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Resumo

Sinterizag¢éo por Aplicagdo de Campo Elétrico, Nitreto de Boro cubico
policristalino (PcBN), compésito de cBN-TiCN, Niquel

O PcBN (“Polycrystalline cubic Boron Nitride”) € um material densificado por
técnicas HPHT e possui um elevado custo econdémico. Neste trabalho
pretendeu-se estudar o comportamento durante a sinterizacdo de cBN-TiCN-Ni
e a possibilidade de densificacdo pela técnica de Sinterizacdo Assistida por
Campo Elétrico (SPS - “Spark Plasma Sintering”, disponibilidade do
equipamento por parte do |Instituto de Ceramica e Vidro — ICV).
Adicionalmente, também foi estudada a dispersédo dos constituintes por duas
técnicas diferentes: moagem com corpos moentes e processamento coloidal.
Com este propdsito foram utilizados dois tipos de pds de cBN: um p6 de cBN
com tamanho de particula de 57 um (Ds,) e revestimento de Ti,N, e outro com
tamanho de particula de 1,5 um (Dso) € sem revestimento. Para cada p6 foram
preparadas 2 composi¢cdes com TiCN e variado a incorporagéo de 5% volume
de Ni de modo a ver o seu efeito durante a sinterizagdo do compasito.

Foi também implementada a utilizacdo de ferramentas termodindmicas,
nomeadamente o software Thermocalc, para prever quais as fases obtidas
para o composito e assim ajustar este de modo a se tentar obter propriedades
mais interessantes para a aplicacéo pretendida.

As amostras sinterizadas foram caraterizadas estruturalmente por Difracdo de
Raios-X (DRX) e por Espectroscopia de Raman, microstruturalmente por
Microscopia Eletrébnica de Varrimento (SEM), quimicamente por
Espectroscopia Dispersiva de Energia Raio-X (EDS) e fisicamente pelo
principio de Arquimedes.

Para estes sistemas, observou-se que a adi¢cdo de Ni aumentou a densificagdo
do compésito (“Liquid Phase Sintering”) e que este possui reatividade com o Ni
tendo levado a formacgéo da fase NizB. A transformacé@o de fase do BN de
cubico para hexagonal ocorreu durante todo o intervalo de temperatura de
1400 — 2000 °C, tendo sido completa aos 1700 °C para um tamanho de
particula mais grosseira (57 um) enquanto ainda se verifica fase cubica aos
1800 °C para um tamanho de particula mais fina (1,2 um) embora em
reduzidas quantidades. Para a composicdo com o cBN grosseiro revestido
(69% volume) s6 foi alcancada uma porosidade aberta de 0% aos 1700 °C,
onde a expanséo volimica do BN devido a transformagédo de fase favoreceu a
remocdo da porosidade. Para a composicdo com o cBN mais fino (50%
volume) também se verificou 0% de porosidade aberta, mas também uma
extensa transformacdo de fase do BN. Verificou-se que o cBN mais fino ndo
tem tendéncia a aglomerar para pH entre 2- 12 e que o uso de dispersante
(PEI) é eficaz a 0,5% (% m/m) tanto para a forma “Short” como para a “Long”.
Nas condicdes utilizadas, quer a moagem por corpos moentes quer o
processamento coloidal ndo foram capazes de alcancar uma boa
homogeneizagéo, resultando em uma microestrutura com varios defeitos.
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PcBN (Polycrystalline cubic Boron Nitride) is a material densified by HPHT
techniques and processes a high economic cost. In this work it was intended to
study the behavior during sintering of the cBN-TiCN-Ni and the possibility of
densification by Spark Plasma Sintering technique (kindly made available by
the Institute of Ceramic and Glass — ICV). Additionally, the dispersion of
constituents was studies by two mixing techniques: ball milling and colloidal
processing.

With this purpose it was used two types of cBN powder: a cBN powder with
particle size of 57 um (Ds) and a coating of Ti,N, and another with particle size
of 1,5 um (Dse) without coating. For each powder it was prepared 2
compositions with TICN and variated the addition of 5% vol. of Ni to see its
effect in the sintering of the composite.

Additionally, it was implemented the use of thermodynamic tools, namely
Thermocalc, to help predicting the resulting phases for the composite and
therefor adjust this one to try to obtain more interesting properties for the
desired application.

The sintered samples where structurally characterized by X-Ray Diffraction
Technigue (XRD) and Raman Spectroscopy, microstructurally characterized by
Scanning Electron Microscopy (SEM), chemically characterized by Energy-
Dispersive X-ray Spectroscopy (EDS), and physically by the Archimedes
principle.

For these systems it was observed that the addition of Ni increased the
densification of the composite (Liquid Phase Sintering) and that this one is
reactive with BN which led to the formation of Niz;B phase. The BN phase
transformation from cubic to hexagonal occurred during all the sintering
temperature range of 1400 — 2000 °C, having completely transformed at 1700
°C for the coarser particles (57 um) while it was still verified the presence of
cubic phase at 1800 °C for a finer particle size (1,2 um) although in reduced
amount. For the composition with the course coated cBN (69% vol.) an open
porosity of 0% was only obtained at 1700 °C, where the BN volume expansion
from the transformation favoured the removal of porosity. For the composition
with the finer cBN (50% vol.) it was also achieved 0% of open porosity but with
an expensive BN phase transformation. It was verified that the finer cBN
powder does not have a tendency to agglomerate for pH in the 2 — 12 interval
and that the use of dispersant (PEI) is effective at 0,5% (%m/m) both for the
Short form and Long form. With the mixing conditions used, both the ball milling
and the colloidal processing were not capable of achieving a good
homogenization, resulting in a microstructure containing several defects.



Index

Chapter 1 - INtrOAUCTION ....... e e e e e e e e e e e earaaaas 1
Chapter 2- State Of the Art .........oooviiiiiii 4
P20 I = o ) o] o T AN 1114 o = P 5
2.1.1 Boron nitride POIYMOIPRNS ......ovviiiiii e e e e e e aanees 5

2.2 PcBN compositions for cutting tools ..........ccccooeviiiiiiiiiiiii e 11
2.2.1 High and LOW PCBN .......cooiiiiiiiiii 11
2.2.2 PcBN by High Pressure High Temperature techniques............ccccoeeeeeeveeen. 13
2.2.3 PcBN by Spark Plasma Sintering technique............ccccooooieviiiiiiiiiii e, 15
Chapter 3- Experimental ProCedUre............coooiiiiiiiiiiii 18
T RS- ool (=0 I o) LS 1 (1 1= | £ 19

R T2 ot ] a1 o To 1< 1T o PP 19
3.2.1 Phase Diagrams SImulation ...............ooouiiiiiiiieiiieiee e 19
3.2.1 ComMPOSItIONS PreParation ...........c.ceiiiiiiiiiiiiiiiieieeeee e 19

3.4 Colloidal characterization Of CBN .............uuuuuuiiiiiiiiiiiiiiiiiiiieieeeeeeaes 20
3.5 Spark Plasma Sintering of the samples...........vieiiiiiiiiic e, 22
3.6 Powder and Composites Characterizations..........coovveeeivieeeiiiiiie e 23
3.6.1 Particle size distribULIONS..........eiii e 23
3.6.2 Chemical, microstructural and morphology characterization ....................... 23
3.6.3 Crystallographic structure characterization.............cccccooiieieiiiiiiiiiiiiiee e 24
3.6.4 Physical characterization .............ccccccviiiiiiiiiiiii 25
Chapter 4- Results and DiSCUSSION .......c.cceiiiiiiiiiiiee et e e e 27
4.1 Thermal reactivity of cBN-TiCN-Ni based composites by SPS...........cccccceee. 28
4.1.1 Initial powders charaCterization ................euveviviiiiiiiiiiiiiiiiiiiieeeeeeeeeeee e 28
4.1.2 Thermodynamic calculations of BN-TiCN phase diagrams with addition of Ni
............................................................................................................................ 29
4.1.3 Initial characterization of the compoSItioONS............ccccceeeiiiiiiiiiiiiicie e, 30
4.1.4 SPS: Effect of nickel addition to CBN-TICN ............cciiiiiierriiiiiiiiiiee e eeeeeeeeees 31
4.1.5 SPS: effect of temperature variation on cBN-TiCN-Ni compositions............ 33
4.1.6 Microstructural characterization ..............coooiie i 37

4.2 Effect of the initial powder dispersion on the microstructure of cBN-TiCN-Ni based
COMPOSItES SINTEred DY SPS..... . i ittt eeaeanee 39
4.2.1 Initial powders charaCterization ...............cueevvviiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeee 39
4.2.2 Thermodynamic calculations of BN-TiCN phase diagrams with addition of Ni
............................................................................................................................ 40
4.2.3 Colloidal characterization of CBN ............ccoiiiiiiiiiiiiiiiie e e e 41
4.2.4 Preparation and initial characterization of the compositions......................... 43



4.2.5 SPS: Effect of the Nickel addition..........c.vieiieeiieiieeeee e 44

4.2.6 SPS: effect of the processing method and temperature variation ................ 46
4.2.7 Microstructural characterization ...............cooiieeeiiieiiiiiie e e e 48
Chapter 5- CONCIUSIONS .......cooiiiiiiiii 52
Chapter 6- FULUIE WOIK ....... et e et e e e e e et s e e e e e e e e anaaaaas 55
R BT EIEINICES ..o 57
N1 =T 10 0= ) TS 66



Figures index

Figure 1- Comparison of hardness vs toughness of the various group materials for cutting

tOOIS @QPPIICALION [L]. ...ttt 2
Figure 2- Examples of PcBN cutting tools (from left to right): Full PcBN, Full Face PcBN
and Tip PCBN [14].... o 3
Figure 3- Structural, microstructural, and macroscopic characteristics of BN particles
forming the hexagonal and cubic phases [36—38]. ......ccccoeeeiriiiiiiiiiiiie e, 6
Figure 4- Comparison between the crystallographic structures of the 4 main polymorphs
OF BN B3] 7

Figure 5- Vickers Hardness (HV) vs bulk modulus (Bo) of various materials. Materials
marked with black belong to the B-N-C-O system; dashed lines are visual indicators of
the relations HV~B, and HV~Bo® [2]. The cBN hardness shown corresponds to a
MONOCTYSTAL [52]. oo 9
Figure 6- Most recent and accepted thermodynamically stable phase diagram of boron
nitride [62] (dashed lines — phase diagram of 1988 [63]; solid line —refined phase diagram
of 1999 [16]; black squares represent the fusion temperature of hBN according to
Wentorf [64], black triangle represent the fusion temperature of hBN at 50 MPa [65],
black circle represents the fusion temperature of cBN at 10 GPa [66], white circles

represent the triple PoINtS POSILIONS........uuiiiii e e eeeeaeees 10
Figure 7- Sintered PcBN microstructures containing metallic phases: (a) 75% cBN + 25%
Al and (b) 45% cBN + 35% Ti + 20% Al all in volume % [18,80]...........ccuvvrvmmmrmrernnnnnns 12

Figure 8- Sintered PcBN microstructures containing ceramic phases: (a) 60% cBN + 20%
BsO + 20% TiC and (b) 30% cBN + 42% TiB, + 18% TiN, all in volume % [82,83]......12
Figure 9- Sintered PcBN microstructures containing metallic and ceramic phases: (a)
60% cBN + 35% ZrC + 5% Al and (b) 74% cBN (coated with 10% TiN) + 16% Al, all in

VOIUME 90 [BL,84]. ceeiiiuii i e ettt e e e e e e e et e e e e e e e e e et r e e eeaeas 13
Figure 10- Effect of various materials in the transformation temperature of BN from cubic
t0 hexagonal PRASE [70]. .. ... ittt b b 13

Figure 11- Comparison of hardness vs cBN volume incorporation of PCBN composites
achieved by ultra-high pressure techniques (in the order of GPa) and by less intense
techniques like SPS and HIP [70]. ....uuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiieeeeeeieeeeeeeeeeeeneee 17
Figure 12- Graphical representation of the attractive (Va) and repulsive (Vgr) forces
interaction in function of distance between particles described by the DLVO theory [102].

................................................................................................................................... 21
Figure 13- Schematic representation of a SPS equipment [105]. .........ccccceeeeieeeeeiinnnns 22
Figure 14- Morphology of the cBN 510 particles by (a) SEM, and a (b) EDS of the titanium
COALING. ettt 28
Figure 15- Morphology of the (a) TiCN and (b) mNi particles (acquired using the SEM
Hitachi model S-4700). .....ccooieeeeeeeeeee e 28

Figure 16- (a) Grain size distribution and (b) XRD pattern of the cBN510 powder....... 29
Figure 17- Predicted phase diagram for the BN-TIiCN system. The dashed line

corresponds t0 COMPOSITION L. ..o e e e e 30
Figure 18- Predicted phase diagram for the BN-TiCN)-Ni system. The dashed line
COrresponds to COMPOSITION 2. ...ccoiiiiiiiiiiiiiie e 30
Figure 19- Microstructure of the two prepared compositions: a) composition 1 and b)
composition 2 (acquired using the SEM Hitachi model S-4700). ........ccccoevveevvviiiiinnnnnn. 31
Figure 20- XRD diffractogram of the mixed composition 2. ..., 31

Figure 21- Shrinkage (a) and shrinkage rate (b) of composition 1 (without Ni) and
composition 2 (with Ni) in function of the temperature using SPS. ..........cooooviiiiiinnnnn. 32



Figure 22- XRD patterns of the sintered composition 1 and composition 2 by SPS.....33
Figure 23- Shrinkage (a) and shrinkage rate (b) in function of temperature of the samples
from composition 2, sintered at 1400 — 1700 °C and 60 MPa.........ccccoeeevvvieeiiiininneeennn. 33
Figure 24- a) Apparent density and open porosity of samples from composition 2 sintered
by SPS at temperatures of 1400 — 1700 °C, and b) the hBN/cBN wt.% amount retrieved
from the net area of XRD peaks of hBN and cBN respectively. ............ccoevvvvviiiiiennennn. 34
Figure 25- XRD patterns of the composition 2 as-mixed and after SPS at different
temperatures (with enlarged magnification profiles between 23-30° on the left and 40-

48° 0N the MIGNL). coeeiiiiiiiieeeeee e 35
Figure 26- Rietveld refinement results plot for samples of composition 2, sintered at a)
1500 °C and D) 1700 OC. ..ot 36

Figure 27- SEM image (a) of sample 2 sintered at 1600 °C, and (b) comparison of the
Raman spectrums from individual BN grains of samples sintered at 1400 — to 1700 °C

(acquired using the SEM Phenom Pro (G5)). .....ucceiiiiiiiiiiiieie e 37
Figure 28- SEM and EDS of the samples from the cBN510-TiCN-Ni composition sintered
At 1400 — 1700 OC. ... 38
Figure 29- Morphology of the cBN grains (acquired using the SEM Hitachi model SU-
00 PP 39
Figure 30- (a) Grain size distribution and (b) XRD pattern of the cBN powder. ........... 39
Figure 31- Predicted phase diagram for the BN-TiCN system. The dashed line
corresponds t0 COMPOSILION 3. .....ooiiiiiii i e e e e e e aa e 40
Figure 32- Predicted phase diagram for the BN-TiCN-Ni system. The dashed line
corresponds t0 COMPOSILION 4. ......ooiiiiiiii e e e e e 41
Figure 33- Variation of cBN powder Zeta potential and particle size in function of medium
PH e 42
Figure 34- Variation of Zeta potential and particle size in function of short PEI addition to
the cBN powder, maintaining a pH around 9. ................uuuiiiiiiiiiiiiiiiiiiiiieeeeeeees 43
Figure 35- Variation of Zeta potential and particle size in function of long PEI addition to
the of cBN powder, maintaining a pH around 9. ................uuuiiiiiiiiiiiiiiiiiiiiiiiiiiienes 43

Figure 36- Microstructure of the prepared compositions: a) composition 3 and b)
composition 4 prepared by colloidal processing (acquired using the SEM Hitachi model

SAT00) . e 44
Figure 37- XRD diffractogram of the mixed composition 4 by colloidal processing
TECIINMIGUE. . 44

Figure 38- Shrinkage (a) and shrinkage rate (b) of composition 3 (without Ni) and
composition 4 (with Ni), both processed by CP, in function of the temperature using SPS.

