‘ M 7
SN materials
Ee s ﬁ"\"y
Article

Oxidation Behavior of TiCN-HfC-WC Cermet at High Temperature

Zhihui Wang !, Jiaojiao Gao >*, Jiabao Liu ! and Jinpeng Song !

W) Check for updates

Academic Editor: Dinesh Agrawal

Received: 26 May 2026

Revised: 14 June 2026

Accepted: 18 June 2026

Published: 19 June 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

College of Mechanical Engineering, Taiyuan University of Technology, Taiyuan 030024, China;
liujiaba0199802@163.com (J.L.); songjinpeng@tyut.edu.cn (J.S.)

College of Aeronautics and Astronautics, Taiyuan University of Technology, Taiyuan 030024, China
Correspondence: gaojiaojiao@tyut.edu.cn

Abstract

In this investigation, with increasing oxidation time or temperature, the observed mass gain
abided by the parabolic law. TiICN-HfC-WC cermet contained different layers, with each
one having a unique composition. Thermal fracture occurred in the sub-oxidation layer, and
the flexural strength gradually decreased from 1270.6 MPa to 149.9 MPa. Ther-mal stress
equations for calculating the radial, circumferential, and axial stresses were es-tablished.
The thermal stress differences between neighboring layers determined the ther-mal fracture;
when they were zero, the physical parameters of the layers were related, which could be
used to guide cermet material design.
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1. Introduction

TiCN-based cermet has good physical and chemical properties, such as high hardness,
high resistance to deformation, high flexural strength, and high fracture toughness [1-3].
It has been widely applied to manufacture cutting tools [4-6]. In traditional machining,
TiCN-based cermet tools exhibit good cutting performance and a long service life. With the
development of high-speed dry cutting technology, TiCN-based cermet tools have faced
severe challenges. In high-speed dry machining, the temperature between the cutting
edge and workpiece, which is affected by friction heat, is approximately between 800 °C
and 1100 °C, resulting in high requirements for TiCN-based cermet tools. In particular,
TiCN-based cermet materials must maintain good oxidation resistance at high temperatures
because this property is directly related to the degradation level and service life of TiCN-
based cermet tools.

In recent years, many scholars worldwide have investigated the high-temperature
oxidation behavior of several TICN-based cermets. It was found that the mass gain of
TiCN was small at low oxidation temperatures below 500 °C but large at high oxidation
temperatures above 700 °C [7]. At 750 °C, the mass gain of Ti(C,N)-TaC-NbC abided by the
parabolic rule, and the high temperature accelerated oxygen diffusion into the cermet inner
layer [8]. At 900 °C, slight oxidation occurred in Al,O3/Ti(C,N) ceramic, and the oxide TiO,
prevented further oxidation [9]. At 900 °C, Ti(C,N)-AIN cermet suffered severe oxidation,
and the main oxide was TiO, [10]. At 900 °C, both the TiN and TiCN layers in multilayer
TiCN/Al,O3/TiN coatings were oxidized to a porous TiO; scale [11]. At 1000 °C, severe
oxidation occurred in TICN-WC cermet, and the major oxides were TiO,, WO3, N, and
CO/CO;, [12]. At 800-1100 °C, the oxide layers of Ti(C,N)-WC-Cr3C, cermet consisted of
a NiO outer layer, a NiTiOj3 interlayer, and a TiO,-based inner layer [13]. At 800-1100 °C,
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Ti(C,N)-AlCoCrFeNi cermet exhibited superior oxidation resistance during the early oxida-
tion stages because the dense outer oxide scale impeded the release of gaseous WO3 and
inward oxygen diffusion [14]. When Ta was added to Ti(C,N)-based cermet, the formed
Tip95Tag.05C0.5No.5 improved its oxidation resistance [15]; moreover, when a higher amount
of Ta was added, the cermet showed outstanding oxidation resistance [16]. With increasing
ZrC content, the oxidation resistance of Ti(C,N)-ZrC cermet gradually improved, and its
mass gain followed the parabolic law in the first 60 h [17]. When an appropriate amount of
Zr was added to Ti(C,N)-based cermet, at high temperatures, a dense layer formed on its
surface, which reduced oxygen diffusion and improved its oxidation resistance [18]. To
summarize, these studies mainly focused on the high-temperature oxidation behavior of
TiCN-based cermet but failed to investigate its thermal fracture mechanism. The thermal
fracture mechanism can play a vital role in understanding the formation of multilayer
structures and thermal microcracks in the inner layers of oxidized cermet. The thermal
fracture mechanism can be identified by analyzing the thermal stress in the material inner
layers [19-21].

In summary, the effects of both the thermal stress-induced thermal fracture phe-
nomenon during the oxidation of TiCN-based cermets and the regulatory mechanism of
HfC incorporation on their oxidation behavior and thermal fracture characteristics remain
to be systematically revealed. In this study, TICN-HfC-WC cermet with a limited metal
content was employed, its high-temperature oxidation behavior was investigated, and a
thermal fracture model was established.

