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Abstract

Cubic boron nitride/ titanium carbide (cBN/TiC) composites were fabricated by a two-step sintering process. The effects of cBN/TiC
ratio and sintering process on the microstructure, densification and mechanical properties of the cBN/TiC composites were studied. The
results showed that the composite with a cBN/TiC ratio of 2:1 prepared by the two-step sintering exhibited the highest hardness. In
addition, the two-step sintering could improve the hardness by inhibiting grain growth and could promote the transverse rupture

strength by suppressing by-products formation.
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1. Introduction

The hardness and thermal conductivity values of cubic
boron nitride (¢cBN) are second only to diamond. In
addition, as compared to diamond, cBN is more thermally
stable and less reactive with iron [1]. These characteristics
enable ¢cBN to be widely applied to cutting tools for
hardened steel, cast iron and other ferrous alloys [2].

However, sintering high-density cBN is difficult owing
to the predominantly covalent bonding [3] and low diffu-
sion rate of boron and nitrogen [4-6]. Thus, a process
comprising high pressures and high temperatures is neces-
sary to fabricate completely densified cBN [7]. However, at
high temperature, the structure of BN can transform from
cubic to hexagonal [4-6].
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Recently, many studies have focused on choosing suitable
binders to sinter ¢cBN at temperatures in the range
1200-1500 °C [8]. Metallic elements, such as, Al, Co and
Ni [9,10] have been proposed that improve sintering. How-
ever, the metallic binders with low melting points are not
suitable for high-temperature applications. Accordingly,
ceramic binders such as TiC, TiN and Al,O; have been
developed for improving the mechanical properties of cBN
compacts [11,12]. Among such binders, TiC has excellent
chemical affinity with cBN. However, the typical sintering
temperature for cBN/TiC composites is 1400-1600 °C [13]
which causes grain overgrowth and deteriorates the mechan-
ical strength. Furthermore, previous studies have indicated
that during sintering, the by-products, TiB, is frequently
found, which is brittle and could decrease the bond strength
between TiC and cBN grains [14]. Consequently, maintain-
ing a fine grain structure while simultaneously avoiding by-
products formation during densification is required.

In this study, cBN/TiC composites were prepared by the
two-step sintering process. The effects of ¢cBN/TiC ratio
and the sintering process on the densification, mechanical
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properties, and microstructure of the ¢cBN/TiC compacts
were studied.

2. Experimental procedure
2.1. Sample compaction and sintering

Commercial cBN powder with an average particle size of
325 mesh and TiC powder with an average particle size of
3 um were used. The cBN particles were coated by Ni for
enhancing sintering ability. Composites with different
¢BN/TiC molar ratios of 2:1, 1:1, and 1:2 were prepared
by wet milling in anhydrous alcohol for 3 h. Then, the
isopropyl alcohol was removed before molding. The
powders were pressed to 200 MPa for 1 min into green
compacts. Pressing was followed by the consolidation of
the green compacts by ambient pressure sintering per-
formed under 107°-10* KPa using a vacuum furnace.
The three sintering schedules are shown in Fig. 1. In the
traditional sintering process 1 and 2, the samples were
maintained at 1400 °C for 1 h and 2 h, respectively. For the
two-step sintering, the sintering temperature was first
increased to 1400 °C, and then decreased to 1250 °C; the
samples were maintained at 1250 °C for 20 h. The samples
with different cBN/TiC molar ratio sintered by various
processes are denoted as 2:1-1, 2:1-2, 2:1-S, 1:1-1, 1:1-2,
1:1-S, 1:2-1, 1:2-2, and 1:2-S, where “S” denotes the two-
step sintering process.

2.2. Characteristics of sintered compacts

The porosity of the sintered compacts was measured by
Archimedes’ method. The Vickers” hardness of the compacts
was measured by using a hardness tester (MVK-H1, Meter-
Mitutoyo, Japan)). Indentations were performed on polished
surfaces at a test load of 300 N with an indentation time of
15 s. In this study, six samples for each sintering process were
fabricated to obtain an average relative density and hardness.

= = = Traditional sintering 1

1500 -
1400 |
1300 |
1200 | )
1100 | \\
1000 \!
900 | v
800 | \!
700 W
600 | Y\
500 | ’
400 | \
300 1\
200 | \:
100 W
0

— - = Traditional sintering 2

Two-step sintering

Temperature (°C)

0 5 10 15 20 25 30 35 40
Time (hours)

Fig. 1. Three types of sintering schedules.

