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Thermal Fracture Mechanisms in
Ceramic Thermal Barrier Coatings

K. Kokini, B.D. Choules, and Y.R. Takeuchi

Ceramic thermal barrier coatings (TBCs) represent an attractive method of increasing the high-tempera-
ture limits for systems such as diesel engines, gas turbines, and aircraft engines. However, the dissimilari-
ties between ceramics and metal, as well as the severe temperature gradients applied in such systems,
cause thermal stresses that can lead to cracking and ultimately spalling of the coating. This paper reviews
the research that has considered initiation of surface cracks, initiation of interfacial edge cracks, and the
effect of a transient thermal load on interface cracks. The results of controlled experiments are presented
together with analytical models. The implications of these findings to the differences between diesel en-
gines and gas turbines are discussed. The importance of such work for determining the proper design cri-

teria for TBCs is underlined.

Keywords diesel engines, edge cracks, gas turbines, interface cracks,
thermal barrier coatings, thermal fracture

1. Introduction

HIGH-TEMPERATURE SYSTEMS such as diesel engines, gas tur-
bines, and jet engines need the development, design, and use of
materials that can make it feasible to leap to the temperature re-
quirements of next-generation systems. Ceramic thermal barrier
coatings (TBCs) offer an attractive means of protecting the cur-
rent metallic components. On the other hand, the significant dif-
ferences in properties between ceramic and metal, as well as the
severe environments that these materials have to survive, pre-
sent challenging scientific problems, because under these cir-
cumstances these systems tend to delaminate and spall. Many
studies have considered the time to spalling under different con-
ditions (Ref 1-3). One significant contributor to such spalling is
oxidation of the bond coat in conditions that simulate jet engine
applications (Ref 4, 5). However, even in diesel engines where
conditions do not lead to oxidation, spalling has been found to
limit the use of TBC (Ref 6). Consequently, there has been a
more concentrated effort in recent years to study the mecha-
nisms of crack initiation and propagation in TBCs under con-
trolled experimental conditions. This paper reviews such efforts
by the present authors and presents the results obtained with re-
spect to surface crack initiation and the implications for using
functionally graded materials systems. The differences between
diesel engines and gas turbines/jet engines from the perspective
of TBC design are shown. The results for edge crack initiation
are also reviewed with similar conclusions.

2. Initiation of Surface Cracks

The objective of this work was to identify the mechanisms by
which the first crack initiates on the surface of a multilayer,
graded ceramic TBC. The experimental conditions were de-
signed to simulate thermal loadings that are encountered in the
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combustion chamber of a diesel engine. The materials system
used was one that was experimented with on the surface of a pis-
ton. The beam specimens shown in Fig. 1 were subjected to a
concentrated line heat flux at the surface (Ref 7). The specimen
was made of a steel substrate with a bond coat (CoCrAlY), a
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Fig. 1 One-half of beam-shaped specimen used for surface crack in-
itiation studies
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Fig. 2 Boundary conditions representing the thermal loading under
the heat lamps
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0.508 mm (0.02 in.) thick layer of 40% zirconia with 60% bond
coat, followed by a 0.508 mm (0.02 in.) thick layer of 85% zir-
conia/15% bond coat and, at the surface, a 1.016 mm (0.04 in.)

16 3
153 -
3 reconia
14 3 85/15
40/60
— 3 3 Bond
E 1273
E 13
o 10
§ 0
S -
c %73
o 7 3
c E
5 6 _; Steel
8§ 59
S 43
33
23
13
o = 1 l’\l L] l TV T I T ¢ 1 1 ] L LR B ] l L Mt N e I T 11
0 200 400 600 800 1000 1200
Temperature (°C)
— O sec © 50 sec 4 100 sec -+ 150 sec

Fig.3 Calculated temperature distribution in the specimen at differ-
ent times
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Fig. 4 Stress distribution across the coating/substrate profile. Stage

1: Residual siress. Stage 2: Steady-state heating. Stage 3: Stress relaxa-
tion for 2 h. Stage 4: Uniform cooling to room temperature
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thick layer of 100% zirconia. Figure 1 represents one-half the to-
tal length of the specimens used.