2. Experimental Procedures

TiCN-HfC-WC cermet (THW), the fabrication, microstructure, and mechanical prop-
erties of which are reported in [22], contained 40 wt.% TiCy 7Ny 3, 20 wt.% HfC, 32 wt.%
WC, 4 wt.% Ni, and 4 wt.% Mo, and its flexural strength was 1270.6 MPa. The dimen-
sions of the THW specimens were 3 mm x 4 mm x 40 mm, and their surface roughness
was approximately 0.93 um. The THW specimens were placed in an alumina crucible, as
shown in Figure 1, to reduce their contact, and then they were placed in a muffle furnace
(ZDXS5-2.5-120, Shenzhen Zhongda Strong Electric Furnace Co., Ltd., Shenzhen, China)
under static lab air conditions. As detailed in Table 1, the THW specimens were repeat-
edly oxidized at different temperatures for different times. To determine the mass gain
of each THW specimen, the mass of the tested specimen was measured before and af-
ter oxidation. After oxidation, the flexural strength was determined using three-point
bending tests, which were carried out according to the standard GB/T 6569-2006/
ISO 14704:2000 [23,24]. The tests were conducted on an electronic universal testing machine
(GREE-8003G, Dongguan Kairui Technology Co., Ltd., Dongguan, China), with a span of
30 mm and a crosshead speed of 0.5 mm/min. The phase composition of the oxidized
TiCN-HfC-WC cermet specimens was determined via X-ray diffraction (XRD, TD3600,
Dandong Tongda Technology Co., Ltd., Dandong, China). The XRD tests were performed
with Cu K« radiation at a wavelength of 0.154 nm, a tube voltage of 40 kV, a tube current of
30mA, and a 26 scanning range of 20-80°. The surface morphology and fracture microstruc-
ture of the polished specimens were observed using a scanning electron microscope (SEM,
JSM-7001F, JEOL Ltd., Tokyo, Japan). Energy-dispersive spectrometry (EDS, QUANTAX,
Bruker, Karlsruhe, Germany) was used to analyze the chemical composition of the samples.

In addition to the XRD pattern collected from the specimen oxidized at 800 °C for 10 h,
XRD patterns were also obtained from specimens oxidized for 10 h at 900, 1000, and 1100 °C
in order to evaluate the temperature-dependent phase evolution of the oxidation products.
The diffraction data were used for qualitative phase identification and quantitative phase
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analysis via Rietveld refinement using GSAS-II. The refined phase fractions are reported as
relative weight fractions of the detected crystalline phases.

Figure 1. Placement of the TiCN-HfC-WC cermet specimen in the alumina crucible.

Table 1. Oxidation experiments of TiCN-HfC-WC cermet.

Test No. 1 2 3 4 5 6 7 8
Oxidation temperature/°C 1100 1100 1100 1100 1100 800 900 1000
Oxidation time/h 1 2 4 7 10 10 10 10

3. Results and Discussions

3.1. Oxides in and Mass Gain of TiCN-HfC-WC Cermet After Oxidation
3.1.1. Oxides in TICN-HfC-WC Cermet After Oxidation

Figure 2 presents the XRD patterns of THW after oxidation for 10 h at 800, 900, 1000,
and 1100 °C. At 800 °C, the major oxidation products were TiO,, WOj3, and HfO,, while
weak reflections of TiCyyNp3 and WC were still detected, indicating incomplete oxidation
of the near-surface region. At 900 °C, TiO, and HfO, reflections became stronger, WO3 was
still clearly present, and the residual TiCy 7Ny 3/WC peaks remained weak but detectable.
At 1000 °C, the diffraction pattern was dominated by TiO, and HfO,, whereas WO3 became
only a trace phase, and the residual carbide/carbonitride peaks were negligible. At 1100 °C,
corresponding to the final oxidation stage investigated in this work, the retained oxide
scale was mainly composed of TiO; and HfO,, while tungsten-containing oxide was no
longer a major crystalline phase and only trace minor oxides were detected. These results
demonstrate progressive oxidation of TiCo 7Ny 3, HfC, and WC with increasing temperature,
together with strong depletion of WOj3 from the retained oxide scale at high temperatures.
Moreover, a previous study [25] reported that NiO, NiTO3, and NiMoO4 were present
in the oxides after the oxidation of Ti(C,N)-based cermet, with a total content about 48
wt.% of Ni and Mo. The total content of Ni and Mo was much higher than 8 wt.% in this
investigation, which accounted for these Ni-based oxides. In this investigation, it was
difficult to exclude the existence of a small amount of these Ni-based oxides, although
the total content of Ni and Mo was lower. According to thermodynamic calculations, the
following oxidizing reactions accounted for the formation of these oxides:

TiC0.7NO.3(S) + 1.702(g) — TiOz(S) + O.7C02(g) +0.15N2(g) (1)
HfC(s) + 204(g) — HfO»(s) + CO,(g) )
WC(s) + 2.50,(g) — WOs3(s) + COx(g) 3)

Quantitative phase analysis via Rietveld refinement was conducted to further clarify
the oxidation-induced phase evolution. The TiO, fraction increased from approximately
53.6 wt.% at 800 °C to 59.8 wt.% at 900 °C, 65.3 wt.% at 1000 °C, and 68.9 wt.% at 1100 °C.
HfO, increased from 16.2 wt.% at 800 °C to 18.5 wt.% at 900 °C and 33.0 wt.% at 1000 °C,
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followed by a slight decrease to 29.2 wt.% at 1100 °C. In contrast, WO3 decreased con-
tinuously from 24.1 wt.% at 800 °C to 17.7 wt.% at 900 °C and only 2.1 wt.% at 1000 °C,
and it was no longer a major retained oxide phase at 1100 °C. Residual unoxidized phases
accounted for about 5 wt.% at 800-900 °C but became negligible at 1000-1100 °C. Therefore,
the oxidation scale evolved from a TiO, /WO3;/HfO, mixture with residual matrix phases
at lower temperatures to a TiO, /HfO;-rich scale at higher temperatures.

®Ti0, eHfO, ®WO; ¢TiC ;N,; vWC
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Figure 2. XRD of TiCN-HfC-WC cermet after oxidation at 800, 900, 1000, and 1100 °C for 10 h.

