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bstract

lasma-sprayed stand-alone coatings of 7 wt.% Y2O3–ZrO2 (YSZ), nominally 74 wt.% Al2O3–26 wt.% SiO2 mullite, and a 46:54 volume ratio
omposite of YSZ to mullite were examined using X-ray diffraction, dilatometry, and compression creep. X-ray diffraction and dilatometer results
howed that the as-sprayed predominantly amorphous mullite crystallized at 970 ◦C. Creep tests were conducted on all three coating types in the
s-sprayed condition at stresses from 40 to 80 MPa and temperatures of 1000–1200 ◦C. The primary deformation mechanism in coatings made

rom all three materials was stress-assisted densification of the porous coating. While the creep behavior of YSZ/mullite composite specimens was
etween that of pure YSZ and pure mullite specimens for all combinations of temperature and stress tested, the creep response of the composite
as more similar to that of pure mullite for all cases tested, consistent with mullite being the continuous phase in the composite.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Thermal barrier coatings (TBCs) are commonly used to pro-
ect metallic components of turbine engines that could melt
r oxidize at high service temperatures.1–9 Many TBC sys-
ems consist of a ceramic topcoat plasma-sprayed onto an
ntermetallic bond coat attached to a superalloy substrate. yttria-
tabilized zirconia (7 wt.% Y2O3–ZrO2 or YSZ) is commonly
sed as the ceramic topcoat in these systems because of its high
elting temperature (∼2700 ◦C) and low thermal conductivity

∼2 W/m/K).1 For example, a 200 �m thick coating of YSZ
an decrease the surface temperature of a metallic component
200 ◦C.2,5 This insulative layer can increase the efficiency

nd/or lifetime of key turbine engine components by affording
igher operating temperatures and/or by decreasing the temper-

ture of metallic engine components.6,7

In the as-sprayed state, YSZ coatings have a lamellar
icrostructure containing columnar grains perpendicular to

∗ Corresponding author.
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he substrate along with intralamellar cracks and interlamel-
ar pores.3,6,7 Upon engine start-up, the combustion of the fuel
xposes the top surface of the YSZ coating to temperatures of
200–1300 ◦C.4,10 Due to the low thermal conductivity and tran-
ient heating of the coating, a thermal gradient is established
hrough the thickness of the YSZ coating which results in a biax-
al compressive stress gradient through its thickness.8,11 Kokini
nd others have shown that plasma-sprayed coatings almost
mmediately begin to relax this stress.11–16 On engine cooling,

tensile stress gradient through the thickness of the coating
evelops in proportion to the amount of in-service relaxation
hat occurred. This tensile gradient can lead to through thickness
racks in the coating, which can eventually cause spallation and
ailure of the coating.11

If the amount of coating relaxation during initial heating is
educed, the magnitude of the tensile stress in the coating dur-
ng cooling should decrease. In the following work, a two-phase
omposite coating was designed, fabricated, and evaluated with

he overall purpose of reducing the creep response in compres-
ion. A blend of YSZ and mullite phases was chosen for this
ew topcoat. The thermal properties of both materials are com-
ared in Table 1.17 Mullite was chosen for its excellent creep

mailto:rtrice@purdue.edu
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.214


4676 E. Withey et al. / Journal of the European Ceramic Society 27 (2007) 4675–4683

Table 1
Comparison of the coefficient of thermal expansion (CTE), melting temperature, and thermal conductivity (kth) of YSZ and mullite17

Material CTE (◦C−1) (×10−6) Melting temperature (◦C) kth
a at 1000 ◦C (W/m/K)
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collet grips (MTS 646) and an alignment fixture (MTS 609), a
100 kN force transducer, SiC pushrods, and a high-temperature
furnace (Applied Test Systems, Inc.). Strain was measured using
SZ 10–11
ullite 5.3

a Based on dense specimens.

esistance.18,19 Kokini et al.15 predicted using analytical mod-
ls that mullite did relax less than YSZ at high temperatures.
n their models they showed that coatings of mullite did not
orm through thickness cracks on cooling, unlike the YSZ coat-
ngs tested under the same conditions. Yoon and Chen20 have
hown that rigid mullite inclusions in a tetragonal YSZ matrix
ecreased the creep rate of zirconia/mullite composites, and that
his effect increased with the mullite up to 50%. However, mul-
ite has a lower coefficient of thermal expansion (CTE) and a
igher thermal conductivity than YSZ, which could be detrimen-
al to the new coating design by increasing the CTE mismatch
etween coating and substrate and reduce its ability to insulate
he underlying metallic structure.

