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Mechanical Properties Testing and Results 
for Thermal Barrier Coatings 

T.A. Cruse, B.P. Johnsen, and A. Nagy 

Mechanical test data for thermal barrier coatings, including modulus, static strength, and fatigue 
strength data, are reviewed in support of the development of durability models for heat engine applica- 
tions. The materials include 7 and 8 wt % yttria partially stabilized zirconia (PSZ) as well as a cermet ma- 
terial (PSZ + 10 wt % NiCoCrAIY). Both air plasma sprayed and electron beam physical vapor deposited 
coatings were tested. The data indicate the basic trends in the mechanical properties of the coatings over 
a wide range of isothermal conditions. Some of the trends are correlated with material density. 

I Keywords coatings, durability, isothermal, properties, thermal [ 
barrier 

1. Introduction 

1.1 Background 

THE GOAL in mechanical characterization of thermal barrier 
coating (TBC) systems is to provide sufficient data on material 
behavior for life prediction of  the systems under complex ther- 
momechanical loading environments in heat engines. This goal 
differs in thrust and approach from what might be called mate- 
rial screening tests, which seek to rank-order material durability 
under a specified test environment. Thus, we seek to charac- 
terize the stress-strain-temperature behavior of the TBC systems 
under conditions that are well enough controlled that specimen 
geometry or loading condition influences are minimized. The 
operating hypothesis is that we can develop empirical models 
for correlating fatigue life of  the TBC systems under cyclic ther- 
momechanical conditions if we have sufficient mechanical 
property characterization under ideal conditions. Thus, the test- 
ing requirements fall between material screening and engine 
testing. 

The mechanical properties of  interest include modulus, 
strength, creep rate, and fatigue strength. However, experience 
has shown that cyclic properties, rate effects, in situ residual 
stresses, and orientation of  the TBC material are important to 
correlating thermomechanical life data. 

1.2 Life Modeling 

Fatigue life prediction models have been proposed by the 
principal author of this report for two coating methods in gas tur- 
bine engine applications (Ref 1,2). A third model for high-cycle 
fatigue conditions in diesel engine applications is discussed in 
this paper. Life prediction for turbine engine applications fo- 
cused on the cyclic thermomechanical strain conditions experi- 
enced by critical locations on coated turbine blades and vanes. 
Diesel engine applications considered isothermal fatigue test 
conditions. Mechanical testing in these programs therefore con- 
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sidered a wide range of temperature conditions and strain cycles 
in both tension and compression. 

The first turbine engine life model was proposed for an air 
plasma sprayed 7 wt% yttria PSZ material (Ref 3). The life mod- 
eling was based on the observation of  cyclic thermomechanical 
fatigue microcrack generation and extension. Cyclic hysteresis 
in the TBC under thermomechanical conditions was modeled 
using a state variable model of the thermoviscoplastic material. 
Parameters for the material model were taken from the uniaxial 
test results that were reported in Ref 1. The testing methodology 
and results are referred to in this paper as Phase 1 tests (plasma- 
sprayed PSZ for turbine engines). 

The second life prediction model was for the same material 
but deposited by an electron beam physical vapor deposition 
(EB-PVD) process, as reported in Ref 2. More details of the ma- 
terial conditions are given in Ref 4. In this case, the PSZ has a co- 
lumnar structure that is quite resistant to cracking parallel to the 
bond coat interface. The mechanical test results indicated that 
the EB-PVD material had substantially higher strain levels of 
elastic behavior than the air plasma sprayed ceramic coating. 

Thermomechanical fatigue failures of the TBC occurred 
within the oxide layer buildup on the bond coat. The best life 
correlations were achieved by a fatigue model of the oxide layer 
in the bond coat itself (Ref 2, 4). In order to make these predic- 
tions, the elastic properties of alumina were used to model the 
thermally grown oxide on the bond coat. The testing methodol- 
ogy and results are discussed in this paper as Phase 2 tests (EB- 
PVD coating for turbine engines). 

The testing of TBC materials reported in this paper seeks to 
provide insight into the high-cycle fatigue behavior of  ceramic 
coatings for diesel engine application. The diesel application is 
characterized by compressive surface stress cycles superim- 
posed on a steady compressive stress background and is associ- 
ated with the effect of the individual cylinder combustion cycles 
superimposed on a steady-state engine power condition. Spalla- 
tion of  the TBC was observed to progress from the outer surface, 
growing over time, and is illustrated in a fatigue specimen fail- 
ure mode in Ref 5. Mechanical testing in this program therefore 
concentrated on isothermal fatigue and compressive strength 
testing at room temperature and temperature levels experienced 
under steady-state engine operation. 

The diesel engine high-cycle fatigue life prediction model re- 
quires basic thermoelastic properties for the TBC, together with 
compressive fatigue testing at various levels of compressive 
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stress cycling and stress ratios, R (R = Omax/Gmin). The Phase 1 
tensile fatigue testing on plasma-sprayed 7 wt% yttria PSZ re- 
sulted in isothermal fatigue strengths approaching the ultimate 
strength of the material (Ref 6,7). Further isothermal fatigue test 
results, life modeling, and physical interpretations of the fatigue 
failures are given in this paper. The testing methodology and re- 
suits are discussed in this paper as Phase 3 tests (plasma-sprayed 
PSZ and cermet materials for diesel engines). 