Based on reaction (1), regardless of the generated CO, and N, gases, it is known
that one mole of TiCy 7Ny 3 could generate one mole of solid TiO,. Because the molar
mass of TiO, was larger than that of TiC( 7Ny 3, the generated TiO; had a larger mass than
its counterpart TiCy 7Ny 3; therefore, reaction (1) was classified as a mass gain reaction.
Likewise, reactions (2) and (3) were also classified as mass gain reactions. Taken together,
these results indicate that the mass of THW increased after oxidation. Meanwhile, the
oxides TiO,, HfO,, and WO; had a lower density than their counterparts TiCy 7Ng 3, HfC,
and WC, respectively; accordingly, the volume of THW expanded after oxidation. Although
WO3; partially volatilized at high temperatures, the total mass gain still increased because
the formation of TiO, and HfO, dominated the overall oxygen uptake during oxidation.

Figure 3 shows the polished surface morphologies of THW after oxidation. As can be
seen in Figure 3a,b, several areas (rectangles al and b1) were filled with white particles,
named white particle areas. During the oxidation process, the residual pores or microcracks
on the surface of the original cermet provided channels for oxygen to enter the inner layer
and thus further oxidize the material; they also provided escape paths for the produced CO,
and N, gases, which could explain the formation of the surface morphologies in rectangles
al and bl in Figure 3a,b, respectively. Moreover, a higher number of these areas was
observed in Figure 3b than in Figure 3a, which indicates that a high temperature of 1100 °C
could lead to more residual pores or microcracks, thereby promoting the oxidation process.
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Figure 3. Polished surface morphologies and EDS of TICN-HfC-WC cermet after oxidation: (a) the
sample oxidized at 800 °C for 10 h; (b) the sample oxidized at 1100 °C for 1 h; (c¢) EDS point scanning
results of points A, B and C.

To determine the composition of the oxidation surface, larger views and EDS were
employed. Figure 3(al,a2) represent the two different areas in Figure 3a, and Figure 3(b1,b2)
represent the two different areas in Figure 3b. Figure 3(c1-c3) present the EDS of Points A,
B, and C, respectively. Moreover, Table 2 details the element contents of the corresponding
points. According to the XRD, EDS, and element content results, it was inferred that the
main components of the cermet after oxidation were TiO, and WOj3 at Point A; TiO,, HfO,,
and WOj3 at Point B; and TiCN, TiO,, HfO,, and WQOj at Point C. As detailed in Table 3,
the W atomic percentage of 2.2% at Point B is less than the 9.1% at Point A, which likely
resulted from the volatilization of WO3 above 850 °C [12,13].
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Table 2. Quantitative phase composition of TiICN-HfC-WC cermet after oxidation for 10 h at different
temperatures, determined by Rietveld refinement of the XRD patterns.

Temperature TiO, Content  WOj3 Content HfO, Content Other Phase Content

800 °C,10 h 53.6% 24.1% 16.2% Residual phase ~ 5%
900 °C,10h 59.8% 17.7% 18.5% Residual phase =~ 5%
1000 °C,10h 65.3% 2.1% 33.0% —

1100 °C,10 h 68.9% — 29.2% Ni-based oxides ~ 2%

Table 3. Element content of points in Figure 3.

Point A Point B Point C
Element

wt./% at./% wt./% at./% wt./% at./%
Ti K 17.3 14.1 394 28.5 48.4 38.7
CK 1.8 5.8 0 0 7.5 23.8
N K 0.7 1.9 0 0 2.9 7.8
OK 26.4 64.5 29.5 64.0 9.1 21.5
WL 43.1 9.1 11.6 2.2 17.6 3.7
HfL 43 0.9 13.8 2.7 10.1 2.2
Ni K 4.0 2.7 2.7 1.6 2.3 1.5
Mo L 2.4 1.0 2.9 1.1 2.1 0.8
Total 100 100 100 100 100 100

In addition, many pores can be observed in Figure 3(al), and they are larger than
those in Figure 3(b1). During the oxidation process, at 800 °C, when the oxidation time
increased from 0 to 10 h, some pores or microcracks were compressed and disappeared as a
result of the expansion and growth of TiO,, HfO,, and WOs3; however, some still provided
channels for gas escape, thereby leading to the formation of large pores. At 1100 °C, a
large number of the original pores and microcracks were inclined and rapidly compressed
until they disappeared due to the expansion and growth of TiO, or HfO,, owing to the
shorter oxidation time; if the oxidation time were longer, many large pores may have been
observed in Figure 3(b1). Moreover, many pits can be observed in Figure 3(b2), but almost
none can be observed in Figure 3(a2). Pit formation could be attributed to the volatilization
of WO3

3.1.2. Mass Gain of TiICN-HfC-WC Cermet After Oxidation

Figure 4a shows the mass gain of THW as a function of the oxidation time at 1100 °C.
Based on the original curve, it was found that, after increasing the oxidation time from 0
to 10 h, the mass gain increased gradually from 0 to 60.5 mg/cm?. Based on the original
curve, a fitting curve was drawn, as shown in Figure 4a, and its equation was as follows:

Am? = 387.69¢ 4)

where Am is the mass gain, and ¢ is the oxidation time. Based on Equation (4), it was
found that the fitting curve was a parabolic curve and that the original curve approached it;
therefore, it was determined that the oxidation of THW followed the parabolic law.

Figure 4b shows the mass gain of THW as a function of the oxidation temperature
for 10 h. Based on the original curve, it was found that, after increasing the oxidation
temperature from 800 °C to 1100 °C, the mass gain increased gradually from 3.83 to
60.5 mg/cm?, indicating that the THW cermet maintained better oxidation resistance at
800 °C. Based on the original curve, a fitting curve was drawn, as shown in Figure 4b, and
its equation was as follows:

Am = 5.16 x 107*T? — 0.79T + 314.27 (5)
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where Am is the mass gain, and T is the oxidation temperature. Equation (5) is a quadratic
equation, which explains the relationship between the mass gain and oxidation temperature
in this investigation.
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Figure 4. Mass gain of TiCN-HfC-WC cermet with oxidation time and temperature: (a) oxidation
time; (b) oxidation temperature.

