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Polycrystalline cubic boron nitride (PcBN) reinforced by different morphologic titanium diboride (TiB,)
was in situ synthesized in the temperature range of 1100-1600 °C under an ultra-high pressure of 5.5 GPa in
c¢BN-Ti-Al system. The composition and microstructure of PcBN composites were investigated by x-ray
diffractometry, scanning electron microscopy and energy-dispersive spectroscopy. The mechanism and
influencing factors of TiB, microstructure formation with different morphologies were analyzed. The
mechanical properties of PcBN were also tested and analyzed. The results showed that the microstructure
of TiB, evolves from whisker to plate and rod to granular as the temperature increases. Under the
combined effects of phase composition, relative density and TiB, morphology, the microhardness of PcBN
increased continuously, while the flexural strength first increased and then decreased. The high flexural
strength was obtained at 1300 and 1400 °C, which were 840.39 and 823.32 MPa, respectively.

Keywords PcBN, TiB,, in situ synthesis, microstructure,
morphology

1. Introduction

Cubic boron nitride (cBN) crystal structure is similar to
diamond, which not only has high hardness and high strength, but
also has excellent thermal stability and chemical inertness and so
on (Ref 1, 2). However, cBN composed of a high-strength
covalent bond is difficult to sinter and has anisotropy, which is
liable to cause problems such as cleavage during the processing
of the material (Ref 3). Polycrystalline cubic boron nitride
(PcBN) is a superhard material bonded with ¢cBN by binder. Its
unique structure can overcome the defects of cBN cleavage and
anisotropy. Therefore, it is widely used in the processing of cast
iron and hardened steel and other materials (Ref 4-6).

At present, the commonly used binders for PcBN can be
divided into metals, cermets and ceramics. Since PcBN tools
have a sharp rise in temperature during cutting, it is more
meaningful to use ceramic binders to ensure excellent mechan-
ical properties at high temperatures. However, the brittleness of
ceramics leads to a decrease in the toughness of PcBN
materials. Therefore, the selection of high-strength, high-
hardness, high-toughness ceramic binder combined with cBN
to improve the toughness of PcBN is an urgent problem to be
solved. Among ceramic binders, titanium diboride (TiB,) is
widely used in tool materials because of its high hardness, high
melting point, good chemical stability and excellent thermal
conductivity (Ref 7-9). In addition, TiB, has a hexagonal C32-
type structure, with a lower interfacial energy in the C-axis
direction than that in the A-axis direction due to a difference in
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atomic packing arrangement, so it has a characteristic of
preferential growth. Under different Ti-Al-B ratios, TiB,
ceramics can form equiaxed, plate-like, rod-like structures
(Ref 10-13). The plate-like and rod-like structure of ceramics
can effectively reduce the stress concentration at the crack tip,
leading to crack deflection and bifurcation, as well as the pull-
out and bridging of rod crystals, which increases the energy
required for crack propagation, thereby greatly increasing the
strength and toughness of ceramic materials (Ref 14, 15).
Therefore, this paper intends to synthesize different morpho-
logic TiB,-reinforced PcBN composites by adding Ti and Al
alloy micro-powders in ¢cBN under the pressure of 5.5 GPa,
sintering temperature of 1100-1600 °C and holding time of
10 min. The microstructure changes of TiB, at different
temperatures were studied, and their effects on the mechanical
properties of PcBN composites were analyzed.

