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Superhard pcBN Tool Materials with Ti;SiC, MAX-Phase Binder:
Structure, Properties, Application1
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Abstract—Superhard cutting tool materials were sintered in cBN—(Ti3SiC,—TiC) system via high pres-
sure—high temperature method. Sintering was performed under the pressure 8 GPa in the 1400—2400°C
temperature range. The initial mixtures of three compositions were chosen with 90, 80 and 60 vol % cBN.
The mixtures were prepared by mixing cBN (1-3 uwm) and Ti3SiC,—TiC (< 2 um). It was found, that upon
sintering, the compositions of the obtained samples differed from the initial mixtures in all cases as a result
of chemical reactions. Microstructure observations, phase composition estimation, and mechanical prop-
erties of the obtained tool materials were carried out. The results indicate that both the varying cBN con-
tent and the applied sintering conditions have a direct effect on the structure, properties, and kinetics of
reactions.
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1. INTRODUCTION

The pcBN tool materials have found their applications in machining operations when cutting difficult-to-
machine materials and hardened steels [1—3]. ISO 1832:2012 [4] differentiates pcBN materials into grades
with low-cBN and high-cBN contents with respective application areas of finish machining and roughing or
interrupted cuts. Low-cBN grades often contain TiC, Ti(C, N) or TiN binders [5]. Alternative binding phases,
which can handle high temperatures and high level of chemical and abrasive wear, are continuously sought for.

First discovered at 60-th layered ternary carbides (so-called MAX—phases2) came back under the spot last
decades [6]. Being built of carbide blocks they are still not the same with normal carbides and fall under an
intermediate class between metals and ceramics. What makes them behave differently from normal carbides
is their structure, which determinates their ability to withstand elevated temperatures, tolerate high stresses,
and possess high compactibility of their powder products. Preliminary studies by the authors have shown that
compaction rate for commercially available Ti3SiC, and Ti,AlIC MAX-phases is the highest, slightly below
their decomposition temperature.

In attempts to introduce these positive MAX-phase properties into tool materials many research studies

have involved sintering of superhard tool materials based on diamond or cubic boron nitride with commer-
cially available MAX-phases [7—13].

Multiple sintering techniques were used for production of cutting tool materials. Starting from pressureless
sintering [8], hot pressing at pressure 20—35 MPa [13], and up to high pressure—high temperature (HPHT)
techniques synthesis [9—11]. In these cases Ti;SiC, MAX-phase was in-situ sintered from starting Ti, Si, SiC,
TiC powders together with superhard diamond or ¢cBN filler. Effect of the ¢cBN filler amount on sintering con-
ditions was investigated. For a diamond filler, it was found that the increased diamond content significantly
promotes a Ti3SiC, formation [13]. In many cases a partial reverse transformation of diamond and cBN were

observed because superhard phases become unstable under conditions required for the efficient MAX-phase
sintering [8, 12, 14].

2 Layered, hexagonal carbides and nitrides with general formula: Mn+1AX,,, (MAX-phases) where n = 1 to 3, M is an early transi-
tion metal, A is an A-group (mostly IT11A and IVA, or groups 13 and 14) element and X is either carbon and/or nitrogen possessing
with whole set of needed properties.



Alternatively, sintering can involve preliminary obtained MAX-phase used as a binder in order to solve the
mentioned reverse transformation difficulties. In such a case both MAX-phase and superhard phase need to
be preserved while sintering the cutting tool material. Decomposition of MAX-phase needs to be prevented.
High pressure sintering was found to provide a solution due to reduced requirements to sintering tempera-
tures, which decreases by approx. one hundred degrees [14] in comparison to other techniques. Additionally,
sintering time is significantly shortened.

The application of high pressure may activate decompositions of certain MAX-phases [15]. The use of such
MAX-phases as precursors for pcBN tool materials results in multiphase composite material due to chemical
reactions. For example in the case of Ti;SiC,, depending on sintering conditions TiB,, TiC, TiN, SiB;, and

SiC phases are expected [9, 10, 16]. This phase composition is somewhat similar to cBN—TiC and cBN—TiN
commercial materials. At the same time two main differences can be expected. First, the observed decompo-
sition of Ti3SiC, is expected to result in fine-grained microstructure. Second, this microstructure possesses a

multi-phase composition (5—6 phases), where all phases have high hardness.

The aim of this study is to estimate the influence of the sintering conditions and binder content on the
structure and properties of the cBN—Ti;SiC,—TiC composite. The microstructure, phase composition, and

phase stoichiometry as well as the microhardness, fracture toughness, density, and tool material performance
are established.

2. EXPERIMENTAL PROCEDURE

2.1. Mixture Preparation

Sintering of cutting tool materials both in high-cBN and low-cBN systems was intended.