3.2. Oxidation Mechanism of TiICN-HfC-WC Cermet

Figure 5 shows the fracture surface morphologies of THW after oxidation at 1100 °C
for1h,2h,4h,7h, and 10 h. After increasing the oxidation time from 1 h to 10 h, the
oxidation of the cermet became more severe. Generally, oxidation characteristics were
observed in the layers, except for in the substrate layer [16-18]. To obtain more details
of these oxidation characteristics, the layers, except for the substrate layer, became the
main focus of this study. According to the morphologies of the oxidized cermets, their
fracture surfaces were divided into different segments using white dashed curves. The
upper segment was located in the inner layer of the cermet and was named the transition
layer (TL); the lower segment was located in the outer layer of the cermet, exhibited severe
oxidation, and was named the outer oxidation layer (OOL); and the middle segment was
located between the upper and lower layers and was named the sub-oxidation layer (SOL).

As can be seen in Figure 5a—e, after increasing the oxidation time from 0 to 10 h, the
pore size first increased and then decreased in the OOL. As can be seen in Figure 5b,e,
the TL exhibits several large pores, but in Figure 5c, it exhibits several small pores. When
the oxidation time increased from 0 to 1 h, the outer surface of the cermet made direct
contact with oxygen, thereby leading to the rapid formation of oxides, and the formed
gases (CO, and Ny) and volatile matter (WO3) escaped from the outer surface. The residual
pores and microcracks on the surface also provided channels for oxygen to enter and
erode the inner cermet layer, leading to the production of gases and a certain amount of
volatile matter. Because of the shorter oxidation time, the pores in the OOL were relatively
small, and very slight oxidation occurred in the TL. When the oxidation time increased
from 1 h to 2 h, the residual pores and microcracks, under the pressure of the gases and
volatile matter in the inner cermet layers, became larger, which facilitated the invasion of
oxygen and the release of these gases and volatile matter, leading to a further reduction in
WOs; in the OOL. This also enabled oxygen to directly erode the cermet, leading to severe
oxidation and large pores in the TL. When the oxidation time increased from2hto4h, a
large amount of the formed HfO, and TiO, grew and expanded, thereby compressing the
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large pores to small pores in the OOL and TL. When the oxidation time increased from
4 h to 7 h, this compression continued, resulting in few large pores and small pores in
the OOL and almost no pores in the TL. Thus, oxidation gradually entered a new stage,
namely, diffusion oxidation, through the inward diffusion of O. Moreover, a new layer
(SOL) formed between the OOL and TL, owing to the different compositions of these layers.
The OOL contained a large amount of TiO, and HfO,; the SOL contained a large amount
of TiO, and HfO, with a small amount of WO3; and the TL contained a small amount
of HfO, and TiO,. This difference could probably be explained by the reaction priority
of the materials under the same reaction conditions [26-28]. Regardless of the limited Ni
and Mo contents in the cermet, according to the Gibbs free energies of TiCyyNg3, WC,
and HfC, when they react with oxygen, their reaction priority is in the order (2), (1), and
(3), as previously mentioned. Therefore, it is likely that the oxides formed in the order
HfO,, TiO,, then WO3. The OOL contained a large amount of HfO, and TiO, because WOs3
was easily volatilized. The SOL contained a large amount of HfO, and TiO, with a small
amount of WO3 because the formation of WO3 was limited by the reaction priority and its
volatilization was limited by pore closure. The TL contained a small amount of HfO, and
TiO, because their formation was limited by the inward diffusion speed of O. Accordingly,
the HfO, and TiO; contents gradually decreased from the outer to inner layers, while the
WOj; content first increased and then decreased because of its volatilization. Furthermore,
each layer had a new, unique composition. When the oxidation time increased from 7 h
to 10 h, the pores gradually disappeared in the OOL, owing to the further growth and
expansion of the oxides. Moreover, a fault zone formed in the SOL, which was caused by
thermal stress and the pressure of the formed gases. The microcracks between the SOL
and TL provided a channel for oxygen to enter and further erode the TL, which resulted in

several large pores in this layer.

Figure 5. Fracture surface morphologies of TICN-HfC-WC cermet after oxidation at 1100 °C: (a) oxi-
dized for 1 h; (b) 2h; (c) 4h; (d) 7h; (e) 10h.
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Figure 6 shows the fracture surface morphologies of THW after oxidation for 10 h
at different temperatures. With increasing oxidation temperature, THW demonstrated
different microstructures. As shown in Figure 6a, after oxidation at 800 °C for 10 h, the
OOL became relatively dense, and the main oxides were TiO, and HfO,, with a small
amount of WOj3; furthermore, the TL exhibited many large pores. As shown in Figure 6b,
after oxidation at 900 °C for 10 h, owing to the acceleration of oxygen diffusion by the
temperature, a large amount of WO3; was produced in the OOL, and the pores in the TL
gradually became small as a result of the growth and expansion of the oxides. As shown in
Figure 6¢, after oxidation at 1000 °C for 10 h, a large amount of WO3 volatilized, resulting
in several large pores in the OOL; an SOL formed in the cermet because of the different
compositions of the oxides; and slight oxidation occurred in the TL. As shown in Figure 6d,
after oxidation at 1100 °C for 10 h, the OOL became dense, owing to the growth and
expansion of the remaining oxides TiO, and HfO,; the SOL developed a fault zone; and the
TL developed microcracks, which promoted the progression of oxidation.

-

4 y s —& e ...,,_.{ -.-. -
S pore s & MYEVe
: LT e o

Figure 6. Fracture surface morphologies of TiCN-HfC-WC cermet after oxidation for 10 h: (a) oxida-
tion temperature of 800 °C; (b) 900 °C; (c) 1000 °C; (d) 1100 °C.

