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Abdgract

The material property measurements of thermal barrier coatings from cyclic furnace, thermal rig, thermal expansion, acoustic
emission and tensile adhesion test methods are critically examined. Some basic engineering properties of coatings such as the elastic
modulus havenot been measured without ambiguity. Dataof thisnature isessential to thesuccessof modelingstudies.

Insights into the mechanical properties of coatings have s¢za gained by carrying out instrumented tensile adhesion tests. The
general view of the coating deformation processis that the individual lamellae slide over each other and this promotes a "pseudo-
ductility” responsein thecoatings. Monitoring of theacoustic emission response of coatingsduring thermal cycling experiments suggests
that there are twodistinct cracking processes. The macro-cracking behavior, indicated by a change in the acoustic emission count rate, is
the predominant mechanismwhich leadsto coating failure.

It isfurther shown that the acceptance tests used by industry, although useful in ranking coatingsin termsof a particular property,
present no fundamental knowledgeconcerning the material properties of coatings. It isonly when the phenomenological characteristics

of the thermo-mechanical responseof coatingsisunderstood that coating devel opment will substantially progress.

1. Introduction

This work will focus on the materia property
measurementsthat are carried out on thermal barrier
coatings(TBCs). Some of the industrial and research
tests will be examined. The industrial manufacturers
follow an acceptance standard /1/ which charac-
terizes the mechanical properties of the coating
and which aso examines the coating microstructure.
The bond strength of the coating is determined by
employing a tensile adhesion test and the strain
tolerance is established from a cupping test where
the coating is indented with a 22 mm diameter
ball.

These quality control tests are carried out on test
panels which are sprayed at the same time as the
turbine engine components. The acceptance of
a coating relies on a qualitative assessment; for

example, a minimum adhesion strength must be
attained; a maximum degree of cracking must not
be exceeded for the cup test; and the cleanliness
(i.e., the amount and distribution of any porosity
and .unwanted inclusions) of the coating must meet
certain visuad standards. A further requirement
for some coatings is that the dimensional accuracy
of the component and, indeed, individua layers
within the coating system and at precise locations
on the component (e.g., a turbine blade) must be
ensured.

The basis for choosing a specific application
of a coating is drawn from these mechanical and
microstructural tests; from the considerable prac-
tical experience of engine manufacturers and thermal
spray contractors and; from some of the limited
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engine tests that have been performed. However,
the quality control tests are far removed from the
physica and chemica interactions that thermally
sprayed coatings experience during usage; especialy
when it is considered that the tests are carried out
under ambient conditions whereas the coating ap-
plication may call for high temperatures and pres-
sures under corrosive atmospheres. The following
sections address some of the high temperature test
methods which have been used to characterize the
thermal performance of coatings.

2. Thermal Cycling Tests

The driving force for TBC development 12-61
is either an economic advantage through increased

TABLE 1. Comparisonof thermal test conditions

efficiency in the domestic market place (with either
increased fuel efficiency or increased component
life) or improved performance for military appli-
cations. Cyclic furnace tests have been extensively
used during TBC development /7/. Small coupons
of the required base material are coated, inserted
into a rapid heating furnace and then thermally
cycled to temperatures in the vicinity of 1000—
1200°C. The specimens are inspected at intervals
of about 12 cycles to ascertain whether failure has
occurred.

Other thermal tests have been carried out under
a variety of heat-source conditions and specimen
shapes and sizes /8—13/. Table 1 compares these
conditions to those experienced within the envi-
ronment of an operating engine /14/. Much work

Method No. Specimensize Heating  Maximum Hold Cooling ~ Minimum References
time temp. time time temp.
(cm) (min)’ o)) (min)? (min)'  (°C)

Cyclic 1 2.5x1.3x0.25 6 990-1095 60 60 280 8,9,10
Furnace 2 2.5 x2.5 x0.5 6 990-1095 60 60 280 8,9,10

3 ? 4 975 60 60 280 8,9,10

4 2.5x2.5x0.5 13 1100 60, 360, 1200 90 72 8,11
Natural 5 7.5x1.3 x0.5° 3 1185-1250 60 5 100 9,10
gasoxygen 6 J-75 blades* 3 1185-1250 60 5 100 9,10
torch
Burner rig 75 1.3cmdiameter cylinders 4 1040 0,57 3 ? 12

8%  575blades 0.5 1450-15707 60 033 <75 9
Plasma 9 1.3cmdiameter cylinders  0.5s 11008 0.5s, 2.5s, 5.08 30s, 75s, 72 13
torch 120s
Engine 10 JTID-TF first stageblades  2s 870 3s 760 14

14s 1095 12s 650

1. Timesare expressed in minutes; unless specified otherwise.

. Probably less than 50°C.

