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Thermal conductivity and phase evolution
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Multilayer coatings were prepared using small-particle plasma spray to investigate the
effect of interfaces on thermal conductivity and phase stability. Monolithic and multilayer
alumina and yttria partially-stabilized zirconia coatings, with 0, 3, 20, and 40 interfaces in
200-380 um thick coatings were studied. Thermal conductivity was determined for the
temperature range 25 °C to 1200 °C using the laser flash method and differential scanning
calorimetry. Thermal conductivity of the multilayer coatings was accurately modeled by a
series heat transfer equation, indicating that interfacial resistance plays a negligible role in
heat transfer in the direction perpendicular to the coating plane. Powder X-ray diffraction

results indicate that identical phase transitions occur in all the coatings. Independent of
coating microstructure (i.e. layer thickness), as-sprayed y-Al,O5 transforms to «-Al, O3 after
100 hours at 1200°C; as-sprayed metastable t'-ZrO, converts to a mixture of t-ZrO, and
c-ZrO; after 100 hours at 1300 °C. Thus, the results indicate that the interfaces do not aid in
stabilizing the as-sprayed phases after prolonged severe heat treatments.
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1. Introduction
Thermal barrier coatings (TBC’s) are often used to im-
prove the efficiency of gas turbine engines by allowing
increased operating temperatures and/or reduced cool-
ing rates. They typically consist of two layers: an in-
termediate metallic bond coat and a ceramic top coat.
The bond coat, typically an MCrAlY (where M = Co,
Fe, or Ni), improves coating adherence by reducing
the coefficient of thermal expansion (CTE) mismatch
between the metal substrate and the ceramic top coat
[1] and by allowing formation of an adherent Al,O3
scale. The primary purpose of the top coat is to pro-
vide thermal resistance in the direction perpendicular
to the substrate surface. Partially stabilized 6-8 wt.%
yttria-stabilized zirconia (YSZ) is the most commonly
used top coat material. It possesses the desired proper-
ties of a relatively low thermal conductivity and high
CTE. Nevertheless, to further increase coating lifetime
and engine performance, coatings with improved per-
formance characteristics are continually being sought.
One approach to altering the properties of TBC’s is to
incorporate multiple phases. Functionally graded ma-
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terials (FGM) have been proposed for their potential to
reduce residual stress development and improve oxida-
tion protection [2—4]. To reduce the thermal conductiv-
ity, particulate composite [5] or multilayer [6-9] archi-
tectures can be used. In both systems, heat resistance
can be increased by adding a lower thermal conduc-
tivity second phase. However, the multilayer structures
may also aid in phase stability [10] at high temper-
atures. As in the case of zirconia, as-sprayed phases
(e.g. '—ZrO;) can have a lower thermal conductivity
than those formed after extended high temperature ex-
posure (e.g. m—ZrO,) [11]. Thus, phase stability at high
temperatures is also an important issue.

Assuming a slab geometry and negligible interfacial
resistance, the lower bound on the conductivity of a
multilayer material, ky, can be calculated using a se-
ries heat-transfer model [12]:

kmL = (kik2)/(vikz + vaky) (D

where “v” is the volume fraction and the subscripts
“1” and “2” refer to the individual materials (Fig. 1). If
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Figure 1 Schematic drawing of a multilayer material with alternating
slabs of material 1 and 2.

the interfaces play a role in reducing heat conduction,
then the experimentally determined thermal conduc-
tivity values will be lower than those calculated using
Equation 1.

Recently, An et al. studied the influence of layering
AlO3 and YSZ on the thermal conductivity of elec-
tron beam physical-vapor deposited (EB-PVD) coat-
ings [6]. Based on crystallographic texture measure-
ments via pole figures, it was suggested that epitaxial
growth between the layers reduced any potential inter-
facial thermal resistance. To further explore the effect
of imperfect interfaces, they later extended this work to
plasma-sprayed multilayer coatings of up to 16 alter-
nating layers of the two materials [7]. We describe here
the development of multilayer coatings via the small-
particle plasma spray (SPPS) technique that affords
finer layers than conventional plasma spray. We probe
the influence of up to 40 layers on the thermal conduc-
tivity and phase evolution of alumina Al,Os3/zirconia
(YSZ) multilayer, as well as monolithic, coatings at
temperatures of interest for thermal barriers.

