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Abstract
Microstructure development of the products formed upon oxidation of hafnium
carbide (HfCx, x= 0.65, 0.81, or 0.94) at 1300◦C and 0.8mbar oxygen pressurewas
investigated using Raman spectroscopy, X-ray diffraction, electron microscopy,
and electron energy-loss spectroscopy. For all specimens a multilayered oxide
scale was observed featuring an outermost porous hafnia layer and an interlayer
adjacent to the parent carbide containing hafnia interspersed with carbon. The
outermost hafnia features coarse pores presumably formed during initial stages
of oxidation to allow rapidly evolving gaseous products to escape from the oxida-
tion front. As the oxidation scale thickens, diffusional resistance results in slower
oxidation rates and smaller quantities of gaseous products that are removed via
networks of increasingly fine pores until the local oxygen partial pressure is
sufficiently low to selectively oxidize the parent carbide. Electron microscopy
studies suggest that the oxidation sequence at this stage begins with the trans-
formation of parent carbide to an amorphous material having empirical formula
HfO2Cx that subsequently phase separates into hafnia and carbon domains. Haf-
nia polymorphs in the phase-separated region vary from cubic to monoclinic as
grains coarsen fromca. 2–20nm, respectively. Immediately adjacent to the phase-
separated region is carbon-free mesoporous hafnia whose pore morphology is
inherited from that of prior carbon domains. The average pore size and pore
volume fraction observed in mesoporous hafnia are consistent with predictions
from kineticmodels that ascribe gaseous diffusion through a pore network as the
rate determining step in oxidation behavior of hafnium carbide. These observa-
tions imply that high-temperature oxidation behavior of hafnium carbide under
the employed test conditions is linked to microstructure development via phase
separation and coarsening behaviors of an initially formed amorphous HfO2Cx
product.
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2 SCOTT et al.

1 INTRODUCTION

Ultrahigh-temperature ceramics (UHTCs) are a class of
materials principally comprising Group IV–V transition
metal borides, carbides, and nitrides that, on account of
their ultrahigh melting points (>3000◦C), are candidate
materials for service in extreme environment applications
such as leading edges of hypersonic vehicles.1–4 Hafnium
carbide (HfCx) is among the most refractory UHTCs,
possessing a melting temperature TM = 3950 ± 40◦C
for x = 0.94 ± 0.01.5 The primary oxidation product of
HfCx, hafnium oxide (HfO2), melts at ca. 2800◦C,6 mak-
ingHfCx particularly attractive for use in high temperature
oxidizing environments.
Pure, dense HfCx is known to form multilayered oxi-

dation scales in test environments ranging from static
furnaces to arc-jets corresponding to a variety of test tem-
peratures and oxygen partial pressures.7–10 Reportedly,
the parent carbide is initially saturated with oxygen to
form HfCxOy where y is <0.10 at 1650◦C,9 followed by
the formation of a pore-free interlayer whose composi-
tion is variously given by different authors as HfO2−xCy
“where x is small compared to 2 and y is probably closer
to 0 than 1,”10 or as formed via the proposed reaction
HfC1−𝑥O𝑥 +

