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Commercially available mullite (3A12Oy2SiO2) powders containing oxides of calcium and iron as impu- 
rities, have been made suitable for plasma spraying by using an organic binder. Stainless steel substrates 
covered with Ni-22Cr-10Al-l.0Y bond coat were spray coated with mullite. The 425 I.tm thick coatings 
were subjected to thermal shock cycling under burner  rig conditions between 1000 and 1200 °C and less 
than 200 °C with holding times of 1, 5, and 30 min. While the coatings withstood as high as 1000 shock 
cycles without failure between 1000 and 200 °C, spallation occurred early at 120 cycles when shocked 
from 1200 ° C. The coatings appeared to go through a process of self erosion at high temperatures result- 
ing in loss of material .  Also observed were changes at t r ibutable  to melting of the silicate grains,  which 
smooth down the surface. Oxidation of the bond coat did not appear to influence the failure. These obser- 
vations were supported by detailed scanning electron microscopy and quantitative chemical composition 
analysis, differential  thermal analysis, and surface roughness measurements. 

Keywords mullite, oxidation resistant, plasma spray, thermal barrier 
coating, thermal shock resistance, zirconia 

1. Introduction 

The application of thermal barrier coatings (TBCs) to pre- 
vent degradation of metal components at high temperatures has 
been well documented in literature (Ref 1-4). The most promi- 
nent of the TBC materials have been zirconia (ZrO2) based, 
which are known to offer the best TBC potential of improved 
performance in high-temperature applications such as diesel en- 
gines, gas turbines, and aircraft engines (Ref 5, 6). These coat- 
ings, however, possess a high concentration of oxygen ion 
vacancies, which at high temperature assist oxygen transport 
and the oxidation of the bond coat at the ceramic-bond coat in- 
terface. This leads to spallation of the ceramic, and such a mode 
of failure of the TBC is predominant when the films are thin as 
in gas turbines. This limitation has been overcome to a large ex- 
tent by providing oxidation resistant bond coats (Ref 5). In die- 
sel engines, however, when thicker layers of the TBC are 
present, even though the bond coat is not subjected to severe oxi- 
dation the ceramic layers tend to delaminate and spall after re- 
peated thermal cycling. Extensive research is being carried out 
to find a suitable alternative to 8%Y203-ZrO2. Refractive oxide 
coatings in general have been found to hold promise as TBCs. 
Alumina and mullite (3A12Oy2SiO2) have been found to be suit- 
able due to their reasonably low thermal conductivity and good 
corrosion resistance. Alumina coatings, however, are prone to 
thermal shock damage and are inferior to 8%Y203-ZrO2 TBCs 
except in multilayer coatings (Ref 7). Plasma sprayed mullite 
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(3A12Oy2SiO2) coatings provide better chemical protection on 
silicon based ceramics, particularly in aggressive high tempera- 
ture environments (Ref 8, 9). Also, mullite coatings have been 
found to extend the useful life of silicon carbide heat exchanger 
tubes otherwise prone to disintegration in corrosive environ- 
ments. But, these conventionally plasma sprayed coatings tend 
to crack and debond on thermal cycling, which is a serious limi- 
tation to their application (Ref 8). 

Mullite has been reported to contain a large amount of amor- 
phous phase resulting from the rapid cooling of molten mullite 
on a cold substrate during their film fabrication (Ref 8). The 
amorphous phase in the coating crystallizes in a subsequent ex- 
posure to high temperature (750 to 1000 °C). The crystallization 
is accompanied by a volume contraction, and the associated 
stress causes cracking and debonding. Nevertheless, this prob- 
lem has been overcome by heating the SiC substrate above the 
crystallization temperature during the plasma spraying (Ref 10). 
This procedure cannot be used on metallic substrates because 
they oxidize during atmospheric plasma spraying, and the sub- 
sequent ceramic coating is weakly bonded. Kokini et al. (Ref 11) 
have reported that mullite coatings on metallic substrates exhibit 
decreased surface cracking compared to a coating of 20% fully 
stabilized zirconia under conditions of equal heat flux and equal 
surface temperature. This is attributed to the decreased stress re- 
laxation behavior of mullite. However, it is worth noting that 
20% fully stabilized ZrO2 is more prone to cracking than 
8%YzO3-ZrO 2. Decreased surface cracking has been observed 
in diesel engines coated with mullite. 

