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Abstract

A procedure is described for assessing the extent of damage in an electron beam vapor depB&téd) thermal barrier
coating(TBC) based on the guantitative analysis of its photo-stimulated luminescence spectrum. In contrast to purely statistical
fitting procedures, the analysis procedure uses experimental calibrations of the effect of stress on the principal features of :
luminescence spectrum. Luminescence spectra from a thermally cycled TBC are used to illustrate the procedure and deriv
estimates of the thermal cycling induced damage2001 Elsevier Science B.V. All rights reserved.
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1. Introduction However, as a larger body of experience has been
gained, it is becoming clear that whilst the luminescence
There is a real need for non-destructive tools to Shifts are a reliable measure of the residual stress in the

evaluate whether a thermal barrier coating is damagedTGO, they are not as reliable as a measure of damage
and, on the basis of the damage detected, determine®®’ damage accumulation. Instead, as envisaged and
how much life remains before failure occurs. Once the originally shown by Clarke et all3], for a number of
TBC has buckled or spalled it can generally be seen TBCs, the width and shape of the luminescence peaks
optically, but it is essential to develop a tool capable of Provides more reliable information on the presence of
detecting damage evolution prior to it reaching the damage in the probed volume. This requires that the
critical buckling size. Thus, it is a pre-requisite that the luminescence spectrum recorded from a thermal barrier
non-destructive tool be able to probe through the thick- coating be analyzed by a deconvolution procedure to
ness of the thermal barrier coatings to detect any obtain the information contained within the spectrum.
damage. One particularly promising method is photo- There are two approaches to this spectral analysis. One
stimulated luminescence spectroscoBSLS since it is to recognize that the spectrum contains a series of
is both non-destructive and produces a direct measureR1-R2 peaks and obtain the best statistical fit to the
of local elastic strain energy in the thermally grown Measured luminescence spectrum, as assessed, for
oxide (TGO). instance, by the chi-squarg?) value of the fit. The
Originally, it was anticipated that the shift in the R Other is to use previously established calibration data
line luminescence spectrurfil,?] obtained by laser from alumina under a variety of stress states to constrain
photostimulation from CGr* ions incorporated into the the data fitting so as to obtain data about the type of

TGO would be a reliable indicator of the life of a TBC. damage. This is conveniently referred to as ‘physically-
based’ fitting in the following sections.

* Corresponding author. Tel+ 1-805-893-3559; fax:+ 1-805-893- In cases where the TBC is heavily damaged, the
8971. spectrum clearly contains additional distinct peaks. In
E-mail address: jnychka@engineering.ucsh.editA. Nychka. such cases, the presence of the additional peaks is a
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Fig. 1. PSL spectrum taken from a thermally cycled EB-PVD T@&L and three alternative deconvolutioris) two peaks using a statistical fit,

(c) four peaks using a statistical fit ad) four peaks using a physically-based fit. Fitting parameters and statistical deviation for the deconvo-
lutions are shown in Table 1. Markers indicate the summation of the convoluiitoeely overlapping experimental spectiuriihe two doublets

in (c) and(d) are indicated by the solid and dashed lines. The deconvolutiofikni¢ a poor match to the spectrutthe dashed convolution

line is seen separated from the solid experimental spectrum [iire fit in 1(c) shows low statistical variation with the spectrum, but does not
maintain the physics of the luminescencéd)lis concluded to be the correct depiction of the stress in the TGO because it has low statistical
variation and maintains the physics of the R line luminescence.

straightforward indication of damage in the TBC, but be described, a quantitative physical analysis indicates
experience suggests that wholesale failure of the coatingthat damage has indeed occurred.

is then imminent. To be a practical tool, it is essential

that the damage be detected at an earlier stage when the. Analysis

luminescence from the damaged region is masked by

the stronger luminescence from the surrounding unda- Qur starting point is the piezospectroscopic relation.
maged regions. It is for the analysis of the early stagesOver a wide range of stresses, a homogeneous stress,
of damage that it is important to have a physically based ¢, causes a linear shift in frequendyy, of the R lines
procedure for analyzing the luminescence spectrum. Tofrom their stress-free frequency given by:

illustrate the physically-based approach, we consider the

luminescence spectrum in Fig. la recorded from an Av=Il;0; 1)
electron-beam vapor deposited TBC after thermal where II; is a first-order phenomenological tensor
cycling. In contrast to spectra from highly damaged whose values have been determined experimentdlly
TBCs, the spectrum appears as a single doublet, sug{The repeated index notation is used hefEhe lumi-
gesting that no damage has occurred. However, as willnescence lines recorded from an unstressed alumina
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material have a mixed Gaussian—Lorentzian line shapelonger be fit with a single RAR2 doublet. Instead,
as a result of thermal broadening and various instrumen-more than one peak is required for fitting with the

