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bstract

etero-modulus ceramics (HMC) present the combination of a ceramic matrix with the inclusions of a dispersed phase with considerably lower
oung’s modulus, resulting in a material with significantly improved properties. An interpretation of the so-called “ridge effect” observed during

he isobaric-isothermal oxidation of 93 vol% TiC–7 vol% C (graphite) HMC at temperatures of 400–1000 ◦C and oxygen pressures of 0.13–65 kPa
s given. Established in Part I of this study, the meanings of a ridge temperature and ridge oxygen pressure, which are served as boundaries between

revailing oxidation mechanisms in phenomenological kinetics model, are considered on the basis of X-ray diffraction (XRD) and microscopy
nalyses. The oxidation mechanisms, essentially different within the studied ranges of temperatures and oxygen pressures are identified according to
he developed general model. These results can be used for the preparation of special protective coatings on the surface of refractory carbide–carbon
MC parts applied in severe environments, e.g. chemically active, high-enthalpy gaseous flows.
2008 Elsevier Ltd. All rights reserved.
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. Introduction

Hetero-modulus ceramic–ceramic composite materials
HMC) present the combination of ceramic matrix having a
igh-Young’s modulus (300–600 GPa) with inclusions of a
ispersed phase with significantly lower values (15–20 GPa),
uch as sp2-structured graphite and graphite-like hexagonal
oron nitride.1–8 Typical representatives of this sub-class of
eramics are compositions of group 4 transition-metal refrac-
ory carbides with excessive carbon,3,7,8 present in a variety of

icro- and nanostructures. In addition to the excellent thermal
hock resistance and remarkable machinability inherent to all
inds of HMC, this group of ultra-high-temperature ceramics
as another significant advantage: during oxidation at elevated
emperatures, the refractory carbides form high-melting scales,
hich (at least theoretically) could protect the material from
urther corrosion damage. Carbon–carbon composites (CCC),
urrently widely used in aerospace engineering as thermal
rotection for aerodynamically heated surfaces and critical
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ross-sections of nozzles for rocket engines, demonstrate low
as-corrosion resistance at higher temperatures, so this type of
omposites needs to be coated with special materials, although
his is frequently impractical due to weak adhesion with the
ubstrate.

If the scales formed on HMC possess protective properties
nd prevent corrosion propagation, the chemical stability of
arbide–carbon HMC in active gaseous and melt media will
ecome significantly higher than those for CCC. The advanced
hysical properties inherent to ceramic matrices, along with
igh gas-corrosion resistance, provide a good justification for
eplacement of such carbon composites with HMC. Neverthe-
ess, in spite of the fact that oxide phases individually have
ood physico-mechanical properties as well as excellent chemi-
al stability in oxidative atmospheres, the oxide scales resulting
rom the interaction between carbide and oxygen often do not
ffectively inhibit the oxidation process of the bulk material and
rovide the corrosion resistant properties that are so desirable.
his situation increase the importance of studies devoted to the

xidation processes in the carbide–carbon HMC with different
ompositions and carbon content. During the comprehensive
henomenological kinetics analysis of the oxidation process for
3 vol% TiC–7 vol% C (graphite) HMC, carried out in Part I

mailto:i.shabalin@salford.ac.uk
dx.doi.org/10.1016/j.jeurceramsoc.2008.04.036
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the lattice parameter of the carbide phase changed slightly;
178 I.L. Shabalin et al. / Journal of the Euro

f this work8 at temperatures of 500–1000 ◦C and oxygen pres-
ures of 0.13–65 kPa, it was revealed that the behaviour of this
aterial, described using a linear–paralinear model, is unusual,

s there was no steady increase of oxidation rate from the low-
st temperatures and pressures to the highest ones. However,
ithin the range of studied oxidation temperatures and pres-

ures, there was a clearly defined maximum interaction between
olid and gas, which corresponds to critical values of the oxida-
ion parameters. These critical, so-called “ridge” temperatures
nd pressures mark a change in the prevailing oxidation mech-
nism; while traversing these features, the values of apparent
ctivation energies Q and orders of reaction m change their signs.
his formalism clearly defines regions in parameter space with
lternating values (negative and positive) of Q and m, modeling
rather unique phenomenon in solid-state chemistry.

The main aim of Part II of this work is to offer an expla-
ation for this unusual behaviour, revealed while modeling the
xidation kinetics of 93 vol% TiC–7 vol% C (graphite) HMC,
y means of an exploration of the physico-chemical transforma-
ions and phase transitions associated with this process. There
ave been few works on the oxidation of HMC containing
iC,3,9,10 which mainly deal with the comparative evaluation
f corrosion resistance for the materials without thorough con-
ideration of the phases generated as reaction products, over the
ange of temperatures and pressures studied. In spite of the fact
hat transition-metal carbide phases in HMC possess a specific
haracter7 and differ from hypostoichiometric MeC1−x, conven-
ionally used in various studies on oxidation, it was impossible
o ignore the results obtained from experiments on single-phase
amples of TiC, reported by several authors, including recent
omplex research on oxidation of refractory carbides published
y Shimada et al.11–15 and Gozzi et al.16,17 The most relevant
ata available in the literature on physico-chemical analysis of
he oxidised materials based on TiC are collected in Table 1. A
loser examination of these data shows that, even for the oxi-
ation of individual carbide phases, there are few recognizable
etails of the underlying reaction mechanism: the formation of
on-stoichiometric phases of oxycarbide TiCxOy and the pres-
nce of two modifications to the TiO2 structure in the oxidation
roducts with the anatase phase being observed at lower tem-
eratures than the rutile. At the same time many details of the
iC oxidation process, which are connected in particular with
arbide–oxide transformation and phase transitions in formed
iO2, have not been well understood. The results of a number of
ublished works not only differ markedly from those obtained
n similar studies, but also have contradictory conclusions: for
xample, Voitovich and Pugach24 attribute mutually exclusive
ffects to deposited carbon, proposing it promotes sintering of
xide scale and stabilises anatase simultaneously.

