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The nanostructured and the conventional ZrO, coating samples were thermal shocked at a series of temperatures. The elas-
tic modulus and the hardness of two kinds of coatings were investigated by the nanoindentation tests. The results show that the
corresponding mechanical properties of the conventional coatings increase monotonically with increasing temperature difference
of the thermal shock. While the modulus and the hardness of the nanostructured coatings fluctuate slightly with increasing ther-
mal shock temperature difference. Furthermore, the interface energy release model of the thermal shock strain energy was pro-
posed for the nanostructured coatings. The theoretical prediction agrees with the experimental result.

Introduction

Ceramic coatings are widely used in biomedicine,
aerospace, mechanical, chemical, and electrical engineer-
ing because of their excellent thermal insulation, wear
resistance, and corrosion resistance.! In some service con-
ditions of ceramic coatings, thermal shock frequenty
occurs, for example, the blades of the gas turbine
engines, with surface thermal barrier ceramic coatings,
may experience abrupt temperature change above
1000 K during cooling from the hot gas stream,” there-
fore, in-depth understanding of the mechanism of ther-
mal shock resistance and the influence of the thermal
shock on mechanical properties of the ceramic coating
systems becomes significant. Some relevant studies on
the thermal shock resistance of the thermal barrier coat-
ings have been reported. Liang er al. investigated the
thermal shock resistances of the nanostructured and the
conventional zirconia coatings deposited by the atmo-
spheric plasma spraying and found that the nanostruc-
tured coatings possess better thermal shock resistance
than the conventional coatings, the endured thermal
shock cycle number of the nanostructured coatings
before failure increases about 2.5 times.” At the same
time, the different microscopic fracture modes in the
shock,

domination and the intergranular (interface) fracture

thermal the transgranular (volume) fracture

domination for the conventional coatings and the nano-
structured coatings, respectively, were found.? Gerolamo

*lianglh@Inm.imech.ac.cn
© 2014 The American Ceramic Society

et al* also found the endured thermal shock cycle num-
ber of the nanostructured coatings increases about 2.5
times than the conventional coatings and attributed the
higher thermal shock resistance to the special microstruc-
ture of the nanostructured coatings. Jamali ez 4/ found
the endured thermal shock cycle number of the nano-
structured coatings increases about 1.5 times and attrib-
uted the higher thermal shock resistance to the lower
elastic modulus and thus lower thermal stress. Song
et al® found the enhanced thermal shock resistance of
the ceramics with the surface nanostructurization and
attributed it to the hydrophobic structure of the surface.
The lower thermal conductivity and the better thermal
protect effect of the nanostructured coatings have been
found,”® which explain the better thermal shock resis-
tance partly. However, the mechanical mechanism of the
increased thermal shock resistance of the nanostructured
coatings is not clear due to the different reports of the
elastic modulus of the nanostructured coatings. For
example, different from the Jamali’s report, Keyvani
et al’ found the higher elastic modulus of the as-sprayed
nanostructured coatings compared with the as-sprayed
conventional coatings.

As the elastic modulus is closely related to the ther-
mal stress and the elastic strain energy produced in the
thermal shock, the elastic modulus and the hardness of
the thermal barrier coatings have been studied in many
works,” 1®  the change of the elastic modulus with
1213 and the change
with the thermal cycling have been reported.'" The elas-

annealing temperature and time,

tic modulus increases intuitively with heating tempera-
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ture and thermal cycling, as the sintering of ceramics
occurs usually during heating."'™'? Moreover, Keyvani
et al’ found the increase of the elastic modulus of the
nanostructured coatings with increasing heat treatment
time is weaker than the conventional coatings, and thus,
the modulus of the nanostructured coatings is lower than
the conventional coatings after the heat treatment despite
the higher modulus of the as-sprayed nanostructured
coatings. However, the effect of thermal shock on the
elastic modulus of the ceramic coatings is rarely reported.
What is ever the intrinsic relation between the mechani-
cal properties and the thermal shock resistance, and what
is the mechanism underlying the higher thermal shock
resistance of the nanostructured coatings? The answers to
the questions provide not only the guide in the applica-
tion of the nanostructured coatings, but also the promo-
tion in the scientific understanding of nanoscale thermal
and mechanical coupling behavior.