The experimental setup consisted of two high-intensity infra-
red focused lamps that projected a line heat flux at the center of
the specimen. The bottom of the steel substrate was cooled by a
water-cooled copper plate. The experimental boundary condi-
tions are shown in Fig. 2. These conditions were obtained by
performing detailed temperature measurements that were then
fitted into a finite element model.

The experimental procedure consisted of subjecting the sur-
face to the heat flux until steady-state conditions were reached,
keeping it at steady state for 2 h, and then allowing it to cool to
room temperature. The caiculated temperature distribution
caused by this thermal loading history is shown in Fig. 3. All
such experiments resulted in crack formation at the surface (x =
0 in Fig. 1), in the region where the heat flux was concentrated
(Ref 7). The stress distributions, calculated using the finite ele-
ment method at the different stages of the thermal loading proc-
ess, are shown in Fig. 4. The surface was under some residual
in-plane compression due to an assumed uniform cooling from
a manufacturing temperature of 590 °C. The application of the
heat flux caused increased compression. However, this com-
pressive stress was relaxed after 2 h at steady state, and when the
specimen was cooled to room temperature a tensile stress was
generated that is believed to have initiated the crack. This
mechanism was confirmed by measuring the variation of strain
at the bottom of the substrate in a different specimen configura-
tion (Ref 8).

3. Initiation of Edge Cracks

In order to study the effect of a transient thermal load on the
initiation of edge cracks in TBCs, the experiment described
above was modified by allowing the line heat flux to be applied
over the length of the specimen (Fig. 5). Also, in order to signifi-
cantly decrease the effect of stress relaxation, the coating was
made of multiple layers of mullite instead of zirconia (Fig. 6).
Besides its reduced stress relaxation behavior, mullite exhibits a
lower thermal expansion coefficient than zirconia. As a result,
when water cooling was applied at the bottom of the substrate, it
was not possible to obtain any cracking. Thus, the experimental
procedure was modified by removing the water cooling and al-
lowing the substrate to be exposed to air. The control of the ther-
mal loading (and therefore of the stresses) was then provided by
controlling the time of heating and applying convective surface
cooling with the help of an air jet. A typical example of the tem-
perature-time history for the surface and substrate is shown in
Fig. 7. These calculated temperature values match experimen-
tally measured ones. The corresponding in-plane stress versus
time, calculated at the center of the surface of the coating, is
shown in Fig. 8.

At the end of the heating process (¢ = 120 s), the surface was
under a small tensile stress. When the air jet cooling was acti-
vated at the same instant, a significantly larger transient maxi-
mum tensile stress was obtained. If further heating had been
allowed, the stresses would have reached the same level of ten-
sion without the cooling, because as the temperature in the
specimen became more uniform with time, the substrate would
have expanded more than the surface, causing a tensile stress to
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develop. The transient peak stress during cooling is plotted in
Fig. 9 as a function of the temperature difference between the
coating surface (7,) and the substrate (T}) for different values of
T, at the instant when the heating is terminated and the cooling
isinitiated. This shows that as 7 increases, the surface stress in-
creases. Similarly, as (T, - T,) decreases, the stress also in-
creases. Therefore, for applications such as diesel engines,
where the surface temperature is relatively low (~800 °C) and
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Fig. 5 Schematic of side view and top view of beam specimen and
the applied thermal loading for edge crack initiation experiments
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Fig. 7 Calculated temperature vs. time for coating surface and sub-
strate
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the temperature difference (T, — T) is relatively large due to ag-
gressive cooling, mullite is an excellent alternative to zirconia in
terms of durability, at least as measured by stresses resulting
from differential thermal expansion of the cracking and sub-
strate. However, for a jet engine application, where T is large
and (7. — T) is small, the same material would result in signifi-
cant surface cracking.