2. Experimental materials and methods
2.1. Coating materials and plasma

spray processing
Samples were produced using small-particle plasma
spray (SPPS), an air plasma spray system which incor-
porates a beveled powder injection tip [13]. A Plasma-
Tecknik F4 gun with a 6 mm nozzle was used to fabri-
cate all samples. The average particle size of the start-
ing AlO3 (Praxair Al-1110-HP) and YSZ (H. C. Stark
Amperit 825.0) powders were 9 um and 12 pm, re-
spectively. The specific spray parameters used for each
material are listed in Table I.

TABLE I Spray parameters for alumina and yttria-stabilized zirconia
powders

Spray parameter AlL,O3 YSZ
Power (kW) 45 35
Argon primary gas flow (slm) 41.7 32.0
Hydrogen secondary gas flow (slm) 8.3 8.0
Injector angle (degrees) 30 40
Injector radial offset (mm) 9 11
Spray distance (cm) 6 6
Argon carrier gas flow (slm) 5 5
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Two separate powder feeders and injectors were used
in an alternating fashion to deposit multilayer coatings
on 220 grit-blasted aluminum-coated 1018 mild steel
substrates. The number of gun passes across the sub-
strate was varied to control the layer thickness. In total,
multilayer coatings 200—380 pm thick, consisting of 3,
20, and 40 interfaces, were produced. Two monolithic
coatings, one containing pure YSZ and the other pure
Al,O3, were also fabricated. Samples were soaked in
a dilute solution of hydrochloric acid to preferentially
etch the aluminum and create free-standing coatings for
testing.

2.2. Thermal property measurements
Thermal diffusivity measurements of free-standing
coatings were made using the laser flash technique
[14]. All measurements were conducted at Oak Ridge
National Laboratory in the High Temperature Ma-
terials Laboratory [15]. Samples were disk-shaped
(~12.5 mm in diameter) and varied from 250 um to
380 um in thickness. Coating thickness was measured
using a micrometer. A Nd : Glass laser was used to
produce a heat pulse aimed at the front face of the sam-
ple. From room temperature to 500 °C an aluminum
furnace and InSb detector were used to monitor the
temperature of the sample’s back face. At higher tem-
peratures (600—1200 °C) a graphite furnace and Si de-
tector were used. Each sample’s front and back surface
was coated with graphite to make the material opaque.
All samples were tested in an inert argon atmosphere.
Time versus temperature curves were recorded using
16 KHz high-speed data acquisition. Thermal diffusiv-
ity was calculated following ASTM standard E1461
[16]. The software performed pulse-width correction
to the raw data. The reported thermal diffusivity data
were obtained using the Clark and Taylor [17] method,
which accounts for radiation heat losses and derives
a corrected half-rise time. The thermal diffusivity, «,
was calculated from the coating thickness, /, and the
corrected half rise time, # /5:

AP

= 2
» 2)

o
where A is a dimensionless parameter. Six samples
were tested concurrently and three measurements were
taken and averaged for each specimen at each temper-
ature. One replicate was run for each sample.

Specific heat was measured using a differential scan-
ning calorimeter (Stanton Redcroft DSC1500) compar-
ative method with a sapphire standard. Sample disks
4 mm in diameter were stacked to obtain a weight
of approximately 90 mg. The heat flow was mea-
sured from 25 °C to 1000 °C with a 20 °C/min ramp
up rate. All samples were heat treated for 1 hour at
1000 °C in air prior to the measurement because some
as-sprayed samples produced unstable exothermic re-
actions around 900 °C. A best fit line of specific heat
vs. temperature data was extrapolated to obtain values
between 1100 °C and 1200 °C.