. A hot zone of 2.5x 1.3x 0.6 cm is mentioned but this thickness is greater than the original specimen /10/. Forced air cooling is
at arate of 14-17 gs'1 ar flow.

6.5cnf test areaon the leading edge.

Test 7 wascarried out at 0.3 Mach.

Test 8 wascarried out at 1.0 Mach.

The surface temperature range of the bladeisgiven. The corresponding substrate temperatures are 1450-1570°C.

Surface temperature.

The timesto reach specific temperatures are given.
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of a dgmilar experimental nature has been carried
out with regard to the development of TBCs. How-
ever it is difficult to compare these results because
of the various specimen geometries, different sub-
strate  materials, different coating compositions
and spray deposition parameters, as well as the
different experimental procedures and failure cri-
terion that have been observed.

For example consider Fig. 1 which presents some
of the thermal test results for the well-documented
Ni-17Cr-5,4A1-0.35Y/Z10,-(4-24wt.%)Y,05 System.
The most attention has been paid to the ZrO,-
8wt.%Y,0; ceramic composition where results
from cyclic furnace, natural gas-oxygen rig, and
burner rig tests are available. The lines drawn on
the figure are used to indicate the trend of cyclic
life time with respect to the Y,03; percent and
it is seen that the optimum ceramic composition
is probably between 6—8wt.%Y,0;. There is more
than one decade in difference between the lifetimes
of specimens tested at approximately 990°C and
1100°C. There may dso be a large distribution
in the cyclic lifetime data; as is indicated by, for
example, the 12 wt.%Y,0; coating where similar
coatings exhibited lifetimes of 35 and 60 cycles.

o cyclic furnace (990,995°C)

3000 = . ® L (095,1100°C)
cycle life data, A natural gas rig
{ indicate* did notfal © = « , on Made
2000 L ® burner rig
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; 700 - Sycio%: temp.
g 500 |-
=
5
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S o} oxygen rig
,ng/-
0 - ests \\
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Fig. 1. Collation of some thermal testing-cyclic life
data. The data comes from references /18—241.
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Some of the variance in the data may be attributable
to the different substrates used /10/, the relatively
poor control in the production of identical coatings,
and the different experimental methods for class-
fying failure. Another observation from Fig. 1 is
that turbine blades have been used as specimens
for the two rig tests. These tests generally exhibit
greater lifetimes than the rig tests on cylindrica
specimens or the cyclic furnace tests which have
been carried out a eguivalent temperatures (i.e.,
1100°C).

These results rase at least two important ques
tions. First, it is important to carry out an accele
rated test so that advanced materia development
can proceed rapidly and relatively inexpensively.
If this was the only consideration then cyclic furnace
tests would seem to have a clear advantage over
other methods, Fig. 1. However, a magor short-
coming of cydic furnace tests is that they are
qualitative and they do not predict the ultimate
sarvice life of a coating. Burner rig tests, on the
other hand, are more suited to establishing the
sarvice life of the coated blade; but they are more
time consuming and expensiveto run.

A second important consideration is that the
accelerated test must adso reflect the operative
mechanism of failure. Failure of the coating/sub-
strate System is often ascribed to thermal fatigue,
low temperature (650—750°C) or high tempera
ture (750-950°C) hot corrosion, or to oxidation
(> 950°C) /3, 15/. The engine designers and ma
terials engineers wish to understand the reasons
for coating spallation from the substrate. This has
led to studies on the factorswhich determine coating
adhesion to the substrate, the operative failure
mechanisms within coatings and fundamental in-
vedtigations into the thermo-physical properties
of TBCs The lifetimes of coated blades which the
engine manufacturers would like to achieve for
arange of turbinesisshownin Table 2 /3, 4/.

3. Therma Expansion Measurements

A crucia reguirement for TBCsis good adhesion
to the substrate at high temperatures under thermal
cycling conditions. It is thought that strain incom-
patabilities,” brought about by therma expansion
mismatches between the substrate and coating,
is one of the important mechanismswhereby coatings
may fail. Some work has been reported /16, 17/
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TABLE 2. Design specificationsfor coated turbineblades/3,4/

Application Maximum Operating Percentof  Overall
Thermal Temperature ‘time used Time (h)
grain  (°C)

Land-basd

military 0.42 1180 10 1,000

aircraft

Commercial

transport 0.20 1093 5 5,000

aeroengine

Baseload

ower 25,000

P . 0.08 820 90 to

generation

. 30,000
gasturbine

where the average thermal expansion coefficient
(a) over the temperature range of interest has been
used to calculate the strain difference between
the substrate and coating. This data is used in con-
junction with the elastic modulus and Poisson's
ratio of the coating to find the stresses which are
imposed on the coating. The coating will fail when
these stresses are greater than the ultimate tensile
stressof the material.

