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Abstract

Cermet cutting tools are widely used for semi-finishing and finishing work on steel and cast iron. However, their brittleness is still an
unavoidable limitation for their utilizations. Zirconium was added to improve the fracture toughness of Ti(C, N) based cermets. The microstructure
and the fracture surfaces of cermets were studied by using scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). The
experimental results reveal that Zr dissolved and formed solid solutions during the sintering process. The amount of grains with typical core/rim
structure decreases and that of coreless grains increases with increasing Zr addition. Moreover, the fracture toughness is improved clearly due to the
increased amount of the coreless grains, the spinodal decomposition in cermets, as well as the crack deflection and crack branching mechanisms.
Additionally, hardness and relative density were also measured, respectively.
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1. Introduction

Titanium carbonitride based cermets have been successfully
introduced in the metal cutting industry. They own several
better properties compared with conventional WC-Co cemen-
ted carbides and even with coated cemented carbides. Several
basic features are responsible for the superior cutting
performance of cermets: high cutting speed at moderate chip
cross-sections, high surface quality of the machined work
piece, high wear resistance, high performance reliability, high
edge strength and edge sharpness which are particularly
important for meeting demands of near net shape technology
and the machining of thin-walled items [1]. The physical and
mechanical properties of cermets can be adjusted within certain
limits to meet the requirements of the cutting task. Hardness
increases with increasing TiC or TiN content, whereas,
additions of (Ta, Nb)C appear to improve the cutting
performance in interrupted cuts or in milling applications.
With increased additions of Mo,C or WC, full densification
during sintering becomes less of a problem [2—-6]. However,
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because of relatively low fracture toughness and low thermal
shock resistance, Ti(C, N) based cermets are still limited for
wider utilization.

Fracture toughness is defined by the propagation of crack
through the phase of the composites. In fact, the toughness of
materials depends on the flow stress of the binder, and the
contribution of the binder to the fracture toughness is much
greater than that of the ceramic phase [7], hence better
toughness would be obtained with more binder, but this is at the
cost of losing hardness [8]. Cermets fabricated by ultra-fine or
nano initial powders can obtain excellent strength and hardness
according to the Hall-Petch formula, but with losing a little
fracture toughness [9]. Consequently, the improvement of the
fracture toughness of Ti(C, N) based cermets is of great interest
and importance in the modern machining process.

Ti(C, N) based cermets consist of two phases: ceramic phase
(titanium carbonitride) and metal phase (nickel or cobalt or a
mixture of them) [10,11]. Microstructure observation shows
that a typical carbonitride grain often exhibits a stable core/rim
structure: Ti(C, N) cores surrounded by (Ti, W, Mo, Nb, Ta,. . .)
(C, N) complex carbonitride rims. The undissolved Ti(C, N)
cores are responsible for the high hardness and the excellent
wear resistance, while the cubic carbides (Ti, W, Mo, Nb,
Ta,...) (C, N) solid solution rims and the metal binder phase
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contribute to toughness, ductility, integrity and thermal shock
resistance [7,12]. The rim phases, which are formed around the
cubic TiC or Ti(C, N) cores via dissolution-reprecipitation
process during liquid-phase sintering, are composed of a
mixture of Ti(C, N) and secondary carbides, such as WC and
Mo, C [13]. Furthermore, the rim phase sometimes exhibits two
types: inner rim and outer rim, the inner rim should be
developed by chemical reaction of Ti(C, N) and Mo,C before
the formation of the liquid phase, and the outer rim should be
formed by precipitation of the carbides dissolved in the liquid
metal [14]. The rim phase in Ti(C, N) based cermets with a
typical core/rim structure is responsible for the improved
properties. Cermets only consisting of (Ti, M)C or (Ti, M)(C,
N)-type rim phase microstructure have been pursued since
the 1980s. However, few of them have been obtained by
conventional powder metallurgy technique. Kim et al. [15] and
Park and Kang [16] synthesized cermets without core/rim
structure (coreless grains) by using (Ti, Mo)C-Ni, nano-
crystalline (Ti, W)C-Ni and (Ti, W) (C, N)-Ni powders, and
results showed that the toughness was significantly improved.
Furthermore, several fracture mechanisms can be introduced to
toughen ceramics, such as martensitic transformation of
zirconia from the tetragonal to monoclinic phase, micro-crack
formation, crack deflection, crack branching, crack bridging
and fiber toughening [17,18].

