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Abstract
Rare-earth doped yttria-stabilized zirconia (YSZ) coatings with lower thermal conductivity have been fabricated via suspension plasma spray by
dissolving rare-earth nitrates into YSZ powder-ethanol suspensions prior to plasma spraying. The effect of dopant concentration and dopant type on
properties of the coatings was determined by comparing two coatings containing different concentrations of the same dopant pair (Nd2 O3 /Yb2 O3 ),
and three coatings having similar concentrations of different dopant pairs (Nd2 O3 /Yb2 O3 , Nd2 O3 /Gd2 O3 , and Gd2 O3 /Yb2 O3 ). The porosity content
of the coating was found to increase with increased total rare-earth dopant concentration but did not significantly change with dopant pairs. The crosssectional morphology of every coating displayed a cauliflower-like structure. However, the most heavily doped coating exhibited a larger surface
roughness and feathery features in the columnar structures. The thermal conductivity measurement showed that the thermal conductivity decreased
with increased Nd2 O3 /Yb2 O3 concentration. Among coatings containing different dopant pairs, the Gd2 O3 /Yb2 O3 doped coating exhibited lowest
conductivity.
© 2013 Elsevier Ltd. All rights reserved.
Keywords: Thermal barrier coatings; Suspension plasma spray; Rare-earth oxides

1. Introduction
Thermal barrier coatings (TBCs) are essential components of
gas turbine engines used in commercial aircraft and power generation. These ceramic coatings, ranging from 100 to 500 m
in thickness, help maintain the integrity of the underlying
engine components by reducing the heat flux reaching these
components.1 Consequently, TBCs can be used to reduce the
cooling air required to maintain safe engine component temperatures during operation and/or increase the gas temperature
in the engine, both of which increase the engine efficiency.2
Commercial TBCs are currently 4–4.5 mol.% (7–8 wt.%) yttriastabilized zirconia (YSZ) coatings produced by air plasma spray
(APS) or electron beam physical vapor deposition (EB-PVD).
YSZ has been chosen based on its relatively low thermal conductivity, high thermal expansion coefficient, and long lifetime

∗

Corresponding author. Tel.: +1 765 4946405; fax: +1 765 4941204.
E-mail address: rtrice@purdue.edu (R.W. Trice).

0955-2219/$ – see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.jeurceramsoc.2013.11.016

compared to other ceramics.3 Although YSZ has many favorable
properties, sintering and phase decomposition occurring in this
material above 1200 ◦ C are detrimental to thermal barriers. Since
the gas temperatures of existing turbines exceed 1200 ◦ C, YSZ
TBCs are not well suited for the next generation of gas turbines
that are designed to operate at even higher temperatures.1,4–6
Various approaches have been attempted to improve the current TBCs.7 Among these efforts, coatings produced by the
defect clustering technique of Zhu and Miller8–11 were shown
to be promising. In their study, the largest decrease in thermal
conductivity from the baseline YSZ coatings occurred when
doping an equal molar ratio of paired rare-earth (RE) oxides.10,11
The dopant pair was chosen such that one dopant has a larger
ionic size and the other has a smaller ionic size relative to that
of the stabilizing yttrium.9 Both high resolution transmission
electron microscopy images and compositional maps obtained
by electron energy loss spectroscopy of these doped coatings
revealed the segregation of rare-earth oxides in the zirconia
matrix as nanometer-sized clusters.11 It was proposed that these
defects scatter phonons, lowering the thermal conductivity of
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Table 1
Designed test matrix to study the effect of rare-earth dopants on SPS coatings.
Type/nominal
concentration

Y2 O3 (mol.%)

Nd2 O3 (mol.%)

Yb2 O3 (mol.%)

Gd2 O3 (mol.%)

RE dopant ratio

Total dopant
concentration
(mol.%)

Total stabilizer
(mol.%)

Baseline
Nd2 O3 /Yb2 O3
Nd2 O3 /Yb2 O3
Nd2 O3 /Gd2 O3
Gd2 O3 /Yb2 O3

4.5
3.8
4.3
4.3
4.3

–
8.68
2.39
2.39
–

–
7.42
2.05
–
2.05

–
–
–
2.26
2.27

–
0.85
0.86
0.95
0.90

–
16.1
4.4
4.7
4.3

4.5
19.9
8.74
8.95
8.62

Table 2
Ionic radii of the matrix and rare-earth elements present in the SPS coatings.17
Element

Zr4+

Yb3+

Y3+

Gd3+

Nd3+

Ionic radius (pm)