The assumption of a constant « over the tem-
perature range of interest is an over simplification
in most cases; as is shown by the data presented
in Fig. 2 /18-20/. The figure shows that « may
vary in the longitudina (in plane or paralel to
the substrate) and transverse (across the coating
thickness) directions for a ceramic overlay of ZrO, -
8wt.%Y,0; materia. It is adso important to re-
member that the’.material properties of the coating
should not be assumed to be the same as those
of the corresponding bulk ceramic or bond coat
materials. The microstructural characteristics of
thermally sprayed coatings are very different from
those of the bulk materials; and thus their thermo-
mechanical properties are also expected to be dif-
ferent.

4. Mechanical Properties

The adhesion property of thermaly sprayed
coatings to the substrate is an important property
to assess since this will limit the utility of the TBC.
There are standard methods /21/ of determining

this adhesion by adhering a plug (or pull-off bar)
to the coating and this mechanical attachment
alows the coating to be pulled off in tension. There
are a number of criticismswith regard to methods
of this nature /22/; and, for example, a major short-
coming is that this test method does not reproduce
the stress state which the coatings experience during
service.

Tenslle adhesion test measurements aso exhibit
a large variability in strength vaues for any parti-
cular coating /23/. For example the Weibull modu-
lus of stahilized zirconia coatingsis about 5; whereas
the bulk materials have values of, typically, in excess
of 30. The large spread in results does not affect
routine quality control procedures; since the ac-
ceptance requirement is normally that a batch of
5 samples exhibit a certain minimum tensile ad-
hesion strength. However, another viewpoint when
applied researchis being carried out, is the necessity
for understanding the material characteristics which
giveriseto thisvariability in strength.

An ‘dternative approach of establishing a mea
surement for the adhesion of the coatings has been
to carry out fracture mechanicstests /22, 24/. How-
ever; these tests have not found favour as a routine
testing method and are at present more suitable
asatool for the development of coatings. Indentation
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Fig. 2  Therma expansion data for bond coat and cera-

mic thermal barrier coating components. From
references /18/ and 1191. The data has been re
drawn to the same axes. The ceramic is ZrO;-
8wt.%Y,03 and the bond coat is of Ni-22Cr-
1AI1Y.



tests are not suited to finding the fracture toughness
of coatings because the required Boussinesq stress
field is not attained /25/. In fact, indentation tests
have very limited application for the testing of
TBCs since the hardness vaue seems to be more
determined by the lamelar and inhomogeneous
structure of the coating rather than to any unique
material property of the coating.

Some mechanical property measurements have
been reported for yttria stabilized zirconia TBCs
/18, 26-28/ of similar compositions. The elastic
modulus (E) has been measured as 7—35 GPa (re-
ported in 26), 46.2 GPa /18/, 4.7 GPa at low stress
levels /27/, 0.032—0.115GPa over the entire stress
range prior to failure /27/, and approximately 0.125—
156 GPa (calculated from the data in reference
28). Although there is disagreement with regard
to the precise vaue of E, there is a consensus that
TBCs exhibit pseudo-ductility because the lamellae
dide over each other. This ductility of the coating
leads to a large net extension of TAT specimens
which areloaded to high stressvaues /28, 29/.

A major concern of the above referenced data
is that any tests which reguire the adhesion of a
test fixture is limited to near ambient conditions
and the measurements so-determined may have
'no relevance to the eventua high temperature ap-
plication of TBCs It can dso be seen from Fig. 3
that the nature of the stress-extension plot of the
coating alone (at room temperature) is dependent
on the eventual failure morphology and that it is
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Fig. 3. Stress/extension plots of tensile adhesion tests

to illustrate adhesive and cohesive modes of
failure, from reference 1271.
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non-linear. Thus E is highly variable and depends
on both the failure mode and the stresslevel.

Tensle adhesion test methods have aso been
used to study the affects of bond coat oxidation
on the adhesion of the TBC /29/, Fig. 4. The failure
stress of the NiCrAlY coated materials changes
from about 16.3MPa to 12MPa after a specific
weight gain of 29 mgem™2; and to 8MPa after
a weight gain of about 4.6 mgem=2. The failure
morphology of these materials changed from ex-
hibiting a cohesive character (i.e. within the ceramic
overlay) for the asreceived TBC to adhesive-cohesive
(ie., a the substrate surface rather than within
the ceramic) after the cyclic furnace treatments.
Fig. 4 shows that the pre-treatment of specimens
by thermal cycling has reduced the TBC failure
stress. Other work /8/ has shown that coatings
which exhibited a high specific weight gain would
dso show a lower cycle life than coatings with
a lower specific weight gain. It can therefore be
speculated that coatings which show the greatest
tensile adhesion strength, after thermal cycling
tests, would. dso exhibit the greatest lifetime if
the thermal cycling tests were continued until failure
was observed.

