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ABSTRACT

The worldwide research in the field of thermal barrier coatings has sug-
gested zirconia (ZrQ,) as a highly suitable material for high temperature
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engineering applications. In the present investigation, oxy-acetylene flame Plasma spray technique;
heating tests were conducted over plasma sprayed yttria partialy stabi- Thermal barrier coating
lized zirconia (7Y-PSZ), coated over an aluminium alloy substrate of grade (TBO);

A336 using an intermediate bond coat of NiCrAlY and it was found that
the coating was highly effective in lowering the temperatures within the
substrate. A coating of thickness of 150 microns caused a drop of 4.48%
in the maximum temperature set up within the substrate while the coating
of 300 microns thickness resulted into a temperature decrease of 8.11%
at the same surface. Similarly, top surface temperature was found to im-
prove by 21.12% and 35.24% for 150 microns and 300 microns thick
coatings, respectively. Further, the special techniques of X-ray diffrac-
tion, scanning electron microscopy and energy-dispersive X-ray spectros-
copy were used to visualize the effects of high temperature atmosphere
on the coating material and the results showed that the thicker coating was
more prone to degradation as compared to the thinner one.
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INTRODUCTION

The zirconiaand zirconiabased films are found
to befocusof great interest for the material research-
ers due to their excellent properties like low ther-
mal conductivity, corrosion resistance, erosion re-
sistance and oxidation resistance, high hardness,
chemical and thermal stability at cryogenic and high
temperatures®3. These propertiesrecommend their
use as thermal barrier coatings (TBCs) on the me-
tallic substrates used in high temperature applica-
tions like gas turbines and diesel engines®. How-

ever pure zirconiais not suitable for TBC applica
tionsdueto itsdurability aspect sinceit possessesa
monoclinic crystall ographic structure at ambient tem-
peratures which changes to tetragonal at about
1170°C and further to the cubic at around 2370°C.
During its cooling from elevated temperatures at
1170°C, disruptive phase transformation from tet-
ragonal to monoclinic phase resultsinto avolumet-
ric expansion of 6.5%!%, thereby causing failure of
the coating by making it weak thermal shock resis-
tant. A small addition of certain oxides of yttrium,
magnesium or calcium has been found responsible
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for stabilizing the structure to tetragona phase at
temperatures above 1000°C. Apart fromthese, anum-
ber of other stabilizershave a so been suggested for
zirconiasuch as Sn,O,, Er,0,, Nd,0.*.

As far as effectiveness and longevity of TBCs
are concerned, anumber of experiments, numerical
modeling and simulations have been carried out by
the worldwide researchers like Pierz®, Perrin et
a., Taymaz®, Ramaswamy et al.’¥, Kumar and
Ka €9 etc. In the present study, an experimental in-
vestigation was carried out by performing an oxy-
acetylene flame heating test to determine the effec-
tiveness of 300 um and 150 um thick atmospheric
plasmasprayed yttriastabilized zirconia(Y ,O,- 7%
by wt.) as thermal barrier coating applied over a5
mm thick specimen made of an aluminium aloy
(A336Al) commonly used in making pistons of IC
engines, with anintermediate 150 um thick layer of
atmospheric plasma sprayed NiCrAlY bond coat.
The results were compared with those of uncoated
specimen of the same material and geometry. Same
flame heating was also used to impose cyclic ther-
mal |oading to study high temperature stability and
longevity perspectives of the two different coating
thicknesses with the help of characterization tech-
niques.

MATERIAL

Substratepreparation

An auminium alloy, A336 (Si-12%, Ni-2.5%,
Mg-1.0%, Cu-1.0%) made automotive piston with
flat top surface and of diameter 80 mm was taken
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Figure 2 : Plasma spray facility at MECPL, Jodhpur
(Rajasthan)

and itstop solid disc like portion of thickness about
8 mmwascut out from theremaining part. Thisdisc
portion was machined to athroughout uniform thick-
ness of 5 mm and was further cut into four identical
quarter parts. Three of these quarter parts were used
as substrates in the experimental analysis. Figure 1
shows the picture of actual piston used and a par-
ticular specimen machined out fromit.

Plasma spray coating

Coating of the ceramic top coat and theinterme-
diate bond coat were provided with the help of
plasmaspray facility available at Metallizing Equip-
ment Co. Pvt. Ltd. (MECPL), Jodhpur (Rajasthan),
India (Figure 2).

