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a b s t r a c t
The present work studied the effect of heat-treatment temperature (1000 °C and 1200 °C) and time (10, 50,
and 100 h) on the compressive stress relaxation behavior of plasma-sprayed stand-alone 7 wt.% Y2O3–ZrO2
(YSZ) coatings at test temperatures of 1000 °C, 1100 °C, and 1200 °C, from stresses of 60 and 20 MPa. Assprayed coatings were also stress relaxed in the baseline condition at room and elevated temperatures. All
coatings demonstrated a two-stage relaxation behavior: fast relaxation (stage I) in the ﬁrst 10 min and much
slower relaxation in the ﬁnal 170 min of the test (stage II). Stage I relaxation, as measured by percentage of the
original stress relaxed, accounts for at least 50% of the total stress relaxed despite occurring in only 5–10 min
and was attributed to lamella sliding and compaction, and permanent intralamellar crack closure (for tests
conducted at higher temperatures). Stage II relaxation behavior is dominated by diffusion creep mechanisms,
where prior densiﬁcation at 1200 °C resulted in reduced relaxation rates compared to coatings heat treated at
1000 °C and in the as-sprayed condition. The 1200 °C test temperature greatly inﬂuenced the percentage of
relaxation in the coating, more so than the prior coating heat-treatment conditions.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
The efﬁciency of a gas turbine engine is dictated by the maximum
operating temperature during operation. Application of a thin
insulating ceramic coating, i.e. a thermal barrier coating (TBC), to
the hot sections of the engine afford higher operating temperatures,
resulting in increased efﬁciency [1–4]. The ceramic topcoat, usually a
7 wt.% yttria-stabilized zirconia (YSZ), typically ranges in thickness
from ~120 to ~250 μm in turbine applications [1–4].
Service conditions place the coating in a biaxial compressive stress
state during heat-up and a biaxial tensile stress state upon cool down
[5,6]. The compressive stress, which is highest in magnitude at the
free surface, is relaxed with time in air plasma-sprayed (APS) coatings
by a combination of mechanisms including sintering, compaction, and
time-dependent mechanical deformation [7–10]. A signiﬁcant fraction of the stress relaxation behavior in APS YSZ coatings is tied to the
characteristic microstructure associated with the APS process which
includes cracks that cut lamella (i.e. intralamellar cracks) and pores
between lamella (i.e. interlamellar pores); the other fraction is tied to
the intrinsic properties of the YSZ [9–11]. Interestingly, the microstructural changes that assist compressive relaxation at high
temperature correspondingly limit recovery during cooling.
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The inability of the APS coating to recover to its original
dimensions during cooling causes in-plane biaxial tension in the
coating. When the tensile stresses exceed the fracture strength of the
newly sintered and compacted YSZ, the energy is relieved by throughthickness crack growth and possible delamination of the coating at
the interface [12–14]. Therefore, an understanding of compressive
stress relaxation in APS coatings, which is proportionally linked to the
magnitude of tensile stress that develop in the coatings upon cooling,
provides the key step in microstructural design for future coatings,
speciﬁcally by isolating relaxation mechanisms that prevent recovery.
Relaxation has been previously studied in the as-sprayed condition
for YSZ coatings [7–10,15]. But it is well documented that exposure to
high temperature results in morphological changes in the APS
microstructure, speciﬁcally formation of sintering necks, spheroidization or healing of ﬁne cracks, redistribution of pores and transformation of the system of lamella splats from a primarily mechanically
interlocked to a chemically bonded one. Typically, heat-treated APS
coatings display increased modulus and fracture strengths compared
to as-sprayed coatings [16–21]. The temperature plays a role in the
mass transport mechanism, and therefore, the nature of the microstructural changes that occur. Surface diffusion of atoms has been
observed in YSZ at 1000 °C and will lead to microstructural coarsening
but not densiﬁcation of the coating. At 1200 °C, coating densiﬁcation
occurs via bulk transport of atoms [22].
The purpose of our present work is to study the effect of heattreatment on the time-dependent mechanical behavior of stand-alone
YSZ coatings at elevated temperatures. APS YSZ samples were heat
treated at 1000 °C and 1200 °C for 50 h to differentiate between the
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effects of microstructural coarsening and microstructure sintering,
respectively. Heat-treatment times of 10 and 100 h at 1200 °C were
used to distinguish the effects of sintering duration.

Table 1
Spray parameters of coatings.