84

98

102

106

112

the coating. In addition, based on the rate of increase in thermal conductivity measured at 1316 ◦ C, these rare-earth doped
coatings were found to be more sintering resistant than the YSZ
coating.10
The rare-earth doped coatings examined by Zhu and
Miller10,11 were fabricated via APS and EB-PVD. For the APS
coatings, powder agglomerates of YSZ and the desired dopants
were spray dried to form powders that could be easily flowed
into the plasma plume.10,11 Another process that could be used
to synthesize nanometer-sized oxide particles and coatings of
varying compositions is solution (liquid) precursor spray.12–14
In this process, a solution containing precursor salts or organics is injected into the plasma to form oxide materials through
pyrolysis. In the present study, suspension plasma spray (SPS)
was employed to produce the rare-earth doped YSZ coatings.
Different from the abovementioned processes, the starting feedstock of SPS is a colloidal solution of nanometer-sized YSZ
powders. Dopants were added by dissolving rare-earth nitrates
into the YSZ suspension, followed by plasma spraying. Using
this method, VanEvery et al.15 produced a Nd2 O3 /Yb2 O3 doped
YSZ coating, demonstrating the feasibility of using SPS to incorporate dopants. This relatively new fabrication method offers the
ability to spray nanometer-sized powders and to tailor the coating composition easily without having to make large batches of
spray-dried powders.15,16 In this work, a total of four rare-earth
doped coatings that have different compositions and a baseline 4.5 mol.% YSZ coating were produced and characterized to
study the effect of increasing dopant concentration and changing
dopant pair type on the properties of the coatings.
2. Experimental procedure
2.1. Suspension compositions
Table 1 shows the compositions chosen to study the effects
of rare-earth dopants on SPS YSZ coatings. Three rare-earth
dopant pairs were selected based on the ionic radii data presented in Table 2.17 The first two dopant pairs, Nd2 O3 /Yb2 O3
and Gd2 O3 /Yb2 O3 , are composed of one larger ion (Nd3+
or Gd3+ ) and one smaller ion (Yb3+ ) relative to the primary

stabilizer, Y3+ . The size difference between the two
dopant cations is greater for the Nd2 O3 /Yb2 O3 pair than
the Gd2 O3 /Yb2 O3 pair. Conversely, the third dopant pair,
Gd2 O3 /Nd2 O3 , consists of two larger dopant cations compared to the Y3+ . All three coatings contained nominally
4.3–4.7 mol.% added dopants. Furthermore, two concentrations
of Nd2 O3 /Yb2 O3 dopants (4.4 and 16.1 mol.%) were investigated.
The dopant molar ratios of the suspensions produced in this
study varied from 0.85 to 0.95, with a ratio of 1 being ideal.9
Furthermore, the suspension compositions listed in Table 1 were
presented under the assumption that all rare-earth ions existing in
the solvent would be incorporated into the coatings. The amount
of dopant actually incorporated into a coating is expected to be
less than the designed values due to losses during spraying.15
The actual coating compositions have been determined and are
provided in Section 3.
2.2. Preparation and characterization of suspensions
Each suspension prepared contained 20 wt.% of 4.5 mol.%
YSZ powder (Item 464228, Sigma–Aldrich, St. Louis, MO).
The starting feedstock was received as loose agglomerates
that were primarily composed of powders ranging from 80 to
150 nm in diameter. Ethanol was chosen as the solvent for
the suspension due to lower heat of evaporation compared to
water.18,19 Wet milling was used to break apart the YSZ agglomerates, and 1 wt.% of phosphate ester dispersant (Triton QS-44,
Sigma–Aldrich, St. Louis, MO) was added prior to the milling.15
To prepare suspensions for the rare-earth doped coatings, two
of the following hydrated nitrates, Gd(NO3 )3 -6H2 O, Nd(NO3 )3 6H2 O, or Yb(NO3 )3 -5H2 O, were added to the suspensions prior
to milling. Wet milling of each suspension was performed at
∼140 rpm for 8 h and stored until use. The number based d50 of
the baseline suspension and most doped suspension after milling
were found to be 747 ± 60 and 727 ± 11 nm, respectively, indicating that the powders were slightly agglomerated. Prior to
spraying, the suspensions were put in an ultrasonic bath for
approximately 15 min and poured through a 25 or 180 m sieve
to breakup and remove any significantly large agglomerates that
could cause clogging.
Thermogravimetric analysis (TGA) was performed on the
baseline and the most heavily doped suspensions to measure
their evaporation rate as weight loss with respect to time. The
suspensions were heated at 20 ◦ C/min to a temperature between
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56 and 57.5 ◦ C. The TGA furnace temperature dropped a few
degrees as the liquid evaporated. The data was recorded until the
liquid was fully evaporated.
2.3. Fabrication of the SPS coatings
Coatings were fabricated at Progressive Surface (Grand
Rapids, MI) using a 100HE plasma spray torch. Suspensions
were injected externally through a 229 m orifice into the plasma
via a Progressive LiquifeederHE which controlled the flow rate
at 47 ± 1.5 ml/min. A power of 105 kW and plasma gas flows
of 85 slm Ar, 57 slm N2 , and 57 slm H2 were used for all runs.
Each suspension was sprayed onto a 75 by 75 mm copper substrate that had been previously grit blasted to enhance coating
adherence. A standoff distance of 7 cm was used.
Prior to the injection of suspension, the substrates were preheated to 370 ◦ C by rastering the plasma spray gun across the
surface. During the coating process, the temperature of the substrate eventually reached a steady value of ∼480 ◦ C. These
temperatures were determined using a thermocouple that was
inserted into a substrate during a test run. To prevent spallation
of the coatings, cooling air was used during spraying to reduce
the thermally generated stresses within the coating. Compressed
air was directed onto the back of the substrate at a flow rate of
0.028 m3 /s, and an air nozzle attached below the plasma gun
cooled the coating surface during spraying. The spray parameters were kept approximately constant for each run, and the
conditions were not optimized. Prior to evaluation, coatings
were removed from the substrates by soaking in nitric acid.
Hydrochloric acid was then used to dissolve any copper oxide
formed between the coating-substrate interface during spraying.
Energy-dispersive X-ray spectroscopy was used to confirm the
absence of copper on back of the coating before characterization.
2.4. Phase and microstructural analysis of the coatings
The crystal structures of the as-sprayed coatings were
examined using CuK␣ X-ray diffraction (XRD) (Bruker D8
diffractometer, Billerica, MA). XRD was also used to study asreceived powders and selected suspensions which were drop
cast on glass substrates and then dried on a heated plate. XRD
scans from 20◦ to 80◦ 2θ, which were obtained at a scan rate
of ∼5◦ /min at an increment of 0.02◦ , were examined to detect
monoclinic-ZrO2 (m-ZrO2 ) or other phases in the as-sprayed
coatings. Additionally, XRD scans ranging from 2θ of 72◦ to
76◦ were acquired using a slower scan rate of ∼1◦ /min at an
increment of 0.0014◦ to improve the identification of peaks associated with non-transformable tetragonal (t -ZrO2 ), equilibrium
tetragonal (t-ZrO2 ), or cubic (c-ZrO2 ) phases.20
Microstructural features of the coatings were characterized by scanning electron microscopy (SEM) (Phillips XL40
Schottky FEG and FEI Quanta 3D Schottky FEG, Hillsboro,
OR). Surfaces and fractured cross-sections of the coatings were
examined. Coating cross section samples were also polished and
thermally etched at 1100 ◦ C for one hour to manifest the grain
boundaries.21
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2.5. Thermal conductivity measurements
The thermal conductivity of the coating was calculated by
multiplying diffusivity (cm2 /s) times the heat capactiy (J/g/◦ C)
and bulk density (g/cm3 ). This value was multiplied by 100
for final thermal conductivity values of W/m/K.5 The thermal diffusivity values were measured at Oak Ridge National
Laboratory-High Temperature Materials Laboratory (HTML)
using the laser flash method. Measurements were taken at increments of 100 ◦ C from a temperature of 100–1200 ◦ C. A thin layer
of colloidal graphite was sprayed onto both sides of the coating
before the measurement to enhance the absorption of the applied
energy.22 For each coating composition, at least two specimens
were tested. The tested specimens were disks with diameters
of ∼12.5 mm. Sample thicknesses were measured using SEM
images of the fractured surface of tested samples. The coating
thickness was then determined by performing a thickness measurement every 50 m over at least a 1 mm length. By imaging
a standard sample (SEM Low Mag. Calibration Ruler, Ted Pella
Inc., Redding, CA) at the same magnification, the scale bar was
found to be accurate within 2% of the length. The specific heat
of the rare-earth doped coatings was not measured. Instead, the
specific heat of 4.5 mol.% YSZ provided in ref. 23 was used
to determine the thermal conductivity of all coatings. Therefore, the thermal conductivity results do not reflect the change,
if any, in specific heat upon doping of YSZ. The bulk density,
which includes both open and closed porosity, of the specimens
used to compute the thermal conductivity was measured by the
Archimedes method.24

