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Abstract
A condensed phase of zirconium monoxide (ZrO) was detected in YSZ
(Zr0.92Y0.08O2-δ) coatings deposited using plasma spray-physical vapor deposi-
tion. The rapid cooling rate of this process can result in the condensation of
nonequilibrium states that can be kinetically trapped in the coatings. The colum-
nar microstructure contained a mixture of YSZ, ZrO2, and ZrO phases. The ZrO
phase was expected to be conductive based on density functional theory calcula-
tions, and preliminary impedancemeasurementswere performed that supported
this prediction. When heated in an oxygen-containing environment, the ZrO
phase remains in the coating until ∼450 K, at which point it disappears quickly,
as confirmed by X-ray diffraction and thermogravimetric methods. The loss of
ZrO in the coating was also linked to a loss in electrical conductivity. However,
it was shown that this phase can persist at elevated temperatures of ∼1000 K in
vacuum or inert environments for at least 100 h.
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1 INTRODUCTION

Zirconia (ZrO2) is one of the most widely used ceramic
materials across a variety of applications including ther-
mal barrier coatings, oxygen sensors, fuel cell electrolytes,
and furnace elements.1 It can be processed into dense,
bulk ceramics or made into coatings via various process-
ing routes. As new processing methods are established,
enhanced capabilities for novel microstructures and
compositions for materials such as ZrO2 are possible.
Plasma spray-physical vapor deposition (PS-PVD) is one
such emerging technique that has been used to deposit a
variety of materials. PS-PVD is a hybrid coating method
that can be used to produce coatings in columnar or planar
geometries via a thermal plasma.2–5 This technique has
been used to deposit both metals and ceramics for various
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applications, including thermal and environmental bar-
rier coatings and fuel cells.6–12 Processing takes place in
a mild vacuum (100–500 Pa) with standard plasma gases
of Ar, He, N2, or H2. Coating properties such as thickness,
microstructure, and composition can be controlled to
some extent with processing conditions such as gas flow,
amperage, feedstock, and so forth. Materials can be
processed via the liquid or vapor phase, which provides a
wide array of microstructures and applications. Vaporized
material can be carried by the plasma gas stream to pro-
vide some non-line of sight coating capability.13 PS-PVD
processing has largely focused on producing thermal
barrier coatings such as yttria-stabilized ZrO2 (YSZ),
which can be deposited in a fracture- and erosion-resistant
pseudo-columnar structure.14,15 In the PS-PVD deposition
process, the chamber pressure is much lower than the
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exit pressure at the torch, resulting in an under-expanded
jet. The plasma produced with this method is uniform in
temperature (measured to be in excess of 10 000 K at
the exit of the nozzle) and velocity due to the laminar
flow from a weak interaction with the surrounding
environment.16,17 These conditions generate a rapid
quench in a controlled atmosphere, which can allow
for metastable or nonequilibrium material states to be
deposited. In this work, we explore the deposition of a
condensed, metastable phase of zirconium monoxide
(ZrO) via the PS-PVD process. There is limited evidence
in the literature for the formation of a condensed form of
ZrO. Aluminothermic reduction has been used to reduce
ZrO2 at 1673K to a mixture of oxidation states, including
ZrO, although the result is a combination of ZrO2, Al2O3,
and a ZrO-like phase. 18,19 Other studies have suggested the
ZrO phase forms in the early stages of Zr oxidation, and
small quantities of ZrO particles have been generated by
laser ablation of zirconium metal with controlled oxygen
partial pressures.20–23 While these investigations have
shown minor quantities of ZrO formation, to date there
has not been considerable deposition of this phase using
any knownmethods. The rapid quench rate of the PS-PVD
system under the low PO2 (∼2 ppm in this work) gas flow
may provide a path for substantial deposition of the stable
vapor species into a metastable condensed phase. In this
work, we demonstrate the deposition of the ZrO phase via
PS-PVD and show via thermodynamic modeling that the
phase is both a major vapor species in the gas stream and
that the condensed form is electrically conductive. The sta-
bility of the ZrO phase is explored with X-ray diffraction,
heat treatments, and thermogravimetric analysis (TGA)
testing. Additionally, limited electrical conductivity testing
is used to confirm the electrical property predictions.

