
Abstract Lithium oxide was selected as an emission

spectroscopic marker in yttria stabilized zirconia

(YSZ) thermal barrier coatings (TBCs). The spectral

response of excited lithium atoms from dip-coated

YSZ containing 5, 3, 1, and 0.3 wt.% lithium oxide and

plasma-sprayed YSZ containing 1 wt% lithium oxide

was examined under an oxy-acetylene flame. Results

showed that the intensity of lithium emission spectrum

is a function of the concentration of lithium oxide in

the YSZ, the flame temperature, and the degree of

TBC degradation. It indicates that an emission spec-

troscopy can be used to monitor the degradation of

TBCs.

Introduction

Due to the extreme environment it experiences, one

gas turbine engine component that most often associ-

ated with failure is the thermal barrier coatings (TBCs)

on turbine blades [1, 2]. There are four primary

components in the TBC system: an yttria stabilized

zirconia (YSZ) topcoat, a thermally grown oxide

(TGO), an aluminum containing bond coat (BC) and

a superalloy substrate. Early detection of TBC degra-

dation and failure is critical to prevent catastrophic

engine failure as more advanced gas turbine engines

depend on TBCs for their high temperature operation.

TBCs on turbine hot section components, therefore,

require regular maintenance. A typical maintenance is

a visual inspection of the TBC for cracks, erosion or

other damages that will indicate the degradation of

TBC. These visual inspections require the engine to be

taken out of service and to be partially disassembled to

provide access to the TBC by boroscope. This type of

maintenance is costly because it requires skilled labor

and the interruption of service. Therefore, it is desir-

able to develop a non-intrusive method to detect the

failure of TBCs, which is less time-consuming and less

expensive compared to the traditional, boroscope

examination.

Recently, photo stimulated luminescence spectros-

copy has been used to study TBC, which can determine

the average biaxial stress of the TGO layer and this

information could be used as an indication of incipient

failure of TBCs [3–6]. Electrochemical impedance

spectroscopy has also been used for the evaluation of

TBCs, in which defects such as delamination, spalling,

and cracking can be inferred from the changes in the

resistance and capacitance on degradation [7, 8]. These

two methods are both non-destructive and promising in

quality control and remaining life assessment of TBCs.

However, neither of them can be used for in situ

examination of the failure of TBCs during engine

operation. Emission spectroscopy has been used to

study the combustion products generated by rocket

engines and appears to be promising because of

simpler instrumentation, lower cost and availability of

considerable emission spectral data [9, 10]. Spectro-

scopic analysis of the emission from gas turbine
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engines could potentially provide valuable information

about degradation conditions of TBCs. TBCs can be

doped with marker materials that can be optically

monitored inside the combustor or in the exhaust.

Depending on the mode of TBC failure, marker

materials can be incorporated either in the bond coat,

in the YSZ top coat or in both. Compositionally graded

doping of marker materials is another option. Thus, the

detection of the marker species in the combustor or the

exhaust would indicate the beginning of TBC failure,

and the spectral intensity can be correlated with the

extent of coating damages. Lithium oxide (Li2O) has

been evaluated as a potential marker material for

environmental barrier coatings [11]. Due to its high

emissivity in a wide range of temperatures, little

environmental hazard and high melting temperature

(1,700 K), lithium oxide (Li2O) was selected as a

marker material for the present work. The purpose of

this research was to investigate the potential of

emission spectroscopy as a non-destructive evaluation

tool to monitor the degradation of TBCs.

Experimental

Slurry dip-coating process was firstly employed to

prepare Li2O-doped YSZ/YSZ two-layer TBC due to

its simplicity in preparing the doped YSZ. No bond

coat was applied in this preliminary emission test.

Lithium oxide was dissolved in water and yttria

stabilized zirconia (YSZ: ZrO2–8 wt.% Y2O3) powders

(0.8–7.4 lm) were added into the solution and mixed

to produce YSZ slurry having 0.3, 1, 3, and 5 wt%

lithium oxide. These slurries were used for the prep-

aration of the inner Li2O-doped YSZ. Polyvinyl

butyral (PVB) dissolved into ethanol was mixed with

YSZ powder for the preparation of the outer undoped

YSZ layer. The inner Li2O-doped YSZ layer with a

thickness of 300 lm was first deposited on CMSX-4

superalloy (nominal composition: 61.7 Ni, 9 Co, 6.5 Cr,

5.6 Al, 1 Ti, 6.5 Ta, 0.6 Mo, 6 W, 3 Re, and 0.1 Hf by

wt.%) coupons (disc with 2.54 cm diameter) and dried

in a furnace at 100 �C overnight. The outer YSZ with a

thickness of 500 lm was coated on these samples, dried

at room temperature for 24 h. The TBC-coated super-

alloy was heated to 500 �C at the rate of 1 �C/min and

held at this temperature for 6 h to burn off the PVB in

a furnace in air. Air plasma-sprayed YSZ TBCs were

also prepared on CMSX-4 superalloy with a Ni–22Cr–

10Al–1Y (at.%) bond coat. Plasma-sprayed TBCs have

two ceramic layers: an outer YSZ layer and an inner

layer of YSZ doped with 1 wt% lithium oxide. Both

layers have the same thickness of about 125 lm.

