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Abstract

Three grades of Ti-coated cubic boron nitride (cBN) powders, differing in grain size and
coating thickness, were used to produce high-pressure, high-temperature (HPHT) sintered
polycrystalline materials (PcBN) without the addition of any bonding phase. The sintered
materials were thoroughly characterized, including assessments of basic physical and
mechanical properties, microstructure and phase composition. Furthermore, the electrical
and thermal properties of the sintered bodies were investigated.

The resulting materials are nearly pore-free polycrystalline composites, characterized by a
Young's modulus ranging from 620 to 850 GPa and exceptionally high hardness values
between 30 and 67 GPa, depending on the powder used. Phase and microstructural analysis
revealed that the composites consisted of cBN grains uniformly surrounded by titanium
compounds such as TiN and TiB,. These compounds were formed just during the powder
coating stage due to the high reactivity of titanium with cBN. Further crystallization of titanium
phases occurred during the HPHT process. Impedance spectroscopy and laser flash analysis
demonstrated that microstructure and phase composition significantly affect the electrical
and thermal conductivities of these materials. Additionally, substantial changes in these
properties with temperature were observed.

Due to their favourable properties, these composites can be considered promising
candidates for use in advanced cutting tools. This is especially relevant in ongoing research on
smart tools capable of self-diagnosing wear status based on changes in electrical properties
during cutting.
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1. Introduction

Cubic boron nitride (cBN) is classified as a superhard material known for its exceptional
wear resistance. The two primary areas of applications of this material are linked with
production of grinding and cutting tools [1,2]. In the first case the cBN crystals are bonded
using resins, metals, or just vitrified phases, while in the second one the activation of the
sintering process allowing to obtain polycrystalline cBN (PcBN) is in need.

The superabrasive cBN grit has shown an excellent performance in high-speed grinding of
strong and tough materials, such as Ni-based superalloys and Ti alloys. Additionally, the cBN
grinding wheels are often used for wet or dry processing of hard machine parts made of metal
matrix composites, like wire drawing carbide dies. Such treatments are applied whenever the
precision finish is required including automotive, aviation and medical industries [3-7].

The sintered PcBN, along with various composite materials derived from it, are widely
employed to produce cutting inserts for machining difficult-to-cut materials [8—10]. However,
the cBN is a metastable phase and therefore it its sintering could be successfully achieved at
the High Pressure — High Temperature (HPHT) conditions (5—8 GPa, ~2200 °C) [11]. The
admixing of Al or Ti powders into cBN powders helps to reduce the sintering temperature of
composite material by activation of reactive sintering mechanisms [12]. The ceramic phases
such as AIN, TiN or TiB;, formed during these processes, allow to improve some of the
properties of cBN composites, like their thermal stability and resistance to chemical wear [13—
16].

Cubic BN powders are commercially available as base or coated with Ni, Cr, Ti or Cu ones.
Metal coatings were developed mainly for grinding tools production technology to enhance
cBN retention in the bonding matrix and increase their thermal stability that provides
improved surface integrity in the grinding of hardened alloy steels, tool steels, and nickel- and
cobalt-based superalloys [17-19].

The Ti - due to its high reactivity with BN [20,21] — tend to form over such crystallites a
compound layer, what prompted to call it an active coating technology (ACT) [6]. Even, as most
of coated powders are presently aimed for fabrication of grinding tools, though the ACT may
also help produce the material for cutting inserts of improved mechanical properties. The use
of coated cBN powders eliminates the need for a mixture preparation step and prevents the
formation of agglomerates in the bonding phase during the manufacturing of composites
(agglomeration is often unavoidable when relying on mechanical mixing of the respective
powders prior to the sintering process). Direct compacting of uniformly coated powders not
only cuts on fabrication time but also enhance material strength by eliminating agglomerates.

In this work, Ti-coated cBN powders were used to obtain PcBN bulk materials sintered
without any additional bonding phase. The sintered composites were thoroughly
characterized across several key dimensions. This included an assessment of basic physical
and mechanical properties such as apparent density, Young’s modulus and hardness.
Additionally, the microstructure and phase composition were analysed using advanced
techniques, including Scanning Electron Microscopy (SEM), Scanning Transmission Electron
Microscopy with Energy Dispersive Spectroscopy (STEM/EDS), and X-ray Diffraction (XRD).
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Furthermore, the electrical properties were evaluated through Electrochemical Impedance
Spectroscopy (EIS), while thermal properties were determined using Laser Flash Analysis (LFA).