2. Specimen Selection and Tests 

2 . 1  Phase 1 Mechanical Tests--Air Plasma 
Sprayed TBC 

The various test methods reported in this section are all non- 
standard tests. The reasons for the use of nonstandard tests are: 
(a) the limited thickness of the TBC material as deposited by 
standard coating processes; (b) the deposition process itself, 
which requires the use of  a substrate material for solidification 
or deposition; (c) the unique mechanical characteristics of  the 
various TBC materials, with their inherent lack of  significant 
tensile strength, and (d) the need to achieve stress states that are 
uniform tension or compression for the entire specimen cross 
section. 

The Phase 1 and 2 test programs required both tensile and 
compressive load tests. All testing was performed isothermally 
at a range of test temperatures from room temperature to 1300 
~ All specimens were designed so that the primary (or only) 
applied stress was oriented parallel to the coating-substrate in- 
terface. In the case of the plasma-sprayed materials, the loading 
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Fig. 1 Rectangular-section tension specimens used for Phase 1 test- 
ing. (a) Wafer specimen. Wafer is tested in compression on a diametral 
axis but produces tension on the section perpendicular to the compres- 
sion axis. (b) Bowtie specimen. Dimensions are given in millimeters. 

was parallel to the splat structure of  the coating; in the case of  the 
EB-PVD material, the loading was transverse to the columnar 
growth structure of the coating. 

Phase 1 tensile testing used a "bowtie" tensile bar and the 
"Brazil" wafer specimen, which has the appearance of  a large 
aspirin tablet. Both specimens were machined from TBC that 
was deposited on a flat surface and had rectangular cross sec- 
tions (Ref 3). The two specimens are shown in Fig. 1. The test 
apparatus was a standard computer-controlled test machine. In 
the case of  the tension test, a highly flexible load train was used 
to minimize bending strains on the specimen. The wafer test is 
performed in compression by placing the specimen between two 
anvils; the normal stress on a plane connecting the load points is 
a nearly uniform tensile stress (Ref 8). 

The bowtie tensile specimen was analyzed to determine the 
stress concentration factor at the end of the gage section, be- 
cause the lower temperature tests failed at this location. The 
stress concentration factor was found by stress analysis to be 
1.15. That value resulted in similar tensile strengths for the two 
specimens. The two sets of tensile strength data are reported in 
the next section. The major problem in both specimens was the 
inability to provide axial strain measures to be used in making 
accurate modulus measurements. The bowtie tensile test strains 
were calculated by a room-temperature calibration test of  a 
strain-gaged specimen; the elevated-temperature testing was as- 
sumed to have the same load system flexibility. The digitized 
strain data were then subtracted from the load system deflec- 
tions in order to obtain stress-strain curves for each tensile test. 
Stress-strain curves are reported for these tests in Ref 3. 

The bowtie specimen was also used for tensile creep strain 
rate data at the higher test temperatures. The specimen failures 
shifted to the gage section in the creep tests, showing that the 
material lost its notch sensitivity under these conditions. 

The lack of  good strain measures is a continuing problem for 
many of the reported tests. Extensometers are generally too 
heavy for testing unsupported TBC coating specimens. Laser 
strain measurement methods would alleviate the problem but at 
significant increases in test cost and setup time. 

The Phase 1 compression testing used solid cylindrical speci- 
mens that were ground from the thick TBC that had been pre- 
viously deposited on a substrate. The specimens were 3.12 mm 
in diameter and 6.35 mm long. Again, the test direction was 
aligned parallel to the splats. The specimens were compres- 
sively loaded between two anvils (Ref 3). 
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Fig. 2 Composite compression specimen used in Phase 2 testing, 
with the TBC deposited on PWA 1480 suhstrate, Dimensions are given 
in millimeters. 
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The compression testing was generally successful in that the 
failures appeared to originate in the central regions of  the test 
specimen and not near the ends. High-temperature lubricant was 
used to minimize end restraint during the compression testing. 
The alignment was approximately 0.02% on the diameter. 
Alignment was achieved using shims and was confirmed by a 
strain-gaged metallic test bar. 

The compression stress-strain curve data were obtained by 
running each test temperature to the full ceramic specimen 
loads, but with no specimen between the anvils. The digitized 
load-deflection curves were stored for each temperature and 
then were subtracted from the appropriate test data of  load sys- 
tem deflection versus load. 