In this study, a composite thermal barrier coating made from
combination of YSZ and mullite was investigated. Powders

f each phase were mechanically mixed together, sprayed and
tand-alone coatings were formed. These coatings were com-
ression creep tested at temperatures of 1000 through 1200 ◦C
nd stresses of 40–80 MPa. The goal was to design a coating
ystem that crept less in compression than the industry standard
wt.% Y2O3–ZrO2 thermal barrier coating.

. Experimental procedures

.1. Sample preparation

Cylindrical tubes of YSZ, mullite, and YSZ/mullite compos-
te were fabricated by air-plasma spraying spray-dried 7 wt.%

2O3–ZrO2 (∼82 �m), fused and crushed mullite (∼100 �m),
nd a mechanically mixed combination of the two powders
nto a 12.7 mm diameter hollow aluminum rod (Praxair Sur-
ace Technologies (PST), Indianapolis, IN). YSZ coatings were
prayed using a PST 1108 torch, and a Metco F4 torch for the
ullite and composite coatings. Coatings of each material type
ere sectioned into 15–20 mm tall specimens using the pro-

edure specified by Dickinson et al.12 The two faces of each
pecimen were machined parallel on a lathe via a diamond tool.
he thickness of the coatings was ∼650 �m, with the inner diam-
ter set at 12.7 mm by the aluminum substrate. The aluminum
ubstrate was removed using a 40% aqueous HCl solution, after
hich specimens were ultrasonically cleaned in deionized water.

.2. Physical characterization

.2.1. SEM characterization

Micrographs of the coatings were taken with a Hitachi S4800

ESEM using an accelerating voltage of 5 keV. To determine
he fine grain features in each plasma-sprayed coating, sam-
les of each coating type were fractured by hand and viewed

a

∼2700 2.3
1828 3.7

n cross-section. The volume fraction of the YSZ and mullite
hases was calculated using a manual point-count method on
EM micrographs of the polished cross-sections of as-sprayed
pecimens.21

.2.2. Density measurements
The Archimedes’ method22 was used to determine the bulk

ensity of each cylindrical coating after ultrasonic cleaning.
he total porosity of the coatings was calculated using theo-

etical densities of 3.18 and 6.08 g/cm3 for mullite and YSZ,
espectively.23,24 The theoretical density of the composite coat-
ngs was determined using an upper bound rule-of-mixtures
pproach, utilizing the theoretical densities of YSZ and mul-
ite and the previously calculated volume fractions of YSZ and

ullite.

.2.3. Phase analysis
X-ray diffraction1 (XRD) was performed on pulverized mul-

ite specimens over 2θ values of 20–80◦ in the as-sprayed
ondition and after a 50 h heat treatment at 1400 ◦C in air. A
can rate of 10◦/min with a step size of 0.05◦ was used.

.2.4. Thermal expansion measurements
The average in-plane coefficient of thermal expansion for

ach coating type was determined by testing three or more
ylindrical specimens using a dilatometer (Orton Dilatometer
odel 2016STD). Each specimen was heated at 5 ◦C/min to

200 ◦C while simultaneously recording the change in height as
function of temperature. The CTE of each mullite and com-

osite specimen was determined between 200 and 550 ◦C, and
etween 200 and 800 ◦C for YSZ specimens. These temper-
ture ranges corresponded to the most linear behavior in the
ilatometer data. The predicted CTE of the composite coating
as calculated employing a rule of mixtures using the measured
olume fractions of YSZ and mullite.