(
1 −

𝑥

2

)
O2 ⇄ HfO2 + (1 − 𝑥)C, with up to

25.5 at.% hafnium, 49.8 at.% oxygen, and 24.5 at.% in the
product layer immediately adjacent to the parent carbide.11
Several diffusion-based models have been put forward to
rationalize experimental observations based on a trans-
formation sequence starting from the oxygen-saturated
parent carbide, to a carbon-containing interlayer, and
finally to hafnia upon continued oxidation. These mod-
els make different assumptions concerning rate-limiting
transport mechanisms responsible for the kinetics of scale
formation. In the model put forward by Bargeron et al.,11
a moving boundary formalism is used to interpret the
parabolic kinetics of oxide layer growth. Bargeron et al.
concluded that inward lattice diffusion of oxygen is likely
rate-limiting based on the presence of microstructural fea-
tures generally consistent with this mechanism as seen
in high-temperature oxidation of metals, namely, planar
interfaces normal to the growth direction and apparent
chemical homogeneity of the interlayer at the analytical
length scale discernable by electronmicroprobe. However,
the model provides reasonable parabolic rate constants
and effective diffusion coefficients, it does not account
for the effects of oxidation scale microstructure. Alterna-
tively, Holcomb et al.12 interpreted the high-temperature
oxidation behavior of HfCx using a counterflow model
which assumes that the rate-limiting mechanism is cap-
illary diffusion of gaseous species through a network of
pores. The capillary diffusion model predicts parabolic

oxidation constants for HfCx across a range of tempera-
tures and oxygen partial pressures that are consistent with
observations using a two-parameter fit for pore volume
fraction (ca. 0.02) and pore radius (ca. 0.01 μm).
Despite the success of the model of Holcomb et al.

to explain macroscopic oxidation behavior of HfCx, the
processes responsible for pore formation and oxide scale
evolution in the vicinity of the carbide–oxide interface
remain unclear. This work reports on oxidation studies of
HfCx (x= 0.65, 0.81, or 0.94) at 1300◦Cand 0.8mbar oxygen
pressure aimed at disambiguation of the mechanisms of
microstructure development in oxidation scale formation
in this technologically important UHTC material.

2 EXPERIMENTAL PROCEDURES

Hafnium carbide powder (>99.9%, −325 mesh; H.C.
Starck, Newton, MA) with a measured composition of
HfC0.94 was mixed with hafnium hydride powder (min.
95%, max. d50 = 6.0 μm, Albemarle, Langelsheim, Ger-
many) via ball milling using ethanol and yttria-stabilized
zirconia milling media to produce powder mixtures target-
ing three different compositions of HfCx. These powder
mixtures were subsequently dried using a rotary evapo-
rator and passed through a 50-mesh sieve. Each powder
mixture was then loaded into a 1-in. diameter circu-
lar graphite die lined with 0.005-in. thick graphite foil
(NeoGraf Solutions, Lakewood, OH). The powder com-
pacts were subsequently densified to>95% relative density,
either by hot pressing at 2200◦C and 32 MPa for 2 h
or by spark-plasma sintering at 2200◦C and 50 MPa for
5 min. Any flashing or graphite foil left from sintering was
removed by surface grinding (FSG-618; Chevalier; Santa Fe
Springs, CA). Density was measured via the Archimedes
method following a modified version of ASTM B962-1713
where specimens were boiled for 2 h, rather than 24 h,
in distilled water. The carbon content of the pressed spec-
imens was measured using a carbon analyzer (CS600;
LECO Corporation; St. Joseph, MI) on powders of crushed
bulk specimens that had been passed through a 200-mesh
sieve. Pressed discs were mounted in an acrylic resin
(VariDur 20-3756; Buehler, Lake Bluff, IL), polished to
a 0.25 μm finish, and analyzed using scanning electron
microscopy (SEM) to determine average grain size. For
HfC0.65 andHfC0.81, a thermal etching treatment at 1800◦C
for 30 min was necessary to reveal grain boundaries. At
least 300 grains observed from multiple random fields of
view were analyzed with image analysis software (ImageJ;
National Institutes of Health; Bethesda, MD) via intercept
method using 20 lines per sample on three fields of view
for each specimen.