5. Acoudtic Emisson Tests
The previous section on strength measurements

emphasized the difficulty in carrying out mechanical
tests on coatings. It isimportant to note that failure

AS
SPRAYED O BATCH1
a BATCH2
:'C O BATCH3
A
s @At
A
A
12 - Bscvoues
FAILURE \
STRESS. N
MPa \ .
g - \\ z 2 CYCYS
\ /

\yd
A FAILURES ~

{ l | |
0 1 2 3 4 5
SPECIFIC WEIGHT GAIN, mg em 2

Fig. 4. Specific weight gain versus failure stress for Ni-
16Cr-6A1-0.3Y bond coat and ZrO,-8wt.%Y203
ceramic overlay and TBC. U-700 substrate ma-

terial. From reference 1291.
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mechanism(s) have not been well-characterized;
especialy the cracking behaviour of the TBC during
thermal fatigue studies.

The *mode” and '"mechanism™ of TBC failure
should be distinguished. The mode is a generd
term and refersto the physical description of failure;
for example coating failure has been described
as adhesive, cohesive, mixed mode of spallation.
This description, by itself, does not give much in-
sight into the failure process; that is, how micro-
cracks initiate then grow, coadesce and interact
to form macrocracks, and the additiona effects
of oxidation, residual stresses, thermal fatigue and
mechanical stresses on these processes. This under-
standing of the fracture processis called the mecha
nisn of falure. Acoustic emisson (AE) tests /28,
30-34/ have been carried out to qualitatively assess
these material properties.

The tensile adhesion test has been used in con-
junction with AE methods. These tests, carried
out at room temperature /28, 30/, discriminated
between two different failure processes within
coatings and these were distinguished in some tests
by at least two count rate regimeswhich dominated
at various times of the test. The count rate is di-
rectly proportional to the crack activity and thus
the high count rate that was observed during the
initial loading of the TAT specimen is indicative
of a large number of cracks. The crack interaction
and growth during the test allowed some of these
microcracks to evolve into severd larger cracks
and thus the observed AE count rate decreased.
These macrocracks lead to coating failure. A major
problem with any AE count rate anayss is to ob-
tain a quantitative measurement such as the crack
growth rate and the exact number of cracks and
their 'size. When this information becomes available
then theoretical solutions to the TBC failure and
thermal fatigue lifetime may dso become avail-
able.

Several AE tests have aso been performed under
thermal cycling conditions /32—34/. Different
AE count rate distributions were observed when
the TBC coated superalloy specimens were cooled
from 1200°C. An apparently random count rate
phenomenon was superimposed on a systematic
response. These "large random count rates were
presumed to evolve from macrocracking processes'*
/34/ and this cracking process limits the TBC struc-
tural integrity.

The AE studies ae fraught with difficulties.

For example, the experiments are difficult to carry
out and it is common for them to have a high va
rigbility. Another factor is the difficulty in ana-
lysing the AE data in terms of the phenomeno-
logical behaviour of the TBC. Regardless of these
criticisms it is felt that AE methodology is a useful
method of comparing the thermal cyclic response
and mechanical behaviour of TBCs.

6. ConcludingRemarks

The present work has detailed some therma
and mechanical testing methods which have been
applied to TBCs in order to assess their adhesion
to the substrate. These tests alow coatings to be
ranked in an order which is presumably the same
order as that of coatings performing under service
conditions.

Cyclic furnace tests are used as an accelerated
test method to develop suitable TBC compositions
and to study the influence of substrate and coating
deposition variables on the coating life. These tests
are the best at hand; however, it is important to
ensure that exactly the same failure mechanism
is operative during these tests as that of coatings
in savice. Otherwise the results from these tests
will be mideading.

The mechanicd testing of coatings is important
because the material property data soderived is
essential for the modeling studies which are in prog-
ress. At present there is no agreement concerning
the precise vaue of the elastic modulus. It has been
reported as ranging from 0.032—46.2 GPa; and
in fact al these values may be correct for the parti-
cular technique by which the modulus was deter-
mined on the variety of differently prepared coat-
ings. It can dso be pointed out that the modulus
may be a difficult property to define for a materia
which exhibits pseudoductility. Thus further studies
are necessary to establish the precise manner of
deformation for TBCs It is usua to think that
the materia properties of these coatings are iso-
tropic, but this assumption does not seem to be
vdid in the light of the anisotropic microstructure
of coatings.

Some fundamental work on the mechanicd
behaviour of coatingsis necessary. This work should
be focussed on the failure processes which occur
within TBCs. The application of these micro-mecha-
nical behaviour models to the thermal environment
will promote a basic understanding of coating spal-



lation from the substrate. Such knowledge will
enhance the development of future TBCs.
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