tal factors. As a result, the measured line shabg;) ,nhumber of peaks,, their weighting, W,, and their
can be represented by: centroid frequency,v; being variable in the fitting
—(1_ — (= v/ W2[AIN(D)] procedure. Such an analysis has recently been applied
Pv)=(1 L)Imaf @) to TBCs by Peng and Clarki@].
+L o 2 Cae
l+4(v—vmj 3. Fitting parameters
w

The procedure for fitting a spectral peak with a
combination of peaks is a standard feature of many
commercial software packages for spectral analysis, such
as the commercial GRAMS package. In addition, a
d number of numerical algorithms have been developed
Ofor spectral peak fitting. The one we have used most
extensively at UCSB is one based on the Levenberg—
Marquardt non-linear peak methdd].

The stress dependence of the luminescence from
various forms of alumina, containing €r ions, has

een studied in numerous publicatidis3,8—-10, since

where the first term is the Gaussian component, the
second is a Lorentzian componeitt, is the relative
proportion of Lorentzian character,, is the frequency
at the maximum intensity,,...,, andw is the full width

at half height. Therefore, for a homogeneously straine
body, the luminescence line is unchanged in shape an
merely shifted by a constant frequendy,.

For aninhomogeneously strained material, the shape
of the luminescence peaks is changed and they typically
become broader. The physical basis for analyzing the
change in shape of the luminescence spectra is that th h licat f st first d to studv th
photon emission from each €r ion is independent of d € application of stress was Tirst used to study the
the other Ct* ions. Consequently, each ion acts as an etails of the electronic transitions in ruby. Most studies

independent strain sensor so the overall luminescence i41ave been of the shift in luminescence frequency under

the sum of the photons emitted by the individuaPCr rather sir_nple states of stress, such as uniaxial and
ions. If there is a variation in strain, then the individual hydrostatic stress, but recent work has extended our

ions within the probed volume will each luminesce at knowledge to the stress dependence of other character-

slightly different frequencies and cause an apparent peaIJStIC features of_the R1 and R2 luminescence spectrum
broadening. As a result, the peak broadening is generallyaS will be described.

proportional to the variation in stress within the probed .

volume. A general treatment that relates spectral shapes 1 F7equency shift
to spatial property distributions was developed a few

years ago by Lipkin and Clarkis]. If we assume that stress, temperature and concentration of'Cr . At room

within the probed volume there are some regions that . .

are damaged and others that are undamaged, the Lipkin—tsirn;ggrf?;re(iﬁ gcic)a tc?ist[raelguoefngaeSp%fir?ec?nllez]iﬁisnfgroy%
Clarke analysis can be reduced to an expression for the o j
intensity as the integral over the probed volume of the Wt.% Cr ruby are 14433.44 cnt  for R2 and 14403.44

. o L cm~? for R1. These values decrease with increasing
luminescence from each of the individual regions, temperature by 0.134 cm °C and 0.144 cm? °C,

The frequency of the R1 and R2 lines is sensitive to

r ; . o
4 respectively, for the R2 and R1 linell, so it is

I(V)O(hj ZWi(D{V[Ui]}B(r)dr ©) necessary in analyzing luminescence spectra to correct
vt for temperature(Typically, we measure the room tem-

wherer, is the probe radiusiy; represents the relative perature at the same time as recording the luminescence
areas of regiong, for instance the damaged and unda- spectra so as to correct for temperatufEhere is also
maged regionsB(r) represents the spatial variation in known to be an effect of chromium concentration on
intensity of the probe, and the oxide thickness.is the frequency of both the R1 and R2 lingkl], but