As a result, being a corollary to the main aim of study, an
ffort has been made to address the key issues associated with
he oxidation of individual carbide phases such as a scheme for
he carbide to oxide transformation, the temperature and oxy-
en pressure ranges of these transformations, also associated

ith the anatase to rutile transition, and the influence of car-
on on these physico-chemical processes. Although the latter
roblem in the case of the oxidation of HMC is more compli-

f
s
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ated as an oxidised material can contain two different sources of
arbon: “primary” carbon, this being the inclusions of graphite
nitially introduced as an ingredient of the composite, and “sec-
ndary” carbon, which is obtained as a reaction product, during
he unique transformation of the oxidised carbide phase.

. Experimental

The comprehensive details of the physico-chemical charac-
eristics for the studied 93 vol% TiC–7 vol% C HMC (chemical
nd phase analysis, physical parameters for the components) as
ell as the full description of employed manufacturing method
ith a microphotograph of its structure were provided in the
revious papers presented to this journal.7,8 The details of the
reparation of HMC samples, exposed to oxygen under different
nvironmental conditions, are described in Part I of this study,8

ncluding the cutting-off scheme for the hot-pressed ceramic
omposite blank.

The samples, oxidised at temperatures of 500–1000 ◦C and
xygen pressures of 0.13–65 kPa, were investigated by the
eans of X-ray diffraction (XRD), optical and scanning electron
icroscopy (SEM) analyses as well as microanalysis by elec-

ron probe (EMPA) and energy-dispersive X-ray spectroscopy
EDX). The compositions of the sample scales were identified by
RD phase analysis, and the lattice parameters of these phases
ere measured by means of XRD structural analysis employ-

ng a diffractometer DRON-3.0 unit (Bourevestnik, Russia) with
ltered Cu K� radiation. Different cross-sections and surfaces
f scale microstructures were investigated by different meth-
ds of optical microscopy in an Epitype-2 (Carl Zeiss Jena,
ermany) using micro-photo equipment MFN-12 (LOMO, Rus-

ia), by SEM and EDX in a Philips XL30 with an embedded
DAX quantitative energy-dispersive spectrometer DX-4i. SEM

mages were obtained at accelerating voltage U = 12–25 kV,
mploying both secondary electron and back-scattered electron
etectors. EMPA was carried out in a MS-46 analyser (Camebax,
rance).

. Results and discussion

.1. Physico-chemical transformations

The evolution of weight gain for the TiC–C HMC samples
uring the oxidation process, analysed in details in Part I of this
ork,8 was accompanied with a change of the chemical com-
osition of the surface layers of the samples. The XRD patterns
aken from the surface of the samples, oxidised at lower and
igher temperatures, respectively, are shown in Figs. 1 and 2.

No XRD peaks corresponding to the newly formed phases
ere found on the surface of the oxidised sample for values of
eight gain per unit of surface area, w < 8 mg cm−2 (Fig. 1b).
owever, for all samples oxidised under different conditions,
or example, at the temperature of 500 ◦C and oxygen pres-
ure of 1.3 kPa, the lattice parameter reduced from the initial
.4326 ± 0.0001 to 0.429 ± 0.002 nm. This decrease of lattice
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Table 1
Phase analysis of oxidation products for different materials based on titanium carbide

Material (composition, manufacturing method) Gaseous reagent Gas pressure
(kPa)

Temperature (◦C) Phase analysis of oxidation productsa Carbon content in
scale (at%)

Reference

TiC1−x, x = 0.97; 0.63, sintered (97%)b O2 ∼100 900–1000 TiO2
ru (2-layered) 0.33 18

TiC1−x, polycrystalline pyrolytic O2 ∼100 600–1000 TiO2
ru (3-layered) 1.1 19

TiC1−x, sintered (97%)b O2 (flow) ∼100 300–450 TiO2
an – 20

450–700 Not identified –
700–1000 TiO2

ru –

TiC1−x, powdered O2 0.8–86 600–850 TiO2
ru – 21

TiC1−x, single crystal O2 86 900–1000 TiO2
ru (2-layered) –

TiC1−x, x = 1.00, single crystal O2, O2/Ar 0.01 1015 TiO2
ru – 22

1.3–40 815–1215 TiO2
ru –

96 690–1015 TiO2
ru –

TiC1−x, x = 0.94c, hot-pressed (97%)b O2 98 700–800 (TiCxOy, Ti2O3), TiO2
ru – 23

98 900–1200 (TiCxOy), TiO2−x
ru, TiO2

ru –
0.01–30 1100 (TiCxOy), TiO, (Ti2O3, Ti3O5), TiO2−x

ru, TiO2
ru –

TiC1−x, x = 0.97, powdered O2/Ar 3.9–16d 400 (TixO, TiO, Ti2O3, Ti3O5, Ti4O7), TiO2
an, TiO2

ru – 11

TiC1−x, x = 0.97, powdered O2/Ar 2–60d 400–600 (TiCxOy), TiO2
an – 12

600–700 (TiCxOy), TiO2
an, TiO2

ru –
700–800 (TiCxOy), TiO2

an, TiO2
ru –

800–900 (TiCxOy), TiO2
ru –

TiC1−x, x = 0.96, single crystal O2/Ar 0.08d 1300–1500 Ti3O5, TiO2
ru 7–23/4–5/2–5e 13

