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ZrC Ultra-High Temperature Ceramic is a promising material for future extreme environment applications.
However, its susceptibility to oxidation at elevated temperatures poses a significant challenge. There remains
unresolved controversy in literature regarding its oxidation kinetics and activation energies. The temperature,
oxygen pressure and time effects on the oxidation and passivation of ZrC are still not fully understood. To address
these questions, we fabricated near-stoichiometric ZrC ceramic via spark plasma sintering (SPS) and for the first

time investigated the temperature-oxygen pressure-time (T-P-t) dependent oxidation kinetics of SPS-sintered ZrC.
A three-stage oxidation mechanism including a passivation stage was reported. The study also revealed the
complexity of activation energy dependence on temperature and pressure within the 3D T-P-t space. Addition-
ally, it uncovered the conditions necessary to maintain the passivation of ZrC. These findings provide valuable
insights for future design of oxidation-resistant ZrC and carbides, paving the way for advancements in materials

for extremes.

1. Introduction

Zirconium Carbide (ZrC) Ultra-High Temperature Ceramic (UHTC)
possesses excellent mechanical and thermal properties such as high
hardness (25 GPa) and high congruent melting point up to 3700 K due to
the mixed ionic and covalent bonding. In addition, ZrC has a lower cost
in comparison with other UHTCs. These properties render ZrC a prom-
ising material for future extreme environment applications [1-3].
However, its susceptibility to oxidation at elevated temperatures for
instance above 500 °C [4] remains a major issue. The oxidation response
can compromise the structural integrity of ZrC-based materials during
high-temperature applications involving air exposure. Consequently, it
is essential to evaluate the potential oxidation damage to ZrC UHTC.

The oxidation reaction of ZrC is a complicated heterogenous reaction
and its kinetics can be affected by factors such as temperature, oxygen
pressure and exposed duration. Additionally, the oxidation kinetics of
ZrC can also be affected by sample properties, which include purity,
relative density, grain size, surface roughness, surface area, and C/Zr
stoichiometry [5,6], stemming from different preparation methods. ZrC
in different forms, for example single crystal [7,8], powder [9,10], and
sintered pellets [11,12], can also affect the oxidation response. Due to
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the convoluted factors mentioned above, literature controversies on the
oxidation rate constants and resultant activation energies (E,) prevail
despite the various experiments conducted.

Bartlett et al. [13] studied the oxidation of powdered ZrC at 450-580
°Cin 6.5 x 1073-100 % O, and presumed two parallel controlling pro-
cesses. One process was the predominant surface reaction occurring at
the ZrC-ZrO, phase boundary that accounted for most of the oxidation
with E; of 192.5 kJ/mol. The other process was believed to be a separate
but parallel process of oxygen diffusion through the oxide scale into the
ZrC lattice replacing C in the initial stages, with E, of 221.7 kJ/mol. The
diffusion process, however, could not be observed at oxygen pressure
below 5 x 1072 atm, which was attributed to residual C hampering the
concentration gradient to induce continued diffusion of C out of the
lattice.

Barnier et al. [14] fixed the oxygen pressure to be 10 % Oy but
extended the temperature range to 400-1000 °C, and reported that E, in
the beginning of oxidation of ZrC powder was 292 kJ/mol controlled by
diffusion and then changed to 186 kJ/mol controlled by surface reaction
as the oxidation reaction fraction exceeds 0.20. The energy barrier for
diffusion is much larger compared to that of Bartlett, but E, for surface
reaction is in good agreement between the two studies.
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Shimada et al. [9] reported the isothermal oxidation of ZrC powders
in 380-600 °C under oxygen pressures of 1.3, 2.6, or 7.9 % O with
flowing argon. The kinetics was described by diffusion-controlled Jan-
der’s equation [9] (see Eq. 1):

[1—(1—(1)%]2:“ )

where o is the reacted fraction at time t, and k is the rate constant that
depends on temperature and pressure. The oxygen bulk diffusion
through a coherent ZrO; layer was considered to be the rate-determining
step. Two E, were obtained with 138 kJ/mol below 470 °C and 180 kJ/
mol above that temperature, of which the transition was attributed to
the formation of cubic ZrO5 accompanied by the generation of cracks.
The E, values are smaller compared to those of Bartlett [13] and Barnier
[14].

Similarly, Rao et al. [15] reported the oxidation kinetics of ZrC
powder under 20 % O in temperature range of 477-537 °C with E, of
131.8 kJ/mol. Different E, were reported with non-isothermal condi-
tions in the temperature range of 277-1027 °C. E, were reported to have
a large oxygen pressure dependence, with values ranging from 142.3 to
126.7-99.8 kJ/mol at oxygen pressures of 5, 20, and 50 % O.

Kuriakose and Margrave [16] investigated the oxidation of electron
beam melted ZrC pellet in the temperature range of 554-652 °C. The
oxygen pressure used in the experiments was 97 % Oq. The result
showed that the oxidation followed a linear rate law controlled by
chemical reaction with E, of 70.1 kJ/mol.

Gasparrini et al. [17] studied the oxidation of hot-pressed ZrC cu-
boids in 21 % O3 in the temperature range of 800-1100 °C. Linear ki-
netics was reported at 800 °C, and for temperatures above 800 °C,
oxidation was linear up to 7200 s followed by an accelerated breakaway
oxidation.