2.2 Phase 2 Mechanical Tests--EB-PVD Thermal 
Barrier Coating 

Phase 2 testing was performed on EB-PVD thermal barrier 
coating material. The material was deposited on single-crystal 
nickel superalloy tubes and was assumed to have negligible ten- 
sile strength. Therefore, the TBC/metal system was tested as a 
composite system. The metal bar dimensions were selected with 
different strategies for tension and compression. In the case of 
the compression test specimen in Fig. 2, the tube geometry was 
selected to meet the following estimated constraints: (a) wall 
buckling of  the metal tube defined a relation between the thick- 
ness and radius of the metal substrate; (b) wall thickness of  the 
metal substrate was set to ensure that the TBC section stiffness 
was comparable to or greater than that of  the substrate section; 
and (c) wall thickness of  the TBC was as great as production 
would permit. 

The compression specimen thickness was selected on the ba- 
sis of  the plasma-sprayed TBC compression modulus. The sub- 
strate inner diameter was - 18 mm, the specimen length was -22  
mm, and the substrate wall thickness was -2.2 mm. Compres- 
sive axial strains were measured by an Instron capacitive strain 
transducer. 

In the case of  tension testing, the TBC was again deposited 
on a superalloy tube of  PWA 1480 single-crystal material. 
However,  the tube inner surface was then machined to a wall 
thickness of  about 0.36 mm with a TBC thickness of  about 
4.6 mm. The specimen substrate cross section was reduced in 
the region of  the TBC. TBC adherence to the ends of  the sub- 
strate gage-reduction zone was desired in order to minimize 
intermaterial shear as the loading mechanism. The entire test 
specimen was sized for the use of  an internal extensometer  
and is shown in Fig. 3. 

The axial strains were measured by an internally mounted hi- 
axial extensometer. The extensometer measured the axial strains 
over the length of the coating on the tubular specimen. Attempts 
were made to correlate the internal strain measure on the sub- 
strate to axial strains on the TBC coating by applying foil-type 
strain gages to the EB-PVD coating. However, failure of  the ad- 
hesive caused this approach to be abandoned. A second exten- 
someter was developed for external attachment in a 
room-temperature test. The external clip gage measured coating 
strains, which were about a factor of 2 lower than those meas- 
ured internally after a strain of  about 0.5%. 

The strain data for the composite specimens were obtained 
by developing a composite load-deflection model for the mate- 

rial system of  the TBC and the substrate. The compression speci- 
mens exhibited elastic/perfectly plastic behavior in the sub- 
strate. Some of  the single-crystal substrates showed that a single 
slip system was active at high loads, resulting in a very nonuni- 
form strain of  the TBC. The elastic-plastic properties were 
measured in tests of the substrate material. Poisson's ratios were 
assumed but were found not to have a major effect on the stress- 
strain algorithm that was reported in Ref 9. An algorithm for 
subtracting out the TBC stress-strain response from the load- 
displacement curve is given in the same reference. 

The tensile test behavior was quite different in that the TBC 
had very limited tensile ductility. The substrate, on the other 
hand, remained elastic at the appropriate load levels. The analy- 
sis was usable only to the point of significant damage to the ce- 
ramic coating. However, as discussed below, the tension tests 
did offer good insight into the tensile behavior of the EB-PVD 
ceramic coating. 

2.3 Phase 3 Mechanical Tests--High Cycle Fatigue 
of Air Plasma Sprayed TBC Material 

Phase 3 testing has been reported in Ref 7 and will only be 
summarized here. All of  the testing in Phase 3 was in compres- 
sion, with the specimen shown in Fig. 4. The primary focus of 
the testing was to establish the isothermal fatigue strength of  the 
plasma-sprayed TBCs under pure compression loading. How- 
ever, the testing produced some data of  compressive strength, 
modulus, and cyclic stress-strain behavior. 

The compression testing used two cylindrical test geome- 
tries. Both geometries were fabricated initially by spraying the 
TBC on iron substrates, then removing the substrates by acid 
etch. The compression loading was again parallel to the splat 
structures of the materials. Specimen alignment was critical be- 
cause the Phase 3 specimens were much bigger than the com- 
pressive specimens in Phase 1 and lacked the metal substrate 
used in Phase 2. 

The modulus measurements in the Phase 3 testing were made 
from load-deflection data. The digitized data were obtained 
from sampling at several ranges, and these curves were used to 
obtain modulus data. 

3. Modulus and Strength Results 

The Phase 1 test program showed that the tensile behavior of  
the plasma-sprayed TBC material is nonlinear over the entire 
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Fig. 3 Composite tensile specimen used in Phase 2 testing, with the 
TBC deposited on PWA 1480 substrate. Interface diameter was ap- 
proximately 20 ram. Dimensions are given in millimeters. 
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range of strain to failure (Ref 3). The nonlinear behavior may be 
attributed to the generation and extension of a distributed net- 
work of microcracks inherent to this system. The Phase 2 ten- 
sion testing indicated somewhat more linear behavior up to 
about 0.04% strain, followed by nonlinear behavior to fracture 
(Ref 4). The change in behavior at 0.04% strain is indicative of a 
residual stress effect, because the material is probably going 
from initial compression to tension. Compression testing, on the 
other hand, showed results that had distinctly linear portions up 
to temperatures around 1200 ~ This indicates that compres- 
sion loading of the TBC materialis not generating and extending 
the microcracks to the extent that the specimen compliance is af- 
fected for these applied stresses. 