TiC1−x, x = 0.97, powdered O2/Ar 5/95 320–400 TiO2
an – 14

O2/H2O/Ar 5/5–10/90 320–350 TiO2
an –

O2/H2O/Ar 5/5–10/90 400 TiO2
an, TiO2

ru –

TiC1−x, HIPed (>98%)b O2/Ar 5/95 900–1200 (TiCxOy), TiO2
ru – 15

O2/H2O/Ar 5/5/90 900–1200 (TiCxOy), TiO2
ru –

TiC1−x, x = 0.97c, sintered O2/Ar 0.013d 865 TiO2
ru – 16

TiC1−x, x = 0.93, single crystal O2/Ar 0.024d 835 (TiCxOy), TiO2
ru – 17

TiC1−x, x ∼ 1.0, hot-pressed and annealed (>98%)b Air ∼100 700 TiO, Ti2O3 – 24
800–900 TiO, Ti2O3, TiO2

an, TiO2
ru –

1000 Ti, TiO, Ti2O3, TiO2−x
ru, TiN –

1100 Ti, TiO, Ti3O5, TiO2
an, TiO2

ru, TiN –
1200 Ti, (TiO), TiO2

ru –

TiC1−x, x = 0.96; 0.94, hot-pressed (96–97%)b Air ∼100 800–1200 (TiCxOy), TiO2
ru – 25

TiC–C, hot-pressed (97%)b O2 1.3–13 500–600 (TiCxOy), TiO2
an – 3

700–800 (TiCxOy), TiO2
an, TiO2

ru

900–1000 (TiCxOy), TiO2
ru

(Ti, Cr)C–C, fused Air ∼100 1000, 1550 (TiCxOy), TiO2
ru, �-TiO2·Cr2O3 – 9

a The prevailing phases are printed in bold type, trace amounts of phases are shown in parenthesis.
b Relative density in percents with theoretical.
c Calculated from the experimental data.
d Partial pressure of O2.
e Contents in inner/intermediate/outer layers, respectively.
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Fig. 1. XRD patterns of the 93 vol% TiC–7 vol% C HMC samples oxidised
at lower temperatures: (a) initial material; (b) T = 500 ◦C, pO2 = 1.3 kPa; (c)
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= 600 ◦C, pO2 = 1.3 kPa; (d) T = 700 ◦C, pO2 = 1.3 kPa (indices relate to dif-
erent polymorphic crystalline modifications of titanium dioxide: a, anatase; r,
utile).

arameter was accompanied by a significant enlargement of the
alf-widths for all XRD peaks of the carbide phase. The stan-
ard deviation for different samples increased to approximately
0–20 times for the 95% confidence interval. However, it proved
o be impossible to find any correlations between this change in
attice parameter and values of the oxidation parameters (temper-

ture and oxygen pressure), as the decrease of lattice parameter
as approximately equal for all oxidised samples of the XRD
atterns obtained.

ig. 2. XRD patterns of the 93 vol% TiC–7 vol% C HMC samples oxi-
ised at higher temperatures: (a) T = 800 ◦C, pO2 = 1.3 kPa; (b) T = 900 ◦C,

O2 = 1.3 kPa; (c) T = 1000 ◦C, pO2 = 1.3 kPa; (d) T = 1000 ◦C, pO2 = 1.3 kPa
indices relate to different polymorphic crystalline modifications of titanium
ioxide: a, anatase; r, rutile).
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ig. 3. Microstructures of oxide scale and oxide–composite interface (polar-
zed light) for the 93 vol% TiC–7 vol% C HMC sample oxidised at temperature
= 700 ◦C and oxygen pressure pO2 = 1.3 kPa for 2 h.

The first oxide phase appears at 600 ◦C and 1.3 kPa (Fig. 1c)
nd it is represented on the pattern by small broad peaks of TiO2
anatase). At 700 ◦C, the oxide scale consists just of two crys-
alline structures of TiO2—anatase and rutile (Fig. 1d). The latter
hase becomes predominant at 800 ◦C and 1.3 kPa when, com-
ared with the carbide and anatase (Fig. 2a), and at T ≥ 900 ◦C
nd pO2 ≥ 13 kPa (Fig. 2b), the rutile phase completely replaces
he anatase in scale. Even at 1000 ◦C and 1.3 kPa, the XRD peaks
f the carbide are still observed (Fig. 2c). They disappeared only
t the highest values of temperature and oxygen pressure used
ere (Fig. 2d).

Due to the unusual structure of the scales, there are seri-
us difficulties in the preparation of the plane cross-sections
f highly oxidised TiC–C HMC samples. Unfortunately, the
mages from the fractured surfaces for the samples were not
ufficiently informative. As a result of these factors, it was
ot possible to conduct a thorough investigation of the oxide
cales, as it appears quantitative measurements of scale prop-
rties require an improvement in the preparatory techniques
pplied in this experiment. The obvious feature of interest for the
tudied samples is the complicated hierarchy of inhomogenuity
nherent to the scales formed on the HMC. It seems likely that
he common layered structure of oxide scale, typically observed
uring the oxidation process of metals and their compounds,
reaks down in the case of the HMC samples (Fig. 3), proba-
ly, because of the wide development of short-circuit diffusion
rocesses in this type of material.7 The preparation of objective
ross-sections for EMPA also encountered similar difficulties, so
he results provided only one finding. This was connected with
xidation at the highest temperatures (as in the samples treated
t 900–1000 ◦C) where depletion of titanium in the inner part of
he oxide scale was found, probably due to diffusion of titanium

owards the solid–gas interface as was previously revealed for
xidised TiC1−x by Reichle and Nickl.22

However, at earlier stages of oxidation, the results obtained
y SEM and EDX were more successful, as it was only necessary
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which carbon itself represents not only a reagent for reaction
(2), but also a product of reaction (1).

