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bstract

ceramic microstructure of WC-reinforced (Ti,W)(CN) was designed using thermodynamic instability among the constituent elements and gas
pecies involved in the sintering process. During sintering WC in the shape of platelets formed in (Ti,W)(CN) solid-solution ceramics, which
ere synthesized from milled mixtures of oxides with carbon. The WC platelets separated from the (Ti,W)(CN) ceramics due to the low chemical

ffinity of tungsten for nitrogen. The shape of WC varies depending on the composition of the binder phase and the sintering conditions. With

ncreasing binder content, the WC platelet shape became more irregular. This change was attributed not only to surface energy but also to the
ormation mechanism. The presence of WC platelets toughened (Ti,W)(CN) significantly at excellent hardness value (Hv: 18.5–20.0 GPa, KIC:
.0–6.8 MPa m1/2) as compared to those of recently reported advanced structural ceramics.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

TiC- and Ti(CN)-based cermets demonstrate excellent hard-
ess, thermal stability at high temperatures, and resistance to
eformation, wear, and corrosion.1 These cermets typically have
core–rim structure. Recently, Ti-based solid-solution cermets

howed highly attractive mechanical properties.2 (Ti,W)(CN)-
ased solid-solution carbides in particular exhibit improved
ardness and indentation toughness over conventional TiC-
ased cermets and other structural ceramics.3–8 The synthesis
f (Ti,W)(CN) powders, through high-energy ball milling and
arbothermal reduction of oxide mixtures, is well described
lsewhere.9–12 The presence of the metallic phase, which was
ntroduced from the milling media, enabled the densification
f (Ti,W)(CN) at low temperatures without external pres-
ure.

Whiskers and platelets in ceramic microstructures increase
racture toughness by inducing crack deflection and crack

ridging.13–15 Often in cemented carbides, large WC grains
ppear in the microstructure due to abnormal grain growth.16–19

he mechanism for abnormal WC growth is well described
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n the literature.20 Sometimes WC platelets have been
dded intentionally to serve as seed crystals during powder
etallurgy processes.21,22 It has been shown that ribbon-

haped WC particles precipitate in (W0.75Ti0.25)C during
uenching and annealing.23 These processes require high
emperatures.24

In this study WC thin platelets with large aspect ratios (>20)
ormed in (Ti,W)(CN) during sintering. We also investigated
he dependence of the microstructure changes in (Ti,W)(CN)-
ased carbides on the binder content and processing conditions
uring sintering. The mechanical properties of (Ti,W)(CN) were
trongly dependent on its microstructures.

. Experimental procedures

The starting materials, viz. anatase-TiO2, WO3 and C pow-
ers, were mixed to produce the nominal composition of
Ti1−xWx)C-yMe (y = 0–20 wt%), where the mole fraction, x,
as varied from 0.30 to 0.50. The targeted compositions were

Ti0.7W0.3)C, (Ti0.6W0.4)C, and (Ti0.5W0.5)C and they were

enamed as (Ti1−xWx)(CN) after sintering in a nitrogen atmo-
phere. The mixed powders were then subjected to high-energy
all milling using a planetary mill (Fritsch Pulverisette 5).
ungsten carbide balls were used as milling media with a ball-to-

mailto:shinkang@snu.ac.kr
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Fig. 1. Microstructure of (Ti,W)(CN) sintered at 1510 ◦C for 1 h in N2 a

owder weight ratio of 40:1. We used a tungsten carbide-coated
owl. All millings were conducted at a speed of 250 rpm for a
eriod of 20 h. The milled powders were reduced and carbur-
zed in a vacuum at 1200 ◦C for 1 h. The final product of the
owders was then compacted at a pressure of 125 MPa. The
ompacts were then sintered at 1510 ◦C for 1 h in a vacuum
∼10−5 MPa) or in a nitrogen atmosphere at pressures of 5,
0 and 40 Torr (1 Torr ∼1.33 × 10−4 MPa). Nitrogen was intro-
uced throughout sintering (above 1200 ◦C). Sinter/HIP was
lso carried out at 1450 ◦C for 1 h under an argon gas pressure
f 8 MPa after pre-sintering at 1350 ◦C for 1 h to produce fully
ensified (Ti,W)(CN).

Cross-sectioned specimens were ground with a diamond
heel and then polished from 6 to 1 �m with diamond slurry

or microstructure analysis. Microstructures were observed in
scanning electron microscope SEM (JSM-5600, JEOL) in

ack-scattered electron BSE mode. The area fractions of various
icrostructures were measured by an image analyzer (UTH-
CSA Image Tool). The chemical composition was determined
y X-ray energy dispersive analysis (EDS, INCA) on scanning
lectron microscope (JSM-6700F, JEOL), inductively coupled
lasma atomic emission spectrometry (ICP-AES, OPTIMA
300DV, PerkinElmer) and CNO analysis (R0-400C, TC-400C,
C-600, LECO). The samples were examined for Vickers hard-
ess, Hv, under the indentation load of 30 kg, and the indentation
oughness was calculated from Hv and crack length using the
xpression derived by Evans and Charles.25 The porosity of
intered carbides was measured according to ASTM B-276.

r
p
I
∼

orr: (a) (Ti0.7W0.3)(CN), (b) (Ti0.6W0.4)(CN), and (c) (Ti0.5W0.5)(CN).