The modulus data versus test temperatures (Fig. 5) for all 
three test phases include both tension (initial slope) and com- 
pression data from Phase 1 and Phase 2, while all Phase 3 data 
were compressive (Table 1). For reference, the beam bending 

25.4000 + 0.0127 

~ / / - - (as-received)  

~ - -  28.2956 :!: 0 .0254 

(1.4478 WALL)  

27.940 

+_ 0.0254 

50.800 
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Fig. 4 Compression strength and fatigue specimen used in Phase 3 
testing. Dimensions are given in millimeters. 
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data of  Brink (Ref 5) indicate a modulus value of 44 GPa for a 
7.5 wt% yttria PSZ at 400 ~ 

There were two populations of data: more tensile data in the 
upper population and more compressive data in the lower popu- 
lation, especially at the higher temperatures. The tensile data 
were associated with strains less than 0.1 to 0.2%, while the 
compressive data were taken with strains generally exceeding 
1%. The tensile moduli were generally taken as initial slopes to 
the (strain softening) stress-strain curves and were more subject 
to error. The bulk compressive specimens for the range of  TBC 
materials tested yielded reasonably consistent modulus results. 
These results show that the compressive moduli are below those 
of the tensile data and the reported data for flexure specimens. 
Further, the modulus values decreased in a steady manner be- 
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tween  room tempera ture  and  1200 ~ to values that  are about  
ha l f  o f  the room-tempera ture  values.  

F igure  6 plots the compress ive  modulus  data wi th  respect  to 
the measured  densi ty  of  the Phase  3 specimens  (Ref  7). The  cu- 
mula t ive  dis t r ibut ion funct ions  o f  the densi ty data for  the three 

Phase  3 materials  are s h o w n  in Fig. 7. The  scatter  in  the Phase  3 

modu lus  data shown  in the  prev ious  figure shows a systemat ic  
var ia t ion in modulus  wi th  densi ty  o f  the 7 wt% yttria PSZ  mate-  
rial  tes ted at room temperature .  However ,  the 8 wt% P S Z  and  the 

ce rmet  specimens,  which  have  comparab le  var iat ions in speci- 
men  densit ies,  did not  exhib i t  the same systematic  var ia t ion of  
modu lus  with densi ty at r oom temperature  or at 700  ~ None-  

theless,  some of  the scat ter  in the modulus  data in Fig. 5 may be  
at t r ibuted to var iat ions in spec imen  density. 

The  ul t imate tensi le  s t rength  (UTS)  data are p lo t ted  in Fig. 8. 
The  Phase  1 tensile s t rength  results  f rom Ref  3 are for  the wafer  

and  the bowtie  specimens.  Al l  tensile failures in the bowtie  
spec imen  conf igura t ion  were at the stress concent ra t ion  at  the 
end  o f  the gage section. G iven  the difficulty in mach in ing  these 

specimens,  the var ia t ion in the tensile data is taken to be scatter 

and  not  a tempera ture  effect. Creep  test ing o f  a s ingle  spec imen  

at 538 ~ fol lowed by loading to fracture, resulted in a fai lure in 

the gage sect ion at a UTS value of  18 MPa.  Whi le  no  longer  
no tch  sensit ive,  the UTS is cons is ten t  with  that  for  the non-creep  

testing. The  average  of  the bowtie  tensi le  data  was 19 MPa.  The  

data are tabula ted  in Table 2. 
The wafer  data in Fig. 8 include three  static (non-fa t igue)  

data points.  The  UTS at 538 ~ was 23.4 MPa.  Two static fail- 

ures were also obta ined  at 871 ~ and the  s trengths were 22.0 

and 22.7 MPa.  These  tensile data sugges t  tha t  there is no signifi-  
can t  t empera ture  difference ove r  tha t  tempera ture  range,  an ob- 

servat ion cons is ten t  with  the bowt ie  data  for the same 
temperatures .  Whi le  the wafer  spec imens  failed in the center  of  
the spec imen  t ransverse  to the compress ive  load, as expected for  

a tensi le  fai lure mode,  the stress in the  mid-por t ion  of  this speci- 
men  was biaxial .  The  average of  the three data points,  22.6 MPa ,  
d iv ided by  the  stress concentra t ion,  1.15, is 19.8 MPa.  The  data 
sugges t  that  biaxial i ty is no t  an issue but  that  the stress concen-  

trat ion factor  is. Therefore,  the tensi le  s t rength of  the p lasma-  
sprayed P S Z  appears to be  tempera ture  insensi t ive over  a wide 

range  o f  temperatures.  