In this study, the effects of the thermal shock on the
elastic modulus and the hardness of the nanostructured
coatings were compared with those of the conventional
coatings, and the corresponding interface energy release
model was proposed, based on the competition of the
elastic strain energy produced in the thermal shock and
the inner interface fracture energy, to reveal the mecha-
nism underlying the higher thermal shock resistance of
the nanostructured coatings.

Experimental

The thermal barrier coatings samples used in this
study consist of the YSZ (8 wt% Y,0j5 stabilized ZrO,)
top coats prepared by the standard atmospheric plasma
spraying method,®'* the NiCrAlY (25.42 wi%Cr-5.1 wt
%AI1-0.48 wt%Y) bond coats prepared by the high veloc-
ity oxygen fuel method, and the Ni-based superalloy sub-
strates. The detailed preparation process and parameters
are referred to Ref. 14. The thicknesses of the top coats,
the bond coats, and the substrates are approximately
0.15> mm, 0.05 mm, and 2.8 mm, respectively. The
diameter of the samples is about 15 mm. Two kinds of
ceramic coatings were prepared using different raw pow-
ders, one kind of coatings possess the grains of about 40—
100 nm diameter prepared from the nanostructured YSZ
powder,8 and the other kind is the conventional coatings
with bulk splat grains of 200 pm diameter and 2 pm
thickness prepared from the conventional YSZ powder.®
The porosity of the nanostructured coatings and the con-
ventional coatings is 8% and 14%, respectively.® At least,
12 samples were prepared for each kind of coatings for
the thermal shock test of different temperatures. The

microstructure of the samples was observed by the FEI
Sirion 400 NC scanning electron microscope (SEM).
The average porosity of the coatings after the thermal
shock was estimated by image analyzing based on the
cross-section micrographs of the coatings, and the average
value of at least three micrographs (with the smallest area
of about 60 pim x 50 pm) for each sample was taken.

Two kinds of coating samples (three samples for
each kind for each test) were heated with a rate of 20 K/
min up to a preset temperature 7, (473 K, 773 K, and
1073 K, respectively) in the KSW5-12 box resistance
furnace and held at 7, for 20 min. After that, the heated
samples were quickly placed into water at the ambient
temperature (the room temperature 298 K) for quench-
ing and maintained for 10 min. Therefore, the tempera-
ture difference A7 of the thermal shock is 175 K,
475 K, and 775 K, respectively.

The coating surface of the samples, including the as-
sprayed samples and the samples after the thermal shock,
was ground and polished, then the mechanical properties
of the coatings were measured by the nanoindentation
tests using the Tribolndenter Nanomechanical Test
Instrument (HYSITRON) based on the classical Oliver
and Pharr method."” All samples were ground and pol-
ished to the same degree, and the tests were all con-
ducted at a same depth (about 15 pum) from the outer
surface of the samples. All indentations were carried out
with a triangular pyramid Berkovich diamond indenter.
The total number of measurement points for each sam-
ple is 20, and the measurement points were distributed
as possible as uniformly on the surface of the coatings.
The indentation depth is 300 nm, and the maximum
load is 3 mN in the test. The rate of the indentation is
600 pN/s. The loading time is 10 s. The typical distance
between two neighboring sites is above 50 im aiming to
avoid possible interference of measurements. During the
indentation test, the indentation load and depth were
measured by the load cell and the gap sensors. The elas-
tic modulus and the hardness were calculated based on
the load-depth curves, and the average value of 20 mea-
sured data were taken for each sample. Moreover, the
Vickers hardness of the coatings was measured using the
microhardness tester MH-6 under the load 9.8 N to
compare with the results of the nanoindentation test.