The Archimedes’ water immersion technique was
used to measure coating density and total porosity.



Three measurements were taken and averaged for each
coating. Thermal conductivity, k1, was then calculated
using the following equation:

kr = a(T)Cp(T)p (3)
where T is temperature, « is thermal diffusivity, C,
is specific heat, and p is density. Based on the error
associated with the three individual factors, the total

error associated with the full set of measurements was
estimated to be approximately 6%.

2.3. Phase stability studies

Combustion exhaust gas environments in commercial
gas turbine engines can reach temperatures of 1300 °C
or higher [18]. To study the behavior near service tem-
peratures, samples were heated for 100 hours in air at
1000 °C, 1200 °C, and 1300 °C. X-ray powder diffrac-

tion was performed on as-sprayed and heat-treated coat-
ings using a Rigaku Giegerflex Diffractometer and Cu
K, radiation. In some cases, an internal aluminum stan-
dard was used to determine any diffraction angle off-
set associated with the experimental set-up. Following
the work of Muraleedharan [19], the 72-76° 20 region
was analyzed in greater detail to identify the zirconia
phases.

3. Results and discussion

3.1. Coating microstructure

SEM images of the various coatings are shown in Fig. 2.
Image analysis was used to determine the volume frac-
tion of each phase in the multilayer coatings (Table II).
There is excellent interfacial contact between the Al, O3
and YSZ layers. A TEM micrograph of the interface
shows the lack of interlayer porosity and the high de-
gree of bonding (Fig. 3).

(c)

Figure 2 Cross-sectional SEM micrographs of (a) pure alumina, (b) pure YSZ, (c) AY3, (d) AY20, and (e) AY40 multilayer coatings.

(d)

(e)
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Figure 3 TEM image of an alumina/zirconia interface which reveals the high degree of interfacial contact. The black lines denote the interface between

the alumina and zirconia.

TABLE II Specifications for monolithic and multilayer coatings

Theoretical

Number of Volume percent Volume percent Density density Total
Sample interfaces of alumina of zirconia (g/cm?) (g/cm?) porosity (%)
AY40 40 60 40 3.86 4.77 19.0
AY20 20 50 50 — — —
AY3 3 50 50 4.15 4.99 16.9
Monolithic YSZ — 0 100 5.33 6.08 12.3
Monolithic Al,O3 — 100 0 3.36 3.90 14.0

Delamination between the alumina and zirconia was
not observed, even after long term high temperature
exposure (Fig. 4). Such sustained bonding and layer
integrity was not reported in previous studies [7].

3.2. Thermal conductivity
of monolithic coatings

Typically, the thermal conductivity of plasma-sprayed
coatings is significantly lower than that of the cor-
responding bulk material. This is a well-documented
phenomenon which is attributed to increased thermal
resistance due to interlamellae boundaries [20], poros-
ity [11], and microcracks parallel to the coating plane
[11,21]. Fig. 5Sa shows the thermal conductivity results
for the monolithic coatings, as well as for the dense bulk
materials. The bulk alumina data [22] are for «—Al,O3
because data for y—Al,O3 were not available. As ex-
pected, the thermal conductivity of the alumina coating
is significantly lower than that for dense alumina. The
initially low room temperature thermal conductivity of
both coatings is an artifact due to the high sensitivity
of thermal diffusivity measurements on the laser power
level [23].

Conversely, the monolithic YSZ coating actually
exhibits a relatively high thermal conductivity for a
plasma-sprayed material. In fact, the values match
well with those of the bulk material as measured by
Hasselman [24]. The data from Hasselman were ob-
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tained for bulk t-ZrO,. Since specific heat is a mate-
rial property, independent of microstructure, the unex-
pected conductivity values of the coating can be at-
tributed to high density and/or high thermal diffusivity
values. Upon comparison with published bulk thermal
diffusivity values [25], it is clear that the YSZ coat-
ing does possess a relatively high thermal diffusivity
(Fig. 5b). The measured values for the coating are com-
parable to the bulk diffusivity values. SPPS YSZ coat-
ings may have higher densities than conventionally air
plasma-sprayed YSZ. However, due to the use of and
relatively large uncertainties of many density measure-
ment techniques (immersion, image analysis, MIP), it
is difficult to compare values across studies.

