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ABSTRACT
WC is an indispensable constituent when producing Ti(C, N)-based cermets, yet its role on
microstructure and the mechanism remain blurred. Herein, based on the CALPHAD approach, we
designed and synthesized the cermets containing unsaturated and supersaturated WC. Formation
of a macro-gradient structure was observed, encompassing an undissolved WC area, a WC dissolu-
tion area, and a (Ti, W)(C, N) solid-solution area. Such a unique structure has not been reported in
cermet systems, which originates from the denitrification-induced W solubility change in Ti(C, N),
as clarified computationally. Thus, this work shows the usefulness of thermodynamic calculations in
establishing composition-microstructure relationships in cermets.

IMPACT STATEMENT
Novel macro-gradient structures in the Ti(C, N)-based cermet systems were observed for the first
time, and the thermodynamic mechanisms were elucidated from the perspective of denitrification-
induced W solubility change.
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1. Introduction

Due to the environmental and cost concerns, lightweight
Ti(C, N)-based cermets have drawn much industrial
interests and appeared to outperform the WC-Co hard
metals when machining cast iron and steel workpieces
[1–3]. At the same time, the addition of WC can practi-
cally improve the densification of Ti(C,N)-based cermets
[3, 4], which stimulates the interests to investigate the
use of WC as an indispensable constituent when pro-
ducing high-quality Ti(C, N)-based cermets. In recent
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years, extensive experimental efforts on WC induced
microstructural changes in Ti(C, N)-based cermets have
been conducted [5–10]. Typically, a core-rim structure
forms on the ceramic phase as a result of the WC addi-
tion, where the core is undissolved Ti(C, N) while the rim
is (Ti, W)(C, N) solid-solution [5]. In addition, the rim
can be further differentiated into the light-contrast inner
rim (also referred to as the innerwhite rim)with a highW
content and the dark-contrast outer rim (also referred to
as the outer grey rim) incorporating less W, based on the
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contrast difference under electron microscope. Lindahl
et al. [6] have reported that with the rise of WC content
in a TiC-TiN-WC-Ni system, the difference between the
inner white rim and outer grey rim vanishes, accompa-
nying the simultaneous generation of undissolved white
WCparticles. Through covering awide range ofWC con-
tent (5–75 wt.%), Jung and Kang [7] have observed the
disappearance of grey rims in a Ti(C, N)-WC-Ni sys-
tem once WC content exceeds 50 wt.%, a point at which
W reaches the upper limit of solubility in both the Ni
binder and the (Ti, W)(C, N) rim. Ahn et al. [10] have
suggested that the rim composition is predominantly
affected by the maximum quantity of solutes available
in the liquid binder at the sintering temperature, rather
than the nominal carbide content. Although a degree of
consensus has been reached on the WC addition and
its resultant microstructural variations, the underlying
thermodynamic mechanism remains to be explored.

Based on the above-mentioned experimental evi-
dences, it can be inferred that the formation of (Ti,W)(C,
N) rim phase is controlled by a two-step iterative pro-
cess, namely the dissolution of W solutes in liquid Ni
and their precipitation onto undissolved Ti(C, N) parti-
cles. As such, the solubility limit of W in liquid Ni could
be a critical parameter that determines the morphology
of Ti(C, N)-based cermets. This can be readily studied
using thermodynamic calculations, while the relation-
ships between composition andmicrostructure can serve
as useful guidelines to further optimizations of Ti(C,
N)-based cermets.

2. Materials andmethods

In this work, the CALPHAD (CALculation of PHAse
Diagrams) approach, being widely used in predicting
phase constitutions and interpreting phase transitions
[11–15], was employed to design the cermet compo-
sitions based on the thermodynamic database CSUT-
DCC1 [16]. To potentially amplify the changes in the
core-rim structures that are governed by the dissolution-
precipitation process during liquid-phase sintering, a
high Ni binder content of 50 wt.% was selected on pur-
pose. As shown in Figure 1, themaximum solubility ofW
in liquid Ni phase varies with the change of WC content
in a Ti(C, N)-WC-50 wt.% Ni system, increasing from a
solubility of 5.8 wt.% at aWC addition of 5.0 wt.% to that
of 18.7 wt.% at aWC addition of 20.0 wt.%. Thus, the cer-
met systemwith 20.0 wt.%WC addition should reach the
supersaturated condition.