2.6. Determination of theoretical density
The theoretical density, representing a fully dense coating,
for each coating composition was obtained by dividing the total
mass of atoms in a unit cell by the unit cell volume. By determining the actual composition of the coating, the number of
each atom type in a single unit cell was calculated and then
converted to mass. The oxygen vacancy concentration induced
by the trivalent stabilizers was also calculated for each coating
type and included in the theoretical density. Lattice parameters
for determining the unit cell volume were obtained by computing the interplanar distance of the {4 0 0} planes from the XRD
results. The crystal structures of the cubic and tetragonal zirconia
were considered as the cubic fluorite and deformed fluorite structure with oxygen atoms displacing from their ideal positions,
respectively.25,26 However, as it will be discussed later, the fraction of each phase in the rare-earth doped zirconia was not lucid
due to overlapping peaks in the XRD patterns. Nevertheless, this
also indicates that the interplanar distances are not that different,
and therefore the unit cell volumes should be similar regardless
of crystal structure. This is confirmed when the theoretical densities for different scenarios (e.g. single tetragonal phase, 50%
tetragonal with 50% cubic phase, and two cubic phases) of each
doped coating were calculated and were found to vary within
0.02 g/cm3 . The reported value is the average of the density values calculated for the scenarios described above. Lastly, the total
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Table 3
Compositions of the coatings and the corresponding bulk density and theoretical density.
Sample

Y2 O3
(mol.%)

Nd2 O3
(mol.%)

Yb2 O3
(mol.%)

Gd2 O3
(mol.%)

Total stabilizer
(mol.%)

RE dopant
ratio

Bulk density
(g/cm3 )

Baseline
Nd2 O3 /Yb2 O3
Nd2 O3 /Yb2 O3
Nd2 O3 /Gd2 O3
Gd2 O3 /Yb2 O3

4.50
4.20
4.66
4.55
4.44

–
5.65
1.50
1.53
0.04

–
5.32
1.28
0.03
1.17

–
0.00
0.00
1.85
1.71

4.5
15.2
7.4
8.0
7.4

–
0.94
0.85
0.83
0.68

4.37
3.50
4.08
3.77
3.96

±
±
±
±
±

0.19
0.18
0.15
0.10
0.09

Theoretical
density
(g/cm3 )
6.08
6.50
6.21
6.20
6.25

±
±
±
±
±

0.01
0.01
0.02
0.02
0.02

Total porosity
(vol. %)
28
46
34
39
37

±
±
±
±
±

3
3
3
2
2

porosity, which is determined by [1 − bulk density/theoretical
density] × 100%, is reported.