2. Experimental procedure
2.1. Sample fabrication and physical testing
Cylindrical stand-alone coatings were produced from a 7 wt.%
Y2O3–93 wt.% ZrO2 powder1 having a particle size of 22.5 ± 6.0 μm.
The coatings were sprayed at Ames National Laboratory using a
Praxair SG-100 gun. The spray parameters are listed in Table 1.
Coatings were fabricated by rastering the plasma gun up and down
the rotating copper rod, which were then sectioned into sample
lengths between 15 and 18 mm by lathe using a diamond cutting tool.
The copper substrate was etched from the YSZ coating with nitric acid
to leave the stand-alone coating.
Several stand-alone coatings were then subjected to heat treatments of 10, 50 and 100 h at 1200 °C, and 50 h at 1000 °C, while
leaving a number of coatings in the as-sprayed condition as a control
group to compare to the heat-treated samples. Heat-treatment
temperatures of 1000 °C and 1200 °C where utilized to differentiate
the effects of microstructural coarsening versus microstructural
densiﬁcation of plasma-sprayed YSZ coatings [22–24].
The Archimedes method was used to determine the bulk density
and total porosities of the coatings in the as-sprayed condition and
then again in the heat-treated conditions, assuming 6.08 g/cm3 as the
theoretical density of 7 wt.% YSZ [25].

Spray Parameter

value

Power (kW)
Stand-off distance (cm)
Arc gas rate (slm)
Aux gas rate (slm)
Powder carrier gas rate (slm)
Powder feed rate (rpm)

37
10
25 (Ar)
21 (He)
6 (Ar)
1.5

2.3. Stress relaxation modeling
A Maxwell element, consisting of an elastic spring and viscous
dashpot in series, is often used to model the stress relaxation behavior
of polymeric materials [26–29]. A modiﬁed two element Maxwell
model is utilized in the current study to characterize the relaxation
behavior for APS coatings. The model consisted of two Maxwell
elements in parallel with an additional spring element. The 2-element
Maxwell model is analogous to mathematically adding two separate
stress relaxation behaviors (fast and slow relaxation) at each time
increment, yielding one stress relaxation curve.
Differentiation between regimes, and the physical processes
dominating the relaxation behavior within these regimes, was
characterized through the assignment of τ1 and w1, and τ2 and w2.
The solution to the modiﬁed two-element Maxwell model plus spring
is given by:
n

σ ðt Þ = σo ∑

k=1

2.2. Stress relaxation
The test rig and methods employed in the current research were
previously described in detail by Dickinson et al. [10]. and are only
highlighted here. High temperature compression testing was performed using a servo-hydraulic load frame2 equipped with hydraulic
collet grips, an alignment ﬁxture,3 a 100 kN force transducer, SiC
pushrods, and a high temperature furnace.4 Strain was measured with
a high temperature extensometer5 with a resolution of ±1 μm. Strain
was measured as the extensometer recorded any displacement
between the stationary upper compression platen and the cantilever
supporting the pushrod. Alignment of the load frame was adjusted
prior to testing the coatings to ensure that load was distributed
equally around the circumference of the sample.
Stress relaxation test temperatures for heat-treated coatings were
1100 °C and 1200 °C. In addition, as-sprayed coatings samples were
stress relaxed at 25 °C and 1000 °C. Stress relaxation experiments
were performed on as-sprayed coatings at room temperature to
quantify time-dependent behavior for comparison with stress
relaxation experiments conducted at elevated temperatures. These
experiments afford differentiation of deformation mechanisms occurring at room temperature from those occurring due to the elevated
test temperature. The initial applied compressive stress of either 20 or
60 MPa was monotonically applied at a rate of 20 N/s. At the instant
the desired stress was attained, the control mode switched from a
load feedback loop using the force transducer, to a constant
displacement feedback loop using the extensometer. The system
was maintained under strain control for 180 min at the desired test
temperature. It should be noted that no load was applied until the
furnace had soaked at the desired temperature for 15 min. The noise
in the load signal represents ±1 MPa uncertainty.
1
2
3
4
5

H.C.-Starck, Amperit 825.0.
MTS 810 Load Frame.
MTS 609 Alignment Fixture.
Applied Test Systems, Inc. High Temperature Furnace.
MTS 632.70H-01.
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where σo is the initial stress, n is 2 (i.e. the number of Maxwell
elements in parallel), wkis the percentage of σo relaxed, and t is time.
After the 180 min test the percentage residual stress remaining in the
coating, if any, is given by w3 which is deﬁned as:
w3 = 100−ðw1 + w2 Þ:

ð2Þ

The time constant for each Maxwell element, τk, can be further
deﬁned as:
τk =

ηk
:
Ek

ð3Þ

where ηk is the viscosity of the dashpot and Ek is the modulus of the
spring for each Maxwell element. Due to the exponential form of
Eq. (1), 5τ1 represents 99.4% relaxation of Maxwell element 1 (fast
relaxation), and 5τ2 represents the same percentage of relaxation for
Maxwell element 2 (slow relaxation). Mathematically, complete
relaxation of the 2 Maxwell element model is given in seconds by
5τ1 + 5τ2. Experimentally, though, complete relaxation occurs when
the stress in the coating is relaxed to 1 MPa based on the experimental
uncertainties established.
Individual τk and wk were ﬁt to a given set of experimental data
using a least-squares curve ﬁtting method by minimizing R as deﬁned
in the following equation:
t = tf