Results and Discussions

Figure 1 shows the change of the elastic modulus £
and the hardness A of the nanostructured and the con-
ventional coatings with the thermal shock temperatures
based on the results of the nanoindentation tests. It can
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Fig. 1. The change of the elastic modulus E and the hardness H
of the coatings with heating temperature of the thermal shock, the
subscripts n and b represent the nanostructured and the conven-
tional coatings, respectively.

be seen from that after the thermal shock in the heating
temperature range from 473 K to 1073 K, £, and H, of
the nanostructured coatings fluctuate = slightly with
increasing temperature difference of the thermal shock,
while Ej, and H, of the conventional coatings increase
monotonously with increasing temperature difference.
For the as-spayed coatings before the thermal shock, the
average Young’s modulus of the nanostructured coatings
E, and the conventional coatings £, are in agreement
with previous reports well””'*'® as shown in Table I; the
average hardness of the nanostructured coatings H, and
the conventional coatings H), are also close to the data in
the literatures'>'® showed in Table I. The elastic modu-

Table I. Comparisons of E and H of the as-sprayed
Nanostructured and Conventional Coatings Between
our Test Results and the Results from Other Groups

E (GPa) H (GPa)
Nano. (7) 161.2¢ 1557 160'°  11.6* 10.5
Conven. (b)) 101.4* 96.47 948 54* 42

Our measured average value.
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lus and the hardness of the as-sprayed nanostructured
coatings are both higher than those of the as-sprayed
conventional coatings. The measurements of the microh-
ardness show the same result and the same trend with
the thermal shock temperature. Note that no matter
which method, the nanoindentation'? or the Vickers and
Knoop indentations,"" the change trend of the modulus
and the hardness with the annealing time or the thermal
cycle number is the same.

Although the elastic modulus of the nanostructured
coatings is higher than that of the conventional ones
for the as-sprayed coatings due to the smaller porosity,
E, is lower than E, after the thermal shock of about
800 K as shown in Fig. 1, which may be resulted from
the different microstructure changes with the thermal
shock temperatures. For the conventional coatings, the
increased thermal stress and the elastic strain energy,
which is proportional to the elastic modulus, would be
produced in the sequent thermal shock cycle as the
elastic modulus increases after the forestalled thermal
shock. But for the nanostructured coatings, the thermal
shock stability of the elastic modulus would improve
the thermal stress and the thermal strain energy in the
sequent thermal shock cycle, which is similar to the
previous report that the thermal stress and the elastic
modulus of the nanostructured coatings are lower than
those of the conventional coatings with the thermal oxi-
dation time although the initial thermal stress and the
elastic modulus of the nanostructured coatings are
higher.9

As above mentioned, the elastic modulus difference
of the ceramic coatings should be related with the micro-
structure difference. Figure 2 shows the representative
cross-section micrographs of the as-sprayed nanostruc-
tured coating (Fig. 2a) and the conventional coating
(Fig. 2b), it can be seen that the porosity of the former
is lower than that of the latter, which explains the higher
initial elastic modulus of the nanostructured coatings as
shown in Fig. 1. For the as-sprayed nanostructured coat-
ings and the conventional coatings, the porosity-depen-
dent modulus can be expressed as

Table II. The Porosity of the Conventional and Nanostructured Coatings after the Thermal Shock based on the
Cross-Section Micrographs (SEM) and the Image Analyzing

AT (K) 0 175 475 775
Conven. (b) 0.140 £+ 0.003 0.095 £ 0.003 0.086 £ 0.001 0.081 £ 0.008
Nano. (n) 0.084 £ 0.005 0.068 £ 0.011 0.138 £ 0.013* 0.050 = 0.018

“The value may not be representative as it is the result of the spare sample due to the previous failure of preparing SEM sample and collecting micro-

gl'aph.
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Fig. 2. The representative cross-section micrographs of the as-
sprayed nanostructured (a) and the conventional (b) coatings
obtained by the SEM showing the smaller porosity of the nano-
structured coatings.