Konnik et al. [18,19] investigated the mass gain of hot-pressed ZrC
via flow-tube furnace under 1000-1600 °C at 20 % Os. They observed
when oxidation elapsed time increased, the lower temperature regime
began to dominate in total mass increase, which pointed to a relative
slowdown in oxidation at higher temperatures. They reported that ki-
netic, morphological, and microstructural deviations across tempera-
tures were the major contributors to mass gain behavior of ZrC.

Table 1 summarizes the types of ZrC, oxidation temperatures, oxygen
pressures, oxidation kinetics, and E, reported by various authors. It is
noteworthy that there are inconsistencies and even contradictions in

Table 1
Comparison of ZrC oxidation studies.
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different findings, and three core questions regarding the oxidation ki-
netics of ZrC UHTC remain to be answered. One is the existence range of
a diffusion-controlled protective parabolic oxidation stage of ZrC.
Another is the reason for the transition of parabolic to linear oxidation
and the conditions at which it occurs. The other is the E, of ZrC oxidation
and its dependence on temperature profile, oxygen pressure, and
oxidation time.

Aiming at answering these questions, we fabricated sintered stoi-
chiometric ZrC ceramic (C/Zr ~ 1) and investigated its oxidation ki-
netics under a wide range of temperatures and oxygen pressures. ZrC
ceramic was made via SPS due to several advantages including reduction
of sintering duration, uniform distribution of heat, and high densifica-
tion compared to other sintering techniques [20-22]. With controlled
density and purity, the oxidation behavior of stoichiometric
SPS-sintered ZrC was studied under varying temperatures 600-1000 °C,
oxygen pressures 2-21 % Og, and elapsed time up to 10800s. A
consistent comparison was performed across different parameter ranges
in 3D T-P-t plots. Instead of the commonly assumed linear oxidation of
ZrC, a passivation stage was discovered and the reason for
parabolic-to-linear oxidation rate transition was also uncovered.
Furthermore, the E; of ZrC UHTC oxidation as a function of oxygen
pressure and temperature was derived. These findings could build a
foundation for designing future oxidation-resistant ZrC materials as well
as other carbide ceramics.

2. Materials and methods
2.1. Material fabrication

ZrC ceramic disk (C/Zr =~ 1) was synthesized using solely ZrC powder
(purity: 99.5 %, particle size < 45 pm, Goodfellow, UK) as the starting
material. ZrC powder was placed in a 30 mm diameter graphite die
within a glovebox to minimize oxygen contamination. Subsequently, the
graphite die containing the ZrC powder was transferred to the SPS
furnace. The ZrC powder was then densified using SPS with a HP D
25 SD furnace (FCT Systeme GmbH, Germany) in a graphite die under
vacuum. Two-step sintering was carried out at 1500 °C for 120 s fol-
lowed by 2000 °C for 600 s under 80 MPa uniaxial pressure with a
heating rate of 3.3 °C/s. The first holding step at 1500 °C was applied to
reduce possible contamination during sample preparation before
entering high-temperature sintering. The sintered sample was cooled to
room temperature with a cooling rate of 0.4 °C/s, and the remaining

Type of ZrC Temperature O, pressure Rate-controlling step and kinetics E, (kJ-mol™1) Reference
((®)] (% O2)
Powder 450-580 6.5 x 107°-100  Combined phase boundary reaction and diffusion controlled (023 Phase boundary  Bartlett et al.
diffusion reaction [13]
221.7 192.5
Powder 400-1000 10 Diffusion controlled in the beginning and then changed to 02 Surface reaction  Barnier et al.
surface reaction controlled as the oxidation reaction fraction diffusion [14]
ds 0.20
exceeds 292 186
Powder 380-600 1.3 Diffusion-controlled Jander’s equation Below Above Shimada et al.
2.6 470 °C 470 °C [9]
7.9
138 180
Powder 477-537 20 Non-parabolic mechanism 131.8 Rao et al. [15]
Electron beam melted 554-652 97 Chemical reaction controlled; Linear 70.1 Kuriakose et al.
(99.5 % purity) [16]
Hot-pressed 800-1100 21 Linear - Gasparrini
(> 96 % of etal. [17]
theoretical density)
Hot-pressed 1000-1600 20 Mass gain at 1200 °C exceeded higher temperatures for - Konnik et al.

(99.9 % purity) elapsed time > 1200 s

[18,19]
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graphite on the surface of ZrC ceramic disk was removed with a grinder-
polisher (MetaServ 250, Buehler, the USA). The phase and composition
of SPS-sintered ZrC are shown in Supplementary: Figure S1 and S2.

The resulting bulk ZrC ceramic disk had a density of 6.64 &+ 0.01 g/
cm® calculated from averaging three measurements performed by the
Archimedes method and a relative density of 98.7 + 0.1 %. The ZrC
ceramic disk was sanded and polished to mirror-like surface. Lastly, the
ceramic disk was machined into rectangular cuboids with dimensions of
approximately 6 mm x 6 mm x 3 mm utilizing cutting machine (Seco-
tom-60, Struers, Denmark) with a diamond cut-off wheel (M1D20) to
eliminate surface area effects on the oxidation kinetics.

