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Degradation of Bond Coat Strength under 
Thermal Cycling--Technical Note 

H. Wang and W. Montasser 

Degradation in bond strength of plasma-sprayed thermal barrier coatings under thermal cycling was 
evaluated by tensile adhesion tests. The bond strength and failure mode for two types of bond coat mate- 
rials were examined. Two bond coats having the same substrate and top ceramic coat behaved differently 
due to differences in the thermal mismatch stress at an interface between the metallic bond coat and the 
ceramic top coat. 

1. Introduction 

THE tensile adhesion test (ASTM C633-79) has been used ex- 
tensively as a quality control procedure to assess adhesive/ 
cohesive strength of thermally sprayed coatings. [U The coating 
failure mode in this test could be cohesive (fracture occurs 
in the coating), adhesive (fracture occurs at the coating/substrate 
interface), or a mixture of the two. The test is performed at 
room temperature due to high-temperature limitations of epox- 
ies, which bond a coating to a tensile test fixture. Therefore, such 
measurements, in general, have no direct relevance to high-tem- 
perature performance of thermal barrier coatings (TBC). 

Thermal cycling tests, on the other hand, have been used to 
evaluate performance of plasma-sprayed thermal barrier coat- 
ings in a high-temperature environment. [2] In these tests, ther- 
mal barrier coating samples are generally heated by electrical 
furnaces or a flame torch and are quenched in air or water. The 
interaction between water and ceramic coatings increases the 
degree of thermal shock and shortens the thermal cycling life- 
time of thermal barrier coatings. [31 The number of thermal cy- 
cles to coating failure usually is defined as the thermal cycling 
lifetime, and coating failure is inspected by either the unaided 
eye or by low-magnification optical microscopy. Because the 
samples are generally free from an external load, the sample fail- 
ure caused by initiation and propagation of cracks normally is 
attributed to thermal mismatch between coating and substrate 
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and/or phase changes due to oxidation of the metallic compo- 
nents. 

In the present study, the above two tests were combined. 
Samples were subjected to tensile adhesion tests after a fixed 
number of thermal cycles. Thermal barrier coating degradation 
was evaluated by comparing the bond strength and the failure 
mode of thermal cycled samples against reference samples. The 
test results provide additional information on thermal barrier 
coating performance, which could not be obtained by the above- 
mentioned two tests individually, particularly for the thermal 
barrier coatings in-service with an external load. 

2. Experimental Procedure 

Two sets of thermal barrier coating samples with three sam- 
ples in each set were subjected to the combined thermal cycling 
and tensile adhesion tests. The third set of samples was only sub- 
jected to tensile adhesion tests without thermal cycling and was 
used as a reference. The samples were manufactured in such a 
way that the bond coats, either Ni-Cr(19wt%)-Al(6wt%) alloy 
or a composite of Ni-Cr(4wt%)-Al(4wt%) alloy and 21 wt% of 
alumina-silicate(bentonite), were air plasma-sprayed onto one 
end of a Hastelloy X (HX) cylindrical substrate, and magne- 
sia(24wt%)-stabilized zirconia was subsequently sprayed onto 
the bond coats. The presence of alumina-silicate in the nickel- 
based alloy would reduce the overall thermal expansion of the 
bond coat, resulting in less mismatch with the magnesia-stabi- 
lized zirconia coating during thermal cycling. All of the coatings 
were applied by plasma spraying using a Metco 9MB gun. The 
cylindrical substrates had a diameter of 25.4 mm and height of 
25 mm. The dimensions and components of these samples are 
listed in Table 1. 

Table 1 Thermal barrier coating components, composition (wt%), thermal cycles, and dimensions 

Top coat Bond coat Substrate Cycles 
Set 1 ........................................... ZrO2-MgO(24%) 
Set 2 ........................................... ZrO2-MgO(24%) 
Set 3 ........................................... ZrO2-MgO(24%) 

Coating 
Thickness, mm ................... 0.60 
Area, mm 2 .......................... 160 

NiCr(19%)Al(6%) Hastelloy X 100 
NiCr(4% )Al(4%)/bentonite(21%) Hastelloy X 100 

NiCr(19%)Al(6%) Hastelloy X 0 

0.25 25 
160 160 
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Fig. 1 Mean ultimate tensile stress and standard deviation for samples 
in Set 1 (No. 1 ) and Set 2 (No. 2) after 100 thermal cycles, and uncycled 
reference samples in Set 3 (No. 3). 