2. Experimental Procedures

2.1 Experimental Materials and Sample Preparation

cBN powders (grain sizes 4-8 um, purity>99.9 wt.%,
Zhongnan Jete Super abrasives Co., Ltd, Zhengzhou, China), Ti
powders (grain sizes 3-5 pum, purity>99.6 wt.%, Sinopharm
Shanghai Chemical Reagent Co., Ltd, Shanghai, China) and Al
powders (grain sizes 2-3 um, purity>99.8 wt.%, Yuanyang
Aluminum Co., Ltd, Henan, China) were used as the raw
materials. The mass percentages of the raw materials were
78.68 wt.% cBN, 16.65 wt.% Ti and 4.68 wt.% Al, respec-
tively. The raw materials were ground in an absolute ethanol
medium for 2 h by using an agate mortar. Then, the ground
powders were dried in an oven for 12 h at 100 °C. After cooling
to room temperature, the powders were screened through a 150-
mesh sieve. Next, 3.2 g of the ingredients was packed into the
cylindrical shell made of molybdenum cup and then vacuum-
dried at 120 °C for 12 h. The vacuum-treated samples were
chilled into blocks and assembled according to Fig. 1. Finally,
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Fig. 1 Sample assembly schematic for the high-temperature and
high-pressure sintering experiment: 1—steel ring, 2—zirconia ring, 3
—salt sheet (mixed powders of NaCl and C), 4—hard metal, 5—
magnesium capsule, 6—samples, 7—thermocouple, 8—pyrophyllite,
9—salt tube, 10—graphite furnace and 11—titanium flake

the samples were synthesized in situ on a hinged six-face
hydraulic press. The sintering parameters were set as follows:
the sintering pressure (5.5 GPa), the sintering temperature
(1100-1600 °C) and the sintering holding time (10 min).

2.2 Sample Characterization

The sintered samples were polished into a mirror surface by a
UNIPOL-1502 automatic polishing machine. The relative den-
sities of the samples were calculated as the ratios of experimental
densities to theoretical densities. Theoretical densities were
calculated according to the mass ratios of the reaction product.
The mass of the reaction products was obtained by quantitative
analysis of x-ray diffraction. Experimental densities were
measured by the Archimedes method. The microhardness of
the samples was measured by Vickers microhardness tester (VH-
SLDC) with 5000 gf of extrinsic load and a 15 s dwell time, and
five positions surfaces were, respectively, tested to determine the
microhardness average value. The three-point bending strength
of the samples was measured by universal material testing
machine (AG-150 KN) with a span of 10 mm and a load speed of
0.5 mm min . Phase compositions of the sample were analyzed
using x-ray diffraction (XRD) (X’Pert PRO, PANalytical,
Netherlands). The microstructures were analyzed using scanning
electron microscope (SEM, S-4800, Hitachi High-Technologies
Corporation/Oxford Instruments, Japan/England), and the ele-
mental composition was analyzed by energy-dispersive spec-
trometer (EDS).

3. Results and Discussion

3.1 X-ray Diffraction Analysis

Figure 2 shows the XRD pattern of PcBN at different
temperatures. It can be seen from the XRD pattern the phases of
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Fig. 2 XRD patterns of PcBN at different sintering temperatures

the sample, including BN, TiB,, AIN, Ti,AIN, TizAl at a
sintering temperature of 1100 °C. Al has a melting point of
660 °C, which first melts into a liquid phase in the system. Ti,
Al and ¢BN reacted with each other to form TizAl, TiB,, AIN,
Ti,AIN under the action of liquid phase Al mass transfer (Ref
16-18). The possible chemical reactions are as follows:

Al 4 3Ti = TizAl (Eq 1)
Al + BN = AIN + Bx (Eq 2)
2BN + 2Al + 2Ti = Ti,AIN + AIN + 2B* (Eq 3)
2Ti + Bx = TiBs. (Eq 4)

As the sintering temperature increased to 1200 °C, the TiN
diffraction peak appeared in the XRD pattern, indicating that a
new phase of TiN was formed in the sample. When the
sintering temperature was 1300 °C, the Ti;Al diffraction peak
disappeared in the spectrum. According to the literature, TizAl
may react completely with BN (Ref 19), and the following
chemical reactions occur:

2Ti;Al + 4BN = 2TiB, + 2TiN + AIN + TLAIN.  (Eq 5)

When the sintering temperature was raised from 1400 to
1600 °C, no new phase diffraction peaks were formed, but
the diffraction peak intensity of Ti,AIN was weakened, indi-
cating that the TiAIN in the sample continuously participates
in the reaction with increasing temperature, and when the
temperature reached 1600 °C, Ti,AIN reacted completely
with BN to form TiB,, TiN and AIN. It may react as follows:

3Ti,AIN 4+ 4BN = 2TiB, + 4TiN + 3AIN. (Eq 6)

Based on XRD and related literature analysis, we have
summarized the reaction types and products at different
temperatures (Table 1). In this experiment, as the sintering
temperature increased (1100-1600 °C), the reaction between
cBN, Ti and Al was favored. At 1600 °C, the final composi-
tions included ¢BN, TiB,, AIN and TiN. Therefore, the total
reaction equation in the cBN-Ti-Al system at a high pressure of
5.5 GPa, a sintering temperature of 1100-1600 °C and a holding
time of 10 min as follows:
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Table 1 Composition and possible chemical reactions
T, °C Composition Chemical reactions
1100 ¢BN, TiB,, AIN, Ti,AIN, Ti;Al Al + 3Ti = TizAl (1) Al + BN = AIN + Bx (2)
1200 cBN, TiB,, AIN, Ti,AIN, TizAl, TiN 2BN + 2Al 4 2Ti = Ti AIN + AIN + 2B (3) 2Ti + Bx = TiB; (4)
1300 ¢BN, TiB,, AIN, Ti,AIN, TiN 2Ti3Al 4 4BN = 2TiB; + 2TiN + AIN + T, AIN (5)
1400 ¢BN, TiB,, AIN, Ti,AIN, TiN
1500 ¢BN, TiB,, AIN, Ti,AIN, TiN 3Ti, AIN + 4BN = 2TiB, + 4TiN + 3AIN (6)
1600 ¢BN, TiB,, AIN, TiN
Table 2 EDS elemental results of regions in Fig. 3(a)

A region B region C region
Element wt.% at.% wt.% at.% wt.% at.%
B 47.73 54.39 26.13 46.41 24.25 47.80
N 51.62 45.39 19.38 26.57 11.80 18.82
Al 0.26 0.12 16.69 11.87 5.26 4.96
Ti 0.39 0.10 37.80 15.15 58.69 28.42

Fig. 3 The backscattered electron images of PcBN polished surface synthesized in situ at different sintering temperatures: (a) 1100 °C; (b)

1300 °C; (c) 1600 °C

Al + 2Ti + 2BN = TiB, + TiN + AIN. (Eq 7)

3.2 SEM Analysis

Figure 3 presents the backscattered electron images of PcBN
polished surface synthesized in situ at different sintering
temperatures. The polished surface of the sample is mainly
composed of black, gray and white (Fig. 3). Combined with
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XRD analysis and EDS results (Table 2), the black (A region)
region is mainly rich in B and N elements, corresponding to
cBN. There is a gray bonding layer (B region) around cBN.
EDS results demonstrated that the gray areas were rich in Al,
Ti, B and N, which was the mixed phase of other phases. The
white area (C region) has the same elemental composition as
the gray area, and the main difference is the higher Ti content in
white area.
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At low temperatures, there were more white agglomeration
areas on the polished surface of the sample, and the degree of
phase shedding was more serious (black circles). With increas-
ing sintering temperature, the agglomeration of the white
surface of the sample surface decreased, the binder phase firmly
bonded the ¢BN particles together, and the shedding material
decreased. At low temperatures, the reason for this phe-
nomenon is that the diffusion rate of each atom in the system is
low, which is not conducive to the uniform distribution of the
phase, resulting in agglomeration of the binder phase and many
white agglomeration regions. Moreover, the reaction between
the elements in the system is insufficient, and a variety of
unstable phases are generated, resulting in low interfacial
bonding strength and phase fall off. As the temperature
increases, the diffusion rate of each atom in the system
increases, and the reaction between the elements is sufficient to
obtain a stable phase. Therefore, the degree of agglomeration
and shedding of the phase in the sample was reduced, and the
bonding strength between the ¢cBN—cBN particles was im-
proved.