 15512916, 0, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.18941 by M
issouri U

niversity O
f Science, W

iley O
nline L

ibrary on [22/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



SCOTT et al. 3

Hot pressed specimens were cut into ca. 4 × 4 × 4 mm
cubes and subsequently oxidized in an atmosphere-
controlled tube furnace under flowing Ar at a rate of
100ml/min until the furnace temperature reached 1300◦C,
at which point the furnace atmosphere was switched
to a flowing Ar/O2 gas blend with an O2 partial pres-
sure of 0.8 mbar for an oxidation test duration of 4 h.
Oxygen concentrations were monitored using an oxy-
gen analyzer with ppm sensitivity (AMETEK Thermox
CG1000 Oxygen Analyzer; AMETEK; Pittsburgh, PA).
Oxidized specimens were mounted, sectioned, and pol-
ished to a 0.25 μm finish, and their oxide scales were
investigated using optical microscopy, SEM, Raman spec-
troscopy (LabRAM Aramis; HORIBA Jobin Yvon; Kyoto,
Japan), andX-ray diffraction (XRD) (X’PertMRD;Malvern
PANalytical Ltd.; Malvern, UK). For one HfC0.94 speci-
men, tape was used to mechanically separate the oxide
scale from the underlying carbide material and was
subsequently analyzed following the same experimental
procedure. Raman spectra were collected from 500 to
3000 cm−1 using an HeNe laser (λ = 632.8 nm). Prior to
analysis, spectrometer calibration was performed using a
silicon standard. XRD scans were performed in a stan-
dard Bragg–Brentano geometry using Ni-filtered Cu-Kα
radiation as well as in an azimuthal geometry to gen-
erate pole figures used to characterize crystallographic
texturing in parent HfC0.94 specimens and as-formed oxide
scales.
A focused ion beam (FIB) (Scios DualBeam FIB SEM;

FEI; Hillsboro, OR) was used to lift out specimens perpen-
dicular to the interface between the HfCx and oxide scale
interlayer, which were subsequently analyzed using trans-
mission electron microscopy (TEM) (Tecnai TF30 Twin;
FEI; Hillsboro, OR) and scanning transmission electron
microscopy (STEM). Electron energy-loss spectroscopy
(EELS) was used to determine the elemental chemistry of
selected regions in the vicinity of the interlayer. Due to
sample availability, detailed electron microscopy analyses
of the interface region immediately adjacent to oxidiz-
ing parent carbide grains were primarily conducted on
samples of HfC0.94.
Berkovich-tip nanoindentationmeasurements were car-

ried out on polished cross sections of oxidized HfC0.94
specimens for the determination of both hardness and
Young’s modulus values for the oxide scale, interlayer,
and the parent carbide material using an Agilent G200
nanoindenter (Keysight Technologies, Santa Rosa, CA).
Indentations were created on each specimen using a
200 mN max. load, applied in 10 cycles per indentation,
and holding for 10 s at the maximum load. Twenty inden-
tations were made for the parent HfC0.94 material and the
outerHfO2 layer, whereas nine indentationsweremade for
the interlayer.

TABLE 1 Relative densities and average grain sizes of
SPS-synthesized HfCx specimens

Composition
Relative
density (%)

Average grain
size (µm)

HfC0.65±0.01 97.4 ± 0.1 57 ± 2
HfC0.81±0.02 95.8 ± 0.1 19 ± 1
HfC0.94±0.01 94.7 ± 0.1 2 ± 1

3 RESULTS AND DISCUSSION

3.1 Origins and role of the HfCx
interlayer

Table 1 lists the measured compositions, relative densities,
and average grain sizes of synthesized HfCx specimens.
Significant grain growth in the HfC0.65 and HfC0.81 speci-
mens was observed with maximum measured grain sizes
of 180.7 and 58.0 μm, respectively. XRD analyses of the
sintered HfCx specimens indicated the presence of only
HfC with no detectable second phases. Comparison of
observed versus expected relative peak intensities showed
no evidence of crystallographic texturing in parent carbide
materials.
Optical micrographs of oxidized HfCx specimens are