Two of the three substrates prepared were ini-
tially cleaned, grit blasted and then degreased in ethyl
alcohol. The material used as bond coat was
NiCrAlY imported from Powder Alloy Corporation,
Cincinnati, Ohio. The top layer acting as thermal
barrier coating was agglomerated sintered 7Y-PSZ
(AMPERIT®827), imported from Germany and sup-
plied by H. C. Starck Group. The particle size of

Figure 1 : Flat top surface piston (left); piston after top portion removal (middle) and 5 mm thick quarter portion

specimen (right)
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TABLE 1: Spray parametersused in plasma spraying of
top coat and bond coat

Spray Parameter Spray Conditions

Argon fl ow rate (L/min) 4
Hydrogen flow rate (L/min) 12
Powder gas flow rate (L/min) 34
Powder feed rate (g/min) 40
Spray distance (mm) 120
Current (A) 630
Voltage (V) 70
Nozzlelelectrode diameter (mm) 6

Injector diameter (mm) 18
Injector angle (degrees) 0
Injector disance (mm) 6

TBC particles were in the range of 10-45 um. The
typical spraying conditions used for plasma spray-
ing of both the layersaregivenin TABLE 1.

Bond coat thickness was kept as 150 microns
for two of the substrates and one of these two sub-
strates was overcoated with 150 microns thick 7Y-
PSZ layer (referred as 150/150 coated specimen in
later section) while another onewas overcoated with
300 microns thick 7Y-PSZ layer (referred as 300/
150 coated specimenin later section). Thethird sub-

strate was| eft as such uncoated without any coating.

EXPERIMENTAL
All three specimenswere subjected to flametest-
ing to determinethethermal behavior of coated and
uncoated samples. Oxy-acetylene cylinders were
used to produce high temperature flame which was
targeted over coated surfaces of the coated samples
and similar surface of the uncoated sample.

Thermal behavior detection

Theeffect of thermal barrier coatingintempera-
ture reductionswithin the substrate wasinvestigated
in the experimental work. Two thin wire K-type
(chromel-alumel) thermocouples, atemperaturein-
dicator and a non-contact gun type infra red ther-
mometer provided by Columbus Electronics Pvt.
Ltd., Chandigarh, India, were used to measure the
trangi ent temperatures within the specimen exposed
to flame heating on itsoneflat surface and ambient
air conditionson al other surfaces. A fine hole was
drilled onto the lateral surface along thickness of
each specimen at the TBC/substrate interface. One
of thetwo thermocoupleswasinserted into thishole
whiletesting the particular specimen. Another ther-

Figure 3 : Flame heating test in operation
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Figure 4 : Coating characterization facilities at CM SE, NIT, Hamirpur (a) Scanning Electron Microscope/Ener gy-

dispersive X-ray (b) X-ray Diffraction

mocouple was attached to rear surface of the speci-
men (surface opposite to flame exposure). Infrared
thermometer was used to record the transient tem-
peratures of flame exposed surface since thermo-
couple attached to this surface being in direct con-
tact with flame could not give exact readings of sur-
facetemperatures. Figure 3 showstheflame heating
set up in operation.

Test conditions

Each of the three specimens (2 coated and 1 un-
coated) was subjected to flame heating. The tem-
perature of the front portion of the flame in touch
with the surface was initialy set to 1000°C by ad-
justing flow rates of oxygen and acetylene gases.
Each of the samples was exposed to this tempera-
ture on one surface (of course, the coated surfacein
case of coated sample) for atime period of 60 sec-
onds, keeping other surfaces as such exposed to am-
bient air (at 37°C). Short heating period of 60 sec-
onds was chosen to avoid high temperatures in the
substrate. The temperatures within the specimens
were recorded at the intervals of 15 seconds.

Thermo-physical behavior detection

Similar flame heating of the coated specimens
was carried out in cyclic manner to investigate
thermo-physical behavior of Y-PSZ/NiCrAlY TBC
set up. No temperature measurement devicewasre-
quired to attach to the specimen. The comparative

analysis of failure modes and microstructural
changes of TBCs in cyclic thermal load testing of
two different thicknesses (150 microns and 300 mi-
crons) was carried out using special facilities of X-
ray Diffraction (XRD), Scanning Electron Micro-
scope (SEM) and Energy-dispersive X-ray
(EDX) techniques, available at Centre for Material
Science and Engineering (CMSE), National Insti-
tute of Technology, Hamirpur, India. The failure of
TBC wasinvestigated intermsof any crack network
development and propagation, spallation or delami-
nation, diffusion, phase changes, chemical compo-
sition changes etc. as aresult of the cyclic loading.
The SEM/EDX and XRD facilitiesat CMSE, NIT,
Hamirpur are shown in Figure 4 (a) and (b).