Figure 39- XRD patterns of compositions 3 and 4, both processed by CP method,
sintered at 2000 °C and 1800 °C by SPS respectively. ........ccooivviiieiiiieeiceiceee e, 46
Figure 40- Shrinkage (a) and shrinkage rate (b) of composition 4 samples processed by
BM or CP and sintered at 1700 — 1800 °C by SPS.......oo i 46
Figure 41- Apparent density and open porosity of the samples from composition 4 where
it was variated the processing method (BM and CP) and SPS sintering temperature
(1700 — 1800 OC)...cciieeeeeeeeee e 47
Figure 42- XRD diffractograms of composition 4 as-mixed and sintered by SPS at 1700
— 1800 °C with ball milling (BM) or colloidal processing (CP) as mixing technique. .....48

Figure 43- SEM microstructures of composition 4 by (a) BM and (b) CP..................... 49
Figure 44- Microstructure morphology of the four sintered samples of composition 4: (a)
BM - 1700 °C, (b) CP — 1700 °C, (c) BM — 1800 °C and (d) CP — 1800 °C.................. 50

Figure 45- a) SEM imaging of the microstructure of a sample from composition 4 by CP
sintered at 1800 °C and b) EDS mapping of Ti, B and Ni elements, where it was focussed

iv



on (c) another type of defect on its microstructure and its respective d) EDS mapping of
Ti, B aNd Ni BIEBMENTS.....cee e e e e e s e e e e eans 50
Figure 46- a) SEM imaging of the microstructure of a sample from composition 4 by BM
sintered at 1700 °C, focused on a defect were a (b) EDS measurement was performed
on a single point (marked as a red star), and b) EDS mapping of c¢) Ti, d) Ni and e) B
BIEBMENLS. . 51

Table index

Table 1- Crystallographic characteristics and properties of the 4 polymorphs of BN:

rhombohedral, hexagonal, cubic and wurtzite [3,4,8,24,27,33,35,51]........ccoevveiveeeeeennn. 8
Table 2- Properties of some commonly used material as binders to produce PcBN
(B, 7D, 7B oottt 11
Table 3- PcBN compositions, sintering conditions by HPHT, and mechanical properties.
................................................................................................................................... 14
Table 4- PcBN compositions, sintering conditions by SPS and mechanical properties.
................................................................................................................................... 16
Table 5- Information of the initial powders used in this WOrk. ............cccccvvvvviiiiiiiiinnnnn. 19
Table 6- Compositions characteristics and used preparation method. ........................ 19
Table 7- Sintering conditions applied to each sample. .........ccccoviiiiiiini i, 23
Table 8- Experimental conditions used for the XRD analysis. .......ccccooeeeeeiiiiiiiiiienneenn, 24
Table 9- Experimental conditions used for the XRD analysis. .......cccccooeeeviiiiiiiiienneenn. 25
Table 10- Theoretical densities, retrieved from the respective ICDD PDF file, for each
considered phase used in Rietveld analysis. ..........ccccccoiiiiiiiiiiii 25
Table 11- Comparison of initial, predicted and detected phases of composition 2 sintered
T2 10 0] 01 [T PP P PP PPPPPPPPPPP 35
Table 12- Fitting parameters of the Rietveld method performed on sintered samples of
(o0 .41 0T 1S3 110 ] o 122U PUUOPPR 36
Table 13- Phases’ composition and physical characteristics of the composition 2 after
S S 36
Table 14- Comparison of initial, predicted and detected phases of composition 4 sintered
T2 10 0] 01 [T PP PP PP PPPPPPPPPPP 48



Chapter 1 - Introduction



Cutting tools materials acquired their modern definition during the industrial
revolution in the 19" century and ever since the industry is progressing by the synthesis,
development, and production of increasingly harder materials [1]. Initially, the production
of cutting tools were all based on carbon steels materials and the discovery of highspeed
steels (HSS) initiated a change in the industry. With the development of technology, new
materials were introduced for the production of cutting tools, namely carbides and other
ceramics, which offered greater hardness [1]. Later, cubic boron nitride and diamond
were also developed, with the former being the hardest known material with industrial
application [1,2]. Figure 1 depicts a hardness comparison including all previously
mentioned materials, showing that metal-based materials have lower hardness and
higher toughness than the ceramic-based ones.

/\ Diamond Coating

Sintered Diamond
D Sintered CBN

Si2N4
Ceramics
Al203 Coated Carbide

Coated Cermet Coated Micro-grain
Cemented Carbide
Cermet

Wcro-gram Cemented Carbide Coated HSS

Powder HSS _I-

HSS

| Toughness >

Figure 1- Comparison of hardness vs toughness of the various group materials for cutting
tools application [1].

Hardness

Cemented Carbide

The selection of a cutting tool material for the machining of a specific piece
depends on, among other properties, its hardness that should be greater than the piece,
and its reactivity. Although diamond is the hardest cutting material, it has limited
application towards ferrous alloys due to its thermal instability at temperatures above
600 °C, and chemical instability leading to the formation of carbides with metallic alloys
containing Fe, Co, Mg and Ni, among other elements [3-5]. Albeit not as hard, cubic
boron nitride (cBN) is also one of the hardest materials, but since it cannot be used by
itself in cutting tools due to preferential mechanical cleavage and its sintering being throw
impractical intensive conditions, it is produced with metallic and/or ceramic binders to
increase its mechanical resistance and densification [4,6—10]. These ones are
designated as PcBN (Polycrystalline cubic Boron Nitride).

PcBN cutting tools are classified in two groups according to the volume amount
of ¢cBN incorporated: “High cBN” for 70 — 95% with metallic binders; and “Low cBN” for
40 — 70% with mostly ceramic binders [11-13]. These are used in three different forms:
“Full PcBN” where all the cutting tool body is made of PcBN; “Full Face PcBN”, where
the PcBN is cut in thinner parts and brazed on a substrate forming one of the faces of
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the cutting tool; and “Tip PcBN” where the PcBN is also cutted in small pieces and brazed
on the substrate but just to form the tip of the cutting tool, all three shown in Figure 2
[9,14]. There is also the possibility to coat the PCBN tools with TiN, TiAIN or TiCN in
order to decrease the tool wear [9,12,15].

a W92 . %

Full PcBN Full Face PcBN Tip PcBN

Figure 2- Examples of PcBN cutting tools (from left to right): Full PcBN, Full Face PcBN
and Tip PcBN [14].

PcBN is processed by techniques capable of applying high pressure and high
temperature (HPHT), due to cBN high covalent bonding which originates low diffusion
coefficients for matter transport and is, therefore, a hard-to-densify material. For this
reason, high temperatures (1200 — 1500 °C) and high pressures (4 — 6 GPa) are
employed, in order to densify the composite and keep the system in the BN cubic phase
stability zone [3,9,16]. But these techniques, besides using intense sintering conditions,
have the disadvantages of a reduced amount of material produced for each sintering
cycle, and a complex and time-consuming task of mounting the equipment between each
sintering step, making PcBN a high processing cost material [17,18].

As an alternative technique for sintering PcBN the use of Spark Plasma Sintering
(SPS) has been investigated. This technique applies pressures of up to 100 MPa and
utilizes electric fields to generate heating rates up to 1000 °C/min [19]. This high heating
rate allows to significatively decrease the heating time which in turn may help to minimize
phenomena like the BN phase transformation from cubic to hexagonal phase, which
being a soft phase will drastically decrease the PcBN hardness. Although SPS still has
some general drawbacks like limitations in geometry of the piece and a high equipment
cost [20], it opens the possibility of a more economically way to process PcBN by
applying less extreme temperatures and pressure conditions, together with a shorted
sintering time, which should be more investigated.

In this work, the densification of cBN+TiCN+Ni composites processed by SPS will
be investigated. The PCBN compositions selected for investigation belong to the
category of low cBN (< 70%) with a ceramic binder as matrix (TiCN), plus a Ni binder,
and the aims of the work will be focused on studying the thermal reactivity during the
SPS process, particularly the phase transformation from cBN to hBN. Additionally,
considering the importance of the constituents’ homogeneity in the material to be
sintered, it will also be investigated the colloidal processing route comparatively to the
mechanical mixture of the constituents.

This work was developed in partnership with Palbit S.A., which as an interest in
knowing and developing new and improved cutting tools solutions. Were, the focus was
in new production techniques and composite materials of PCBN cutting tools, for which
already exists machining applications.
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2.1 Boron Nitride

Boron nitride is a chemically processed industrial ceramic, produced since the
1950"s [21]. It was discovered for the first time in nature in 2009 in its cubic form as some
50 — 200 nm incrustations in minerals, which are estimated to be formed over 300 km
deep inside the earth where pressures are estimated to exceed 10 GPa [22,23]. It
possesses various crystallographic structures, being stable or metastable depending on
the temperature and pressure conditions which is submitted. The hexagonal and cubic
phases are the most used in technical applications [24—-26].

2.1.1 Boron nitride polymorphs

BN has four main crystallographic structures: cubic, hexagonal, wurtzitic, and
rhombohedral, which occur due to the hybridization of the chemical bound B — N between
the sp? and sp® states [24—28]. The hexagonal (sp?) and cubic (sp®) phases are the most
thermodynamically stable and well-known, due to their similarity in terms of properties
with the two allotropic forms of carbon: graphite and diamond respectively [16,29,30].

Hexagonal boron nitride (also designated as h-BN, a-BN, g-BN and white
graphite) was produced for the first time in 1842 and become the first known phase of
BN [21,27]. Today itis produced at an industrial scale using boron oxide and a compound
containing nitrogen by techniques like solid state reaction [21,31,32]. The
crystallographic structure of hBN is similar to graphite, in the sense that the atoms form
three covalent bondings (sp?), constructing BsNs hexagons placed side by side across
the plane (also designated polytype 1H), being the positions of B and N atoms alternated
across the plane, Figure 3 and Figure 4 [33]. The same alternating succession of atoms
occurs between adjacent planes, exhibiting a layer sequence of the AA'AA" type,
differentiating from the AB type of graphite, and are bounded by weak Van der Walls
forces, leading to the low hardness of the material (Table 1) , and low friction coefficient
[33,34]. The high electronegativity of N brings the valence electrons of the Van der Walls
bonding closer to the atom, restraining their movement and leading to low electric
conductivity (Table 1) [33]. Being a material with high oxidation resistance, thermal shock
resistance and high thermal stability, it is used as refractory material, a high temperature
lubricant, as die coating for castings and heat dissipator for electronic components
[21,32,35].



Figure 3- Structural, microstructural, and macroscopic characteristics of BN particles
forming the hexagonal and cubic phases [36—38].

Cubic boron nitride (also designated as c-BN, z-BN, 3-BN, zinc blend, spharelite
and inorganic diamond, and some commercial names such as Borazon, Kubonit, Kiborit,
Belbor, Elbor and Amborit) was synthetised for the first time in 1957 from compounds
containing boron and nitrogen with application of high pressure and high temperature
(HPHT) [3-5,27]. Today it is industrially produced with HPHT techniques by phase
transformation from hexagonal to cubic using solvent — catalysts [24,39]. The
crystallographic structure of cBN is similar to diamond, where the atoms form 4 covalent
chemical bonds (sp?) rearranging to form a tetrahedron shape and are displaced in the
structure in an alternating pattern of B and N, Figure 3 and Figure 4 [33]. Due to all
valance electrons participating in the covalent bonding B—N, with a small ionic character
because of the electronegativity difference between B and N, there is no available
electrons to form weak Van der Walls bonding’s leading to the high hardness of this
phase, placing it between the hardest known materials with a monocrystal Vickers
hardness of 62 GPa (Figure 5), while typically having a Vickers hardness between 40 —
50 GPa for a micrometric grain size polycrystal [33,40]. It is a stable material, starting to
oxidize at temperatures of 1000 °C when exposed to oxygen and chemically reacts with
various metals for temperatures over 1000 °C at various atmospheres [4,7].

Comparing the properties of BN cubic and hexagonal phases (Table 1), they have
different densities (3.5 and 2.2 g/cm® respectively) due to the crystallographic
characteristics of each, and differ in all properties except electrical (high electrical
resistivity of 10° Q1.m? ) and some degradative ones. Cubic form has much greater
mechanical properties that hexagonal from, namely hardness (40 — 50 compared to 0,1
GPa), young modulus (700 — 900 compared to 43 — 47 GPa), bulk modulus (369 — 400
compared to 36 GPa) and compressive strength (4.15 — 5.33 compared to 0,08 — 0.09
GPa). Being the thermal properties of the hexagonal phase strongly dependent on the
crystallographic orientation at which they are measured, its thermal expansion coefficient
is quite different (-2.72 parallel and 37.7 10° k* perpendicular to the crystallographic
plane at 25 °C) from the cubic phase (1.15 10° k' at 25 °C), while having lower thermal
conductivity (1.5 — 13 compared to 0.03 — 5.5 W/cm.k at room temperature). In relation



to degradative properties, both phases possess oxidation resistance for temperatures
over 1000 °C in air, but eventually cBN suffers a phase transformation to hBN at high
temperature while hBN has stability in vacuum (> 4000 °C) or inert atmospheres (2850
°C) even at very high temperatures. Cubic BN shows to possess reactivity with metals
for temperatures above 1000 °C.

The other two crystallographic phases of BN: rhombohedral and wurtzite, are
considered metastable phases [16]. Due to its difficulty to produce in a pure state or
obtain grain sizes with large enough dimensions to be experimentally measured, most
of their properties are unknown or usually determined by calculations with mathematical
models [24,41,42]. Considering their characteristics, hBN and rBN are usually described
as low-density, low hardness polymorphs with a bidimensional (2D) crystallographic
structure, while cBN and wBN are high density and high hardness polymorphs with a
tridimensional (3D) crystallographic structure, Figure 4 and Table 1 [33].

wBN

O Boron
® Nitrogen

a=2504 A
c=06,661 A

Figure 4- Comparison between the crystallographic structures of the 4 main polymorphs
of BN [33].

Besides the already mentioned ones, other less common crystallographic phases
of BN are known to exist: turbostratic BN, pyrolytic BN and amorphous BN, being these
ones more characteristic of the techniques used to obtained them, such as Chemical
Vapor Deposition at High Temperature, or its physical form such as films and coatings
[33,41,43-46]. Some theoretical phases such as monoclinic BN and orthorhombic BN
are also predicted to exist [47-50].



Table 1- Crystallographic characteristics and properties of the 4 polymorphs of BN:
rhombohedral, hexagonal, cubic and wurtzite [3,4,8,24,27,33,35,51].

Material | rBN | hBN | ¢BN wBN
Crystallographic characteristics
Crystallographic group R3m P63s/mmc F43m P6smc
Hybridization state Sp? Sp? Sp? Sp®
Energy bond (eV)
covalent 3.25 3.25 1.52 1.52
Van der Walls 0.052 0.052 - -
Minimum interatomic distance of covalent bond (A) | 1.4500 1.4457 1.5670 1.5760
Coordination number (Z) 3 3 4 4
Unit cell parameters (A)
a 2.504 2.504 3.615 2.550
c 10.010 6.661 - 4.230
Interplanar distance (doo2) 3.34 3.3306 - 2.20
Density (g/cm®) 2.29 2.29 3.51 3.50
Mechanical properties
Hardness
Mohs scale 15 9.5-10 10
HV (GPa) 0.131 40-50
Young modulus (GPa) 43 - 47 700 - 900
Bulk modulus (GPa) 33 36.5 369 - 400 | 370 - 400
Compressive strength (GPa) [ 0,081 4.15 -
10,096 5.33
Thermal properties
Thermal conductivity (W/cm.k)
25 °C. calculated 13
25°C II'5.5 15-13
1 0.03
Thermal expansion coefficient (106 k')
25°C II-2.72 1.15 2.7
1377 123
20-300°C I 2.0
141
900 °C 5.60
Electrical properties
Resistivity (Q.m) | 10%° - 1010
1014
110%-
1014
Degradative properties
Oxidation resistance
air > 1000 °C > 1000
°C
Decomposition (normal pressure)
air > 1000 °C > 1000
vacuum > 4000 °C oC*
inert atmosphere 2850 °C
Chemical reaction with metals (air. vacuum) > 1000
°C

*Occurs phase transformation to hBN
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Figure 5- Vickers Hardness (HV) vs bulk modulus (Bo) of various materials. Materials
marked with black belong to the B-N-C-O system; dashed lines are visual indicators of
the relations HV~Bo and HV~Bo® [2]. The cBN hardness shown corresponds to a
monocrystal [52].