Thus, it is becoming increasingly apparent that mullite offers 
itself as a potential candidate as a TBC material. This article in- 
vestigates the thermal shock properties of  plasma sprayed thick 
(425 ~tm) mullite coatings on steel substrates. The aspect of self 
erosion of the coatings at high temperatures (under burner rig 
test conditions) has been studied from surface roughness meas- 
urements. The microstructure of the heat affected coatings and 
the oxidation characteristics of the bond coat have also been 
studied using microscopy and chemical analyses of the top sur- 
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face of the ceramic and the ceramic bond coat and bond-coat 
substrate interfaces. 

2. Experimental Procedure 

Commercially available mullite powder synthesized by the 
solid state reaction of  alumina and silica powders was used for 
the present investigation. The starting powder was largely 
3AIxOy2SiO2 (mullite) and only a small quantity of A1203 was 
present as a minor phase. CaO and FexO3 were present as impu- 
rities. These were converted into feedstock powders by the 
binder method (Ref 12) as they were not available commer- 
cially. Powders in the sieve range o f -100  and +300 mesh have 
been used in the present work. The 100 to 300 mesh sizes, how- 
ever, resulted in coarse powders, which were expected to result 
in increased roughness of  coatings. 

The coatings were prepared by plasma spraying the powders 
on stainless steel substrates (100 by 100 by 3 mm) already 
coated with 50 to 60 !ttm thick Ni-22Cr-10Al-l.0Y (AMDRY 
962) bond coat. The thickness of the mullite overlayer was ap- 
proximately 425 pm, and this thickness was achieved by repeti- 
tive buildup of the coatings at -40  pm deposition per layer. The 
spraying was carried out without interruption of the spray pro- 
cess, and the coating was deposited in ten passes of the spray gun 
over the substrate. The stainless steel substrates were grit blasted 
with A1203 and degreased prior to plasma spraying. The sub- 
strate was air cooled, and the spray parameters were optimized 
through a process of  trials to obtain uniform, thick, and well ad- 

Table I Plasma spray parameters 

Argon flow rate, IJmin 41 
Hydrogen flow rate, l_Jrnin 14 
Powder gas flow rate, lJmin 3.4 
Current, A 600 
Voltage, V 71 
Nozzle/electrode diameter, mm 6 
Injector diameter, mm 1.5 
Injector angle, degrees 90 
Injector distance, mm 6 
Powder feed rate, g/min 40 
Spray distance, mm 120 

The substrate was kept air cooled during spraying. 
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Fig. 1 Roughness average (Ra) values of Mullite coatings 
(as-sprayed and thermal shock cycled) 

herent coatings. Table 1 gives the plasma spray parameters used 
in the present studies. 

2.1 Thermal Shock Tests 

The central regions of the coated surfaces were targeted in 
oxyacetylene flame shock cycle tests. The orifice of the gun noz- 
zle was maintained at a distance of  100 mm from the coatings. 
The flame was focused such that its diameter in the central re- 
gion on the ceramic surface was approximately 30 mm, and 
steady gas pressures were maintained to achieve the desired 
high temperatures (1000 to 1200 °C). The surface temperature 
was measured using a Pt-Pt13%Rh thermocouple. The metal 
substrate was not exposed to high temperature. Because the 
flame was perpendicular to the ceramic surface, the flow of  heat 
was across the thickness of the ceramic coating. This ensured 
that oxidation of the bond coat, if  any, occurred due to the flame 
source, focused well within the ceramic surface. The surface of 
the coating experienced a temperature distribution from the 
middle of the substrate to the edges (1000 °C + 20 in the mid- 
dle, 500 °C + 20 at the edges). The error introduced by the ther- 
mocouple was not greater than +5 °C. After attaining the desired 
maximum temperatures, the assembly was held at these tem- 
peratures for 1, 5, or 30 rain. This is equivalent to subjecting the 
ceramic to thermal shock using the flame and soaking at the high 
temperatures. Subsequently the samples were suddenly with- 
drawn from the flame and quenched in the ambient atmosphere 
(without any additional source of cooling) for the same duration 
as was used for high temperature soaking. It was noticed that the 
ceramic surface attained a temperature of ~300 °C within 20 s 
and -200 °C within 1 min of removal from the flame. The heat- 
cool cycles were continued until either the coatings peeled from 
the substrate or preset number of cycles were completed. The 
choice of  various temperatures and time schedules spanned a 
wide range of thermal shocks and oxidation conditions. All  the 
characterizations discussed in the subsequent sections have 
been carried out on the surface and the cross section of  the cen- 
tral regions of the samples. 