.3. Creep testing

.3.1. Creep testing procedure
The in-plane creep behavior of YSZ, mullite, and the com-

osite stand-alone cylindrical coatings was measured using a
ervo-hydraulic load frame (MTS 810) outfitted with hydraulic
high-temperature extensometer (MTS 632.70H-01) with a res-

1 Siemens Kristalloflex Diffraktometer 500 using Cu K� radiation.
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Table 2
Average bulk density, total porosity, and thickness of as-sprayed coatings of coating type

Material Bulk density (g/cm3) Theoretical density (g/cm3) Total porosity (%) Thickness (�m)

YSZ 5.2 ± 0.2 6.08 14.5 ± 3.0 650
Composite 3.6 ± 0.1 4.51a 19.8 ± 2.0 670
Mullite 2.5 ± 0.1 3.18 21.4 ± 3.0 630
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in YSZ coatings and in the YSZ regions of the composite coat-
ings (Fig. 2). Both the pure YSZ and composite coatings also
showed columnar YSZ grains perpendicular to the lamellae
length (Fig. 2a and b). The fracture surface of the mullite speci-
a Calculated using rule of mixtures based on 46 vol.% YSZ/54 vol.% mullite.

lution of ±1 �m. The extensometer consisted of an alumina
ushrod that extended vertically through the center of the lower
iC pushrod platen and the hollow stand-alone coating. Strain
as determined by measuring the displacement between the
pper stationary SiC platen and the cantilever supporting the
lumina pushrod.13 Alignment of the load frame was adjusted
rior to testing the coatings to ensure that load was distributed
qually around the circumference of the sample. Alignment was
chieved by elastically loading a cylindrical aluminum speci-
en that had four strain gages2 positioned 90◦ from each other

n the outside surface. The alignment fixture was then adjusted
ntil identical strain readings were obtained from the same strain
age as it was rotated clockwise 360◦. For a 15 mm tall sample,
t was possible to measure strains to ±0.03%.

Creep samples were heated at 10 ◦C/min to 1000, 1100,
r 1200 ◦C and allowed to equilibrate for 15 min. Specimens
ere then loaded in compression at 20 N/s to stresses of 40,
0, or 80 MPa and held for 5 h. While past researchers have
rept YSZ coatings for as long as 70 h using similar cylindri-
al geometries,25 our initial creep investigations of mullite and
SZ/mullite composite coatings were intentionally kept short so

hat more testing conditions and replicates could be evaluated.
urther studies would be needed to isolate the long-term creep
ehavior of mullite and YSZ/mullite coatings.

Sample variability was determined by testing three of each
oating type at 40 MPa and 1000 and 1200 ◦C. This variability
as established to be ±0.09 and ±0.03% strain for YSZ and
ullite coatings, respectively, independent of the test tempera-

ure. For composite coatings the variability was ±0.05% strain
t 1000 ◦C and ±0.15% strain at 1200 ◦C. Small variations in
he initial elastic strain across materials and individual coat-
ngs of the same material were attributed to differences in the
orosity of each specimen. Thus, before comparing the plastic
reep behavior of each stand-alone coating the elastic strain was
ubtracted.

.3.2. Characterization of creep behavior
Within the limited time frame of the creep test, each sam-

le demonstrated an apparent steady-state strain rate that was
alculated from the slope of the linear portion of the creep data

etween 10,000 and 17,000 s. Comparison of these rates for each
oating type provided a basis for evaluating differences in coat-
ng response to combinations of stress and temperature. These
pparent steady-state stress rates, ε̇ss were also used to determine

2 Vishay Measurements Group, Raleigh, NC.

F
a
Y

he activation energy for each coating type according to:

˙ss = Aσn e−Q/RT (1)

here A is the material dependent constant, σ the applied stress,
the stress exponent, Q the creep activation energy in kJ/mol,
the universal gas constant (8.314 J/mol/K), and T is the test

emperature in Kelvin.26 For specimens that failed during the
reep test, the steady-state strain rate was calculated from the
inear portions of the data prior to the tertiary creep regime.

. Results and discussion

.1. As-sprayed microstructure

The average amount of mullite in a composite coating was
alculated to be 54 ± 4 vol.% from seven images taken randomly
hroughout a typical composite specimen. An example of an
mage analyzed is shown in Fig. 1. The calculated theoretical
ensity of the YSZ/mullite composite based on these measure-
ents is presented in Table 2 along with the theoretical densities

f YSZ and mullite and the average bulk densities and total
orosities of each type of coating. Total porosity was highest in
he mullite and YSZ/mullite composite specimens.