2.2. Isothermal static oxidation

Static oxidation test was carried out by the ZrC rectangular ceramic
cuboids (6 mm x 6 mm x 3 mm) placed on a crucible inside the furnace
of a thermogravimetric analyzer (TGA) (Seteram TAG 16/18, Caluire,
France). The crucible with ZrC ceramic cuboid was mounted at one side
of the balance and an identical but empty crucible was mounted at the
other side of the balance. Both furnaces, each at one side of the balance,
were heated simultaneously with 0.08 °C/s in a flow of pure Ar. When
both furnaces of the thermogravimetric analyser reached the target
temperature, Oy was added to the Ar gas flow with controlled oxygen
pressure during the isothermal hold. The temperature and pressure
ranges were: 600-1000 °C and 2.0-21.0 % O,. Afterwards, the furnace
was cooled with 0.08 °C/s cooling rate to room temperature. Interrup-
tion experiments were done under fixed oxygen pressure with Ar-2.0 %
0O, flow at 600, 700, 800, and 1000 °C. Mass change was assessed via
thermogravimetric analyses, using a dual furnace balance (Seteram TAG
16/18, France) which allowed automatic correction for buoyancy ef-
fects. The analyser was equipped with Pt/Pt-10 %Rh (S-type) thermo-
couples. The gas mixture was admitted to the TGA analyser via mass
flow controllers (Bronkhorst, The Netherlands) operated with Labview
(version 2020) such that the total gas flow matched 100 sccm, which
was equally divided over both furnace tubes. Prior to admitting the gas
mixture to the furnace, O and Ar (Linde Gas Benelux BV, purity better
than 5 N) were filtered to remove residual moisture and hydrocarbons
with Hydrosorb (< 20 ppb H20) and Accosorb (< 10 ppb hydrocarbons)
filters (Messer Griesheim, Germany) respectively. Ar gas was addition-
ally filtered to remove residual Oy with an Oxysorb filter (< 5 ppb O3).
Samples were labelled as Zx-y-z, where X, y, z relate to temperature,
oxygen pressure, and time respectively, for example Z6-2-30 (6: 600 °C,
2: 2 % Oy, 30: 3000 s). The details of the samples are shown in Table 2.

2.3. Characterization

Quadrupole Mass Spectrometry (QMS) was used to monitor the
formation of gaseous COy during isothermal oxidation in the TGA
furnace. The microstructures and morphologies of the SPS-sintered ZrC
and corresponding oxide scale were analyzed by Scanning Electron
Microscopy (SEM) with a JSM-IT 100 (JEOL, Japan). Comprehensive
results and supporting data from the X-ray Diffraction (XRD), Energy-
Dispersive X-ray Spectroscopy (EDX), Transmission Electron Micro-
scopy (TEM), and Raman spectroscopy analyses are presented in the
Supplementary Information.

Table 2
Samples of isothermal oxidation at oxygen pressure of 2 % O,.
Temp (°C) 600 700 800 1000
time (s)
1500 - 77-2-15 78-2-15 Z10-2-15
3000 76-2-30 77-2-30 - -
5400 - 77-2-54 - -

10800 76-2-108 77-2-108 78-2-108 710-2-108
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2.4. Oxidation kinetics

Based on the weight change curve over time from TGA data and the
CO2 formation curve from QMS data, three possible oxidation stages
were identified.

1. Stage one oxidation (k; parabolic oxidation)

From the moment oxygen was turned on to the beginning of CO,
signal increase captured by QMS. Based on the evidence obtained
from TEM-EDX elemental mapping, Selected Area Electron Diffrac-
tion (SAED) (see Supplementary: Figure S3), and QMS, the pre-
dominant oxidation reaction mechanism occurring in stage one was
proposed to proceed via one or both of the following pathways:

1
ZrC + 5 (1 = X)Oug) = ZrC,01 » + (1 - X)C 2

1
ZrC + 5 (2 — X)Og(g) —-2Zr0, »+C 3)

Selected Area Electron Diffraction Pattern (SAEDP) (see Supple-
mentary: Figure S3 (f)) revealed that the crack-free oxide scale
contained a substantial amount of amorphous carbon, which sup-
ported the proposed predominant reaction mechanisms. Further-
more, in this stage, only a limited amount of CO, was detected by
QMS. These findings collectively indicated that the predominant
oxidation reaction involved the formation of amorphous carbon with
minimal carbon oxidation, which resulted in significant carbon
retention within the compact oxide scale.
A parabolic fitting was used (see Eq. 4) in stage one oxidation.

2
(“—W> “hite @)
W,

0

where Aw is the weight change, wy is the initial weight, k; is the
parabolic rate constant, and c is an integration constant.
2. Stage two oxidation (ky intermediate oxidation)

From the time CO, surged to the saturation of CO; release, a
general parabolic fitting was used (see Eq. 5). In this stage, carbon
oxidation C + Oy —COx( started to pick up, which was detected by
QMS.

2
(A—W> +a <A—W> =kot+c 5)
Wo Wo

where Aw is the weight change, wy is the initial weight, k; is the
parabolic rate constant, ’% is the linear rate constant in stage two
oxidation, and c is an integration constant.

The general parabolic oxidation equation suggested that stage two
oxidation involved a combination of parabolic and linear kinetics,
indicating a transitional regime between parabolic and linear
oxidation behavior.

3. Stage three oxidation (k3 linear oxidation)

From the saturation of the CO, release, a linear fitting was used

(see Eq. 6).

<A7W> = kgt +c (6)
w

0

where Aw is the weight change, wy is the initial weight, k3 is the
linear rate constant, and c is an integration constant.

All three stages of ZrC oxidation were fitted with R? values above
0.99. The following Table 3 presents the definitions of the terms
employed throughout the study.
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Table 3
Terminology and definitions.