A welder’s torch with oxygen and acetylene mixtures

was used to obtain flame in order to produce the lithium

ions emission spectra. The oxygen and acetylene

mixture was controlled to obtain flame tempera-

tures between 1,200–1,800 K. A spectrometer (Model

HR2000, Ocean Optics Inc., Dunedin, FL) was installed

and configured to cover emission wavelengths from 320

to 800 nm, centered at 670 nm which is the wavelength

with the highest Li emission intensity. The emitted light

from the lithium ions in the flame travels into an input

fiber, which carries the light to the spectrometer. The

spectrometer then transmits the information to the

PC for data acquisition. A schematic diagram of the

spectrometer is illustrated in Fig. 1. The coated cou-

pons were held at one end by an alligator clamp at a 30�
angle (a sturdy arrangement) so that the coated surface

is exposed directly to the flame and the emitted signals

are seen by the spectrometer port [11]. A Pt/Pt–13% Rh

thermocouple with its tip placed close to the sample

surface was used to record the flame temperature on the

specimen surface. However, even with well-controlled

flame parameters identical sample surface flame tem-

perature could not be reproduced from one experiment

to another. Therefore, the strategy adopted during this

research was to measure the surface flame temperature

and the corresponding emission signal simultaneously.

The emission intensity data was measured when the

temperature became nearly constant.

For samples with slurry dipped two-layer TBCs,

scratches were machined through the outer YSZ layer

to expose the doped inner layer. The dimension of a

scratch is roughly 20 mm (length) · 0.3 mm (width) ·
0.6 mm (depth). Schematic of the sample is shown in

Fig. 2. For the plasma-sprayed TBCs, up to 5 scratches

were machined through the outer YSZ layer into the

inner doped layer, the width of which was about 1 mm.

The scratches simulate cracks. In order to simulate

TBC spallation, holes with 1-mm diameter were drilled

Experiment Control and DataAcquisition Computer

Flame 
Holder

Flame
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Spectrometer

Specimen

Fig. 1 Schematic diagram of the spectrometer
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through the outer YSZ layer and into the inner doped

layer on the dip-coated YSZ with 1 wt% lithium oxide.

All spectra were recorded in a similar lighting condi-

tion in the room and the same spectrometer parame-

ters.

Results

Figure 3 illustrates the characteristic luminescence

spectrum of lithium ions at its wavelength of

670.8 nm. The intensity used in this study is the value

after subtracting the background from the measured.

Table 1 lists values of the flame temperature and the

corresponding lithium emission intensity for 0.3, 1, 3,

and 5 wt.% Li2O-doped YSZ/YSZ coatings along with

their standard deviations. The typical emission inten-

sity (in arbitrary units) versus temperature plot for the

slurry dip-processed 1 wt.% Li2O-doped YSZ/YSZ

coating samples is shown in Fig. 4. Error bars in the

figure indicate the standard deviation. The ‘‘without

YSZ outer layer’’ data represent the complete spall-

ation of the top YSZ TBC layer. In the presence of

cracks in the YSZ top layer the portion of the inner

doped layer exposed to the flame through cracks is

responsible for the excitation of Li atoms. Therefore,

increasing the number of scratches simulates increased

TBC cracking. Figure 4 shows that the lithium spectral

intensity increases with increasing temperature and

TBC cracking.

Figure 5 is a plot of emission intensity versus

temperature for slurry dip-processed 1 wt.% Li2O-

doped YSZ/YSZ coating having 1-mm diameter holes

through the top layer to simulate the coating spallation.

As expected the intensity increases with the increasing

temperature and the number of holes.