R= ∑

t=0

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
h

i2


 σexp ðt Þ −½σmod ðt Þ2 

ð4Þ

where σexp(t) and σmod(t) represent stress values obtained experimentally and from numerical modeling, respectively, from the start of
the test (t = 0) until the end of the test (t = tf). The R value has no
physical meaning, but is minimized to provide the best ﬁt of the
model to the experimental data. Stress values were squared to give
higher stress values greater weight in determining a proper ﬁt. The
square root of this difference for each time-step is summed over the
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complete test time, yielding an R value. This value can be minimized
by iteratively varying τk and wk and thereby providing the best ﬁt of
the model to the experimental stress relaxation data.
2.4. Stress relaxation data processing
Strain rates were extracted from modeled stress relaxation data
using a method described previously [30,31] and the highlights are
only presented here. The constant applied strain in a stress relaxation
experiment is achieved by maintaining a constant displacement
between the upper and lower platens, which is measured and
maintained by the extensometer. The initially applied uniaxial strain
is stored as elastic energy in the sample, which with time can be
dissipated through permanent deformation. Because the load frame is
in static equilibrium, there must be an equal and opposite elastic
energy stored in the load frame. Assuming purely elastic displacements in the load frame during loading, the non-elastic strain in the
sample can be determined.
The force at a given instant during relaxation provides a link to the
displacement of the load frame as a function of the applied load. Strain
rates can be extracted from the stress relaxation data by using the
known displacement of the load frame as a function of applied load at
a given temperature, and the applied load at a given instant in time.
Thus, a compliance curve was measured for the load frame that
related the force, designated P, and the elastic displacement of the
load frame, designated Δ. Therefore, the function Δ(P) expresses the
displacement of the load frame for any applied force. Secondly, P(t) for
each coating condition at a given temperature was established. The
length, or dimension along the uniaxially applied stress direction, of
the coating can be expressed as a function of time by relating Δ(P) and
P(t).
The instantaneous length of the sample, l(t), is then simply the
initial length of the sample, lo, minus the length of the sample due to
the initially applied load at the onset of testing, Lo, and the
displacement of the load cell as a function of time, Δ(P(t)). Note
that Δhsample is the change in height of the sample. The instantaneous
length of the sample, l(t) is then:


lðt Þ = lo − Δhsample = lo −ðLo −ΔðP ðt ÞÞÞ = lo −Lo + ΔðP ðt ÞÞ

ð5Þ

where, Lo is the displacement of the cross-head according to the
extensometer at the onset of stress relaxation when t = 0 s. The strain
rate at a given instant during stress relaxation is given by
ε̇ = εðt Þ = −

1 d
lðt Þ
lðt Þ dt

ð6Þ

The physical limitation of the equipment used to measure the
stress relaxation behavior provides an uncertainty for measuring
changes in strain of ± 0.00007 that can be sampled every 0.0002 s,
which provides the limitation for measuring the strain rate to be
1.4 × 10−8 1/s.
The loading curves prior to stress relaxation were used to establish
the modulus for a given coating condition at elevated temperatures.
The compliance of the load frame was measured and removed from
data sets to establish the compressive modulus of the coating.
3. Results and discussion
3.1. Effects of heat-treatment on physical properties of APS YSZ coatings
A more complete microstructural analysis of coatings prepared
using identical processing parameters and the same starting powder
was published previously [32] and the results are highlighted here. In
brief, SEM micrographs revealed a typical plasma-sprayed microstructure made up of stacked lamella. From small angle neutron