The affected surfaces of the thermal shock cycled specimens 
were evaluated for surface roughness and compared with the as- 
sprayed (not exposed to flame) regions of the same specimen. 
Surface roughness measurements were carried out using a pro- 
filometer. These surfaces were carbon coated at various stages 
of  the thermal shock tests to study their microstructural features 
and any progressive damage using a scanning electron micro- 
scope (SEM). Energy dispersive x-ray analysis (EDAX) was 
used for quantitative chemical analysis of the surfaces and the 
interfaces. Phase analysis was carried out using x-ray diffrac- 
tometry (XRD). Crystallinity of the specimens and phase 
changes, if  any, of the feedstock powders, as-sprayed coatings, 
and some of the specimens after thermal treatments were exam- 
ined using differential thermal analysis (DTA) up to 1200 °C. 

3. Results and Discussion 

3.1 Thermal Shock Resistance 

The results of the thermal shock tests carried out on the coat- 
ings at various temperatures and for various times are indicated 
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in Table 2. The coatings were intact when thermal shock cycled 
between (a) 1000 and 200 °C (1000-200) and (b) 1100 and 200 
°C (1100-200) irrespective of the duration of the heat-cool cy- 
cles. However, in the 1200 and 200 °C (1200-200) thermal 
shock cycling experiments, failure occurred through spallation 
of the ceramic coating. The coatings did not withstand more than 
120 shock cycles. There was no evidence of peeling at the inter- 
face in any of the specimens subjected to thermal shock tests. 
This is confirmed by the presence of the ceramic coating adher- 
ing to the substrate surface in the region where failure had oc- 
curred. It is quite likely that failure occurred by the detachment 
of few layers of the ceramic coating, which had formed layer by 
layer during each pass of the plasma spray process. It was clearly 
a failure of the cohesion away from the interface within the ce- 
ramic layer. This result indicates that bond coat oxidation is un- 
likely to be the cause for spallation of the ceramic in the 
1200-200 shock cycle. It is probable that fluctuations in the 
flame temperature and presence of impurities give rise to hot 
spots and local melting. The molten portions may be partly 
blown off by the pressure of the flame gases causing the ob- 
served spallation effects. The specimen shock cycled at lower 
temperatures did not exhibit any kind of failure. 

3.2 Surface Roughness Measurements 

All the specimens thermal shock cycled at various tempera- 
tures and durations were subjected to surface roughness meas- 
urements. The aim of the tests was to determine if the roughness 
average (Ra) values on the affected zone would suggest any sur- 

Table 2 Therm al  shock  resistance test results 

face degradation. Further, the possibility of the progressive 
damage caused to the surface at various stages of the thermal 
shock test can also be explored. The R a value of the as-sprayed 
surface was high and measured to be 14 to 16 Bm because the 
particle sizes of the feedstock powders were spread over 100 to 
300 mesh. The R a values of ZrO2 coatings obtained under simi- 
lar conditions (unpublished work) made using particles in the 
range 170 to 300 mesh size were no higher than 5 to 8 lam and 
were very similar to those of ZrO2-based commercial coatings. 
Figure 1 shows the R a values at the central region of  the coatings 
where the flame had been focused during the thermal shock 
tests. The data pertaining to the measurements carried out at 
various stages of experimentation indicate that considerable 
smoothing down of the heat affected surfaces occurs when the 
coatings were exposed to 1100 °C and above. The smoothing 
down appears to occur within a few tens of thermal shock cycles 
from the start of the cycling. The heat affected zone of sample 
M-11 (1) after 450 cycles does not exhibit further smoothing 
down than that shown by sample M-11(I) after 250 cycles. 
However, the failed region in sample M-12(1) from where the 
coating has spalled exhibited a greater degree of surface 
smoothness than any other region. This was expected because of 
the higher temperature of the test and the higher degree of dam- 
age causing local melting. Negligible changes occur in the Ra 
values of  the specimens subjected to 1000-200 shock cycling. It 
should be noted that the maximum temperatures encountered by 
the coated surfaces of the diesel engine components do not ex- 
tend beyond 800 °C. The use of mullite coatings for diesel engine 
applications has been demonstrated by Yonushonis (Ref 13). Thus, 