Figure 4 displays the SEM images of the fresh cross sections
of PcBN samples with different sintering temperatures after the
flexural strength test. When the sintering temperature is 1100 °©
C, there are more pores in the cross section of the sample, the
binding force between the ¢cBN and the bonding agent is weak,
and the overall structure is relatively loose. As the temperature
increases, the cross-sectional structure of the sample becomes
tight, the internal pores are significantly reduced, and the
density is significantly increased. The main reason is that the
liquid phase of the system increases and the viscosity decreases

with the increases in sintering temperature, which accelerating
the flow of atoms and aggravating the occurrence of chemical
reactions. At the same time, the shrinkage of the sintered body
increases and the pores are further discharged to make the
PcBN structure more compact.

Figure 5 displays the cross-sectional SEM image of PcBN
samples corroded by high concentration hydrofluoric acid (HF)
for 40 s. The main function of HF is to corrode the metal,
intermetallic compound and glass phase formed in PcBN,
which is beneficial to observe the microstructure of the stable
phase ¢cBN, TiB,, AIN and TiN.

The corrosion morphology of the sample after 1100 °C
sintering is mainly composed of two parts: black bulk particles
cBN and whisker structure (Fig. 5a). XRD analysis showed that
the main phases included BN, TiB,, AIN, Ti,AIN and TizAl at
1100 °C. Among these phases, only TiB, has preferential
growth characteristics due to its hexagonal structure. Combined
with EDS results (Table 3), the whisker structure was mainly
rich in Ti, B and N. According to the atomic percentage, the
whisker structure can be determined as TiB,. The cBN particles
in the sample were connected to each other by whisker-like
TiB,. As the temperature increases, the whisker-like TiB,
transforms into plate-like shape and thin rod shape (Fig. 5b).
When samples were sintered 1400 °C, the rod-shaped and
plate-like TiB, with different sizes and a sheet-like structure
which were agglomerated together appeared in the corrosion
appearance diagram (Fig. 5c). EDS analysis showed that the
sheet structure was TiN (Table 3). When the temperature
reached 1500 °C, the long rod-like and plate-like TiB,
disappeared in the corrosion profile, and only a small amount

Fig. 4 Fresh cross section SEM images of PcBN samples with different sintering temperatures: (a) 1100 °C; (b) 1300 °C; (c) 1600 °C
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Fig. 5 Corrosion profile of PcBN samples synthesized at different sintering temperatures: (a) 1100 °C; (b) 1300 °C; (c) 1400 °C; (e) 1500 °C;

(f) 1600 °C

Table 3 EDS elemental results of regions in Fig. 5(a) and (c)

A region B region
Element wt.% at.% wt.% at.%
B 30.25 59.28 3.18 11.04
N 8.80 10.82 12.88 34.52
Al 2.26 1.98 0.92 1.29
Ti 58.69 27.92 83.02 53.15

of short rod-like TiB, (Fig. 5d rectangular frame) and a large
amount of fine granular TiB, (Fig. 5d circular frame) were
observed. When the temperature had risen to 1600 °C, the
morphology of TiB, was granular (Fig. 5¢). According to the
Ti-Al-B ternary alloy phase diagram and the previous studies
(Ref 20-22), the Ti-Al liquid phase and B content ratio affected
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the formation of TiB, morphology. In the Ti-Al-B system,
when the content of B is small, the morphology of TiB, is
mainly whisker like. With the increases in B content, whisker-
like TiB, gradually changes to plate and rod crystal. As the
content of B continues to increase, rod-like TiB, transition to
granular. In the cBN-Ti-Al system, Al reacted with BN to form
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Fig. 6 Relative density of the PcBN at different sintering tempera-
tures

AIN and displaced B atoms. The variation of sintering
temperature changed the proportion of Ti-Al liquid phase and
B content in the system. At low temperature (1100-1200 °C),
the reaction between Al and ¢cBN was insufficient, and the B
atoms obtained by the substitution were less, resulting in the
morphology of TiB, being mainly whisker. The rise of
temperature is conductive to the reaction between Al and
cBN, and the content of B atom obtained by substitution
increases. Hence, the whisker-like TiB, was transformed into a
plate-like or rod-like shape. When the temperature reached
1600 °C, Al reacted completely with ¢cBN to form AIN, and the
excess B atoms were replaced, resulting in the conversion of
plate-like or rod-like TiB, into fine particles.