The behavior of the edge of the interface is impossible to
quantify in terms of stresses, because these become singular at
the edge (Ref 9). Consequently, these stresses are expressed in
terms of quasi-stress intensity factors K (opening mode) and K
(shearing mode) as:
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Fig. 6 Beam specimen used for edge crack initiation studies
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Fig. 8 Surface stress at the center of the beam specimen shown in
Fig. 6 vs. time
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o, =K, rB (Eq2)

where Oy, and Gy, are respectively the stress component normal
to the interface and the shear stress component. The parameter r
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Fig. 9 Maximum surface stress at the center of the beam specimen
shown in Fig. 6 vs. (T, - Ty)
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represents the distance from the free edge, while B is an expo-
nent that quantifies the strength of the singularity.  is dependent
on the Young’s moduli, the Poisson’s ratios of the two materials,
and the geometry of the edge of the interface. The details of the
calculations related to determining K and K, when subjected to
a transient thermal load are presented elsewhere (Ref 10). In
general, the time-dependent behaviors of K and K are similar
to that of the surface stress when subjected to the transient ther-
mal load. Therefore, in Fig. 10(a) and (b) the values of the maxi-
mum K and K, respectively, at the edge of interface 3 are
plotted versus (T - T) for different values of 7. For both quan-
tities the magnitudes are largest when 7T is large and (T, — Ty) is
small.

In Fig. 10, the values of K| and K atinterface 3 are given be-
cause the experiments showed that crack initiation always oc-
curred at the 60/40 bond coat interface. This is also the interface
that experiences the largest magnitude of K. In general, reduc-
ing the magnitudes of K; and K> should reduce crack initiation at
the edge. Figure 10 shows again that thermal loading conditions
encountered in an aircraft engine would be detrimental to the
edge compared to conditions in a diesel engine.

4. Initiation of Interface Cracks

An interesting aspect of thermal fracture mechanisms of
TBCs is cracking of one of the interfaces between any of two
layers in a multilayer material system. In particular, the question
of which interface is most likely to exhibit crack initiation and
how to predict it is a challenging one. In order to develop some
understanding of the mechanics of such processes, a model was
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Fig. 10 (a) Maximum K| vs. (T, - T;) for interface 3 of the beam specimen shown in Fig. 6 (B3 = 0.0049). (b) Maximum K> vs. (T — T) for interface

3 of the beam specimen shown in Fig. 6 (83 = 0.0049)
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used that considered the presence of an interface crack of length
a =0.3175 mm between the top layers (Fig. 11). The cases of a
zirconia coating and a mullite coating were considered.

The model was used to simulate the effect of applying a tran-
sient thermal load at the surfaces due to a heat flux generated by
high-intensity infrared lamps or a high-power (1.5 kW) CO, la-
ser. The distribution of the heat flux on the surface due to each
method of heating is shown in Fig. 12. In Fig. 11 and 12, x=0
shows the center of the specimen. Thus, the specimen and the
heat flux are symmetric about x = 0. The sides and bottom of the
specimen were cooled by free convection (h = 5W/m? - K, T, =
300K). The specimen was heated for 3 min with the lamp and for
5 s with the laser. After the transient heating, the specimen was
allowed to cool to room temperature.

The finite element software package ABAQUS (Hibbitt,
Karlsson and Sorensen, Inc., Providence, RI) was used to model
the specimen. Plane-strain, eight-node quadrilateral elements
were used for the calculation of the transient temperature and
stress distributions. The model assumed the crack to be insu-
lated. From this model the transient opening (Av) and shearing
deformations (Au) near the crack tip were calculated. This infor-
mation was then used to calculate the transient strain energy re-
lease rate, G, due to the thermal load. The equations used for
calculating G have been presented elsewhere and will not be re-
peated here (Ref 11, 12).