In this context, four groups of Ti(C, N)-WC-50 wt.%
Ni cermets with different nominal WC contents (vary-
ing from 5.0 wt.% to 20.0 wt.%) were prepared from a
powder mixture of WC, Ti(C, N), and Ni (See Table S1

Figure 1. Thermodynamically calculated solubility limits of W in
liquid Ni binder phase in Ti(C, N)-WC-50 wt.% Ni system incor-
porating different WC contents (from 5.0 wt.% to 20.0 wt.%) at
1450°C. Thenominal concentrationofWateachWCcontent is also
given for reference.

in Supplementary Material for detailed information on
raw powders used). After milling and drying, the raw
powders were pressed and sintered under a vacuum con-
dition at a maximum temperature of 1450 °C for 1 h (See
Figure S1 in Supplementary Material for the tempera-
ture profile used). The denitrification behavior of cermets
during sintering was investigated using a thermal analy-
sis instrument (STA449F5-QMS403,Netzsch, Germany).
The microstructure of cermets was studied using a scan-
ning electron microscope (SEM, MIRA 3 LMH/LMU,
TESCAN, Czech). The elemental distribution profiles of
cermets were measured using a glow discharge emission
spectrometer (GDA 750HP, Spectruma Analytik GmbH,
Germany). Prior to the measurement, the surfaces of
samples were cleaned by Ar (≥99.995%). The results
obtained were calibrated using the nominal composi-
tions of samples. The measured element concentration
was quantified using Equations (1)–(4):

Ciqm = kiIi (1)

Ci = mi/m (2)

qm = m/t (3)

ρiAh = kiIit (4)

where Ci is the element concentration, qm is the sputter-
ing rate, ki is a constant, Ii is the light intensity, mi is the
element mass, m is the total mass, t is the measurement
time, ρi is the element density, A is the measurement
area, and h is the measurement depth. As the values of
ρi, A, ki and Iiare fixed, the relationship between h and t
is established based on Equation (4).
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3. Results and discussion

The as-sintered microstructure of cermets with the WC
content varying from 5.0 wt.% to 20.0 wt.% is shown in
Figure 2. In total five different contrasts can be detected
in the interior of these cermets (A1 of Figure 2(a), B1 of
Figure 2(b), C1 of Figure 2(c), and D1 of Figure 2(d)),
namely the black core, the white rim, the grey rim, the
white WC grain, and the light-grey Ni binder, which
are consistent with previous studies [6–8, 17–19]. Rim-
less grains which are absent in the cermet containing 5.0
wt.% WC (A1 of Figure 2(a)) start to emerge in the ones
with higher WC concentrations (B1 of Figure 2(b), C1
of Figure 2(c), and D1 of Figure 2(d)). It has been sug-
gested [7] that formation of the W-rich white rim occurs
at a temperature lower than the dissolution of Ti(C, N),
thus the encapsulation effect brought by the white rim
can hinder the subsequent generation of the Ti-rich grey
rim. As the iterations of dissolution and precipitation
continue, theWconcentration of the rim phase can even-
tually reach an equilibrium with that of the binder phase,
thus the contrast difference between the rim and binder
diminishes and the visually ‘rimless’ grains form. In addi-
tion, the presence of undissolved whiteWC grains at 20.0
wt.%WCaddition (D1of Figure 2(d)) suggests the attain-
ment of supersaturated condition, which agrees well with
the thermodynamic design (Figure 1).