2. Materials and methods

2.1. Characteristics of starting powders

Two commercial powders of Ti-coated cBN: CBN-B-TA grade, 6-12 um, Van Moppes,
Switzerland and CeraMicron CM-CBN 80 Ti grade, 20-30 um, Ceratonia, Germany were used
in these experiments (coded as cBN-VM and cBN-CM, respectively). Their detail
microstructure characterization helped to establish that practically all powder particles were
covered by coatings of thickness of ~200 nm (cBN-VM) and ~800 nm (cBN-CM), as described
elsewhere [22] (Fig. 1). Additionally, an in-house Ti-coated cBN powder coded as cBN-O (ABN
M36 grade, 3-6 um, by Element Six, Ireland) was produced using magnetron sputtering
technique. The deposition process was started by pumping the system down to 9.6x10* Pa
base pressure and next backfilled with Ar at a flow rate of 30 sccm (setting dynamic pressure
at 0.25 Pa). The titanium cathode was sputtered in pulsed DC mode at 800 W applied power,
100 kHz pulse frequency at 60% duty using Advanced Energy Pinnacle Plus power supply. The
cBN powders were placed in an oscillating substrate holder under the magnetrons allowing
powders to roll, as described in Shaw et al. [23].

elements Point 1 Point 2 elements Point 1 Point 2
B - +++ B + +++
N +++ +++ N +++ +++
Ti +++ - Ti +++ -

Fig. 1. Morphologies (SEM) of Ti-coated cBN powders: cBN-VM (a) and cBN-CM (b) (+++
substantial amount; ++ mean amount; + trace amount).

The phase content of respective phases measured in the investigated powders with XRD
/Rietveld method was given in Table 1.

Table 1. Quantitative phase composition of Ti-coated cBN powders.

Powder Quantitative analysis, mass %
cBN-0 98.2 % cBN, 0.7% Ti, 1.1% TiN




cBN-VM 91.0 % cBN, 2.8% Ti, 6.2% TiN
cBN-CM 85.4% BN, 0.5% Ti, 7.6% Ti:N, 6.5% TiB
2.2. High pressure and high temperature sintering procedure HPHT

HPHT sintering process was carried out with the help of the Bridgman-type toroidal
apparatus. In this system a quasi-isostatic compression of the preliminary consolidated
powders is achieved as a result of plastic deformation of the mineral gasket material (usually
metamorphic stones) inserted between anvils [24,25]. Electrical heating of the sample
material is provided by a high-power current transformer and graphite heater.

The Ti-coated cBN powders were pressed into cylindrical pellets (¢ - 12 mm, height; 5
mm) under the pressure of 200 MPa. Next, the pellet was placed into the graphite heater in
the central part of the HPHT cell assembly. The final consolidation was carried out at the
pressure of 7.7 GPa and the temperature of 2200 °C. The HPHT sintering process lasted 60 s.

2.3. Measurement and characterisation of sinters

The apparent density of the sintered samples was measured with the Archimedes method
in distilled water using an analytical balance equipped with a standard density determination
kit. The Young’s modulus was determined via the ultrasonic wave transition method by using
the Panametrics Epoch Il ultrasonic flaw detector. Elastic constants were calculated basing on
the densities of materials and the velocities of longitudinal and transverse waves passing
through the samples. The hardness was measured by the Vickers indentation method by
applying loads of 9.81 N (1 kg) using a Future Tech FLC-50VX hardness tester. For each sample,
five indentations were made.

The average phase composition was assesed using X-ray diffraction (XRD) method. The
spectra were acquired using a X'Pert PANalytical Empyrean diffractometer with Cu radiation
(Acu = 1.5406A). The fraction of respective phases was determined using Rietveld refinement
and HighScore PANalytical software. The overview of the microstructure of sinters was
documented from polished sections of the pellets using a scanning electron microscope (SEM)
Scios 2 (ThermoFisher). The microstructure details concerning location of various phases
within the bonding phase and at surface of the cBN particles were characterized with probe
corrected Themis (200kV) FEG transmission electron microscope (TEM) equipped with 4-
segmented X-ray EDS detector (ThermoFisher). The distribution of involved elements was
presented using net counts (background removed) on maps built of 500 x 500 pixels. The thin
lamellae for these observations were prepared with focused ion beam (FIB) method.

The electrical conductivity of samples was measured using the Electrochemical Impedance
Spectroscopy (EIS) technique with a Solartron 1260 Frequency Response Analyzer (FRA)
coupled with the Solartron 1296 Dielectric Interface. It was carried out with Pt electrodes and
in the frequency range 10 — 10° Hz, at 10 points per decade, with a sinusoidal voltage
amplitude of 20 mV. The impedance was tested in the temperature range from 20 °C to 850
°C, in the flow of Ar gas as a protective atmosphere (flow rate 60 sccm, set by MKS flow
controllers). Each sample was tested at least twice for ascending and descending



temperatures, in order to evaluate the reproducibility of the results. Interpretation of the
obtained data was performed using ZView software (Scribner Asc., USA).