The transverse rupture strength (TRS) was determined by a
three-point bending test according to JIS R1601 using a
universal testing machine (SHIMADUZ UH-1) at a loading
of 0.5 mm/min. The specimens were 40 x 4 x 3 mm in size.

2.3. Microstructures of sintered compacts

The different phases of the sintered compacts were
characterized by powder X-ray diffractometry (XRD)
(Model 2200, Rigaku Co., Tokyo, Japan). The sintered
compacts were initially ground to a fine powder in
isopropyl alcohol prior to laying them flat onto a glass
sample holder. Monochromatic Cu Ko radiation was used
at operating values of 40 kV and 30 mA. The XRD data
were collected over a 20 range of 20-40° with a step size of
0.04°/step and a count time of 5s. The etched microstruc-
ture was examined using scanning electron microscopy
(SEM, Model JSM, JEOL Co., Tokyo, Japan). Transmis-
sion electron microscopy (TEM, Model JEM2100, JEOL
Co., Tokyo, Japan) observation was used to characterize
the unknown phases of the compacts.

3. Results and discussion
3.1. Characteristics of the cBN/TiC composites

Fig. 2 shows the hardness of the cBN composites. In a
comparison of the hardness of composites with different
ratios of cBN and TiC, higher hardness was observed with
higher ¢cBN content. For the composites with the same
ratio of cBN/TiC, the composites fabricated by the two-
step sintering process had the higher hardness than those
prepared by the single sintering process. Previous studies
have indicated that the mechanical properties of the
sintered compact generally depended on the density, grain
size and phase composition of the sintering compact
[15,16]. With regard to the porosity of the composites,
Fig. 3 shows that through the porosity of the composites
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Fig. 2. The hardness of sintered composites.
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Fig. 4. The grain size of sintered composites.

was greatly affected by the sintering parameters, it was
only slightly affected by the cBN/TiC ratio. Densification
is a process of eliminating the pores along the grain
boundaries that are introduced during green compact
fabrication. Hence, a high temperature or a long sintering
process can effectively reduce the porosity of a sintered
compact. However, grain boundaries move faster than
pores; therefore, isolated pores remain within the grain
interior, thereby limiting the ability to achieve the max-
imum density even after sintering for a long periods of time
or at high temperatures. Fig. 4 shows the grain size of the
composites. The two-step sintering process significantly
decreased the grain size of the composites. By comparing
Figs. 2—4, the relationship between hardness, porosity, and
grain size can be found. For example, 2—1-2 exhibited a
higher hardness than 2-1-1 because it possessed less
porosity. On the other hand, although 2—1-S had a higher

porosity than 2—1-2, it had a higher hardness owing to its
smaller grain size.

Fig. 5 shows the TRS of the sintered composites. The
composites with a cBN/TiC ratio of 1:2 exhibited a higher
TRS than those with rations of 2:1 and 1:1, which indicates
that using TiC as a matrix can significantly improve the
TRS. Among all the samples, 1-2—S had the highest TRS,
which can be attributed to the small grain size. Generally,
the TRS of sintered compacts depends on both the size and
number of initial flaws (pores) and grain size [17], and
the TRS appears to decrease with increasing grain size.
Furthermore, cBN/TiC composites exhibit a higher TRS in
comparison with the cBN bound by the bronze powder as
reported by Kir [18], which suggests that TiC bonds well
with cBN.

3.2. Microstructures of the cBN/TiC composites

Fig. 6 (a), (c), (¢) and (g) show the SEM micrographs of
1:2-S, 1:2-2, 2:1-S and 2:1-2, respectively. In all the
samples, the dark phase is ¢cBN and the gray phase is
TiC. Fig. 6(b), (d), (f) and (h) show the surface morphol-
ogy of TiC in 1:2-S, 1:2-2, 2:1-S, and 2:1-2 after etching,
respectively. In a comparison of 1:2-S and 1:2-2, the grain
size of TiC in 1:2-S is found to be significantly smaller
than that in 1:2-2, as shown in Fig. 6(b) and (d). Also, a
comparison of Fig. 6(f) and (h) shows that 2:1-S has a
smaller grain size than 2:1-2.