Fracture surfaces of as-sprayed coatings revealed a stacked
amellar pattern with interlamellar pores and intralamellar cracks
ig. 1. Back-scatter SEM micrograph of an as-sprayed composite coating taken
t a random location in the composite coating showing a 46:54 volume ratio of
SZ (white) to mullite (grey).
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Fig. 2. SEM micrographs of fracture surfaces of: (a) YSZ, (b) YSZ/mullite com-
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been recorded in Table 3. The measured CTE for YSZ agrees
with previously published values by Thurn et al.27 A value of
4.0 ± 0.2 × 10−6 ◦C−1 was measured for the mullite specimens.
However, data from Lee et al. give a CTE of 5.4 × 10−6 ◦C−1
osite, and (c) mullite as-sprayed coatings. The YSZ phase appears as lamella
tructures, with columnar grains apparent. The mullite phase appears glassy.
orosity is apparent in both phases.

en appeared to be glassy (Fig. 2c), as has also been observed by
amaswamy et al.2 This result was confirmed using XRD (see
ig. 3). The as-sprayed mullite specimens showed an amorphous
ackground; however, 50 h heat-treated specimens showed well-
efined peaks. Distinct regions of crystalline YSZ and glassy
ullite were observed in the composite coating (Fig. 2b).
.2. Coefficient of thermal expansion

As shown in Fig. 4, all three coatings exhibited an approx-
mately linear thermal expansion upon heating. For YSZ, this

F
m
m
r
m

ig. 3. XRD analysis of as-sprayed (bottom) and heat-treated mullite specimens
50 h at 1400 ◦C) (top) showing the glassy nature of mullite in the as-sprayed
ondition and subsequent crystallization during heat treatment.

ehavior was consistent across the entire temperature range,
hereas mullite and composite specimens showed dramatic

hrinkage at ∼970 ◦C. This shrinkage was due to the crystalliza-
ion of amorphous mullite in these coatings. To further verify that
he coatings were crystallizing, the same mullite and composites
amples were tested a second time; no discontinuous change in
eight at ∼970 ◦C was observed.

The measured values of the CTEs of each type of coating have
ig. 4. Linear change vs. temperature for YSZ, mullite, and composite speci-
ens. The YSZ shows linear behavior over the entire temperature range, while
ullite and composite specimens only show linear behavior over a limited

ange of temperatures. A drastic increase in shrinkage of the coatings containing
ullite occurs at 970 ◦C associated with the crystallization of mullite.
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Table 3
Measured coefficients of thermal expansion for YSZ, composite, and mullite
specimens

Material Average CTE (◦C−1) (×10−6)

YSZ 11.0 ± 0.6
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omposite 6.4 ± 0.5
ullite 4.0 ± 0.2

or plasma-sprayed mullite.28 This discrepancy could be due
o differences in the ratio of Al2O3 to SiO2 in the mullites

easured.29 The measured CTE value for the YSZ/mullite com-
osite was 6.4 ± 0.5 × 10−6 ◦C−1. The calculated CTE value
or the YSZ/mullite composite sample based on an upper bound
ule of mixtures and the experimental values collected for pure
ullite and YSZ coatings was 7.2 × 10−6 ◦C−1, which is close

greement with the experimental determined value.

.3. Compression creep behavior of coatings
.3.1. Overview
An overview of all creep tests conducted, the apparent steady-

tate strain rate, the total plastic strain that occurred during the

c
t
t
u

able 4
verview of all creep tests on YSZ, composite, and mullite samples

pecimen Stress (MPa) Temperature (◦C) Appa
rate i

SZ 40 1000 5.9 ×
SZ 40 1050 7.5 ×
SZ 40 1100 1.6 ×
SZ 40 1150 3.3 ×
SZ 40 1200 7.2 ×
SZ 60 1000 6.2 ×
SZ 60 1050 1.1 ×
SZ 60 1100 2.1 ×
SZ 60 1150 5.5 ×
SZ 60 1200 1.6 ×
SZ 80 1000 1.0 ×
SZ 80 1050 1.4 ×
SZ 80 1100 3.3 ×
SZ 80 1150 8.2 ×
SZ 80 1200 3.6 ×
omposite 40 1000 3.0 ×
omposite 40 1100 1.0 ×
omposite 40 1200 2.5 ×
omposite 60 1000 4.9 ×
omposite 60 1100 1.4 ×
omposite 60 1200 3.7 ×
omposite 80 1000 5.5 ×
omposite 80 1100 2.0 ×
omposite 80 1200 6.7 ×
ullite 40 1000 1.5 ×
ullite 40 1100 4.0 ×
ullite 40 1200 7.0 ×
ullite 60 1000 1.5 ×
ullite 60 1100 4.6 ×
ullite 60 1200 1.1 ×
ullite 80 1000 2.3 ×
ullite 80 1100 6.2 ×
ullite 80 1200 1.4 ×
a Extensive barreling noted in this sample.
eramic Society 27 (2007) 4675–4683 4679