The dependencies of reaction rates d(�mi)/dt on weight
gain w during the oxidation process of the material follow a
ig. 4. The SEM micrograph (5000×) and EDX patterns (A and B) for Ti, C, O
iC–7 vol% C HMC oxidised at temperature T = 600 ◦C and oxygen pressure p

o investigate the surface layers of the sample. Employing simul-
aneous analysis of the structure image and chemical content for
he oxidised surface of TiC–C HMC (Fig. 4), it became possi-
le to determine the atomic ratio of O/Ti = 0.28 ± 0.05, which
haracterises the material and corresponds to the incubation of
he oxide on the solid–gas interface.

.2. Oxidation mechanisms

.2.1. General remarks
The general scheme of the oxidation process for the TiC–C

MC, presented in Fig. 5, includes several stages, some of
hich should be considered as concurrent. The experimental
ata obtained in this study (see also Part I of this work8) sug-
est that this process is very sensitive to both temperature and
xygen pressure and that the oxidation mechanism changes sig-
ificantly with transfer from lower to higher values of oxidation
arameters. The oxidation process itself can be divided into two
ub-processes characterised by the different physico-chemical
ransformations in the HMC:

the formation of titanium oxide due to oxidation of the carbide
phase:

TiC1−x + O2 → TiC1−x−yOy + C(CO, CO2) + O2

→ TiOz + C(CO, CO2) (1)

and
the oxidation of carbon with formation of carbon oxides:

C + O2 → CO, CO2 (2)
Here, it should be noted that reaction (2) describes the
urn-off for both the graphite phase and “secondary” carbon
ormed by reaction (1). Although the relationships between these
ub-processes may be complex and dependent on oxidation con- F
W (X, energy in keV; Y, intensity in a.u.) obtained from the surface of 93 vol%
1.3 kPa.

itions, it appears that the pressure of the same gaseous products
etermine the reaction equilibrium for both sub-processes, in
ig. 5. The general scheme of process stages for the oxidation of TiC–C HMC.
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ig. 6. Plots of d(�mi)/dt vs. w for oxygen consumption (1 and 2) and carbon
ifferent temperatures: (a) T = 500 ◦C; (b) T = 700 ◦C and oxygen pressures: (2

inear–paralinear model8 for oxygen consumption as well as for
arbon burn-off kinetics. As illustrated in Fig. 6, the oxidation of
he HMC begins with a period of constant reaction rates (linear
tage) followed by a parabolic stage where these reaction rates
iminish dramatically. The final linear stage of the process is
efined by a return to a constant oxidation rate. This suggests
ifferent oxidation mechanisms at work, which evolve over time

ith transfer of the oxidation process from one stage of the phe-
omenological kinetics model8 to another. Independent of this
re some ranges of oxidation parameters (temperature and oxy-
en pressure) over which one definite stage or the transition

0
t
(

Table 2
Relationship between lattice parameter a, nm and stoichi
TiCxOy, according to literature data,17,23,27–31 compared w

aThe proposed range of existence for TiCxOy with a = 0.42
of initial carbide phase in the studied HMC. cThe range fo
earliest stage of oxidation is marked out in bold.
off (3 and 4) kinetics during the oxidation of 93 vol% TiC–7 vol% C HMC at
) pO2 = 1.3 kPa; (1 and 3) pO2 = 1.3 kPa.

egime between two adjacent stages of the process (see Fig. 5)
egin to dominate over a mechanism as a whole. This, in turn,
elivers key information upon which the general model of the
xidation process of the material, based on the kinetics analysis
s well as microstructure investigations, can be built.

.2.2. Lower temperatures/lower oxygen pressures

At the lower values of oxidation parameters, 500–700 ◦C and

.65–13 kPa, it was found in Part I of this work8 that the ini-
ial linear stage in oxidation kinetics of 93 vol% TiC–7 vol% C
graphite) is characterised by Q = 45–70 kJ mol−1 with m subse-

ometric coefficients x and y of titanium oxycarbide
ith a for the initial composition TiC–C HMC

9 ± 0.002 nm is shaded grey. bThe lattice parameter
r TiC0.90±0.15O0.28±0.08 coexisted with oxide at the
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The residual carbon dispersed throughout the scale is a result
of non-stoichiometric oxidation of the carbide and the composite
material in general, as the fractions of Ti and C oxidised during
the gas exposure differ significantly. The total (integral) ratio of

Fig. 7. Evolution of the current value of C/Ti total (integral) oxidised ratio during
I.L. Shabalin et al. / Journal of the Euro

uently increasing from 1/6 at 500 ◦C to 1/5 at 600 ◦C and then
p to 1/2 at 700 ◦C. On the basis of information derived from the
RD, SEM and EPMA analyses, it appears reasonable to con-
ect this stage with the dissolution of oxygen in the carbide and
ormation of the oxycarbide phase TiC1−x−yOy, as described by
q. (1) for the first reaction. At temperatures of about 500 ◦C and
xygen pressures of 3.9–16 kPa, Shimada and Kozeki11 reported
very similar value of Q for the oxidation of TiC1−x powders,
ut for parabolic kinetics with m = 0.2–0.6. They proposed that
he diffusion of oxygen through the oxycarbide phase should
e responsible for such low value for Q. However, according
o Schuhmacher and Eveno,26 the activation energy of oxygen
iffusion in TiC0.97 is close to that of carbon, with a value of
83 ± 8 kJ mol−1 at 1500–2100 ◦C; certainly, the value of Q is
nly slightly lower for the lower temperature range. From this
e can conclude that it is more likely that the decomposition of

he oxycarbide phases27–29oversaturated by oxygen, followed
y the formation of oxide nuclei according to reaction:

TiC1−x−yOy → TiC1−x−y−aOz + aC(CO)

→ TiO2−bCb + dC(CO) → TiO2−u + C(CO) (3)

acts as the governing stage for the oxidation of carbide or
arbide–carbon materials in this case. It was clear that the
eviations of lattice parameter for the carbide phase were
pproximately the same for samples oxidised under differ-
nt conditions. Hence, according to data available in literature
Table 2), the lattice parameter of 0.429 ± 0.002 nm experimen-
ally obtained in this study corresponds to the oxycarbide, for
hich the composition is in the range of TiC0.3–0.8O0.1–0.8.
owever, SEM, EDX and EMPA measurements allowed the
etermination of the composition of oxycarbide (coexisting with
are particles of oxide on the surface of material) as following
iC0.90±0.15O0.28±0.08. Shimada12 observed similar oxidation
ehaviour for the individual TiC1−x phase, attributing their find-
ngs to a structure with lattice parameter of 0.4327 ± 0.0001 nm
nd composition of TiC>0.5O<0.5.