. Results and discussion

.1. Effect of WC content on the microstructure

Fig. 1 shows SEM microstructures of (Ti,W)(CN) as the
C content was varied from 30 to 50%. All samples were sin-

ered at 1510 ◦C for 1 h under a nitrogen pressure of 40 Torr.
plate-like phase appeared actively as brighter regions when

he WC content exceeded 40 at.%. The gray regions in the
EM images were (Ti,W)(CN) solid-solution grains, while the
righter regions were WC precipitates. The high nitrogen pres-
ure and/or insufficient binder phase were responsible for the
ores in the microstructures of the (Ti,W)(CN) systems.

The separation of WC from (Ti,W)(CN) in the presence of
itrogen was attributed to the low chemical affinity between
itrogen and W.26 The (Ti,W)C solid-solution was reported to
etain up to 52 at.% WC based on the result of ThermoCalc at
500 ◦C.27 The WC phase separated out more readily due to
he low limit of solubility in TiC in the presence of nitrogen.
ased on the SEM-EDS and CNO analyses the matrix com-
ositions in Fig. 1a–c are found to be (Ti0.68W0.32)(C0.87N0.10),
Ti0.68W0.32)(C0.88N0.07) and (Ti0.67W0.33)(C0.85N0.05), respec-
ively, along with WC as shown in Table 1. It means that
Ti0.68W0.32)(C0.87N0.07) is the approximate phase at equilib-

ium with WC in this processing condition. It is because the WC
hase starts separation from the (Ti0.7W0.3)(CN) solid-solution.
t also indicates that the solubility limit of WC in (Ti,W)(CN) is
30 at.% at 1500 ◦C.
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Table 1
Final chemical compositions of (Ti,W)C sintered at 1510 ◦C for 1 h in N2 at
40 Torr.

Target composition Phases present and final composition

(Ti0.7W0.3)C (Ti0.68W0.32)(C0.87N0.10) + WC
(Ti0.6W0.4)C (Ti0.68W0.32)(C0.88N0.07) + WC
(Ti0.5W0.5)C (Ti0.67W0.33) (C0.85N0.05) + WC

Table 2
Binder composition of (Ti0.6W0.4)C–xMe (in wt%).

Target composition Fe Co Ni Total binder

X = 0 1.80 1.15 0.6 3.55
X = 5FeCoNi 2.19 2.21 1.76 6.16
X = 5Ni 1.02 0.92 4.82 6.76
X
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= 10Ni 1.09 0.42 9.76 11.27
= 20Ni 0.03 0.62 19.25 19.90

The number of WC platelets of lengths greater than 10 �m
as low in (Ti0.7W0.3)(CN). It appeared, however, that the

aceted WC platelets in this system experienced abnormal
rowth. WC was reported to grow abnormally after 2D nucle-
tion in the WC–Co system.28 In the systems with low WC
oncentrations, the concentration of WC nuclei larger than criti-
al size for growth was also low. They re-dissolve and precipitate
nto a large abnormally grown WC.

The volume fraction of WC platelets increased with the WC
ontent in (Ti,W)(CN) and the average length of the platelets
as ∼8 �m. In the (Ti0.5W0.5)(CN) system, the volume frac-

ion of WC platelets approached 30%. It is conceivable that in
Ti0.5W0.5)C powders of the target composition, WC can be
etained as a separate phase if synthesized below 1500 ◦C. The
RD analysis showed that the (Ti0.6W0.4)C and (Ti0.5W0.5)C
owders synthesized at 1200 ◦C were composed of the (Ti,W)C
nd WC phases.3,10 The pre-existing WC in the powders might
ave acted as seed for the growth of the WC platelets.