2 EXPERIMENTALMETHOD

2.1 Plasma characterization

In order to measure the temperature of the plasma, a Tele-
dyne Princeton optical spectrometer (Trenton, NJ) was
used to observe and measure the intensity of the emis-
sion lines of Ar. An optical fiber probe outside of the
plasma was positioned at the centerline approximately
125 mm from the end of the torch and spectra were
recorded in the range of 400–975 nm by summing three
exposures of ten frames each. The neutral Ar ionization
state (Ar I) emission lines that did not overlap with Zr
or He were collected and a regression fit was used to
determine the plasma temperature with the atomic Boltz-
mann plot method utilized in previous literature for PS-
PVD plasma characterization.16,24–26 A representative plot
of a regression fit is shown in Figure S1. In this plot, the
natural log of the product of the absolute intensity (Ijk)

and the wavelength (λjk) due to the transition from j to
k divided by the product of the transition probability for
the transition from j to k (Ajk) with the statistical weight
(degeneracy) of level j (gj) is plotted against the energy of
level j (Ej).
Based on the measured spectral data, the plasma exci-

tation temperature 125 mm from the torch was estimated
to be in the range of 6500—7500 K. During the deposition,
the temperature of the mounting plate was measured to be
∼1273 K by two type K thermocouples tacked to the center
of the plate above and below the substrates. The plasma
torch was not moved across the samples during the depo-
sition. The surrounding pressure in the chamber is signif-
icantly lower than the pressure within the torch, which
leads to an under-expansion of the plasma plume.27,28
Given the large pressure differential between the plasma
and the chamber as well as the high velocity (Mach num-
ber of ∼2) of the gases exiting the torch, the surrounding
environment does not interact strongly with the plasma.
It can then be assumed that the surrounding gas compo-
sition outside the plasma does not strongly interact with
the injected powder within the plasma plume. Therefore,
the powder undergoesmelting and vaporizationwithin the
Ar/He gases, which had a combined PO2 of ∼2 ppm. By
maintaining the torch in a single position during the pro-
cess, the samples were enveloped in the plasma during the
deposition.

2.2 Coating deposition

Coatings were deposited on either dense Al2O3 (CoorsTek,
Golden, CO) or polycrystalline superalloy (Inconel or Rene
N5) substrates. Al2O3 substrates were secured on a metal
plate by NiCr strapping on the corners and superalloy
substrates were spot welded to NiCr strapping which was
attached to the same plate. Deposition on both substrates
was performed simultaneously.
The starting powder (Metco 6700) was a commercially

available material from Oerlikon Metco (Westbury, NY)
and was a mixture of Y2O3 and ZrO2. The X-ray analysis
of the powder is shown in Figure 1 and an image can be
found in Figure S2. The composition was determined to
be ∼7 wt% cubic Y2O3 (04-011-8012) with the remainder
being monoclinic ZrO2 (04-010-6452). The whole pattern
fitting (WPF) R-values for the starting Metco 6700 powder
and the as-deposited coatingwere 4.30% and 2.94%, respec-
tively. The powder had a d50 of 6.1 μmandwas spray-dried
by the manufacturer. The torch used in the PS-PVD pro-
cess was a Metco 03CP nozzle with deposition conditions
shown in Table 1. Target thicknesses for the coatings were
100–150 μm.
During the PS-PVD process, UHP argon and helium

gases are excited with a high amperage arc to generate a
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F IGURE 1 X-ray diffraction pattern (Cu radiation) of the as-received powder and as-deposited coating

TABLE 1 Plasma spray-physical vapor deposition (PS-PVD)
parameters for the applied coatings

PS-PVD deposition parameters
Current (Amperes) 1800
Argon/He (NLPM*) 27/53
Standoff (mm) 1500
Chamber Pressure (mbar) 1.30
Target Thickness (μm) 100
Time (min) 15

*NLPM: normal liters per minute.

thermal plasma. The oxygen content was reported by the
manufacturer to be<3 ppm in the UHP argon and<1 ppm
in the helium. The core of the plasma was approximately
a 100 mm diameter circle on the mounting plate. Inside of
this 100 mm diameter, the coatings were deposited with a
roughly uniformdeposition rate,microstructure, and com-
position. By virtue of the low chamber pressure and the
high power (∼80 kW) of the PS-PVD process, the feed-
stock material can be melted and/or vaporized. For the
work discussed herein, coatings were deposited primarily
via the vapor phase and the resultant structurewas pseudo-
columnar and similar to YSZ coatings deposited for ther-
mal barrier coating applications via conventional vapor-
phase processing.15