Spinodal decomposition is a mechanism for phase separa-
tion that leads to a characteristic modulated structure which can
be exploited to control microstructure at the nanometer scale.
Numerous metal oxide and non-oxide systems, such as TiO,—
SnO, [19], Ti-Cr [20], Fe-Cr [21] and Cu-Ni-Sn [22], are
known to decompose through spinodal mechanisms. Moreover,
Ti—-Mo—C-N system undergoes a spinodal phase separation
[23].

Zirconium has been widely studied in alloys, but it has not
been added into Ti(C, N) based cermets yet. The aim of the
study is to investigate the effect of zirconium on the
microstructure and mechanical properties, especially fracture
toughness of cermets in order to supply the basis for
application.

2. Experimental

TiC-TiN-WC—-Zr—Ni—Co series cermets were fabricated.
The composition is listed in Table 1. Commercially available
TiC (2.56 pm), TiN (3.50 pm), WC (3.52 pm), Co (2.46 pm),
Ni (2.95 pm), Zr (7.40 pm), and C (3.25 wm) powders were
used as initial materials. The mean particle sizes were measured
by a Malven Mastersizer-2000 laser particle size analyzer. Four

Table 1

Composition of tested cermets (wt%)

Cermets TiC TiN Zr wC Co Ni C
A 58.5 10 0 15 7.5 7.5 1.5
B 48.5 10 10 15 7.5 7.5 1.5
C 43.5 10 15 15 7.5 7.5 1.5
D 385 10 20 15 7.5 7.5 1.5

compositions were designed as listed in Table 1. Powder
mixtures were milled with WC—Co balls by a planetary ball in
an ethanol bath for 24 h and then dried. Green compacts were
prepared by pressing at the uniaxial pressure of 170 MPa,
dewaxed at 800 °C at heating rate of 0.5 °C/min, finally vacuum
sintered (0.1 Pa) at 1430 °C for 1 h.

The microstructure of polished specimens was observed by a
scanning electron microscope (SEM) in back-scattered electron
(BSE) mode. The fracture surface morphology was observed by
SEM in secondary electron (SE) mode and the composition
analysis was conducted by an energy dispersive spectroscope
(EDS). The phase identification of each system was carried out
by an X-ray diffractometer. Rockwell hardness was measured
on a common Rockwell hardometer under a load of 60 kg.
Fracture toughness was examined by indentation method under
indentation load of 30 kg, using the expression derived by
Shetty et al. [24]:

HyP\'/?
4l )

Kic = 0.0889< (1)
where Hy is the Vicker’s hardness, P is the indentation load and
[ is the crack length.

The relative density of each cermet is the ratio between the
actual density and the theoretical one. The theoretical densities
of cermets, dipeoretical, Were calculated by the formula:

J o 100%
theoretical — (a%/da) 4 (b%/db) + ...

where a%, b% are the ratios of the starting compositions
(wt%), and d,, d, are the theoretical densities of the initial
compositions.

The actual densities of cermets, d,.., Were measured by
using Archimedes method with distilled water and calculated
by the formula:

Gy

doetial = ———+——d 3
actual G1+G2—G3 H,0 ()
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where G is the weight of the sample, G, is the weight of the
thin copper line, G3 is the weight of sample and line in distilled
water and dy,0 = 1.0g/ cm? is the density of the distilled water.

3. Results and discussion
3.1. Phase analysis of cermets

Fig. 1 shows the X-ray diffraction profiles of cermets. The
analytical results show that (Ti, W)(C, N) phases exist in
cermets after sintering. The peaks of the solid solution (Ti,
Zr, W)(C, N) cannot be identified because it is difficult to
distinguish between the peaks of (Ti, W)(C, N) and (Ti, Zr,
W)(C, N) phases. Zr was dissolved in the binder and
reprecipitated as (Ti, Zr, W)(C, N) solid solution, which has
the same crystal structure and similar lattice parameters as
(Ti, W)(C, N). Therefore, the peaks of (Ti, Zr, W)(C, N) solid
solution and (Ti, W)(C, N) superimpose together. Moreover,
other peaks are detected when Zr element is added, and the
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Fig. 1. X-ray diffraction profiles of cermets. (A) 0% Zr, (B) 10% Zr, (C) 15%
Zr, (D) 20% Zr.

intensity of these peaks gets stronger with increasing Zr.
These peaks are very close to those of ZrC. We suppose that
the amount of Zr-rich (Zr, Ti, W)(C, N) particles increases
with the increase of Zr content. Meanwhile, more sites for
the precipitation in the system are provided so that more (Zr,
Ti, W)(C, N) solid solution grains are formed. Consequently,
these peaks should belong to (Zr, Ti, W)(C, N) solid
solutions.