The reason behind these unexpectedly high diffu-
sivity values is not yet clear. It has been observed
that the selected spray parameters (e.g. starting pow-
der specifications, power level, and gases) can have a
significant effect on the thermal diffusivity of plasma-
sprayed coatings [26, 27]. The effect has been attributed
to differences in coating microstructure that arise un-
der various spray conditions. Lamellae thickness, de-
gree of intersplat contact [28], and extent of micro-
cracking [29] are known to greatly affect the thermal
properties of plasma-sprayed coatings. Therefore, it is
speculated that the chosen spraying conditions resulted
in microstructural features that decreased the thermal
resistance beyond what is typically observed for as-
sprayed coatings.
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Figure 4 SEM micrographs reveal the high degree of interfacial contact
between layers of alumina (darker) and zirconia (lighter) in the (a) as-
sprayed and (b) heat-treated [1000 °C/100 h] coating.

3.3. Thermal conductivity
of layered coatings

The thermal conductivity measurements for the AY40
and AY3 multilayer coatings are shown in Fig. 6. The
values predicted by Equation 1 are also plotted in Fig. 6.
The slight decrease observed between 500—600 °C is an
artifact attributed to switching furnaces during the dif-
fusivity tests. The experimental results agree well with
the series heat-transfer model, indicating a lack of in-
terfacial thermal resistance in both coatings. This is not
surprising due to the high degree of bonding and lack
of additional porosity at the alumina/zirconia interfaces
(Fig. 3).

The discrepancy between the AY3 sample data and
the model can be attributed to surface roughness ef-
fects and variability in layer thickness. The surface
roughness inherent to the top surface of plasma-sprayed
coatings can introduce error in coating thickness mea-
surements. Relatively small errors in coating thickness
measurements can cause a noticeable shift in the ther-
mal conductivity [7, 30]. A 4% error in coating thick-
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Figure 5 (a) Thermal conductivity of pure YSZ and pure Al,O3 coat-
ings compared to bulk values (b) Thermal diffusivity of YSZ coating
compared to bulk value.

ness can produce a 10% change in the thermal con-
ductivity [30]. The surface roughness characteristic of
plasma-sprayed coatings could introduce such an error
in thickness. To obtain more accurate thickness mea-
surements, the coatings should be polished plane paral-
lel after removal from the substrate. Another potential
source of error is the variability in layer thickness. The
SEM micrographs clearly reveal the variation that can
occur across a relatively short distance (Fig. 2c—d). Due
to this variability in layer thickness, different localized
regions will have slightly different percentages of each
phase. This will introduce error into the volume fraction
measurements conducted by image analysis.

The results in this investigation are consistent with
recent work on plasma-sprayed [7] and EB-PVD [6]
multilayer coatings. These three studies collectively
demonstrate that the existence of up to 50 interfaces
do not affect heat transfer in the alumina/zirconia sys-
tem. In all cases, a series heat transfer equation ac-
curately models the thermal conductivity in the multi-
phase coating.

3.4. Phase stability at high temperature

As-sprayed 7 wt% YSZ is typically present as
metastable t'—ZrQO,. Coating durability has been di-
rectly linked to the percentage of this phase [31]. How-
ever, t'—Zr0O; is diffusionally unstable at high tempera-
tures and will revert to equilibrium tZrO, [31]. Upon
cooling, tZrO;, can further transform to the mono-
clinic phase, resulting in a 4.5% volume expansion.
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In a similar manner, as-sprayed y—Al,Oj3 is unstable at
high temperatures. The transformation of y—Al,O3 to
a—Al, O3 at high temperatures results in an 11% volume
reduction.