Since the discovery of a second form of BN in 1957, there was interest in drawing
its phase diagram [16,53]. Between 1963 and 2000 the phase diagram was progressively
redrawn based on experimental results of the phase transformations, analogies to the
carbon phase diagram, and later by thermodynamic calculations based on experimental
measurements [16,54,55]. From the most recent one in 1999 comes the
thermodynamically stable phase diagram of BN, mostly accepted today, despite some
recalculations in 2000 to account for the uncertainties arrived from the experimental part
[16,56]. An increase in studies occurred in the beginning of the years 1990°s were the
stability of phases and the phase diagram of BN were drawn by computational
calculations (a scientific area called Computational Chemistry [57]) [36,47]. At the
present time, no definitive answer can be given about the stable phase at room P-T
conditions and the right position of the hBN — hBN phase line, since these results greatly
depend on the physical model used and often lead to contradictory results [36,47]. For
this reason, cBN is the phase considered stable at normal P-T conditions [47,55]

The phase diagram of Figure 6 shows the stable phases and physical states of
BN in function of the temperature (1000 — 4000 K) and pressure (10° — 10'° Pa). The
stable phase at room pressure and temperature is cubic, and the phase transformation
to hexagonal occurs at 1615 +15 K (1342 +15 °C) [16]. This was later recalculated to
1593 +380 K (1320 +380 °C) [56].

Even though the phase diagram indicates that hBN is a high temperature phase,
it exists at room pressure and temperature conditions [18,32]. When cBN is heated up
to the hexagonal stability zone (P < 1GPa) it transforms to hBN, but when cooled down
to the cubic phase stability zone the BN remains in the hexagonal form (room P-T
conditions). This can be explained by the transformation mechanisms that occur in the
material: the application of pressure (static or dynamic) forces the physical approximation
of the BN stacking layers, promoting diffusionless mechanisms and leading to the phase



transformation (i. e. hBN — wBN). Regarding temperature, the supply of energy to the
system allows the action of diffusion mechanisms that cause the phase transformation
(i. e wBN — hBN, cBN — hBN, rBN — hBN) [58]. For the case of hBN — cBN
transformation, both temperature and pressure are necessary to allow the phase
transformation since both a physical and an energetical barrier are needed to be
overcome to allow the transformation between these two phases [54,59]. Additionally, it
was concluded that the hBN < cBN phase transformation occur as a direct
transformation, indirect transformation through one of the metastable phases, or through
an unknown phase depending on external factors (i. e. catalysts) [28,60,61].
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Figure 6- Most recent and accepted thermodynamically stable phase diagram of boron
nitride [62] (dashed lines — phase diagram of 1988 [63]; solid line — refined phase diagram
of 1999 [16]; black squares represent the fusion temperature of hBN according to
Wentorf [64], black triangle represent the fusion temperature of hBN at 50 MPa [65],
black circle represents the fusion temperature of cBN at 10 GPa [66], white circles
represent the triple points positions.

It is experimentally verified that the phase transformations of BN are strongly
influenced by a wide variety of reasons, namely, the material processing (time,
temperature, pressure), and the material intrinsic (number of defects, grain size) or
extrinsic characteristics (binders — retardants or accelerators — catalysts and impurities
like H-O, B>O3 and O>) [27,28,51,54,59,67-70].
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2.2 PcBN compositions for cutting tools

The sintering of cBN without binders (also known as binderless PcBN or BcBN
[71]) is only achieved by using HPHT techniques and conditions usually above 7 GPa
and 1500 — 2600 °C, due to the low atomic diffusion coefficients caused by the high
energy bonding of B—N, and to maintain the conditions on the cubic phase stability zone
[6,17,72,73]. The sintering is predicted to occur in the solid state, since the conditions
are much lower than the BN fusion temperature of +3000 K (Figure 6). To be more
feasible, materials that act like binders were introduced to decrease the severity of the
conditions and facilitate its processability, forming ceramic, metallic or cermet (metal +
ceramic) matrixes [7].

2.2.1 High and Low PcBN

Despite having other characteristics (i. e. particle size, particle shape, binders),
PcBN tools are broadly classified as High or Low PcBN based on the volume amount of
cBN incorporated, as was indicated in the Introductory section. High PcBN (> 70 vol%
cBN) possesses higher mechanical and thermal shock resistance, which makes them
more indicated for interrupted machining, whether roughing or finishing of cast irons. Low
PcBN has higher amount of binder which allows a greater control of the tool’s properties,
depending on the type of incorporated binders, and is more indicated for continuous
machining to achieve a finishing cut of hardened steels, cast irons and superalloys [4,
9]. Together, PcBN cutting tools are used for the machining of a great variety of materials,
such as steels, stainless steels, hardened steels, cast irons, high temperature alloys,
and nonferrous materials such as aluminium and copper alloys.

To produce PcBN, any element of groups 4, 5 or 6 of periodic table, or ceramic
compounds containing these elements (carbides, nitrides, borides, or silicides) can be
used to form a matrix, being also used Al, Co, Ni, Be, Re, Mn, Cu or ceramic compounds
containing these elements such as Al,Oz; and BeO [3,74]. Some properties of some of
these elements/compounds are shown in Table 2.

Table 2- Properties of some commonly used material as binders to produce PcBN
[3,75,76].

Material Ti Al TiN TiC TiB2 AIN AlB2 Al203
Crystalline structure Hexagonal | cubic cubic cubic Hexagonal | Hexagonal Hexagonal Hexagonal
Density (g/cm®) 451 2.70 55')254_ 4.92 452 3.26 3.19 3.96
Melting point (°C) 1670 660 2930 3065 3197 2300 d > 920 2050
ecomposes
Young modulus (GPa) 106 69 370 450 435 - 540 318 - 427
Thermal expansion
coefficient (10°° k) 8.4 23 8 8.6 8.1 3.9 - 8.1
Thermal conductivity 0.33 -
(Wicm.k) 0.17 2.03 0.25 0.43 0.8 2 - 0.14

The use of metallic elements has the purpose of taking advantage of the lower
melting point of metals, compared to cBN, allowing the formation of a liquid phase which
fills the voids between cBN particles and making possible the densification at lower
temperatures and pressures [77]. These metallic binders also increases the toughness
of the material, at the expense of lower hardness in comparison to ceramic matrixes.
Simultaneously, there is a tendency of cBN to react with metals forming borides and
nitrides such as TiB», AIN, AlB,, and WB», as shown in Figure 7 [3,9,77,78]. Particularly,
Ti, Al, or compounds containing these elements are the most commonly used binders
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for sintering PcBN, due to the capability of reacting chemically with BN. They also form
compounds (AIN, TiB2 and TiN) that have high mechanical resistance and hardness
[18,77]. Additionally, Al is also used as an oxygen capturer by forming Al.Os [79].

Figure 7- Sintered PcBN microstructures containing metallic phases: (a) 75% cBN + 25%
Al and (b) 45% cBN + 35% Ti + 20% Al, all in volume % [18,80].

Conversely, ceramic matrixes in PcBN lead to greater hardness, as well as wear
and oxidation resistance, in comparison to metal binders, at the expense of toughness
[77]. Being more refractory than metals, ceramics enable less formation of reaction
phases and sintering occurs in a solid state (Figure 8). The most commonly used ceramic
components are TiC, TiN and TiCN [81].
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Figure 8- Sintered PcBN microstructures containing ceramic phases: (a) 60% cBN + 20%
BsO + 20% TiC and (b) 30% cBN + 42% TiB, + 18% TiN, all in volume % [82,83].

Another possibility is to use both metallic and ceramic binders simultaneously in
the cermet matrix to try the attainment of the best properties of each type of matrix with
compensation of the individual disadvantages (Figure 9) [77].
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Figure 9- Sintered PcBN microstructures containing metallic and ceramic phases: (a)
60% cBN + 35% ZrC + 5% Al and (b) 74% cBN (coated with 10% TiN) + 16% Al, all in
volume % [81,84].

Additionally, the binders have an accelerator/retardant effect in the temperature
at which the transformation from cubic to hexagonal phase starts to occur (Tcsn). Not
being a transformation that immediately occurs when a specific threshold of temperature
is reached, it can prolong for long periods of time [85]. The temperature at which hBN
starts to form was experimentally observed (Figure 10), and determined that WC-Co,
Al,O3-Ni and Al,Osz worked as accelerators, with the latter having a smaller effect. While
TiN did not show any effect, for SIAION, mullite and SiO, was observed a retardant
effect, with the former having a smaller effect [70].
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Figure 10- Effect of various materials in the transformation temperature of BN from cubic
to hexagonal phase [70].

2.2.2 PcBN by High Pressure High Temperature techniques

Using HPHT techniques it is possible to sinter PcCBN by applying pressures of 4
— 6 GPa and temperatures of 1200 — 1500 °C, making use of intense pressures to
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prevent the h-BN phase transformation and achieving high densification values [3]. The
HPHT compositions presented in Table 3 belong, with the exception of one composition,
to High PcBN category (cBN>70 vol%), were metallic binders are generally used but in
some cases ceramic compounds were also added [86]. Yang et al. [87] reported the
sintering of PcBN with (59 — 90%) cBN and Ti, Al binders, variated the binders amount.
The phases formed after HPHT were, besides cBN, TiN, TiB2, AIN for cBN >80% and
AlsTi for cBN <70%. Despite the high densification achieved, a reduced hardness with
the decrease of cBN amount was noticed, i. e. 39 HV for 90% cBN and 20 HV for 59%
cBN (Table 3). Ligiang et al. [77] has prepared PcBN compositions with (83 — 89%) cBN
and AIN, Al, Ni as binders, variating the binders amount and sintering temperature. In all
cases it was verified the complete reaction of the metallic phases to form AIB2, AINi and
AIN compounds (ZrB2 and ZrN phases resulted from contaminations during powders ball
milling). High densification values were achieved in all compositions and temperatures
(1350 — 1500 °C), with hardness values between 43 — 48 GPa, reaching a maximum with
the second highest cBN amount (87%), sintered at 1500 °C. Ziling et al. [88] studied the
sintering of cBN using Al and TizAIC; as binders, variating the sintering temperature
(1200 — 1500 °C). Reaction between phases occurred during the sintering which led to
the formation of TiC, AIN, TiB2, while the TizAIC, phase completely disappeared for T >
1300 °C. It was achieved high densifications for the highest sintering temperatures, and
the hardness did not significantly increase for temperatures above 1300 °C. Huanli et al.
[89] has varied the cBN content, between 74 and 79%, and used TiN, Al, Co, TiB; as
binders. Sintering the compositions resulted in the formation of AIN, AlCo phases,
besides the already existing ones and ZrO, phase resulting from the milling
contamination. Near full densification was observed, and full densification was achieved
for the composition containing 76% cBN, while also reaching a hardness of 50 GPa.

Table 3- PcBN compositions, sintering conditions by HPHT, and mechanical properties.

Initial R I Fracture Bending
cBN Composition (vol. %) 5'“;‘?“”9 Tempoerature Final phases Denst/lcatlon HF\,/ thoughness strength Ref.
powder conditions (°C) (%) (GPa) (MPam?) (MPa)
0, — 49 T —
90% °B7';2 A?/O Ti CBN+TiBo+TiN+AIN 9% 39 ~725
0, — 70, i—
BN 79% ClBgf,/o A7|A’ Ti 55 GPa CBN+TiB2+TiN+AIN+Ti2AIN 97 35 ~912
-8 74% BN — 9% Ti— 10 min 1400°C (87]
um) ° 17% Al ° CBN+TiB2+TiN+AIN+Ti2AIN+AIsTi 97 33 ~890
0, —_ 0, P —
59% CBzg% /1;: AT CBN+TiBo+TiN+AIN+AI5Ti 9% 20 ~740
89% CBN — 7% AIN — 1350 97 : 3 =450
3% Al — 1% Ni 1500 99 46 6 ~540
BN 87% CBN — 8% AIN — 1350 97 N - <450
¢ 3% Al — 1% Ni 1500 99 43 6.6 ~550
(05-12 —u ~ 5'30GSP‘"‘ = CBN+AIN+AIB2+AINI+ZrB2+ZrN? = — — = 77
am) 85% CBN — 10% AIN — . ~450
4% Al = 1% Ni 1500 99 47 7 575
83% cBN — 11% AIN — 1350 99 - - ~525
4% Al — 1% Ni 1500 99 44 72 ~640
o 1200 CBN+TIC+AIN+TiB2+TizAIC, 94 41 5.8 ~380
Cl " " "
. 5.5 GPa 1300 CBN+TIC+AIN+TiBo+TizAIC, 97 47 72 ~500
(z'ﬁn:)lz CBN — Al - TisAIC, 90's 1350 CBN+TIC+AIN+TiB, 98 47 7.0 500 (88]
1500 CBN+TIC+AIN+TiB2 99 48 6.6 520
79% BN — 7% TiN —
13% Al — 1% Co %8 4 59 ~600
76% BN — 6% TiN —
BN > . ; 5.5 GPa
(25-20 | B%A ‘Tlié’zco —4% | 1s5500C 1550 CBN+TIN+AIN+TiBo+AIC0+ZrOz 100 50 7.4 735 [89]
Hm) 74% cBN — 6% TiN — 90s
12% Al — 1% Co — 6% 99 48 7.3 ~680
TiB2

aZr contaminations from mixture by ball milling
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2.2.3 PcBN by Spark Plasma Sintering technique

PcBN cutting tools with low amount of cBN can be sintered with lower sintering
conditions techniques than HPHT ones, such as pressureless sintering (PS),
hydrothermal hot pressing (HHP) and hot isostatic pressing (HIP) [70]. Among these,
Spark Plasma Sintering (SPS) enables the sintering of PCBN with temperatures up to
around 2000 °C and pressures as high as 100 MPa with a shorter sintering cycle, being
commonly used pressures of 50 — 100 MPa and temperatures of 800 — 1900 °C (table
4). Yang et al. [18] reported the sintering of PcBN (40 — 60%) with Ti, Al as binders,
variating the binders amount and sintering temperature. Phases resulting from the
chemical reaction of the constituents were identified, namely TiN, TiB, and AIN, while
the presence of hBN was identified together with cBN at 1500 °C, with this last one
disappearing completely at 1600 °C. High densification values were achieved, and a
decrease in hardness was observed with increasing amount of hBN present. Rong et al.
[90] prepared PcBN composites with 30 —50% cBN and Ni binder by variating the binders
amount and sintering temperature. The authors observed that increasing the cBN
amount did not lead to an increase in the PcBN hardness, which could be attributed to
the formation of hBN, but no phase identifications were done. Hotta et al. [91] studied a
PcBN composite of (30 — 50%) cBN with TiN as a binder by variating the binders amount
and sintering temperature. Compared with the previously mentioned study, which used
the same cBN powder amount with equivalent grain size but a metallic binder [92], it was
necessary to use higher temperatures. Although slightly lower densifications were
obtained, hardness values one order of magnitude higher were achieved. Zhang et al.
[92] used a Ni coated cBN to produce (30%) PcBN material with Al.O3; as binder. Near
full densification was achieved, and the presence of hBN was identified as a secondary
phase, resulting in the highest hardness reported (HV of 24 GPa) for Low PcBN
produced by SPS in Table 4. Jiang Feng et al. [93] used (40 — 60%) cBN with different
coating materials (Ni, SiO>) to produce a PcCBN-SiO, composite, while also variating the
binder amount and sintering temperature. The addition of a coating to the cBN particles
improved the densification, where the ceramic coated cBN presented a slightly increase
in hardness compared to the metallic coated one. Besides, the increase in the cBN
amount did not lead to an increase hardness, and raised the required sintering
temperature, yielding lower densifications. Bo Wang et al. [94] prepared a PcBN with
(30%) cBN using WC, Co, Ni, P as binders, where it variated the particle size of the cBN
and sintering temperature. No significant differences were observed in the sintering and
mechanical properties of different grain sized cBN composites, both achieving high
densifications and similar hardness values, probably due to the particle sizes not being
that different (~2,5 pum and ~12 pm).

Concluding, high densifications could be obtained from sintering PcBN
composites by SPS, but only Low PcBN with cBN amounts lower than the ones obtained
with HPHT techniques (<70 vol%) were produced and, therefore, the respective
achieved hardness values are limited to a maximum of HV = 24 GPa.

15



Table 4- PcBN compositions, sintering conditions by SPS and mechanical properties.