The subsequent transition to the parabolic kinetic stage leads
o a value of activation energy, Q = 75–105 kJ mol−1 and expo-
ent m, which increases with temperature increase as observed
reviously. The variations of m in the interval from 1/6 to 1/2
eflect the solid-state diffusion character of the process and con-
ect with the concentration of oxygen vacancies, as it is in good
greement with data on defect structure of non-stoichiometric
-conductive titanium oxide.32,33 During this stage, it would
ppear that the oxidation process transits to the solid-state dif-
usion regime and the most probable rate-determining stage in
his range of temperatures and pressures is oxygen diffusion
hrough the anatase TiO2−bCb scale (see Fig. 1c). The forma-
ion of carbon-doped anatase phase TiO2−bCb with b = 0.02/0.05
s an initial product of TiC1−x oxidation, was confirmed quite
ecently by Irie et al.34 as well as Shen et al.35 at lower temper-
tures in oxygen and air. There is available data in the literature

n the activation energy for the parabolic oxidation of single
rystals and polycrystalline TiC1−x by oxygen21,22 with values
lose to 200 kJ mol−1; e.g. Voitovich and Lavrenko25 deter-
ined the value of activation energy, in the interval from 184

t
(
p

f
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o 217.5 kJ mol−1, to be dependent on the purity of the car-
ide phase. All of these values are in good agreement with
he activation energy of oxidation for titanium metal at the
ame temperatures, connected with the process of oxygen lattice
iffusion.36 Nevertheless, in the earlier works it was suggested
hat, at low temperatures and oxygen pressures (500 ◦C, 13 Pa),

high percentage of the oxide area consists of paths of low
iffusion resistance and hence grain boundary diffusion plays
n overwhelming role in the oxidation of titanium metal37

ompared to the negligible role played by lattice diffusion. Addi-
ionally, relatively low values of oxidation activation energy for
he carbide–graphite compositions obtained in this work are
learly connected with the structure of HMC, characterised by a
idely developed grain boundary network.3,7 The short-circuit
iffusion along grain boundaries and dislocations in similar
aterials plays a more important role than it would with single

hase refractory carbides in general.7 However, the activation
nergy for grain boundary diffusion is smaller than that for lat-
ice diffusion and the value for the former accounts for about a
alf of the latter in metal oxidation processes,36 although Roth-
child et al.38 determined this ratio for chemical diffusion in
on-stoichiometric TiO2 films at lower temperatures as 3/4 and
he value of Q for grain boundary diffusion of about 50 kJ mol−1.
et the dispersion of graphite inclusions in the HMC, forming

he structure of the material, is not the only factor contributing
o this dominant role for short-circuit diffusion. Other contribut-
ng factors, such as the lower temperatures of oxidation (T ≤ 0.5
f the melting point of TiO2) and the fine dispersal of residual
arbon throughout the oxide scale, also contribute significantly
o a predominantly solid-state transport mechanism along low-
esistance diffusion paths.
he oxidation process for 93 vol% TiC–7 vol% C HMC at different temperatures:
1 and 2) T = 500 ◦C; (3 and 4) T = 700 ◦C and oxygen pressures: (1 and 3)

O2 = 1.3 kPa; (2 and 4) pO2 = 1.3 kPa (calculated by taking into account the
ormation of TiO2, CO and CO2 only).
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a slight increase of Q to 75–100 kJ mol−1; while m varies widely,
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/Ti involved in the oxidation process (Fig. 7) was calculated by
nly taking into account the formation of such oxides as TiO2,
O and CO2, as the small contribution of the formation of oxy-
arbide to the overall process could be safely neglected and no
ther products were identified in the oxidised samples. However,
he analysis showed that, at lower temperatures/lower oxygen
ressures, the process of titanium oxide formation generally
ominates over the oxygen–carbon interaction. An illustration
f this is provided by comparison of the number of titanium
toms entering into reactions with oxygen at 700 ◦C and 1.3 kPa
ver an hour with those of carbon; the former is about two times
ore than the latter, showing a clear dominance of the metal

xide scale producing mechanism. Therefore it is understand-
ble that the grain growth of oxide scale is retarded, not only by
nitial graphite inclusions, but also by the presence of secondary
arbon formed because of the non-stoichiometric oxidation of
he combined carbon in the carbide phase.

In general, the shift of the reaction mechanism to short-
ircuit diffusion is mainly due to the character of carbon
xidation, which lags behind the oxidation of metal Ti (for-
ation of oxide scale). The removal of carbon oxides forms

he specific micro- and nanoporous structure of the scales.
n keeping with the laminar-nature of most oxide scales, the
icrostructure is also characterised by some “lateral elements”

see Fig. 3). Initially, these are easy diffusion paths for oxy-
en, afterwards transformed into the grain boundaries, which are
ormed by precipitated carbon like those observed by Voitovich
nd Lavrenko25 in the oxidised TiC0.96. Unfortunately, SEM
mages are not informative in this case, as it is necessary to
evelop special quantitative methods of scale characterisation,
ut it seems obviously that the final period of the oxidation is
onnected with the initiation of micro- and nanochannels, which
re formed by gases escaping the bulk sample.