The form of Eq.(3) suggests that the luminescence since it is extremely difficult to determine the chromium
peak can be fitted with a number of individual spectra, concentration independently, we usually seek to compare
each corresponding to the area fraction of differently the measured luminescence frequency to that recorded
stressed regions within the probed volume and thefrom a spalled fragment of the oxide to obtain the
average stress in those regions, superimposed. If théestress-free’ frequency. Since the chromium concentra-
TGO is undamaged, the luminescence peaks can be fittion will not have changed significantly when the oxide
as is standard practice, by a single doublet representindfails, it is assumed that the only change in frequency is
the R1/R2 peaks of C¥* doped alumina shifted in due to release of the stress in the spalled fragment. In
proportion to the stress in the TGO. This would corre- the event that failure has not yet occurred, a sapphire
spond to the homogeneous case withl in Eq. (3). standard(0.05 wt.% chromium is used to obtain an
When damage occurs, the luminescence peaks can ne@stimate of the stress free frequency. TGOs typically
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The R1 shift was plotted as a function of the stress as
1 calculated from the R2 shift. Using these data, it can be
E anticipated that under biaxial compression, the R1 and
R2 peaks will separate by an amount of 0.82¢ém GPa
g with increasing biaxial compressive stress in the range
0.0-5.5 GPa.

—— R2 Shift
—o— R1 Shift

- 3.3. Intensity ratio

The underlying physics would suggest that the ratio
E of intensities of the R1 and R2 lines would be only

] weakly dependent on temperature and pressure. This
was confirmed by Munro et al[12] who found the
intensity ratio of the R linesR2/R1) varied by —
0.00047C~1 and —0.013 GPa! , with temperature and
Fig. 2. Frequency shifts of the R1 and R2 lines taken from oxides pressure, respectively. Thus, for all practlcal purposes,
grown on various FeCrAl alloys. Notice that R1 is linear, but with a the temp.erature dependence can be ignored. The value
much larger stress dependence than R2. of the ratio does, however, depend on the crystallograph-
ic orientation with respect to the polarization of the laser

have slightly more chromium than does sapphire: the Used to stimulatg the luminescence. This can be qu_ite a
stress free frequency of the studied TGOs has beenlarge effect for single crystals but not for polycrystalline
found to be ~14433.64 cm* for R2, and~14403.64  alumina, such as found in TGOs where the /R4
cm~! for R1. Sample-to-sample variations are negligible value ranges from 0.52 to 0.74Fig. 3). This range is
and need not be considered so long as the same materidnost likely due to the presence of weak texture. Both
system is being considered. the mean and median values of the intensity ratio for
The effect of uniaxial stresses along different crystal- the data in Fig. 3 were 0.60 with a S.D. of 0.02. The
lographic directions and the effect of hydrostatic pres- bar on the ordinate shows the value of single crystal
sure have been systematically studied on sapphire@xis sapphire. In some cases, sub-micron films have an
crystals containing typically 0.05 wt.% chromium. From inverted RZR1 value, but this behavior is not fully
these systematic experiments, the values of the piezoslnderstood.
pectroscopic coefficients have been determinddl
Assuming that the distribution of grains in a thermally 3.4. Peak shape
grown oxide are randomly oriented then the frequency

shift when the TGO is under biaxial stress; , would As mentioned in Section 2, the R1 and R2 lumines-
be given by: cence lines can be modeled as a mixture of Lorentzian

and Gaussian functionl,6,14. For a stress-free sap-

Frequency Shift (cm ™)
>

ke 1
0 1 2 3 4 5 6
Biaxial Compressive Stress (GPa)

2
AV:§(H11+ H22+H33(TB (4)
1 T T T T 1
where the sums of the coefficients have been found to i
be 7.61 and 7.59 cmt  GPa for R2 and R1, respectively o 08L ]
[4]. g | .
Z 06 56 ¢ mf"“;*i“’-.: S
3.2. Peak separation ‘@ - e g 8 ﬂm
S [ ]
: . . £ 04l 1
Experiments under hydrostatic pressure have indicated = - 1
that the separation between the R1 and R2 peaks is 30.0 N [ ]
cm~! at room temperature and does not change with e 0.2 ]
pressure. However, when the stress state is not hydro-

static, the peak separation does depend on stress and the 00' — % s é — é — “‘1' = é :
stress state. Biaxial Compressive Stress (GPa)
The frequency shift as a function of residual biaxial
gﬁpgizaxeoitrgzzszlsgﬁvgg I_?hZI%eSZIJSLIV;:E:SS Vt/r{:llg Fig. 3. Inte_nsity ratio(R_’Z/ Rl) from oxides on various FeCrAl aI_ons
. - > as a function of the biaxial compressive stréBR frequency shift
calculated using the experimental values of the R2 shift the bar on the ordinate indicates the intensity ratio of stress free single
and the known piezospectroscopic coefficidiitg. (4)]. crystal c-axis sapphire.
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phire single crystal oriented in thedirection theL and

G fractions were found to lie in a fairly narrow range:
L=0.70-0.85 for R2, and.=0.90-0.99 for R1(G=
1-L). Stressed polycrystalline films were found to have
a lower L fraction: L=0.40-0.70 for R2, and.=0.70—
0.90 for R1. This decrease ih fraction seems to be
concomitant with peak broadening due to crystal miso-
rientation and strain gradients in the film.