The thermal diffusivity of sinters was checked with LFA 427 of Netzsch (Selb, Germany) set
using 10 mm diameter alumina centring cone and sample thickness ~5 mm. The measurement
was made in 150 ml/min argon flow, 0.5 ms pulse width and 600 V laser voltage. The laser
shots were made at 20, 100, 300, 500, 700 and 900°C. In order to analyse collected data and
calculate specific heat capacity the Proteus v. 4.8.5 version Netzsch Analysis software was
applied. For thermal diffusivity determination the Cape-Lehman + ps model used. The pure
copper (99.95) was used as a reference sample. The specific heat capacity was calculated by
using comparison method, i.e. comparing tested sample and reference material in exactly the
same conditions. The uncertainty of thermal diffusivity calculation was 0.8% for room
temperature (RT) and 0.4% for highest temperature measurement. Correlation coefficient of
model fitting was 0.997 and 0.999 for high temperature, where signal is usually smoother.

3. Results
3.1. Physical and mechanical properties

The un-aided eye check of the produced sinters proved them free of any macroscopic
defects like cracks or any surface voids. The measurements of the densities, Youngs moduli
and hardness of the PcBN compacts were given in (Table 2).

Table 2. Basic physical and mechanical properties of sintered compacts.

. Apparent density Young’s modulus Vickers hardness
Sintered body
g/cm? GPa (HV1), GPa
cBN-0 3.49+0.02 850 + 15 47.7+5.8
CBN-VM 3.60+0.02 780+ 19 29.3+1.8
cBN-CM 3.67 £0.02 621+ 10 66.8 + 26.1

The cBN-0 sample density and Young’s modulus that were closest to the theoretical values
for pure cBN, which are 3.48 g/cm? and 909 GPa [26,27], respectively. It confirms that the cBN-
0 sample contained the smallest amount of Ti and/or Ti compounds. The ¢cBN-VM and cBN-
CM samples have higher densities and lower Young's moduli, respectively, which is consistent
with the higher content of Ti and/or Ti compounds. Titanium, as well as its borides and nitrides
have a density in the range of 4.5-5.4 g/cm3 [28,29], being again noticeably higher than that
of the cBN phase. Simultaneously, these Ti compounds have a Young's modulus in the range
of 430-550 GPa [28,29], what is well below that characteristic for the cBN. A different
behaviour was noted in case of hardness of the tested samples, as the highest one showed
the cBN-CM sample accompanied by large results scatter. This was due to the large size of the
cBN crystallites in these sinters, as compared with the tip of the Vickers indenter. In such
situation, test involving the cBN grain gave high HV read-outs, comparable to the theoretical
hardness of cBN (~70 GPa [30,31]). On the contrary, when the indenter hits the cBN crystallite
side or bonding phase, a much lower values of HV, close to that of the TiN/TiB, phases (20-30



GPa [32]) were obtained. In the case of cBN-0 and cBN-VM samples, the cBN crystallite size
was smaller and therefore the measurements represented the averaged hardness of the
composite [31,33].

3.2. XRD phase analysis
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Fig. 2. X-ray diffraction patterns of cBN-VM, cBN-CM and cBN-0 HPHT sintered body.

The XRD spectra acquired from as-sintered materials showed, that after HPHT processing
aside of cBN phase they also contain a share of nitrides and borides (Fig. 2). Namely, a
spectrum from the cBN-VM sample showed not only strong peaks originating from regular
boron nitride, but also weak ones from TiN, TiB> and rutile-structured TiO,. An additional
guantitative assessment of that spectra helped to establish that the TiB; occupies 2%, the TiN
6%, while TiO, was present in trace amounts of up to 0.5%. The similar situation took place in
case of cBN-CM sintered material in which TiN, TiB, and rutile-structured TiO, phases were
represented at the level of 4%, 8% and 0.4%, respectively. Generally, for both composites
these values are close to that measured for the pre-sintered coated cBN-VM powder [22]. It
is noteworthy that within a very short sintering time (~1 minute) the titanium boride TiB, and
TiO, with a rutile structure were grown. The presence of the newly formed phases indicates
the activation of a reaction between the cBN and the titanium-rich layer.

XRD measurements of the phase composition of titanium-coated cBN-O powder under
laboratory conditions also showed the presence of TiB, and TiN (Fig. 2). No rutile or any other
titanium oxide phase was detected, indicating that the coating does not oxidise during the
sintering process. The total amount of both compounds is approx. 2 wt% (see table 3).

Table 3. Quantitative phase composition of cBN sinters.