scattering (SANS) data it was observed that interlamellar pores were
oriented perpendicular to the spray direction and intralamellar cracks
parallel to the spray direction. With respect to the cylindrical
geometry of the specimen, some of the cracks were oriented such
that the uniaxially applied stress would act to close them. The standalone coatings had an average height of 16.07 ± 1.35 mm, an outer
diameter of 13.80 ± 0.04 mm, and a thickness of 0.56 ± 0.02 mm in
the as-sprayed condition. Changes in the coatings height, thickness
and outer diameter due to heat-treatment were not statistically
differentiated by caliper measurement. For example, the average of 14
coatings heat treated for either 10 h or 50 h at 1200 °C demonstrated
changes in height of 0.03 ± 0.02 mm and 0.06 ± 0.03 mm, respectively. Thus, there is an overlap of the ﬁrst standard deviations of coating
height changes for both heat-treatment times.
Archimedes tests comparing the as-sprayed and heat-treated
coatings exhibited no statistical difference in the density for
established measurement errors of ±0.14 g/cm3. For example, the
density of as-sprayed, 10 h/1200 °C, and 100 h/1200 °C heat-treated
coatings was 5.52 g/cm3, 5.55 g/cm3, and 5.60 g/cm3, respectively [37].
The largest contributor to measurement error is the small mass of the
samples, generally b1 g. However, SANS results indicated that a 3-hr
heat-treatment at 1200 °C (shorter than the 50-hr heat treatments
used in the present study) on identically prepared coatings tended to
reduce the amount of surface area associated with the cracks and pores
[32]. This is consistent with other studies [33–35] and direct
observation of microstructures after heat treatments [22].
Table 2 shows that the affect of heat-treatment and test
temperature on elastic modulus. As-sprayed coatings tested at
1000 °C, 1100 °C, and 1200 °C demonstrated an initial loading
modulus of 19, 14, and 15 GPa. However, it must be remembered
that the coatings were stabilized for 15 min at the test temperature
prior to loading and therefore the modulus values are not on “assprayed” coatings, per se. Also, it is difﬁcult to deconvolute the effect
of sintering (which would be expected to increase modulus) from the
fact that the modulus of most materials generally decreases with
temperature increase. However, it was generally noted that the strain
necessary to achieve 60 MPa decreased with heat-treatment, a
consequence of the increase in elastic modulus with heat-treatment.
For example, at the test temperature of 1200 °C and the initial strain to
achieve 60 MPa decreased from 0.0046 to 0.0028 for the as-sprayed
and 50 h/1200 °C heat-treated samples, respectively.
3.2. Overview of stress relaxation behavior of APS YSZ
Representative stress relaxation curves are shown in Fig. 1a, b, and
c; independent of testing variables all stress relaxation data showed
some similarities. All coatings displayed a rapid decrease in stress that
occurred in the ﬁrst 5–10 min as evidenced by a steep decline in the
stress versus time plots. This is deemed stage I relaxation behavior.
The second regime, deemed stage II, is described by a slower
relaxation that extends to either full relaxation or the remaining
Table 2
Averaged modulus and applied strain values for the given coating condition at the test
temperatures of 1100 °C and 1200 °C. The modulus values were determined from the
slope of the loading curve by linear curve ﬁt prior to stress relaxation at the listed
temperature. The compliance of the load frame was accounted for in the measurement
of E.
Coating
condition

Test temp.
(°C)

σo
(MPa)

E
(GPa)

Strain at σo

As-sprayed
As-sprayed
As-sprayed
50 h/1000 °C
50 h/1000 °C
50 h/1200 °C
50 h/1200 °C

1000
1100
1200
1100
1200
1100
1200

60
60
60
60
60
60
60

19 ± 3
14 ± 4
15 ± 3
20 ± 1
17 ± 6
20 ± 2
21 ± 1

0.0030 ± 0.0003
3
0.0043 ± 0.0009
3
0.0046 ± 0.0013 10
0.0033 ± 0.0008
2
0.0039 ± 0.0015
5
0.0031 ± 0.0002
2
0.0028 ± 0.0002
2

Number of
samples
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Compressive Stress (MPa)

20

Measured Error
± 1 MPa

a) Tested at 1200°C 20 MPa

10

50hr/1200°C
50hr/1000°C
as-sprayed
1
0

40

80

120

160

Time (min)

Compressive Stress (MPa)

60

Measured Error
± 1 MPa

b) Tested at 1200°C & 60 MPa
10

50-hr/1200°C

50-hr/1000°C
As-sprayed
1
0

40

80

120

160

Time (min)
60

Compressive Stress (MPa)