Terminology Definition

In-plane cracks The cracks which propagate parallel to the nominal surface
of the pristine ZrC substrate, extending laterally within the

oxide scale

Through-thickness The cracks which propagate perpendicular to the nominal
cracks surface of the pristine ZrC substrate, extending through the
thickness of the oxide scale

Inner layer The compact oxide layer which is directly bonded to the ZrC

substrate

Outer layer The cracked oxide layer which is positioned with one side in
contact with the inner layer while the opposite side exposed

to the atmosphere

Parabolic stage The oxidation stages during which the kinetics conform to

parabolic fitting (Eq. 4) or general parabolic fitting (Eq. 5)

Full protectiveness The capacity of an oxide scale to significantly inhibit further
oxidation, characterized by ZrC oxidation kinetics that
conform to a parabolic rate law, as determined by parabolic

fitting (Eq. 4) of experimental data

Partial
protectiveness

The condition in which the oxide scale provides limited
resistance to oxidation, characterized by ZrC oxidation
kinetics that conform to a general parabolic rate law, as
determined by general parabolic fitting (Eq. 5) of
experimental data

The absence of effective resistance to oxidation,
characterized by ZrC oxidation kinetics that conform to a
linear rate law, as determined by linear fitting (Eq. 6) of
experimental data

Non-protectiveness

3. Results and discussion
3.1. Three-stage paralinear oxidation kinetics

3.1.1. Existence of parabolic stage and its dependence on temperature

By fixing the oxygen pressure to 2 % O and isothermal oxidation
time to 10800 s, the oxidation stages during isothermal oxidation at
different temperatures (600-1000 °C) were investigated. At 600 °C
isothermal oxidation, two parabolic stages were identified. In the first
stage (before point a in Fig. 1(a)), a decline in CO, formation was
identified in QMS, and the limited CO, formation was in agreement with
a compact scale (thickness: 3.85 + 0.49 um) (Fig. 1(b)). In the second
stage (after point a in Fig. 1(a)), prominent CO, formation was detected
by QMS concurrently with the appearance of a double-layer scale for-
mation (Fig. 1(c)). While the inner layer (thickness: 3.37 4+ 1.24 um)
remained compact, there was increased amount of through-thickness
cracks (with reference to the nominal surface of the pristine ZrC sub-
strate) in the outer layer as observed in Fig. 1(c). Despite the existence of
some through-thickness cracks, the overall oxidation rate at 600 °C was
continuously decreasing throughout the entire elapsed time, which
indicated no linear oxidation stage at 600 °C up to isothermal oxidation
duration 10800 s. Parabolic (Eq. 4) and general parabolic (Eq. 5) fittings
were applied to the two respective oxidation stages. Based on these re-
sults, it was concluded that ZrC followed a parabolic oxide scale growth
behavior under 2 % O5 up to 10800 s.

At 700 °C isothermal oxidation, a compact oxide layer with a
thickness of 15.05 + 0.93 um was observed (Fig. 2(b)) when isothermal
oxidation time was 1500 s. As CO, formation started to rise, so was the
number of through-thickness cracks in the outer layer of oxide scale
(Fig. 2(c)), which was similar to the observation at 600 °C. In addition,
in-plane cracks (with reference to the nominal surface of the pristine ZrC
substrate) were also observed due to the stresses from ZrO, grain
growth. Starting from isothermal oxidation time 5400 s (point c in Fig. 2
(a)), the derivative of normalized weight gain remained constant, which
indicated a linear ks oxidation stage confirmed with a compact inner
layer of constant thickness (10.07 £ 1.74 um) and linearly growing
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outer layer with cracks (Fig. 2(d) and (e)). This is coherent with the
observation and analysis of Shimada [23]. To conclude, at 700 °C,
although a compact inner layer was observed at the end of the
isothermal oxidation process (10800 s), the outer cracked layer exhibi-
ted linear growth. This behavior resulted in overall oxidation kinetics
that followed a linear rate law from isothermal oxidation time 5400 s
onward.

At 800 °C isothermal oxidation, the CO; release rate rapidly spiked
up without the initial decline as observed at 600 °C and 700 °C. The
missing of kj oxidation stage indicated a lack of compact oxide scale.
The as-observed oxide scale exhibited a higher crack density compared
to those formed at 600 °C and 700 °C. In-plane cracks, accompanied by a
limited number of through-thickness cracks were observed during the
initial stage of oxide scale formation (Fig. 3(b)). Significant through-
thickness cracks, which extended through the scale completely, were
observed at a later stage (Fig. 3(c)). The ZrO, grain growth increased the
stress between the oxide and carbide, which resulted in enhanced in-
plane crack formation. Despite the formation of significant in-plane
cracks, the occurrence of through-thickness cracks caused by carbon
oxidation remained limited as shown in Fig. 3(b). The scale, despite
exhibiting limited through-thickness cracks, functioned as a barrier
layer that effectively impeded significant inward oxygen diffusion to the
fresh ZrC surface, as evidenced by the TGA curve. Consequently, the
oxidation kinetics remained parabolic. This stage (before point a in Fig. 3
(a)) was defined as the kj stage, which was fitted with a general para-
bolic equation (Eq. 5). When the through-thickness cracks propagated
through the oxide scale completely, linear ks oxidation took place and
ZrC was no longer resistant to oxidation. In addition, maltese cross scale
formation was observed at 10800 s, with oxide spallation occurring at
the edges of the ZrC substrate (Fig. 3(c)). This is consistent with the
phenomenon reported by Gasparrini et al. [24]. Edge oxide spallation
resulting from maltese cross shape formation may be another factor
which facilitated the onset of linear oxidation, which promoted ks to k3
oxidation stage.