2.3 Coating characterization

Coating composition and crystallinity were evaluated
using a Bruker D8 Advance Diffractometer (Billerica, MA)
with a Cu-Kα source. The configuration used was a 0.3◦
fixed divergence slit, 4◦ primary and secondary Soller slits,
and a LynxEye linear strip detector. The step size used was
0.02◦ per step and a scan speed of 0.25 s per step. Sample
sizes were either 25.4 mm diameter disks or squares of 18
x 18 mm2. In addition to the as-deposited state, coatings
were also evaluated by X-ray diffraction after heat treating
in air or sealed glass ampoules under argon. Results were
compared to those predicted from a free energy minimiza-
tion (FEM) calculation generated with FactSage (Mon-
treal, CA) for the most stable Zr-O compositions at a given
temperature.
A representative X-ray diffraction pattern of the as-

deposited coating is shown in Figure 1. The process con-
ditions resulted in the complete incorporation of the Y2O3
into the ZrO2 to form YSZ. In addition to the YSZ phase, a
small amount of monoclinic ZrO2 was present as well as a
third phase that matched closely to ZrO.
Hot stage experiments were performed using a Panalyti-

cal Empyrean instrument (Malvern, UK) with a Co source
and an HTK2000N Pt strip heater stage. On the incident
beam, a 2 mm fixed mask, a fixed 2◦ anti-scatter slit, and a
0.5◦ fixed divergence slit were used.On the diffracted beam
path, a 16.8 mm anti-scatter slit and 2.292◦ Soller slits were
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used with a GaliPIX 3D area detector with a range of 7.12◦
2θ in 1D scanning mode at a radius of 240 mm. Scans were
performed over a 2θ range of either 30–119◦ or 32–49◦ and
step size for both scanswas 0.0143◦. The samplewas placed
coating side up and heated by the Pt strip heater with the
control thermocouple attached to the underside of the Pt
stage. This configuration resulted in the coating reaching
a lower temperature than the strip due to radiative losses
and the relatively low thermal conductivity of the Al2O3
substrate. Therefore, in order to better estimate the surface
temperature of the coating, CeO2 powder (NIST Standard
674b) was dispersed in ethanol and dropped on the sur-
face. The WPF of the CeO2 peaks was used to determine
the lattice parameter at each temperature, which is listed
in Table S1. The lattice parameter values were compared
to literature data29 in order to estimate the temperature at
the surface. The estimated surface temperature of the coat-
ing showed relatively close agreement with the setpoint at
low temperatures, but the deviation increased with tem-
perature. Asmentioned above, this deviation was expected
due to the heating via a Pt strip and the associated radia-
tive losses of the 3 mm thick sample. Sample geometry for
the hot stage experiments was 10 x 25 x 3 mm3. WPF was
performed using JADE (MDI, Livermore, CA) on both hot
stage and room temperature X-ray scans.
TGA testing was performed with a Cahn 1000 (Cerri-

tos, CA) microbalance on coated alumina coupons with
dimensions of 11.8 × 25.7 × 3 mm3 and a 1.45 mm hole for
the Pt hangwire. This setup has been previously described
in the literature inmore detail.30 The furnacewas heated to
623K at a rate of approximately 40K/min in dry air flowing
at a rate of 100 cm3/min. Weight change was continuously
monitored with the sample in the center of the hot zone.
To predict the properties of any metastable Zr-O phases,

density functional theory (DFT) calculations were per-
formed on candidate structures informed by X-ray diffrac-
tion. The ViennaAb Initio Simulation Package (VASP)31–33
was used with projector-augmented wave (PAW)34 pseu-
dopotentials from the VASP 5.2 Perdew-Burke-Ernzerhof
(PBE)35 library. The density of states (DOS) calculations
were also performed using VASP.
For verification of DFT predictions, electrical

impedance measurements of the coating were carried out
in situ as a function of temperature and frequency using an
Agilent 4294A impedance analyzer (Agilent Technologies,
Santa Clara, CA) in tandemwith a customized CM furnace
(Bloomfield, NJ). Coatings for these tests were deposited
on alumina with dimensions of 11.8 × 25.7 × 3 mm3 to
avoid any potential conductivity through the substrate.
The sample was connected to the impedance analyzer
in the furnace using platinum grid electrodes that were
placed ∼20 mm apart on the top surface of the coating and
held down by alumina blocks. Impedance measurements