Fig. 7(a) shows the XRD patterns of the composites
with a cBN/TiC ratio of 1:2 sintered by various processes.
For 2-1-1, the peaks of ¢cBN, TiC, TiB, and Ti(C;Ny) were
identified in the XRD patterns. The formation of Ti(C,N,)
is considered to result from a reaction of TiN with TiC.
Previous studies have reported that TiN is formed at
approximate 1000 °C [19,20] and that it continues to react
with TiC to form Ti (C,N,) [21]. However, the Ti(C,N,)
was not found in 1:1-1 and 1:2-1 because the content of
¢BN were too low to form TiN. Also, the TiN did not
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Fig. 5. The transverse rupture strength of sintered composites.
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Fig. 6. The SEM micrographs of (a) the 1:2-S, (c) 1:2-2, (e) 2:1-S and (g) 2:1-2 after polishing. (b), (d), (f) and (h) is the SEM micrograph of the TiC in

the 1:2-S, 1:2-2, 2:1-S and 2:1-2 after etching.

appear in the composites with cBN/TiC ratios of 1:1 and
1:2 even after the composites were sintered for a long
duration. Therefore, the number of N atoms is crucial for
the formation of TiN and Ti(C.N,). A previous study
reported that TiB and TiB, were found over a wide range
of sintering temperatures and pressures [22]. According to
the free energy of the products, TiB (— 36 kcal/mole) and
TiB, (—59.9 kcal/mole) form at 1400 °C, and TiB, is more
stable than TiB. However, during sintering, the B atoms
gradually diffuse from cBN, preferentially forming TiB.
Furthermore, TiB, regarded as an intermediate phase that
forms in the earlier stages of sintering, is expected to
transform to the final product TiB..

For 2:1-2, except for the peaks of cBN and TiC, the
peaks of TiB,, Ti,N, TiNi,, Ti,Ni, and Ni,B; appeared in
the XRD patterns, as shown in Fig. 7(a). These results
agree with those reported in other studies. For example,
Zhang indicated that TiN is formed at about 1000 °C,
whereas TiB, occurred above 1200 °C when Ti reacts with
BN at the elevated temperatures [19]. Furthermore, TiB, is

formed by a reaction of Ti,N or TiC with ¢cBN at 1600 °C
[22,23]. The formation of Ti,N,, locally increased the ratio
of Ni and Ti, leading to the formation of a low-
temperature liquid according to the Ti—Ni phase diagram
[24]. The low-temperature liquid can enhance the inter-
diffusion of particles, and therefore, improve the densifica-
tion of 2:1-2. For 2:1-S, the peaks of ¢cBN, TiC, and TiB,
were found in the XRD patterns, as shown in Fig. 7(a).
Fig. 7(b) shows the XRD patterns of the composites with a
¢BN/TiC ratio of 1:2. The byproduct TiB was presented in
1:2-1 and TiB, appeared in both 1:2-2 and 1:2-S. Similar to
the composites with a ¢cBN/TiC ratio of 2:1, 1:2-S contained
lower content of TiB, than 1:2-2, which can be attributed to
the low-temperature sintering. The presence of TiB, is harmful
to the mechanical strength of the composites because TiB, is
brittle and will deteriorate the bonding strength between TiC
and cBN. In the present study, the TRS of a compact depends
on its porosity and composition. For example, on comparing
the porosity (Fig. 3) and TRS (Fig. 5) of 1:2-2 and 1:2-S,
1:2-S was found to have a slightly lower density but a higher
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Fig. 7. The XRD patterns of composites with cBN-TiC ratio
and (b) 1:2.
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Fig. 8. The TEM micrograph of the 2:1-S.

TRS than 1:2-2. This is because the content of byproducts

was greater in 1:2-2 than 1:2-S.

Fig. 8 shows the bright-field TEM micrograph of 2:1-S.
Fig. 8 also depicts the seclected area diffraction pattern
(SADP) of an area denoted as A, revealing that A is a

of (a) 2:1

c¢BN grain. Area B was identified as a TiC gain, which is in
close contact with the ¢cBN grain. The dark-contrast lines
observed in the TiC grain were considered to be thickness
fringes. Although TiB, was found between the TiC and cBN
[13] and also detected by the XRD analysis in the present
study, TiB, was not observed in the TEM micrograph
(Fig. 8). Consequently, TiB, was formed only locally in the
composite.

4. Conclusions

This study prepared cBN/TiC composites by a two-step
sintering process. The effects of sintering process and ¢cBN/
TiC ratio on the microstructure, densification and mechan-
ical properties were investigated. The composite with a
c¢BN/TiC ratio of 2:1 had a combined hardness of 4905 Hv
and a TRS of 334 MPa. Compared with conventional
sintering, the two-step sintering process improved the
hardness and TRS owing to grain growth and the inhibi-
tion of byproducts of the composites.
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