Sl Details of Max~num No. 
No. Designation the test of shock cycles Remarks 

1 M As-sprayed . . . . . .  
2 M-10(l) 1000 °C/1 min heating 1000 Test stopped, coating intact 
3 M-10(30) 1000 °C/30 min heating 150 Test stopped, coating intact 
4 M-I 1 (1) 1100 °C/I min heating 450 Test stopped, coating intact 
5 M-11 (5) 1100 °C/5 min heating 450 Test stopped, coating intact 
6 M-12(I) 1200 °C/I min heating 120 Cohesive failure of ceramic 

overlayer; interface intact 

Fig. 2 Scanning electron micrographs of (a) surface and (b) cross-section of as-sprayed mullite coating- (Art has been reduced t° 74% °f its °riginal 
size for printing.) 
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mullite coatings obtained by spraying powders prepared by the 
present method of using organic binders (Ref 12) may also be 
suitable candidates for improving the engine life and perfor- 
mance because of its good thermal shock resistance at <1000 °C 
and the ability to resist high temperature erosion under thermal 
stresses. 

3.3 Microstructural Analysis 

Figure 2 shows the scanning electron micrographs of the (a) 
surface and (b) cross section of  the as-sprayed mullite (M) coat- 
ing. The surface of the coating is rough, in agreement with the 
results of R a measurements, and exhibits many protrusions, 
pores, and smooth curvatures (glassy, beadlike). Such uneven- 
ness on the surface is not typical of plasma spray coated speci- 
mens, and the presence of the rough surface in the present 
coating has been attributed to the coarse nature of  the sprayable 
powder. The cross section (Fig. 2b), however, indicates a 
smooth interface at the substrate bond-coat ceramic junctions 
and suggests good adherence to each other. Figure 3 shows the 
scanning electron micrographs of the surfaces of (a) M-10(30) 
after 150 cycles and (b) M-11 (5) after 250 cycles. They are com- 
pared to that of the surface of M except that it is less porous, 

which is attributable to a greater degree of sintering that occurs 
during the long duration (30 min heating cycle) of exposure to 
high temperature (1000 °C or more). No macro- or microcracks 
were observed in the ceramic overlayer. Thermal shock does not 
appear to play any role in material removal from the surface. 
Large and wide cavities are seen on the surface of M- 11 (5) after 
250 cycles (Fig. 3b). The presence of  spherical particles and 
smooth surfaces are suggestive of melting occurring in the re- 
gion. Figure 4 presents a closer view of the region. Material re- 
moval seems to occur due to the blast pressure associated with 
the gas flame, which forces the molten particle to be blown off 
the surface. Figure 5 is a micrograph of the mounted and pol- 
ished cross section of(a) the interface region and (b) the ceramic 
over layer of M-10(30) at the end of 150 cycles. The interface 
was clearly intact, devoid of any irregularities, and the ceramic, 
the bond coat, and the substrate appeared well bonded at the in- 
terfaces. No evidence of  detachment of layers due to oxida- 
tion of  the bond coat was present. Further, no macro cracks 
were seen in the polished ceramic over layer (Fig. 5b), indi- 
cating that the ceramic had not deformed under the thermal 
shock conditions. 

Figure 6(a) shows the scanning electron micrograph of the 
failed region in M- 12(1) after 120 cycles, from which the layers 
of ceramics flaked off indicating definite failure of only the ce- 
ramic overlayer. An enlarged view of the same region is shown 
in Fig. 6(b). The temperature of  1100 °C was, however, not suf- 
ficient for the ceramic to completely peel from the bond coat 
layer in the experiments. Figure 7 shows the EDAX spectrum of 
the (a) coated surface of M and (b) bond coat region in the cross 
section of polished sample of M. The chemical composition de- 
termined by quantitative EDAX analysis is shown in the inset of 
the spectrum. The as-sprayed coatings contain 70 to 75% A1203 
and 25 to 30% SiO 2 (typical of  3A1203-2SIO 2 composition) with 
CaO and Fe203 impurities ranging between I and 3%. The bond 
coat has the typical composition of Ni-22Cr-10AI-1.0Y (AM- 
DRY 962) with a small amount of oxygen (mass fraction 3 to 
5%). Slight oxidation of the bond coat is expected because the 
plasma spraying process was not carried out in vacuum. 

The as-sprayed coatings occasionally contained discrete 
grains of silica-rich composition, and a typical region is shown 

Fig. 3 Scanning electron micrographs of (a) after 150 M- 10(30) and 
(b) M - 11 (5) after 250 shock cycles. (Art has been reduced to 74% of its 
original size for printing.) 