F IGURE 2 Free energy minimization (FEM) chart for ZrO2

generated by FactSage. Values beyond ∼6000 K are extrapolated and
are shown as dotted lines

were taken as a function of temperature (every 5 K up
to 1173 K) and frequency (1, 3, and 6 MHz). The ramp
rate of the furnace was 5 K/min. The total impedance
measurement was performed twice for the same sample,
once for the as-deposited coating, and then again for
comparison. The furnace temperature control and data
collection were automated through LABVIEW (National
Instruments Corp., Austin, TX) software.

3 RESULTS

3.1 Phase analysis

The FEM diagram for ZrO2, generated using FactSage
(Montreal, CA), is shown in Figure 2. It is similar to what
has been reported in previous publications, which shows
that in the range of 4500–6000 K the most stable gaseous
phases are expected to be ZrO andO.23,36 This FEM chart is
extrapolated beyond 6000 K, but the major phases prior to
the extrapolation are ZrO and Zr with ZrO on the decline.
While this extrapolation may not show the exact values, it
shows the main constituents at temperatures greater than
6500 Kwould be largely Zr andO. In the previous section it
was shown that the PS-PVD conditions used to deposit the
coatings for this work can produce core plasma excitation
temperatures in the range of 6500–7500 K, which is con-
sistent with previously published data.9,11,17,28 Particle tem-
peratures would be expected to be lower than the plasma
temperature,37 although they were not measured in this
work. The analysis mode of FactSage used here only eval-
uates thermochemically stable compounds, so given that
ZrO(s) does not exist in the FactSage database, it is not be
expected to appear in the FEM chart.
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F IGURE 3 (A) As-deposited zirconia coated (left) and
uncoated (right) of Pt-Al bond coated Rene N5 button samples, (B)
samples after heat treating to 973 K/h in air, (C) a progression in
coating color change with heat treatments in air of coatings on
Inconel substrates

In the as-deposited state, the coatings are dark black in
color. This phenomenon arises from the reduction (usually
chemical or electrochemical) of the oxide.38 The dark color
is associated with sub-stochiometric (ZrO2-δ) oxygen con-
tent in the ZrO2. An image of an as-deposited coating on
a Rene N5 25.4 mm diameter disk with a Pt-Al bond coat
is shown in Figure 3A. Upon heat treatment in a box fur-
nace to 973 K in air for 1 hr, the coating turns bright white
as shown in Figure 3B, indicating that oxygen stoichiome-
try is achieved. Figure 3C shows the progression of coating
color change with heat treatments in air of the ZrO2 coat-
ing on an Inconel substrate with time and temperature.
When samples are sealed under argon in glass ampoules,
the color change does not occur even after heat treatment
up to 144 h at 973 K. Upon scanning electron microscopic
examination of diamond-polished cross-sections, all coat-
ings exhibit a pseudo-columnar microstructure before and
after heat treatment in air as shown in Figure 4. The trans-
formation of the ZrO phase in the coating leads to no
major microstructural differences. The base of the coat-
ing appears somewhat denser than the as-deposited condi-
tion (Figure 4A) after heat treating (Figures 4B,C), but this
limited analysis is not sufficient to prove a microstructural
change with the loss of ZrO at this point in time.
Monoclinic ZrO2 is observed in the as-deposited coat-

ing (<5 wt%), but this is likely due to partially vapor-
ized particles (noted in Figure 4). This phenomenon has
been observed in previous studies.5,10,39 Based on the start-
ing powder composition, one would expect the tetrago-
nal (t’) phase after deposition from the vapor. The diffrac-
tion results for the as-deposited coating in Figure 1 show
that the samples have low peak intensities and large peak
widths that indicate the vapor-deposited YSZ material
does not have large crystalline domain sizes. The small