At 1000 °C isothermal oxidation, similarly to 800 °C, COy formed
rapidly, as depicted in Fig. 4(a). A major difference in ZrC oxidation at
around 1000 °C compared to lower temperatures were the observed
pronounced cracks along the grain boundaries (GB), as can be seen in
Fig. 4(b)(c)(d). This was most likely due to GB diffusion of oxygen and
subsequent carbon reaction into CO,. The release of CO, gas during
carbon oxidation caused extensive cracking at the grain boundaries,
which ultimately led to oxide scale spallation. Significant amount of
carbon retention in ZrC after being oxidized at 1000 °C in the k; stage
was found from Raman spectrum (see Supplementary: green spectrum in
Figure S4). This retained carbon was also identified by Gasparrini [17],
and was reported to contribute to a reduction in the oxidation rate at
1000 °C and 1100 °C. When the grain boundaries near the surface were
thoroughly penetrated by CO; release, as shown in Fig. 4(c), oxidation
transitioned to linear k3 oxidation kinetics.

By plotting the isothermal oxidation TGA curves of different tem-
peratures at 2 % O,, it was found that as the oxidation temperature
increased, the weight gain increased drastically which can be seen in
Fig. 5.

3.1.2. Oxidation stage dependence on temperature, oxygen pressure, and
time

By repeating the experiments done at 2 % O3 to other oxygen pres-
sures (see Supplementary: Figure S5 (a)(b)(c)), we constructed three-
dimensional contour plots illustrating different oxidation stages over a
range of temperatures (T), oxygen pressures (P), and isothermal oxida-
tion durations (t) within the T-P-t space. Additionally, the 3D T-P-t space
was visualized through two-dimensional t-P projections (Fig. 6), as
explained below.

(1) Compact scale formation in the k; parabolic stage

Oxidation kinetics in the k; stage followed parabolic rate law ac-
cording to TGA curves, which indicated oxygen diffusion through the
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Fig. 1. (a) TGA-QMS graph of SPS-sintered ZrC oxidized at 600 °C under 2 % O
TGA furnace reached 600 °C. Time zero of the graph is set as the moment pur
sectional SEM image of Z6-2-108 (point b).

oxide film as the rate-controlling process. Moreover, low CO5 signal was
identified by QMS from the moment the oxygen valve was opened to
point a in Fig. 1(a) and Fig. 2(a). Low CO, formation indicated a high
carbon retention in the compact layer, as confirmed by Raman spec-
troscopy (see Supplementary: Figure S6), and reduced the risk of
through-thickness crack formation. This was confirmed in SEM images
where few cracks were observed in the compact layer. A dense zirconia
oxide layer enriched with amorphous carbon (see Supplementary:
Figure S6 and Figure S7) hindered further O inward diffusion and was
considered to be the reason of the full protectiveness in the blue T-P-t
space in Fig. 6(a).

(2) Incomplete through-thickness / GB crack formation in the kg
intermediate stage

In the kj stage, a surge of CO, emission was identified from QMS,
which led to the formation of limited through-thickness or GB cracks
which had not yet traversed the scale completely. Thus, diffusion

26-2-108 LY

» for 10800 s. Point a: Z6-2-30; point b: Z6-2-108. 2 % O, was introduced when the
e Ar gas valve is on. (b) Cross-sectional SEM image of Z6-2-30 (point a). (c) Cross-

through the oxide scale still played a role in the overall oxidation
mechanism and contributed to the partial protectiveness in the orange T-
P-t space in Fig. 6(c). The full-protective blue space (Fig. 6(a)) and
partial-protective orange space (Fig. 6(c)) jointly comprised the overall
protective green T-P-t space in Fig. 6(e). Kinetics results reported by
Shiro Shimada et al. [9] and Barnier et al. [14] which showed parabolic
oxidation fell into the green T-P-t space albeit their relatively small
elapsed time compared to what was investigated in this study.

(3) Complete through-thickness / GB crack formation in the k3 linear
stage

Oxidation kinetics in the ks stage followed linear rate law according
to TGA curves, indicating instead of diffusion, chemical reaction became
the rate-limiting step. In addition, CO2 QMS signal reached saturation
(after point ¢ in Fig. 2(a); after point a in Fig. 3(a) and Fig. 4(a)). The
continuous CO2 formation led to substantial formation of through-
thickness or grain boundary cracks contingent on temperature
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Fig. 2. (a) TGA-QMS graph of SPS-sintered ZrC oxidized at 700 °C under 2 % O, for 10800 s. Point a: Z7-2-15; point b: Z7-2-30; point c: Z7-2-54; point d:
Z7-2-108. 2 % O, was introduced when the TGA furnace reached 700 °C. Time zero of the graph is set as the moment pure Ar gas valve is on. Cross-sectional SEM
images: (b) Z7-2-15 (point a); (¢) Z7-2-30 (point b); (d) Z7-2-54 (point c); (e) Z7-2-108 (point d).
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Fig. 3. (a) TGA-QMS graph of SPS-sintered ZrC oxidized at 800 °C under 2 % O, for 10800 s. Point a: Z8-2-15; point b: Z8-2-108. 2 % O, was introduced when the
TGA furnace reacheed 800 °C. Time zero of the graph is set as the moment pure Ar gas valve is on. (b) Cross-sectional SEM image of Z8-2-15 (point a). (c¢) Cross-
sectional SEM image of Z8-2-108 (point b) showing the edge oxide spallation from maltese cross shape formation.

conditions. For instance, at temperatures below 1000 °C, complete
through-thickness cracks were observed in SEM (Fig. 2(e) and Fig. 3(c)).
When the temperature was at 1000 °C, complete GB cracks were iden-
tified which were shown in Fig. 4(c). Both indicated the loss of partial
protectiveness in the ks stage (T-P-t space outside green region in Fig. 6
(e)). Kinetics results reported by Rao et al. [15] and Gasparrini etal. [17]
which exhibited linear oxidation fell in the non-protective T-P-t space.