Conceptually, the alumina/zirconia interfaces could
serve as physical barriers that hinder these phase trans-
formations. It was speculated that alumina/zirconia in-
terfaces in the layered coatings would limit diffusion
and inhibit phase transformations that would otherwise
occur in pure coatings. Since alumina and zirconia are
immiscible, these multilayer systems are ideal for sta-
bility studies. A similar approach towards phase stabil-
ity has been taken by Andritschky et al. using ceramic
PVD coatings [10].

3.4.1. Alumina

X-ray diffraction results for the monolithic alumina
coating are presented in Fig. 7a. The starting powder
is present as a—Al,O3. Although «—Al,Os is the stable
equilibrium phase, metastable y—Al,O3 forms during
plasma-spraying due to its lower critical free energy for
nucleation and the rapid quench rate during splat for-
mation [32]. Both y and « phases are observed in the
monolithic as-sprayed coating. Based on calculations
by McPherson which incorporate particle size and time-
temperature behavior in the flame [32] the formation
of y—Al,0Oj3 is expected for this system. Additionally,
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Figure 7 X-ray diffraction pattern of alumina in the as-sprayed and heat
treated conditions: (a) monolithic and (b) AY40 multilayer coatings. (o,
y, and § = alumina, z = zirconia).

there is a significant number of unmelted «—Al, O3 par-
ticles in the microstructure [33]. Upon heat treatment
at 1000 °C for 100 hours, the y to 6 phase transition
is observed (Fig. 7a). After exposure at 1200 °C for
100 hours, the complete transformation to «—Al, O3 oc-
curred. The y to § to o phase transformation has also
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been observed in vapor-deposited amorphous alumina
[34]. The y-to-« phase transition observed in the mono-
lithic alumina was observed in all of the layered sam-
ples (Fig. 7b). The interlayer interfaces do not appear
to hinder the equilibrium transformation.

3.4.2. Zirconia
The results for zirconia-containing samples are shown
in Fig. 8. The starting powder is present in the equilib-

rium t phase. As expected, as-sprayed YSZ is present
as metastable t'—ZrO,. Upon heat treatment the mono-
lithic (Fig. 8a) and layered (Fig. 8b) samples all experi-
ence similar phase transformations. After 100 hours at
1200 °C, the t'-ZrO, begins to break down into a mix-
ture of t—ZrO, and c—ZrO,; however, a residual amount
of t'—ZrO; is still present. Upon heating to 1300 °C for
100 hours, the t'—ZrO; fully transforms to t-ZrO, and
¢—ZrO,. Monoclinic zirconia was not observed in any of
the samples. The multilayer sample behaved similarly
to the monolithic YSZ coating. Again, the interfaces do
not noticeably affect nominal phase transitions.

These finding are consistent with Andritschky’s work
on PVD multilayer coatings [10]. They reported that
coatings containing 1 nm thick alumina and 5 nm thick
zirconia layers did not possess additional phase stabi-
lization, despite a limited 5 nm grain size observed in
the as-deposited coating. However, their results were
partially due to physical layer instability and discon-
tinuity after extended exposure to high temperatures.
As mentioned above, the plasma-sprayed coatings in
this study maintained excellent physical integrity after
heating (Fig. 4).

4. Conclusions

Monolithic and multilayer plasma-sprayed coatings of
up to 40 layers were fabricated and the thermal conduc-
tivity and phase stability were characterized. A series
heat transfer equation adequately describes the ther-
mal conductivity of plasma-sprayed multilayer coat-
ings, as measured by the laser flash method and differ-
ential scanning calorimetry. The results suggest a neg-
ligible amount of interfacial heat resistance is present.
Secondly, X-ray diffraction reveals that high tempera-
ture phase transformations which occur in monolithic
alumina and yttria-stabilized zirconia coatings also oc-
cur in multilayer coatings. As-sprayed y—Al,O3 fully
transforms to a—Al, O3 after 100 hours at 1200 °C. As-
sprayed YSZ evolves from t'—ZrO, to a t-ZrO, and
¢—Zr0O, mixture after 100 hours at 1300 °C.
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