Phase  2 composi te  spec imen tens ion  results  indicated that  

the E B - P V D  material  did have  a tensi le  s t rength  capacity, with  

fracture o f  the interfaces be tween  the mater ial  co lumns  as the 

Table ! Phase 1 and Phase 2 modulus data by test type (T, C) and test phase (1, 2, 3) in GPa 

Temperature, 
~ I'-1 T-2 C-1 C-2 C-3 (7%) C-3 (8%) C-3 (Cr) 

24 21.00 42.40 ... 29.38 ... 21.50 33.40 
... 42.20 . . . . . . . . .  17.09 32.70 
. . . . . . . . . . . .  17.91 15.71 24.80 
. . . . . . . . . . . .  19.91 14.61 27.60 
. . . . . . . . . . . .  19.02 16.26 29.80 
. . . . . . . . . . . .  20.46 16.19 26.00 
. . . . . . . . . . . .  23.29 15.57 27.20 
. . . . . . . . . . . .  25.98 19.50 24.80 
. . . . . . . . . . . .  26.87 14.26 28.70 
. . . . . . . . . . . .  24.87 14.26 28.00 
. . . . . . . . . . . . . . .  16.05 ... 
. . . . . . . . . . . .  ... 14.95 ... 

204 . . . . . . . . .  24.13 . . . . . . . . .  
427 19.44 . . . . . . . . .  

538 2i]24 [ii 13151 16.82 . . . . . . . . .  

43.51 . . . . . .  18.19 . . . . . . . . .  
649 . . . . . .  17.37 . . . . . . . . .  
760 ... 33.92 ... 17.24 . . . . . . . . .  

... 5 . 3 1  . . . . . . . . . . . .  -.- 
700 . . . . . . . . . . . . . . .  20.19 ... 

. . . . . . . . . . . . . . .  17.71 ... 

. . . . . . . . . . . . . . .  25.22 ... 

. . . . . . . . . . . . . . .  17.98 ... 

. . . . . . . . . . . . . . .  14.47 ... 

. . . . . . . . . . . . . . .  13.64 ... 

. . . . . . . . . . . . . . .  14.54 ... 

. . . . . . . . . . . . . . .  16.67 ... 
760 6.03 . . . . . . . . .  
871 43151 28.27 1i131 1 4 1 6 2  . . . . . . . . .  

12.41 1 2 . 4 1  . . . . . . . . .  
982 ... 29151 ... 1 5 1 4 3  . . . . . . . . .  

4.18 ... 13.02 . . . . . . . . .  
1094 21.24 . . . . . .  3.75 . . . . . . . . .  

25.72 . . . . . . . . . . . . . . .  
1200 27.65 14.34 21.72 . . . . . . . . . . . .  

27.65 14.00 13.44 . . . . . . . . . . . .  

. . . . . .  10.34 . . . . . . . . . . . .  

T te , nsion; C, compression, 7%, 7 wt% yttria PSZ; 8%, 8 wt% yttria PSZ; Cr, cermet, Source: Ref3, 4 



tensi le  f racture  mode .  A b o v e  abou t  700 ~ the tensi le  s t rength  

va lue  for  the E B - P V D  mater ia l  appea red  to be on  the o rder  o f  

one -ha l f  o f  the s t rength  o f  the Phase  1 data. T h e  a m b i e n t  data 

and  s o m e  o f  the h ighe r  scat ter  va lues  s u g g e s t  tensile s t reng ths  

a p p r o a c h i n g  40 to 50 MPa,  w h i c h  w o u l d  be cons i s ten t  wi th  the 

400 ~  tensi le  s t rengths  repor ted  by  Br ink  (Re f  5). The  a m b i e n t  

Table 2 Phase 1 and Phase 2 ultimate strength data (MPa) 

Temperature Phase 1 Phase 2 Phase 3 
~ Bowtie (T) Phase 1 (C) Wafer (T) Composite (3") Phase 2 (C) Phase 3 (7 %) Phase 3 (8 %) Phase 3 (Cermet) 

2 4  . . . . . . . . . . . .  

2 1 . 3 0  . . . . . .  5 0 . 5 0  

. . . . . .  39.20 
538 18.30 376.00 23.40 ... 
700 . . . . . . . . . . . .  

7 6 0  . . . . . . . . .  4 . 9 0  

. . . . . . . . .  10.60 

. . . . . . . . .  35.80 
871 17,80 303.00 22.00 

18.50 274.00 22.70 26.20 
982 . . . . . . . . .  18.00 

. . . . . . . . .  4.00 
1094 21.30 . . . . . . . . .  

21.90 . . . . . .  9.40 
1204 16.90 198.00 ... 6.90 

16.00 218.00 ... 7.40 
273.130 ... 

Averages: 19100 273.80 22.70 19135 

T, tension; C, compression; 7%, 7 wt% yttria PSZ; 8%, 8 wt% yUria PSZ. Source: Ref 3, 4 
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temperature values of the tensile strength were strongly depend- 
ent on the computed modulus of the material; residual stresses in 
the TBC were indicated in the tests that affect the modulus cal- 
culations. We therefore discount the Phase 2 values of the tensile 
strength of the TBC at ambient temperature. There are no Phase 
3 tensile data. 