Combined with the fracture morphologies in Figure 6, the XRD/Rietveld results
indicate that increasing the temperature gradually transformed the near-surface region into
a TiO, /HfO,-rich oxide scale. WO3; was apparent at 800-900 °C but became only a trace
constituent at 1000 °C and was no longer a major retained crystalline phase at 1100 °C,
which is consistent with the volatilization-induced pits observed on the oxidized surface.
Therefore, the outer oxidation layer at the highest temperatures was mainly controlled by
TiO, and HfO,, whereas tungsten-containing species contributed much less to the retained
oxide scale.
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3.3. Thermal Fracture of TICN-HfC-WC Cermet in the High-Temperature Oxidation Process

Regarding the layers on the fracture surfaces of THW, from the inner layer to the outer
layer, the THW cermet (shown in Figure 7) was composed of a substrate layer, a transition
layer, a sub-oxidation layer, and an outer oxidation layer. These layers, except for the
substrate layer, were oxidation layers; their oxidation became more severe from the inner
to the outer layer, and they exhibited new, unique compositions. Several microcracks devel-
oped between the SOL and OOL and between the SOL and TL, as previously mentioned,
indicating that thermal fracture occurred in the cermet.

Outer oxidation layer

Sub-oxidation layer

‘ Transition layer
v Substrate layer

Figure 7. Layers in the TICN-HfC-WC cermet after oxidation.

To identify the thermal fracture of this cermet in the oxidizing process, a homogeneous
isotropic thermoelastic solid cylinder was employed to replace the cermet sample and
analyze the effects of thermal stress on the layers. The assumption was as follows: the
solid cylinder was of infinite length; its radius, length, and outer surface temperature were
R, L, and T, respectively; the outer heat source generated heat W per unit time and per
unit volume to the solid cylinder; and the temperature T was a function of the radius r in
a steady-state temperature field. Therefore, in cylindrical coordinates, the heat diffusion
equation for a homogeneous solid cylinder can be expressed as follows:

al_ax(ﬁ+lal+lﬂ+ﬂ)_w (6)
ot o2 ror Jrodf? 9227 ¢p

where t is the time, a is the temperature coefficient, 0 is the circumferential coordinate, z is
the axial coordinate, c is the specific heat capacity, and p is the density of the cermet.
Because the temperature field was in a steady state, %—{ =0, aa—g = 0, and %—Z =0.
Moreover, the thermal conductivity A = acp. Hence, Equation (6) can be re-expressed
as follows:
2o == ?)
By integrating Equation (7), the following equation is obtained:

dT W g
oy ®)

By introducing the boundary condition —A27RL4E ‘R = WntR2L into Equation (8),
C1 = 0 can be obtained. Thus, Equation (9) can be expressed as follows:
ar W
T ©)
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By integrating Equation (9), the following equation can be obtained:

_ w 2
T=-53"+C (10)

Then, by introducing the initial condition—r = R, T = Ty—into Equation (10),
C =T+ %Rz can be obtained. Thus, Equation (10) can be re-expressed as follows:

_ W o -
T=To+ 4 (R2= 1) (11)

To determine the thermal stress of a point in the THW cermet, Equation (11) is intro-
duced into the following thermal stress equations:

«E 1 (R 1/
o = 1—1/{1?2/0 Trdr — 7—2/0 Trdr} (12)
«E 1 (R 17
UGZH{RZ/O Trdr+r—2/0 Trdr—T} (13)
aE [ 2 (R
UZ:H{RZ/O Trdr—T} (14)
After integrating these equations, thermal stress equations are obtained as follows:
aEW(r? — R?)
= A 1
7= T16A (1 - v) (15)
aEW (312 — R?)
S Y T (1o
2 _R2
_ aEW(2r* — R?) 17

2T A )

where o}, 0y, 07, &, E, and v are the radial stress, circumferential stress, axial stress, thermal
expansion coefficient, Young’s elastic modulus, and Poisson’s ratio, respectively.

Equations (15)—(17) can be used to evaluate the radial, circumferential, and axial
stresses at every point in the THW cermet, especially at points located at the interface
between different neighboring layers. As previously mentioned, each layer had a different
composition, which resulted in different physical and chemical properties. For example,
Point A in Figure 7 was located at the interface between the outer oxidation and sub-
oxidation layers. The interface divided Point A into two parts: one part was located in
the outer oxidation layer, and the other was located in the sub-oxidation layer. Therefore,
Point A had two sets of radial, circumferential, and axial stress values: one set was from
the outer oxidation layer, and the other set was from the sub-oxidation layer, owing to the
different physical and chemical properties of these layers. The difference in each set of
radial, circumferential, and axial stress values can be calculated. For the stress differences
at Point A, their absolute values |Acy|, |Aoy|, and |Ac;| can be calculated according to
Equations (15)-(17) as follows:

W(R?—7%)| mE o2 Ey
AGy| = |01 — 0y0] = - !
|Agy| = |oy1 — 072 16 MA=v) A1 —wp) 19
W(3r2 = R?||  wmE; a2 Ey
Aoy| = |og1 — 09| = - !
|Acy| = |og1 — 02| 16 MI=v)  A(1—wp) 19
W|2r2 = R*||  wE; woEp
ol o o _ 20
|Az| = |o21 — 022 ) MA=v)  A(1—wp) 20)
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where 0,1, 091, and 0 are the thermal stresses caused by the material in the outer oxidation
layer, and &y, E1, A1, and v are the thermal expansion coefficient, Young’s elastic modulus,
thermal conductivity, and Poisson’s ratio of the material in the outer oxidation layer,
respectively; 02, 0gp, and 0,y are the thermal stresses caused by the material in the sub-
oxidation layer, and &y, E», A2, and v; are the thermal expansion coefficient, Young’s elastic
modulus, thermal conductivity, and Poisson’s ratio of the material in the sub-oxidation
layer, respectively.