3.5. Broadening

Broadening of the R-lines is usually due to tempera-
ture and the presence of variations in strain within the

luminescing region. At room temperature, the R lines of 20000 Frr—ryr T
a 0.05-wt.% chromium ruby have full width at half - (b) | Stress
maximum (FWHM) values of 8.3 and 11.2 cnt  for 15000 | ¢ FenRE
R2 and R1, respectively. Temperature effects on the - a ’
FWHM were not investigated for this study, but may be o I
found in He and Clarkd4]. In general, the R2 line is > 10000 |
0.75 times as broad as the R1 line, but ranges from 0.70 2 i
to 0.90 in polycrystalline films. £ i
- 5000

3.6. Guidelines and procedure for fitting |

Having a knowledge of how the principal features of 0 e T
the luminescence R1 and R2 lines vary with stress, it is 14300 14350 14400 144150 14500
now possible to use these data to constrain the fitting Wavenumber (cm )

of luminescence spectra.

As the preceding data indicates, there is always someFig. 4. A spalled area of TGO grown on a Kanthal A-1 wire, I'TDO
variability in the fitting parameters with stress. In part, for 16 h.(@, and a deconvoluted PSL spectrum from the same wire,
this is a natural consequence of variations in crystal (b). The white spot in(a) corresponds to the size of the area, and

. ) L position where the spectrum (i) was taken. The black arrows indi-
texture, grain size, and stress within the scale. Thesecate an area of debonded oxide, while the white arrow indicates oxide
variabilities can be incorporated into the software pack- remaining in contact with the metalb) Markers indicate the sum-
age used for the curve fittingerAMmS). mation of the convolutions. The two doublets are indicated by the

The procedure we have adopted for fitting a spectrum sol_id and d_ashed lines, where the solid and_ dashed lines correspond
is an iterative one, as follows. The first parameter to intact oxide and debonded oxide, respectively.
specified is a range for the fraction: 0.40-0.70 for R2, ) ) ] )
and 0.70-0.90 for R1. Once the computer has found thestra_un states. For this reason, lower mtensﬁy doublets
best fit, the R2 peak position is viewed, and is converted yPically have the lowest values éffraction: L=0.20-
into a stress. Knowing the magnitude of the compressive 0-40 for R2, and.=0.40-0.70 for R1, while the higher
stress helps to determine what the peak separation shouldtensity doublets have the saniefraction as normal
be; the separation should scale as 6:8210 cn* GPa. films above. The remaining procedure for determining
Next, the intensity ratio R2R1 is evaluated to deter- the other parameters is the same for both sets of
mine if it falls within the range 0.55-0.63, and the doublets.

FWHM ratio R2/R1 falls within 0.70-0.90. After per-

forming these checks, if the parameter ranges are not4. Damage evaluation

met, the calculated peaks are shifted so that the separa-

tion is consistent with the computed R2 shift, and the In this section, we will demonstrate the difference

statistical deviation is as close to zero as possible. Thenbetween fitting with and without using any guidelines

more iterations are performed until the solution converg- for the luminescence characteristics of TGOs, and the
es and the parameters are consistent. information that can be obtained. To illustrate the pro-

Spectra from TBCs are typically asymmetric and can cedure, we present the luminescence spectra, and their
be deconvoluted into an intense doublet, and a lessanalysis, from an oxide where the damage is visible and
intense doublet. The less intense doublet tends to bethe individual spectra were obtained from identifiable
broader due to the fact that it approximates different regions of intact and buckled oxide. The material is an
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Table 1

Fitting parameter ang? values for spectral deconvolutions taken from an EBPVD TBC

Spectrum R Line? AvP ogt Intensity FWHM L VR1-VR2 x? Damage

(cm™) (GPa ratio R2/R1 Fraction (cm™3) proportiory
R2/R1 (%)

(b) R2 4.59 0.90 0.51 0.61 0.00 31.1 1.434 /AN
R1 5.67 0.88

(© R2a 5.75 1.13 0.54 0.90 0.02 28.0 2.208
Rla 3.73 0.99
R2b 1.75 0.34 0.40 0.36 0.00 43.6 20
R1b 15.33 0.60

(d) R2a 2.45 0.48 0.62 0.77 0.40 30.8 0.041
Rla 3.23 0.70
R2b 11.45 2.26 0.64 0.60 0.20 32.3 49
R1b 13.73 0.70

2The solid line doublet in Fig. 1 is labeled as Ra, and the dashed line doublet as Rb.

b Frequency shift after temperature and argon reference correction.