3. Results and discussion
3.1. Coating compositions and physical properties
Table 3 shows the actual compositions of the baseline and
rare-earth doped coatings fabricated presently. These coatings
also contained 1.1–1.2 mol.% of HfO2 , which are not shown in
the table. Except for the composition of the baseline coating,
which was provided by the manufacturer, compositions of the
doped coatings were measured using inductively coupled plasma
techniques (NSL Analytical Inc., Cleveland, OH). With reference to Table 1, an average of 68 ± 8% of the rare-earth ions
added to the suspension in the form of nitrates was incorporated
into the sprayed coatings. For example, spraying a suspension
that contained 32.2 mol.% of Nd3+ and Yb3+ resulted in a coating that has 10.9 mol.% of (Nd, Yb)2 O3 instead of 16.1 mol.%
(Nd, Yb)2 O3 . Furthermore, the efficiency to dope rare-earth
oxides was found to depend on the dopant type. A higher percentage of Gd3+ was integrated into the coatings compared to
Nd3+ and Yb3+ . Since the ionic radius of Gd3+ lies between
that of the Nd3+ and Yb3+ , differences in dopant incorporation
were unlikely due to different atomic diffusion rates which can
be related to the dopant size. Further investigation is needed
to determine the cause of these results. Due to differences in
dopant incorporation efficiency, the measured dopant ratio deviated from the designed dopant ratio, ideally 1 as determined by
Zhu and Miller work10,11 , and was found to vary from 0.68 to
0.94.
The bulk density, theoretical density, and the total porosity of
the as-sprayed coatings are shown in Table 3. The reported bulk
density is an average density of at least seven individual coating
specimens. It was found that the 7.4 mol.% (Y, Nd, Yb)2 O3 ZrO2 and 15.2 mol.% (Y, Nd, Yb)2 O3 -ZrO2 coatings contained
6 and 18 vol.% more porosity, respectively, than the baseline
coating. This finding indicated that the porosity content of the
coating increased with total dopant concentration. Conversely,
while the 7.4 mol.% (Y, Nd, Yb)2 O3 -ZrO2 coating was slightly
denser than the other two 7–8 mol.% doped coatings, the effect of
dopant pair type on porosity was not as significant as increasing
the dopant concentration.

Fig. 1. X-ray diffraction plots for various coatings. The shift of {4 0 0} peaks
toward smaller 2θ values is an indication of lattice expansion induced by rareearth doping. The tetragonal split observed in the baseline coating also became
less pronounced in the doped coatings.

3.2. Phase analysis of the powders and as-sprayed coatings
XRD of as-received powders: The XRD patterns (not shown)
of the as-received YSZ powders and drop-cast films of the
baseline and most heavily doped suspension were the same,
indicating that the incorporation of rare-earth dopants into YSZ
powders was not accomplished by mechanical alloying during ball milling. Low intensity peaks at 28.5◦ and 31.5◦ were
observed in these scans, which demonstrated the presence of
m-ZrO2 in the as-received powders.
Effect of rare-earth on coating phase assemblage: The XRD
results from 20◦ to 80◦ (not shown) for all of the as-sprayed
coatings revealed no peaks other than those attributable to
tetragonal or cubic zirconia. Specifically, no RE2 O3 or m-ZrO2
peaks were noted in the scans. Spectra focused on the {4 0 0}
peaks located in the 72◦ –76◦ regime are shown in Fig. 1, with a
summary of the 7–8 mol.% rare-earth doped results in Fig. 2.
In agreement with the published data, the baseline coating
consisted of peaks at ∼73.4◦ and ∼74.2◦ that are corresponding
to (0 0 4) and (4 0 0) peaks of the t -ZrO2 phase.20 The t phase
emerges as molten droplets impinged onto the substrate and
rapidly solidified. The short solidification time impedes yttrium
diffusion, leaving the zirconia supersaturated with yttrium
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Fig. 2. Summary of the phase assemblage results for the as-sprayed coatings
from Fig. 1 for the 7–8 mol.% rare-earth doped coatings with respect to the
dopant size.17