Figure 6 plots the emission intensity for the plasma-

sprayed 1 wt.% Li2O-doped YSZ/YSZ TBCs as a

function of sample temperature and the number of

scratches. Again, the emission intensity increases with

increasing temperature and the number of holes. The

emission intensity from the plasma-sprayed TBCs is

considerably smaller compared to the slurry dip-coated

TBCs even though the scratches were more than twice

wider in the plasma-sprayed samples. For example the

intensity from the plasma-sprayed TBCs with two

scratches is about 60 in an arbitrary unit at 1,370 �C

(Fig. 5), whereas the intensity from the dip-coated

YSZ with two scratches is about 250 (Fig. 3). This may

be due to the different distribution of Li2O in the two

samples. In the plasma-sprayed powders the Li2O was

uniformly distributed within each YSZ particle

whereas is concentrated on the surface of YSZ parti-

cles in the slurry-dipped process.
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Fig. 3 The characteristic luminescence spectrum of lithium ions
at its wavelength of 670.8 nm
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Fig. 4 Effect of flame temperature and dopant concentration on
the intensity of slurry dip-processed 1 wt.% Li2O-doped YSZ
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Discussion

Metal species in flames appear as atomic vapor, metal

oxides, or metal hydroxides, depending on the chem-

ical environment created by the fuel/oxidizer [12–13].

Each of these species can be excited by flames to

internal energy levels, which are not stable under

Boltzmann chemical equilibrium. The internal energy

picked up from the excitation source will appear as

electronic excitation in atomic species, and as internal

vibrational–rotational excitation in oxides and hydrox-

ides. The species equilibrate with their environment by

collisional equilibration, resulting in emission radia-

tion. In the present study, lithium atoms excited in high

temperature flames emit their characteristic spectral

luminescence.

The intensity of the emitted light for the transitions

can be given by [12, 13]:

I ¼ AijNkhðmÞ gie
ð�DEi=RTÞ=ZðTÞ ð1Þ

where Aij is the transition probability between the

initial and final internal energy states, Nk the number

density of the species k, h(m) the photon energy, gi the

statistical weight, DEi the transition energy per mole, R

the gas constant, T the gas dynamic temperature in K,

and Z(T) is the species partition function. For a given

atomic species, e.g., lithium, the intensity depends

primarily on the concentration (number density) of

free lithium atoms in the gaseous phase and the flame

temperature. For a constant lithium atom content a

plot of ln(I) versus T–1 is expected to be linear with the

slope representing DEi. The 670.8 nm wavelength

lithium line, used in our study, corresponds to the

transition of lithium atoms from the 2p to the 2s shell.

Exact measurement of all the sample surface tem-

peratures was not possible during these experiments.

Therefore, data similar to those typically shown in

Table 1 or plotted in Fig. 3 for the 0.3, 1, 3, and 5 wt.%

Li2O containing slurry-dipped processed YSZ coating

samples, having one scratch, were extrapolated (or

interpolated) to obtain the emission intensities at

1,200, 1,250, 1,300, and 1,350 �C. From the relationship

(1) shown above it is expected that at any temperature

the intensity will be directly proportional to the

airborne Li atom concentration of the slurry. Assuming

a linear relationship between the concentration of

Li2O and airborne Li atom, a plot I/I0.3 (observed

intensity from any sample/the intensity for the 0.3 wt%

Li2O sample at the same temperature) as a function of

Li2O concentration ratio (i.e., Li2O concentration/0.3)

will give a slope of unity. Figure 7 shows such a plot

(the curve can not pass through zero since it sets

concentration 0.3 and intensity at 0.3 as reference): the

solid line is the linear regression (r2 = 0.94) and

the dotted lines indicate 95% confidence interval for

the regression. The experimentally observed slope,

however, is not unity; it is only 0.15. This indicates, for

example, that if the Li2O content of the slurry is

increased three times it causes only a 1.45-fold increase

in the observed emission intensity. This indicates that

the concentration of airborne Li atom is not propor-

tional to the Li2O concentration in the doped YSZ.

Data shown in Fig. 7 can now be used to obtain the

value of the transition energy, DEi. Experimentally

observed intensities at 1,200, 1,250, 1,300, and

1,350 �C for the varying Li2O concentration samples

are first weighted by the above described factor of

0.15, i.e., the observed intensities are divided by

[1 + (0.15 · C/0.3)]. This allows us to pool together

the intensity data for all the four concentrations in
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order to improve the statistics in determining the

temperature dependence of emission intensity, as

shown in Fig. 8. Solid line in this figure, a semi-log

plot of weighted intensity versus inverse temperature

(K–1), indicates the linear regression (r2 = 0.99) and

broken lines indicate the 95% confidence interval.