The transfer of the rate-determining stage of the process
rom solid-state diffusion to predominantly gas diffusion in
he final stage is also evidence of the priority of short-circuit
iffusion during the propagation of the oxidation process. At
ower temperatures/lower pressures, this stage is described
y linear kinetics with Q = 30–40 kJ mol−1. The exponent m,
rowing from 0 at 500 ◦C to 1/5–1/10 at 600 ◦C and then
p to 1/3 at 700 ◦C, also supports the suggestion concerning
he transition of the prevalent mechanism to gas processes.

ith reference to these observations, and on the basis of
icrostructure studies, the most likely rate-determining stage

n this case is the transition regime of carbon gasification
etween the chemical reaction (carbon oxidation) and gas dif-
usion stages. This conclusion seems credible, as the obtained
alue for Q is very close to those for the processes con-
rolled by the gas diffusion stage of carbonaceous materials
xidation,39–41 while m is of the same order as those for the pro-
esses dominated by the chemical reaction stage of the carbon
xidation.42,43
.2.3. Lower temperatures/higher oxygen pressures
The increase of oxygen pressure at 500–700 ◦C up to

3–65 kPa results in the initial linear stage in oxidation
inetics with Q = 60–75 kJ mol−1 and negative values of

i
5
m

2 2

rocess of 93 vol% TiC–7 vol% C HMC at different temperatures: (1 and 2)
= 500 ◦C; (3 and 4) T = 700 ◦C and oxygen pressures: (1 and 3) pO2 = 1.3 kPa;

2 and 4) pO2 = 1.3 kPa.

= −((1/2)–(1/3)), so it is suggested that controlling stage of
he process shifts from the solid-state diffusion to the transi-
ion regime between solid-state and gas diffusion processes.
his regime is realised due to the development of sintering and
rain growth processes in the scale. The rate of oxidation, being
imited by the gas diffusion process, correlates with the charac-
eristics of porosity of the oxide scales because of the influence
f these characteristics on gas diffusion (Knudsen flow, surface
iffusion, adsorption–desorption processes) through the scale.44

t the same time, these characteristics are dependent directly on
alues of the parameters for solid-state diffusion, by which such
rocesses as sintering and grain growth are governed. Although
o date there have been no attempts to evaluate quantitatively
he relationship between permeability of scale and its recrys-
allisation temperature, a similar situation with the influence
f scale sintering on the reactivity of materials seems to be
ypical for the oxidation of both individual transition-metal car-
ides and carbide compositions and very important for analysis
f the process.3,45,46 A key point in the oxidation of the car-
ides and compositions based on the metal–carbon systems is
he contribution of the gas diffusion processes, necessary for
he removal of products of carbon gasification, to the overall
rocess of material oxidation as, at moderate temperatures, the
olid-state diffusion of residual carbon is significantly retarded.
his is the principal difference between the oxidation processes
f metal carbides compared with those of pure metals. The
ifficulties associated with the removal of carbon oxides can
oticeably influence the rate of oxidation of carbides in general
nd appear to be especially important for carbide–carbon HMC
xidation.

The transition in the kinetics model to the parabolic stage at
ower temperatures/higher oxygen pressures is characterised by
t remains negative and increases in absolute value from 1/10 at
00 ◦C to 1/2 at 600 ◦C and then up to 1 at 700 ◦C. The oxidation
echanism does not change and remains in the same transition
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egime as in the previous stage, but with a greater contribution
rom the gas diffusion mechanism, which dominates completely
uring the subsequent final linear stage. As shown in Fig. 8, this
tage differs from those previously by an accelerating carbon
urn-off; this effect is clearly evident in plots of C/Ti oxidation
ates ratio versus w. The plots, shown in Figs. 7 and 8, also help
xplain the ridge effect of oxygen pressure at 13 kPa, discussed
n details in Part I of this work.8 During the linear–paralinear
xidation cycle, this pressure appears to be sufficient to enable
he oxidised carbon and titanium to reach the C/Ti ratio of the
nitial materials before oxidation; that is, the ratio C/Ti = 1.17
or the 93 vol% TiC–7 vol% C (graphite) composition studied in
his work. At the ridge oxygen pressure, the process of carbon
xidation is “catching up” with the oxidation of titanium metal.
ver the studied temperatures and oxygen pressure range from
3 up to 65 kPa, the final linear kinetics stage is characterised
y the same values of Q = 5–10 kJ mol−1 and slightly variation
f m = 1/2–1/3; sufficient grounds to identify this stage as being
egulated by the interdiffusion of oxygen and carbon oxides gas
ows through the micro- and nanoporous titanium oxide scales.

.2.4. Higher temperatures/lower oxygen pressures
The oxidation behaviour of the material at the lowest level

f oxygen pressure studied in this work convincingly demon-
trated the large influence that sintering of the scales has on the
xidation process; the unusual Arrhenius plots at this pressure,
evealed in Part I of this work,8 become straightforward to inter-
ret in terms of this mechanism. It was found that, at 700–900 ◦C
nd 0.13 kPa, the initial linear stage (Q = 40–55 kJ mol−1)
oes not significantly differ from those at lower temperatures,
00–600 ◦C and oxygen pressures, 0.65–13 kPa. However, the
ubsequent stages at this pressure are realised by a noticeably dif-
erent mechanism, characterised by negative values of Q, which
ncrease (in absolute value) from 85–90 to 95–110 kJ mol−1 for
he following parabolic and linear kinetics stages respectively,
hile m fluctuates between 1/2 and 1/3. So it is quite possi-
le to conclude that the scale, which was nucleated and formed
uring the first linear stage, sinters and subsequently recrys-
allises with an apparent enlargement of the contribution from
attice diffusion during the propagation of the oxidation pro-
ess in the material. These peculiarities shift the process to a
as diffusion regime, which is governed by the permeability of
he scale; hence this regime is dependent on the processes rela-
ive to recrystallisation (grain growth, evolution of porosity) of
xide–carbon or oxide compositions. However, these processes,
n turn, are determined by solid-state diffusion, as was men-
ioned in Section 3.2.3. Due to the greater segregation of oxide
uclei in the volume of carbide/oxycarbide, and especially in
arbide–carbon compositions, the contribution of the sintering
f oxide scale to the carbide oxidation process is more signif-
cant, and observed at lower temperatures than was found, by
ofstad et al.,47 during the oxidation of pure titanium metal.