Sintered body Quantitative phase analysis, mass %

cBN-0 97.9% cBN, 0.3% TiB2, 1.8% TiN,
cBN-VM 90.7% cBN, 2.4% TiB,, 6.4% TiN, 0.5% TiO (rutile)
cBN-CM 87.3% cBN, 3.9% TiB,, 8.1% TiN, 0.7% TiO (rutile)

3.3. SEM and SEM/EDS studies

SEM observations of polished sections of the cBN-0, cBN-VM and cBN-CM sinters
confirmed, that the first one was built of significantly smaller crystallites than the last two (to
compare Fig. 3 at Fig. 4a). At the same time the cBN-VM material was characterized by most
uniform distribution of binder material covering practically all cBN grain boundaries, while in
the cBN-CM one a presence of aggregates of binder phase were noted.

In the case of cBN-0 polycrystal, no titanium bonding material was observed at some of
the grain boundaries (Fig. 4). The corresponding EDS mapping showing the distribution of the
involved elements only confirmed the dominant contribution of Ti in the bonding phase (Figs.

-7). The mapping obtained from the cBN-CM sinter (Fig. 7) indicated the presence of a
chemical composition gradient within the binding phase. In the case of cBN-0, these
measurements also confirmed the absence of Ti or Ti compounds at some cBN grain
boundaries (Fig. 5).
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Fig. 4. SEM images overview of cBN-O sinter: (a) low and (b) high magnification, respect/vely




nitrogen
Fig. 5. SEM image and B, N and Ti distribution maps in cBN-0 polycrystal.

nitrogen
Fig. 6. SEM image (a) and Ti (b), N (c) and B (d) maps of cBN-VM sintered body.




titanium

boron nitrogen
Fig. 7. SEM image (a) and Ti (b), N (c) and B (d) maps of cBN-CM sintered body.

3.4. STEM/EDS and TEM/ED studies

STEM observations of the sinters (cBN-VM) microstructure showed that the binder phase
consisting of relatively coarse (0.1 um — 0.4 um) grains was well coherent with the adjoining
cBN crystallites, i.e. the boundary between both phases was free from defects or porosity (Fig.
8). The accompanying maps presenting distribution of B, N and Ti obtained using STEM/EDS
technique proved that the binder is formed of a mixture of nitride and boride phases. The
selected area electron diffraction patterns obtained from the N-rich and B-rich crystallites
allowed to identify them as TiN and TiB; phases, respectively (Figs 8e and 8f).

The same type of investigation of the cBN-CM sinter showed that in this case the binder
was built of finer crystallites (at some places of columnar form) lining its boundary with the
cBN (Fig. 9). The center of binder areas was occupied by larger roughly equiaxed grains
approaching 0.5 um. The STEM/EDS measurements indicated that boundary in-between the
binder and the c¢BN is frequently occupied by layers of TiOx (separately confirmed by
concentration profile measured across one of binder channels presented in Fig. 9e). Within
the binder, first a layer of very fine titanium nitride grains was found, which was followed by
a layer coarser titanium boride. The center of binder channels was occupied again by the
titanium nitride phase, but made of much coarser grains. Occasionally, in such areas the
titanium borides were also found, but of much smaller size. The selected area electron
diffraction acquired from the binder area filled with all these crystallites proved, that
independently from their size or location, i.e. closer or more distant from the boundary with
the BN crystallites, they still belong either to TiN or TiB; type phase (Figs 9f and 9g).
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Fig. 8. STEM image of cBN-VM sinter microstructure (a), STEM/EDS maps presenting distribution of
B (b), N (c), Ti (d) and electron diffractions from nitride (e) and boride crystallites (f).
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The performed investigation indicates that in case of cBN-VM the crystallites from the
binder spread over powder particles underwent just coarsening process. Though, the binder
microstructure presented by the cBN-CM sinter, could have been developed only through its

reaction with the cBN crystallites itself.
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Fig. 10. STEM/EDS line profile of composition of binder located in one of channels in cBN-CM sinter.

3.5. Impedance spectroscopy EIS
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Fig. 11. Representative Nyquist plot measured at T = 700 C, shown in admittance (cBN-VM and
cBN-CM) and impedance (cBN-0, inset) coordinates.