c) Tested at 1100°C & 60 MPa
50-hr/1200°C
50-hr/1000°C

10

As-sprayed

Measured Error
± 1 MPa
40

170 min of the test. As an example, the averaged stress relaxation
behavior for three different coatings conditions, as-sprayed, heat
treated for 50 h/1000 °C, and heat treated for 50 h/1200 °C prior to
testing, are shown in Fig. 1a. The average curve ﬁtting parameters for
this sample are shown in Table 3. During stage I for the coating
condition of 50 h/1000 °C relaxed at 1200 °C, for example, 64% of the
initially applied 20 MPa is relaxed. Therefore, 13.8 MPa has been
relaxed by the end of stage I, in a total time of 5τ1 = 5 * 57 s = 285 s or
4.8 min. Then during stage II, 32% of the initial 20 MPa is further
relaxed, i.e. an additional 6.4 MPa is relaxed leaving only 0.8 MPa
(w3 = 4%) un-relaxed in the coating. Thus, the 50 h/1000 °C condition
relaxes 96% of σo, i.e. 19.2 MPa, in 5τ1 + 5τ2 = 5475 s or 91 min.
However, in the current study a coating is considered fully relaxed
when the initial stress decays to 1 MPa, which as observed in Fig. 1, is
achieved in only ≈3480 s or 58 min.
Of interest in the current study is delineating the effects of coating
condition (including heat-treatment temperature and time), test
temperature, and starting stress on the time constants of each
Maxwell element. With a goal to limit stress relaxation in the coating
during stage I or stage II relaxation, minimizing either w1 or w2,
respectively, is desirable. For cases when the coatings are tending to
the same w1 or w2, a higher τ1 or τ2, respectively, is desirable as it
implies that relaxation will occur slower.
3.3. Effects of experimental variables on stage I relaxation
Test temperature strongly affected w1. As-sprayed coatings stress
tested at room temperature relax the applied stress. In fact, 8% of the
initial 60 MPa stress is relaxed (see w1 in Table 3) after 5τ1 = 5(39 s)
≈200 s. Furthermore, in the as-sprayed condition coatings relaxed
31%, 50%, and 65% of the starting 60 MPa for test temperatures of
1000 °C, 1100 °C, and 1200 °C. The stage I relaxation constant also
decreased as test temperature increased, indicating faster relaxation
of stress.
Heat-treatment of the coating prior to testing inﬂuenced stress
relaxation; this was particularly true of the 1200 °C heat-treatment.
For example, as-sprayed, 50 h/1000 °C and 50 h/1200 °C heat-treated
coatings relaxed 50%, 40% and 32% of the starting 60 MPa stress during
stage I relaxation for test conditions of 60 MPa/1100 °C. Despite these
differences in stress relaxation behavior as a function of coating
condition, a test temperature of 1200 °C generally had more effect on
the thermomechanical behavior than prior coating heat-treatment.
For example, it is interesting to note (see Table 3) that w1 for any
coating condition tested a 1200 °C and 20 or 60 MPa relaxed ~ 60% of
the initial stress during Stage I relaxation.
Heat-treatment duration affected the amount of stress relaxed as
shown in Table 4. For samples relaxed from 20 MPa at 1200 °C, w1
decreased from 70% to 55% relaxed when the heat-treatment time was
increased from 10 to 100 h, respectively. In contrast, the Stage I time
constant was not a function of heat-treatment duration at 1200 °C.
Lowering the test temperature from 1200 °C to 1100 °C for a coating
heat-treated 50 h at 1200 °C decreased w1 from 60% to 35% relaxed.
There was also an increase in τ1 from 78 to 95 s as a result of lowering
the test temperature.
3.4. Effects of experimental variables on stage II relaxation

1
0
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80

120

160

Time (min)
Fig. 1. The averaged stress relaxation response for varying stand-alone coating
conditions tested at a) at the test temperature of 1200 °C under an initial
20 MPa compressive load, b) the test temperature of 1200 °C under an initial 60 MPa
compressive load, and c) the test temperature of 1100 °C under an initial 60 MPa
compressive load.

While stage I relaxation begins and ends rapidly, stage II relaxation
occurs over a longer time frame. As-sprayed coatings tested at room
temperature relaxed minimally (w2 ≈ 6–8%) in stage II. At the end of
the 180 min test, w3 values for as-sprayed coatings tested at room
temperature supported 73% and 86% of the initially applied 20 and
60 MPa, respectively. In the as-sprayed condition coatings relaxed
26%, 37%, and 32% of the starting 60 MPa for test temperatures of
1000 °C, 1100 °C, and 1200 °C during stage II. The stage II relaxation
constant also halved when the test temperature was increased from
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Table 3
Average stress relaxation modeling values for coatings in the as-sprayed and heat-treated conditions as a function of test temperature, and initial applied stress.
Coating conditions

Test parameters

HT temp. (°C)

HT time (h)

Test temp (°C)

σo (MPa)

As-sprayed
As-sprayed
As-sprayed
As-sprayed
As-sprayed
As-sprayed
As-sprayed
1000
1000
1000
1200
1200
1200
1200

0
0
0
0
0
0
0
50
50
50
50
50
50
50

25
25
1000
1100
1100
1200
1200
1100
1200
1200
1100
1100
1200
1200

20
60
60
20
60
20
60
60
20
60
20
60
20
60

w1
(%)

τ1
(s)

w2
(%)

τ2
(s)

w3
(%)

Replicate
tests

19
8
31 ± 2
52 ± 3
50 ± 2
65 ± 0
65 ± 3
40 ± 2
64 ± 2
64 ± 3
35 ± 3
32 ± 2
60 ± 0
57 ± 2

19
39
125 ± 54
102 ± 6
95 ± 3
62 ± 8
60 ± 9
122 ± 1
57 ± 11
68 ± 6
97 ± 6
120 ± 12
78 ± 3
80 ± 10

8
6
26 ± 3
42 ± 6
37 ± 2
35 ± 0
32 ± 3
38 ± 2
32 ± 4
33 ± 2
30 ± 2
33 ± 2
31 ± 2
33 ± 0

1543
2745
2462 ± 603
2000 ± 250
2433 ± 126
1000 ± 265
1217 ± 166
2563 ± 124
1038 ± 53
1342 ± 166
2967 ± 208
3500 ± 147
2008 ± 146
1925 ± 66