.2. Effect of binder phase on the WC morphology

We investigated the effect of the binder composition and their
ontents on the microstructure, especially of the WC morphol-
gy. Fig. 2 shows the microstructures of (Ti0.6W0.4)(CN)-xMe
ermets (Me = Ni, Co, Fe) sintered at 1510 ◦C for 1 h in nitro-
en at 5 Torr, where x varied from 0 to 20 wt%. Pure Ni or
o–30Fe–30Ni (in wt%) alloy was used as binder phase. The
inder compositions of the initial powders are analyzed with an
CP-AES and the results are summarized in Table 2. From this
nalysis we found that the metallic phase gained from milling
rocess of this study is in the range of 0–2.0 wt%. Most contam-
nants (0.7–2.0 wt%) are Fe and Co, which are from milling jar
nd media, as expected. Previously these carbides were reported
o contain a metallic binder phase consisting of Ni, Cr, Co, and
e up to 3.5–5 wt%.3
A low nitrogen pressure (5 Torr) was employed to observe
he sequence of changes in morphology as a function of binder
omposition and content. The figure shows that the binder com-
osition affects the shape of WC precipitates at a given nitrogen

w
e
n
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ressure. The WC morphology also changed gradually from a
latelet to an irregular equiaxial shape with increasing Ni con-
entration. A similarity in WC morphology was found between
ig. 2a and b. With 5% addition of Co–Fe–Ni alloy in Fig. 2b as

he binder, the WC phase maintained the platelet shape even
hen the volume fraction of WC platelets was substantially
ecreased. The addition of the alloy was intended to resemble
he composition of the metallic phase in Fig. 2a. Comparing this
o the microstructure of Ni binder (Fig. 2c), Ni is found to cause
he irregular equiaxial shape. Assuming that the contribution of
issolved (Ti,W)(CN) to composition is about the same for the
ystems with different binders, this result suggests that Ni melt
ends to reduce the anisotropy of the interface energy of WC

ore than the Co–Fe–Ni melt at 1510 ◦C.
The most common crystal shape of WC in WC–Co system

s a truncated trigonal prism.29 However, the shape of WC is
ensitive to the binder content and subsequently composition.30

t is more likely in the systems of this study that the increase in
he binder content provides space for WC to grow in and results
n different interfacial energies in the system as (Ti,W)(CN)
issolves in the binder. Thus, the change in the WC morphology,
ith an increase in the binder content, could be due to a different
echanism for the WC platelet formation as explained below.
When the binder content is high, most WC form through

he dissolution/precipitation process of (Ti,W)C or (Ti,W)(CN)
ncluding initially separated WC. Even though the (Ti,W)(CN)
hase is thermodynamically stable, it dissolves in the melt during
intering to reduce the total free energy of the system. In this pro-
ess (Ti0.6W0.4)(CN) and (Ti0.5W0.5)(CN) release WC through
issolution and transform to (Ti∼0.7W∼0.3)(CN) as discussed
bove, which is more stable in the presence of nitrogen. The

C phase released from this dissolution process precipitated
nd coarsened into an irregular equiaxial shape.

On the other hand, when the liquid binder is scarce, the
C separation is expected to happen by solid-state diffusion

n (Ti,W)C or (Ti,W)(CN). The WC separation could be accel-
rated further in the presence of nitrogen and/or excess W. The
eparated WC phase would dissolve preferentially and grow on
he pre-existing WC along the (Ti,W)(CN) particle boundaries
ince WC is thermodynamically much less stable than the TiC,
i(CN) and (Ti,W)C phases.31,32

Fig. 3 shows the change in the volume fraction of WC in the
Ti0.6W0.4)C and (Ti0.6W0.4)(CN) systems sintered at 1510 ◦C
or 1 h. When the Ni content was low (<5 wt%), the influence of
itrogen (5 Torr) on the WC separation was apparent. However,
s the Ni content in the binder increased, WC precipitation was
acilitated by the dissolution/precipitation process regardless
f nitrogen application. This supports the different formation
echanism of the WC platelets with respect to the binder content

nd nitrogen presence.

.3. Effect of WC morphology on the mechanical properties
The mechanical properties of the (Ti0.6W0.4)C sintered in N2
ere not easy to measure due to high level of porosity. In order to

liminate the residual pores, the samples were pre-sintered under
itrogen flow (30 Torr) and sinter/HIPped. The pre-sintering



796 Y. Kang, S. Kang / Journal of the European Ceramic Society 30 (2010) 793–798

Fig. 2. Microstructure of (Ti0.6W0.4)(CN)–xMe sintered at 1510 ◦C for 1 h in N2 at 5

Fig. 3. Volume fraction of WC precipitates in (Ti0.6W0.4)C- and
(Ti0.6W0.4)(CN)–Ni as a function of binder content.
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Torr, where xMe are (a) 0, (b) 5FeCoNi, (c) 5Ni, (d) 10Ni, and (e) 20Ni.

rocess formed the WC platelets and the Sinter/HIP process
ormed fully densified (Ti,W)C with the WC platelets. Table 3
hows Vickers hardness, indentation toughness, and porosity
evel of the (Ti0.6W0.4)C and (Ti0.6W0.4)(CN) along with those
f advanced structural ceramics and cermets available, which
ere measured with the same method.25