Few, if any, of the specimens showed linear tensile stress- 
strain behavior. The Phase 2 tensile data was especially vulner- 
able to errors in the assumed linear behavior and the derived 
modulus. Further, the role of the substrate was critical, as was 
the role of bending strains. The fracture of a simple bowtie speci- 
men of TBC was quite unlike that of the TBC when it was sup- 
ported on a metal substrate, as in the Phase 2 testing. In terms of 
component design, the benefits of support are likely to give a 
higher effective tensile strength as well as the possibility of 
beneficial residual strdsses away from the ends of the TBC. 

The compressive strength data are shown in Fig. 9. The Phase 
1 cylinder data suggest that the compressive strength showed a 
stronger temperature effect than that for the tensile data, al- 
though no ambient testing was performed. The Phase 2 compos- 
ite specimen and the 8 wt% yttria PSZ materials used in Phase 3 
have higher compressive strengths than the Phase 1 specimen 
and the 7 wt% yttria PSZ used in Phase 2. The compressive 
strengths of the Phase 3 cermet material (PSZ + 10 wt% Ni- 
CoCrAIY) appear to be about 13% higher than those of the 8 
wt% yttria PSZ material. 

The 7 wt% yttria PSZ used in Phase 3 can be discounted, be- 
cause the specimens exhibited "mudflat" cracks. The cracks 
were widely distributed on the surface and were probably due to 
swelling of the interface between the ceramic and the substrate 
during acid etch removal of the substrate. The compressive fail- 
ure origins appeared to be at 45 ~ to the load axis and originated 
at mudflat cracks, indicating their role in promoting a surface 
shear fracture. The Brink data (Ref 5), obtained using a compos- 
ite bend specimen, indicated that PSZ and cermet strengths were 
in excess of 500 MPa at 400 ~ indicating a possible trend to 
higher strengths at lower temperatures than the data reported 
herein. More recently, Jesling et al. (Ref 8) have given data for 8 
wt% yttria PSZ, showing compressive strengths of 450 MPa at 

Table 3 Phase 1 fatigue test results (alternating stress in MPa) 

I 

805 ~ and 520 MPa at room temperature. These data appear most 
comparable to ours and strongly suggest a lack of temperature in- 
fluence on compressive strength over this lower temperature range. 

Figure 10 plots the Phase 3 compressive strength data for the 
three materials in terms of the specimen density. In this case, all 
three data sets show a consistent trend of strength with density. 
These specimens appear to have failed in an axial splitting 
mode. Limited scanning electron microscopy of the failure sur- 
faces in the 8 wt% yttria PSZ and cermet specimens indicated 
that the failures cannot be associated with any material or struc- 
tural abnormality. The investigation concluded that the intrinsic 
structure of the plasma-sprayed materials is the likely source of 
the specimen fractures in the absence of mudflat cracks. 

Given the density trend similarities in the compressive 
strength data and the differences in the nature of the failure ori- 
gins, we conclude that flaw sensitivity of the plasma-sprayed 
TBCs in all three test programs depended on material density. 
However, because material density and flaw sites are comple- 
mentary (the flaws primarily being voids between splats), the 
trend would likely relate to a decrease in the statistical flaw size 
of the TBC with increasing material density. This would also ex- 
plain the much lower strengths of the specimens with mudflat 
cracks, in that the mudflat cracks act as stress risers on the intrin- 
sic material defects. 

4. Fatigue Results 

Phase 1 and Phase 2 testing focused on thermomechanical fa- 
tigue for gas turbine applications. This testing has been reported 
in Ref 3 and 4. Phase 3 testing focused on compressive stress 
isothermal fatigue for diesel cycle engines. 

Limited tensile fatigue testing of the 7 wt% yttria PSZ was 
performed using the wafer test, as reported in Ref 3. The testing 
was done at R = 0.1, at stress levels that were about 90% of the 
tensile strength of the specimens. The fatigue lives of the speci- 
mens were only hundreds of cycles, as plotted in Fig. 11, but a 
specimen runout was obtained at slightly less stress amplitude. 
Table 3 gives the fatigue data. 

Phase 1 
Cycles Wafer 7 % 

Phase 2 
8% Cermet 400 *C (8 %) Ref I0 

195 1 6 . 5  . . . . . . . . . . . . . . .  
307 1 6 . 5  . . . . . . . . . . . . . . .  
410 1 6 . 5  . . . . . . . . . . . . . . .  
158 1 6 . 4  . . . . . . . . . . . . . . .  
407 1 6 . 4  . . . . . . . . . . . . . . .  
2,400 ... - 2 0 2 . 8  . . . . . . . . . . . .  
25,460 . . . . . .  -160 . . . . . . . . .  
90,930 . . . . . .  -160 . . . . . . . . .  
540,900 . . . . . .  -160 . . . . . . . . .  
707,925 . . . . . .  -160 . . . . . .  
7 3 3 , 8 1 0  . . . . . . . . .  -1"85"- . . . . . .  
2 0 , 7 4 0  . . . . . . . . .  - 1 8 5  . . . . . .  