To maintain the overall protectiveness of ZrC against oxidation,
confining the temperature, oxygen pressure, and oxidation duration
within the green T-P-t space in Fig. 6(e) is suggested to avoid linear
oxidation. It is noted that the higher the oxidation temperature and
oxygen pressure, the smaller the protective range in terms of oxidation
duration. The influence of oxygen pressure on oxidation rate is further
discussed in the section below.

3.1.3. Oxidation rate dependence on oxygen pressure
By plotting rate constant against oxygen pressure with Eq. 7, the
oxidation rate dependence on oxygen pressure was investigated.

Ink =me1nPO, + ¢ @
where k is the oxidation rate constant, m is the coefficient, PO, is the
oxygen pressure, and c is a constant.

Oxidation rate was found to be independent of oxygen pressure in the
temperature range 600-700 °C for k; and 600-800 °C for kp, which
could be due to diffusion being the rate-determining step [13]. By
interrupting the oxidation experiment in these stages, the composition
of the as-formed oxide layer was investigated. XRD patterns confirmed
the existence of ZrO,, and Raman spectra further confirmed that besides
ZrO,, the oxide scale contained a significant quantity of carbon in an
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Fig. 4. (a) TGA-QMS graph of SPS-sintered ZrC oxidized at 1000 °C under 2 % O, for 10800 s. Point a: Z10-2-15; point b: Z10-2-108. 2 % O, was introduced when
the TGA furnace reached 1000 °C. Time zero of the graph is set as the moment pure Ar gas valve is on. (b) Cross-sectional SEM image of Z10-2-15 (point a). (c) Cross-
sectional SEM image of Z10-2-108 (point b). (d) Top-view SEM image of Z10-2-108 (point b).



Y.-C. Lin et al.

0.040

—— 600°C 2%0,
700°C 2% O,
00354 [— 800°C 2% O,
o —— 1000°C 2% O,
0.030 -
0.025 -
* 0.020
Z 0.020 4
z
< B
0.015 -
0.010 - ////
0.005 - /////
/
0000 T T T T T T T T T T 1
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 1000011000

Time (s)

Fig. 5. Isothermal oxidation TGA curves at 2% O, in temperature range
600-1000 °C. Time zero of the isothermal oxidation TGA curves is set as the
moment 2 % O, is introduced to the furnace.

amorphous state (see Supplementary: Figure S4, S6, S7, and S8). A O/Zr
ratio less than 2 with C content approximately 20-50 at. percent (at%)
in k; and ky stage at temperatures below 1000 °C was found via in
SEM-EDX (see Supplementary: Table S1, Table S2, and Table S3). The
oxygen deficiency indicated the possibility of oxygen transport through
oxygen vacancies. According to Kofstad [25], when oxygen deficit of the
compact oxide scale remains, the parabolic oxidation rate constant
merely scales with the oxygen diffusion coefficient at substrate-oxide
interface and is independent on the oxygen pressure, which agrees well
with the observations shown in Fig. 7(a). Nevertheless, the dependence
on oxygen pressure (m= 0.97) was observed when temperature reached
1000 °C for ko. It is speculated that, given the fact pronounced GB
penetration observed at high-temperature oxidation, as can be seen in
Fig. 4(c)(d), the higher oxygen pressure could favor the transport of
molecular oxygen into the grain boundaries.

In the ks stage, the rate constants were all dependent on oxygen
pressure, which showed a power law dependence of ks with respect to
oxygen pressure. The coefficient m values were 0.29, 0.62, 0.77 for 700
°C, 800 °C, 1000 °C respectively. Significant formation of through-
thickness or grain boundary cracks led to a strong dependence of the
rate constant on ambient oxygen pressure. The direct proportionality of
Ink; to InPO further indicated that molecular oxygen transport and
adsorption onto the surface via short circuits became increasingly
important, while oxygen vacancy diffusion no longer played a crucial
role in oxygen transport. Meanwhile, chemical reaction by the oxidation
of ZrC became the rate-controlling step rather than oxygen diffusion
through the oxide scale. The oxidation rate constants under different
temperatures and oxygen pressures are summarized in Table 4.

3.2. Activation energy dependence on oxygen pressure and temperature

The activation energies were calculated using Arrhenius equation
(see Eq. 8).

k=A-e (7%) ®)

where k is the overall oxidation reaction rate constant, A is the pre-
exponential factor, E, is the energy of activation, R is the universal gas
constant, and T is the temperature. The value of E, was calculated using
slope and intercept of Ink versus 1/T in the abovementioned tempera-
ture range. The Arrhenius plots of ki, ks, and kg rate constants can be
found in Fig. 8. The observations from the activation energies (shown in
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Table 5) are as follows:

(1) Continuous reduction of E, values from ki, ko, and to ks stages.