shown in Figure 1A–C. All specimens exhibited similar
oxide scale morphologies featuring a multilayered “Mal-
tese cross” shape where the oxide scale is cracked and
split at edges. This shape, thought to form due to ten-
sile thermal-elastic mismatch stresses in the oxide scale
concentrated at specimen corners and edges,14 became
less pronounced for specimens with lower carbon content.
The thickness of the dark innermost layer of the oxide
scale (i.e., the “interlayer”) increases with carbon content
for identical oxidation conditions: 5 ± 1 μm for HfC0.65,
11 ± 2 μm for HfC0.81, and 20 ± 1 μm for HfC0.94. Adjacent
to the interlayer/oxide scale (IL/OS) boundary, a region of
fine porosity (i.e., having pore radii as small as 12 nm) is
observed. Pore size and total apparent porosity increase
with distance away from the IL/OS boundary consistent
with previous reports.10,15–17 Based on the analysis of FIB
liftouts, pore size was found to increase linearly up to ca.
3 μm away from the IL/OS boundary (Figure 2).
On all specimens, the interlayer is found to contain car-

bon and hafnia as determined by Raman spectroscopy,
the results of which are shown in Figure 3. D and G
peak ratios produced I(D)/I(G) values of 1.24 (HfC0.94), 1.77
(HfC0.81), and 1.69 (HfC0.65), indicating disordering and
defectiveness of the graphitic carbon in each specimen.18
The D peak is also downshifted from ∼1350 to ∼1332 cm−1

in all specimens. This is due to the dispersive nature
of the D peak with the wavelength of the laser used
(λHeNe = 632.8 nm), which causes the excitation energy
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4 SCOTT et al.

F IGURE 1 Composite image showing the observed morphology of the oxide scale/interlayer material as a function of carbon content.
(A–C) Optical micrographs showing macroscopic scale morphology comprising carbide cores surrounded by a multilayered oxidation scale.
Polishing damage is evident for the coarse grained HfC0.65 specimen. (D–F) Scanning electron microscopy (SEM) images showing the
innermost interface for each specimen as a function of carbon content. (G–I) Scanning transmission electron microscopy (STEM)-HAADF
images showcasing the differences in oxide scale morphology of the interlayer as a function of carbon content. At “low” carbon contents,
microstructure development is markedly different than at “intermediate” and “high” carbon contents.

F IGURE 2 Plot of pore size (diameter)
as a function of distance from the
interlayer-oxide scale interface on HfC0.94

required for a Raman scattering event to be reduced and
correspondingly reduces the wavenumber at which the
D peak occurs.18,19 The shape of the 2D peak located at
∼2661 cm−1 also indicates that the graphitic carbon is
multiple layers thick, as it is beginning to approach the
shape of the 2D peak for bulk graphite.19 Raman spectra

of the outer oxide scale indicate only the presence of haf-
nia, as no D or G peaks associated with free carbon were
identified.
Figure 4 shows XRD patterns of the top surfaces

of the oxidized HfCx specimens. The topmost m-HfO2
phase formed upon all three compositions exhibits strong
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SCOTT et al. 5

F IGURE 3 Raman spectra collected
from the innermost oxide scale of the
oxidized HfCx specimens. Peaks attributed to
graphitic carbon dominate the spectrum, but
some trace peaks of hafnia can be observed at
lower wavenumbers.

F IGURE 4 X-ray diffraction (XRD)
patterns (Cu-Kα λ = 0.1541 nm) of the top
surface of the oxide scale on oxidized HfC0.65,
HfC0.81, and HfC0.94

intensity changes in the (202) and (2̄02) reflections as com-
pared to its expected pattern (PDF 01-074-1506), indicative
of crystallographic texturing (see, e.g., Figure S1 for XRD
pole figure analyses of the topmost m-HfO2 phase formed
upon HfC0.94). The X-ray pattern for HfC0.94 contains
diffraction peaks for monoclinic hafnia (m-HfO2) with
trace amounts of tetragonal hafnia (t-HfO2). XRD scans
performed on exposed interlayer product from the oxida-
tion of HfC0.94 indicate the presence of m-HfO2 as well
as t-HfO2 and trace graphite. The 100% intensity peak for
t-HfO2 was not directly observed in these measurements,
likely due to spectral resolution issues preventing deconvo-
lution of the t-HfO2 (101) and CaCO3 (104) peaks (29.651◦
vs. 29.406◦, respectively), with the latter, a constituent
of the duct tape backing used to mechanically separate
the oxide scale to expose the interlayer for analysis.20
The amount of t-HfO2 present could not be quantitatively
determined via Rietveld refinement because of texturing
effects within the pattern as well as the low intensity of the
reflections associated with this phase.