(t -ZrO2 ). A small amount of t-ZrO2 may be present in the
baseline coating, as a shoulder peak was observed at ∼74.4◦ .
However, the CuK␣2 line of the main peak also lies at the same
2θ value, and therefore can also contribute to the intensity of this
shoulder peak.
In the case of 15.2 mol.% (Y, Nd, Yb)2 O3 -ZrO2 coating, one
broad peak was observed at ∼73.3◦ , suggesting the formation of
cubic phase. In contrast, the XRD pattern for the coating containing 7.4 mol.% of (Y, Nd, Yb)2 O3 -ZrO2 displayed overlapping
peaks. It is unlikely that the overlapping peaks observed in this
study correspond to a single tetragonal structure. The inference
is that the intensity ratio of the two peaks, instead of being 1:2
which is the case for the split tetragonal peaks, is ∼1. Similar to
the previous case, both the 8 mol.% (Y, Nd, Gd)2 O3 -ZrO2 and
7.4 mol.% (Y, Gd, Yb)2 O3 -ZrO2 coatings exhibited overlapping
peaks. It is suspected that the overlapping peaks arise from the
existence of more than one phase, possibly a combination of
cubic and tetragonal phases or two cubic phases.
Two mechanisms by which more than one phase can form are
proposed. Zhu and Miller27 reported that rare-earth doped YSZ
coatings with 6 mol.% or less of stabilizer concentration had a
predominantly tetragonal phase while coatings with 10 mol.%
or more of stabilizer had a cubic phase. Therefore, a stabilizer concentration of 7–8 mol.% is likely lying on the boundary
between tetragonal to cubic formation. Long range diffusion
may be limited by the short resident time of powders in the
plume and causes non-uniform distribution of the dopant atoms.
Regions with higher dopant concentration thus can be stabilized
into cubic structure, while the regions with less dopant concentration can form tetragonal zirconia. The above mechanism
assumes only short range diffusion; however, another possibility is that the atomic diffusion is rapid enough to achieve long
range diffusion. In this case, each atom type can migrate to their
preferred sites and lead to the formation of preferred lattice
spacings.15 This is supported by the observation of Zhu and
Miller11 that rare-earth dopants can segregate independently,
causing regions of the coating rich in different types of dopant
atoms. Note that the Zhu and Miller coatings, prior to their characterization, have been heat treated where long range diffusion
can occur.11 This preferential segregation can also lead to the
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formation of different phases, as the phase stability of zirconia
is dependent on the ionic radius of the stabilizer atom, which
was evident in a singly rare-earth doped zirconia system.17
The addition of the rare-earth dopants expanded the zirconia lattice. It is evident from Fig. 1 that the (4 0 0) peaks of the
cubic and/or tetragonal phase present in the doped coatings were
shifted to a lower 2θ value relative to the (4 0 0) t -ZrO2 peak of
the baseline coating. More peak shifting was observed for the
15.2 mol.% (Y, Nd, Yb)2 O3 -ZrO2 coating than the 7.4 mol.%
(Y, Nd, Yb)2 O3 -ZrO2 coating, indicating that the interplanar
spacing and hence the lattice constant, a, had increased with
dopant concentration. This result is consistent with the findings of Zhu and Miller.11 The extent of the expansion also
depended on the dopant type. The coating containing the two
larger dopants (Gd3+ and Nd3+ ) had the largest average lattice
constant, whereas the coating containing the smaller dopants
(Gd3+ and Yb3+ ) had the smallest lattices among the 7–8 mol.%
doped coatings.
3.3. Microstructures of the as-sprayed coatings
Characterization of the coating surface microstructure: Fig. 3
shows the top surfaces of the baseline and doped coatings. It was
observed that all coatings, with or without rare-earth dopants,
displayed a cauliflower-like structure, which was formed by
the tops of the columnar structures that comprised the coating.
Despite using the same spray parameters, the porosity between
the columns (inter-columnar porosity) illustrated by the white
arrow in Fig. 3(a), was observed to increase with increased
Nd2 O3 /Yb2 O3 concentration (Fig. 3(a–c)). In contrast, as evident from Fig. 3(b–e), there was no significant change in the
microstructure of coatings containing different dopant pairs but
similar concentration. These observations are consistent with
the porosity data shown in Table 3.
Characterization of the coating cross-sectional microstructure: A clearer view of the columnar structures of the coatings
is provided in Fig. 4. From the polished cross-sections, it
was observed that the microstructures of the baseline and the
7.4 mol.% (Y, Nd, Yb)2 O3 -ZrO2 coatings were similar, although
more inter-columnar porosity, separating each column into
sub-columns, was seen in the latter one. In comparison, the
15.2 mol.% (Y, Nd, Yb)2 O3 -ZrO2 coating exhibited a larger surface roughness and much wider inter-columnar pores, especially
near the top of the coating. Furthermore, the periphery of each
column displayed a feathery structure, which was not as pronounced in the baseline and 7.4 mol.% (Y, Nd, Yb)2 O3 -ZrO2
coating.
It is interesting to note that these SPS coatings have similar microstructural features to EB-PVD coatings. Both exhibit
columnar structures and feathery features, but those in SPS
coatings studied presently were as least one order of magnitude larger in size.28 Although the mechanical properties of the
SPS coatings were not measured, the existence of inter-columnar
porosity is expected to improve coating compliance similar to
the gaps between columns in EB-PVD coatings.29 However, too
much porosity can significantly reduce the mechanical integrity
of the coatings and would have to be investigated.30
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Fig. 3. SEM images showing the top surfaces of (a) baseline, (b) 7.4 mol.% (Y, Nd, Yb)2 O3 , (c) 15.2 mol.% (Y, Nd, Yb)2 O3 , (d) 8.0 mol.% (Y, Nd, Gd)2 O3 , and (e)
7.4 mol.% (Y, Gd, Yb)2 O3 -doped coatings. The fraction of inter-columnar porosity, indicated by the white arrow in (a), was found to increase with dopant amount.

Fig. 4. Polished cross-sectional surfaces of (a) baseline, (b) 7.4 mol.% (Y, Nd, Yb)2 O3 , and (c) 15.2 mol.% (Y, Nd, Yb)2 O3 doped coatings. The 15.2 mol.% (Y, Nd,
Yb)2 O3 not only is more porous but also exhibits a feathery like microstructure that is not as obvious in other coatings.