Through the comparison between the interior and
subsurface microstructures of different cermets, it is also
interesting to note that the ones with increased WC con-
tents exhibit a high propensity towards the formation of
macro-gradient structures. To be specific, it can be seen
fromA1 andA2 of Figure 2(a) that the core-rim structure
in the interior region exhibits a spherical shape whereas it
reveals a polyhedral shape in the subsurface region. Like-
wise, the shape difference also occurs in B1 and B2 of
Figure 2(b), but the rim structure in B2 is brighter than
that in B1, implying its higher concentration of W. With
the WC addition rising to 15.0 wt.%, unlike a large num-
ber of rimless grains in C1 of Figure 2(c), most of the
black cores in C2 of Figure 2(c) are wrapped with white
rims. Eventually in the cermet with supersaturated WC
(20.0 wt.%), it is surprising that the undissolved oval-
shaped WC grains only exist in the interior region (as
shown in D1 of Figure 2(d)), whereas WC grains can
be barely detectable both in the intermediate region (D2
of Figure 2(d)) and the subsurface region (D3 of Figure
2(d)).Meanwhile, large quantities of black core-white rim
structures appear again in the subsurface region (D3 of
Figure 2(d)). Here it is also pertinent to mention that
at high WC concentrations (15.0 and 20.0 wt.%), aggre-
gated Ti(C, N) layers seemingly form in the immediate
subsurface regionwith different thicknesses (C2 of Figure
2(c) and D3 of Figure 2(d)).

Thus far, it is clear that the rise of WC content (from
unsaturated to supersaturated condition) brings about
themicrostructural change from a typical core-rim struc-
ture to the emergence and enrichment of rimless grains
and to the preservation of undissolved WC grains. Nev-
ertheless, the formation mechanism of macro-gradient
structures, a distinct feature observed in the cermet
with high WC concentrations, remains to be unraveled.
Enlightened by the functionally graded cemented car-
bides that have been fabricated through the deliberate
control of the inward or outward diffusion of N via
the adjustment of N pressure of sintering atmosphere
[20–23], the following paragraphs will discuss the den-
itrification behavior and its influence on solubility to
rationalize the generation of macro-gradient structures,
using the cermet sample with 20 wt.%WC as an example.

The gas evolution behavior and the mass change of
the cermet containing 20 wt.% WC during sintering are
shown in Figure 3(a). According to the result, the cermet
keeps suffering from mass loss in a temperature range of
1100–1450°C; meanwhile, in consideration of the con-
stituent elements (Ti, W, C, N, Ni) of the cermet and the
relative mass (14) of the gas molecules detected during
heating, the N2 escape can be identified, and the apex
of which occurs at ∼1350°C. This is consistent with the
literature report [24] that once WC is added, Ti(C, N)
becomes thermodynamically unstable, which facilitates
the denitrification during high-temperature sintering.
The concentration profile of N along with the increase of
distance from top surface is shown in Figure 3(b). The N
concentration reveals firstly an increase in the subsurface
region, then a sharp decrease in the intermediate region
and finally a gradual rise to reach a plateau in the interior
region. In the enlarged view in Figure 3(c), it can be seen
that Ti, N, and Ni elements accumulate on the surface
(corresponding to a depth range of 0–0.2μm); Ni con-
centration decreases but Ti and N concentrations slowly
increase with the depth increasing from 0.2 to 3μm; W
concentration reaches the maximum in the depth range
of 0.2–1.5μm and then gradually decrease in the range
of 1.5–3μm. From Figure 3(d), it is further noted that Ti
and N contents continue to increase in the depth range
of 3–12μm, which arrive the maximum values in the
range of 7–9μm; Ni content keeps rising in the range of
3–40μm, whereas W content shows a downward trend
in the range of 3–10μm and stabilizes afterwards (in the
range of 10–40μm). During the denitrification of Ti(C,
N), N atoms escape in the form of N2, and the remnant Ti
atoms dissolve into the Ni binder. Propelled by the strong
thermodynamic affinity between Ti and N, Ti atoms are
prone to diffuse inwardly where the N concentration is
high [25]. Thus, Ti and N elements show similar distri-
butions, with their maximum concentrations detected in
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Figure 2. Scanning electron microscope (SEM) images of as-sintered Ti(C, N)-based cermets with different WC concentrations: (a) 5.0
wt.%, (b) 10.0 wt.%, (c) 15.0 wt.%, and (d) 20.0 wt.%. High-magnification images showing the details of microstructures in different
regions from center to surface are also provided.