2 1 , 0 2 0  . . . . . . . . .  - 185 . . . . . .  
1 0 5 , 4 0 0  . . . . . . . . .  -185 . . . . . .  
1 5 , 0 0 0  . . . . . . . . . . . . . . .  -225 
3 0 0 , 0 0 0  . . . . . . . . . . . . . . .  -190 
2 0 , 0 0 0 , 0 0 0  . . . . . . . . . . . .  -152 ... 

7%, 7 wt% yttria PSZ; 8%, 8 wt% yttria PSZ. Source: Ref3 
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Compressive fatigue testing was done on the Phase 3 pro- 
gram for all three materials. The 7 wt% yttria PSZ material was 
tested at several stress levels at 700 ~ Anumber  of  runouts oc- 
curred at lower initial cyclic stresses, but there was one success- 
ful fatigue failure at a cyclic stress range of  203 MPa with a life 
of 2400 cycles. Based on the compressive strength testing re- 
sults for that material, the cyclic stress range was about 86% of 
the material compressive strength. 

The 8 wt% yttria PSZ material was initially tested in fatigue 
at 700 ~ with no failures to a runout of 2 • 10 g cycles and at cy- 
clic stresses on the order of  50% (R = 0.6). The maximum com- 
pressive stress was selected to be about 90% of the compressive 
strength of the materials. The same cyclic stress conditions were 
then applied at room temperature, and fatigue lives were in the 
expected range for both the 8 wt% yttria PSZ and the cermet ma- 
terials. Figure 11 shows the cyclic stress amplitude applied to 
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Fig. 11 Room-temperature fatigue testing results in tension and com- 
pression with runout at elevated temperature. 7%, 7 wt% yttria PSZ; 
8%, 8 wt% yttria PSZ 

the various fatigue specimens from Phase 1 and Phase 3 testing, 
as well as two test points from Ref 10. One runout test point (21 
million cycles) for the 8 wt% yttria PSZ is also shown; the test 
temperature was 400 ~ 

The current test program and that reported in Ref 10 were 
performed on comparable materials, all prepared by Caterpillar 
Inc. However, the referenced work was for R = 0.1, while the 
current one was for R = 0.6. Figure 11 shows that the two very 
different mean stress conditions produced quite comparable fa- 
tigue lives. The maximum cyclic stress in the current data is 
about 90% of the material compressive ultimate, while that from 
Ref 10 is about one-half the material ultimate. We therefore con- 
clude that the high-cycle fatigue damage process is independent 
of the maximum cyclic stress, and thus also independent of  the 
mean cyclic stress. 

The compressive fatigue failure mechanism appears to be- 
have like a tensile fracture mechanics crack growth mode. It has 
been found that cyclic crack growth under tensile stresses is in- 
dependent of the stress ratio; rather it depends solely on the cy- 
clic stress magnitude (Ref 11). This suggests that the 
compressive fatigue mechanism is one of subcritical crack 
growth in the TBC materials from the intrinsic defect structures 
in plasma-sprayed systems. 

The transverse stresses on the intrinsic defects in the plasma- 
sprayed materials (Phase 1 and Phase 3) are tensile for applied 
compressive axial stresses. The same stress mechanism seems to 
be the failure mechanism at compressive ultimate load condi- 
tions. Figure 12 shows the fatigue lives of the 8 wt% yttria PSZ 
and the cermet materials from Phase 3, plotted against the meas- 
ured specimen material densities. The data suggest a positive 
correlation of  fatigue life with increasing density (at least for the 
Phase 3 PSZ material), which corresponds to a statistically de- 
creasing population of intrinsic defects. 

The design implications of this are important at the lower op- 
erating temperatures (apparently below 700 ~ The fatigue 
failure behavior found on two of  the many test specimens that 
were generated for the Brink paper (Ref 5) included two spalla- 
tion failures, one of which is shown in that reference. The spal- 
lation failure was seen to be quite like the spallation failure of  a 
TBC in an engine test at Caterpillar. On flat surfaces, the trans- 
verse fracture mechanics mechanism that is now postulated 
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Fig. 12 Cross plot of fatigue specimen density with cycles to failure 
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would lead to the type of  spallation event seen in the Brink pa- 
per. 

The design goal is to keep the cyclic stresses below about 150 
MPa compressive for operating conditions below 700 ~ How- 
ever, Ref 10 and this paper show that the behavior of  these mate- 
rials above 700 ~ suggests an active strengthening mechanism 
that effectively raises the fatigue limit for the material. Although 
the mechanisms are not yet fully resolved, the next section dis- 
cusses the cyclic strengthening process. 

5. Cyclic Stress-Strain Results 

The original high-temperature work in Phase 1 found that 
there was significant creep behavior of  the TBC material at and 
above 871 ~ (Ref 3). The data were measured using the same 
tensile and compressive specimens used for modulus and 
strength data. The tests were run under static applied stress con- 
ditions, and the steady creep strain rate was taken experimen- 
tally. Creep tests could not be performed in the Phase 2 tests. 