E, = Eyexp(—ap,), (1.1)
E,=E exp(—ap;,), (1.2)

respectively, based on the simple, classical expression of
porous materials,'”” E, is the elastic modulus for the
dense ceramics, « is a constant related to the materials,
and p is the porosity. It can be seen from Fig. 1 that
E, =161 GPa and E, =101 GPa for the as-sprayed
coatings, combining with p, = 0.08 and p, = 0.14,° by
substituting these quantities into Eqs. (1.1) and (1.2),
a=7.7 and E, = 298 GPa can be obtained, the result
of the Young’s modulus is in agreement with the calcu-
lated result of ZrO, crystals without porosity.'”

When the effect of the thermal shock is considered,
which may change the microstructure and the porosity
of the coatings and thus change the elastic modulus,
substituting parameters 4 and E, into Eq. (1.2) for the
conventional coatings, the following equation can be
obtained
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Ey(AT) =298 x exp [~7.7p,(AT)), 2)

where AT in the parentheses represents the temperature
difference of the thermal shock. For the as-sprayed con-
ventional coatings before the thermal shock, that is,
when AT=0, E0) =101 GPa and p,(0) = 0.14.
When AT = 775K, E,775) = 164 GPa can be seen
from Fig. 1, by substituting the value into Eq. (2),
p5(775) = 0.08 can be obtained, agreeing with our
experimental observation well as shown in Table II.
Table II shows the porosity change of the coatings with
the thermal shock temperature. It can be seen that the
average porosity of the conventional coatings decreases
monotonically with increasing temperature difference of
the thermal shock, which is reasonable as the sintering
occurs usually during heating before the quenching and
the microstructure becomes denser,""'*?% which explains
the monotonous increase of the elastic modulus of the
conventional coatings with the thermal shock tempera-
ture as shown in Fig. 1. Interestingly, the porosity of the
conventional coatings after the thermal shock of about
800 K is the almost same as that of the as-sprayed nano-
structured coatings as shown in Table II, which also
explains the reason that they have close elastic modulus
as shown in Fig. 1.

Figure 3 shows the change of the elastic modulus of
the coatings with changing porosity, it can be seen that
the relation between the measured elastic modulus and
the porosity for the conventional coating agrees with the
prediction in terms of Eq. (2) well. While for the nano-
structured coatings, the disperseness of the experimental
data, especially for the data after the higher temperature
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Fig. 3. The change of the average elastic modulus E with the
average porosity p. The curve is the prediction based on Eq. (2),
the circles and the squares are measured results for the conventional
and the nanostructured coatings, respectively.
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thermal shock (475 K and 775 K), is larger, this is
understandable as there are larger errors and uncertainty
in the porosity of the nanostructured coatings after the
thermal shock of 475 K as shown in Table II. At the
same time, the porosity of the nanostructured coatings is
smaller and the more microcracks along the particles’
interfaces appear after the thermal shock of 475 K as
shown in Fig. 4, the microcracks affect the elastic modu-
lus greatly. Note that there is no change nearly in the
elastic modulus of the nanostructured coatings after the
thermal shock of about 800 K, although the porosity of
the coatings decreases, which may be attributed to the
more inner interfaces of the nanostructured coatings and
the microcracks induced by the thermal shock of the
higher temperature. The microcracks can decrease the
elastic modulus importantly,'**"*? the detailed micro-
crack effect on the elastic modulus beside the porosity
effect can be referred to Ref. 21,22. On the other hand,
the microcracks correspond to the inner interface fracture
induced by the produced elastic strain of the nanostruc-
tured coatings in the thermal shock process as the grain
size is smaller and the total interface area is larger, and
the inner interface fracture is favorable to release the
thermal shock strain energy.

The microstructure of the nanostructured coatings is
the nanometer-scale grains of average diameter 70 nm,?
while the bulk splat grains of the conventional coatings
are about 200 pm diameter and 2 pm thickness,”® the
total inner interface area of the nanostructured coatings
increases about two orders than that of the conventional
ones in the same total volume of the coatings; therefore,
the elastic strain energy of the nanostructured coatings
produced in the thermal shock is easy to be released by
the inner interface fracture corresponding to the micro-

Fig. 4.