TEM observations of the oxide scale that forms imme-
diately upon grains of HfC0.94 show a grain-by-grain
orientation dependence indicative of preferential HfO2
growth directions, for example, if an observed HfC grain
is oriented with [111] normal to the surface of the sample,
then the (111) plane of HfO2 appears to grow prefer-
entially. HfO2 grains whose preferred growth directions
are closest to the normal of the oxidation front appear
to “win out” and are believed to lead to the observed
texturing in the oxide scale even in the absence of
any crystallographic texturing in the underlying parent
carbide.21
TEM micrographs collected near the parent HfC0.94-

interlayer (PC/IL) boundary provide insights into the ini-
tial stages of oxidation. Based onHRTEM shown Figure 5E
and Fourier fast transforms (FFT) of the HRTEM shown
in Figure 6A, there is an amorphous band of oxide
material surrounding the parent carbide grain. Electron
diffraction patterns in this region show no long-range
order/crystalline diffraction spots. This amorphous band
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6 SCOTT et al.

F IGURE 5 Oxidation products of HfC0.94 (T = 1300◦C, pO2 = 0.08 kPa, t = 4 h) from macro- to nanoscale. Letters in circles indicate the
representative region of the corresponding panel. (A) Optical micrograph of an oxidized HfC specimen showing the “Maltese cross” shape. (B)
Scanning electron microscopy (SEM) image of the oxide scale showing three distinct layers. (C) Scanning transmission electron microscopy
(STEM)-HAADF image of the interface between HfC and zone 1, which possesses an initially amorphous material around the vicinity of the
HfC that proceeds to phase separate. (D) Bright-field transmission electron microscopy (TEM) image showing the fine phase separation of the
oxide scale into crystalline HfO2 (dark) and graphite (bright). (E) Close-up BF TEM image of the amorphous material near grains of HfC

of material persists 20 ± 2 nm away from the parent car-
bide grain before it begins to phase separate, leading to
the nanoscale structures shown in Figures 1G–I and 5D.
As viewed under HRTEM, the phase-separated region
appears to comprise hafnia and disordered graphitic car-
bon with ∼3.4 Å d-spacing. The defected nature of the
carbon domain corroborates increased D peak intensities
seen in Raman spectra as shown in Figure 3. Gasparrini
et al. and Shimada et al. also observed interlayer struc-
tures in specimens of zirconium carbide oxidized com-
prising amorphous carbon and nanocrystalline zirconia
precipitates14,22; however, the amorphous layer observed
herein contains no precipitates.
EELS and EDS chemical analysis of the amorphous

region formed upon HfC0.94 indicated compositions of
HfO2.1C1.0 and HfO1.9C0.9, respectively. This overall ele-
mental composition likely indicates that the phase forms
via selective oxidation where hafnium is oxidized with-
out any loss of carbon. Selective oxidation is a process
wherein a compound or solution is exposed to an oxy-
gen chemical potential sufficient to induce oxidation of
thermodynamically less noble constituents, whereas more
noble constituents remain stable. This phenomenon may
be illustrated using a predominance diagram as shown in
Figure 7. If the partial pressure of oxygen at the PC/IL inter-
face at 1300◦C and 1 bar total pressure is between 1 × 10−21
and 2 × 10−17 bar, then selective oxidation is predicted to
occur and result in two equilibrium phases (i.e., graphite
and m-HfO2).