Figure 11 and Figure 12 shows representative Nyquist and Bode plots of EIS spectra
obtained for cBN-VM, cBN-0 and for cBN-CM samples, measured at T = 700 °C. The obtained
EIS spectra consist of one semicircle only, which was observed in whole temperature range
(200-850 °C). These data were fitted with the ZView v3.5 (Scribner Asc., USA) software using
an equivalent circuit composed from the resistance (R) connected in parallel with capacitance
(C). The determined R values and the geometry of the samples were used to calculate the

specific conductivities, according to the formula:

% (1)

where: o - specific conductivity, d - sample thickness, R - electrical resistivity, s - electrode surface area.

g =

12



The specific conductivities for all the samples, in log o = f(1/T) coordinates was shown in

Fig. 13.
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Fig. 12. Bode plots of impedance module |Z| and phase angle determined for cBN-VM, cBN-CM,
and cBN-0 samples at T =700 C
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3.6. Thermal conductivity

The thermal diffusivity of measured materials is presented in Fig. 14. Thermal diffusivity
was highest for reference cBN-0 material with lowest amount of titanium nitride and titanium
additives. Towards to pure cBN thermal diffusivity is lower for cBN-O sample because of
material defects (grain boundaries, other phases etc.) The addition of titanium base phases to
the material decreases thermal diffusivity. The difference in thermal diffusivity between
reference cBN-0 and cBN-VM/CM differs by 10.8 mm?/s (~20 %). Comparing cBN-VM and cBN-
CM, the heat transport represented by this parameter varies only by 3.2 mm?/s, which may
depend on grain size, various defects, phase composition and their volume fraction. Because
cBN-VM has 3.4 mass % more cBN phase than cBN-CM and its thermal diffusivity is lower,
therefore it should be the differences in grain size distribution of both major phase and
additives, relative density and in fraction of titanium base phases. The highest thermal
diffusivity values were obtained for cBN-CM material (characterized by largest grain size) for
temperatures below 100 °C (373 K), so low content of planar defect present in the cBN should
have been decisive in this case (Fig. 15). Above this temperature the decrease in thermal
diffusivity is also similar for both of the samples CM and VM. The presented in Fig. 15 data of
specific heat capacity (cp) were experimentally measured for cBN-VM and cBN-CM samples. In
case of reference cBN-0 material the c, values versus temperature were taken from literature
data [34][35] due to high difference in material dimension of sample to reference (Copper) in
LFA measurement method. The cBN-0, cBN-VM and cBN-CM materials has also similar specific
heat capacity values at room temperature. The values of cp are lower at higher temperatures
for samples with higher addition of titanium base phases in comparison with reference
material. In accordance with equation (2) the density and specific heat capacity has influence
on thermal conductivity values.
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Fig. 14. Thermal diffusivity and calculated specific heat capacity
of cBN-0, cBN-VM and cBN-CM samples.
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Fig. 15. Thermal conductivity of cBN-0, cBN-VM and cBN-CM samples.

The cubic boron nitride grains were a main phase of composite and their content and grain
size distribution has an impact on thermal properties values in case of cBN-VM and cBN-CM
materials. The reference cBN-O sample showed also lower thermal properties values as
compared to pure dense polycrystalline cBN [36][35], because of inhomogeneity in
microstructure with differently distributed Ti based phases (Fig. 4). The cBN-VM sample
characterized with average 9 um grain size and coarser CM with average 25 um particles also
showed differences, in thermal properties (Fig. 14 and 15). In case of cBN-VM materials lower
thermal properties were due to higher boundaries content and following it phonon wave
scattering. In both of cases of material the thermal diffusivity decreases exponentially (Fig.
14), what means that flat and point defects play significant role in phonon scattering. In case
of thermal conductivity an increase at 100 °C, curve shape, is similar to presented in case of
metal matrix composites [37] and ceramic matrix composites [38]. This jump of thermal
conductivity can be associated with specific heat value, which is taken into account during
calculations — equation (2).

AT) = a(T) - g(T) - cp(T) (2)

where:

A(T) — thermal conductivity (W/(m-K))
a(T) — thermal diffusivity (mm?/s)
g(T) — density (g/(cm’)

cl(T) — specific heat capacity (J/(g-K))

4. Discussion

The ¢cBN-VM and cBN-CM powders used for production of sinters were described by the
manufacturers as Ti-coated cBN phases, but analysis of their microstructure and phase
composition showed that the main components of the coatings are titanium nitrides, i.e. TiN
and Ti;N for cBN-VM and ¢BN-CM powders, respectively (Fig. 1, Table 1). Titanium nitrides
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with different stoichiometry was probably in-situ formed during the coating processes due to
the high reactivity of metallic titanium with boron nitride [39]. The main difference between
the cBN powders was the particle size, which was around 1 um for the cBN-0 powder, 10 um
for the cBN-VM powder and close to 20-30 um for the cBN-CM powder (Fig. 1). After HPHT
sintering, the cBN particle size in both powders remain at the same level. Furthermore, the
powders differed also in the thickness of the coating applied on them. The one applied to cBN-
CM particles was significantly thicker than that applied to cBN-VM particles. From the SEM
images, it can be seen (Fig. 3 and Figs. 6 and 7), that a microstructure consisting of cBN grains
surrounded by a continuous network of bonding material was formed in both cBN-VM and
cBN-CM polycrystals. The cBN particles, when subjected to simultaneous high pressure and
temperature, regrouped, aligned with each other and were well fused by the bonding phase
eliminating practically all of the major porosity (Fig. 3 and Figs. 6 and 7). The microstructure
of the cBN-0 sinter was different, as in this case the titanium based coating was unevenly
applied to the cBN particles, which was most likely caused by powders agglomerating during
the coating process. Such clustering promotes uneven coating distribution, which is especially
apparent in case of thin encapsulation layers applied to the powders. Therefore, some of the
cBN boundaries remain free of any titanium compounds after HPHT sintering (Fig. 4 and Fig.
5).