The allowable stresses of the material at Point A are marked as [04,], [04¢], and [04].
When |Ac;| > [ca,], for the solid cylinder, radial displacement occurred at Point A, as
well as at the other points located on the same cylindrical surface, resulting in interface
fracture and the formation of interface microcracks between the outer oxidation and sub-
oxidation layers. When |Acy| > [04¢], for the solid cylinder, torsional deformation occurred
at Point A, as well as at the other points located on the same generatrix, leading to radial
fracture and the formation of radial microcracks. When |Ac;| > [04,], for the solid cylinder,
circumferential displacement occurred at Point A, as well as the other points located on
the same circle, causing circumferential fracture and the formation of circumferential
microcracks. Aside from the gaseous pressure, these mechanisms could well explain the
formation of the microcracks and fault zone in Figures 5e and 6d. These microcracks
provided channels for oxygen, allowing it make contact with exposed and unoxidized
grains and then oxidize them, thereby leading to the formation of oxides. They also enabled
the volatile oxide WOj3 and the produced gases, such as N, and CO,, to escape from the
cermet inner layers, which could have accelerated the oxidation and degradation of the TL,
as observed in Figures 5e and 6d.

Based on the stress difference Equations (16)—(18), it was found that the stress differ-
ences at certain points had similar relationships with the physical parameters &, E, A, and v.
When the stress differences were zero, fractures did not occur, and the physical parameters
of the neighboring layers showed the following relationship:

mEr wmEp
MA=11)  A(1-w)

(21)

Equation (21) provides a potential approach to avoid thermal fracture and inhibit the
oxidation of the cermet material, as the physical parameters of the oxides that form in
neighboring layers could be balanced at the stage of cermet material design.

3.4. Flexural Strength of TICN-HfC-WC Cermet After Oxidation

Figure 8 shows the flexural strength of THW after oxidation. As shown in Figure 8a,
with increasing oxidation time from 0 to 10 h at 1100 °C, the flexural strength of the cermet
gradually decreased from 1270.6 MPa to 149.9 Mpa. In particular, it sharply decreased by
approximately 50% when the oxidation time increased from 0 to 1 h. The reason for this
is as follows: a large amount of oxides was rapidly produced on the outer surface of the
cermet, and, as a result, the whole outer surface was exposed to air; this allowed oxygen to
make full contact with the cermet and oxidize it without any obstacles, thereby leading to
a large decrease in the flexural strength. When the oxidation time increased from 1 h to
7 h, the decrease in the flexural strength slowed down, as the oxides protected the inner
cermet layer from further oxidization. However, when the oxidation time increased from
7 h to 10 h, the flexural strength decreased sharply again; this was caused by the pores
and microcracks, which not only reduced the mechanical properties of the cermet but also
provided channels for oxygen to further oxidize it.
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Figure 8. Flexural strength of TiCN-HfC-WC cermet after oxidation: (a) oxidation time; (b) oxida-
tion temperature.

As shown in Figure 8b, with increasing oxidation temperature from 0 to 1100 °C, after
10 h, the flexural strength of the cermet gradually decreased from 1270.6 Mpa to 149.9 Mpa.
In particular, it sharply decreased to 620.4 Mpa when the oxidation temperature increased
from 0 to 800 °C. The reason for this is as follows: the high temperature provided a large
amount of energy that promoted the oxidation of the whole outer cermet surface, and, as
a result, a large amount of oxides was produced, leading to the rapid degradation of the
cermet. From 800 °C to 900 °C, the decrease in the flexural strength slowed down, as the
formed oxides prevented further oxidation. However, when the oxidation temperature
increased from 900 °C to 1100 °C, the decrease in the flexural strength gradually accelerated,
which was caused by an increase in oxides, pores, and microcracks in the cermet.

4. Conclusions

High-temperature oxidation behavior and thermal fracture of TICN-HfC-WC cermet
with limited metal content had been investigated. Some conclusions were as follows:

The high-temperature oxidation behavior and thermal fracture of TiCN-HfC-WC
cermet with a limited metal content were investigated in this study. Several conclusions
were drawn:

(1) After oxidation for 10 h at 800-1100 °C, the major oxidation products of the TiICN-HfC-
WC cermet were TiO,, HfO,, and WO3. Qualitative XRD analysis showed residual
TiCy7Np3/WC phases at 800-900 °C, whereas the oxide scale at 1000-1100 °C was
dominated by TiO, and HfO,. Rietveld refinement indicated that TiO, increased
from 53.6 wt.% at 800 °C to 68.9 wt.% at 1100 °C; HfO, increased from 16.2 wt.% to
29.2 wt.%, reaching 33.0 wt.% at 1000 °C; and WO;3 decreased from 24.1 wt.% to a
trace amount, consistent with its volatilization at high temperature.

(2) After 1100 °C and 10 h oxidation, with increasing temperature and oxidation time,
the cermet exhibited different microstructures: different layers formed, a fault zone
appeared in the sub-oxidation layer, and the flexural strength gradually decreased
from 1270.6 MPa to 149.9 MPa. Each layer had a new, unique composition because
the HfO, and TiO, contents gradually decreased from the outer to inner layers, while
the WOj3 content first increased and then decreased. The quantitative phase evolution
showed that the retained oxide scale became progressively enriched in TiO, and HfO,
with increasing temperature, whereas WOj3 progressively depleted.

(3) Thermal stress equations for calculating the radial, circumferential, and axial stresses
were established. At specific oxidation temperatures, thermal stress differences be-
tween neighboring layers resulted in interface, radial, and circumferential fractures.
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When the thermal stress differences were zero, these fractures did not occur, and the
physical parameters of neighboring layers, such as the thermal expansion coefficient,
Young’s elastic modulus, thermal conductivity, and Poisson’s ratio, exhibited a certain
relationship. This relationship provides a potential approach to avoid thermal fracture
and inhibit the oxidation of cermet, as the physical parameters of the oxides that form
in neighboring layers can be balanced during cermet material design.