3.3 Relative Density

The relative density of PcBN composites increased with
increasing sintering temperature (Fig. 6), indicating that the
increase in sintering temperature promoted the densification of
PcBN samples. On the one hand, Al metal with low melting
point is added to the binder. When the temperature reaches the
melting point of Al, it melts to form a liquid phase. The
sintering mode of the system changes from a solid phase to a
liquid phase. When the temperature rises, the viscosity of the
liquid phase in the system decreases, and the diffusion rate of
Al and Ti atoms is accelerated, which not only fills the gap in
the sintered body and avoids the generation of pores, but also
promotes the chemical reaction between the binder and cBN
and the uniformity of the phase distribution. Moreover, as the
temperature rises accelerates the discharge of PcBN internal gas
and the flow and rearrangement between the powder particles
under ultra-high pressure conditions. The sample shrinkage rate
increased and the densification rate increased. On the other
hand, there are many phases formed in the sample at low
temperatures, and the coefficients of thermal expansion
between the phases are different. Therefore, it was easy to
cause thermal stress concentration in the sample, resulting in
micropores or microcracks, which caused the sample density to
decrease.

3.4 Vickers Hardness and Flexural Strength

The microhardness of PcBN increases with the increase in
temperature, which is consistent with the change of relative
density (Fig. 7a). First, the greater the relative density, the
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Fig. 7 The mechanical properties of the PcBN at different sintering
temperatures: (a) microhardness; (b) flexural strength

higher the microhardness (Ref 23). The relative density of
PcBN increased gradually with increasing the sintering tem-
perature from 1100 to 1600 °C, resulting in the increase in
microhardness. Second, the high temperature is favorable for
the progress of the reaction, making ability of the binder to
bond with the cBN is enhanced, promoting an increase in the
hardness of the sample. Third, at low temperatures, Ti3Al and
Ti,AIN with low microhardness are present in the sample (Ref
24, 25), resulting in low hardness of the PcBN composite. The
TizAl and Ti,AIN phases in the PcBN composites decrease
slowly with the increase in temperature. At 1600 °C, only cBN,
AIN, TiN and TiB, stable ceramic phases existed in the sample.
At this time, the hardness of the sample reached a maximum of
38.9 GPa.

The change in the flexural strength of PcBN was inconsis-
tent with the microhardness. The flexural strength increases first
and then decreases with increasing sintering temperature
(Fig. 7b). The reason for this change is due to the density of
the sintered sample and the change of the TiB, morphology of
the reinforcing phase in PcBN. On the one hand, the flexural
strength of a material generally decreases as the relative density
decreases. The low relative density of the material indicates that
the material has high porosity. Porosity, as a defect, often
becomes a source of cracking. The pores reduce the effective
cross-sectional area of the applied load, resulting in a reduction
in the force that the material can withstand. Moreover, the pores
easily lead to stress concentration and microcracks in the
adjacent area, causing the material to break under low force
(Ref 26). When the sintering temperature increased from 1100
to 1300 °C, the flexural strength of the PcBN increased with the
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Fig. 8 SEM images of crack deflection and rod crystal pull-out and fracture of the sintered sample at 1300 °C

Table 4 Comparison of the mechanical properties of similar composite materials with the results of this work

Reference Composite material Sintering conditions Microhardness, GPa Flexural strength, MPa