Microstructure development of the oxide scale is consis-
tent with the sequence shown schematically in Figure 8.
During the initial stages of oxidation prior to the formation
of a protective outer oxide scale, the local oxygen pres-
sure at the parent carbide boundary is sufficiently high to
oxidize both Hf and carbon. The total pore volume and
average pore size at a given location within the oxide scale
is thought to reflect the necessary interconnected path-
ways to allow gaseous oxidation products to escape from
the reaction front through the pore network via Poiseuille
flow in proportion to their rate of generation.12,17 Thus,
in the absence of microstructure evolution by diffusion or
plastic flow, the observed distribution of porosity through
the thickness of the oxide scale acts as a record of the
specimen oxidation rate history (i.e., regions with higher
amounts of coarse porosity correspond to initially fast oxi-
dation rates, with subsequent decreases in the amount
and size of porosity chronicling progression toward a
passive oxidation regime). As the oxide scale becomes
increasingly protective, diffusive transport becomes rate
limiting and overall oxidation kinetics slow, resulting in
decreased rates of gaseous product generation. Conse-
quently, scale porosity needed to accommodate escaping
gases decreases, which is reflected in observed reduc-
tions in apparent pore size approaching the interlayer as
shown in Figure 2. Increasing diffusive resistance serves
to reduce the oxygen partial pressure at the parent carbide
boundary until selective oxidation of Hf becomes ther-
modynamically favorable and an interlayer forms. Then,

 15512916, 0, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.18941 by M
issouri U

niversity O
f Science, W

iley O
nline L

ibrary on [22/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



SCOTT et al. 7

F IGURE 6 (A) Brightfield transmission electron microscopy (TEM) image with an inset Fourier fast transforms (FFT) showing the
amorphous nature of the initial oxide scale. (B) Selected area electron diffraction (SAED) pattern of a TEM lift-out near the phase-separated
region along the [001] zone axis of HfC0.94 containing crystallites of t-HfO2 and graphite. (C) Brightfield HRTEM image of phase-separated
HfO2 (dark) and C (bright) after crystallization and coarsening. (C) (002) lattice fringes are visibly buckled and distorted. (D) SAED pattern of
a TEM lift-out near the amorphous region along the [11̄0] zone axis of HfC. Textured m- and c-HfO2 that were polycrystalline in nature were
detected, as was C.

F IGURE 7 Predominance diagram showing the regions of
phase stability during the oxidation of stoichiometric HfC at 1 bar
total pressure. Carbon refers to graphite as reference state.

the oxidation transformation sequence can be described in
three steps: formation of an amorphous HfO2Cx upon the
oxygen-saturated parent carbide; phase separation of the

amorphousmaterial into carbon and hafnia domains; and,
finally, removal of carbon resulting in a network of fine
pores at the IL/OS boundary.
The characteristic size of pores near the IL/OS bound-

ary is commensurate with the final observed degree of
coarseness of the carbon domains in the adjoining phase-
separated interlayer. In addition, the area fraction of
pores measured by image thresholding corresponds to the
approximate volume percentage of carbon in the start-
ing material, further supporting that the amount and
size of pores in this region are inherited from the phase-
separated carbon network. Threshold image analysis on
three 1 μm × 1 μm regions in the outer oxide scale yielded
an average pore fraction of 22% ± 4%, which is close to
the volume fraction of carbon calculated from the molar
volumes and stoichiometric coefficients of HfO2 and C
(∼20%). Threshold image analysis of the interlayer car-
bon area fraction resulted in values of 19%. The observed
porosity near the IL/OS boundary is consistent with values
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8 SCOTT et al.