Author Contributions: Conceptualization, Z.W.; Methodology, Z.W.; Investigation, J.L.; Resources,
J.G.; Writing—original draft, Z.W.; Supervision, J.G.; Project administration, J.S.; Funding acquisition,
J.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China, grant number
(Grant No. 52205492), Scientific and Technological Achievements Transformation Guidance Project
of Shanxi Province, China, grant number (Grant No. 202204021301039), and Fundamental Research
Program of Shanxi Province, China, grant number (Grant No. 202303021221037).

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

THW  TiCN-HfC-WC cermet

XRD  X-ray diffraction

SEM  scanning electron microscope
EDS  Energy dispersive spectrometry
TL transition layer

OOL  outer oxidation layer

SOL  sub-oxidation layer

References

1. Ren, X.Y;; Leng, X.Y,; Deng, H.; Yin, G.X. Fabrication and Wear Behavior of TICN-Based Cermets with Nano-Diamond Addition.
Materials 2025, 18, 5448. [CrossRef]

2. Zhou, Z.Y,; Xiong, Y.F; Zou, X.C,; Liu, K.; Huang, S.Q.; Xiao, H. Effect of Titanium Carbonitride Addition on Mechanical and
Tribological Behaviors of TiCN-M; High-Speed Steel Matrix Composites. JOM 2025, 77, 2054—2065. [CrossRef]

3. Yan, X.Y.; Wen, S.Y.; Zhang, L.; Du, Y. Simulation of Ni binder phase solidification process at phase boundaries of Ti(C,N)-based
cermets. Int. J. Refract. Met. Hard Mater. 2026, 139, 107795. [CrossRef]

4. Zhang, YH.; Zhang, H.A,; Qiao, X.D.; Tao, X,; Xia, P; Gu, S.Y. Effects of Nitrogen Partial Pressure on the Microstructure and
Mechanical Properties of High-Entropy Ti(C,N)-Based Gradient Cermets. Crystals 2025, 15, 479-495. [CrossRef]

5. Xu, H.; Zhang, M.X,; Gao, M.; Zhang, W.N.; Wang, E; Liu, H. Effect of Co content on microstructure and properties of TICN-TiB;
cermets prepared by spark plasma sintering from a TiCN-B4C-Ti-Co system. Ceram. Int. 2025, 51, 1782-1792. [CrossRef]

6.  Ali, F; Leila, N.; Mansour, R. Optimization of mechanical properties in hybrid (TICN-WC)/Co cermets prepared via spark plasma
sintering. Int. |. Refract. Met. Hard Mater. 2026, 136, 107642. [CrossRef]

7. Tang,S.Y.; Song, G.Q.; Guo, ].J.; Li, C,; Lim, K.H.; Diao, P.; Chen, W.T.; Hu, EY.; Sunarso, J.; Tang, H.; et al. Oxidation behavior of
TiC and TiCN and their potential photocatalytic activity in a semi-oxidized state. Nanoscale Adv. 2025, 7, 5031-5041. [CrossRef]
[PubMed]

8. Zhao, N.W.; Zheng, Y.; Liu, L.Y.; Cheng, X.; Yan, Y.L. Mechanical property and oxidation behavior of Ti(C,N)-based cermets at
high temperature. Cem. Carbide 2007, 24, 134-139.

9.  Xu, CH,; Shang, M.; Fang, B. Thermal shock and high temperature oxidation behaviors of rare earth strengthened Al,O3/Ti(C,N)
ceramic materials. J. Synth. Cryst. 2007, 36, 687—-691. [CrossRef]

10. Qi, K.E; Yang, M,; Li, S.H,; Liu, J.B,; Li, T.].; Ye, J.L. Microstructure and oxidation behavior of Ti(C,N)-based cermets with in situ

synthesized Niz Al phase. Int. J. Refract. Met. Hard Mater. 2018, 73, 157-161. [CrossRef]

https:/ /doi.org/10.3390/mal19122648


https://doi.org/10.3390/ma18235448
https://doi.org/10.1007/s11837-025-07132-5
https://doi.org/10.1016/j.ijrmhm.2026.107795
https://doi.org/10.3390/cryst15050479
https://doi.org/10.1016/j.ceramint.2024.11.154
https://doi.org/10.1016/j.ijrmhm.2025.107642
https://doi.org/10.1039/d5na00227c
https://www.ncbi.nlm.nih.gov/pubmed/40657621
https://doi.org/10.16553/j.cnki.issn1000-985x.2007.03.046
https://doi.org/10.1016/j.ijrmhm.2018.02.008
https://doi.org/10.3390/ma19122648

Materials 2026, 19, 2648 15 of 15

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Kuang, H.; Tan, D.Q.; He, W.; Yi, Z.Q.; Zou, Z.H.; Wang, X.R. Oxidation behavior of multilayer hard coatings (TiCN/Al,O3/TiN)
in process of recycling coated multicomponent hardmetal scrap. Materials 2018, 11, 1796. [CrossRef] [PubMed]

Monteverde, F; Medri, V.; Bellosi, A. Microstructural evolution of titanium carbonitride based materials during oxidation.
Microchim. Acta 2002, 139, 97-103. [CrossRef]

Yang, Q.Q.; Xiong, W.H.; Li, S.Q.; Yao, Z.H.; Chen, X. Early high temperature oxidation behaviour of Ti(C,N)-based cermets in air.
Corros. Sci. 2010, 52, 3205-3211. [CrossRef]

Zhu, G.; Liu, Y,; Ye, ].W. Early high-temperature oxidation behavior of Ti(C,N)-based cermets with multi-component AlICoCrFeNi
high-entropy alloy binder. Int. J. Refract. Met. Hard Mater. 2014, 44, 35-41. [CrossRef]