The X-ray measurements showed, that in case of the cBN-VM powder, the peaks
characteristic of TiN were low in intensity and broad, indicating that the binding layer of the
cBN particles consisted of ultra-fine or even poorly crystalline material (Fig. 2). As a result of
HPHT sintering, the TiN-derived reflexes become narrow and intense, as well as reflexes
associated with the newly formed TiB, phase appeared. In addition, a small amount of TiO;
was identified in the sintered polycrystal. The crystallization of TiN and TiB; is a typical
phenomenon occurring in the BN-Ti system at high temperature [13,39-41]. TiO,, on the other
hand, is probably formed by the reaction of residual oxygen adsorbed on the coated cBN
particles with the titanium contained in the coating. The phase evolution occurring during
sintering in the cBN-CM polycrystal is very similar. In the starting powder, low-intensity and
broadened reflexes originating from titanium nitride with Ti;N stoichiometry and a small
amount of metallic titanium are identified. During sintering, the reaction between the
titanium and boron nitride phases produces titanium nitride with a higher filling of octahedral
gaps, with TiN1x stoichiometry. It is noteworthy that during short and intensive sintering,
crystallization of titanium boride with an AlB,-type layered structure also occurs. According to
the literature [41], the reactions that produce TiN and TiB; can proceed as follows (Eq. 3-6):

Ti,N + 2BN - TiN + TiB, + N, 1

(3)
ATiN + 2BN — 3TiN + TiB, + N, T (4)
2Ti,N + 8BN — 4TiB, + 5N, 1 (5)
TiN +2BN — 4TiB; + 3N 1 (6)

16



The microstructure observations performed using the TEM method are in agreement with
the XRD phase composition analysis and the SEM microstructure micro-analysis. Comparison
of TEM microstructure images of cBN-VM and cBN-CM polycrystals (Fig. 8 and Fig. 9) confirm
the differences in thickness of the bonding layers observed in the scanning SEM microscope.
The bonding layers in the cBN-VM sinter are no thicker than 500 nm and consist of nanometric,
differently oriented TiN and TiB; grains. The bonding layers in the cBN-CM polycrystal are
noticeably thicker (approximately 1000-1500 nm) and are composed of sub-layers, TiO>, TiN,
TiB2 and TiN, presented in order from the border with the cBN particles to the center of the
layer (Fig. 10). The grains of which the layers are made up are also in this case nanometric. In
the latter case it indicates, that there were still some metallic titanium capable to react with
the cBN crystallites during HPHT sintering process.

Significant differences in electrical conductivity of measured samples, c.a. 7 orders of
magnitude, can be observed (Figs. 11-13). The highest conductivity can be observed for cBN-
CM sample (Fig. 13), while the lowest conductivity was found in the case of cBN-0 sample (Fig.
13). Such behaviour can be correlated with the phase composition of the samples. In the case
of the cBN-0 sample with the lowest electrical conductivity the amount of highly conductive
phases TiN and TiB; (with specific electrical resistance of 20-30-10° Q-cm and 9-15-10° Q-cm,
respectively [28,36,42—45] is rather negligible. In this case the total conductivity is controlled
with the predominant cBN phase (specific electrical resistance of 10° - 10 Q-cm [36,42,43]).
In the case of cBN-VM and cBN-CM samples observed much higher electrical conductivities
can be explained by the presence of highly conductive TiN and TiB, phases and the formation
of conductive percolation paths in the materials. It is also worth to notice that the conduction
mechanism of ¢cBN-VM and cBN-0 samples depends on the temperature range and differs
strongly. At lower temperatures (below 500-600 °C) electrical conductivity of both samples
can be described as thermally activated semiconductor behaviour. At higher temperatures,
cBN-VM sample exhibit typical metallic behaviour, while c¢cBN-O sample changes the
temperature dependence slope, but the semiconductor behaviour is still observed. The
explanation of such behaviour in composite materials with complex phase composition is a
difficult task and can be done taking into account the phase composition, microstructure,
temperature dependence of the double barrier layer formation at the interfaces and the
percolation mechanism of electrical conductivity.