Test conditions

Cyclic thermal loading of the coated specimens
(300/150 and 150/150) was carried out. The flame
tip temperature in contact with the coated surface
was set to 1000°C. The coated surface was heated
for a period of 30 seconds and then cooled down
rapidly to steady conditions to a uniform tempera-
ture of 30°C by throwing the specimeninto still wa-
ter (at 30°C). This completed one cycle of thermal
loading. Both the specimenswere so exposed to cy-
clic flame heating and cooling. This way, atotal of
70 cycles of thermal loading were completed for
both of the coated specimens.
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Figure 5 : Effect of Y-PSZ/NiCrAlY TBC on top surface temperature
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Figure 6 : Effect of Y-PSZ/NiCrAlY TBC on top substrate temperature
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RESULTSAND DISCUSSION

Figure 5 and Figure 6 show plots of top surface
and top substrate (coating/substrate interface) tem-
perature variation within each specimen versustime
of heating, respectively.

Observing the slopes of the curvesin these fig-
ures, it is clear that as compared to uncoated sub-
strate, the coated substrate experiencesmoreincrease
in the top surface temperature and less increase in
the coating/substrate interface temperature during
constant flame heating. Further, 300/150 coatingwas
found to behave more effectively in this heat pen-
etration reduction as compared to 150/150 coating.
It was calculated from the observed data that after
60s of flame heating and as compared to uncoated
specimen, 150/150 coating caused 21.12% increase
in top surface temperature and 4.48% decrease in
top substrate temperature whereas 300/150 coating
resulted into an increase of 35.24% in the top sur-
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face temperature with a decrease of 8.11% in the
top substrate temperature.

Figure 7 shows changein thetemperature gradi-
ent within coating layer with respect to time of heat-
ing for two different coating thicknesses. Thefigure
shows that as the time of unsteady state heating in-
creases, the temperature drop within the TBC layer
also increases. Thicker coating carries more gradi-
ent than the thinner one and rate of increase of ther-
mal gradient across TBC layer isaso morein case
of thick 300/150 coating as compared to 150/150
coating.

Coating characterization

A physical visual inspection of the coated speci-
mens after flame heating test of 70 cycles showed
that 300/150 coated specimen experienced slight
separation of the coating layer from the substratein
thevicinity of fine holedrilled into the specimen for
the insertion of thermocouple sensor. Also, little
spallation spots were also observed in case of 300/
150 TBC. On the other hand, 150/150 TBC surface
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Figure 7 : Temperature gradient within coating layer at different time of heating for two different coating thick-
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did not show any sign of spallation or film separa-
tion in the test. Top surfaces of both the specimens
were observed to get changed in color shade after
prolonged cyclic heating, however 300/150 microns
coating surface achieved more darkened yellowish
shade than 150/150 coating surface.

Scanning e ectron microscopy results

Figure 8 (a) and (b) shows SEM micrographs of
plasma sprayed 7Y-PSZ/NiCrAlY TBC coated
specimens for coating after thermal cyclic loading
test of 70 cycles, respectively for 150/150 microns
coated specimen and 300/150 microns coated speci-
men. The micrographswere taken at 2000X magni-
fication. It was observed that as compared with as-
sprayed surface, surface after cyclic test showed
formation of coalesced grains. After thermal cyclic
test, crack network development was observed in
both the thicknesses of coating. It can be clearly seen
inthemicrographsthat 300/150 microns coating was
highly affected in the heating test as compared to
150/150 microns coating. The cracks in the struc-
ture are highlighted by the ovals around theminthe
micrographs. A number of microcracks were ob-
served in 300/150 microns coating while 150/150
microns coating experienced much lesser intensity
of cracksorigination and devel opment.

X-ray diffraction results

The before and after thermal cycling XRD pat-
terns of 150/150 coating and 300/150 coating are
shown in Figure 9 and Figure 10, respectively. In
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Figure 8 : Scanning electron micrographs of 7Y-PSZ/NiCrAlY TBC after 70 cycles of thermal loading for (a) 150/
150 microns coating (b) 300/150 microns coating

case of 150/150 coating, 7 peaks were observed in
as-sprayed coating at 2Y positionsof 29.942, 34.758,
42.01, 43.604, 50.127, 59.577 and 62.499 degrees
while there were 9 peaks after thermal cyclic load-
ing test of 70 cycles at 30.0255, 31.579, 34.615,
34.951, 43.549, 50.184, 59.329, 59.785 and 62.582
degrees, within the ‘2Y’ scan range of about 10° to
70°. The highest peak at 29.942 deg. 2Y got shifted
to 30.0255 deg. 2Y and the lowest pesk at 42.01
deg. 2Y got shifted to 31.579 deg. 2Y after thermal
testing. Similarly, for 300/150 coating, number of
peaks observed within the same scan range were 8
in case of as-sprayed coating at 2Y positions of
30.2202, 34.805, 35.123, 43.571, 50.359, 59.529,
59.967 and 62.778 degrees. This number got in-
creased to 12 after thermal testing, at positions21.58,
26.43, 30.1085, 34.703, 35.026, 38.37, 43.585,
48.052, 50.259, 59.400, 59.844 and 62.656 degrees.
The highest peak at 30.2202 deg. 2Y got shifted to
30.1085 deg. 2Y and the lowest pesk at 43.571 deg.
2Y got shifted to 26.46 deg. 2Y after thermal testing.
Comparing the two curves for pre and post heating
test for both the thicknesses of coating, it was con-
cluded that the thicker coating was more affected by
the cyclic thermal loading as compared to the thin-
ner one and experienced more structural degrada-
tion than thelater onein theflame heating test.