73
86
43 ± 1
6±0
13 ± 3
0
3±2
22 ± 0
4±2
3±2
35 ± 5
35 ± 2
9±2
10 ± 3

1
1
3
3
3
3
3
2
2
3
3
3
3
3

1100 °C to 1200 °C, from ~2433 s to ~1217 s. As-sprayed coatings
tested at 1000 °C retained ~ 43% of the 60 MPa after 3 h of testing,
compared to ~ 13% and ~ 3% of 60 MPa after testing at 1100 °C and
1200 °C, respectively.
Coating condition has little effect on w2 for samples tested at
1200 °C, with values of 33% σo noted for as-sprayed coatings and those
heat treated for 50 h at 1000 °C or 1200 °C. However, heat-treatment
does play a role in τ2, effectively doubling it from 1000 s to 2000 s
after a 50-hr heat-treatment at 1200 °C. It is worth noting that τ2 is
the same for the as-sprayed and 50 h/1000 °C heat treat conditions.
Increasing the stress from 20 MPa to 60 MPa did not change the basic
relaxation behavior as the curve ﬁt parameters that describe
relaxation behavior were essentially equivalent.
Heat treatments of 10, 50, or 100 h at 1200 °C had essentially no
effect on w2 for coatings tested at 1200 °C (Table 4). The stage II
relaxation constant was ~ 2000 s for all 3 coating durations. However,
coatings heat treated for 100 h at 1200 °C deformed less overall in the
3-hour test as evidenced by a higher percentage of stress still on the
coating (w3 = 13%). Dropping the test temperature from 1200 °C to
1100 °C greatly reduced the deformation in the coating, with w3
values of 30% noted.

(see Fig. 1b) as compared to coatings previously heat treated at
1200 °C.
3.6. Strain-rate as a function of test temperature and coating condition
The effect of temperature on the strain rates for the as-sprayed
coating condition is presented in Fig. 2a. Also apparent on the plot for
each test temperature is the transition region between stage I and
stage II deformation behavior. There is a clear difference in strain rate
as the coating transitions between stage I and stage II behavior. Most
of the data represented on the plot is from stage I, with rates of 10−6
through 10−7 s−1 represented. Stage II rates are much lower,
nominally 10−8 s−1. As expected, the strain rates approach zero as
stress tends to zero. For equivalent stress, as the test temperature was
increased the strain rate was observed to be higher. The extracted
strain rates appear to reasonably agree with the steady-state creep
rates of 7 wt.% YSZ APS coatings over the temperatures of interest,
which generally range between 10−6–10−8 1/s at applied stress 40–
60 MPa [7,36].
The effects of heat-treatment on the strain rates of coatings during
relaxation are presented in Fig. 2b for the test temperature of 1100 °C.
Heat treatments resulted in lower strain rates at equivalent stresses.

3.5. Summary of Stress Relaxation Observations
4. Discussion
As-sprayed coatings relax at room temperature, independent of
any temperature-driven relaxation mechanisms. Stage I relaxation at
1100 °C or higher, as measured by w1, accounts for at least 50% of the
total stress relaxed despite occurring in only 5–10 min. For samples
tested at 1200 °C, stage I relaxation accounts for 60–65% of the
relaxation. The 1200 °C test temperature greatly inﬂuenced the
percentage of relaxation in the coating, more so than the coating
heat-treatment temperature. Prior coating heat-treatment did inﬂuence τ2. As-sprayed coatings and those heat treated for 50 h at 1000 °C
displayed similar relaxation behavior when stress relaxed at 1200 °C

4.1. Room temperature deformation mechanisms contributing to stress
relaxation
Room temperature stress relaxation experiments were conducted
to isolate the effect of only microstructural features, independent of
temperature, on mechanical response. As was shown in Table 3 assprayed coatings relax at room temperature. In a prior paper, Petorak
[37] has suggested via a strain energy analysis that only a fraction of
the coating material bears the initially applied load. Upon application

Table 4
Average stress relaxation modeling values for coatings in the heat-treated conditions as a function of test temperature, heat-treatment duration, and initial applied stress.
Coating conditions

Test parameters

HT temp. (°C)

HT time (h)

Test temp (°C)

σo (MPa)

1200
1200
1200
1200
1200
1200
1200

10
10
50
50
10
50
100

1100
1100
1100
1100
1200
1200
1200

20
60
20
60
20
20
20

w1
(%)

τ1
(s)

w2
(%)

τ2
(s)

w3
(%)

Replicate
tests

35 ± 5
32 ± 2
35 ± 3
32 ± 2
70 ± 3
60 ± 0
55

89 ± 8
118 ± 26
97 ± 6
120 ± 12
86 ± 14
78 ± 3
85

37 ± 5
36 ± 2
30 ± 2
33 ± 2
25 ± 3
31 ± 2
32

2850 ± 180
3412 ± 539
2967 ± 208
3500 ± 147
1933 ± 138
2008 ± 146
1950

28 ± 3
32 ± 0
35 ± 5
35 ± 2
5±0
9±2
13

3
3
3
3
3
3
1
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4 10
3.5 10

Strain Rate (1/sec)