F IGURE 4 Scanning electron microscope (SEM) cross-section
of (A) as-deposited coating and after heat treating in air at (B) 623K
for 1 h and (C) 973K for 1 h

domain size and local compositional variation can con-
tribute to large peakwidths thatmake it difficult to discern
whether the YSZ was tetragonal or cubic. Likewise, the
ZrOphase present in the coatings also has a very large peak
width, suggesting a similarly small crystalline domain size
or range of compositions. Precision quantification of the
phase content of the coating via Rietveld refinement or
other WPF methods is difficult due to the wide peaks for
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F IGURE 5 X-ray diffraction patterns (Cu radiation) of zirconia coatings after various heat treatments

both YSZ and ZrO. Nevertheless, WPF indicated that the
ZrO phase appears in all the coatings deposited using PS-
PVD, but in varying amounts (10–20 wt%) from sample to
sample. In order to evaluate any changes in the condensed
phases present in the coating, X-ray diffraction with Cu-
Kα radiation was used to determine the crystalline phases
present before and after heat treatment in samples exposed
to air and to an inert environment. The X-ray diffraction
results in Figure 5 show that exposure under Ar in glass
ampoules up to 973 K for 144 h does not result in any sig-
nificant changes to any phases within the coating, includ-
ing the ZrO phase. In contrast, after heating in air for even
1 h at 623 K results in the total absence of ZrOwhile no sig-
nificant change is observed in any of the other phases. The
R-values for the WPF of the X-ray results in Figure 5 were
3.81% for the as-deposited sample, 3.86% for the 623 K 144 h
inert, 4.7% for the 973 K 144 h inert, 4.0% for the 623 K 1h
air, and 5.28% for the 973 K 1h air sample.
To better characterize the stability of ZrO observed in

the furnace studies, coatings were examined using hot
stage X-ray diffraction. These studies allow for real-time
observation of instability in the ZrO phase as well as any
other concomitant changes in the other phases present in
the coating. The two samples for this study were deposited
on the same alumina substrate for consistent ZrO starting
content.
In order to determine the effect of oxygen on the coat-

ing stability, one sample was heated in air and the other in

vacuum (0.02 Pa) to the maximummeasured temperature
of 1206 K. Samples were heated to each setpoint at a rate
of 5 K/minute. Fast scans (∼2 min/scan) were performed
with Co radiation in the range of 32 to 49◦ 2θ to observe
the ZrO peaks at 39.37 and 45.78◦ 2θ. All peaks shifted to
the left with increasing temperature due to thermal expan-
sion effects. Any peak shifts due to reduction from heating
in a vacuum environment would result in a peak shift to
the right, but this effect was not observed or was overshad-
owed by the shift due to unit cell expansion. Upon heat-
ing in air, the main peaks associated with the ZrO phase
(peaks noted by the dashed lines in Figure 6) drop in inten-
sity quickly above ∼500 K. While not all the temperatures
are shown here tominimize space, by 584 K, the ZrO phase
is completely absent from the coating in air. The remaining
peaks that are not associated with the ZrO phase remain
roughly identical in intensity throughout the experiment,
which indicates that the quantity and crystalline domain
size of the ZrO phase did not change throughout the heat-
ing in vacuum. This result mirrors what is observed in the
air furnace studies in Figure 5. An identical sample con-
figuration tested under vacuum is shown by the grey lines
in Figure 6. The hot stage was evacuated to a pressure
of <0.02 Pa, and a heating/diffraction experiment consis-
tent with the air exposure was performed. In vacuum, the
ZrO phase persists throughout the heating process, even
up to a surface temperature of ∼1206 K (Pt strip temper-
ature of 1473 K). The peaks associated with YSZ do not
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F IGURE 6 Hot stage X-ray diffraction (XRD) of coatings (Co radiation) heated using Pt strip heater. Intensity is relative and based on a
log of counts. Surface temperatures are reported above each curve and offset for comparison. Grey curves are in vacuum and black curves are
in air. Other phases in this scan were identified as yttria-stabilized zirconia (YSZ) (98-000-1001) and monoclinic zirconia (ZrO2) (04-010-6452)

significantly change in shape or height during the expo-
sure. Over the course of the experiment, the sample is
exposed to temperatures above 723 K for 7.5 h, and at a
maximum of ∼1203 K for a duration of ∼5 h without any
observed loss of the ZrO phase. The hot stage X-ray results
concur with the ex-situ furnace studies shown in Figure 5
for samples tested under Ar and further suggest the stabil-
ity of the condensed ZrO phase at elevated temperatures in
the absence of oxygen in the environment.