reep test, and the number of replicates is given in Table 4.
he apparent steady-state strain rates of each specimen were
alculated from the slope of the linear portion of the creep
ata. All stand-alone coating specimens showed typical creep
ehavior with an initial elastic strain on loading, followed by a
ransient, high-strain rate region, and an apparent linear, steady-
tate region. At a test temperature of ≥1100 ◦C and a stress
f ≥60 MPa, YSZ samples barreled during creep testing. YSZ
amples tested at 1200 ◦C and 80 MPa barreled and then failed
ithin the 5 h test (see the top plot in Fig. 5), exhibiting tertiary

reep. Barreling in the YSZ specimens indicates a significant
mount of friction between the load cell platens and the ends
f the stand-alone coating.30 The effect of this friction on the
resent experimental data has not been determined. Barreling
as not visually observed in composite or mullite specimens
nder the conditions investigated.

As shown in Fig. 5, a comparison of the behavior of the coat-
ngs under 40, 60, and 80 MPa at 1200 ◦C, increasing the applied
tress on the coatings increased the total amount the specimens

rept and the apparent steady-state creep rates in all coating
ypes. For example, YSZ coatings tested at 1200 ◦C exhibited a
otal creep strain of ∼2.5, ∼4.0, and ∼6.3% (failed prior to 5 h)
nder stresses of 40, 60, and 80 MPa. From the results on YSZ,

rent steady-state strain
n compression (s−1)

Total compressive
creep strain (%)

Replicates

10−8 ± 1.6 × 10−8 0.34 ± 0.09 4
10−8 0.39 1
10−7 0.80 1
10−7 1.36 1
10−7 ± 3.0 × 10−8 2.46 ± 0.10 3
10−8 ± 5.5 × 10−9 0.33 ± 0.01 2
10−7 0.57 1
10−7 0.98 1
10−7 1.98 1
10−6 ± 4.4 × 10−7 4.00 2
10−7 ± 5.0 × 10−9 0.58 ± 0.00 2
10−7 0.70 1
10−7 1.50 1
10−7 2.74 1
10−6 ± 3.5 × 10−7 6.25 ± 0.08a 2
10−8 ± 9.2 × 10−9 0.21 ± 0.05 7
10−7 0.60 1
10−7 ± 2.7 × 10−8 1.27 ± 0.13 3
10−8 ± 1.2 × 10−8 0.28 ± 0.06 2
10−7 0.75 1
10−7 1.61 1
10−8 ± 1.7 × 10−8 0.33 ± 0.13 3
10−7 ± 4.5 × 10−8 1.02 ± 0.23 3
10−7 2.33 1
10−8 ± 2.5 × 10−9 0.10 ± 0.03 3
10−8 0.24 1
10−8 ± 3.0 × 10−9 0.41 ± 0.02 3
10−8 0.12 1
10−8 0.24 1
10−7 ± 1.4 × 10−8 0.58 ± 0.08 2
10−8 0.11 1
10−8 0.33 1
10−7 0.76 1
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Fig. 5. Representative comparison of the creep behavior of YSZ, mullite, and
composite coatings at 1200 ◦C under 40, 60, and 80 MPa. The behavior of the
composite was consistently in between that of the mullite and YSZ coatings.
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t

SZ coatings failed under 80 MPa and barreled under 60 MPa loads at this
emperature. Note that the elastic response for each sample was subtracted from
his data.

he threshold strain where barreling begins to occur is ∼4%.
ests on mullite at 1200 ◦C and compressive stresses of 40, 60,
nd 80 MPa conditions demonstrated a total strain of ∼0.4, ∼0.6
nd ∼0.8%, respectively. As is observed in Fig. 5, the compos-
te coating exhibited total creep deformation behavior that was

ore similar to mullite than YSZ. This finding was most evi-
ent in the composite coatings tested at 1200 ◦C and 80 MPa,
here only ∼2.3% deformation was measured during creep and
o barreling was visually observed.