- L I Fracture Bending
ln't(')%:/g:rN Composition (vol. %) c?)I:(tj?t:g]r?s Tem?fgﬁlture Final phases Dens(lof/lgatlon (GHIg/a) toughness strength Ref.
P o (MPa.m™) | (MPa)
40% cBN — 40% Ti — 20% Al 1400 97 - - 238
1200 - 91 8 2 ~200
Argon 1400 CBN+TIN+TiBz+AIN 99 14 75 391
45% cBN — 35% Ti — 20% Al 50 MPa 1500 CBN+hBN+TiN+TiB2+AIN 97 12 45 ~275
0 cig Heating rate 1600 hBN-+TiN+TiB2+AIN 93 8 35 ~225 | [18]
(30— 40 pm) of 100 °C/min 1700 - 91 5 25 ~200
50% cBN — 30% Ti — 20% Al 600s 1400 97 262
55% cBN — 25% Ti — 20% Al 1400 98 221
60% cBN — 20% Ti — 20% Al 1400 94 - 181
- 900 94 2.5
30% cBN — 70% Ni
BN °C oM o0 MPa 1200 99 35 0]
N eating rate
(2-4pm) 50% CBN — 50% Ni of 100 °C/min 900 89 0.75
600 s 1200 91 15
. Vacuum (- Pa) 1600 92 16
BN 30% cBN — 70% TiN Hlog Mpat 1800 a8 2 o
eating rate
(2.8 um) : 1600 82
0 _50% Ti of 100 °C/min
50% cBN — 50% TiN 500 1800 36
cBN 100 MPa
30% cBN/Ni® — 70% Al>Os Heating rate 1200 cBN+hBN+Ni+Al203 99 24 92
2 —4 pum
(2 =4 um) of 100 °C/min
600s
1200 93 4
40% cBN — 60% SiO2 1400 95 10
1600 91 10
1200 99 10
40% cBN/Ni® — 60% SiO» 1400 97 9
_ 1600 90 9
. . 100 MPa 1200 97 10
40% cBN/SiO2° — 60% SiO. .
e oo ) 0 CBIN/SIOz ©5192 | ieating rate 1400 100 13 193]
H of 100 °C/min 1500 74 1
60% CBN — 40% SiOz 600 s 1700 79 3
1800 73 2
. . 1500 87 7
0, b _ 400
60% cBN/Ni® — 40% SiO2 1700 80 6
. . 1500 87 8
0, C _ 0,
60% cBN/SiO2° — 40% SiO2 1700 83 7 "
cBN Vacuum (- Pa) 1000 91 11.5 14
(2-3pum) 30% cBN - 55% WC — 11% 50 MPa 1200 98 15.5 13
Co — 3% Ni — 2% P Heatl_ng rate 1000 57 B 6 [94]
cBN variable
(10 — 14 pm) 600 s 1200 99 18 13

acBN particles coated with 1.7% mass of Ni; °cBN
°cBN particles coated with 1.9% mass of SiO..

particles coat

ed with 1% mass of Ni;

The difficulty of sintering PcBN with these methods relies in achieving total
densification while incorporating low amounts of binders and applying less intense
conditions as possible, since less binder leads to an increase in hardness (Figure 11),
but also an increase in sintering conditions to more extreme values, while high
temperatures will promote phase transformation from cBN to hBN resulting in a drastic

decrease in hardness of the final material.
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Figure 11- Comparison of hardness vs cBN volume incorporation of PCBN composites
achieved by ultra-high pressure techniques (in the order of GPa) and by less intense
techniques like SPS and HIP [70].
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Chapter 3- Experimental Procedure
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3.1 Selected constituents

In this work the commercial powders indicated in Table 5 along with some initial
characteristics indicated by the suppliers were used.

Table 5- Information of the initial powders used in this work.

Information apcordlng to Experimentally verified
suppliers
Designation| Supplier - ) ) . . iti
Chemical |Particle size| Chemical Density Elements composition
composition (um) composition (g/cm?) - | Atomic (%) | Mass (%)
B 50 44
cBN coated ¢BN coated | BN 35 N 50 56
cBN 510 | Hyperion | with 17% Ti 44 with 17% -
(Wt.%) Ti2N (Wt.%) | 1 48 Ti 33 87
N 66 13
- B 50 44
cBN Ceratonia cBN 1-2 cBN 35
N 50 56
Ti 50 78
TiCN Treibacher|  Ti(C,N) 1.65 Ti(C,N) 5.2 C 25 12
N 25 10
mNi Ampere Ni 22-26 Ni 8.9 Ni 100 100

3.2 compositions

3.2.1 Phase Diagrams simulation

Phase diagrams for the cBN-TICN/Ni systems were simulated by performing
thermodynamic calculations using the Thermo-cal software, version 2021b, with TCFE11
Steels/FE-alloys database [95]. To define the systems compaosition were considered as
constituents BN, Ti, C, N and Ni when present.

3.2.1 Compositions preparation

Four different compositions were prepared with different methods as indicated in
Table 6: mechanical mixture (MM), ball milling (BM), and colloidal processing (CP).

Table 6- Compositions characteristics and used preparation method.

vol. % WE. % Preparation method
c¢BN | TiN | TICN | mNi | ¢cBN | Ti2N | TICN | mNi
Composition1 | 73 10 17 - 65 13 22 - MM
Composition 2 | 69 10 16 5 58 12 20 10 MM
Composition 3 | 53 - 47 - 43 - 57 - CP
Composition 4 | 50 - 45 5 39 - 51 10 BM or CP

The mechanical mixture method (MM) consisted in the agitation of the powders
in dry medium for 1 h 30 min using a 3D powder mixture in a Turbula equipment (Aveiro).

The ball milling method (BM) consisted in the milling and homogenization of the
powders in ethanol by roller agitation using Teflon spheres as grinding bodies. With the
container filled to around 1/6 of its volume, it was added polyethylene spheres and let
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the medium in agitation for 15 h at 33 rpm. After, the mixture was dried in an oven at 110
°C.

The colloidal processing method (CP) consisted in adding a dispersant to the
colloid, followed by ball milling in a liquid medium. For its preparation it was decided to
make a mixture containing 45 vol% of solid phase, and a dispersant amount
corresponding to 0.5 wt% for cBN, 0.5 wt% for TiCN, and 7 wt% for Ni powder [96,97].
As an example, when preparing 20 g of composition 4 it necessary to used 7.8 g of cBN,
10.2 g of TiCN, 2 g of Ni, a total of 0,46 g of long PEI (see section 3.4 for the commercial
characteristics of the dispersants used) and 5,23 g of distilled water. The total dispersant
amount was added in distilled water, followed by mechanical mixture for 5 min at 350
rpm. Maintaining the mechanical agitation of 350 rpm, the powders were slowly added
one by one, with 5 minutes of mixture and application of ultrasounds for 30 sec between
each. This was done following the order: water, dispersant, Ni powder, TICN powder,
cBN powder, to allow the polymer to immediately adsorb on the powders’ surface and
minimize the exposure time to water and consequent oxidation (particularly for the Ni
powder), while also allowing an easier dispersion of the minor phases in the main ones.
The ph was checked again and corrected to around 9, if necessary. The prepared colloid
was homogenised by ball milling for 1 h at 90 rpm, using SiC spheres with two different
diameters (3 and 5 mm) as grinding bodies and an air:colloid:grinding bodies proportion
of 1:1:1 in relation to the holding container. After, the grinding bodies were removed, and
the colloid was dried by rotary evaporation at 50 °C and 75 rpm with gradual increase of
the vacuum down to 100 mbar. The resulting powder was sieved to break agglomerates.

3.4 Colloidal characterization of cBN

When a powder is added to a liquid, charges are formed on the particles’ surface
which interact with its surroundings [99,100]. This interaction results in a behaviour that
is dictated by the total potential energy of the system according to (1) [100,101]:

VT = VvdW + Veletronic + V.S‘tern + Vstructural (1)

Where V7 is the total potential energy of the system, Vvaw is the potential energy form the
van der Walls interaction between the particles, Veetonic iS the potential energy of the
electrostatic repulsion generated by equally charged particles, Vsem is the potential
energy of the interaction of polymer adsorbed particles (steric interactions), and Vsuuctural
the potential energy of unabsorbed species in the liquid medium. The system reaches
an equilibrium when the repulsive and attractive forces create an energy barrier at which
repulsive forces are greater, illustrated in Figure 12 [99].
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Figure 12- Graphical representation of the attractive (Va) and repulsive (Vr) forces
interaction in function of distance between particles described by the DLVO theory [102].

To achieve a stable homogeneous mixture in time with deagglomerated particles
it is necessary to apply a mixture process according to the particles size [99,101]. For
nanometric size particles one possibility is the colloidal processing route. Colloidal
processing consists in obtaining a uniform and deflocculated mixture of a solid phase in
a liquid by manipulation of potential energy of the system using chemical and/or
mechanical methods. In the solution is applied a dispersant, generally a polymer, with
will adsorb to the particles surface and repel each other, followed by ball milling to
homogenize the solution and physically break the agglomerates to expose all the
particles surface, allowing the polymer to adsorb to it [99]. It is important to use a correct
amount of polymer for separating particles, since insufficient amount will not prevent the
formation of agglomerates and in excess amount the polymer chains will interlock and
form bridges between particles, essentially forming agglomerates. It is also point out that
the adsorption capability of the polymer is influenced by ph and temperature of the
system [99,103].

Colloidal characterization was performed on the cBN powder by measuring the
zeta potential of the colloidal and grain size in an agueous medium where the ph was
variated and two different dispersants (polyelectrolytes) were used.

To measure the zeta potential of cBN in function of pH it was made different pH
colloids using distilled water, KCl salts (Fisher scientific), hydrochloric acid (37%, Sigma-
Aldrich) and tetramethylammonium hydroxide (25% in water, Merch KGaA). Applying the
KClI salts in distilled water in a concentration of 102 g/L, followed by the cBN powder in
a concentration of 0,1 g/L, six samples were subjected to ultrasounds for 20 sec. After,
the acid and base solutions were added to the samples to obtain different ph solutions
across the 1 to 14 pH scale. The samples were subjected to 1 h of agitation to stabilize
the ph of the medium and to prevent sedimentation of the powder. The zeta potential
and grain size of the colloids were measured in the equipment Zetasizer nano series,
Malvern brand (Madrid), with 120 sec of stabilization and a material refraction index of
2.1 [104].
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Distilled water was used for the colloidal characterization of the cBN powder and
two varieties of Polyethylenimine (PEI), designated as short PEI (50% in water, average
molecular weight of ~2000 g/mol, Aldrich Chemistry) and long PEI (with ramifications,
average molecular weight of ~25000 g/mol, Aldrich Chemistry). For both cases, seven
samples of distilled water with a cBN concentration of 0.1 g/L were prepared, and
dispersant in the amounts 0, 0.25, 1, 2, 4 and 6 wt% t in relation to the cBN powder. The
constituents were added in the order: water, dispersant, cBN powder, followed by
application of ultrasounds for 20 se. After 4 h of agitation, for homogenising and
preventing powder sedimentation, the pH and zeta potential were measured using the
same equipment mentioned above. The pH of the colloids was adjusted to around 9, if
necessary.

3.5 Spark Plasma Sintering of the samples

Spark Plasma Sintering (SPS) is a sintering technique capable of applying
simultaneously pressure and temperature (by electrical heating) to a powder to sinter it.
The equipment consists of graphite punches and die, where the powder is deposited,
which are placed between the machine punches capable of applying pressures up to
100 MPa and closes the electrical circuit, allowing the application of electric current of 1
- 10 kA that by Joule effect can reach heating rates up to 1000 °C/min. These parts are
all located inside a closed chamber that allows the use of different atmospheres or
vacuum of 1 — 10 Pa, illustrated in Figure 13 [19].

[ Pressure
Pulsed DC *
power supply Graphite
|__—punch

=" T
| |
| |
I
I :Puwdcr
I
I :
| |
| |
e rE_ w N 3

Vacuum (.rﬂ]?hlte

die
chamber Pressure

Figure 13- Schematic representation of a SPS equipment [105].

Inside the equipment, an electric field is applied to the circuit and by Joule effect
the graphite die which being a thermal conductive material transmits the generated heat
to the powder by thermal conduction. Despite the sample being very good or bad
electrical conductor, most of the heat is generated by the graphite die. A second
mechanism is theorized to occur which allows the densification of the sample, named
micro-spark/plasma theory, but its occurrence inside the sample is still to be confirmed
[19,1086].

The sintering of the samples was performed in the Spark Plasma Sintering
equipment Fuji Electronic Co, model Dr Sinter SPS-510CE (Madrid), using graphite
punches with 10 mm in diameter. The investigated SPS conditions were applied
according to Table 7, and the cooling was done at a rate of 100 °C/min down to 500 °C,
at point where the equipment was turn off and let the samples cooling naturally inside
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the chamber. During the sintering process, the punches displacement, vacuum,
pressure, and temperature were recorded every second. Taking the recorded punches
displacement and temperature in situ, dilatometric curves could be represented.

Table 7- Sintering conditions applied to each sample.

Composition Sample Heating_rate Pressure | Temperature DweII. time
(°C/min) (MPa) (°C) (min)

Composition 1 2000 °C 2000
1400 °C 1400
1500 °C 1500
Composition 2 1600 °C 1600
1700 °C 1700

2000 °C 100 60 2000 10
Composition 3 2000°C - CP 2000
1700 °C — BM 1700
Composition 4 1800 °C — BM 1800
1700°C - CP 1700
1800°C —CP 1800

3.6 Powder and Composites Characterizations

3.6.1 Particle size distributions

The particle size distribution of the powders was measured using the laser
diffraction technique, which measures the equivalent spherical diameter of the particles
suspended in a liqguid medium. It was used the equipment Coulter model LS230, with
water as the liqguid medium and no dispersant was added.

3.6.2 Chemical, microstructural and morphology characterization

The morphology and microstructural characterization were performed by
Scanning Electron Microscopy (SEM) and the chemical characterization was performed
by Energy-dispersive x-ray Spectroscopy (EDS) using the following equipment’s (when
not mentioned, the results were acquired using the SEM Hitachi model SU-70):

e SEM Hitachi model S-4700 with an attached EDS microanalysis system
— Institute of Ceramic and Glass (Madrid);

e SEM Hitachi model SU-70 with an attached Bruker EDS microanalysis
system, model Quantax 400 — Department of Materials and Ceramic
Engineering (Aveiro);

e SEM Hitachi model SU-4100 with an attached Rontec EDS microanalysis
system — Department of Materials and Ceramic Engineering (Aveiro);

e SEM Phenom Pro (G5) with an attached Phenom silicon drift detector
(SDD) — Palbit S.A (Aveiro)

The powders were placed in carbon tape. The bulk samples preparation
consisted in cutting the samples cylinders into discs using a diamond coating disc saw,
followed by polishing of the surface with magnetic diamond polishing discs of 54 and 18
pm granulometry, as well as polishing clothes with diamond paste of 9, 6, 3 and 1 pm
granulometries, while applying ethylene glycol as lubricant. Afterwards, the samples
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were placed on sample holder using conductive carbon tape. The surface was made
electrically conductive by applying a carbon or gold coating.

3.6.3 Crystallographic structure characterization

3.6.3.1 X-ray Powder Diffractometry

The X-ray Powder Diffractometry (XRD) technique was used to determine the
phase content. This was performed in the equipment’s Panalytical (Almelo, Netherlands)
model X"Pert PRO3, and Bruker D8 Advance, both using a Bragg-Brentano configuration
and a copper ampoule. The materials were analysed in powder or bulk form and using
the conditions indicated in Table 8. For the samples reduced to a powder form, they were
crushed using a steel pestle and mortar and sieved (75 pm mesh).

Table 8- Experimental conditions used for the XRD analysis.

Physical Interval Step size Step
form (20) (26) time (s)

cBN 510 Powder 0.0260° 96
Powders cBN powder 0.0260° 96
mNi powder 0.0260° 96
Composition 2 powder 0.0260° 96
Compositions Composition 3 powder 0.0260° 96
Composition 4 powder 0.0260° 96

Composition 1 - 2000 °C bulk 0.0490° 153
Composition 2 — 1400 °C powder 0.0260° 96
Composition 2 — 1500 °C powder 20° - 60° 0.0260° 1

Composition 2 — 1600 °C bulk 0.0490° 197

Composition 2 — 1700 °C powder 0.0490° 197
Samples Composition 2 — 2000 °C powder 0.0260° 96
Composition 3 — CP — 2000 °C bulk 0.0260° 96
Composition 4 — BM — 1700 °C powder 0.0260° 96
Composition 4 — BM — 1800 °C Bulk 0.0260° 96
Composition 4 — CP — 1700 °C powder 0.0260° 96
Composition 4 — CP — 1800 °C powder 0.0260° 96

The phases indexation process was done using the PDF-4+ 2022 database from
ICDD (International Centre for Diffraction Data) and the HighScore Plus program, the
XRD analysis software from Malvern Panalytical [107,108].