3.2 Thermogravimetric analysis

In the previous section, it is shown that although ZrO can
persist in vacuum up to∼1206 K, in the presence of oxygen
the phase disappears from the diffraction pattern, likely
due to the conversion of ZrO to ZrO2 or ZrO2–δ. In order to
better understand the physical effects that accompany this
phase transformation, TGA testing was performed on two
coupons. The two samples were deposited in two different
batches, and Sample 2 had a lower ZrO content in the
as-deposited state. The TGA curves for the two samples are
shown in Figure 7. Since only one face of the coupon has a
coating, total weight change (instead of specific weight) is
reported. In both cases, there is a rapid increase in weight
when the temperature exceeds ∼450 K. The weight gain
slows to a stop approximately after ∼0.3 h (approximately

623 K) into the experiment for both samples. The total
weight gain is different for the two samples despite having
nearly identical dimensions and coating thickness. The
sudden drops in the TGA indicated by arrows are likely
minor spallation of the coating near the sharp edges where
adhesion is not ideal. However, the spallation regions
in either sample could not be located visually after the
exposure. The large gaps present in the columnar structure
(as shown in Figure 4) would allow for oxygen ingress and
given the increase in weight from oxidation of the ZrO
(∼8 and∼4mg for Samples 1 and 2), it is possible that there
is swelling in the coating microstructure that may lead to
some minor spallation. However, this cannot be verified
with the images shown in Figure 4 and will likely require
additional scanning electron microscope/transmission
electron microscope (SEM/TEM) in future work. The
small increase in weight at the beginning of the test at
0.1 h is associated with a change in buoyancy.
When compared to the hot stage work in the previous

section, the weight change shows an increase in weight at
∼450 K while the hot stage X-ray results indicate this does
not happen until closer to ∼520 K. The difference in the
temperature at which weight gain initiates could be due to
a variety of factors such as the flow of air in the TGA ver-
sus the static air within the HTK-2000 or the heat transfer
from the Pt strip heater through the substrate and into the
coating.
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F IGURE 7 Thermogravimetric analysis (TGA) test results for coated Al2O3 coupon in flowing dry air

3.3 DFT and DOS

The thermochemical predictions detailed above illustrate
the stability of ZrO as a vapor species and the as-deposited
coating composition in Figure 1 indicates the presence of
this phase in the as-deposited PS-PVD coatings. To pre-
dict the properties of the ZrO phase, DFT calculations are
performed using three candidate structures: face-centered
cubic (FCC), simple cubic, and diamond cubic.
Lattice parameters of ZrO computational cells having

NaCl, ZnS, and CsCl structures were optimized, keeping
symmetry fixed, but with atomic relaxations permitted.
For reference, calculations were also performed on cubic
ZrO2 with a CaF2 structure. Initial work was done using
4 × 4 × 4 k-point grids, with further refinement using
12 × 12 × 12 grids. The lattice constant is computed iter-
atively, with two initial values chosen that yielded positive
and negative pressures, typically a few tens of kilobars. A
functional fit for the data is obtained, yielding an improved
value for the lattice constant, which is used in a new DFT
calculation of pressure. The procedure is repeated until
the pressure was within one kilobar of zero. The opti-
mized lattice parameters and cell energies per ZrO unit
are shown in Table 2. These calculations show that of the
three ZrO candidate structures, the NaCl structure is low-
est in energy, with the ZnS structure energy slightly higher
(+0.149 eV), and the CsCl energy substantially higher
(+0.913 eV).
Total DOS plots for ZrO2 and the three ZrO structures

are shown in Figure 8, including Fermi energies as calcu-
lated by VASP. The projected DOS indicate that the Fermi
levels lie within the zirconium d-states for all three ZrO

structures but are located in the gap above the p-states for
ZrO2. This suggests that the three ZrO structures are con-
ductive, while correctly predicting the ZrO2 is not. Wyck-
off determined that ZrO exists in the NaCl structure, with
a lattice parameter of 4.62Å which was very close to the
DFT value calculated herein of 4.60Å.42 More recently,
Nicholls et al. performed a combined experimental-DFT
study that found that, at Zr/ZrO2 interfaces, additional
structures (orthorhombic and hexagonal) exist that are
significantly lower in energy than the NaCl structure.21
In this work, the ZrO found in the as-deposited coating
was initially identified as the cubic NaCl phase by X-ray
diffraction, although the wide peaks from a small crys-
talline domain size in Figure 1 make a determination of
the ZrO structure somewhat difficult. Assuming the exper-
imentally observed cubic symmetry is correct, the results
of the DFT analysis indicate that ZrO assumes the NaCl
structure. Furthermore, the results suggest that any of the
cubic structures would produce an electrically conductive
phase given the location of the Fermi energy with respect
to the band gap.
The conductivity of ZrO that is predicted by DFT can be