17 cBN-AIN 1600 °C/5GPa 29

27 c¢BN-TiN-Al 1400 °C/5.8 GPa 30.7

28 cBN-Ti;Al-Al 1600 °C/5GPa 35.04+0.51

28 c¢BN-Ti;Al 1600 °C/5GPa ~21

29 cBN-Ti-Al 1400 °C/50 MPa 14.1+0.5 ~390.7+£4.4

30 cBN-Al 1350 °C/5.5 GPa ~3000 ~250

30 c¢BN-TiN 1350 °C/5.5 GPa ~2700 ~400

31 cBN(Si0,)-Al-B-C 1700 °C/100 MPa 38+3.5 425423

32 c¢BN-Ti-Al-W 1350 °C/5.5 GPa 28.35 673.54

This work c¢BN-Ti-Al 1300 °C/5.5 GPa 25.8 840.39
cBN-Ti-Al 1400 °C/5.5 GPa 30.9 823.32

relative density, and the flexural strength reached a maximum
of 840.39 MPa at 1300 °C.

On the other hand, the morphology of the reinforcing phase
TiB, has a great influence on the bending strength of the PcBN
composite. It is a consensus that ceramic whiskers, plate-like
and rod-like structures can enhance toughened ceramic mate-
rials (Ref 14, 15). When the material breaks, whisker, plate-like
and rod-like structure of ceramics can effectively reduce the
stress concentration at the crack tip, leading to crack deflection
and bifurcation, as well as the pull-out and fracture of rod
crystals, which increases the energy required for crack prop-
agation, thereby greatly increasing the strength and toughness
of ceramic materials. As shown in Fig. 8, we can clearly see the
rod crystal pull-out, fracture and crack deflection in the
microcracks in the cross section of the sintered sample at
1300 °C. Due to the high elastic modulus and strength of the
TiB, rod crystal, on the one hand, the rod crystal is pulled from
the matrix or the crack is deflected around the rod crystal, and
the crack propagation path is increased, which will greatly
consume the energy of crack propagation. On the other hand,
the energy required for the fracture of TiB, rods is much higher
than that of ¢cBN, so the flexural strength of PcBN is greatly
improved. As the temperature continues to rise, the crystal form
of the reinforcing phase TiB, changed due to the change of the
B content, so that the whisker, plate and rod crystal structure of
the TiB, in the PcBN composite material was continuously
reduced. Therefore, when the temperature rose from 1300 to
1600 °C, although the relative density was continuously
increased, whiskers, plate-like and rod-like TiB, gradually
change to the particle structure, and its strengthening effect
weakens and the flexural strength decreases continuously.
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Table 4 lists the comparison of the mechanical properties of
similar composite materials with the results of this work. These
data show that good mechanical properties were obtained in the
process of in situ synthesis of TiB, with different morphologies
in the cBN-Ti-Al system to enhance PcBN, especially its
bending strength has been greatly improved. Hence, the work
in this paper has a good reference for improving the strength of
PcBN.

4. Conclusion

In summary, The PcBN reinforced by different morphologic
TiB, was prepared in the cBN-AI-Ti system under high
temperature (1100-1600 °C) and ultra-high pressure (5.5 GPa)
with 10 min holding. The phase composition, the chemical
reaction mechanism, TiB, morphology change process,
mechanical properties and strengthening mechanism were
studied and analyzed in detail. As the sintering temperature
increased, the transition phase of PcBN changed to a stable
phase, the uniformity of the distribution was improved, the
relative density and microhardness were continuously in-
creased. At the same time, the morphology of the reinforcing
phase TiB, was constantly changing, from the whisker shape
(1100-1200 °C) to the plate shape and rod shape (1300-1400 °
C) to the granular shape (1500-1600 °C). Under the influence
of phase composition, relative density of the sample and the
enhancement of plate and rod-like TiB,, the flexural strength of
the sample first increased and then decreased, and the high
bending strengths were obtained at 1300 and 1400 °C, which
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were 840.39 and 823.32 MPa, respectively. In addition, how to
obtain plate or rod crystal TiB,-reinforced PcBN at high
temperature (1500-1600 °C) should be studied in the future
work, which is helpful for preparing high-strength and high-
hardness PcBN.
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