The slope yields a DEi value of 288 ± 9 kJ/mol. This

value is larger than the literature reported value of

the transition energy associated with the 670.8 nm

wavelength lithium line, 177.65 k J/mol [12]. One

possible explanation for the higher activation energy

from this study is the error in the temperature

measurement. Thermocouples in flames suffer heat

losses due to radiation, conduction, and convection,

the magnitude of which increases with temperature.

Consequently, the flame temperature determined by

thermocouples is always lower than the actual tem-

perature. The disparity between the actual and the

measured temperature grows larger at higher temper-

atures, implying that the slopes in Fig. 8 would be

shallower if plotted against the actual temperature.

During engine operations, damage initiation and

progression in the form of microcracks can occur in

various ways in TBCs, depending on the TBC system.
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Fig. 7 Relationship between IC/I0.3 (intensity from a coating
with C wt.% Li2O/intensity from 0.3 wt.% Li2O slurry) and the
Li2O concentration ratio (C/0.3) for slurry dip-processed YSZ
coatings with one scratch at several temperatures
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Table 1 Measured temperature and intensity value for the slurry dip-processed Li2O doped YSZ/YSZ coating under different
conditions

Temperature (�C) Intensity (a.u.)

One scratch Two scratches No outlayer One scratch Two scratches No outlayer

0.3 wt.% Li2O
1202 ± 13 1204 ± 14 1192 ± 9 7.25 ± 1.06 14.3 ± 8.33 59 ± 6.56
1339 ± 8 1298 ± 4 1308 ± 16 73.25 ± 10.47 58.7 ± 5.5 367.7 ± 82.1
1384 ± 12 1393 ± 11 1377 ± 10 85.8 ± 15.28 180.7 ± 21.1 888 ± 56.9

1 wt.% Li2O
1168 ± 10 1140 ± 16 1223 ± 21 5.67 ± 2.08 6.33 ± 2.52 117 ± 14.2
1279 ± 6 1293 ± 12 1313 ± 7 74.7 ± 9.45 133 ± 3.6 493 ± 30
1331 ± 12 1366 ± 10 1409 ± 12 90.3 ± 8.02 222.3 ± 19.21 1342.8 ± 73.11

3 wt.% Li2O
1099 ± 6 1196 ± 6 1201 ± 13 6.5 ± 3.5 30 ± 11 88.7 ± 16.5
1225 ± 10 1306 ± 27 1298 ± 18 40.7 ± 8.5 234 ± 32 865 ± 82.5
1368 ± 15 1376 ± 9 1387 ± 16 323.3 ± 44.8 438 ± 37.51 1570.7 ± 129.2

5 wt.% Li2O
1142 ± 11 1136 ± 41 1031 ± 13 15.7 ± 10.3 28 ± 14.5 132.3 ± 21.03
1126 ± 7 1205 ± 8 1157 ± 12 243.5 ± 31.8 99 ± 2.65 449 ± 140
1362 ± 5 1302 ± 10 1324 ± 14 856 ± 57.9 698 ± 244.6 3818 ± 83.3
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Microcracks can develop, propagate and coalescence at

the bondcoat/TGO or TGO/topcoat interfaces [1, 2].

The coalescence of the cracks drives the fracture,

which can be the source for the vertical or parallel

crack initiation within the top ceramic coat. With

extended exposure, cracks at the interfaces or within

the topcoat lead to the delamination at the interface or

through the topcoat, causing the spallation of TBC. In

our doped YSZ/YSZ TBC, as the TBC cracks or

delaminates, the inner doped YSZ is exposed to the

flame and some Li atoms become airborne. The

subsequent transitions of Li atoms from the ground

state to an excited state and back to a lower energy

state cause the radiation of photons having a unique

wavelength for each transition. Figure 9 shows such a

correlation between the emission intensity (measured

at 1,320 �C) and the fraction area spalled for the slurry

dip-processed 1 wt% Li2O-doped TBCs. As mentioned

earlier the top YSZ layer was drilled out in these

samples in order to expose the bottom Li2O-doped

layer and simulate coating spallation. This figure shows

a linear increase in the emission intensity with increas-

ing extent of spallation and demonstrates the viability

of using Li emission spectroscopy as a tool to monitor

the health of TBCs.

Conclusions

The emission spectral luminescence of lithium oxide-

doped YSZ TBC, applied by slurry dip and plasma

spraying, was examined. The results showed that the

intensity of lithium emission spectrum is a function of

the concentration of lithium oxide in the YSZ, the

degree of TBC spallation, and the flame temperature.

The result demonstrates the emission spectroscopy of

lithium oxide doped YSZ inner layer can be used as a

non-destructive evaluation tool to monitor the spall-

ation of TBCs in gas turbines.
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