Diffraction peaks belonging to both Ni and Co are found in
the cermets without Zr (Fig. 1). Ni and Co peaks get together
with increasing Zr content because Zr contributes to the

formation of solid solution of Co and Ni. It is noted that the
intensity of Co and Ni in cermet C is much stronger than those
of any other samples. The total content of Co and Ni is a
constant (15 wt%), so there should be another phase present
which has the same crystal structure and similar lattice
parameters as Co and Ni. It is known that Zr can form
carbonitrides easily. So we guess that when the content of Zr is
low, it is dissolved in the binder, and then (Ti, Zr, W)(C, N)
solid solution is formed during the liquid sintering by
dissolution—-reprecipitation mechanism. But there must be
some extra Zr in the binder when its content increases, so extra
Zr is likely to accelerate the formation of metallic compound
Ni(Co)Zr in the binder, and the lattice parameters of Ni(Co)Zr
are very close to those of Co and Ni.

However, the intensity of the binder lowers in cermet D
while the intensity of the (Zr, Ti, W)(C, N) solid solution
enhances evidently. As mentioned above, more Zr-rich particles
served as the sites for precipitation with increasing Zr content.
Therefore, there might be no Ni(Co)Zr metallic compound in
cermet D.

3.2. Effect of Zr on the microstructure of cermets

Typical back-scattered SEM micrographs of various cermets
are shown in Fig. 2. It is visible that the typical black core/grey
rim ceramic grains embed into the metallic binder phase
(Fig. 2a). However, the microstructure of cermets is different
from cermet A with increasing Zr content (from Fig. 2b—d):
white core/grey rim ceramic grains appear, more grey and
bright coreless ceramic grains exist, the microstructure gets
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Fig. 2. SEM (BSE) photographs of microstructure with various zirconium contents. (a) 0% Zr, (b) 10% Zr, (c) 15% Zr, (d) 20% Zr.
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Fig. 3. SEM (SE) micrographs of fracture surfaces with various Zr content. (a) 0% Zr, (b) 10% Zr, (c) 15% Zr, (d) 20% Zr.

finer, and the amount of grains with core/rim structure
decreases.

It is known that the black core is Ti(C, N) coming from the
undissolved raw powders, the grey rim is the solid solution of
carbonitride, which is formed during the liquid sintering
process. The brighter color of white core obtained under SEM-
BSE mode indicates that it contains much higher atomic
number elements, and the binder is the mixture of Co and Ni
[3,9,25].

The reason for the formation of white core/grey rim can be
as follows: during the solid state sintering stage, W and Zr
reacted with Ti(C, N) particles and then formed (Ti, W, Zr)(C,
N) solid solutions which in turn served as precipitation sites.
Then the rims are formed around the bright cores during the
process of liquid sintering by dissolution—reprecipitation
mechanism.

With regard to the coreless ceramic grains (Fig. 2b—d), the
diffusion distance between W, Zr elements and some relatively
small particles of Ti(C, N) is not long, as a result, the latter are
completely consumed to form the coreless ceramic grains
[9,25]. The decrease of grains with black core/grey rim
structure indicates the reduction of the undissolved Ti(C, N)
particles, which is basically influenced by Zr addition. Since Zr
promotes the formation of (Ti, Zr, W)(C, N) and (Zr, Ti, W)(C,
N) solid solutions, i.e. grey and bright coreless grains [26]. The
amount of Zr-rich (Zr, Ti, W)(C, N) particles increases
naturally as the level of added Zr increases. This provides more
sites for the precipitation in the system. Consequently, the
coreless grains are formed and the microstructure becomes
finer.

3.3. Effect of Zr on the fracture surfaces of cermets

Fig. 3 shows the fracture surfaces of cermets. It is obviously
observed that the fracture surface of cermets A and B is mainly
transgranular fracture (Fig. 3a and b). However, the fracture
surfaces show a finer morphology with increasing the addition
of Zr and both intergranular and transgranular fractures are
found (Fig. 3c and d). This is due to the refining effect of grains
in cermets of Zr. Furthermore, some small pores exist in
cermets B, C and D. The pores may be caused by the decrease
of the wettability of binder (Co + Ni) on ceramic grains with
increasing Zr content. Additionally, fine grains or sub-grains
(about 100-300 nm) are observed from the fracture surface of
cermets with high content of Zr element (Fig. 3¢ and d).