3 10
2.5 10
2 10

-6

-6

Stress Relaxed
at 1200°C

-6

Stress Relaxed
at 1100°C

-6

1.5 10

-6

1 10

-6

5 10

-7

1 10

strain rate as a function of stress at a given temperature. In turn, these
extracted strain rate data can be compared to existing deformation
mechanism maps (DMM) to help establish deformation mechanisms
occurring during stress relaxation. From Fig. 2a and b there is clearly a
transition in the strain rates from stage I to stage II relaxation. Stage I
relaxation would correlate to the initial rapid increase in strain rate
observed at the start of a creep test, i.e. primary creep. This data does
not appear on DMMs as they are constructed from steady-state creep
rates.
With consideration of stage II relaxation, YSZ has a melting
temperature, Tm, of approximately 2700 °C according to binary phase
diagram for ZrO2–Y2O3 [38]. Operation at 1000°, 1100° and 1200 °C
correlates to homologous temperatures, i.e. T/Tm, of 0.43, 0.46 and
0.50, respectively. The shear modulus for dense YSZ was calculated for
each temperature based on the following equation [39]:

a) As-Sprayed Coatings

-6

Stress Relaxed
at 1000°C
Transition
Region

μ = 93−0:021T

-8

60

50

40

30

20

10

3.5 10

Strain Rate (1/sec)

3 10

-6

-6

-6

2 10

-6

1.5 10

-6

1 10
5 10
1 10

b)

-6

2.5 10

As-Sprayed
at 1100°C
HT 50hr/1000°C
at 1100°C
HT 50hr/1200°C
at 1100°C
Transition
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-6

-7

-8

60

50

40

30
20
Stress (MPa)

10

ð7Þ

0

Stress (MPa)
4 10
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0

Fig. 2. (a) Strain rates of as-sprayed coatings extracted from stress relaxation
experiments as a function of test temperature. Higher test temperatures result in
larger strain rate values for equivalent stresses. Decreased stage I ranges, associated
with smaller w1 values, are indicated by the kink or bend in the curve occurring at larger
stress values. (b) Strain rates extracted from stress relaxation experiments at 1100 °C as
a function of coating condition. Heat treatments resulted in lower strain rates at
equivalent stresses.

of stress, permanent deformation occurs in the sample as a result of
void compaction and lamellae sliding, redistributing the load amongst
a higher volume of the coating. Therefore, during the onset of stress
relaxation there is a constant magnitude of strain induced on the
sample, which is associated with a fraction of material bearing the
load. The compaction of void systems and rearrangement of lamellae
results in the release of stored elastic energy in the coating, while
simultaneously more uniformly distributing the applied load [37].
Deformation mechanisms for Stage I behavior for tests conducted at
elevated temperatures would include lamella sliding and compaction,
as well as permanent closure of cracks oriented perpendicular to the
applied stress as shown recently by Petorak et al [32].
4.2. High temperature deformation mechanisms contributing to stress
relaxation
Service conditions in thermal barrier coatings are better represented by stress relaxation than creep. But, as shown in Fig. 2a and b,
the stress relaxation data can be used to calculate an instantaneous