F IGURE 8 Schematic illustration of high-temperature oxidation of HfC. First, HfO2 oxide scales with coarse porosity are formed.
Subsequently, the size and total volume of porosity is reduced in proportion to the rate of oxidation at the PC/IL interface. If a sufficiently
protective oxide scale is formed, then the local oxygen pressure at the PC/IL interface eventually reaches a threshold for selective oxidation of
hafnium with carbon formation. The transformation sequence then proceeds from an initial amorphous HfO2Cx product that phase separates
into c/t-HfO2 + C followed by polymorphic transformations to lower symmetry HfO2 as crystallites coarsen. The IL/OS interface denotes
oxidation of phase-separated carbon domains to yield a fine scale pore network that apparently controls the rate of gaseous diffusion and
thereby determines high-temperature oxidation kinetics of HfC.

calculated by Holcomb et al. using their countercurrent
diffusion model, supporting gaseous diffusion through a
fine pore network as the rate limiting kinetic mechanism
for HfCx oxidation.12 Consequently, high-temperature oxi-
dation behavior of HfCx is linked to the phase separation
behavior of the amorphous oxidation product and its
subsequent coarsening kinetics.

3.2 Additional observations concerning
HfCx oxidation scale

TEM/STEM observations indicate that the phase-
separated domains present in the interlayer evolve as
a function of crystallite size according to the follow-
ing sequence: amorphous HfO2Cx > phase separated
c-HfO2 + C > t-HfO2 + C > m-HfO2 + C. The size-
dependent stability of HfO2 polymorphs has been
explained by Sharma et al. based on a surface energy
relaxation model that predicts a sequence starting from
amorphous HfO2 at a crystallite size less than 3.75 nm,
to c-HfO2 at crystallite sizes ranging 3.75–21 nm, then
t-HfO2 between 21 and 38 nm and finally m-HfO2 at the
largest crystallite sizes.23 Selected area electron diffraction
patterns (Figure 9B) and FFTs of HRTEM patterns of the
oxidized material (see Figure S2) show that c-HfO2 is the
first crystalline polymorph that nucleates upon phase
separation and that the magnitude of the crystallite size
transitions appears consistent with literature. Traces of
c-HfO2 could be detected on the HfCx side of the PC/IL

boundary. When amorphous HfO2Cx is not present and
the HfO2 crystallites have coarsened appreciably, only
spots corresponding to t-HfO2 and m-HfO2 are present in
the SADPs.24–26 At the OS/IL boundary, the sizes of HfO2
crystallites were seen to vary across the tested composi-
tions. For HfC0.94, the crystallites were 17–20 nm wide
and ∼140 nm long, whereas for HfC0.65, the crystallites
were ∼50 nm wide while remaining similar in length
(∼154 nm) to HfC0.94. These elongated crystallites are
likely responsible for the texturing effects observed in
XRD; however, based on available data, it remains unclear
whether parent carbide composition, grain size, or other
factors are responsible for the observed differences in
HfO2 crystallite sizes.
The origins of texturing can also be observed from

the amorphous region as shown in Figure 6C. As the
interlayer material is initially developing, HfO2 and C
begin to phase separate and develop a columnar structure
that grows outward, eventually impinging on neighbor-
ing phase-separated domains, leading to the structures
shown in Figures 1G–I and 5C. The same type of growth
behavior was observed in HfC0.81; however, significant dif-
ferences were noted with regards to HfC0.65, as shown in
Figure 1G. In HfC0.65, the phase-separated HfO2 and C
structures appear to grow with the elongated axis paral-
lel to the PC/IL boundary, resulting in discernibly larger
crystallites of HfO2.
Nanoindentation measurements performed on the

oxidation products of HfC0.94 supports the conclusion that
the interlayer is composed of a discrete, phase-separated
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SCOTT et al. 9

F IGURE 9 Selected area electron diffraction (SAED) patterns
of (A) HfC0.81 along [111] zone axis and (B) HfC0.94 along [1̄10] zone
axis. Epitaxial growth with a slight misorientation is present in both
cases.