3.6.3.2 Rietveld refinement

To quantify the amount of each phase indexed from the XRD of composition 2
samples, sintered at 1500 and 1700 °C, it was followed the Rietveld refinement method
[109]. The analysis was performed in the equipment’s Panalytical (Almelo, Netherlands)
model X'Pert PRO?*(Aveiro), and PANalytical Empyrean diffractometer (Aveiro). The
samples were firstly worn off in all the surface to remove traces of graphite from the
sintering die, then grinded using a steel pestle and mortar, and finally sieved with a 75
pm mesh size. The samples were analysed using the conditions indicated in Table 9.
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Table 9- Experimental conditions used for the XRD analysis.

Composition Tem?%r;st ture Physical form Inzgg\;al Step size (206) | Step time (s)
Composition 2 1500 powder 20° a 95° 0.026° 96
P 1700 powder 20° a 95° 0.013° 3998

For the application of the Rietveld refinement method to the XRD diffractograms
of the samples it was used the HighScore Plus program, the XRD analysis software from
Malvern Panalytical, and considered the phases indicated in Table 10 along with
respective ICCD PDF file and theoretical density.

Table 10- Theoretical densities, retrieved from the respective ICDD PDF file, for each
considered phase used in Rietveld analysis.

Phase | Theoretical density (g/cm?®) | ICDD PDF file
cBN 3.5 04-008-4847
hBN 2.3 04-013-1175
TICN 5.2 04-011-9013
TiB2 4.5 04-010-8470
NisB 8.2 04-003-1948

3.6.3.3 Raman Spectroscopy

For complementing the phases identification, it was used the Raman
Spectroscopy technique. Using an optical microscope, at a total lenses ampliation of
500x, a green laser of 514 um wavelength was focused at 100 % power in individual BN
grains of the samples and the resulting signal was processed on a inVia Raman
Microscopy, Renishaw, (Madrid) with accumulation of 10 individual measurements. The
data treatment was done in the LabSpec v5 program.

3.6.4 Physical characterization

The physical characterization of the samples consisted in determining the
apparent density and open porosity using the Archimedes principle by following the
standard ASTM C20-00 (Water Absorption , Apparent Specific Gravity , and Bulk Density
of Burned Refractory Brick and Shapes by Boiling Water), but applying vacumm instead
of boilling the samples. First, the samples were completely dry in a oven at 110 °C and
weighted (mary). Then, they were submerged in water inside a container and applied
vacuum for a few minutes, followed by breaking the vacuum. The samples were then
submerged in water again, 1 cm under the surface, and weighted (Mimerse). Finally, the
surface of the samples was dried and weighted (mwet). Each sample was measured 5
times and the apparent density and open porosity was determined using (1) and (2),
respectively [110].

Mary X Do at 25°¢ (1)

Apparent density =
Mary — Mimerse
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% Open porosity =

Myet — Mary

Myet — Mimerse

x 100

(2)
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Chapter 4- Results and Discussion
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Two different studies were performed in this work: i) the study of the thermal
reactivity of cBN-TiCN-Ni based composites sintered by SPS using a coated cBN powder
with a coarse particle size, where it was focus particularly on the phase transformation
from cBN to hBN; and ii) a study of the densification of cBN-TiCN-Ni based composites
with a uncoated cBN powder having a smaller particle size, during which the effect of the
powder dispersion on the microstructure of the composite was studied alongside using
two different methods: ball miling (BM) and colloidal processing (CP).

4.1 Thermal reactivity of cBN-TiCN-Ni based composites by SPS

4.1.1 Initial powders characterization

cBN 510, TiCN and mNi, powders were used, with the initial characteristics
indicated in Table 6. The cBN510 powder was significantly coarser than the TiCN and Ni
powders (Figure 14 and Figure 15). The cBN particles have an angular shape and are
uniformly coated with Ti (Figure 14-b). The TiCN and Ni particles are rounder and are
agglomerated, as oppose to the cBN510 ones, which are looser. The grain size
distribution of the cBN 510 is very uniform, with an average grain size (Dso) of 57 pm
(Figure 16-a), and are in fact coated with a titanium compound in a nitride phase (TizN)
(Figure 16-b), while no metallic Ti had been detected. The BN phase is in the cubic
structure cBN (Figure 16-b).

N i, | e K

Figure 14- Morphology of the cBN 510 particles by (a) SEM, and a (b) EDS of the titanium
coating.

Figure 15- Morphology of the (a) TICN and (b) mNi particles (acquired using the SEM
Hitachi model S-4700).
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Figure 16- (a) Grain size distribution and (b) XRD pattern of the cBN510 powder.

4.1.2 Thermodynamic calculations of BN-TiCN phase diagrams with addition
of Ni

The system of both compositions was defined using the constituents BN, Ti, C,
N and Ni (If present) in mass amount (% m/m), with a pressure of 60 MPa. Due to the
limitation in the TCFE11 database, where only the hexagonal phase was included, the
calculations were done considering a stable hBN in all the temperature range.

The phases diagrams obtained from the thermodynamic calculations of the BN-
TiCN and BN-TiCN-Ni systems are shown in Figure 17 and Figure 18 respectively. A
temperature scale of 800 to 2100 °C was used, although it is generally accepted that
equilibrium conditions are only attained for temperatures higher than 1000 °C. Based on
the phase diagrams in Figure 17 and Figure 18, the respective compositions 1 and 2,
Table 6, were chosen to be inside regions where no graphite is formed at ~1000 °C
(represented as red lines).

According to Figure 17 and Figure 18, and considering the initial phases of the
powders used, it is expected that the TiB, phase will form and become stable in the
system, while the TizN phase, detected by XRD diffractogram of the cBN510 powder
(Figure 16-b), will decompose from the system since is not indicated as stable. The
formation of a TiB, phase for these types of systems was already predicted and
experimentally confirmed by existing works [111-113]. With the addition of Ni, it is
predicted to form a liquid phase at 967 °C which will be present up to 1736 °C, and when
cooled will lead to the formation of a stable NisB phase. The formation of this phase
indicates that metallic Ni will react with BN.
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Figure 17- Predicted phase diagram for the BN-TiCN system. The dashed line
corresponds to composition 1.
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Figure 18- Predicted phase diagram for the BN-TIiCN)-Ni system. The dashed line
corresponds to composition 2.

4.1.3 Initial characterization of the compositions

Figure 19 shows the morphology of compositions 1 and 2 after mixing. The
cBN510 and TiCN patrticles are easily distinguished in composition 1, due to the much

30



larger size of the former. This is not the case for composition 2, since the TiCN and Ni
particles exhibit a similar mean particle size. In both cases, no clear heterogeneities are
observed. An XRD analysis of the composition 2 is shown in Figure 20, indicating the
presence of the cBN, TiCN, Ni and TizN phases. As shown above, the cBN and Ti;N
phases come from the cBN510 powder (Figure 16-b).

=or

Figure 19- Microstructure of the two prepared compositions: a) composition 1 and b)
composition 2 (acquired using the SEM Hitachi model S-4700).
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Figure 20- XRD diffractogram of the mixed composition 2.

4.1.4 SPS: Effect of nickel addition to cBN-TiCN

The sintering behavior was determined by dilatometric analysis during the SPS
heating stage, as shown in Figure 21 for the compositions 1 and 2, without and with Ni
respectively (Table 6). Figure 21-a depicts the dependence between shrinkage and
temperature for both compositions and Figure 21-b the respective shrinkage rate curve.
Different stages can be observed from the beginning of the densification process,
~600°C up to 2000°C. For both compositions, an initial faster shrinkage stage, stage |, is
observed, originating a maximum shrinkage rate at ~1020°C for composition 1. For
composition 2, with Ni, the maximum shrinkage rate occurs at ~1170°C. At this stage,
the shrinkage rate of composition 2 became larger than that of composition 1 when T
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approaches 1000°C, in close agreement with the appearance of the liquid phase at ~967
°C predicted in the phase diagram (Figure 18). In stage I, for T> ~1300°C, both
compositions present equivalent and reduced shrinkage rates up to ~1700 °C. Above
that temperature, a sudden expansion is observed in stage lll, resulting in relevant peaks
in the shrinkage rate graphs at ~1800°C and ~1760°C of composition 1 and composition
2, respectively, which should be associated to the phase transformation cBN-hBN. The
starting transformation temperature of ~1700°C in this work is on the upper limit range
of calculated temperature (1320 £ 380 °C) in the literature for the cubic to the hexagonal
BN form transformation, but it should also be noted that the SPS conditions are far from
equilibrium conditions [56]. The addition of Ni, as reported in the literature, slightly fasten
the transformation and resulted in a larger shrinkage, as observed in Figure 21 [70,90].
After the expansion stage lll, there is yet a final stage 1V where the shrinkage rate is near
constant and similar to that of stage Il, for both compositions.
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Figure 21- Shrinkage (a) and shrinkage rate (b) of composition 1 (without Ni) and
composition 2 (with Ni) in function of the temperature using SPS.

From the XRD analysis of the phases present in both samples sintered at 2000
°C (Figure 22), four observations can be made: (i) the TiCN phase seems to remain
stable during heating; (ii) only hBN was detected, meaning that all cBN transformed into
hBN and, since there is a volume expansion associated to this transformation, it explains
the volume expansion recorded in stage lll of the dilatometric curves (Figure 21) [83];
(i) the Ti;N phase disappeared from the system and TiB, phase was formed, meaning
that Ti>N is not stable in the tested conditions while TiB: is, although the respective peaks
are smaller in the composition containing Ni; (iv) in composition 2, containing Ni, there is
the formation of the NizB phase, falling in the four phase region BN+NizsB+TiCN+TiB: of
the phase diagram (Figure 18). It can, then, be concluded that the phases detected by
XRD in both compositions are those predicted by the respective phase diagrams in
Figure 17 and Figure 18, and the final phase compositions fall in the region of 3 or 4
phases, as expected.
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Figure 22- XRD patterns of the sintered composition 1 and composition 2 by SPS.

4.1.5 SPS: effect of temperature variation on cBN-TiCN-Ni compositions

To study the effect of temperature in the shrinkage of composition 2, several SPS
heat treatments have been performed between 1400 and 1700°C (Figure 23), where the
cBN phase was expected to be yet predominant. With increasing temperature, the
shrinkage increases but the shrinkage rate, after the maximum ~1170 °C, is
progressively decelerated until it reaches zero at 1700 °C (Figure 23-b), as shown in
Figure 21.
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Figure 23- Shrinkage (a) and shrinkage rate (b) in function of temperature of the samples
from composition 2, sintered at 1400 — 1700 °C and 60 MPa.

Figure 24-a shows the apparent density and open porosity of the samples in
function of the sintering temperature. Apparent density is decreasing slightly with
increase in temperature up to 1600 °C whereas above that temperature it significantly
diminishes. As for open porosity it fluctuates around 16% between 1400 - 1600 °C but
reduces to zero at 1700 °C. The slight decrease of apparent density with a near constant
open porosity between 1400 - 1600°C is attributed to a small extent of cBN to hBN phase
transformation (Figure 24-b), since 10 minutes of holding time were done at those high
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temperatures. From 1600 up to 1700°C, the apparent density declined abruptly with
complete elimination of open porosity, which is a consequence of the accelerated phase
transformation (Figure 24-b), since the density of hBN (2.2 g/cm?®) is lower than that of
cBN (3.5 g/cm?), and its volumetric expansion can contribute to the removal of porosity.
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Figure 24- a) Apparent density and open porosity of samples from composition 2 sintered
by SPS at temperatures of 1400 — 1700 °C, and b) the hBN/cBN wt.% amount retrieved
from the net area of XRD peaks of hBN and cBN respectively.

A comparison of the XRD profiles in composition 2 for the green powder and after SPS
at different temperatures, in

Figure 25, shows that the phase compositions after sintering remains the same as the
one sintered at 2000 °C, Figure 22, and predicted by the phase diagram of Figure 18, as
summarized in Table 11. In what concerns the phase transformation of BN from cubic to
hexagonal, it is observed in

Figure 25 that, in fact, a small peak of hBN is already identified in the XRD profile of the
sample sintered at 1400 °C which has a small increase up to 1600 °C, as can be
observed in Figure 24-b. In the interval from 1600°C up to 1700 °C the transformation
proceeds at a higher rate and at 1700°C the cBN phase is absent, while the formation of
an amorphous phase is evident by the higher background of the XRD profile between
42° to 47° interval in Figure 25 (see enlarged magnification profile at the right side).
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Figure 25- XRD patterns of the composition 2 as-mixed and after SPS at different
temperatures (with enlarged magnification profiles between 23-30° on the left and 40-
48° on the right).

Table 11- Comparison of initial, predicted and detected phases of composition 2 sintered
samples.

Sintering Predicted phases** Detected phases hBN/ cBN
Temperature (°C) (Thermo-Calc) (XRD) (Wt%0)***
* - CBN+ Ti2N+TiCN+Ni 0
1400 cBN + hBN + TiCN + TiB2 + NisB 5
1500 cBN + hBN + TiCN + TiB2 + NisB 17
1600 hBN + cBN + TiCN + TiB2 + NisB 19
1700 BN + TiCN + TiB2 + NisB hBN + TiCN + TiBz + NisB + 100
amorphous phase
2000 hBN + TiCN + TiB2 + NisB + 100
amorphous phase

*as-prepared composition 2; **Considered below 1000 °C; ***Based on the net area of
XRD peaks of hBN and cBN respectively.

The phases’ compositions of the samples sintered at 1500 °C and 1700 °C were
yet determined using the Rietveld refinement method. The fitting difference plots are
shown in Figure 26, with fitting quality parameters in Table 12, and phase compositions
given in Table 13. Compared to the nominal phase composition 2 in Table 1, the BN
phase percentage after SPS is higher than expected, i.e., it is 58 wt% before sintering
and after sintering, where some boron reacts with Ti and Ni to form the phases TiB; and
NisB, respectively, the calculated percentage is 74 wt% for the 1500 °C. On the other
hand, the phases of TICN, TiB, and NisB are in a lower percentage than expected.
According to the calculated results obtained by Thermo-calc software, boron atoms can
solubilize on the Ni liquid phase (for instance, 7wt.% at 1700 °C), which indicates that
the BN phase dissolves in the melted Ni phase and dissociates into B and N atoms, with
N being removed from the material. During cooling, the dissolved B can react and form
NisB phase according to the reaction of Eq. (4).

2BN+6Ni - 2 NizB+ N, 3)

Additionally, composition 1 did not had Ni to form a liquid phase in the system,
but still had the presence of the TiB, meaning that some solid-state reactions occurred.
Considering that the initial TizN coating dissociated into Ti and N, phases, since this one
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IS not a stable phase in this system, the Ti atoms can react with the B atoms to form TiB-
following the reaction of Eq. (5).

2Ti,N+8BN — 4TiB, + 5N, (4)

Although some BN had reacted during sintering to form those secondary phases, it was
also observed the formation of some amorphous phase at 1700 °C in

Figure 25, and additionally, in a few experiments it was observed to occur some
squeezing of a small amount of material out of the mould, which according to EDS results
is mainly constituted by Ni and some Ti. Despite the refereed uncertainty in the values
of Table 13, the calculated ratio of hBN/cBN is only ~7 wt% at 1500°C, whereas only
hBN is detected at 1700°C.
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Figure 26- Rietveld refinement results plot for samples of composition 2, sintered at a)
1500 °C and b) 1700 °C.

Table 12- Fitting parameters of the Rietveld method performed on sintered samples of
composition 2.

Sintering temperature (°C) | Rwp | Rexp | Rp 12
1500 5.07 | 1.67 | 2.98 | 3.03
1700 14.68 | 2.88 | 9.49 | 5.09

Table 13- Phases’ composition and physical characteristics of the composition 2 after
SPS.

Phases 1500 °C | 1700 °C*
(wt %) | (wt %)
CcBN 69 -
hBN 5 69
TiCN 19 24
TiB> 2 2
NisB 5 5

*Some metallic material (Ni/Ti) exited the mold during sintering.
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4.1.6 Microstructural characterization

Figure 27-a depicts the microstructure of composition 2 sintered at 1600 °C. The
difference between the BN phases is obvious, with the predominant cubic phase
exhibiting sharp edges and a planar surface, while the hexagonal one as a rougher
appearance, being the grains detached from the matrix. The difference in texture of the
two phases has already been observed in other works, where there is indication of hBN
forming from the surface of the cBN grains [18,67,114,115]. The Raman spectra
performed in random individual BN grains of samples sintered in the 1400 — 1700 °C
interval, are shown in Figure 27-b. The spectra, indicates only the presence of the cubic
phase at 1056 and 1304 cm™ and the hexagonal at 1367 cm™, meaning that no
metastable BN phase was formed [116]. Although cBN particles could yet be detected
by Raman spectroscopy at 1700 °C, Figure 27-b, its amount should be below the
detection limit of the XRD technique to not be detected in the diffractogram of

Figure 25.
b) cBN cBN
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Figure 27- SEM image (a) of sample 2 sintered at 1600 °C, and (b) comparison of the
Raman spectrums from individual BN grains of samples sintered at 1400 — to 1700 °C
(acquired using the SEM Phenom Pro (G5)).