The properties of (Ti0.6W0.4)C sintered at 1510 ◦C in vac-
um are excellent (Hv: 18.5–20.0 GPa, KC: 5.3 MPa m1/2) as
reviously reported.3 This system contained low concentra-
ions of WC platelets in the microstructure. Interestingly,
Ti0.6W0.4)(CN) with WC platelets maintained the level of hard-
ess as that of vacuum sintered (Ti0.6W0.4)C. Furthermore, the
ndentation toughness was improved by ∼20% from 5.3 to
.4 MPa m1/2. This value was also much superior to other tough-
ned structural ceramics and Ti(CN)-based cermets developed
n recent years.33–37
Fig. 4 shows the SEM/BSE micrographs of (Ti0.6W0.4)C and
Ti0.6W0.4)(CN) listed in Table 3. Fig. 4a and b shows the crack
ips of indents in (Ti,W)C without WC and (Ti,W)(CN) with WC
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Table 3
The mechanical properties of (Ti0.6W0.4)C sintered at 1510 ◦C in vacuum and (Ti0.6W0.4)(CN) sinter/HIPed at 1450 ◦C after pre-sintered at 1350 ◦C in N2 30 Torr.

Systems Hv (GPa) Indentation toughness (MPa m1/2) Porosity level

(Ti0.6W0.4)C (30 kgf) 20.2 (±0.1) 5.3 (±0.1) A3B1
(Ti0.6W0.4)(CN) (30 kgf) 19.3 (±0.6) 6.4 (±0.4) A1B1
Al2O3-SiC34 (10 kgf) 17.9 3.3
Si3N4–SiC35 (10 kgf) 16.6 5.2
Si3N4-TiN36 (20 kgf) 15.0 7.6
ZrB2

36 (10 kgf) 18.2 (±0.7) 3.3 (±0.5)
HfB2

33 (10 kgf) 21.2 (±0.9) 4.3 (±0.5)
Ti(CN)-based cermets37 (10 kgf) 19.4 (±0.8) 3.6 (±0.4) –
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ig. 4. Crack paths and fracture surfaces of (Ti0.6W0.4)C and (Ti0.6W0.4)(CN): (
n N2 at 30 Torr.

latelets, respectively. The crack propagates along the (Ti,W)C
rain boundaries in Fig. 4a. Pores are frequently found at grain
unctions due to insufficient binder. These pores acted as easy
rack paths. In the case of (Ti,W)(CN) with the WC platelets
Fig. 4b), the WC phase prevents the propagation of cracks thus
oughening the carbides. Crack deflection, bridging, cutting and
lunting caused by the WC platelets are anticipated to occur
uring the fracture process.

Using microstructure analysis of cracks, the dependence of
he toughening mechanism and microstructure in toughened
eramics has been found.38–40 In these analyses toughening
echanism was classified into crack deflection, crack bridg-

ng, and cutting elongated grains: 45% were related to crack

eflection, 21% to crack bridging, and 34% to cutting among all
he WC platelets interacting with cracks. In the (Ti0.6W0.4)(CN)
ystem with WC platelets, crack deflection is the principal tough-
ning mechanism and it is related to aspect ratio.41

4

e

c) sintered in vacuum and (b, and d) sinter/HIPed after pre-sintered at 1350 ◦C

Typical fracture surfaces of (Ti,W)C and (Ti,W)(CN) are
hown in Fig. 4c and d, respectively. In the (Ti,W)C sintered
n vacuum, intergranular fracture prevailed, which is consis-
ent with Fig. 4a. The grain size of this system was in the
ange of 1–3 �m. In contrast, the (Ti,W)(CN) sintered in nitro-
en shows a facture surface full of WC platelets. Trans- and
ntergranular fractures dominate due to the presence of WC
latelets. This system was exposed to high-temperature sinter-
ng twice. Nonetheless, the growth of (Ti,W)(CN) grains was
trongly inhibited by the WC platelets, resulting in much smaller
rains (∼0.5 �m). These small grains might be the cause for the
quivalent hardness.
. Conclusion

In this study, (Ti,W)(CN)-based solid-solution carbides
xhibited new microstructures with WC platelets when we
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ontrolled the composition and processing conditions. The sep-
ration of WC from (Ti,W)(CN) was ascribed to the solubility
imit resulting from the low chemical affinity between nitrogen
nd W. The morphology of the WC precipitate was affected
y the kind and amount of binder phase. With increasing
inder content, the WC platelet shape became irregular. This
hange was attributed not only to surface energy but also
o the formation mechanism. A significant improvement in
ndentation toughness (KC ∼6.4 MPa m1/2) was noted in the WC
latelet-reinforced (Ti,W)(CN) compared to those of recently
eported advanced structural ceramics. It is also notable that
he sintering temperature, ∼1500 ◦C, of WC platelet-reinforced
Ti,W)(CN) was much lower than those of advanced structural
eramics, 1700–2000 ◦C.
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