Continuous crack formation due to CO; formation was
observed when oxidation entered the ks, and ks stages. In the k;
stage, compact oxide scale offered protection against oxygen
diffusion. The increased crack density resulted in a decrease in E,
during the kj stage. In the kg stage, the fully cracked outer oxide
scale rendered the E; no longer diffusion-controlled, but instead
governed by the kinetics of chemical reactions. The reduction of
E, when the rate-limiting step shifted from diffusion to chemical
reaction was in agreement with the observation by Bartlett et al.
[13] and Barnier et al. [14].

A turning point at 800 °C observed in both ky and ks stages.

In the kj stage, since the partial cracks compromised the pro-
tectiveness of the oxide scale, the turning point at 800 °C was
likely due to the fact that the origin of cracks were formed by
significant GB diffusion above 800 °C, leading to cracking along
grain boundaries, which was observed in both cross-sectional and
top-view SEM images (Fig. 4(c)(d)). These cracks above 800 °C
exhibited a completely different morphology from those below
800 °C. In the kg stage, although at all temperatures, completely
cracked oxide scales were observed, above 800 °C, scale spall-
ation was much more severe in comparison with that at lower
temperatures. This may be the reason for a further reduced E,.
(3) E, independence on oxygen pressure in the k; stage.

This energy barrier arose from the oxygen self-diffusion at the
carbide-oxide interface and was independent of oxygen pressure.
The oxygen-pressure-independent E, was coherent with what was
found in Section 1.3. The values of E, in the k; stage averaged to
252.2 kJ/mol, which was close to E, reported by Bartlett [13]
with 221.7 kJ/mol under temperature range of 450-580 °C, and
Barnier [14] with 292 kJ/mol under 400-1000 °C in the dif-
fusion-controlled steps.

(4) E, dependence on oxygen pressure in the ks and kg stages.

As oxygen pressure increases, E, was found to increase as well.
High oxygen pressure is believed to impede the escape and
release of CO5 from the scale across all temperatures in both the
ko and kg stages, during which the CO5 ion current measured by
QMS accelerates toward saturation. The E, in the ky stage below
800°Cat2and5 % Oy were 178.4 and 174.7 kJ/mol, which were
in proximity to the diffusion-controlled E, value reported by
Shimada [9] with 180 kJ/mol at above 470 °C and surface
reaction-controlled E, reported by Barnier [14] with 186 kJ/mol.
The E, in the kg stage below 800 °C at 2 % O2 was 76.6 kJ/mol.
This value aligned with the chemical reaction-controlled E, value
of 70.1 kJ/mol reported by Kuriakose [16].

(2

—

3.3. Oxidation and passivation mechanisms

Generally, oxidation of ZrC initially exhibits k; parabolic, followed
by k intermediate before transforming into ks linear kinetics. However,
for temperatures above 800 °C, owing to the considerable amount of
CO, formation in the beginning of oxidation, the stage enters ki
oxidation immediately instead of k; oxidation. The oxidation and
passivation mechanisms in temperature range 600-1000 °C are illus-
trated in Fig. 9.

k; stage: The compact oxide layer thickens parabolically which
serves as a barrier for the diffusion of oxygen. The local oxygen activity
becomes so low that the amorphous carbon cannot be oxidized while Zr
is oxidized, leaving carbon in the dense oxide layer.

ko stage: Cracks begin to appear due to the oxidation of amorphous
carbon turning into CO,. The through-thickness or GB cracks formed by
CO4, release create pathways for oxygen transport, thereby increasing
the overall effective oxygen diffusion coefficient through the oxide layer
or grain boundaries.
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Fig. 6. (a) 3D T-P-t space of k; stage (blue). The solid blue boundary lines indicate the k;-to-k; transition boundaries. (b) 2D t-P contour plot of (a) which shows the
solid blue transition boundary lines (k;-to-k; transition) in (a). (c) 3D T-P-t space of k; stage (orange). The solid orange boundary lines indicate the k,-to-kj transition
boundaries. The dotted orange lines delineating the uncolored region inside the orange space indicate the k;-to-k, transition boundaries. (d) 2D t-P contour plot of (c)
which shows the solid orange transition boundary lines (ky-to-kj transition) in (c). (e) 3D T-P-t space of k; + k, stages (green). ks stage is outside the green space of
(e). Kinetic data from @: Shimada et al. [9]; l: Barnier et al. [14] lies within the green space showing parabolic oxidation, while Rao et al. [15] and Gasparrini et al.

[17] lies outside the green space exhibiting linear oxidation.
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Table 4
Summary of the oxidation rate constants sH.
2% O, 5% O, 10 % Oy 21 % O,
600 °C ki ko ki ko kq ko ki ko
1.96E—-10 6.31E-10 2.04E-10 6.76E—10 1.62E-10 1.11E-09 1.42E-10 1.63E—09
700 °C kq ko ks kq ko ks ky ko ks k ko ks
5.30E-09 6.53E—09 9.87E-7 6.13E—-09 6.80E—09 1.30E-6 7.53E—-09 8.39E-09 1.55E-6 5.99E-09 7.47E—09 1.95E—-6
800 °C ko ks ko ks ko ks ko ks
6.23E-08 2.39E—-06 6.06E—08 4.31E-06 7.36E—08 6.20E—06 8.44E—-08 1.05E-05
1000°C ko ks k» ks k2 ks ks ks
1.41E-07 3.06E—06 3.32E-07 7.06E—06 7.18E—07 1.20E-05 1.33E-06 1.86E—05
(a) (b) (c)
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Fig. 8. Arrhenius plots of (a) ki, (b) ks, and (c) ks.
Table 5
E, (kJ-mol™1) in the parabolic k;, intermediate ky, and linear k3 stage.
k; stage ko stage ks stage