On the contrary, the cBN-CM sample exhibit typical metallic behaviour in the whole
temperature range, which can be explained by the presence of highly conductive TiN and TiB;
as continuous phases which controls the overall electrical properties of the material (Fig. 3,
Fig. 7 and Fig. 9).

The thermal conductivity of ceramic polycrystals depends on many structural and
microstructural factors [46]. Among the microstructural factors affecting the value of thermal
conductivity, it is worth mentioning: grain size, defects such as pores and intergrain
boundaries or the presence of other phases [46]. In the investigated cBN polycrystals bonded
with titanium phases, the influence of all the above-mentioned factors on the value of the
thermal conductivity coefficient can be found. Figure 17 illustrates the variation of the thermal
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conductivity coefficient for the three studied cBN polycrystals. The highest thermal
conductivity values are recorded for the cBN-0 polycrystal, i.e. the polycrystal with the lowest
content of binding titanium phases. The cBN-VM polycrystal shows intermediate thermal
conductivity values and the cBN-CM sinter has the lowest values. In all cases, the thermal
conductivity values decrease with increasing temperature. Similar heat conduction coefficient
variations for cBN polycrystals in the temperature range 20-300 °C can be found in the work
[35].

In the paper [35], it was found that the thermal conductivity depends on the cBN grain size.
A large cBN grain size has a negative effect on thermal transport due to the ‘weak bonding’ of
the grains. Furthermore, the authors of the paper [35] showed that increasing hBN content in
cBN has a significant effect on thermal properties. The heat conductivity of cBN pure material
was also explained by Corrigan in 1979 [47]. In contrast, work [47] found that in cubic boron
nitride thermal energy is transported by vibrations in the cBN lattice and that only phonon-
phonon interactions play a key role in heat transport. In the case of very fine cBN crystallites,
it has been shown that the appearance of grain boundaries causes phonon scattering. It was
further found that an increase in crystallite size translates into higher thermal conductivity
especially at elevated temperatures. It can therefore be surmised that, in the case of cBN-0
sinter with a fine-grained microstructure, multiple intergranular boundaries have the greatest
influence on phonon scattering (Fig. 15).

The decrease of cBN-VM and cBN-CM thermal conductivity above 100 °C (Fig. 15) can be
attributed within interboundary phases, which contain Ti, C, N, B. For such phases, in
accordance with Slack equations [46], mean free phonon path goes is in nanometric scale.
Hence at room temperature the mean free path is much smaller than thickness of the
introduced phases between cBN grains and also their grain size [48]. The anharmonic
vibration, when there are different atoms in the structure, increases with temperature what
causes scattering of phonon wave. The bonding phase between cBN grains states a strong
resistance for heat transport due to phonon scattering when its thickness is greater than or
equal to the free path of the phonon wave >200 nm, 370 [49]. The microstructure of the
crystalline boundary (Figs. 9 and 10), built from various phases, is very fine with lots of
irregular grains below 250 nm. The grains are finer when they are close to the cBN grain
surface. Fine grains above mean free path length of phonon will have an influence on a
decrease of thermal conductivity properties. The higher temperature, the shorter phonon free
path and the smaller defects will play significant role at thermal conductivity. Also, scientist
showed [49] that unklapp scattering take 27% of total scattering. They showed also that
phonon mean free path is around 370 nm at RT and at normal pressure.

Debye’a temperature plays a major role in heat conduction. At temperatures close to 0 K,
the thermal conductivity is equal to the specific heat of the material. Well above the Debye’a
temperature, the number of phonons increases proportionally with temperature, in which
case phonon-phonon interactions become responsible for heat conduction. For cBN materials
Debye temperature is very high and in case of major cBN phase and it is about 1257 °C [50]
(1530 K). In contrast, the Debye temperature for phases placed between cBN grains has
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following values: 1175 K for TiB; (2.2 — 3.8 wt.%), 756K for TiN (6.0 — 8.0 wt.%) and 943K for
TiO; (2.2 — 3.8 wt.%). Therefore, looking at ©D and quantity of titanium based phase, the
phonon-phonon interaction will have significant role in case of titanium nitride [45,51,52].

In the case of titanium nitride, the fine grain size, orientation and grain boundaries affect
the thermal properties, primarily causing a decrease in thermal conductivity [53,54] (Figs. 8-
10). In the case of a fine microstructure, phonon scattering increases at grain boundaries,
which can occur in cBN-VM and cBN-CM sinters. Phonon scattering can also be increased by
lattice distortion, which is possible in the cBN composites studied, and is due to the high-
pressure-high-temperature sintering technique used. Also, the presence of interstitial
nitrogen atoms can generate local stresses causing phonon dispersion in the regular TiN lattice
[54]. In summary, thermal stresses and a reduction in grain size can reduce the average free
path of phonons and, therefore, the investigated cBN polycrystals do not show very high
thermal conductivity values (Fig. 15).