understood through the lens of crystal field theory. For Zr,
the electron configuration is [Kr] 4d2 5s2. In ZrO2, all four
valence electrons participate in bonding to oxygen leav-
ing no available states for conduction. For ZrO, two avail-
able valence electrons will fill the d-orbitals. When filling
the d-orbitals, the electrons closer to the ligand will pos-
sess a higher energy due to the repulsion from the neg-
atively charged anion. This leads to a splitting of the d-
orbital energies, where those orbitals pointing towards the
neighboring anion possess higher energy, and those not
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TABLE 2 Comparison of energies per ZrO unit for three candidate cubic ZrO structures. The cubic ZrO2 cell energy and relative cell
energy are not applicable for comparing to ZrO and are therefore omitted

Material
(structure) Symmetry

Optimized
lattice
parameter (Å)

Cell energy
(eV/ZrO)

Relative cell
energy
(eV/ZrO)

ZrO2 (CaF2) Fm3̄m 5.12 N/A N/A
ZrO (NaCl) Fm3̄m 4.60 −18.035 0.0
ZrO (ZnS) F4̄3m 5.00 −17.886 +0.149
ZrO (CsCl) Pm3̄m 5.73 −17.122 +0.913

F IGURE 8 Total density of states (DOS) calculated for (A) cubic ZrO2 and (B) through (D) three variants of cubic ZrO. The Fermi energy
(Ef) is noted by the red line in each structure

pointing towards neighboring anions have lower energy. In
the case of an FCC structure, the Zr is bonded octahedrally
to the O, and therefore the t2g orbitals (dxy, dxz, dyz) possess
lower energy than the eg orbitals (dz2, dx2-y2). Since the t2g
orbitals point towards neighboring Zr cations, a conductive
pathway is enabled.
Previous DFT efforts evaluated a variety of theoretical

Zr-O phases and structures40,41 including tetragonal
Zr2O3, although these phases have not been synthesized
for characterization. While phases such as tetragonal
Zr2O3 show some possibility of electronic conductivity,
theoretical X-ray diffraction patterns40 do not line up with
the experimental results shown in Figure 5. The tetragonal
Zr2O3 (110) peak is expected at a 2θ of 40.2◦, which is
marginally higher than the observed peak at ∼39◦. The
(112) peak for Zr2O3 is expected at 51.6◦, which does not
coincide with the observed peak at ∼56◦. The two experi-
mentallymeasured peaks are amuch better fit for the (200)
and the (220) ZrO phase at 38.957 and 56.273◦, respectively.

While it is possible that the Zr2O3 phase could exist in a
distorted tetragonal or cubic phase, there is no record of
this in the literature. Therefore, despite the ambiguity due
to small crystalline domain sizes (resulting in short, wide
peaks), for the purpose of this effort, only cubic ZrO was
considered as it appears to be the most likely phase.

3.4 Electrical conductivity

In order to assess the DFT predictions, the electrical
impedance was evaluated as a function of temperature
in air for the as-deposited coating. The ZrO phase was
expected to be conductive while the surrounding ZrO2
phase was expected to be insulating, as noted by the DOS
calculations shown in Figure 8. The Al2O3 substrate was
determined to be completely insulating and did not pro-
vide any conductive pathway around the coating. The
impedance measurements as a function of temperature
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F IGURE 9 Electrical impedance measurements as a function of temperature and frequency for the same sample. The dashed lines are
the as-deposited sample and the solid lines are the same sample measured after heating to 1173 K for comparison. Frequencies are denoted by
shapes on the lines: 1 MHz (triangle), 3 MHz (square), and 6 MHz (circle). INSET: Experimental setup for electrical measurement with Pt
electrodes across the as-deposited coating inside a furnace

and frequency are shown in Figure 9. Asmentioned in Sec-
tion 2.3, the total impedance measurement was performed
twice on the same sample, in the as-deposited condition
and after heating to 1173 K (at which point the coating was
fully oxidized). For the as-deposited coating (dashed lines),
the impedance starts lower and begins to increase rapidly
around ∼400–430 K until maximizing around ∼570 K.
In the second measurement (after heating to 1173 K),
the impedance declines slowly until a sharp decrease at
higher temperatures likely due to the onset of ionic con-
duction. In comparison, the second impedance measure-
ment (solid lines) on the same sample does not have a
rapid rise between 370 and 570 K. However, the trend in
the impedance is similar between the two measurements
at each frequency above 570 K. These data are not assumed
to be a rigorous quantitative measurement of the conduc-
tivity, but to generally test the DFT results and the DOS
that suggest the ZrO phase is electrically conductive.

