IR camera, test specimen, heating tape, and extensometer positioning.

of heattransfer from the coating surface to the surroundwherek, is the effective thermal conductivity of the
ing environment. Preliminary calculations indicate thatporous zirconia top coak; is the thermal conductiv-
a 10% reduction in thermal conductivity should resultity of dense zirconia, andy is the microcrack volume

in a coating surface decrease of at least©, which is

fraction. Equation 2 indicates that a small change in the

achange thatis detectable with this IR camera. As a firainicrocrack density can significantly lower the effective
approximation, the effect of microcracking on thermalthermal conductivity.
conductivity can be described by the expression,

_ . [@—wd)
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The described IR camera, coated specimen configu-
ration, testing equipment and arrangement were used
to produce a TBC failure in a monotonic test. The
specimen was compressively loaded at a displacement

Figure 6 Debonding and spallation are visible with the VCR image, but the resolution and imaging frequency are relatively limited.
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rate of 0.75um/s until its coating spalled. The evolu- with Equation 1 and produce a darker shade of gray.
tion of TBC failure using this IR monitoring technique Such debonding is the cause for the dark band around
and image analysis is illustrated. the edge of the disk specimen subjected to 300 ther-
mal cycles shown in Fig. 2. The second explanation is
that contamination in the two regions may have locally
3. Results decreased the emissivity due to deposits or contamina-
The IR image of the gripped (but unloaded) APS coatedion on the surface. Because the IR camera uses a con-
specimen after the temperatures generated with thgtantemissivity to generate the temperature gray levels,
heating tape had reached steady-state is illustrated ithe indicated temperatures in the two regions would be
Fig. 6. The surface temperatures of the coating, whichiower. The third cause of change in thermal contrast
are represented by differing gray levels, ranged from 4@s the surface roughness. Protruding surfaces (eg. pits
to 55°C (see shown scale). As expected, the applicatiomn EB-PVD coating) will appear darker since the same
of the heating tape to the uncoated specimen ends réeat flux will have more area to diffuse. A careful vi-
sulted in a temperature gradient along the length of theual examination of the specimen in the vicinity of the
specimen. In addition, two dark spots (indicated by thedark spots failed to reveal the presence of any foreign
arrows in Fig. 6) were observed at the lower portionmaterial and local surface irregularity.
of the specimen. Three possible mechanisms can give As shown by the load-displacement curve (Fig. 7),
rise to a difference in contrast on a IR image. First, ifthis spallation occurred well past the yield strain of the
the coating were already debonded within these tweubstrate. This observation is typical in these mechan-
regions, then the resulting reduction in the radial heatcal tests of TBCs; namely, the compressive strain that
flow would lower surface temperatures in accordances required to initiate debonding and subsequent spal-
lation generally exceeds the substrate’s yield strain.

0 Selected IR images of the last 3 seconds of test ex-
5000 tracted from the VCR tape are illustrated in Fig. 8. A
) I coating spallation event (evident in the labeled “0 s”

image) occurred at two locations within the gage sec-

-10000 r . . .
g tion. They were easily detected since the removal of
T -15000 | Coatine Spalled the coating exposed the underlying bond coat which
S g Spalle ; . :
S being slightly warmer produced a lighter shade of gray
-20000 in the IR image. Prior to spallation, debonding was ob-

25000 | served at the _Iower portiqn of the specimen (indicated
by the arrows in the=1 s”image). Although there was
-30000 . . some evidence that the debonding occurred well before
0.4 0.3 02 0.1 o thistime, itwas difficult to quantify its development or
Displacement (mm) extent based solely on the visual output of the VCR. '
To overcome the video analysis limitations associ-
Figure 7 The coating spalls at a compressive strain that exceeds théted with the VCR , the 12 bit video output from the
substrate’s yield strain. IR camera was used for more detailed image analysis.

Spalled
Region 1

Spalled
Region 2

Figure 8 Digitally-captured images allow more controllable tracking of the development of the spallation event.
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Twelve-bit images were collected during testing at atifying changes in temperature arising from the coat-
rate of 10 frames/second and stored to disk as text filesng debonding. For example, a debonded region along
These files were then analyzed using a software prathe side of the specimen exploited by this reference-
gram written with LabVIEWM 4.1 (National Instru-  subtraction is shown in Fig. 9. The evolution of the
ments, Austin TX). As shown in Fig. 9, the series of debond region, which ultimately led to coating spalla-
captured images were first normalized by subtractindion in the lower portion of the specimen, is shown as
a reference image from them. The reference image ima function of time in Fig. 10. Although the images in
this case was taken at 3.5 seconds before spallation. THeég. 10 did not reveal debonding in the vicinity of the
resulting processed image was very sensitive to idendpper region of spallation (Region 1), it is possible that

Actual Reference Modified
Image Image Image
t=-1.0s t=-3.5s t=-1.0s

Figure 9 The digital images may be analyzed to “subtract” off a reference state to more accurately sample surface temperature changes caused by
damage.

Spalled
Region 1

Spalled
Region 2

t=-05s t=-0.2s t=-0.1s t=0s

Figure 10 Final one second showing the growth of the TBC debond and the spallation.
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Figure 11 The digital image can be discretized and have each segment’s pixel intensity examined. Here, Area 17 shows a drop in its pixel intensity
that is illustrative of the spallation even while Area 1's intensity does not change because no spallation is occurring there. This analysigican be use
to quantify the spallation event and its development.

the debonding process for this spalled portion initiatedsis of IR images, one may purposely interrupt mechan-
in the back side of the specimen away from the camera’gcal testing so that the debonded region can be further
field of view. analyzed using other non-destructive characterization
To further quantify the spallation event and its as-methods such as piezospectroscopy. The image anal-
sociated surface temperature changes, each processgis technique could also be applied to the evaluation
image was divided into 20 regions along the length ofof coated components such as turbine blades before
the specimen (Fig. 11). The minimum and maximumand after engine testing. The detection of subsurface
pixel values for each region were determined as a funcdamage would of course require that one establish con-
tion of time. The minimum pixel value was favored trolled thermal gradients through the thickness of the
in this particular analysis because increased debondingpated component.
lowers the temperature in the region of interest. The
graph in Fig. 11 illustrates the minimum pixel value as
a function of time prior to spallation for Regions 1, 8, 4. Summary
and 17. The data for Region 17, which is associated he combined use of high-resolution infrared imaging
with Spalled Region 2, clearly showed that debondingand controlled mechanical testing of TBCs is a very
started approximately 1 second prior to spallation in theeffective method to characterize TBC failure. Infrared
IR camera’s field of view. imaging was used to identify and track TBC damage
One primary advantage of the described IR monitor-evolution because surface-temperature changes were a
ing technique is that it could detect coating debondingfunction of the damage. Mechanical testing provided a
The debonded regions, which appeared as darker shad@sk to the identified spallation event because it identi-
of gray, were not visible under normal optical imaging. fied the associated compressive strain to failure.
Consequently the IR imaging method has a number of The potential of this coupled use of controlled me-
applications associated with the study of TBCs. For exchanical testing and infrared imaging with controlled
ample, by extending the method to the real-time analythermal gradient imposition is quite large as they may
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