Where the shear modulus is in GPa and the temperature is in
Kelvin. A normalized shear stress, based on the maximum initial
compressive load of 60 MPa used during stress relaxation testing, was
found to range from 10−3 to 10−4 between 1000° and 1200 °C. The
coatings in the current study had columnar grains of approximately
0.1 to 1 μm in diameter, and 1–4 μm in height.
Inspection of a deformation mechanism map (DMM) for a 9.5 mol
% cubic Y2O3–ZrO2 (16.9 wt.% FSZ) with a grain size of 0.5 μm provided
by Bowman [40] correlates the calculated normalized shear stress and
homologous temperatures during stress relaxation to the Coble creep
regime, where the dominant deformation mechanism is grain
boundary diffusion. Diffusional data on 9.4 mol% Y2O3 fully stabilized
cubic zirconia single crystals [41,42], and polycrystalline 16 mol% fully
stabilized cubic zirconia [43,44] found oxygen to diffuse much faster
than either cation, with the zirconium cation diffusing slightly slower
than the yttrium cation [45], and therefore relaxation during stage II
should be limited by the zirconium or yttrium cation diffusion.
Through extensive creep testing on APS YSZ, Withey et al. [36]
measured and also correlated deformation mechanisms, and the
activation energies associated with them, to diffusional paths. These
paths varied from surface diffusion of atoms at 1000 °C to bulk
diffusion of atoms at 1200 °C.
DMM are generally constructed from dense materials. APS YSZ
coatings are not dense, and the porous plasma-sprayed microstructure
can accommodate a given amount of uniaxial strain through
compaction of lamella and/or closure of pores. Hence, contributions
to the strain rates can result from the compaction of lamella, which
was established to occur in APS coatings through the room
temperature experiments (see Table 3). In summary, the closure of
void systems perpendicular to the applied load works in tandem with
diffusional mechanisms during stress relaxation, where stage I (high
strain rates) deformation is dominated by lamella compaction and
crack closure (at higher temperatures), and stage II (lower strain rates)
is dominated by diffusional creep mechanisms.
4.3. Temperature effects on the stress relaxation of plasma-sprayed
stand-alone YSZ coatings
The effects of microstructural changes on stress relaxation
behavior in plasma-sprayed coatings were elicited through pre-test
heat-treatment of coatings at temperature known to either coarsen or
densify microstructures in YSZ. Heat treatment of plasma-sprayed
coatings at 1000 °C results in increased chemical bonding between
lamellae splats, and smoothing of free surfaces, without reducing
porosity. Heat treatment at 1200 °C reduces the volume of pores and
cracks due to densiﬁcation [18–22,33–35].
Coating heat treatments at 1000 °C prior to testing did behave
differently than as-sprayed coatings when tested at 1100 °C; however,
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these differences were no longer noted when the 50 h/1000 °C
coatings were tested at 1200 °C. Thus, the spheroidization of
microcracks to pores and microstructural coarsening appears to only
have an effect when the temperature regime is below that where
rapid densiﬁcation can take place. Heat treatments at 1200 °C did
strongly inﬂuence thermomechanical behavior at a test temperature
of 1100 °C showing that the densiﬁed (as opposed to only coarsened)
microstructure does inﬂuence stress relaxation (see Table 3). However, a test temperature of 1200 °C essentially nulliﬁed the 1200 °C
heat-treatment effects with the exception of doubling the stage II
relaxation constant. Clearly, this temperature in YSZ strongly
inﬂuences thermomechanical behavior.
Stress relaxation at 1200 °C was chosen because it represents
service temperatures in thermal barriers. As measured in the current
study, coatings stress relaxed at 1200 °C demonstrated the greatest
relaxation of the applied compressive stress. This is important because
the greater the relaxation during service, the greater the tensile stress
generated in the coating upon cooling. Stage I relaxation is responsible
for much of the deformation that occurs in APS YSZ coatings. Table 3
indicated that stage I deformation of as-sprayed coatings at 1200 °C
generally contributed to ≈66% of the overall deformation that
occurred during the 180 min test, with most of that deformation
occurring during the ﬁrst 10 min. Thus, reduction of stage I
deformation would be one strategy to reducing overall deformation
in the coating system.
One approach to reduce stage I would be to heat treat the coating
prior to service as the current study shows heat treatments at 1200 °C
for times as short as 10 h (see Table 4) greatly reduced the stage I
deformation in the coating. However, this is challenging to do because
the coating is attached to the underlying superalloy. Upon heating the
coating, the stiffer superalloy will constrain the coating, effectively
putting the coating in compression. It is clear from this thought
experiment that microstructural changes in the coating that would
resist stage I deformation need to be incorporated into the coating
while it is being applied, not after its application through a heattreatment.
Microstructural changes that would reduce stage I deformation
would include those that would sinter or chemically bond lamella,
reducing their ability to slide or compact under applied stresses. With
that in mind, it may be that “hotter” plasma spray conditions,
generally controlled by the plasma composition, gun power or spray
distance, would tend to chemically bond the lamella during
application. This approach has been used in the development of
plasma-sprayed coatings with vertical segmented cracks [46–48] and
limited experimentation indicated reduced stress relaxation [49].
Another approach might be to inﬁltrate the pores with a medium that
prevent compaction of the pores/cracks prior to placing the coating
service. However, there will be a corresponding loss of necessary
coating strain tolerance as the coating becomes stiffer. A balance
would need to be achieved between the two competing effects.
Because stage II deformation is controlled by the intrinsic
properties of the coating material, reducing it would likely require
changing the composition of the material. Thus, creep data for coating
materials that met requisite properties (temperature, environmental,
processability, cost, etc.) should be considered with the goal of
reducing steady-state creep rates at temperatures of 1200 °C or
greater as compared to YSZ.
5. Conclusions
The stress relaxation behavior of APS YSZ thermal barrier coatings
is a function of coating conditions and test temperature. A 1200 °C
heat-treatment, for as short as 10 h, or a 1200 °C test temperature,
most strongly inﬂuenced the coating behavior. Stage I relaxation is
associated with the largest permanent reduction in stress, up to 65% in
the as-sprayed case, and hence the most detrimental change with

respect to recovery. Compaction and closure of cracks and pores, and
the rearrangement and sliding of lamellae during stage I aid in
relaxing applied compressive loads. Diffusional creep mechanisms
likely contribute to the relaxation behavior of stage I but dominate
during stage II. Stage II relaxation could be decreased by two methods,
either decrease the porosity or utilize an oxide with slower diffusing
species than Zr4+ or Y3+. Microstructural design that would decrease
stress relaxation in either stage I or stage II would require a careful
balance of coating strain tolerance, compliance, and thermal
conductivity.
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