Chicardi, E.; Gotor, E]J.; Cérdoba, ]. M. Enhanced oxidation resistance of Ti(C,N)-based cermets containing Ta. Corros. Sci. 2014, 84,
11-20. [CrossRef]

Chicardi, E.; Cérdoba, ].M.; Gotor, EJ. High temperature oxidation resistance of (Ti,Ta)(C,N)-based cermets. Corros. Sci. 2016, 102,
125-136. [CrossRef]

Kang, X.Y;; Lin, N.; He, Y.H.; Zhang, M.M. Influence of ZrC addition on the microstructure, mechanical properties and oxidation
resistance of Ti(C,N)-based cermets. Ceram. Int. 2018, 44, 11151-11159. [CrossRef]

Lin, N.; Zhao, L.B.; Ma, C.; Wang, Z.Y.; Wen, ].H.; He, Y.H. Enhanced mechanical properties and high temperature oxidation
resistance of Ti(C,N)-based cermets containing Zr. J. Alloys Compd. 2019, 788, 649—-657. [CrossRef]

Azeez, L.R.; Mxolisi, B.S.; Samson, O.].; Peter, A.O. Microstructure, tribological and oxidation behaviour of spark plasma sintered
Ti-Ni-xTiCN composites. ]. Alloys Compd. 2022, 890, 161857. [CrossRef]

Yi, J.Y.; Xu, T.C,; Liu, Y.; Li, J.; Yan, J.B. Fabrication, mechanical properties, and oxidation resistance of (Nb,Ti)CN-Ni cermets with
different TiC( ;N 3 contents. J. Alloys Compd. 2025, 1044, 184410. [CrossRef]

Wang, L.W.; Wei, B.X.; Zhang, M.M.; Fang, W.B.; Chen, L.; Wang, Y.J. Oxidation behavior and kinetics of (Zr,Ti)(C,N)-SiC ceramics
with enhanced oxidation resistance at 850 °C-950 °C. J. Mater. Res. Technol. 2023, 27, 6744—6755. [CrossRef]

Gao, ].J.; Song, ].P.; Lv, M. Microstructure and mechanical properties of TiCy 7Ng 3-HfC-WC-Ni-Mo cermet tool materials. Materials
2018, 11, 968. [CrossRef] [PubMed]

GB/T 6569:2006; Fine Ceramics (Advanced Ceramics, Advanced Technical Ceramics)—Test Method for Flexural Strength of
Monolithic Ceramics at Room Temperature. The National Standards of China: Beijing, China, 2006.

ISO 14704:2000; Specifies the Method for Determining the Flexural Strength of Monolithic and Composite Fine Ceramics at Room
Temperature. International Organization for Standardization: Geneva, Switzerland, 2000.

Yang, Q.Q.; Xiong, W.H.; Li, S.Q.; Dai, H.X,; Li, J. Characterization of oxide scales to evaluate high temperature oxidation behavior
of Ti(C,N)-based cermets in static air. J. Alloys Compd. 2010, 506, 461-467. [CrossRef]

Zhang, P;; Liu, X.J.; He, G.Y,; Chiang, FEK.; Wang, H.; Wu, Y; Jiang, S.H.; Zhang, X.B.; Lu, Z.P. Novel high-entropy ultra-high
temperature ceramics with enhanced ablation resistance. Rare Met. 2024, 43, 6559—-6570. [CrossRef]

Sengupta, P.; Manna, I. Role of TiC and WC Addition on the Mechanism and Kinetics of Isothermal Oxidation and High-
Temperature Stability of ZrB,-SiC Composites. High Temp. Corros. Mater. 2024, 101, 57-83. [CrossRef]

Bo, G.X,; Tian, X.K,; Li, HH.; Ye, LN.; Xu, X.L.; Gu, Z.R.; Yan, ].Y.Y.; Su, X.J.; Yan, Y.J. Enhancing Ablation Resistance of TaB,-Based
Ultra-High Temperature Ceramics by Mixing Fine TaC Particles and Dispersed Multi-Walled Carbon Nanotubes. Materials 2024,
17,3394-3413. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ma19122648


https://doi.org/10.3390/ma11101796
https://www.ncbi.nlm.nih.gov/pubmed/30248935
https://doi.org/10.1007/s006040200046
https://doi.org/10.1016/j.corsci.2010.05.028
https://doi.org/10.1016/j.ijrmhm.2014.01.005
https://doi.org/10.1016/j.corsci.2014.03.007
https://doi.org/10.1016/j.corsci.2015.10.001
https://doi.org/10.1016/j.ceramint.2018.03.131
https://doi.org/10.1016/j.jallcom.2019.02.266
https://doi.org/10.1016/j.jallcom.2021.161857
https://doi.org/10.1016/j.jallcom.2025.184410
https://doi.org/10.1016/j.jmrt.2023.11.140
https://doi.org/10.3390/ma11060968
https://www.ncbi.nlm.nih.gov/pubmed/29890624
https://doi.org/10.1016/j.jallcom.2010.07.031
https://doi.org/10.1007/s12598-024-02904-5
https://doi.org/10.1007/s11085-024-10234-1
https://doi.org/10.3390/ma17143394
https://www.ncbi.nlm.nih.gov/pubmed/39063686
https://doi.org/10.3390/ma19122648

	Introduction 
	Experimental Procedures 
	Results and Discussions 
	Oxides in and Mass Gain of TiCN-HfC-WC Cermet After Oxidation 
	Oxides in TiCN-HfC-WC Cermet After Oxidation 
	Mass Gain of TiCN-HfC-WC Cermet After Oxidation 

	Oxidation Mechanism of TiCN-HfC-WC Cermet 
	Thermal Fracture of TiCN-HfC-WC Cermet in the High-Temperature Oxidation Process 
	Flexural Strength of TiCN-HfC-WC Cermet After Oxidation 

	Conclusions 
	References