Columnar structures have also been observed in other SPS
coatings.31,32 As proposed by VanEvery et al.,32 the columns
are formed when the powder droplets are deposited on the sides
of surface humps present on the substrates. This process occurs
when the droplets are small enough to be affected by the plasma
flow. Thus, the columnar structures tend to be readily observed
in SPS coatings sprayed with sub-micrometer or nanometersized powders, and the aspects for these structures, such as the
cauliflower-like top surface, become less distinct with increasing
droplet size, as can result from using suspensions that contain
higher powder loadings.32 While it is difficult to characterize
the size of the droplets that formed the coatings in this study, the
microstructures suggest rare-earth nitrate concentration in the
suspension may have an effect on the size of droplets formed in
the plasma plume.
Another microstructural feature appearing in all coatings was
the inter-pass boundaries (IPB), which were apparent in the
cross-sectional view of the coatings. These boundaries have been
found in both SPS and solution precursor plasma spray (SPPS)
coatings.33,34 Fauchais et al.34 explained the formation of IPB
as a result of depositing overspray powders, which are partially
melted or resolidified powders that have traveled through the
fringes of the plume. Example of such a feature observed in
the baseline coating is shown in Fig. 5. The polished coating
shown in Fig. 5(b and c) was further heat treated at 1100 ◦ C for
1 h to reveal grain boundaries and pores which were embedded
within the coatings. As seen in these two images, the columnar

structure described above was composed of relatively dense
coating layers separating by numerous IPBs. Each boundary
was associated with one spray pass. A closer examination of the
boundaries (Fig. 5(c)) revealed the presence of spherical particles, indicating that the boundaries were consist of partially
melted or resolidified powders. This observation is consistent
with the findings of other studies.33,34
The amount of overspray powders was found to increase with
rare-earth doping. Fig. 6 shows the top views of the baseline
and 15.2 mol.% (Y, Nd, Yb)2 O3 coating. It can be seen from
Fig. 6(a) that the top of one column in the baseline coating
was covered with stacks of micrometer-sized lamella, which
formed upon the impact of molten powders with the coating.
Further zoom in on the top surface showed the presence of overspray powders (Fig. 6(b)). In comparison, the 15.2 mol.% (Y,
Nd, Yb)2 O3 coating had so many more partially and resolidified
powders throughout the top surface that the underlying lamellae were fully covered (Fig. 6(c and d)). The origin of these
overspray powders observed on the top surface was the same as
the ones that generate the IPBs. This result demonstrates that
alloying rare-earth dopants can produce a more porous coating
by incorporating more overspray powders, which cannot make
complete contact with each other and leaves voids in between. It
should be recalled that the XRD patterns for the doped coatings
on Fig. 1 showed different peak shapes and locations than the
4.5 mol.% YSZ, implying that the dopant ions have diffused into
and distorted the YSZ lattice.
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Fig. 5. Cross-section images of baseline coatings showing inter-pass boundaries at different magnifications. Coating shown in (b and c) has been heat treated at
1100 ◦ C for 1 h to reveal grain boundaries, intergranular and intragranular pores. An example of the boundary is indicated by the white arrow.

Fig. 6. Top surface of the baseline coating (a and b) and the 15.2 mol.% (Y, Nd, Yb)2 O3 -ZrO2 coating (c and d). Comparison of the two coatings showed that more
partially or resolidified powders were deposited on the doped coating, which induced porosity.

Effect of suspension characteristics on microstructure formation: The microstructure of SPS coatings have been found
to depend on both the spraying parameters and suspension
characteristics, but only the latter is considered in this work
since the controllable spraying parameters were kept roughly
constant.18,35,36 With a fixed powder loading, viscosity and surface tension are the suspension characteristics that can affect
the microstructure by influencing the fragmentation of the
injected stream, which is a process where the plasma flow breaks
the stream into droplets.36 Rampon et al.,35 observed an 8%
decrease in the coating porosity produced by a more viscous
suspension (18 mPa s versus 6 mPa s). However, based on observation, the viscosities of the suspensions did not seem to decrease
but increased upon the addition of rare-earth nitrates. This suggests that the increase in porosity with dopant concentration
may be caused by other factors, such as the suspension surface
tension.

Thermogravimetric analysis was performed to investigate
further the effect of nitrate addition. The results showed that the
suspension used to make the 15.2 mol.% (Y, Nd, Yb)2 O3 -ZrO2
coating evaporated at a slower rate compared to the baseline
suspension. Calculation of the water amount in one mole of the
hydrated Nd- and Yb-nitrates used to create the 15.2 mol.% (Y,
Nd, Yb)2 O3 -ZrO2 coating indicated that 7 wt.% of additional
water was in the suspension. The energy required to heat and
evaporate 100 g of ethanol versus 93 g of ethanol with 7 g of
water were calculated to be 97 kJ and 108 kJ, respectively.37,38
Consequently, the extra energy spent to evaporate water would
have reduced the plasma enthalpy available for melting the powder, increasing the likelihood of partially melted particles in the
coating. The heat produced by the combustion of ethanol was
not included in this calculation since the oxygen available for
combustion is likely to be small in the region of the plasma
plume where powders were melting.
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Fig. 7. Thermal conductivity of coatings containing different Nd2 O3 /Yb2 O3
concentration as a function of testing temperature. The thermal conductivity is
observed to decrease with increasing dopant concentration.
Table 4
The change in thermal conductivity in two temperature regimes (200–700 ◦ C
and 800–1000 ◦ C) for the coatings investigated.
Sample

kth change from 200
to 700 ◦ C (W/m/K)

kth change from 800
to 1000 ◦ C (W/m/K)

Baseline
15.2 mol.% (Y, Nd,
Yb)2 O3
7.4 mol.% (Y, Nd,
Yb)2 O3
8.0 mol.% (Y, Nd,
Gd)2 O3
7.4 mol.% (Y, Gd,
Yb)2 O3