mixture of hafnia and carbon. Results of nanoindentation
analyses are summarized in Table 2. For the HfO2 phase,
measured Young’s moduli are in close agreement with
values reported for nanoindentation performed on HfO2
thin films; however, measured hardness values are lower
than reported for HfO2 thin films.27 In several indentation
load–displacement curves, crack pop-in behavior was
observed, likely due to the presence of microcracks and
porosity in the outer oxide layer.
Nanoindentation measurements of parent carbide

Young’s modulus and hardness indicate values that
are lower than those reported for microindentation

TABLE 2 Berkovich-tip nanoindentation results for the
Young’s modulus and hardness of the different sample zones of
HfC0.94
Young’s modulus
(GPa)

Hardness
(GPa) Reference

Parent carbide
343 ± 19 19 ± 2 This work
N/A 9.5 10

350 15 28

Interlayer
150 ± 20 3.3 ± 0.9 This work
N/A 9.7 10

Outer oxide scale
85 ± 18 3.3 ± 1.1 This work
N/A 2.9 10

82 4.9 27

and nanoindentation of bulk specimens, but that are
consistent with values reported for nanoindentation of
HfC coatings.28,29 The hardness values measured for the
interlayer material were found to closely match that of
the outer oxide layer. This observation is in disagreement
with the assessment by Bargeron et al. that the interlayer
hardness is comparable to that of the startaqing carbide.10
However, these differences might be ascribed to different
measurement techniques, as a Berkovich indenter was
used in the nanoindentation measurements in the present
study, whereas Bargeron et al. used a Knoop indenter.10
Alternatively, given the higher oxidation temperatures
used by Bargeron et al. in their study, it is possible that an
interlayer material with different properties was produced
as compared to the phase-separated interlayer material
reported in this work. Additional study of the interlayer
formed upon oxidation as a function of temperature may
disambiguate this discrepancy.

4 CONCLUSIONS

The primary conclusion from this work is that the high-
temperature oxidation behavior of HfCx is linked to the
phase separation behavior of the first amorphous oxidation
product HfO2Cx and its subsequent coarsening kinetics.
This conclusion is supported by observation of microstruc-
ture evolution of the products formed upon oxidation of
dense (>95% theoretical density) HfCx (x = 0.65, 0.81, or
0.94) at 1300◦C and 0.8 mbar oxygen pressure as charac-
terized by Raman spectroscopy, XRD, electronmicroscopy,
electron energy-loss spectroscopy, and nanoindentation.
At early stages of oxidation, generation of large volumes
of gaseous products leads to the formation of highly
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10 SCOTT et al.

porous oxide scale. As the scale thickens, diffusive resis-
tance lowers the oxygen partial pressure at the parent
carbide boundary until selective oxidationmay occur. Sub-
sequently, the interlayer comprising the selective oxidation
products of hafnia and carbonmaybe formed.At this stage,
the HfCx oxidation sequence comprises oxygen saturation
of the parent carbide followed by transformation to amor-
phous HfO2Cx, phase separation into turbostratic carbon
and hafnia polymorphs varying from cubic to tetrago-
nal/monoclinic as crystallite domains coarsen from ∼2–
20 nm, and finally carbon removal via oxidation from the
phase-separated interlayer. The porosity in the oxide scale
immediately adjacent to the interlayer appears to be inher-
ited from that of the prior carbon in the phase-separated
region and is generally consistentwith calculated literature
values for gaseous diffusion rate-limited kinetic models.
Indentation measurements performed on the interlayer

material revealed Young’s moduli and microhardness val-
ues in the interlayer material that support the observed
phase transformation sequence; however, measured hard-
ness values in the present work contradict those reported
by Bargeron et al. for the interlayer formed at temperatures
up to 2060◦C. This may indicate that the interlayer formed
at much higher temperatures differs from that seen under
the test conditions employed in the present work. Further
study of the high-temperature oxidation behavior of HfC,
especially at temperatures exceeding 1800◦C, is recom-
mended to resolve lingering discrepancies and to develop
a comprehensive understanding of the high-temperature
oxidation behavior of HfC.
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