Negative values of Q were found in all stages of the

inear–paralinear model throughout this region, at oxygen
ressures of 0.65–13 kPa. In the initial linear stage, Q is
0–85 kJ mol−1; afterwards, in the parabolic stage, Q increases
o 85–220 kJ mol−1 and then slightly decreases in the final lin-

s
o
n
t
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ar stage. These values are in good agreement with those gained
or the activation energy of the densification process for TiO2
uring the first stage of sintering, corresponding to the plas-
ic flow kinetics mechanism.48 It is also quite significant that
he highest absolute values for Q are in excellent agreement
ith those for the oxygen lattice diffusion coefficient, calcu-

ated from TGA data for the oxidation of metal titanium.49 At
00–900 ◦C and 0.65–13 kPa, m = 1/2 for the first two stages,
eing independent of oxidation parameters, so it is suggesting
hat the defect structure of sintering oxide does not significantly
hange. The different behaviour of the scale before and after the
idge temperature reflects the intrinsic change in the solid oxi-
ation products. The presence of carbon within the scale during
he oxidation of transition metal carbides very often leads to the
ormation and stabilisation of oxides typically unstable in this
ange of temperatures.24,45,50 A similar situation was revealed
n this study, as the anatase phase, contained in the oxide scale,
as observed up to 800 ◦C, although, according to XRD analysis
ata in the recent paper by Zhang et al.,51 polymorphic transi-
ion of the anatase to rutile phases begins at 500 ◦C and reaches
bout 95% at 700 ◦C. Another key observation is that the anatase
hase, in contact with carbon, is more chemically stable; this is
onfirmed by noting that the carbothermic reduction of anatase
tarts at higher temperatures when compared with those for the
utile phase.52

From the obtained experimental data, a convincing argu-
ent would be that, during the oxidation of TiC–C HMC, the

natase–rutile phase transition is directly connected with the
idge temperature, as the intensive polymorphic transformation
s concurrent with deeper carbon burn-off in the scale (com-
are Figs. 1 and 8) of the oxidised material. Presumably, the
referential formation of anatase at lower temperatures, as the
esult of the phase transformation (oxycarbide decomposition)
iC1−x−y−aOz → TiO2−bCb, is connected with a deficiency of
nergy (exposed temperature) and reagents (oxygen pressure)
s the body-centred tetragonal structure of anatase originates
rom the simpler, face-centred cubic, NaCl structure,53 which is
nherent to the carbide/oxycarbide phase. Hence this structural
orrespondence simplifies the nucleation process of the novel
xide phase in the initial oxycarbide. The lower density of the
natase (9% less than that of rutile) provides more opportuni-
ies for the dissolution of carbon (as well as for diffusion of
xygen) than are available to the rutile structure. During the
olymorphic transition, the scale provides much lower protec-
ion from oxidation than normal, as the diffusion resistance of
he structure is reduced. Throughout the oxidation of TiC–C
MC, the effect of ridge temperature, when the oxidation rate
f materials rises rapidly to a maximum and then declines with
ubsequent growth of temperature, is caused by the accumulated
mpact of interconnected processes occurring in the scale, such
s the accelerated release of carbon oxides and the polymor-
hic transition, from low- to high-density phases, of titanium
xides. The eventual rise of oxidation temperature leads to a

teady decrease of carbon content coupled with a steady increase
f rutile fraction in the scale. These factors bring about a sig-
ificant change in both gas and solid diffusion processes, due
o the development of recrystallisation in the oxide and a con-



3 pean

s
m
t
t
o
c
p
m

r
p
V
o
p
a
t

n
r
t
A
a
a
t

3

1
t
i
t
t
o
f
p
A
c
t
t
s
t
a
p
p
a

h
n
a
fi
t
o

4

t

T
a
o
p
f
a
i

(

(

(

186 I.L. Shabalin et al. / Journal of the Euro

equent reduction in gas permeability through the scale. This
echanism is reflected in the kinetics analysis, as at the ridge

emperature the sign of the activation energy changes and fur-
her increases in oxidation temperature correspond to a decrease
f the oxidation rate, although the absolute value of Q does not
hange significantly as it describes similar solid-state diffusion
rocesses, but with the opposite effect on oxidation rate of the
aterial.
Although no explanation or analysis of the phenomenon was

eported before, analogous behaviour has also been observed
reviously with single-phase carbide materials. For example,
oitovich and Pugach24 revealed something similar to the effect
f ridge temperature at 800 ◦C for quasi-stoichiometric hot-
ressed TiC, which was oxidised in air; the anatase phase was
lso identified in the oxide scale of samples at higher oxidation
emperatures up to 900 ◦C.

For additional consideration of the ridge parameter phe-
omenon with respect to the chemical activity of carbon, the
eader is referred to Gozzi et al.,39 who studied many different
ypes of carbon, and also found out the inflection points in the
rrhenius plots for the oxidation kinetics of these materials at
temperature range of about 650–700 ◦C as, at higher temper-

tures, the process of oxidation of carbon materials is shifted to
he regime where gas diffusion is dominant.