Below 700 °C

Below 800 °C

Above 800 °C

Below 800 °C

Above 800 °C

2% O3 232.8 178.4 46.5 76.6 14.2
5% O, 240.4 174.7 96.6 103.9 27.9
10 % O, 271.2 239.8 129.4 120.6 37.7
21 % O, 264.2 249.9 156.5 145.6 32.7
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chemisorption, (d) Oxygen inward diffusion. ¥: Passivation layer.

ks stage: Increased crack formation enhances diffusion greatly
through short-circuit pathways. Through-thickness cracks propagate
completely through the thickness of oxide layer (below 800°C) or cracks
penetrate most of the GB (above 800°C) near the carbide surface. This
eventually leads to chemical reaction to become the final rate-deter-
mining step and the observed linear oxidation behavior in many previ-
ous studies [16,17,26,27].

The passivation mechanism of SPS-sintered ZrC is mostly due to the
delayed carbon oxidation compared to that of zirconium, as observed
mostly pronounced at temperatures below 700 °C. This delayed carbon
oxidation, as observed from the QMS curves (Fig. 1(a) and Fig. 2(a)),

12

causes significant amount of amorphous carbon to remain in the
compact scale (see SAEDP in Supplementary: Figure S3 (f), and Raman
spectra in Supplementary: Figure S6). Due to limited CO formation and
subsequent through-thickness crack formation, no short-circuit path-
ways of oxygen transport compromise the protectiveness of the compact
oxide scale. To enhance the passivation ability of ZrC against oxidation,
it is therefore crucial to reduce the carbon activity in the system, for
example, by tuning the C/Zr stoichiometric ratio in ZrC.
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4. Conclusions

A thorough and consistent investigation of the oxidation behavior of
SPS-sintered ZrC UHTC was performed under various temperature
(600-1000 °C) and oxygen pressure (2.0-21.0% O,) ranges. By
combining TGA and QMS data, we were able to map out the different
oxidation stages of SPS-sintered ZrC in 3D T-P-t space for the first time,
which offered good comparison to various literature studies of other
forms of ZrC (powdered [9,13—15], hot-pressed [17], and electron beam
melted [16]). This study also uncovered the underlying mechanism of
passivation of ZrC, namely a delayed carbon oxidation compared to
zirconia formation, which successfully inhibited the growth of
through-thickness and grain boundary cracks. This study highlights the
following five key insights into the oxidation and passivation of ZrC
ceramic:

(1) Comparison with oxidation behavior of powdered ZrC
Compared to powdered ZrC [9,13—15], for which no grain
boundary diffusion has been reported during oxidation, signifi-
cant grain boundary diffusion occurs in SPS-sintered ZrC oxidized
at temperatures above 800 °C.
Fully protective k; stage in the 3D T-P-t space
The fully protective k; stage was attributed to the carbon
retention in the compact oxide scale of SPS-sintered ZrC at tem-
peratures near and below 700 °C, where limited CO, formation
occurred, as confirmed by QMS. TEM and SAED analyses indi-
cated that the predominant reactions in the k; stage were likely as
follows:

(2

—

1
ZrC + 3 (1 = x)O34) = ZrC0;_x + (1 —x)C

1
ZrC + 5 (2 — X)OZ(g> d ZTOZ,X +C

While the carbon retention phenomenon was also discovered in
powdered ZrC, a noticeably larger fully protective k; stage was
systematically mapped out for the first time.
Two competing mechanisms in ZrC oxidation

The carbon retention and carbon reaction ( C + Oy) — COx))
mechanisms are separate and parallel during SPS-sintered ZrC
oxidation. Carbon retention exists at the initial oxidation stage
and promotes compact layer formation, which leads to diffusion-
controlled mechanism and parabolic oxidation. Carbon reaction
becomes more significant over time, and the formed CO5 even-
tually cracks through the scale, forcing the transition to a
chemical reaction-controlled mechanism and thus linear oxida-
tion. This study presents the first identification of the transition
boundaries in the 3D T-P-t space and 2D t-P projection that
delineate the regimes of carbon retention and carbon reaction.
Different E, under different T and P ranges

In the k; stage, E, was independent of oxygen pressure with
oxygen self-diffusion the controlling mechanism. In the kj stage,
E, decreased due to the formation of short circuits. In the k3 stage,
E, dropped to the lowest value due to the transition from diffu-
sion to chemical reaction-controlled mechanism. A pronounced
oxygen pressure dependence of E; was observed in the ks stage,
confirming that diffusion was no longer the rate-controlling step.
Lattice / grain boundary diffusion dependence on temperature

Enhanced grain boundary diffusion in SPS-sintered ZrC was
observed at temperatures of 800 °C and above, as evidenced by
SEM analysis. Furthermore, from the Arrhenius plot, an obvious
turning point was discovered at 800 °C across all examined ox-
ygen pressures.

3

(4

—

5

~

These findings could set a foundation for future oxidation studies and
oxidation resistance improvement on carbides and UHTCs. For instance,
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the C/Zr stoichiometry would be a critical parameter to tune for mini-
mizing CO2 formation while simultaneously stabilizing the carbide
phase. In addition, the average grain size and grain boundary charac-
teristics of ZrC would also be crucial features to optimize, particularly
under high-temperature oxidation conditions exceeding 800 °C.
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