the depth of 3–12μm. The synchronous increase of Ti
and N in the immediate subsurface region may be the
reason for the presence of an aggregated Ti(C, N) layer,
however, the potential factors that influence its thick-
ness remain to be studied. The variations of W and Ni
contents, on the other hand, may be attributed to the
diffusion of W and Ni atoms to fill the vacancies left in

place after the inward diffusion of Ti [26, 27]. The com-
plex elemental profiles in the subsurface and intermediate
regions (corresponding to a depth range of 0–40μm)
are generally consistent with the experimental evidences
and kinetic simulations reported in the WC-Ti(C, N)-
Co gradient cemented carbide system [26–29], which is
believed to be controlled by the chemical potential of
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Figure 3. (a) N ion-current curve and thermogravimetric curve of Ti(C, N)-20 wt.% WC-50 wt.% Ni cermet in the temperature range of
1100–1450°C. (b) N distribution along with the increase of distance from the top surface to a depth of 200μm. Enlarged views of N, Ti,
W, and Ni distributions in the depth ranges of (c) 0–3μm and (d) 3–40μm. Note that the concentrations of N, Ti, W, and Ni in (c) were
normalized after excluding the interference of C contamination on the cermet surface.

each element as well as the chemical affinity between
different elements.

It is also worth noting that the N concentration in
Figure 3(b) shows an upward trend from 40 to 200μm,
which means on a larger scale a N gradient forms in
the cermet as a result of the denitrification reaction.
With the premise that N exhibits extremely low solubil-
ity in the liquid Ni binder phase [30], the denitrification
affects predominantly the precipitation step of a typi-
cal dissolution-precipitation process, thus the potential
change of W solubility due to the reduction of N con-
tent can be considered within the Ti-W-C-N quaternary
system. To qualitatively describe the thermodynamic ten-
dency of W solubility change in response to N content
variation, the isothermal sections of Ti-W-C ternary sys-
tem with 0, 3, and 5 wt.% N additions at 1450 °C were

established as shown in Figure 4. Initially W has a maxi-
mum solubility of ∼60 wt.% in (Ti, W)C of the Ti-W-C
system, which decreases to ∼49 wt.% in (Ti, W)(C, N)
of the Ti-W-C-3 wt.% N system, and further drops to
∼35 wt.% in (Ti, W)(C, N) of the Ti-W-C-5 wt.% N sys-
tem. These results indicate that for the cermet containing
supersaturated WC, the reduced N content due to deni-
trification could facilitate a larger quantity of W solutes
precipitated from the liquid Ni onto the Ti(C, N), leading
to the disappearance of undissolved WC particles in the
intermediate and subsurface regions.

Here, it is pertinent to note that the gradient of N con-
tent induced by denitrification also exists in the cermets
containing unsaturated WC. Using A1 and A2 of Figure
2(a) as an example, the denitrification in the subsurface
region increases the solubility of W in the (Ti, W)(C, N)
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Figure 4. Isothermal sections of Ti-W-C systemwith different N additions at 1450°C: (a) Ti-W-C, (b) 3 wt.% N-Ti-W-C, (c) 5 wt.% N-Ti-W-C.

phase, contributing to a sufficient but slow growth of the
rim phase showing a typical polyhedral shape, while the
rim phase in the interior forms via the rapid precipitation
of solutes in the Ni binder during the liquid cooling stage
[31, 32], the shape of which tends to be spherical.

4. Conclusions

In summary, Ti(C, N)-WC-Ni cermets with varying the
WC concentration from unsaturated to supersaturated
conditions were specifically designed in this work based
on thermodynamic calculations. Through experimental
characterizations combined with theoretical approaches,
the role of WC addition on cermet microstructure and
the governing thermodynamic mechanism were eluci-
dated. Our results show that the rise of WC content
induces the microstructural change from a typical core-
rim structure, to the generation of rimless grains, and
ultimately to the preservation of undissolved WC. The
instability of Ti(C, N) during sintering results in the
denitrification, with the loss of N especially in the inter-
mediate and subsurface regions. According to isother-
mal sections established, reducedN concentration causes
an increased solubility of W in the (Ti, W)(C, N) rim
phase, which contributes to the formation of macro-
gradient structures that are most pronounced in the cer-
met with supersaturated WC. Thus, this work shows the
usefulness of thermodynamic calculations in establishing
composition-microstructure relationships of WC incor-
porated Ti(C, N)-based cermets, which is expected to
facilitate future optimization of cermet tools.
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