Between the cBN grains there is also TiB,, which exhibits both electron and phonon thermal
conductivity. Williams' explanation [55] points out that at lower temperatures phonons are
scattered by electrons, and it is the electron component of thermal conductivity that plays a
major role. Similar conclusions can be found in the work of [28] in which it was found that the
thermal diffusivity of titanium diboride decreases rapidly up to 600 °C, and that at higher
temperatures the change in diffusivity values slows down.

Titanium dioxide TiO; is present in cBN polycrystals in trace amounts and is found as a very
thin layer on the surface of cBN grains (Figs 8-10). Titanium (IV) oxide can affect the thermal
conductivity of samples in the elevated temperature range, where high-frequency phonon
wave scattering must be considered [13].

In summary, the effect of all the crystalline phases present in the cBN particle-binding
layers is similar, these phases scatter phonons so that the thermal conductivity of the
polycrystals decreases as a function of temperature (Fig. 15).

From the point of view of cutting tools, the conversion of cBN to hBN during material
machining at elevated temperatures is due to the lower thermal conductivity of cBN-based
materials [56]. The hexagonal BN becomes a protective layer causing reduced tool wear. Thus,
the poorer thermal conductivity at elevated temperatures can support the performance of
the cutting tool.

The combination of very high mechanical properties, as well as favourable thermo-
electrical characteristics, making the investigated materials promising candidates for
applications in advanced cutting tools. This is especially relevant in ongoing research on smart
tools capable of self-diagnosing wear status based on changes in electrical properties during
cutting [57,58]. In the next stages of work, it is planned to use the obtained PcBN materials to
produce cutting inserts, which will be tested during turning of difficult-to-cut workpieces.

5. Summary

Two commercially available Ti-coated cBN powders, ¢cBN-VM and cBN-CM, were
successfully used to create HPHT sintered PcBN composite materials without any additional
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bonding phase. This approach resulted in a homogeneous microstructure without the need
for homogenization, which is typically required for composites made from powder mixtures.
Additionally, an in-house Ti-coated cBN powder (cBN-0) was produced using magnetron
sputtering. Although the coating was inhomogeneous, with some particles lacking titanium,
the sintered material was pore-free and exhibited very high Young's modulus and hardness.
All the sintered composites were dense, with Young's modulus ranging from 620 to 850 GPa
and hardness between 30 and 67 GPa, depending on the powder used.

XRD analysis of the starting powders revealed that the coatings contained not only Ti, as
claimed by the manufacturers, but also titanium compounds, primarily TiN in ¢cBN-VM and
TiN and TiB in cBN-CM. This suggests that the coatings were formed during the ACT processes,
where titanium reacted with BN at the powder coating stage. During the HPHT process,
further reactions occurred between titanium phases and cBN. Consequently, the sintered
compacts, regardless of the starting powder used, finally comprised cBN, TiN, TiB2, and a small
amount of TiO,.

The measured samples exhibit substantial differences in electrical conductivity, spanning
approximately seven orders of magnitude, with cBN-CM exhibiting the highest and cBN-0 the
lowest values. The low conductivity of the cBN-O material is primarily due to its minimal
presence of highly conductive phases, TiN and TiB2, which have specific electrical resistances
significantly lower than that of the predominant ¢BN phase. In contrast, the higher
conductivities observed in cBN-VM and cBN-CM samples can be attributed to the abundance
of these conductive phases and their ability to form effective percolation paths. The
conduction mechanisms for cBN-VM and c¢BN-0 samples vary with temperature. At lower
temperatures, both exhibits thermally activated semiconductor behaviour; however, at
elevated temperatures, cBN-VM transitions to metallic behaviour while cBN-O maintains
semiconductor characteristics with altered temperature dependence. Conversely, the cBN-
CM sample consistently displays metallic behaviour across all temperature ranges due to its
continuous conductive phases.

The investigated composites demonstrate relatively high thermal conductivities; however,
these values are significantly lower than those of typical pure dense PcBN. This reduction is
primarily attributed to the presence of TiN and TiB; phases, which have lower conductivities
than cBN, along with phonon scattering caused by microstructural defects and grain
boundaries. The observed decrease in thermal conductivity with increasing temperature can
be explained by enhanced phonon scattering associated with thermal lattice vibrations.

The combination of favourable mechanical properties and thermo-electrical
characteristics, making the investigated materials promising candidates for applications in
smart cutting tools capable of self-diagnosing wear status.
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