YSZ tested at 1200 ◦C and stresses of 40, 60, and 80 MPa
xhibited apparent steady-state strain rates of ∼7.2 × 10−7,
1.6 × 10−6, and ∼3.6 × 10−6 s−1, respectively. Barreling
ould contribute to the latter two strain rates, resulting in higher

ates than if only the YSZ was contributing to deformation.
t the same test temperature, mullite samples demonstrated

train rates of ∼7.0 × 10−8, ∼1.1 × 10−7, and ∼1.4 × 10−7 s−1

t applied stresses of 40, 60, and 80 MPa. These values were
ypically one order of magnitude less that those observed in the
SZ samples, and they showed no evidence of barreling. Com-
osite creep rates were generally closer to mullite creep rates
han YSZ. For example, a composite specimen crept at 1200 ◦C
nd 80 MPa displayed a creep rate of 6.7 × 10−7 s−1.

Increasing test temperatures resulted in a greater amount of
reep strain and higher creep rates for all of the coating materi-
ls. YSZ coatings tested at 60 MPa and 1000, 1100, and 1200 ◦C
xhibited total deformations of ∼0.33, ∼1.00, and ∼4.00%,

espectively. Mullite coatings tested under the same stress and
emperatures exhibited total deformations of ∼0.12, ∼0.24, and

0.58%, respectively. The creep strain observed in a composite
ample at 1200 ◦C and 60 MPa was ∼1.60%. Steady-state creep

l
g
d
m

eramic Society 27 (2007) 4675–4683

ates increased nearly two orders of magnitude from ∼10−8

o ∼10−6 s−1 from 1000 to 1200 ◦C in YSZ coatings tested at
0 MPa, but no more than one order of magnitude, from 10−8 to
0−7 s−1, in mullite and composite coatings tested under the
ame conditions. It is important to realize that these results
ave not been normalized to account for differences in porosity
etween coating types. Thus, the greater porosity in the compos-
te specimens was not detrimental to the creep behavior when
ompared to the less porous YSZ specimens.

It is valuable to compare sintering rates of dense YSZ and
ullite samples to the porous coatings investigated presently.
udhir and Chokshi31 investigated the compression creep char-
cteristics of dense 8 mol% yttria-stabilized cubic zirconia. At
400 ◦C, the lowest temperature studied, and a compressive
tress of 80 MPa, they observed a steady-state creep rate of
× 10−7 s−1. As noted in Table 4, YSZ specimens tested at
200 ◦C and 80 MPa demonstrated a steady-state creep rate of
.6 × 10−6 s−1. While slight barreling of these samples may
ave artificially increased their strain rate, these coatings demon-
trated comparable strain rates to dense YSZ but were tested at a
00 ◦C lower temperature. The primary mechanism of creep in
he stress and temperature ranges of interest for the dense spec-
mens studied by Sudhir and Chokshi was identified as vacancy
ow along grain boundaries (i.e. Coble creep).

In a study by Torrecillas et al.32, dense mullite crept in com-
ression at 1200 ◦C and 80 MPa demonstrated a steady-state
reep rate of 2.0 × 10−9 s−1. In the present study, mullite tested
t 1200 ◦C and 80 MPa displayed a steady-state creep rate in
ompression of 1.4 × 10−7 s−1, substantially greater that of the
ense mullite. The primary mechanism of creep in the range
f temperatures and stresses measured currently was attributed
y Torrecillas et al.32 to accommodated grain boundary sliding
ssisted by diffusion.

Some creep testing has been performed on mullite/zirconia
omposites, however, the test conditions and starting microstruc-
ures are vastly different than those evaluated in this study.
or example, Descamps et al.33 investigated the creep response
f 70 vol.% mullite/30 vol.% zirconia composites in bending
tensile creep was reported) on samples prepared by reaction
intering of zirconium silicate and alumina using titania and
agnesia additives. At 1200 ◦C and a tensile stress of 80 MPa,

reep rates of 3 × 10−8 to 3 × 10−7 s−1 were measured. These
ere similar to those observed presently. In addition to the
ifferent stress state in the materials (i.e. tension creep in the
ited study and compression creep presently), the microstruc-
ures of these materials were vastly different than those studied
resently, with 1–5 �m diameter equiaxed zirconia grains in a
ullite matrix observed.