¢ Stress calculated from R2 shift using the relatog= Av*0.197.

d Damage proportion is defined as the area percentage of the damagedRéaksd R2 to the total area of both deconvoluted doublg®d
and R2 of all deconvoluted luminescence peakEhe damaged regions correspond to the peaks with the lowest frequency shift. Damage
proportion= (X Area of damaged R peak& Y Area all R peaks

alumina scale on a FeCrAlMKanthal A-1). After contains two doublets. Fig. 1c was, therefore, fit with
oxidation for 16 h at 110@ and subsequent cooling, two doublets, without specifying any physical constraint
local spallation occurs, as shown in Fig. 4. A lumines- on the fitting parameters, and iterated in the same
cence spectrum was recorded near the edge of a similafashion as for Fig. 1b. While the fit appears to overlap
spall (the white spot in the figure corresponds to the the experimental spectrum rather well, the dashed line
probe siz¢. The deconvoluted spectruniFig. 4b), doublet has a very large peak separafiggd cm 1), the
performed in accordance to the outlined guidelines, shapes of the peaks are inconsistent, and the FWHM
demonstrates that there are at least two distinct stresgatio of the dashed doublet is very low, indicating that
states present within the probed volume as seen by thehis fit is inconsistent with the known stress dependen-
difference in the frequency shifts of the R2 peaks. The cies. Fig. 1d was then fit according to the procedural
oxide in contact with the metal shows a high value of guidelines in the previous section. This fit is much more
R2 frequency shift as it is under a large residual
compressiorg3.7 GP3, while the debonded oxide shows

no R2 frequency shift since it is no longer in contact

with the metal.

Returning now to Fig. 1, the spectrum from the
thermally cycled TBC is shown along with three alter- e
native deconvolutions. The R1 and R2 labels show the
regions where the deconvoluted R lines are located. The
solid and dashed deconvoluted peaks correspond to tdo
different doublets. The diamond markers with a dashed Bond coat
line correspond to the summation of the deconvoluted
peaks. The argon reference line was fitted in each case, .,
but is not shown in the figure. The fitting parameters é (a)
and x? values are listed in Table 1.

Fig. 1b was fit with a single doublet, specifying no
parameters and allowing the computer algorithm in Fig. 5. Schematic of types of damage associated with thermal cycling
GRAMS to perform as many iterations as needed to of EB-PVD TBCs.(a) Cross section view showing the presence of
obtain a convergent solution with a constatvalue. the TGO between the TBC and the bond ch}.Magnified view of
The fit does not fully reproduce the peaks of the R TBC-TGO-Bond Coat structure after thermal cy_cllng. Loqal separa-
. . . . tions between the TGO and bond coat form, leaving the oxide attached
lines, so the peak positions are incorrect. Realizing thatoniy to the TBC(region ; intact oxide may or not be attached to
the spectrum is asymmetric, it was then assumed that itthe TBC (region 2.
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Table 2 under the R lines, the damage proportion can be calcu-
Frequency shifts, biaxial stress, and damage proportion for three sim-|5tad. as shown in Table 1. For further illustration. Table
ilarly coated EBPVD TBC samples as a function of cycling time 2 iIIL;strates additional results from the analy,sis of

Sample  Number of R Line Av os Damage similarly processed TBCs that have been subjected to
cycles (ecm™») (GPa proportion thermal cycling.
(%)
As-coated 0 R2a 607 120 48 5. Summary
Ria 7.35
Eig 13-28 2.81 A physically-based analysis procedure of PSL spectra

from thermally grown alumina thin films under biaxial
stress has been developed. This procedure is a promising

A 100 R2a 864 170 72 technique to quantify the amount of damage in TBCs.
2;3 28:?1; 403 However, it should be noted that there remains a need
R1b 24.84 to account for effects of internal reflections, such as at
cracks and local separations before one can completely
B 292 R2a 245 048 49 specify the physical proportion of damaged to undama-
Rla 3.23 ged regions under the TBC. This type of calibration is
R2b 11.45 2.26 underway.
R1b 13.73

Calculations of biaxial stress and damage proportion were per- ACknowledgements
formed as indicated in Table 1.
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