A comparison of representative microstructures of composition 2 sintered at 1400
-1700 °C is shown in Figure 28, along with an EDS elemental mapping for Ti, N and B.
No relevant heterogeneities are found in the SEM images and the BN grains (darker
regions) are well distributed in the matrix. Increasing the temperature there was a
significant improvement in the wetting of the BN grains and elimination of the matrix
porosity which was more evident at 1700°C. The EDS detection of Ti, B and Ni was used
to identify the TiCN, BN and Ni phases, respectively. Despite B being a light element,
the results align reasonably well with the coarser particles that were previously known to
be BN. The binder is mainly constituted by Ti and some Ni, being clear that the spread
of Ni is increased with increasing temperature. In the higher magnification of the
microstructure at 1700°C and taking also the XRD results of

Figure 25 and respective theoretical densities of the phases in Table 10, the
matrix phases were identified as follows: the brighter white may correspond to NizB, light
grey to TiCN, dark grey to TiB..
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Figure 28- SEM and EDS of the samples from the cBN510-TiCN-Ni composition sintered
at 1400 — 1700 °C.

Although not presented, some mechanical characterizations were performed on
composition 2 sintered a 1500 and 1700 °C, namely Hardness measurements by Vickers
Indentation and compressive strength by Diameter Compression (Brazil) Test Specimen.
Ultimately, these results were inconclusive due to undefined indentation marks that did
not allowed a precise measurement of the hardness, or irrelevant for the work since both
composition 2 temperatures of 1500 °C and 1700 °C showed the same compression
strength value of ~50 MPa, which are too low for any cutting tool application — even lower
than the compression strength of hBN (Table 1).

Summarizing, it was observed that the Ni phase assisted in the sintering of the
cBN-TIiCN based composited, presumably with the formation of a liquid phase, and it
possesses chemical reactivity with BN forming the NisB phase. A great densification of
the material was only possible at 1700 °C when it was observed the cBN to hBN phase
transformation. While the volume expansion helped removing the porosity inside the
composite, it also removed all the cubic phase BN from it which is not the intended. With
these results it was decided to decrease the amount of cBN incorporated in the system,
and to decrease the particle size of the cBN, both in order to allow the sintering and
densification of the PcBN composite with BN in its hard cubic phase.

As a sidenote, the results presented in section 4.1 are also presented in article
form (attachment) and awaiting final revision from the co-authors before submitting to
ECerS Open Access Journal: Open Ceramics. Additionally, an oral presentation of this
section was already done in LVIII Congress of Spanish Glass and Ceramic Society 2022,
in Madrid.
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4.2 Effect of the initial powder dispersion on the microstructure of cBN-TiCN-
Ni based composites sintered by SPS

4.2.1 Initial powders characterization

The cBN, TiCN and mNi powders were used, with initial characteristics indicated
in Table 5, with lower particle size for cBN (1-2 pm) and the same TiCN and mNi used
previously. While the characteristics of TICN and mNi powders were already discussed
in topic 4.1.1, cBN morphological and structural characteristics are shown in Figure 29
and Figure 30. This powder has an angular shape with sharp edges while displaying a
loose behavior between particles (Figure 29). It is in the same range scale of the TiCN
and mNi powders having two grain size families around 0,1 and 2 um respectively, with
an average particle size (Dso) of 1,5 um (Figure 30-a). No other phase, besides cubic
BN, was detected in the powder (Figure 30-b).

Figure 29- Morphology of the cBN grains (acquired using the SEM Hitachi model SU-
4100).
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Figure 30- (a) Grain size distribution and (b) XRD pattern of the cBN powder.
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4.2.2 Thermodynamic calculations of BN-TiCN phase diagrams with addition
of Ni

New thermically stable diagrams were calculated using the constituents BN, Ti,
C, N and Ni (If present) in mass amount, with a pressure of 60 MPa, also considering
the hBN as the stable phase in all temperature range (Figure 31 and Figure 32). These
diagrams differ from the ones determined in section 4.1.2 because the cBN 510 powder
used in that study contained a Ti:N coating of the particles

Based on the phase diagram of Figure 31, the composition 3 of Table 6 was fixed
as a base composition with a lower amount of cBN than the previous ones (composition
1 and 2) to facilitate the densification process (represented as a red line). In this case it
was not possible to prevent the formation of the graphite phase. When a Ni phase is
added to composition 3 (Figure 32), only the phase region identified as n does not show
graphite as a stable phase at temperatures lower than ~1000 °C (other regions such as
0, €, and 6 does not have practical size on the diagram), but it is required to add >11
wt.% of Ni. Since it was not intended to exceed a Ni amount of 10 wt% for the PcBN, it
was decided to use that amount (Figure 32, represented as a red line).

According to Figure 31 it is predicted in composition 3 the presence of BN and
TiCN and the formation of two new phases: TiB, and graphite. With addition of 10 wt%
of Ni (Figure 32), it is predicted the same behaviour in relation to the formation of a Ni
liquid phase (~1027 °C) and reaction to form NisB when cooling (see section 4.1.2), but
also the formation of graphite and absence of TiB..
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Figure 31- Predicted phase diagram for the BN-TIiCN system. The dashed line
corresponds to composition 3.
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Figure 32- Predicted phase diagram for the BN-TiCN-Ni system. The dashed line
corresponds to composition 4.

4.2.3 Colloidal characterization of cBN

To be able to uniformly disperse the various constituents of a mixture in a liquid
medium, it is necessary to know the powders behaviour in such medium. The behaviour
of TICN and Ni powders was already studied in previous works concluding that an
amount of long Polyethylenimine (long PEI) of 0.5 and 7% respectively is enough, but
for cBN it was necessary to perform this characterization [96,97]. Figure 33 shows the
variation of Zeta potential of the cBN powder in function of pH and the respective particle
size. It is observed that for very acid pH or basic the zeta potential increases and even
becoming positive for pH = 2, as for pH around neutral the potential decreases to almost
-60mV, while the particle size follows this behaviour, increasing with increasing Zeta
potential. Since the particle size varies between 1 — 2 pm, which is the size of this powder
in Table 5, it is reasonable to consider that the pH does not significantly affect the powder
behaviour. Hence, agglomerates do not form, but powder dispersion doesn't either.
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Figure 33- Variation of cBN powder Zeta potential and particle size in function of medium
pH.

Since a polymer (polyelectrolyte) is intended to be used as dispersant to prepare
the colloid, it was necessary to also characterize the cBN powder behaviour with the
dispersant. The pH was maintained around 9, due to Ni dissolving for pH < 8, and for pH
> 10 the polymeric chains of the dispersant shrink which decreases its ability to
deagglomerate the powders [98]. Results are shown in Figure 34 and Figure 35 for short
PEI and long PEI, respectively. Addition of short PEI increases the zeta potential to over
60 mV at 0.5 wt% which is maintained up to 2 wt%, the particle size oscillates around
1.2 umin size. As for long PEI, the Zeta potential immediately increases to values above
30 mV and maintains stable for all the amounts, with a slightly greater increase at 6 wt.%.
The patrticle size decreases with the added polymer up to 1 wt.% where it reaches its
minimum and stays around 1.2 um. The most indicated dispersant is the one that can
reach stable Zeta potential with less amount of polymer added, and for short PEI it is
necessary 0.5 wt.%, while for long PEl it is necessary 0.25 wt.% although it can increase
the powder dispersion up to 1 wt.%. It was also noted that after preparing the
suspensions a pH adjustment was necessary when using short PEI, while no adjustment
was necessary for the long PEI.
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Figure 34- Variation of Zeta potential and particle size in function of short PEI addition to
the cBN powder, maintaining a pH around 9.
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Figure 35- Variation of Zeta potential and particle size in function of long PEI addition to
the of cBN powder, maintaining a pH around 9.

4.2.4 Preparation and initial characterization of the compositions

When following the colloidal processing method for the preparation of
composition 4 as described in section 3.2.1, both short and long PEI were individually
used. During the preparation it was observed that, while mixing the powders with short
PEI in the liquid medium, the viscosity of the slurry increased drastically to the point that
mechanical mixing would be impeded by further addition of powder. In comparison, with
long PEI all the powders were successfully added in the proportionated amounts without
changing the viscosity too much, meaning that it was possible to achieve a higher solid
concentration on the slurry. For this reason, the use of short PEI was discarded, and long
PEI was the dispersant used to prepare both compositions.
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Figure 36 shows the morphology of compositions 3 and 4, prepared using the
colloidal processing technique. In both cases the distribution of the particles is
homogeneous, but none of the constituent’s particles are distinguishable from one
another, in terms of morphology. The diffractogram in Figure 37 of composition 4
prepared by colloidal processing technique confirms the presence of the already
expected phases: cBN, TiCN and Ni.

Figure 36- Microstructure of the prepared compositions: a) composition 3 and b)
composition 4 prepared by colloidal processing (acquired using the SEM Hitachi model
S-4700).
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Figure 37- XRD diffractogram of the mixed composition 4 by colloidal processing
technique.

4.2.5 SPS: Effect of the Nickel addition

Figure 38 shows the shrinkage and shrinkage rate of composition 3 and 4
prepared by the colloidal processing method, the first without Ni and the other with 5
vol% Ni (10 wt%). In both cases, the same two stages can be identified in the shrinkage
curve of Figure 38-a: stage | where a reduced shrinkage up to ~1200 °C can be observed
in both compositions; and stage Il where a larger shrinkage occurs after 1200 °C, being
more pronounced in the composition with Ni, and therefore having a higher shrinkage
rate. This significantly higher shrinkage rate of the composition with 5 vol% Ni at 1200
°C is off from the predicted temperature of 1027 °C for formation of liquid phase (Figure
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32). No expansion associated with the BN phase transformation to hexagonal form was
observed for temperatures up to 2000 °C although in the composition without Ni it can
be seen a decrease of the shrinkage rate starting from 1700 °C. Being this the upper
limit of the calculated temperature for the transformation to occur, it may suggest that
the transformation still occurred but less expressively that what was observed previously
(section 4.1.4).
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Figure 38- Shrinkage (a) and shrinkage rate (b) of composition 3 (without Ni) and
composition 4 (with Ni), both processed by CP, in function of the temperature using SPS.

The XRD patterns of the sintered samples presented in Figure 39, indicates the
following statements: (i) as previously observed (section 4.1.4), no significant difference
was observed in the TiCN phase; (ii) for both compositions, all predicted phases in Figure
31 and Figure 32 were observed, BN, TiCN and TiB, phases for the composition 3
(cBN+TiCN) and BN, TiCN, TiB, and NizB for composition 4 (cBN+TiCN+Ni), except
graphite which in both cases was not detected; (iii) no cBN was detected at 2000 °C
(composition 3) while a very small peak was detected at 1800 °C (composition 4). This
last one indicates that the BN phase transformation did occur despite not being recorded
the associated volume expansion in the dilatometric curves of Figure 38.

Comparing the Powder Diffraction Files of hBN (ICDD 04-015-2797) and graphite
(ICDD 04-014-0362) phases, it is indicated that the characteristic most intense peaks of
each phase are at a 26 angle of 26.6° and 26.3 respectively, while the other characteristic
peaks have a relative intensity lower than 20% of the main ones. This means that the
identification by XRD technique of each phase will be difficult due to mostly being just
one peak at that angle. Additionally, the peak at 26.6° is very broad and can hide the
graphite phase peak, if existing in small amounts.
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Figure 39- XRD patterns of compositions 3 and 4, both processed by CP method,
sintered at 2000 °C and 1800 °C by SPS respectively.

4.2.6 SPS: effect of the processing method and temperature variation

Figure 40 shows the shrinkage and shrinkage rate of composition 4, according to
the two preparation methods: Ball Milling (BM) or Colloidal Processing (CP). The same
two sintering stages are observed (I and Il), with the BM method having greater
shrinkage in stage | in relation to the CP method and maintaining this stage | up to higher
temperature (~1400 °C) than the CP method (~1200 °C). As for stage Il, both methods
have similar sintering behaviour with the BM method achieving a greater shrinkage
overall. No apparent expansion was observed.
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Figure 40- Shrinkage (a) and shrinkage rate (b) of composition 4 samples processed by
BM or CP and sintered at 1700 — 1800 °C by SPS.

The apparent density and open porosity of the samples in function of the sintering
temperature are shown in Figure 41. The samples processed by the BM method have
greater shrinkage overall and already achieved 0% of open porosity at 1700 °C, yet
continuing to show a considerable shrinkage after 1700 °C despite not having a

46



significant change in open porosity when increasing to 1800 °C, possibly due to the
removal of close porosity since its apparent density had a slight increase. As for the
samples processed by the CP method, they shown a smaller shrinkage overall, having
still 10% of open porosity at 1700 °C, but achieve 0% when sintered at 1800 °C coinciding
with the same shrinkage and open porosity of the sample by BM at 1700 °C. A small
decrease of apparent density is observed in the sample processed by CP, since the
formation of hBN was observed at 1800 °C in Figure 39, which is probably connected to
the decrease in density and the elimination of open porosity with increasing temperature.
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Figure 41- Apparent density and open porosity of the samples from composition 4 where
it was variated the processing method (BM and CP) and SPS sintering temperature
(1700 — 1800 °C).

In Figure 42 it is shown the XRD profiles of composition 4 green powder and
processed samples (BM and CP) sintered by SPS between 1700 — 1800 °C. The same
phases are identified in the XRD patterns as in Figure 42, being summarized in Table 14
the experimentally detected phases together with the predicted ones in the phase
diagrams of Figure 32. As for BN, a significative part of the cubic phase had already
transformed into the hexagonal form at 1700 °C, with a greater extension when
increasing to 1800 °C. Nonetheless, some cubic phase is still detected at 1800 °C even
after 10 minutes of dwell time, meaning that the full transformation threshold was delayed
to higher temperatures than the calculated temperature of transformation of 1320 + 380
°C. The similarity of the XRD patterns (Figure 42), along with roughly the same hBN
phase amounts determined (Table 14), indicates that no significant difference occurred
from the processing technique used, either BM or CP, in terms of crystallographic
phases.
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Figure 42- XRD diffractograms of composition 4 as-mixed and sintered by SPS at 1700

— 1800 °C with ball milling (BM) or colloidal processing (CP) as mixing technique.

Table 14- Comparison of initial, predicted and detected phases of composition 4 sintered

samples.

Preparation method and Predicted phases** Detected phases Amount hBN
Sintering samples (°C) (Thermo-Calc) (XRD) phase (%)**

* - CBN+TICN+Ni 0

BM —1700 °C 74

BM - 1800 °C . . . . . 91

CP — 1700 °C BN+TiCN+NisB+graphite | cBN+hBN+TiCN+NisB 20

CP — 1800 °C 95

4.2.7 Microstructural characterization

*as-prepared composition 4; **Considered at below 1000 °C; ***Based on the net area
of XRD peaks of hBN and cBN respectively.

To evaluate the capability of the processing methods in dispersing and achieving

method.

a homogeneous distribution of the composition’s constituents, SEM images of the
microstructures are shown in Figure 43. In Figure 43-a (compaosition 4 by BM) various
heterogeneities of the order of 100 um are observed, while in Figure 43-b the same kind
of defects are observed but in smaller regions, around 25 pm. Overall, there were some
heterogeneities in the microstructures that the mixing techniques were not capable to
eliminate, but the colloidal processing achieved a better uniformity than the ball milling
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Figure 43- SEM microstructures of composition 4 by (a) BM and (b) CP.