.2.5. Higher temperatures/higher oxygen pressures
The increase of oxygen pressure at 700–900 ◦C up to

3–65 kPa brings about a change in the oxidation mechanism of
he material. At oxygen pressures higher than the ridge pressure
n this temperature range, the values for m are not affected, while
he activation energy varies dramatically in both sign and magni-
ude. The initial stage is characterised by a negligibly small value
f Q, whereas afterwards the value fluctuates: 15–30 kJ mol−1

or the first parabolic stage, 10–20 kJ mol−1 – for the second
arabolic and 5–10 kJ mol−1 – for the final, second linear stage.
ll this allows us to classify the current mechanism as a pro-

ess governed by the different steps of gas interdiffusion through
he micro- and nanoporous scale with structure that varies with
he evolution of the oxidation process. These rate-determining
teps of the oxidation process can include oxygen adsorption,
he diffusion of oxygen to the apparent carbide–oxide interface
nd/or counter diffusion of gaseous products back through the
orous medium. The individual identification of these steps is
roblematic, because some of them are functioning periodically
s serial or concurrent processes.

A noticeable characteristic of the oxidation process at the
ighest studied temperature of 1000 ◦C is the value of expo-
ent m, which is independent of oxygen pressure and reaches
maximum value for all kinetics stages of m = 1, except the

nal linear stage where m reaches the value of 1/2; probably due
o the higher rate of scale recrystallisation inherent to samples
xidised at this temperature.
. Conclusions

This work has been a physico-chemical study of the phase
ransformations and transitions during the oxidation of 93 vol%
Ceramic Society 28 (2008) 3177–3188

iC–7 vol% C (graphite) HMC at temperatures of 500–1000 ◦C
nd oxygen pressures of 0.13–65 kPa mainly for interpretation
f the ridge effect, which was revealed first due to the kinetics
henomenological model developed in the preceding part. The
ollowing conclusions concerning this mechanism of the process
nd oxidation behaviour of TiC–C HMC with low carbon content
n general can be drawn:

1) At lower temperatures/lower oxygen pressures, the ini-
tial (linear) oxidation stage is connected with the
dissolution of oxygen in the carbide (formation of oxy-
carbide TiC1−x−yOy) and the subsequent decomposition
of the oxycarbide due to oversaturation by oxygen fol-
lowed later still by the formation of oxide nuclei:
TiC1−x−yOy → TiO2−bCb + dC(CO, CO2). During the next
parabolic stage, the process appears to shift to the solid-state
diffusion regime, with oxygen grain boundary diffusion
through the anatase TiO2−bCb as the rate-determining pro-
cess. The gasification of precipitated carbon in the transition
regime between the chemical reaction and gas diffusion
stages of carbon oxidation dominates the final (linear) stage
of the phenomenological model.

2) At lower temperatures/higher oxygen pressures, the dom-
inant process during the first stage follows the transition
regime between solid-state and gas diffusion oxidation
mechanisms. This mechanism is defined by the processes
of sintering and grain growth (recrystallisation) develop-
ment in the scale; being limited by gas diffusion, the rate of
oxidation is directly related to the characteristics of porosity
within the scale, which in turn are dependent on diffusion
parameters in the oxide scale. Throughout the oxidation pro-
cess in this range of oxidation parameters, this mechanism
changes little and remains in the same transition regime,
but with a shift to a greater contribution from the gas dif-
fusion mechanism, which dominates the oxidation process
completely during the final stage. The ridge oxygen pres-
sure corresponds to the value of oxygen pressure sufficient
to reach the stoichiometry of oxidation, when the C/Ti ratio
involved in the oxidation reactions, over the entire cycle,
matches that of the initial composition of the material. At
this ridge pressure, the oxidation (burn-off) of carbon in
scale is “catching up” with the oxidation of the metal com-
ponent, so the final stage is dominated by the interdiffusion
of oxygen and carbon oxides gas flows through the porous
scale.

3) At the higher temperatures/lower oxygen pressures, nega-
tive values of activation energy were found for all stages,
with the exception of the initial stage at the lowest value of
pressure. In this range, gas diffusion dominates the oxida-
tion process, which is dependent on the sintering and grain
growth, as recrystallisation determines the gas permeabil-
ity of the scale. Due to the greater segregation of oxide
nuclei in the volume of carbide/oxycarbide, especially in

carbide–carbon compositions, the contribution of the sin-
tering of scale to the oxidation process is more significant,
and observed at lower temperatures than for the oxidation
of Ti. Presumably, the structural correspondence of anatase
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simplifies the nucleation process of this oxide phase in the
oxycarbide. The lower density of the anatase provides more
opportunities for the dissolution of carbon as well as for
diffusion of oxygen than are available to the rutile structure.
The anatase–rutile phase transition is directly connected
with the ridge temperature, as the intensive transformation
occurs concurrently with the deep carbon burn-off in the
oxide scale.

4) At higher temperatures/higher oxygen pressures, the dom-
inant mechanisms appear to be the different stages of gas
interdiffusion through the scale with structure that varies
with the evolution of the oxidation process. These rate-
determining stages of the oxidation process can include
oxygen adsorption, the diffusion of oxygen to the appar-
ent carbide–oxide interface and gaseous products outside
through the porous scale.

5) Aside from providing a much better understanding of
the oxidation of refractory transition-metal carbides and
carbide–carbon HMC, the results of this work present a
potential manufacturing method and can be used for the
preparation of oxide protective coatings on the surface of
structures made of carbides and related composite materials
for high-temperature applications in severe environments
like chemically active gaseous flows. Therefore, the next
necessary step should be connected with developing and
employing the novel quantitative methods of microstruc-
ture characterisation for oxide–carbon and oxide scales on
HMC.
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