EDS results of cermet D analysis show that these fine grains
or sub-grains are Zr-rich (Zr, Ti, W)(C, N) solid solutions in
which Zr accounts for 64.2 wt% while Ti just accounts for
9.4 wt%. However, the larger grains which can be called (Ti, Zr,
W)(C, N) solid solutions contains 61.2 wt% Ti and only
5.2 wt% Zr, as shown in Fig. 4. According to references
[27,28], (Ti, Mo)(C, N) boundary phase, Ti(C, N)-WC—Co
cermets and (Ti, Zr)N ternary system undergo a spinodal
decomposition. Furthermore, Li and Huang [29] prepared the
solid solution of (Ti, Zr)(C, N) which showed typical structure
of spinodal decomposition. The sizes of raw powders in this
study are all more than 2.46 pm and the size of Zr is even
7.40 pm. Additionally, it was denoted from Fig. 2c and d that
most of the grains were larger than 1 wm. However, the grain
size of these fine grains or sub-grains in Fig. 3¢ and d is only
100-300 nm. So we expect the spinodal decomposition
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Fig. 4. EDS analysis of cermet D (20% Zr).

structure to occur in some large grains with high content of Zr
element. It is known that the structure of the spinodal
decomposition is based on uphill diffusion and its structure
is the same as the mother phase. Usually, the size of the grains
deriving from spinodal decomposition is in the range of a few
nm. When the crack reaches the large grain with the structure
of the spinodal decomposition, it will propagate along the
interface of the spinodal decomposition area due to the internal
stress in sub-micro grains. So the fracture shows a zigzag
morphology and the micro fracture size is only 100-300 nm as
shown in Fig. 3c and d.

Fig. 5 shows the crack propagation path of cermet C
(15 wt% Zr) made by indentation, from which crack
branching and crack deflection are observed clearly. Crack
branching and crack deflection, which are usually caused by
several factors such as local stress state, microstructure
discontinuities (second phases, grain boundaries, inclusions,
etc.) or environment [30], contribute a lot to the fracture
toughness of cermets.

1191

Fig. 5. Crack propagation path of cermet C (15% Zr). (a) Crack branching, (b)
crack deflection.

3.4. Effect of Zr on the mechanical properties of cermets

Fig. 6 shows relative density and hardness of cermets. They
present the same tendency with increasing Zr content. In general,
the effects of Zr on the relative density and hardness are slight.
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Fig. 6. Relative density and hardness of cermets.
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Fig. 7. Fracture toughness of cermets.

Fracture toughness is improved clearly when the amount of
Zr reaches 15% and 20%, respectively, as shown in Fig. 7. The
toughening mechanisms can be explained as follows: on the one
hand, the presence of the coreless grains can be regarded as
beneficial for the toughness of the cermets. The bonding force
of the interface between core and rim is not as strong as that of
the homogeneous grain, so it is easy to facilitate more crack
initiation at the interface. It suggests that cermets consisting of
one phase without the core/rim interface result in excellent
fracture toughness [16]. On the other hand, crack branching and
crack deflection can play an important role, too [17,30]. Since
crack branching and crack deflection result in a somewhat
rough fracture surface and lead to a higher fracture energy.
Therefore, the zigzag of fracture caused by spinodal decom-
position may play an active role in improving fracture
toughness.

4. Conclusions

The microstructure of cermets with Zr addition consists of
complex microstructure, i.e. black core/grey rim ceramic, white
core/grey rim ceramic, grey coreless ceramic, bright coreless
ceramic and white binder. The amount of grains with core/rim
structure decreases while that of coreless grains increases with
Zr content increase. The microstructure becomes finer with
increasing Zr content and the size of some fine grains is just
about 100 nm, this is supposed to be associated with a spinodal
decomposition in cermets.

The relative density and hardness is not influenced by
increasing Zr content but the fracture toughness is clearly
improved. The increase of the coreless grains, the spinodal
decomposition in Zr-rich ceramic grains, as well as the crack
deflection and crack branching mechanisms are responsible for
the improved fracture toughness.
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