Energy dispersive X-ray results

EDX analysis was carried out for the top sur-
face of coating to identify any sort of compositional

An Judian Jouwrual
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Figure 9 : X-ray diffrabtograrﬁs of 150/150 rﬁicrons 7Y-
PSZ/NiCrAlY TBC for (a) as-sprayed coating surface (b)
coating surface after 70 cycles of thermal loading

change occurred after 70 cycles of thermal |oading.
The spectrums obtained for the two specimens of
different top coat thicknesses have been shown in
Figure 11 and Figure 12 aong with chemical com-
position (by wt. %). It is clear from both the figures
that as compared to as-sprayed coating, there came
into picturethe existence of phosphorous content af-
ter flame cyclic heating test. The presence of this
element could be thought of as aresult of the envi-
ronment of burnt gases. Figure 11 showsthat oxygen
content has been increased after heating test from
24.16% to 33.31% (by wt.) in case of 150/150 mi-
crons 7Y-PSZ/NiCrAlY coating. Thismay beattrib-
uted to the significant oxidation on the coating sur-
face. However, in case of 300/150 microns 7Y-PSZ/
NiCrAlY coating, Figure 6.12 does not show top
surface oxidation since oxygen content is found to
be 30.79% (by wt.) before the test and 29.96% (by
wt.) after the test. It might happen because of the
fact that the oxygen in spite of causing top surface
oxidation of the coating has penetrated into the coat-
ing and caused the formation of thermal grown ox-
ide (TGO) layer, which perhaps became the reason
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Figure 10 : X-ray diffractograms of 300/150 microns 7Y-
PSZ/NiCrAlY TBC for (a) as-sprayed coating surface (b)
coating surface after 70 cycles of thermal loading

for separation of coating from the substrate, as it
was also observed in visual inspection of the 300/
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Figure 11 : EDX spectrums of surface of 150/150 mi-
crons 7Y-PSZ/NiCrAlY TBC for (a) as-sprayed coating
surface (b) coating surface after 70 cycles of thermal

loading
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Figure 12.: EDX spectrums of surface of 300/150 mi-
crons 7Y-PSZ/NiCrAlY TBC for (a) as-sprayed coating
surface (b) coating surface after 70 cycles of thermal

'1q§8'§8eci men after 70 cycles of therma loading.
Further, bit decrease in the oxygen content and an
increase in the zirconium content rather indicated
probable reduction of zirconia (ZrO,) to zirconium
(Zr) which ultimately meant degradation of coating
as observed in SEM micrographs of 300/150 mi-
crons TBC, although, development of high thermal
stresses could also be a possible relevant cause of
the cracks observed in SEM analysis.

CONCLUSION

Application of 7Y-PSZ/NiCrAlY thermal bar-
rier coating was studied over A336 Al aloy sub-
strate and it was found to be highly effectivein re-
ducing heat 1oss content from the hot working me-
dium into the substrate, which in turn could be uti-
lized inincreasing thethermal efficiency of the sys-
tem and/or decreasing the cooling load of the sys-
tem and lowering the substrate temperatures and
thereby increasing itslife. The experimental results
after 60s of flame heating conditionsat 1000°C con-
cluded that as compared to uncoated specimen, 150/
150 microns 7Y-PSZ/NiCrAlY coating caused
21.12% increaseintop surface temperature whereas
top substrate (TBC/substrate interface) temperature

Wtenioly Science - mmm——

was decreased by 4.48%. While 300/150 microns
coating resulted into 35.24% increasein top surface
temperature with 8.11% decrease in top substrate
temperature. Thermal cyclicloading test of 70 cycles,
each comprising the exposure of coated surface to
flame at 1000°C for 30 seconds and then quenching
to 30°C reved ed that the thicker coating experienced
slight separation from the substrate and spallation
as well. The coating characterization techniques
showed moresigns of degradation in thethicker coat-
ing as compared to the thinner one, in terms of de-
velopment of microcracks, morphological and com-
positional changes, oxidation etc. All these results
ultimately supported that athicker TBC of 7Y-PSZ/
NiCrAlY over A336 aluminium alloy ismore effec-
tive in its heat penetration reduction effect, but at
the sametimeit is more proneto degradation in the
high temperature environment.
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