A comparison of the microstructures of all four sintered samples in Figure 44
shows the morphology of the composite’s constituents and existing defects. In all
samples two different structures can be seen, several white color particles in a dark grey
background, which considering the phases detected by XRD in Figure 39 and the effect
of the respective phase density (Table 10) on the SEM imaging, can be attributed to
TiCN+NisB and BN respectively. Besides, 3 types of defects can be identified; (i) dark
spots with irregular shape; (ii) white color particles with undefined shape and rough
surface; and (iii) slightly larger agglomerates than the general particles size, with a
polished surface. The first type of defects (i) is more predominant and have larger size
for the samples prepared by BM. A more detailed look (Figure 45) reveals that they
consist in absence of material, possibly due to removal of some particle like shape
structures (i. e. agglomerated cBN or TiCN patrticles), while a chemical analysis by EDS
revealed the presence of only Ni on this regions (B detected is not representative since
this element is to light for an acceptable measurement) The second type of defects (ii),
although not shown in Figure 44, is a defect only present in significant amounts on
samples prepared by BM. These regions possess a quite significant size (~200 pm in
length on Figure 46) and appear to be formed by a phase with higher density than the
TiCN (whiter color than the TiCN grains around this one). EDS data from the defect
indicates that itis formed by a phase containing Ti and Ni elements, Figure 46. When
acquiring EDS maps of the elements (Ti, B, Ni) to see their distribution (Figure 46-c throw
d), it did not indicate the presence any of the elements in the defect area. These leads
to no conclusion about what exactly are these defects. It is possible than these
structures, when removed, leave a hole on the surface resulting in the first type of defect
(). The third type of defects (iii) observed are present in samples prepared by both BM
and CP methods, being more predominant in the ones prepared by BM. On a closer look
(Figure 45), they consist of grains of TICN bound together by the NisB phase, identified
by the detection of Ti and Ni respectively, and the polishing exposed this consolidated
zone. Then, these zones are not defects, but places were the binders successfully
consolidated the material although it appears that the BN phase was left out.
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Figure 44- Microstructure morphology of the four sintered samples of composition 4: (a)
BM - 1700 °C, (b) CP — 1700 °C, (c) BM — 1800 °C and (d) CP — 1800 °C.

Figure 45- a) SEM imaging of the microstructure of a sample from composition 4 by CP
sintered at 1800 °C and b) EDS mapping of Ti, B and Ni elements, where it was focussed
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on (c) another type of defect on its microstructure and its respective d) EDS mapping of
Ti, B and Ni elements.

Figure 46- a) SEM imaging of the microstructure of a sample from composition 4 by BM
sintered at 1700 °C, focused on a defect were a (b) EDS measurement was performed
on a single point (marked as a red star), and b) EDS mapping of ¢) Ti, d) Ni and e) B
elements.

Summarizing the results, high densifications were also achieved with this
composite (39 wt% cBN). Despite still having an extensive BN phase transformation to
hexagonal form, a significant amount of cubic phase was still present in the composite
even at sintering temperatures of 1800 °C. The presence of a graphite phase was not
possible to confirm due to overlapping peaks with the hBN phase, which is crucial since
the phase diagram indicates it as a stable phase and the composite was sintered in a
graphite mould. Being a soft phase, the graphite phase is not desirable. In relation to
powders homogeneity, both ball milling and colloidal processing here insufficient to
achieve a homogeneous distribution, resulting in several defects on the microstructure
of the sintered compositions. Nonetheless, the colloidal processing technique reached a
more uniform dispersion than the ball milling method.
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Chapter 5- Conclusions

52



In conclusion of this work, being divided in two distinct parts focused on studying
the thermal reactivity of cBN-TiCN-Ni composites and the densification of these ones by
Spark Plasma Sintering respectively, the following conclusions were summarized.

e Thermo-calc software as a tool

The Thermo-calc software proved to be a powerful tool in determining the equilibrium
phases of the intended materials systems, since the predicted phases were in line with
the experimentally confirmed ones. Nonetheless it possesses some limitations that were
faced in this work, namely the impossibility of calculating phase transformations at high
pressures and the presence of only BN in the hexagonal form in the database. Such data
would be valuable for a deeper understanding of the phase transformation of BN.

e Thermal reactivity of the system and phases formed

The Ni phase is expected to form a liquid phase, which is predicted to be capable of
dissolving B elements and promoting the formation of other more stable phases, namely
NisB. It was verified the instability of the TioN phase in these systems, yet the possibility
of formation of graphite could not be confirmed or denied being its formation detrimental
for the hardness of the composite.

e BN phase transformation

It was not possible to prevent or delay the beginning of BN phase transformation from
cubic to hexagonal by SPS with up to 60 MPa, since this one was observed to form as
low as 1400 °C, while the majority of the transformation occurred and completely
transformed at 1700 °C. Decreasing the grain size of cBN in the composite lead to a
delay in the transformation extension, allowing to still be detected cBN at 1800 °C. The
morphologic difference between the cBN and hBN phases was observed by SEM
imaging. No BN phase other than cubic and hexagonal was observed to form despite
the non-equilibrium conditions applied by the SPS technique, but an amorphous phase
was detected by XRD at 1700 °C

e Colloidal characterization of micrometric cBN powder

The micrometric cBN powder was observed to not agglomerate by changing the pH
of the medium, and when interacting with the dispersant (Polyethylenimine) it was shown
that 0,5% wt. and 0,25% wt. of short PEI and long PEI respectively is enough to achieve
a good dispersion of the ceramic patrticles.

e Powders mixing process

In a comparison between the Ball Milling and the Colloidal Processing method for
achieving a uniform dispersion of the powder’s particles, the colloidal processing
achieved a better distribution by showing less defects in the SEM microstructures but
reached slightly lower densifications for the same temperature. In relation of chemical
phases, no different between the two was observed.

e Densification of cBN-TiCN-Ni based composited by SPS

The addition of Ni aided the sintering of the cBN-TiCN based composite by increasing
the total shrinkage during sintering, but it did not make possible the total densification of
the composite bellow the 1700 °C, temperature at which most of the phase
transformation occurred. Decreasing the particle size of the cBN powder resulted in a
delay of complete BN phase transformation to higher temperatures. With the formation
of consolidated areas of TICN+NisB on the microstructure, it was evident that it is
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possible to consolidate the cBN-TiCN-Ni composite, although consolidation with the BN
particles is still lacking.
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Chapter 6- Future work
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As future work, there are several routes that can be followed to achieve the main
objective of fully densified PcBN with good mechanical properties to be used as a cutting
tool. These ones consist in:

¢ Improvement of the colloidal mixing

The colloidal process could be further improved by testing longer mixing times of 2,
4, 6,8, 10 and 12 h. Had been used 1 hour may not be enough to reach the maximum
homogeneity possible by this technique.

e Decrease the amount of cBN incorporated

Incorporating less cBN would make possible to sinter the composite at temperatures
below the threshold temperature of 1700 °C, at which the majority of the BN phase
transformation occurs.

e Decrease the cBN powder particle size

Results suggest that decreasing the cBN particle size leads to a delay in the total
phase transformation (for a 57 um particle size the cBN completely transformed at 1700
°C, as for a 1,2 um particle size powder there was still a significant amount of cBN at
1800 °C). It could be possible that decreasing the particle size even further may give a
wider temperature range for sintering the composite retaining the cubic BN phase,
although it will pose additional challenges in dispersing since the powder particle will
enter in the nanometre range.

e Investigation of other transient liquid phases

The densification of PcBN is promoted by addition of phases that can melt and form
a liquid phase at sintering temperatures. At the same time, these ones could dissolve
some part of the system constituents and precipitate hard phases that would contribute
for the hardness of the composite. The formation of soft phases such as hBN or graphite
must be avoided.

When a fully consolidated PcBN material with good mechanical properties is
finally achieved, the next step should be testing the composite as a cutting piece,
evaluating its cutting conditions and tool life against various types of work piece
materials.
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Abstract

PcBN materials are normally sintered by HPHT techniques resulting in an expensive
material. These techniques are used with the purpose of achieving a full densified material while
preventing the formation of hexagonal BN with would decrease the hardness of the PCBN. In this
regard, the fast-sintering rates of the Spark Plasma Sintering technique may help decrease the
extension of the phase transformation in the material and thus minimize the hardness decrease. In
this work it was used the Spark Plasma Sintering technique to sinter a cBN-TICN based composite
and studied its sintering behavior, densification, and phase transformation with and without the
addition of metallic Ni. A greater densification of the material was achieved with introduction of Ni,
but full removal of open porosity was only possible at 1700 °C, temperature at which theBN phase
transformation to hexagonal form completely occurred. On this regard, the Ni phase did not change
the phase transformation to lower or higher temperatures but accelerated the phase transformation.
Additionally, thermodynamic calculations were used to predict the stable crystallographic phases of
the system, and experimentally confirmed by X-ray Diffraction technique.

1.Introduction

Boron nitride (BN) was firstly discovered in nature in 2009 in its cubic form as a few
nanometers incrustations in minerals extracted from the earth’s crust, but it has been artificially
produced for industrial use since the 1950°s [1,2]. BN is a ceramic material known for its thermal and
chemical stability, high thermal conductivity, and low electrical conductivity (isolator) [3,4]. There are
various known crystallographic structures for BN, but the cubic and hexagonal forms are the only
ones that are thermodynamic stable [5,6]. Cubic boron nitride (cBN) is a very hard and wear
resistance material, being the second hardest material with industrial application; its hardness is only
lower than diamond, nevertheless presents higher resistance to oxidation and decomposition into
other phases than diamond [3,7-9].

Some of the major applications of BN are found in cBN based composites, known as
polycrystalline cubic boron nitride (PcBN), as tools for machining and polishing of hard materials, like
hardened steels and cast irons, where diamond cannot be used because of its reactivity with Fe and
other metallic elements (e.g. Co, Mg, Ni, Cr and Ti) inducing the tendency to form carbides [8,10].
PcBN is usually produced by high temperature high pressure (HTHP) techniques using ceramic (e.g
TIiCN, TiC, TiN) and/or metallic binders (e.g Ti, Al, Ni, Co) [10-12]. The metallic binders tend to react
with the boron nitride and form borides and nitrides, which result in a chemical bond between the
constituents of the material that is stronger than a pure mechanical one and lead to a better
performance and lifetime of the material [13,14]. Additionally, the use of a metallic binder gives other
properties to the material, such as electrical conductivity, and allows its metal-joining processing
such as brazing the PcBN tips in a WC-Co substrate [15,16].

71


mailto:mineiro@ua.pt
mailto:elsilva@ua.pt
mailto:anamor@ua.pt
mailto:cfernandes@palbit.pt
mailto:dfigueiredo@palbit.pt
mailto:ajsanchez@icv.csic.es
mailto:bferrari@icv.csic.es

Due to the high covalent atomic bond of BN, high sintering temperatures (1200-1500 °C) are
required, together with high pressure (4—6 GPa) to achieve the full material densification maintaining
the cubic phase in the stability zone [5,10,17]. At normal pressure the transition phase structure from
cubic to hexagonal is calculated to occur at 1320 + 380 °C, while experimentally it varies between
900 and 2200 °C [5,18-20]. This uncertainty is caused by experimental errors and various factors
that influence the temperature at which the transformation occurs, as the materials processing (time,
temperature, pressure), and the material intrinsic (number of defects, grain size) or extrinsic
characteristics (binders — accelerators or retardants — catalysts and impurities like H20, B203 and O2
[3,21-25]. The presence of hexagonal phase is not desirable, due to its lower Vickers hardness
(0,131 GPa when) comparatively with the cubic phase (around 40 — 50 GPa for micrometric grain
size), which led to a drastic decrease in hardness of the PcBN [4,26].

The sintering by HPHT techniques allows the application of extremely high pressures and
temperatures, as indicated above, but restricts the amount of material sintered and its shape to
simple geometries; additionally, the complex and time-consuming process of the shaping parts
assembly before sintering and intense conditions used makes it a high-cost material processing [27—
29].

Spark Plasma Sintering (SPS), an Electric Field Assisted Sintering (EFAS) technique, uses
an intense electric field to heat the system that can reach heating rates as high as 1000 °C/min up
to a maximum of 2400 °C and 100-150 MPa of applied pressure [30]. This can decrease the heating
time to a minimum and potentially decrease the extension of phenomenon, such as cubic—hexagonal
phase transformation of BN [31]. This rapid heating rate, combined with shorter sintering times, result
in a larger production rate compared with other sintering techniques, although there are still
limitations, like geometry constraints and high-cost equipment [31]. Using the SPS technique,
Mettaya et al. [32] studied the effect of SiO2 coating of cBN particles in the cBN-TiN-TiB2 system,
and observed that with an increase of cBN from 0 to 80% vol. the relative density dropped from 96
to 80%, while the hardness remained in the 15 — 25 GPa range; Yuan et al. [28] studied the
sinterability of the cBN-Ti-Al system with cBN varying between 40 and 60% vol, and concluded that
the 45% cBN + 35% Ti + 20% Al vol. composition sintered at 1400 °C, achieved the best relative
density and hardness, 99% and 14 GPa respectively, maintaining a heating rate of 100 °C/min and
a dwell time of 10 min with 50 MPa of uniaxial pressure; Jianfeng et al. [33] studied the sinterability
of the Ni-cBN system varying the cBN amount up to 50% vol and dwell temperature between 900 —
1200 °C, and observing a decrease of relative density from 99 to 89% when increasing the amount
of cBN, while the hardness reached a maximum of 3,5 GPa for the 70% Ni + 30% cBN vol.
composition sintered at 1100 °C.

The major difficulty in sintering PCBN composites is to achieve full densification with low
amounts of binder and using less extreme sintering conditions as possible, since less binder results
in a higher hardness closer to cBN, but will require an increase of the sintering conditions to more
extreme values, while higher temperatures promote the phase transformation of BN from cubic to
hexagonal, which drastically reduces the hardness of the material [2,29,34].

The feasibility of SPS as a consolidation technique in high cBN based composites (>70%vol.)
will be investigated. For such purpose coarse cBN particles coated with Ti were proportionated with
TIiCN. In order to increase the sinterability of cBN+TiCN composition the addition of Ni binder was
also performed. The thermal reactivity behavior during SPS sintering, in particular the cBN to hBN
phase transformation was also investigated.

2.Experimental procedure

The following powders were used: cBN (coated with 17wt% of titanium, Dso<44 pm,
Hyperion), TiCN (Dso<1,65 um, Treibacher), and Ni (Dso<2,2 — 2,6 um, Ampere). The cBN powder
particles are significantly coarser than those of the Ti(C,N) and Ni powders, Figure 1 and Figure 2,
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as described in SEM images (Hitachi SU-70 and Hitachi SU-41 respectively). The particles of cBN
have an angular shape and are uniformly coated with Ti (Figure 1-b) (energy dispersive
spectroscopy, EDS, Bruker Quantax 400). The Ti(C,N) and Ni particles are rounder and
agglomerated, as oppose to the cBN ones that are looser (Figure 2). The grain size distribution of
the cBNis very uniform, with an average grain size (Dso) of 57 pum (laser diffraction analysis, Coulter),
Figure 3-a, and are in fact coated with a titanium nitride phase (Ti2N), Figure 3-b, while no metallic
Ti was detected, while BN phase is in the cubic structure cBN,as confirmed by XRD (Figure 3-b)
(Panalytical Almelo Netherlands, X" Pert PRO? with copper ampoule).

Figure 2- Morphologies of the (a) TICN and (b) Ni particles.

a) b)
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Figure 3- (a) Particle size distribution and (b) XRD pattern of the cBN powder.

Thermodynamic calculations for the cBN-Ti(C,N) composition phase diagrams with and
without Ni were performed in Thermocalc software using the TCFE11 database. The calculated
phase diagrams were used to select the cBN based compositions in terms of their final phases after
sintering. These compositions are presented in Table 1.

The powders were mixed in the proportions indicated in Table 1, by mechanical mixture for
90 min, using a 3D powder blender mixer. Two different compositions were prepared, one without Ni
and the other with 5 vol.% of Ni (Table 1). The proportionated components for each composition are
presented in volume and weight percentages.

Table 1- PcBN compositions with and without Ni.

Vol. % Wt. %

cBN | TiN Ti(C,N) | Ni cBN TioN Ti(C,N) | Ni
Composition1 | 73 10 17 - 65 13 22 -
Composition 2 | 69 10 16 5 58 12 20 10

The two compositions were sintered by SPS, Dr. Sinter SPS-510CE, Fuji Electronic Industrial
Co., using graphite punches with 10 mm in diameter. The investigated SPS conditions were applied
according to Table 2, and the cooling was done at a rate of 100 °C/min down to 500 °C, at point
where the equipment was turn off and let the samples cooling naturally inside the chamber. During
the sintering process, the punches displacement, vacuum, pressure, and temperature were recorded
every second. Taking the recorded punches displacement and temperature in situ, dilatometric
curves were represented.

Table 2- SPS conditions applied to each composition.