Thermal cycling tests were carried out in an apparatus where 
the samples were heated to about 960 ~ by a natural gas/air 
torch and then quenched by a cold water stream at 20 ~ The 
samples were cycled between the heating position for 10 rain 
and the quenching position for 2 min. Each sample was ther- 
mally cycled 100 times. 

The samples after thermal cycling were subjected to tensile 
adhesion tests according to ASTM C633-79. Subsequently, frac- 
ture surfaces of the samples were examined under a scanning 
electron microscope (SEM) equipped with energy-dispersive X- 
ray analysis capability (EDAX). The roughness of the fracture 
surfaces was measured by a surface profilometer. The bond coat 
materials were compacted and sintered, and the coefficients of 
thermal expansion were subsequently measured by a dilatome- 
ter from room temperature to 1030 ~ at a heating rate of 10 
~ in argon atmosphere. 

(a) (b) 

(c) 

Fig. 2 Scanning electron micrographs of fracture surfaces after tensile adhesion tests for the samples in Set 1 (a), Set 2 (b), and Set 3 (c), showing more 
localized tearing in Sets 1 and 2. The bond coat elements nickel, chromium, and aluminum were detected by EDAX for the samples in Set l, as indicated 
by the arrows in Fig. 2(a). 
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3. Results and Discussion 

No macrocracks were observed after thermal cycling of these 
samples. The average ultimate tensile strength and standard de- 
viation for samples in Sets 1 and 2 after 100 thermal cycles are 
shown in Fig. 1. Also shown are results of the tensile strength of 
the reference samples in Set 3 without thermal cycling. The fail- 
ure mode of the samples in Sets 2 and 3 was found to be cohe- 
sive, i.e., the fracture occurred within the top ceramic coating. 
There is no significant difference in the ultimate tensile stress 
between the samples in Sets 2 and 3. The ultimate tensile stresses 
are 10.3 + 0.3 MPa and 10.4 + 0.3 MPa for the samples in Sets 2 
and 3, respectively. However, the ultimate tensile stress of the 
samples in Set 1 is 8.9 + 0.8 MPa after 100 thermal cycles. The 
fracture surfaces of the samples in Set 1 were observed at the re- 
gion adjacent to the top coat/bond coat interface; the failure 
mode was adhesive. Although an equal number of three samples 
was used for each set for thermal cycling and tensile adhesion 
tests, statistical analysis (two tailed t-test with a 95% confidence 
interval) indicates that the mean ultimate tensile stress of the 
samples in Set 1 is significantly lower than that of the samples in 
Set 3, and there is no difference in the mean ultimate tensile 
stress between the samples in Sets 2 and 3. [4] 

The fracture surfaces at the substrate side after the tensile ad- 
hesion tests are shown in Fig. 2(a), (b), and (c) for samples from 
Sets 1, 2, and 3, respectively. Because the fracture surface of the 
samples in Set 1 was close to the top coat/bond coat interface, its 
fracture course followed a relatively flat contour of the bond 
coat/substrate. Consequently, the fracture surface of the sample 
in Set 1 is smoother than those of the samples in Sets 2 and 3. The 
surface roughness (Ra) was found to be 14.5 + 0.5 gm for the 
samples from Set 1, which is lower than those of the samples 
from Set 2 (16.7 + 0.3 gm) and the samples from Set 3 (15.7 + 
0.4 ~tm). Furthermore, the bond coat elements of nickel, chro- 
mium, and aluminum were detected by EDAX in the sample 
from Set 1 (the region is indicated by the arrows). 

Topographic features of the fracture surfaces of the samples 
in Sets 1 and 2 are different from those of the samples in Set 3. 
More localized tearing is present in the samples of Sets 1 and 2. 
This may indicate that a microcrack network was formed during 
initial thermal cycling. This type of microcracking had no detri- 
mental effect on the thermal cycling lifetime of thermal barrier 
coatings. [5] Although the topographic features of the fracture 
surfaces of the samples in Sets 2 and 3 were not identical, and the 
thermal history was not the same, the ultimate tensile stress, in 
fact, was comparable. 