The representative surface micrograph of the nanostruc-
tured coating after the thermal shock of 475 K obtained by the
SEM showing the more microcracks along the interfaces of the par-
ticles.
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cracks. The total energy change AU of the ceramic coat-
ings after the thermal shock can be expressed as

AU = UV = ny;4,/2, (3)

based on the competition between two kinds of energies,
where U, is the elastic strain energy per unit volume pro-
duced in the thermal shock, V'is the total volume of the
coatings, v, is the released interface energy per unit area
by the grain boundary fracture between two neighbor
grains, 7 is the number of grains in the coatings, and A,
is the surface area of one grain. According to the ther-
modynamic laws, when AU <0, the process occurs
spontaneously, that is, the elastic energy produced in the
thermal shock can be released by the enough inner inter-
face fracture. Otherwise, the elastic energy is released by
the grain volume fracture, which will lead to the more
serious break of the coatings.

The elastic strain energy U, per unit volume of the
ceramic coatings produced in the thermal shock can be
expressed as

U, =S EGATY, (4)

simply, where o0 = 10 x 107® /K is the thermal expan-
sion coefficient of the ceramic coatings." By substituting
E, =161 GPa and AT =775 K into Eq. (4), the strain
energy of the nanostructured coatings U,, = 4.84 MPa
can be obtained. Combining with the total volume of
the coatings V= 2.65 x 10°® m® calculated by the
diameter of the samples and the thickness of the coat-
ings, U,V is the order of 10" J for the nanostructured
coatings as shown in Table III. For the conventional
coatings, substituting Ej, = 101 GPa and AT =775 K
into Eq. (4), U,, = 3.05 MPa, combining with the same
total volume of the coatings V, U,V is the order of
1072 J as shown in Table III. Although the total elastic
strain energy of the conventional coatings is smaller than
that of the nanostructured coatings due to the smaller
elastic modulus, the strain energy of one grain of the
conventional coatings is much larger than that of the
nanostructured coatings due to the much larger grain
volume.

The interface fracture energy should be the energy
difference between two surface energies after the fracture
and the interface energy before the fracture strictly,14
considering the close value of the surface energy and the
interface energy (several Joules per square meter), the
interface fracture energy per unit area between two
neighbor grains here can be approximately taken as the
grain boundary energy simply, that is, the solid—solid
interface energy. The solid—solid interface energy can be
calculated by the related thermodynamic parameters of



6 International Journal of Applied Ceramic Technology—Liang, et al. 2014

Table III. Comparison of the Strain Energy and the
Interface Energy between the Nanostructured and the
Conventional Coatings

Interface  Total

Volume release

energy
strain energy- change-
energy-U,V (J) nyAI2 (J) AU())