The compositions of the initial mixtures are listed in Table 1. cBN powder with grain sizes of 1—3 mm was
admixed with TizSiC, and TiC powders. Ti;SiC, powder was obtained by milling commercial Maxtal 312

ceramic material down to the fineness of 0.2—2 pum. Small amount of graphite and approximately 30 vol % of
TiC have been identified in the milled products.

Table 1. The compositions of the initial mixtures

Mixture Initial components Volume ratio
1 cBN : Ti5SiC,: TiC 90:6:4
2 ¢BN : Ti5SiC,: TiC 80:12:8
3 cBN : Ti5SiC,: TiC 60:24:16

Premixing was performed by a triple dry co-mixing of cBN and Ti;SiC,—TiC powders through sieves with
20 wm cell size. The final mixing involved wet (isopropanol) mixing in a tumbler mixer in the presence of ZrO,
grinding bodies for 12 h. Each mixture was quality checked via SEM, XRD and EDX techniques.

2.2. Sintering of Samples

The samples were sintered in a toroid type high-pressure apparatus HPA-30 [17] at the pressure of 8§ GPa.
A sintering temperature was selected as a variable and ranged within 1400—2400°C with step of 200°C. Upon
stabilization of the pressure the sample was heated up to a predefined temperature within 5 s. The duration of
the heating cycle at a constant temperature was 45 s, then the power in the circuit was decreased within 10 s
and the pressure released. The obtained samples were ground to RNGN090300T cutting insert shape.

2.3. Samples Characterization

Prior to microscopy and indentation studies the samples were polished with diamond suspension (1 wm
and 9 wm) and silica colloidal solution (0.04 wm). FEI NanoLab 600 dual beam microscope was used to ana-
lyze the microstructure. A JSM-6700F microscope was used for the energy dispersive X-ray (EDX) analysis
(SDD X-Max" EDX system, Oxford Instruments). XRD analysis of materials was done on a STOE Darmstadt
diffractometer with CuKo source. The hardness of the tool materials was measured with Vickers and Knoop
indenters at a load 0f 4.9 N on an Ernst Leitz Wetzlar microhardness tester. Fracture toughness was estimated
via the indentation technique [18] at 300 N load. The density was defined via hydrostatic weighing.



Cutting performance was estimated through hard turning tests when dry machining cold work tool steel
Vanadis 4E (HRC 59). All tests involved constant conditions: cutting speed v, = 150 m/min, feed f=

0.1 mm/rev, depth-of-cut a,= 0.2 mm.

3. RESULTS

3.1. Mixing
The mixtures were found to have different mixing quality. For example, in mixture with 90 vol % cBN the
majority of the Ti;SiC,—TiC binder (10 vol %) was agglomerated. Sizes of the agglomerates were in the range
of 5—15 um, while the original binder grain size was below 2 um. The agglomeration of Ti;SiC,—TiC was not

observed in the mixtures with 80 and 60 vol % of cBN. For all mixtures an additional reduction of grain sizes
due to grinding and flaking of MAX-phase was present.

All three prepared mixtures appeared to be contaminated by the presence of small (~ 0.2 pm) ZrO, inclu-
sions as detected via EDX. The source of such ZrO, contamination is due to milling of zirconia grinding bod-

ies themselves. The amount, size and dispersion of zirconia inclusions was approximately the same for all pre-
pared mixtures. The amount of ZrO, was not sufficient to be detected with XRD (Fig. 1). While sintering no

reactions between ZrO, inclusions and surrounding binder neither with cBN materials were observed. There-
fore, the presence of ZrO, was not considered further on in the study.
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Fig. 1. XRD pattern of the composition of a powder mixture with 60 vol % cBN.

3.2. Phase Composition of Sintered Samples

Phase compositions of the sintered samples were determined by the XRD. It was found that the phase com-
positions of all obtained samples were different from the compositions of the initial mixtures. The main initial
binder component Ti;SiC, is not observed in the XRD patterns (Fig. 2), despite the presence of TiC in the ini-

tial mixture, which inhibits the Ti3SiC, decomposition [13]. Also several new phases were detected (see
Fig. 2).

Some of these new phases are determined explicitly, like TiSi,, SiC, and TiB,. The presence of Ti(C,N) is
also confirmed by the XRD, yet the exact stoichiometry described as TiCxNy changes with the temperature.

More data on the stoichiometry can be obtained through EDX; however, the accuracy for carbon and nitrogen
light elements is relatively low for this method.