−0.05
0.07

0.12
0.06

0.03

0.09

0.09

0.10

0.01

0.08

3.4. Thermal conductivity of the as-sprayed coatings
Effect of dopant concentration on thermal conductivity:
The microstructure of the SPS coatings, as demonstrated in
Figs. 4 and 5, is anisotropic. Thus, the thermal conductivity of
the coating should also be dependent on direction. In the current
study, the thermal conductivity was measured through the thickness of the coating with the measurement error estimated to be
±6%. Fig. 7 shows the thermal conductivity of the as-sprayed
coatings containing different amounts of Nd2 O3 /Yb2 O3 as a
function of testing temperature. The incorporation of the dopants
reduced the thermal conductivity at any given temperature, with
the coating that had the highest dopant concentration being the
least conductive.
Increasing dopant concentration also had an influenced on
the temperature dependence of thermal conductivity between
200 ◦ C and 700 ◦ C due to atomic defect scattering (Fig. 7).
Table 4 presents the change in thermal conductivity in this temperature regime. The negative thermal conductivity change for
the baseline coating indicated a slight decrease in conductivity with temperature and is consistent with the trend that was
observed in zirconia coatings having a single tetragonal phase.39

Fig. 8. An illustration on the effect of dopant pair type on thermal conductivity
as a function of testing temperature.

In contrast, the slightly upward temperature dependence on the
thermal conductivity of 7.4 mol.% (Y, Nd, Yb)2 O3 -ZrO2 indicated the presence of both tetragonal and cubic phases or solely
cubic phases.39 Compared to those two, the 15.2 mol.% (Y, Nd,
Yb)2 O3 -ZrO2 coating showed the highest thermal conductivity
increase, suggesting a higher degree of atomic ordering in the
cubic phase. This is supported by the XRD spectra shown in
Fig. 1.
As observed in Fig. 7, the thermal conductivity of the
baseline and the Nd2 O3 /Yb2 O3 doped coatings increased in
the 800–1000 ◦ C range. Such changes in thermal conductivity from 800 ◦ C to 1000 ◦ C had been observed before and
were attributed to the closure of intralamellar cracks.5,40 However, the increase in thermal conductivity became smaller with
increased dopant concentration (Table 4), suggesting that rareearth doping reduces the effect of intralamellar crack closure on
thermal conduction.
Effect of dopant type on thermal conductivity: Fig. 8 shows
the thermal conductivity of coatings containing different rareearth dopant pairs. With the thermal conductivity of YSZ plotted
as a reference, it was found that the baseline had a higher thermal
conductivity than the doped coatings for the measured temperature range. Among these coatings, the 7.4 mol.% (Y, Gd,
Yb)2 O3 -ZrO2 coating data exhibited the lowest thermal conductivity, and the thermal conductivities of the 7.4 mol.% (Y,
Nd, Yb)2 O3 -ZrO2 and 8.0 mol.% (Y, Nd, Gd)2 O3 -ZrO2 coatings
were comparable below 700 ◦ C. Similar to the observation discussed above, the Gd2 O3 /Yb2 O3 doped coating, which produced
the most tetragonal-like XRD data over 72◦ –76◦ 2θ, exhibited the smallest thermal conductivity increase with temperature
between 200 ◦ C and 700 ◦ C (see Table 4). Likewise, the thermal conductivity data of these coatings, regardless of dopant
type pair, displayed changes corresponding to the intralamellar
crack closure over 800–1000 ◦ C. However, the thermal conductivity increase of 8.0 mol.% (Y, Nd, Gd)2 O3 -ZrO2 was higher
compared to the other two doped coatings.
Mechanisms responsible for the reduced thermal conductivity: The predominant heat transfer mode within this testing
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Fig. 9. Thermal conductivity values of the baseline and doped coatings taken at
1000 ◦ C as a function of percent porosity. Additional data points obtained from
ref. 23 were plotted to show the effect of porosity on thermal conductivity. For
a given percent porosity, the thermal conductivities of the Nd2 O3 /Yb2 O3 and
Gd2 O3 /Yb2 O3 doped coatings are lower than that of the baseline, illustrating
the effect of rare-earth doping.