Nano. () 0.13 5.29 —5.16<0

Conven. (b) 0.08 0.06 0.02>0

the corresponding crystals,” y; = 4hS,HI(3V,,R), where
h=0.324 nm is the average bond length of the ZrO,
crystals (calculated by the lattice volume'®), S, = S,~R
is the vibrational part of the melting entropy with the
melting entropy S, = HIT,,** T, =2973K is the
melting point,” H = 87,500 J/mol is the melting
f:nthalpy,25 R is the ideal gas constant, and
V,, = 20.54 cm’/mol is the molar volume of the crystal
(calculated by the mass and the density?). According to
the above equation, vy, = 4.67 J/m* can be calculated
for the ceramic coatings. For the nanostructured coat-
ings, the surface area Ay = 1.54 x 107" m? for one
grain, and the number of the grains in the coatings 7,
= 1.47 x 10", thus the total interface energy 7, iAq/
2 is about 5] as shown in Table III, which is more
than one order larger than the elastic strain energy of
0.13, therefore, according to Eq. (3), AU <0, that is,
the elastic energy produced in the thermal shock can be
released by the interface fracture. However, for the
conventional coatings, the surface area Ay = 6.41 x
10~® m? for one grain, and the number of the grains
n, = 4.22 x 10°, the total interface energy nyYiAgl2 is
the order of 1072 ] as shown in Table III, which is
smaller slightly than the elastic strain energy, according
to Eq. (3), AU> 0, that is, the elastic energy produced
in the thermal shock is not easy to be released by the
interface fracture, but tends to be released by the vol-
ume fracture. In fact, the different microscopic fracture
modes, the transgranular (volume) fracture domination,
and the intergranular (interface) fracture domination for
the conventional coatings and the nanostructured coat-
ings, respectively, in the thermal shock have been found
experimentally (fig. 7 in Ref. 3), which are in agree-
ment with our analysis. And the interface energy releas-
ing mechanism can  explain  quantitatively  the
experiment results well, which also explains why the
nanostructured coatings have the better thermal shock
resistance.’

When the effective spherical grains with the diame-
ter D are considered, by substituting Eq. (4) into

Eq. (3), the following expression can be obtained

AU = ; [E(AT)? — 6y,/D. 5)

Equation (5) indicates that the total energy change
of the coatings after the thermal shock increases with
increasing thermal shock temperature and the size of the
microstructure when the elastic modulus, the thermal
expansion coefficient, the interface energy, and the vol-
ume of the coatings are constants as shown in Fig. 5. At
the certain thermal shock temperature, the total energy
change decreases with decreasing microstructure  size;
therefore, the nanostructured coatings are favorable to
release the thermal shock strain energy by the inner
interface cracking, and the critical grain size satisfying
AU=0 can be calculated. For example, when
AT =775 K, the critical effective diameter D is about
2 um based on Eq. (5), that is, when size of the effective
spherical gains is smaller than this critical size, the ther-
mal shock strain energy of the coatings can be released
by the enough inner interface fracture. When the ther-
mal shock temperature increases, the critical size
decreases. On the other hand, the elastic modulus of the
conventional coatings increases with the thermal shock
temperature; therefore, the total energy change increases
in the next thermal shock, and thus, the thermal shock
resistance is lower. Note that thermal mismatch between
the ceramic coatings and the alloy substrates is not con-
sidered here, only the properties of the ceramic coatings
is discussed. The interface thermal mismatch between
the nanostructured coatings and the substrates will be
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Fig. 5. The total energy change AU of the coatings as the func-
tion of the thermal shock temperature difference AT and the effec-
tive diameter D of the coating microstructure in terms of Eq. (5).
In Eq. (5), the elastic modulus is taken as the value of the as-
sprayed nanostructured coatings.
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studied in further work. The thermal expansion coeffi-
cient of the nanostructured coatings was assumed to be
same as that of the conventional ones, even if the ther-
mal expansion coefficient is different, as long as the dif-
ference is not obvious, there is no obvious change in the
thermal strain energy.

Conclusion

In summary, the change of the elastic modulus and
the hardness of the air plasma sprayed ceramic coatings
after the thermal shock of different temperatures was
investigated by the nanoindentation and the microhard-
ness tests. The results show that the Young’s modulus
and the hardness of the nanostructured coatings fluctuate
slightly as the temperature difference of the thermal
shock increases, while those of the conventional coatings
monotonously increase with increasing thermal shock
temperature difference. The stability of thermal shock of
the elastic modulus of the nanostructured coatings is
resulted from the more inner interfaces and enough
interface energy releasing, and the enhancement of the
elastic modulus of the conventional coatings is originated
from the decrease of the porosity. The different energy
releasing mechanisms explain the different microscopic
fracture modes for the nanostructured coatings and the
conventional ones. Therefore, in the temperature range
we studied, the mechanical properties of the nanostruc-
tured coatings are less sensitive to the change of tempera-
ture, which makes the nanostructured coatings present
the better resistance against the thermal shock.
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