The Phase 3 fatigue test program found that the specimens 
were significantly shorter at the suspension of fatigue testing. 
The length reductions were on the order of  0.5 to 1.0 mm and 
were found for tests run at room temperature as well as at ele- 
vated temperatures. These length reductions were subsequently 
found to be associated with a transient process of cyclic ratchet- 
ting of  the compressive strains. The ratchetting might be likened 
to a "stick-slip" type of  process. 

Figure 13 shows representative data for head displacement 
versus test time for three of  the fatigue specimens previously re- 
ported. There were two tests at room temperature (specimens 5- 
2 and 3-3). These fatigue tests were at the same maximum (400 
MPa) and cyclic (160 MPa) stresses. The first failed at about 
708,000 cycles and the second at about 91,000 cycles. Also plot- 
ted are data for a runout test at 400 ~ with a maximum stress of  
379 MPa and a cyclic stress of  152 MPa. The room-temperature 
tests were run at 25 Hz, while the elevated-temperature test was 
run at 60 Hz. 

There does not appear to be a correlation between these test 
conditions and the cyclic ratchetting process. It seems that the 
mechanism of the ratchetting is independent of the failure 
mechanism, the stress level, and the cyclic frequency. In order to 
better define the cyclic ratchetting phenomenon, several "four- 
cycle" tests were performed in Phase 3. 

Four-cycle data were obtained by loading each specimen to 
successively higher loads. A constant preload of  about 450 N 
was maintained on the specimens for all four load cycles. The 

additional loading was applied at a constant stroke rate over an 
interval of 20 to 30 s; the entire four-cycle loading took about 3 
min. Specimen length was measured prior to and after the tests 
on five of the eight specimens. Modulus data were recorded for 
each load cycle and are shown for the first and last of the cycles 
in Table 4. 

The four-cycle modulus data show that the cyclic response of  
the material causes the specimen length to be reduced, and they 
also show that significant changes occur in the measured speci- 
men moduli. The same basic phenomenon was also cited in Ref 
10. Compressive strength testing of the specimens after fatigue 
testing, during which this cyclic ratchetting was occurring, 
shows that the compressive fracture strength is significantly ele- 
vated as well as the material modulus. 

The fatigue test data suggest that the cyclic hardening proc- 
ess occurs at temperatures above 400 ~ at a high enough rate 
that the fatigue cracking process is greatly forestalled, if  not 
eliminated. Very limited fatigue testing at increasing levels of  
applied stress has shown that stresses much higher than the 
original material strength fail to cause fatigue failures in very 
high numbers of  total cycles. The phenomenon was observed in 
one Phase 1 wafer test as well as in several Phase 3 tests of  7 and 
8 wt% yttria PSZ. 

Such cyclic hardening and the known creep behavior of  the 
material at high temperatures clearly show that a more advanced 
material constitutive model is required in order to make realistic 
life predictions under cyclic stress conditions over a range of  
temperatures. 

6. Conclusions 

Mechanical test data from several different phases of experi- 
mental work with ceramic coatings have been reported. Investi- 
gations of  the compressive modulus and strength of  the ceramic 
specimens resulted in reasonably consistent results. Material 
density and cycling influenced these properties. Compressive 
failure was most likely caused by the splitting of  intrinsic de- 
fects in the material, for both static loading and fatigue loading. 
The fatigue damage process was likely one of subcritical crack 
extension from these intrinsic defects and was somewhat miti- 
gated by higher material density. 

Tensile testing data contained much more scatter than data 
for the compressive tests. The tensile behavior of TBCs was gen- 
erally nonlinear, probably due to the creation and extension of  
multiple microcracks in the material. As expected, the material 
was notch sensitive over a wide range of  temperatures, but it be- 

Table4 Four-cycle modulus  data 

Specimen Density, 1st cycle 4th cycle Modulus 
Material ID AL, mm cm 3 E, GPa E, GPa change, GPa 

8 wt% yttfia 1-3 Not measured 5,171 14.2 24.4 10.2 
3-3 Not measured 5.198 14.3 24.0 9.7 
5-2 0.051 5.275 16.0 28.7 12.7 
7-4 0.038 5.284 15.0 24.9 9.9 

Cermet 15-2 Not measured 5.384 18.7 28.6 9.9 
15-4 0.064 5.323 17.1 25.7 8.6 
18-1 0.051 5.415 19.8 28.1 8.4 
l l - lb  0.051 5.366 19.3 29.5 10.2 
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sults, for specimen length change vs. test time 

came notch insensitive in the creep regime. Tensile fractures are 
likely to be caused by the same defect structures in the ceramics 
as those for the compressive stress, but are obviously triggered 
at much lower levels of applied stress. 

The material was found to have very complex cyclic behav- 
ior at all temperature ranges. The use of elastic stress analysis 
models for design work is not likely to be appropriate due to the 
cyclic ratchetting and creep process effects on the stress state of 
the material through a redistribution of the material strains. 
More work is needed to properly model the behavior of these 
materials in engine operating conditions. 
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