Fig. 4 Scanning electron micrograph of M- l 1 (5) after 250 shock cy- 
cles (enlarged view). (Art has been reduced to 74% of its original size 
for printing.) 
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in the scanning electron micrograph of Fig. 8. Detailed micro- 
structural analysis of as-sprayed specimen also revealed the 
presence of spherical globules similar to those observed in the 
thermal shock cycled specimens. The chemical compositions of 
the spherical globules found on the surfaces of the thermal shock 
cycled specimens were, however, significantly different from 
that of mullite. Figure 9 shows a typical EDAX spectrum from 
such a region in M- 11 (1) after 250 thermal shock cycles along 
with the compositional data (inset). The spherical globules con- 
tain larger amounts of SiO2 (40 to 45%) and either CaO and/or 
Fe203 as impurities (5 to 15%) and correspond roughly to the 
formula Al2OySiO2. These silica-rich grains must have a lower 
melting point compared to mullite grains and are, therefore, 
separated from the matrix. In order to study the interface and 
oxidation characteristics of  M- 10(30), the polished cross section 
at the region where the flame was focused was analyzed by SEM 
and EDAX. The elemental percentage of oxygen on the bond 
coat area close to the ceramic over layer was only -8% (which is 
nominal), indicating that the bond coat had not oxidized signifi- 
cantly during thermal cycling (for 75 cumulative h). It is to be 
noted that the coating from the ZrO2-CeO2-CaO system (Ref 
14), which underwent an identical test for 90 cycles (45 cumula- 
tive h), exhibited elemental oxygen in the bond coat (close to the 

ceramic layer) of about 15%. This suggests that mullite coatings 
are more beneficial than a ZrO 2 based top coat. Energy disper- 
sive x-ray analysis of the M- 10(30) surface and the bond coat at 
the ceramic bond-coat interface did not exhibit any unusual dif- 
ference in composition from that of the as-sprayed specimen, 
thereby confirming the suitability of the coating for TBC appli- 
cation a t -1000  °C. 

3.4 Phase Analysis 

Figure 10 shows the XRD patterns of the sprayable mullite 
powder, as-sprayed mullite coatings, and heat-treated mullite 
coating. The patterns in Fig. 10(a) and (b) reveal the presence of  
3AI2Oy2SiO2 as the major phase and ~-A1203 as the minor 
phase. A few small peaks in Fig. 10(b) were unidentifiable. But 
from the known impurities in the system, it is suspected that they 
may be due to either CaA12SiO6 or Ca2(Fe,Mg,Ti)6(Si,A1)6020. 
However, confirmation was not possible, both because the 
peaks were of low intensity and some of the peaks overlap with 
the major mullite and/or alumina peaks. The crystallinity of the 
material is evident from the fairly sharp diffraction peaks. 

Glassy mullite is expected to form in the plasma sprayed 
specimen when molten drops of  mullite are quenched on the 

Fig. 5 Scanning electron micrographs of cross section of (a) interface 
region and (b) ceramic overlayer region of M- 10(30) after 150 shock cy- 
cles. (Art has been reduced to 74% of its original size for printing.) 

Fig. 6 Scanning electron micrograph of the (a) failed region in M- 
12(1) after 120 shock cycles (b) enlarged view of marked area in (a). 
(Art has been reduced to 74% of its original size for printing.) 
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Fig. 7 Energy dispersive x-ray analysis spectrum of mullite coatings 
(a) as-sprayed ceramic surface and (b) bond coat region in cross sec- 
tion. Chemical composition is shown in inset. 

cold substrate (Ref 8). Formation of a glassy phase is weakly 
evidenced in the general shape of  the background in the XRD, 
which is suggestive of  a broad glassy diffraction peak at low val- 
ues of 20. The authors note here that the substrate was air cooled, 
and it reached a temperature of  approximately 200 °C during the 
process. The coating was removed from the substrate and was 
heat treated at 1025 °C for 8 h and furnace cooled. Figure 10(c) 
shows the XRD pattern of  this sample. A significant reduction in 
A1203 peak intensities was observed compared to the same in 
10(a) or (b), which suggests that the free A1203 and SiO2 present 
in the coating have reacted during heat treatment. Peaks pertain- 

Fig. 8 Scanning electron micrograph of as-sprayed mullite coating 
showing SiO2-rich grain. Energy dispersive x-ray analysis spectrum 
and chemical composition of the grain are shown as inset. (Art has been 
reduced to 74% of its original size for printing.) 
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Fig. 9 Energy dispersive x-ray analysis spectrum and chemical com- 
position (inset) of spherical globules on the surface of M-I 1(1) after 
250 shock cycles 

ing to free silica (quartz or crystoballite) were however not seen 
in the as-sprayed coating (Fig. 10b). The absence of XRD signa- 
ture of SiO2 may be either due to a low relative proportion in the 
sample or due to it being present in a glassy state. 