4 DISCUSSION

The DOS calculations shown in Figure 8 predict that
a condensed ZrO phase would be conductive. The
impedance results shown in Figure 9 confirm that there is
a much lower impedance when ZrO is present (i.e., in the
as-deposited coating). However, upon heating in air, the
impedance rapidly increases and does not return to the low
value after cooling as evidenced by the second impedance

measurement. The transformation temperature observed
in Figure 9 in the impedance measurement is also sup-
ported by both the elimination of the ZrO observed in
XRD (Figure 6) and the weight change observed in the
TGA (Figure 7), all of which occur at roughly the same
temperature of 430–450 K. However, there are two caveats
to the impedance results presented here.
First, the individual elements of the pseudo-columnar

structure (Figure 4) would be expected to have a lower
impedance than the values measured for the coating in
Figure 9. The values reported here are not indicative of
the bulk impedances of the ZrO or the ZrO/YSZ coating.
The microstructure, and therefore the conductive path,
are tortuous and complex to model. It is possible that
the room temperature electronic conductivity could be
improved substantially by changing the microstructure or
by increasing the ZrO phase content.
Second, literature has shown that blackened, or par-

tially reduced ZrO2 has both a smaller band gap than
stoichiometric ZrO2 and enhanced conductivity due to
electronic contributions likely from the elevated oxygen
vacancy content.38,43–46 The as-deposited coating studied
in this work is blackened in color which persists in air up
to at least 623 K as shown in Figure 3. This temperature
is higher than the transition temperature noted by the
data in Figures 6, 7, and 9 by ∼50 K. However, from
Figure 9, the impedance between the two runs is similar
after ∼570 K. This indicates that at the frequencies and
temperatures studied, while the oxygen vacancies play a
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role in the blackened color, they do not have a substantial
contribution to the impedance.
The production of a metastable electrically conduc-

tive, thermally insulating material with high hardness is
intriguing for a variety of applications. A patent has been
issued on this technology,46 however futurework is needed
to better characterize the electrical and thermal proper-
ties of these coatings and the ZrO phase at high tempera-
tures in inert environments. Furthermore, the production
of high-volume fraction ‘bulk’ ZrO is of interest.

5 CONCLUSIONS

The presence of a metastable ZrO phase is observed in YSZ
coatings deposited using PS-PVD. Given the high temper-
ature of the plasma, it is shown by thermodynamic model-
ing that the ZrO vapor phase is a major component within
the gas stream. X-ray diffraction indicates a condensed
form of this vapor phase is deposited within the coatings,
although it is a minority phase (∼10–20 wt%) and the wide
peaks indicate a small crystalline domain size. DFT indi-
cates that the ZrO phase is electrically conductive and
likely resides in theNaCl cubic structure. Results from lim-
ited impedance measurements on coatings with a minor-
ity ZrO phase support this prediction. TGA, furnace expo-
sure and hot stage X-ray diffraction experiments confirm
instability of this phase in the presence of oxygen above
∼400 K. However, experiments in vacuum and under
argon show the phase can persist in low PO2 environments
above 1200 K. While these results are compelling, further
experimentation and characterization are needed to bet-
ter understand the conductive nature of this material and
its applications. It is very likely that ZrO is not the only
stable vapor species that can be deposited in a metastable
condensed form via PS-PVD. Additional materials systems
warrant evaluation and analysis of methods to increase the
metastable phase content should be pursued. A compre-
hensive TEM analysis should also be undertaken to char-
acterize the crystal structure and to evaluate the thermal
and mechanical consequences of ZrO oxidation to ZrO2.
Further analysis of ZrO and other potential metastable
phases in a broader range of material systems may pro-
vide additional unique characteristics and new applica-
tions. Thiswork also indicates that the PS-PVD systemmay
have the capability for processing other non-equilibrium
phases in different materials that will be explored in future
work.
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