It is worth noting that the decomposition of TiSi, still observed at 1400°C (see Fig. 2) does not result in the

formation of Si-containing phases up to 2000°C. This Si containing phase is SiC. Its low intensity SiC maxi-
mum has been detected with XRD only for 60 vol % cBN sample. The EDX data in Fig. 3 confirm the XRD
observations by indicating the decomposition of TizSiC, at 1400°C to form TiSi,, TiC, and TiCxNy. The

majority of TiSi, grains were found in the central region of Ti3SiC, decomposition and reaction products.
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Fig. 2. XRD pattern for 60 vol % cBN samples sintered under different HPHT conditions: 1400 (7), 1600 (2), 1800 (3), 2000
(4), 2200 (5), 2400 (6) °C.
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Fig. 3. EDX line—scan data for 80 vol % c¢BN sample sintered under p = 8 GPa and T = 1400°C: OKo, (1), NKo; , (2),
SIK(XI (3), TlK(Xl (4), BK(X172 (5), CK(X172 (6) -

As is seen from Fig. 4, the situation changes at the higher sintering temperature of 2400°C. The EDX line-
scan data indicate the formation of SiC also in the central region of the Ti;SiC, decomposition area. It also
shows that a nitrogen content in the Ti(C,N) phase found on the sides of SiC has increased the N concentra-
tion compared to the case of 1400°C.

Quantitative point analysis data presented in Fig. 5 indicate that spectrum 31 corresponds to SiC, even
though silicon carbide was not observed with the XRD. Data for spectrum 32 confirm the presence of TiB,
also found with the X-ray diffraction.

Additionally, the EDX data indicate the presence of oxygen, which in the average corresponds to approx.
2 at % for this sample sintered at 2400°C. Similar analysis for other samples sintered at different temperatures
shows that higher oxygen amount of up to 4 at % was present for 7= 1400 to 1800°C. For the entire temper-
ature range above 1800°C the oxygen content decreases almost twice.

Possible reactions between the initial components of the mixture under given sintering conditions have
already been reported [6, 13]:

TiC + Ti3SiC; —TiC + Ti,C, + TiSiy; (1)
¢BN + TiC + Ti,C, + TiSiy — ¢BN + TiC + Ti,C, + SiC + Ti,C,(N) + TiB; + Sigmors- )
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Fig. 4. EDX line—scan for 90 vol % c¢BN sample sintered under p = 8 GPaand T'= 2400°C: NKo, , (1), SiKo, (2), TiKo (3),

BKa, 5 (9, CKay 5 (5).
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Fig. 5. EDX point analysis for the region shown in Fig. 4.

In our case, the list of the initial components is slightly wider than the one for reaction (2) due to the pres-
ence of minor amounts of graphite in the original mixtures.

Only very weak reflections of the SiC phase were found in the XRD (see Fig. 2). The TiB, and SiC presence
was confirmed via the EDX and XRD (Fig. 5). The presence of amorphous silicon, however, was not con-



firmed in this study. The EDX mapping presented in Fig. 6 shows that even at high sintering temperature TiSi,
phase remains stable but not seen using the XRD, as it most likely has amorphous nature.

Figure 6 also confirms a high oxygen content in the material microstructure. The XRD does not show the
presence of oxide phases and this indicates a dissolution of surface oxygen into the binder phases [6].
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Fig. 6. EDX mapping of the sample with 80 vol % of cBN in the initial mixture (p = 8§ GPa and T = 2200°C): BKa, , (a),
CKo, ; (b), TiKo (c), OKay; (d), NKay | (e), SiKoy (). -

3.3. Microstructure

The formation of a matrix for sintered samples is determined by the compositions of the initial mixtures.
90 vol % of cBN samples received a predominantly cBN matrix with separate inclusions of products of Ti3SiC,
decomposition and reaction. In the case of 60 vol % ¢cBN sample the matrix is fully realized through the
Ti5SiC, decomposition and reaction products described in the previous section. An intermediate situation was
observed for 80 vol % cBN samples. However, the main influence on the obtained microstructure was observed
from the sintering temperature.

The general tendency for the influence of sintering temperature follows the next pattern. In the tempera-
ture range of 1400—1600°C the decomposition of Ti;SiC, leads to the formation of products, which react with



c¢BN; that is visible as rounding of ¢cBN grains. At 1800°C the initial sintering between cBN grains was
observed, while at 2000°C the formation of nano- and micro-pores appears on the grain boundaries. At 2200—
2400°C the pores grow in size and have a tendency to move to triple junctions (Fig. 7). Neither total recrys-
tallization, nor grain growth or grain coarsening was detected for cBN phase even at 2400°C.

The sintering temperature has more prominent effect on the Ti;SiC, binder component than on the cBN

phase. Morphology of this binder component changes in the following way: the MAX-phase decomposition
in the region of T'= 1400—1600°C results in the formation of submicron grains (Fig. 8) of phases described in
the earlier sections. At 7'= 1600—1800°C the recrystallization and grain growth processes begin.
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Fig. 7. SEM image of the microstructure for the sample with Fig. 8. SEM image of the microstructure for the 60 vol %
80 vol % cBN sintered at 7'= 2400°C. cBN sample sintered at 7= 1400°C.