.3.2. Mechanisms of deformation
The creep rates observed for plasma-sprayed YSZ and mul-

ite coatings were at least two orders of magnitude greater than
hose for dense specimens of the same material tested at simi-

ar conditions. These results suggest that the creep mechanisms
overning the deformation behavior of dense YSZ or mullite
o not significantly contribute to either of these plasma-sprayed
aterials.
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Stress relaxation experiments on plasma-sprayed YSZ
ylinders12 have revealed deformation mechanisms that are
ikely similar to those experienced during creep and may pro-
ide insight into the current data. YSZ has been shown to relax
niaxial compressive stresses in two stages. In stage I of relax-
tion, stress is relieved by the initiation and growth of cracks
arallel to the applied load, the healing of cracks perpendicular
o the applied load, and the sliding and mechanical compaction
f lamellae. In stage II, relaxation of the applied stress occurs
t a slower rate. Research indicates that stage II relaxation is
ikely due to stress-assisted densification of the coating and pos-
ibly the intrinsic deformation properties of the material being
esting.12,13 However, the current creep data suggest that for test
imes considered currently (∼5 h) that only stress-assisted den-
ification is responsible for deformation. This result has been
oted by Thurn et al.27, where they observed a 6% reduction
n open porosity (from 22 to 16%) as a result of a compres-
ive creep strain of 1%. In the current data set, an approximate
% reduction in total porosity was noted in the YSZ coating
fter a 5 h creep test at 80 MPa and 1200 ◦C. Neither the mul-
ite or YSZ/mullite samples showed a change in porosity as a
esult of the creep test. However, the transformation from amor-
hous to crystalline mullite during heating through ∼970 ◦C
ay complicate the measurement by affecting the density of the

oating.
Stress exponents were calculated for the individual data sets

y plotting apparent steady-state strain versus stress (not shown).
ithin the resolution of the data, stress exponents for the YSZ,
ullite, and composite tubes were equal to 1 for test tempera-

ures of 1000 and 1100 ◦C. At 1200 ◦C, the stress exponent for
he YSZ sample was 2.3, while for the mullite and YSZ/mullite
omposite samples it was 1. The higher stress exponent for the
SZ at 1200 ◦C is likely due to contributions from sample bar-

eling. A stress exponent of 1 corresponds to that expected for
ither diffusion or grain boundary sliding accommodated by
iffusion.34 Because densification is controlled by diffusion of
tomic species in the range of pressures and temperatures inves-
igated, the stress exponent would also be expected to be 1.
hus, the measured stress exponents in the current data set are
onsistent with the proposed mechanism of deformation.

.3.3. Creep activation energies for the coatings
nvestigated

The apparent steady-state strain rates of each specimen were
sed to determine the activation energies for creep in each coat-
ng type. As shown in Fig. 6, activation energies were determined
y measuring the slope of a line fit through data points on a plot
f ln(ε̇) versus 1/T.

Two activation energies were observed in the ln(ε̇) versus
/T behavior of YSZ for each applied stress. For an applied
tress of 80 MPa the activation energy was 410 ± 40 kJ/mol
etween 1100 and 1200 ◦C, and 164 ± 40 kJ/mol between 1100
nd 1000 ◦C. As shown in Fig. 6, similar behavior was observed

or creep tests conducted at 40 and 60 MPa. Two possible rea-
ons exist for this behavior. As stated previously, barreling
as observed at test temperatures ≥1100 ◦C and for stresses
60 MPa. When coatings barrel, significant bending stresses

d

l
o

ig. 6. Plot of natural log of steady-state strain rate vs. one over absolute tem-
erature of YSZ, mullite, and the YSZ/mullite composite coatings tested under
onstant load.

ould increase the strain rate observed during individual tests.
he increase in strain rate associated with barreling would
roduce an apparent increase in activation energy and likely con-
ribute to the activation energy differences observed presently,
articularly in the 60 and 80 MPa data shown in Fig. 6 for YSZ.
owever, no barreling was observed in the data collected at
0 MPa, yet the activation energy showed a similar increase from
000 to 1200 ◦C as the samples that barreled. Erk et al.35 have
hown a transition in the mass transport phenomena in plasma-
prayed 7 wt.% YSZ coatings from surface diffusion dominant
t 1000 ◦C to grain boundary diffusion dominant at temperatures
f 1200 ◦C and above. At 1100 ◦C, both grain boundary and sur-
ace diffusion appear to be competing. Thus, the two values of
ctivation energy observed for YSZ in Fig. 6 in the 1000 to
100 ◦C and 1100 to 1200 ◦C temperature ranges may be due
o both barreling and a change in the mass transport mechanism

uring densification.