In another study, [6] the adhesion strength of the plasma- 
sprayed coatings (yttria-stabilized zirconia top coat on a steel 
substrate without bond coat) was reduced by 25% after heat 
treatment at 1150 ~ for 10 h was carried out. When a NiCrA1Y 
bond coat was applied between the top coat and the substrate, the 
fracture locus was shifted to the top coat away from the inter- 
face, and the strength was significantly increased. These experi- 
mental results are consistent with the current findings that 
thermal processes (either by thermal cycling or heat treatment) 
degrade coating adhesion strength when a suitable bond coat is 
not applied. 

The difference in average ultimate tensile stress of the sam- 
ples in Sets 1 and 2 is most likely due to thermal mismatch stress 

Fig. 3 Finite-element representation of the mesh and temperature dis- 
tribution within a tensile adhesion test specimen. Only the coating sys- 
tem and the substrate plug are shown. The upper part of the diagram in- 
dicates the mesh that was used; the closer spacing of lines represents 
the bond coat and top coat. The lower half of the figure indicates the 
temperature contours along the mid-plane (length orientation) of Set 1 
specimens at the thermal equilibrium condition during heating. The 
isothermal lines are in increments of 100 ~ 

at the top coat/bond coat interface region. The bond coat of the 
samples in Set 2 contains 40% (by volume) silicates, which lead 
to a lower thermal mismatch stress during thermal cycling and 
less microcracking at the interface, resulting in a higher ultimate 
tensile stress and a fracture plane within the top ceramic coat. In 
the case of Set l,  a high thermal mismatch stress contributes to 
microcrack formation along the top ceramic coat in the vicinity 
of the top coat/bond coat interface, resulting in a lower ultimate 
tensile stress and a fracture plane along the interface. The ther- 
mal mismatch stress at the interface is due to differences in coef- 
ficients of thermal expansion of the coatings and the 
temperature nonuniformity during thermal cycling. This stress 
was acting parallel to the coating surface and would open cracks 
by a shearing mechanism.[ 7] During thermal cycling, when the 
shear stress exceeded the fracture stress of the top coat, mi- 
crocracks may have initiated and propagated along the interface. 
This in turn degraded the fracture strength of the top coat and, 
consequently, resulted in decreased ultimate tensile stress in the 
subsequent tensile adhesion tests. 

The thermal mismatch stress at the top coat/bond coat inter- 
face is estimated using a calculated temperature field and coeffi- 
cient of thermal expansion. The coefficient of thermal 
expansion of bulk zirconia range from 9 to 11 x 10-6/K. [8] The 
coefficient of thermal expansion of plasma-sprayed yttria par- 
tially stabilized zirconia is 10 x 10-6/K, [9t which was used in the 
calculation for the top coat in this study. The measured average 
coefficients of thermal expansion (25 to 1030 ~ of the NiCrAI 
and NiCrA1/bentonite sintered compacts were found to be 19.8 
and 13.6 • 10-6/K, respectively. Athermal coefficient of expan- 
sion of 17.1 • 10-6/K was used for the HX substrate. [l~ 
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The temperature field was calculated by solving the energy 
equation for heat conduction in the samples using the Phoenis 
code.[ 11] Because the temperature gradient was more significant 
in the front where heating was applied, finer grids were used. 
The grids are shown in the top half of the cross section along the 
cylinder axis in Fig. 3. The other half of the figure shows the 
temperature field in a sample of Set 1 at a thermal equilibrium 
condition during heating. The calculated thermal mismatch 
stresses indicate that the stress is 40% lower for the samples in 
Set 2 compared to those in Set 1. 

In Ref 12, a metallic bond coat (identical to that used in Set 1) 
was recommended for high-temperature practical applications 
at 980 ~ presumably without significant oxidation. In the pre- 
sent study, thermal cycling lasted only 7 h at 960 ~ and hence, 
oxidation of the metallic components in the bond coat and the 
substrate could not contribute to the degradation of bond 
strength. It would be interesting to investigate the bond strength 
obtained by the tensile adhesion tests as a function of the number 
of thermal cycles. In this way, the thermal barrier coating failure 
process due to thermal mismatch of the system, and due to oxi- 
dation of bond coat and/or substrate, could be distinguished and 
monitored. 

4. Conclusions 

Thermal cycling combined with tensile adhesion tests were 
applied to two types of thermal barrier coatings. It was found 
that degradation in bond strength and failure mode can be re- 
lated to the composition of the bond coat. The different coeffi- 
cients of thermal expansion of the bond coats resulted in 
different thermal mismatch stress levels at the top ceramic 
coat/bond coat interface. 
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