Sample Heating_rate Pressure temperature dwell_time
(°C/min) (MPa) (°C) (min)

Composition 1 2000 2000

1400 1400

1500 1500
Composition 2 1600 100 60 1600 10

1700 1700

2000 2000

The microstructure of the sintered samples was analyzed using a Scanning Electron
Microscopy (SEM) Hitachi model SU-70 with EDS microanalysis system Bruker Quantax 400 model,
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and a Phenom Pro (G5) with a Silicon Drift Detector (SSD) Phenom. As for the structure, it was
analyzed by X-Ray Diffraction (XRD) Panalytical (Almelo, Netherlands) model X Pert PRO?, and a
Bruker D8 Advance, both with Cu ampoule of Acukat = 1,54056 A. The diffractograms used to perform
the Rietveld analysis were acquired in a Panalytical (Almelo, Netherlands), model X Pert PRO® and
a Panalytical Empyrean diffractometer. Raman Spectroscopy was also performed using a Renishaw
InVia Raman Spectroscope with a laser of 514 um wavelength.

For the Rietveld analysis it was considered the phases given in Table 3, along with theoretical
densities given in the ICCD PDF files for each phase.

Table 3- Theoretical densities, retrieved from the respective ICDD PDF file, for each considered
phase used in Rietveld analysis.

Phase | Theoretical density (g/cm3) | ICDD PDF file
cBN 3,5 04-008-4847
hBN 2,3 04-013-1175

TiCN 3,5 04-011-9013
TiB2 4,5 04-010-8470
NisB 8,2 04-003-1948

The apparent density and open porosity were determined by the Archimedes’ method,
following the standard ASTM C20-00 [35].

3. Results and discussion
3.1 Thermodynamic calculations of the cBN-Ti(C,N) phase diagrams with addition of Ni

The system of both compositions was defined using the constituents BN, Ti, C, N and Ni (If
present) in mass amount, with a pressure of 60 MPa. Due to the limitation in the TCFE11 database,
where only the hexagonal phase was included, the calculations were done considering a stable hBN
in all the temperature range.

The phases diagrams obtained from the thermodynamic calculations of the BN-Ti(C,N) and
BN-Ti(C,N)-Ni systems are shown in Figure 4 and Figure 5 respectively. It was used a temperature
scale of 800 to 2100 °C, although it is generally accepted that equilibrium conditions are only attained
for temperatures higher than 1000°C. Based on the phase diagrams in Figure 4 and 5, the respective
compositions 1 and 2, Table 1, were chosen to be inside regions where no graphite is formed at
~1000°C (represented as red lines).

According to Figure 4 and Figure 5, and considering the initial phases of the powders used,
it is expected that the TiB2 phase will form and become stable in the system, while the Ti2N phase,
detected in the XRD diffractogram of the cBN powder, Figure 3-b, will disappear from the system,
since is not indicated as stable. The formation of a TiB2 phase for these types of systems was already
predicted and experimentally confirmed by existing works [36—38]. With the addition of Ni, it is
predicted to form a liquid phase at 967 °C which will be present up to 1736 °C, and when cooled will
lead to the formation of a stable NisB phase. The formation of this phase indicates that metallic Ni
will react with BN.
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composition 1.
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3.2. Initial characterization of the compositions
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In Figure 6 are showed the morphology of compositions 1 and 2 after mixing. The cBN
particles are easily distinguishable from the Ti(C,N) ones in composition 1, due to the much larger
size. As for composition 2 it is not possible to distinguish between the Ti(C,N) and Ni particles, as
the mean particle size is similar. In both cases, no clear heterogeneities are observed. An XRD
analysis of the composition 2 is showed in Figure 7, indicating the presence of the cBN, Ti(C,N), Ni
and Ti2N phases. As shown above, the cBN and TizN phases come from the cBN powder (Figure 3-

Figure 6- Microstructure of the two prepared compositions: a) composition 1 and b) composition 2.
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Figure 7- XRD pattern of the composition 2.

3.3 SPS: Effect of nickel addition

The sintering behavior performed with dilatometric analysis during the SPS heating stage is
shown in Figure 8 for the two PcBN compositions. In Figure 8-a it is plotted the shrinkage vs
temperature for both compositions and in Figure 8-b the respective shrinkage rate curve. Different
stages can be observed from the beginning of the densification process, ~600°C up to 2000°C. For
both compositions, an initial faster shrinkage stage, stage |, is observed, originating a maximum of
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the shrinkage rate at ~1020°C for composition 1 and in the case of composition 2, with Ni, this stage
extends up to higher temperature, presenting a higher maximum shrinkage rate at ~1170°C.
Interesting to note that in this stage, the shrinkage rate of composition 2 became larger than that of
composition 1 when T approaches 1000°C, in close agreement with the appearance of the liquid
phase at ~967°C predicted in the phase diagram, Figure 5. In stage Il, for T> ~1300°C, both
compositions present equivalent and reduced shrinkage rates up to ~1700 °C. Above that
temperature, a sudden expansion is observed in stage Ill, resulting in relevant peaks in the shrinkage
rate at ~1800°C and ~1760°C for composition 1 and composition 2, respectively, which should be
associated to the phase transformation cBN-hBN. The starting transformation temperature of
~1700°C in this work is on the upper limit range of calculated temperatures (1320 + 380 °C) in the
literature for the cubic to the hexagonal BN form transformation, but it should also be noted that the
SPS conditions are far from equilibrium conditions [18]. The addition of Ni, as reported in the
literature, slightly fasten the transformation and resulted in a larger shrinkage, as observed in Figure
8 [22,39]. After the expansion stage lll, there is yet a final stage IV where the shrinkage rate is near
constant and similar to that of stage I, for both compositions.

a) b)

0

0,10 -

without Ni
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Figure 8- Shrinkage (a) and shrinkage rate (b) of composition 1 (without Ni) and composition 2 (with
Ni) in function of the temperature using SPS.

From the XRD analysis of the phases present in both samples sintered at 2000 °C, Figure 9,
four observations can be made: (i) the Ti(C,N) phase seems to remain stable during heating; (ii) only
hBN was detected, meaning that all cBN was transformed into hBN and, since there is a volume
expansion associated to this transformation, it explains the relevant expansion recorded in the stage
Il of the dilatometric curves in Figure 8 [32]; (iii) the Ti2N phase disappeared from the system and
TiB2 phase was formed, meaning that Tiz2N is not stable in the tested conditions while TiBz is, although
the respective peaks are smaller in the composition containing Ni; (iv) in composition 2, containing
Ni, there is the formation of NisB phase, falling in the four phase region BN+NisB+Ti(C,N)+TiB: of
the phase diagram, Figure 5. It can, then, be concluded that the XRD detected phases in both
compositions are just those predicted by the respective phase diagrams in Figures 4 and 5, and the
final phase compositions just fall in the region of 3 or 4 phases, as expected.
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Figure 9- XRD patterns of the sintered composition 1 and composition 2 by SPS.

3.4. SPS: Effect of temperature variation

To study the effect of temperature in the shrinkage of composition 2 before the cBN-hBN
transformation, several SPS heat treatments have been performed between 1400 and 1700°C
(Figure 10). With increasing temperature, the shrinkage increases but the shrinkage rate, after the
maximum ~1170°C, is progressively decelerated until it reaches zero at 1700 °C (Figure 10b). This
temperature corresponds to the beginning of the phase transformation as shown in Figure 8.
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Figure 10- Shrinkage (a) and shrinkage rate (b) in function of temperature of the samples from
composition 2, sintered at 1400 — 1700 °C and 60 MPa.

Figure 11 shows the apparent density and open porosity of the samples in function of the
sintering temperature. Apparent density is decreasing slightly with increase in temperature up to
1600 °C where above that it greatly diminishes. As for open porosity it fluctuates around 16%
between 1400- 1600 °C but reduces to zero at 1700 °C. Although it was expected a gradual
increasing of apparent density and decreasing of open porosity with the increase of temperature this
is not the case and the slight decrease of apparent density with a near constant open porosity
between 1400-1600°C may be already attributed to a small extent of cBN to hBN phase
transformation, since 10 minutes of holding time were done at those high temperatures. From 1600
up to 1700°C, the huge reduction of the apparent density with total elimination of the open pores is
a consequence of the accelerated phase transformation, since the density of hBN (2,2 g/cm?) is
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lower than that of cBN (3,5 g/cm3), and its volumetric expansion can contribute to the removal of
porosity [4,6].
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Figure 11- Apparent density and open porosity of samples from composition 2 sintered by SPS at
temperatures of 1400 — 1700 °C.

A comparison of the XRD profiles in composition 2 for the green powder and after SPS at
different temperatures, in Figure 12, shows that the detected phases after sintering are the same as
the one sintered at 2000 °C, Figure 9 and predicted by the phase diagram of Figure 5, as summarized
in Table 4. In what concerns the phase transformation of BN from cubic to hexagonal, it is observed
in Figure 12 that, in fact, a small peak of hBN is already identified in the XRD profile of the sample
sintered at 1400 °C which has a small increase up to 1600 °C. This means that in this range of
temperatures the transformation is slow, as already stated from the data of Figure 11. In the interval
from 1600°C up to 1700 °C the transformation proceeds at a higher rate and at 1700°C the cBN
phase is no more detected, while is observed to form an amorphous phase between 42° to 47°
interval.
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Figure 12- XRD patterns of the composition 2 as-mixed and after SPS at different temperatures.

Table 4- Comparison of predicted and detected phases of composition 2.

Sintering Predicted phases** Detected phases Amount hBN
Temperature (°C) (Thermo-Calc) (XRD) phase (%)***
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* - CcBN+ Ti2N+TiCN+Ni 0
1400 cBN + hBN + TiCN + TiB2 + NisB 5
1500 cBN + hBN + TiCN + TiB2 + NisB 17
1600 hBN + cBN + TiCN + TiB2 + Ni3B 19
1700 BN + TiCN + TiB2 + NisB hBN + TiCN + TiB2 + NisB + 100

amorphous phase
2000 hBN + TiCN + TiB2 + NisB + 100
amorphous phase

*as-prepared composition 2; **Considered at below 1000 °C; ***Based on the net area of XRD peaks
of hBN and cBN respectively.

The phase compositions of the samples sintered at 1500 °C and 1700 °C were yet
determined using the Rietveld refinement method. The fitting difference plots are shown in Figure
13, with fitting quality parameters in Table 5, and phase compositions given in Table 6. Compared to
the nominal phase of composition 2 in Table 1, the BN phase percentage after SPS is higher than
expected, i.e., itis 69 vol% before sintering and after sintering, where some boron reacts with Ti and
Ni to form the phases TiB2 and Ni3B, respectively, the calculated percentage is ~84 vol%. On the
other hand, the phases of TiCN, TiB2 and NisB are in a lower percentage than expected. According
to the calculated results obtained by Thermocalc software, boron atoms have high solubility on the
Ni liquid phase (i. e. 7wt.% at 1700 °C), with indicate that the BN phase dissolves in the melted Ni
phase and dissociate into B and N atoms, with N being lost from the material since no new solid
phase containing N atoms is observed. When cooled, there is enough B dissolved to react and form
NisB phase according to the reaction of Equation 1.

2BN+6Ni - 2 NigB+ N, Equation 1

Additionally, Ti atoms are also indicated to have high solubility on the Ni liquid phase, (i. e.
12wt.% at 1700 °C). Considering that the initial TizN coating dissociated into Ti and Niz phases, since
this one is not a stable phase in this system, the Ti would dissolve in the liquid Ni phase and when
cooled reacts with the B dissolved forming TiB2 following the reaction of Equation 2.

2Ti,N+8BN — 4TiB, + 5N, Equation 2

Besides other reactions that may occur in this system during sintering, in the x-ray Powder
Diffraction technique, lighter elements like Boron and Nitrogen tend to emit more signal into the
detector than the heavier atoms like Ti and Ni which results in a under quantification of the Rietveldt
calculation of phases containing these last elements in relation to phases composed of lighter atoms,
as BN. Besides, in some experiments squeezing of a small amount of material out of the mould which
is mainly constituted by Ni and some TiCN can occur and some amorphous phase can be formed,
as for instances at 1700 °C in Figure 12. Despite the refereed uncertainty in the values of Table 5,
the calculated values point to a ratio of hBN/cBN of only ~10 vol% at 1500°C, whereas only hBN is
detected at 1700°C.
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Figure 13- Rietveld refinement results plot for samples of composition 2, sintered at a) 1500 °C and
b) 1700 °C.

Table 5- Fitting parameters of the Rietveld method performed on sintered samples of composition 2.

Sintering temperature (°C) | Rwp | Rexp | Rp e
1500 5,07 | 1,67 | 2,98 | 3,03
1700 14,68 | 2,88 | 9,49 | 5,09

Table 6- Phases’ composition and physical characteristics of the composition 2 after SPS.

Phases 1500 °C | 1700 °C*
(vol. %) | (vol. %)
cBN 75 -
hBN 8 84
TiCN 14 13
TiB2 2 1
NisB 2 2

*Some material (Ni+TiCN) exited the mold during sintering

3.5 Microstructural characterization

In Figure 14-a it is shown the microstructure of the sample sintered at 1600 °C. It is clearly
distinguishable the difference between the BN phases, where the cubic one has sharp edges and a
planar surface, while the hexagonal one as a rougher appearance, being the grains detached from
the matrix. The difference in texture of the two phases has already been observed in other works,
where it is indicated that the hBN starts forming from the surface of the cBN grains [21,25,28,40].
The Raman spectroscopy spectra performed in random individual BN grains of samples sintered in
the1400 — 1700 °C interval, are shown in Figure 14-b. The spectra, indicate the presence of only
cubic (1056 and 1304 cm™) and hexagonal (1367 cm) phases by detection of each Raman
characteristic frequencies, meaning that no metastable BN phase was formed [41]. Although cBN
particles could yet be detected by Raman spectroscopy at 1700 °C, Figure 14-b, its amount should

be below the detection limit of the XRD technique to be not detected in the diffractogram of Figure
12.
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Figre 14- SE image (a) of SaanIe 2 sintered at 1600 °C, and (b) comparison of the Raman
spectrums from individual BN grains of samples sintered at 1400 — to 1700 °C.

A microstructure comparison from the samples sintered at 1400 — 1700 °C is shown in Figure
15, along with an EDS elemental mapping for Ti, N and B. No relevant heterogeneities are found in
the SEM images, meaning it was obtained a good distribution of the powders from the mechanical
mixture. The microstructure of 1400 °C sample show some discontinuities of BN grains, indicating a
low adhesion of the grains to the matrix, and the presence of some porosity in the matrix. The EDS
detection of Ti, B and Ni was used to identify the TICN, BN and Ni particles, respectively. Despite B
being a light element, which causes a great degree of uncertainty about its mapping, the results align
reasonably well with the coarser particles that were previously known to be BN. The binder is
composed of TICN and Ni, where for sample 1400 °C the Ni phase appears to still process high
viscosity during sintering and is not well spread around the BN grains, while at temperatures of 1600
°C and 1700°C there was a significant improvement in the spreading of that viscous phase.

In a closer observation of the microstructure of sample sintered at 1700 °C, and considering
the phases detected in the XRD profile of Figure 12 and the elemental distribution of the EDS
mapping in Figure 15, each phase observed in SEM image of Figure 15 at 1700 °C can be identified
as follows: the brighter white may correspond to NisB, light grey to TiCN, dark grey to TiBz, and the
darkest one to BN.
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Figure 15- SEM and EDX of the samples from the cBN510-Ti(C,N)-Ni composition sintered at 1400
— 1700 °C.

4.Conclusion

In this work it was studied the sintering of a cBN-TIiCN based composite with addition of Ni,
and its effect on the sintering behavior, densification, microstructure, and structural phases. The
addition of Ni increased the shrinkage rate of the material, but it was only possible obtain great
densification at the temperature of 1700 °C where it was observed the BN transformation to
hexagonal form, with indicates that no benefit was obtained by employing fast heating rates to sinter
the material. The BN phase transformation was verified to occur even at temperatures as low as
1400 °C but the majority occur at 1700 °C, resulting in the near complete removal of the cubic form
from the system. The Ni phase did not change the phase transformation to lower or higher
temperatures but accelerated the phase transformation. It was experimentally confirmed the
formation of the crystallographic phases predicted to form by thermodynamic calculations in these
systems: BN, TiCN, TiBz and NisB, demonstration the utility of using these tools in materials study.
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Attachments

In Figure 16 is shown the individual shrinkage and shrinkage rate curves of composition 2
sintered at 1400, 1500 and 1600 °C. In all three cases the behavior is the same, variating the total
shrinkage in function of increasing temperature.
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Figure 16- Shrinkage (a) and shrinkage rate (b) of the samples from composition 2 sintered at 1400
— 1600 °C and 60 MPa in function of temperature during heating stage.
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