temperature range is phonon conduction, and therefore, the
reduced thermal conductivity observed in the doped coatings
can be explained in terms of phonon scattering induced by various defects.41 While imperfections like pores, vacancies, lattice
strain induced by solute atoms, and cracks shorten the mean free
path of phonons and decrease the thermal conductivity, phonon
scattering from grain boundaries is less important for coatings
that contain grains larger than 50 nm.39,41,42 Determined by the
intercept method, the average grain size of the baseline and
the 7–8 mol.% doped coatings was found to be 230 ± 85 nm
in regions close to the substrate and 799 ± 200 nm near the top.
Such size variation with coating thickness was not seen in the
15.2 mol.% (Y, Nd, Yb)2 O3 -ZrO2 coating, which has an average grain size of 194 ± 70 nm. Since the majority of grains are
larger than 50 nm, contribution from grain boundaries will not
be considered here.
The coatings studied in this work contained various amount
of porosity, which can greatly influence the thermal conductivity of the coatings.39 The orientation of pores and cracks also
matters but is not considered here.43 To determine the effect
of porosity, the thermal conductivity measured at 1000 ◦ C was
plotted in Fig. 9 as a function of total percent porosity. In addition, the thermal conductivity data of 4.5 mol.% YSZ coatings
from ref. 23 were included in this figure to demonstrate further the effect of porosity on thermal conductivity. These were
also SPS coatings.23 A line to guide the eye was drawn through
the conductivity data of the baseline coatings to illustrate the
dependency of thermal conductivity on porosity alone. It is seen
from this figure that the thermal conductivities of the doped
coatings generally lie underneath the dotted line, indicating that
porosity was not the only factor contributing to their lower thermal conductivities relative to the baseline coating.
The incorporation of trivalent rare-earth dopants in the zirconia lattice creates oxygen vacancies, which reduces the thermal
conductivity of the doped coatings by phonon scattering. However, the variation in thermal conductivity of coatings containing
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different dopant pairs was not due to the change in vacancy
content since they contained a similar amount of trivalent
stabilizers. Additionally, a limit exists in the yttria–zirconia
system beyond which the thermal conductivity changes little
with vacancy concentration.39 Based on experimental results,
Clarke et al.44 concluded that, due to vacancy clustering,
doping more than 8 mol.% of trivalent yttria is ineffective
in further lowering the thermal conductivity. Therefore, the
reduced thermal conductivity observed in the 15.2 mol.% (Y, Nd,
Yb)2 O3 -ZrO2 coating, relative to the other doped coatings, must
likewise be related to scattering mechanisms other than oxygen
vacancies.
Because they are larger than Zr4+ ions, Gd3+ , Nd3+ , and Yb3+
dopant ions are expected to generate strain fields in the zirconia lattice that can scatter phonons. Lattice distortion has been
reported by Zhu et al.11 in regions rich in rare-earth dopants.
However, a comparison of dopant size shown in Table 2 and
Fig. 8 suggests the degree of distortion does not scale directly
with dopant ion radius. The 8 mol.% (Y, Nd, Gd)2 O3 -ZrO2 coating contained the dopant ion pair with the two largest radii, but
the thermal conductivity of this coating was higher than that of
the 7.4 mol.% (Y, Gd, Yb)2 O3 -ZrO2 coating which contained
the two smallest dopant ions and less total porosity. The thermal conductivity of 7.4 mol.% (Y, Nd, Yb)2 O3 -ZrO2 coating
was comparable to that of the 8 mol.% (Y, Nd, Gd)2 O3 -ZrO2
coating, but the former contained less total porosity, indicating
that the phonon scattering induced by the Nd2 O3 /Yb2 O3 dopant
pair was more effective. This observation, consistent with the
finding of Zhu and Miller9 , suggests that the incorporation of
one larger and one smaller rare-earth ion with respect to Y3+
can result in larger lattice disruptions and thereby decrease the
thermal conductivity more effectively.
In addition to optimal dopant pairs, an optimal doping
concentration may also exist. This phenomenon can be seen
by comparing the thermal conductivity data in Fig. 7 for
the 7.4 mol.% (Y, Nd, Yb)2 O3 -ZrO2 and 15.2 mol.% (Y, Nd,
Yb)2 O3 -ZrO2 coatings, respectively. These data show that
increasing the dopant concentration by ∼3.9 times produced
only a 30–35% decrease in corresponding thermal conductivity measurements. Zhu and Miller10 also noted that coatings
with 10 mol.% of total dopants exhibited lower thermal conductivity than coatings containing higher dopant concentrations
and suggested that this amount of dopant possibly provides the
largest disruption in the zirconia lattice. These results suggest
that the decrease in thermal conductivity of the 15.2 mol.% (Y,
Nd, Yb)2 O3 -ZrO2 relative to other doped coatings is partially
due to increase in phonon scattering from lattice strain.
In summary, based upon the above data, the reduction in
thermal conductivity observed in this study with the addition
of rare-earth dopants to a 4.5 mol.% Y2 O3 -ZrO2 powder via
the SPS process was attributed primarily to the generation of
porosity within the microstructure and lattice strains within the
atomic structure of the resultant coatings. The 15.2 mol.% (Y,
Nd, Yb)2 O3 -ZrO2 coating had the lowest thermal conductivity
but the highest % porosity, which is expected to reduce the coating modulus and therefore may not be the preferred structure
and dopant concentration.
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4. Conclusions
In the current work, SPS was demonstrated to be an efficient
method for fabricating coatings with various rare-earth concentrations. Using SPS, coatings containing different amounts of
rare-earth dopants and dopant pair types were produced. The
effects of rare-earth doping on crystal structure, microstructure, and thermal conductivity of the coatings were studied.
The 15.2 mol.% (Y, Nd, Yb)2 O3 -ZrO2 coating appeared to be
composed of primarily a single cubic phase; whereas, the XRD
results of coatings with 7–8 mol.% of rare-earth dopants showed
the potential a mixture of cubic and tetragonal or two cubic
phases. In all cases, the addition of rare-earth dopants was found
to also expand the interplanar spacing of the zirconia lattice.
The extent of lattice expansion was determined to increase with
dopant concentration and the average radii of the dopant ions. All
of the coatings displayed a cauliflower structure that contained
inter-columnar porosity and inter-pass boundaries. The fraction
of porosity was observed to increase with dopant concentration
as a result of depositing more partially melted powders, and
potential mechanisms responsible for the production of these
powders were discussed. The thermal conductivity of the rareearth doped coatings was lower than that of the baseline coating.
Increasing the total dopant concentration decreased the thermal
conductivity by inducing additional porosity and lattice strain
in the coating. Although the effect of dopant pair type on thermal conductivity was not as significant as increasing the dopant
concentration, Gd2 O3 /Yb2 O3 has been shown to be the most
effective dopant pair to reduce the thermal conductivity follow
by Nd2 O3 /Yb2 O3 pair.
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