The measured surface temperature for both zirconia and mul-
lite specimens are shown in Fig. 13. The calculated temperature
distribution around the surface of the crack, immediately before
cooling, is presented for each case in Fig. 14. It is clear that the
assumption of an insulated crack results in a large temperature
change across the crack.
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Fig. 12 Distribution of heat flux applied on the surface for interface
crack
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The calculated crack openings Av near the crack tip at a dis-
tance of r = 7.94 x 10 mm are presented in Fig. 15. The largest
crack opening occurs for the mullite interface subjected to laser
heating. Clearly the zirconia experiences a larger crack tip open-
ing under laser heating than under the heat lJamps. On the other
hand, the largest crack tip shearing deformation shown in Fig.
16 is experienced by the zirconia interface subjected to laser
heating. The resulting transient strain energy release rates
shown in Fig. 17 indicate that the largest G is experienced by the
zirconia coating subjected to laser heating followed by cooling.
In particular, the laser heating should result in a significantly fa-
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Fig. 11 Model of half a beam specimen used to study the behavior of
an interface crack. (y = 0 is the bottom of the substrate and x = G is the
center of the specimen.)
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Fig. 13 Surface temperature at x = 0 vs. time for the different thermal
loadings
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Fig. 14 Temperature distribution around the surfaces of the crack at
the time of maximum surface temperature. (x = 0 is the center of the
crack as shown in Fig. 11}

cilitated interface crack propagation process compared to the in-
frared lamp heating. If it is therefore assumed that the laser heat-
ing simulates conditions similar to those encountered in a gas
turbine/aircraft engine, delamination of the interface is expected
to gccur sooner in this system than in a diesel engine. On the
other hand, itis possible that mullite could be more resistant than
zirconia to such delamination. These predictions have not been
verified experimentally and are the subject of ongoing investi-
gations.

5. Conclusions

Ceramic TBCs are subjected to varous transient ther-
momechanical loads during their use that result in different po-
tential crack initiation and propagation mechanisms. The results
presented above consider three mechanisms: surface cracking,
free-edge cracking, and interface cracking.

Surface cracking is shown 1o initiate, in the case of zirconia
coatings, from stress relaxation at high temperature, which de-
crease the compressive stresses due to heating over time and re-
sults in tensile stresses upon cooling. The use of a material such
as mullite, which does not relax as much as zirconia, was shown
to result in at least an order of magnitude increase in the life of
the coating (Ref 13, 14). It was also shown that, while the mullite
is an excellent substitute for zirconia in a diesel engine, the same
would not be true in a gas turbine, because of the significantly
different thermal loading conditions.

In the case of edge crack initiation, the results showed that
the singular nature of the stresses does not allow a stress crite-
rion to be used. The edge does experience both opening and
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Fig. 15 Crack tip opening vs. time at r = 7.94 x 10~ mm from the
crack tip

shearing modes of stress intensity factors, which like surface
stresses behave considerably differently in diesel engines and
gas turbine environments.

The interface cracks subjected to different transient thermal
loading conditions experience significantly different opening
and shearing deformations, as well as different total strain en-
ergy release rates, G. The significance of each of these quantita-
tive measures to crack propagation needs to be determined by
experimental work, which is in progress.

It is clear, however, that the design of a TBC is a complex
process that has to consider the thermal loading and other condi-
tions that can be vastly different from one application to another.
In each case, the design process needs to establish criteria for ac-
ceptability from the point of view of delaying crack initiation
and propagation processes. On the other hand, since the function
of a TBC is to protect metallic substrates from high tempera-
tures, the thermal resistance of the coating is also an important
consideration.

In recent years, the worldwide research efforts related to
functionally graded material systems have offered additional
design opportunities, while at the same time complicating the
design equation (Ref 15, 16). It has been shown by the present
authors, however, that a functionally graded coating can be de-
signed which would resist surface cracking, as well as a very
thin coating with an increased thermal resistance (Ref 17).
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