3.5 Differential Thermal Analysis 

Figure 11 shows the differential thermal analysis (DTA) 
curves obtained for sprayable powder, sample M, and sample 
M- 10(30). The DTA curve of the product of sample M-10(30) 
shown in Fig. l l (c )  is also included in the same figure (e'). 
While the thermogram of the sprayable powder (Fig. 11 a) shows 
total absence of any exothermic or endothermic peak, both sam- 
ples M and M-10(30) exhibit an exotherm around 970 °C. Simi- 
lar behavior has been observed by Lee et al. (Ref 8) in their 
as-sprayed mullite coatings, and the presence of the peak was 
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attributed to the crystallization of amorphous mullite. In the 
present studies, both as-sprayed and all the thermally cycled 
specimen (including sample M- 12(1), thermal cycled from 1200 
°C) exhibited the endothermic phase transformation between 
967 and 971 °C. It is, therefore, quite strange why thermal cy- 
cling does not eliminate this exotherm. In the literature this 
exotherm, which is featured in other mullitic systems, has been 
attributed to crystallization of glassy mullite. 

This explanation is only partial in the present case because of 
the following observations. Although the exotherm at -970 °C 
is both sharp and irreversible and quite like the exotherm due to 
glass-crystal transformation, it is also associated with simulta- 
neous disappearance of diffraction peaks attributable to ct- 
A1203, which is present in all coatings (shock cycled or 
otherwise) not subjected to DTA. Therefore, there is a small 
amount of a glassy phase that crystallizes, but it is similar to a sil- 
ica and not mullite. This is possible in view of the known fea- 
tures in the phase diagram of AI203-SiO 2 system (Ref 15). 
During the plasma spray process when mullite excurses a very 
high temperature regime, isolated regions of molten semisilicas 
(SiO2-rich aluminosilicates) are formed, which are quenched 
into the glassy phase. This glassy phase has a temperature win- 
dow for rapid exothermic crystallization, which in shock cy- 
cling experiments is rapidly bypassed. Therefore, both the 
glassy phase and the minor A1203 phase are left undisturbed. 
But, during the relatively slow DTA experiment, rapid crystal- 
lization occurs in the temperature region. This phase transition 
(Hedvall effect) (Ref 16) is coupled with exothermicity, which 
will enable reaction between free A1203 and the silicalike phase 
to produce mullite that may not be identical in composition and 
in structure (a defective mullite) to the parent mullite. It i s tempt- 
ing to associate the disappearance of the split feature of  the ma- 
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Fig. 11 Differential thermograms obtained for (a) mullite sprayable 
powder, (b) as-sprayed mullite coating, (c) M-10(30) after 150 shock 
cycles, and (c') product of M-10(30) after differential thermal analysis 

jor peaks (120) and (210) of mullite in Fig. 10(c) at d =3.43 and 
3.39/~ with the formation of this new mullite phase. However, 
further work is necessary to understand the detailed mechanism 
by which these two processes (disappearance of A1203 in XRD 
and exotherm in DTA) occur. 

The mullite powders have also been plasma spray coated on 
the piston, cylinder head, and valves of a 5 hp diesel engine. The 
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performance of  the engine is currently being studied under se- 
vere and accelerated cyclic load conditions. The coatings have 
successfully withstood 300 h of  performance test without show- 
ing any indications of  failure. Details of  the investigations will 
be reported elsewhere, 

4. Conclusions 

Plasma sprayed mullite coatings were subjected to repeated 
thermal shock conditions from various temperatures (1000 to 
1200 °C) for different durations. The coatings exhibited excel- 
lent stability when shocked from 1000 °C and withstood more 
than 1000 cycles without failure. The cycling imparted no fur- 
ther oxidation to the bond coat from the as-sprayed condition, 
thereby indicating the favorable response of  the material as a 
thermal barrier coating. The shock cycling from higher tempera- 
tures (1200 °C), however,  has resulted in the formation of  mol- 
ten regions and subsequent removal  of  the material. The 
coatings also have minor  amounts of  glassy phase of  silica-rich 
composition, which exhibits crystallization and chemical reac- 
tion during annealing. This has been attributed to the consider- 
ably high surface roughness of  the coatings, which occurs 
because some regions on the coating experience much higher 
temperature and therefore melt. 
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