At temperatures above 1800°C the microstructural transformation of the decomposition and reaction
products of Ti;SiC, MAX-phase looks to be complete where a clear separation of TiC, TiB,, SiC, Ti(C,N)
phases is observed (Fig. 9). This is accompanied by the formation and growth of pores on triple junctions. It
should be mentioned that some of the spheroidal grains, as shown in Fig. 8, were present in the binder even at
2400°C. Decomposition and reaction products of Ti;SiC, demonstrate the start of the recrystallization at
temperatures by approx. 200—300°C earlier.

—20r
5.0 mm | 10.00 kV[5.12 um|25 000 x| O ° Lund Nano Lab

Fig. 9. SEM image of the microstructure for the 60 vol % cBN sample sintered at 7= 2000°C.



Being sintered above 1800°C, only samples with lowest cBN content show density decreasing (Fig. 10).
This can be related to the formation of multiple pores in the microstructure, and also to volume changes due
to the formation of new phases as a result of a complete decomposition the (see Fig. 9).

3751
370
ME o 1
L3651
o0
Z ot
23,60 ./////./————o_———_.§\§\§./’,,,.2
)
= 3
3551 .———————.—_—_——_.’—””’._______.////,//.
3.50F
| 1 | 1 | 1 | 1 | 1 |

1400 1600 1800 2000

Sintering temperature, °C

2200 2400

Fig. 10. Average density variations for different sintering temperatures and cBN content: 60 (7), 80 (2), 90 (3) vol % cBN.

The microhardness and fracture-toughness changes closely follow (Figs. 11 and 12) the behavior of the
sample density.
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Fig. 11. Microhardness variations for different sintering temperatures and cBN contents: 60 (1), 80 (2), 90 (3) vol % cBN.
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Fig. 12. Fracture toughness variations for different sintering temperatures and cBN contents: 60 (), 80 (2), 90 (3) vol % cBN.



It shows that for high-cBN samples the hardness does not change significantly with the sintering temper-
ature but for low-cBN samples it is decreasing. This is most likely to be related to the formation of porosity in
the sample microstructure. The indentation fracture toughness for the low-cBN sample is the lowest among
the obtained cutting tool materials.

3.5. Cutting Performance

A series of samples with the highest mechanical properties were selected for the estimation of their appli-
cation performance in machining. The results of the cutting tests, alongside with respective mechanical prop-
erties, are listed in Table 2.

Table 2. Results of the cutting test for samples having the best mechanical properties

¢BN content, vol % T,°C Hy; GPa K. MPam'/2 KT, um VB, um
80 1600 30.3 6.4 55 157
90 2000 33.8 5.7 58 190
80 2000 30.0 6.0 83 269
60 2000 21.0 4.9 70 183
90 2400 35.5 6.0 44 167
90 2200 33.8 6.7 — -

The results show that the materials with low cBN content (60 vol % ¢BN) and with the lowest cBN content
(90 vol % cBN) exhibit the best performance in terms of wear resistance to the formation of a crater on the
rake face (KT) and flank wear (VB). More descriptive information on the correlation between mechanical
properties and machining performance for samples with 60, 80, and 90 vol % cBN sintered at 2000°C is shown
in Figs. 13 and 14.
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Fig. 13. Microhardness (/) and fracture toughness (2) for samples sintered at 2000°C.

These diagrams show that the fracture toughness, which more closely reflects microstructural transforma-
tions and the present defects, is more indicative of tool performance in hard turning.

4. CONCLUSIONS
This study addresses the HPHT sintering of superhard composite materials in the system of cubic boron
nitride with Ti;SiC, MAX-phase binder. Three systems of varying cBN content sintered in the temperature
range of 1400—2400°C are studied.
The mechanisms of the decomposition of Ti3SiC, at the temperature of sintering govern the formation of

binder matrices for the studied composites. The decomposition products were found to enter into the reac-
tions with the superhard cBN phase. The following products that create the binder matrix were found via XRD
and EDX analyses: TiC, Ti(C,N), SiC, TiB,. Additionally, in the lower temperature range of 1400—1600°C



the products of incomplete decomposition, such as TiSi, and Si were also observed. The formation of pores in

triple junctions was observed for all samples, yet the most intensive formation was found for low ¢cBN
(60 vol %) content samples. This was associated with volumetric change observed when intermediate decom-

po

ob

sition products were transformed into Ti(C,N), SiC, and TiB,—based matrix.
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Fig. 14. Crater depth KT (/) and flank wear VB (2) for samples sintered at 2000°C.

The best combination of mechanical properties for cBN—Ti;SiC,—TiC fine-grained tool materials was
tained for the sintering temperature range of 7= 1800—2200°C.
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