Published creep studies on plasma-sprayed YSZ are
imited.25,27,36–38 Thurn et al.27 measured an activation energy
f 114 kJ/mol for air-plasma-sprayed YSZ tested in compression
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sing a set-up similar to that used in this study. The temperature
ange varied from 900 to 1100 ◦C, and applied stresses ranged
rom 20 to 80 MPa. The reported activation energy by Thurn et
l. is similar to that reported here for temperatures ≤1100 ◦C,
articularly for the data collected at 40 MPa.

The activation energies for mullite ranged from 122 to
56 kJ/mol between 1000 and 1200 ◦C, essentially independent
f the applied stress. Within the error of the measurements, the
ame conclusion can be made regarding the activation energies
f the YSZ/mullite composite samples. It should be noted that no
hange in the slope of the ln(ε̇) versus 1/T data was observed in
he composite creep data, suggesting that the deformation mech-
nism(s) remained unchanged from 1000 to 1200 ◦C and that the
reep behavior of YSZ/mullite composites was dominated by the
ullite phase.
No prior work citing creep studies of plasma-sprayed mul-

ite were found. Compression creep activation energies reported
n the literature for dense mullite prepared using conventional
owder processing techniques have typically been more than
wice those measured presently. Torrecillas et al.32 measured an
ctivation energy for compression loaded mullite of 410 kJ/mol
etween 1100 and 1300 ◦C. This energy was independent of
tresses investigated between 30 and 70 MPa, as was the case
or the samples tested presently. The difference in activation
nergy between dense and plasma-sprayed mullite is attributed
o the fact that stress-assisted densification, not grain boundary
liding assisted by diffusion, is controlling the deformation of
he porous coatings.

.3.4. Implications of mullite properties on TBC
erformance

In the present study, the continuous mullite phase clearly
ominates the steady-state creep rate in the composite samples.
owever, by forming two-phase coatings of a low thermal con-
uctivity phase (i.e. YSZ) and a higher thermal conductivity
hase (i.e. mullite), a decrease in the thermal resistance of the
opcoat does occur. In data measured for as-sprayed mullite/YSZ
omposite coatings similar in composition to those studied here,
he thermal conductivity was 1.3 W/m/K at 1000 ◦C.39 For simi-
ar test conditions, a plasma-sprayed YSZ sample demonstrated
thermal conductivity of 0.8 W/m/K. Both of these values were
easured using the laser flash technique. Thus, it is clear that

omposite mullite/YSZ topcoat would not be as effective at
rotecting the underlying substrate as a pure YSZ topcoat.

As presented in Table 3, the CTE of the mullite/YSZ coat-
ng is ∼40% less than the YSZ-only coating. Because the CTE
f the YSZ more nearly matches that of the underlying metal-
ic structure, the development of thermally generated stresses
etween the mullite/YSZ coating and the underlying structure
ould be greater than for the YSZ-only coating. However, it
ust be remembered that the coating investigated here repre-

ents a first effort to blend mullite and YSZ into a useful coating
ystem. Grading the amount of the mullite through the thick-

ess of the coating could result in optimal system performance.
y making the outer layer rich in the mullite phase, creep of

his region can be reduced because of the intrinsic resistance of
ullite to stress-assisted densification. This reduction in defor-

1

1

eramic Society 27 (2007) 4675–4683

ation should lower the amount of through thickness cracks that
orm after extended service at high temperatures. By reducing
he amount of mullite in the interior part of the coating, the low
hermal conductivity of the YSZ could be maintained, and the
nner YSZ-rich layer would also preserve the CTE necessary to

atch that of the metallic structure.

. Summary

The thermal expansion and creep behavior of stand-alone
oatings of 7 wt.% Y2O3–ZrO2, mullite, and a 46:54 volume
atio composite of YSZ:mullite were characterized. Cylindri-
al coatings were subject to uniaxial compression creep tests
nder stresses ranging from 40 to 80 MPa for 5 h at temper-
tures between 1000 and 1200 ◦C. The primary deformation
echanism in coatings made from all three materials was

ensification of the porous coating. Overall, the YSZ/mullite
omposite showed improved creep resistance over YSZ-only
oatings and should be investigated further for its possible use
n thermal barrier coating systems.
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