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Abstract

Micromechanical properties of a polycrystalline cubic boron nitride (PcBN) composite have been
assessed by statistical analysis of data gathered from experimental massive nanoindentation. The
mechanical study was complemented with electron probe X-Ray microanalysis, aiming to
correlate relative B/N ratio and local hardness for individual cBN particles. Best-fit of
experimental and deconvoluted data is achieved by considering five mechanically different phases,
defined on the basis of chemical nature, TiN/cBN interface presence, ratio between residual
imprint dimension and microstructural length scale as well as phase stoichiometry. In-depth local
micromechanical and chemical analysis permitted to propose and validate, for the first time, the
existence of a correlation between intrinsic hardness and phase stoichiometry for cBN phase.
Finally, based on experimental data measured by nanoindentation and analyzed in terms of plastic

index, toughness for the PcBN composite studied is estimated to range between 4 and 6 MPa-\m.

Keywords: TiN-cBN; Super-hard multiphase material; Nanoindentation; Statistical method,;

Small-scale properties.



1. Introduction

Polycrystalline cubic boron nitride (PcBN) is a super-hard multiphase material extensively used
in highly demanding applications, such as tooling for high precision abrasive machining processes
of alloys employed in the automotive and aerospace industries [1, 2]. The success of PCBN mainly
resides in its composite nature, consisting of hard micrometer-sized of cubic boron nitride (cBN)
particles bound by a matrix of metal-carbides, nitrides and/or oxides (e.g. Ref. [3, 4]. On one hand,
the intrinsic properties of cBN grains are solid attributes, as these provide PcCBN with excellent
hardness and wear resistance, high temperature stability as well as chemical inertness with respect
to ferrous alloys and many other materials. On the other hand, the composite character allows
assembling different microstructures by varying size and distribution of hard particles, together
with chemical nature and content of the binder. It yields then a wide range of property

combinations to satisfy distinct service-related requirements.

Literature information on PcBN cutting tools mainly focuses on machining performance and tool
wear, as a function of work piece and/or cutting conditions (e.g. Refs. [5-15]). In general, in these
studies, microstructures and properties of studied PcBN tools are rarely invoked as an experimental
variable. Furthermore, research addressing the influence of microstructural parameters on basic
mechanical or tribological properties of PcCBN composite is also quite scarce [16-24]. Considering
that an in-depth understanding of microstructure-property relationship has been a key parameter
for enhancing functionality of other multiphase hard materials (e.g. cemented carbides [25-27]

among others), the lack of this information clearly points out the need for research efforts in this



direction for super hard ceramic composites, and in particular for PcBN composites. Following
the above ideas, this work aims to assess, document and analyze the small-scale mechanical
properties (i.e. at the length scale of constitutive phases) of a PCBN composite. It is done by
implementing systematic micromechanical testing protocols: experimental massive
nanoindentation and statistical analysis of the gathered data, complemented with advanced
characterization techniques of its microstructure. Such approach is expected to provide relevant

knowledge towards microstructural design optimization of PCBN composites.



2. Experimental procedure

2.1. Material and microstructural characterization

A commercial ceramic/ceramic composite grade, cBN-TiN, was investigated. It was supplied as
an insert brazed to a hardmetal (WC-Co) substrate. Prior to detailed microstructural and small-
scale mechanical characterization, the specimen was chemo-mechanically polished by using
diamond suspensions with gradually decreasing particle sizes, from 30 down to 1 um. Afterwards,
the sample was carefully polished with OPAN for 40 min; and thus, ultrasonically cleaned with

acetone during 15 min and dried using pure air.

Field Emission Scanning Electron Microscopy (FESEM, JEOL 7100F) was used to inspect the
ceramic/ceramic microstructure. It was done by analyzing multiple micrographs in terms of phase
content and cBN particle size. Volume fractions of cBN particles and ceramic binder were
calculated from two-dimension data, attained by direct image correlation using the ImageJ
software. Meanwhile, mean particle size of cBN grains was determined by means of the
conventional linear intercept method [28]. This quantitative microstructural analysis was
complemented by energy dispersive X-ray spectroscopy (EDS), in order to evaluate chemical

nature of each constitutive phase.



Aiming for detailed characterization of nitrogen content within cBN particles, electron probe X-
ray microanalysis (EPMA) was conducted. It was done by using a JEOL JXA-8230 microprobe
and wavelength dispersive spectrometer (WDS) attached to this equipment. X-ray map for the
nitrogen was recorded in high-resolution mode, using a channel width of 1 eV. Electron currents
were selected to ensure that counting rates were less than 10* counts-sec™®. More information about
the protocol followed to conduct this analysis may be found in Refs. [29, 30]. Two different
nitrogen maps in the cBN-TIN specimen were attained, with counting times that ensured a

statistical uncertainty lower than 1 %.

2.2. Micromechanical properties: indentation testing

2.2.1. Hardness: Massive indentation and statistical analysis

Nanoindentation measurements were performed using two distinct nanoindentation units as well
as following different protocols regarding testing conditions. First, reference values for hardness
of each constitutive phase were assessed by carrying out three 10 x 10 indentation matrices
working under displacement control mode. It was done by imposing a maximum displacement into
surface of 200 nm and a distance between imprints of 5 um. Matrices were conducted in at least
three different (randomly selected) locations at the surface of the PCBN composite studied,
yielding similar results in all the cases. These tests were conducted with a Nanoindenter XP (MTS)
equipped with a continuous stiffness measurement (CSM) modulus and a Berkovich diamond tip.

Calibration of the contact area of the tip was done with fused silica — known value of Young’s
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modulus of 72 GPa and Poisson’s ratio of 0.17 [31]. As a result of these tests, it was found that
maximum values of applied load (corresponding to 200 nm indentation depth) were in the range
of 25-30 mN. In order to document subsurface deformation and damage scenario associated with
Berkovich nanoindentations confined within individual phases, cross-sections were prepared by
means of Focused lon Beam (FIB) coupled to a Zeiss Neon 40 FESEM. Prior to FIB milling, a
protective thin platinum layer was deposited on the residual imprints to be studied. A Ga™ source
was used, and current as well as acceleration voltage were continuously decreased down to a final

polishing stage at 500 pA at 30 kV.

Following the above study, two additional nanoindentation testing protocols were performed by
implementation of novel high-speed and micromechanical mapping experimental upgrades. They
were conducted under loading control using an iMicro® Nanoindenter (Nanomechanics Inc.).
Load and depth data attained in all the above nanoindentation tests were analyzed by using the
standard method proposed by Oliver and Pharr, which leads to determine contact stiffness and
hardness [31, 32]. Different maximum applied loads and grid sizes were used, aiming to optimize
data acquisition towards reliable determination of hardness values, within the framework of the
statistical method proposed by Ulm and coworkers [33-36]. On one hand, 2500 (50 x 50 grid)
imprints at maximum applied load of 25 mN were done in an area of 50 x 50 um?. On the other
hand, 12500 imprints at maximum applied load of 10 mN were performed. The latter were divided
into 2 matrices of 100 x 100 and 50 x 50 indentations in areas of 50 x 50 pm? and 25 x 25 um?,
respectively. The indentation spacing was chosen as per the recommendation of Phani and Oliver
[37]. For these tests, Nanoblitz software was used to attain a mechanical property mapping at high

speed, each test being performed in less than 1 second. The fast testing capability enables mapping



over large areas in a short amount of time as well as access to large data sets for statistical analysis.
In all the cases, a sharp Berkovich tip (calibrated as indicated above) was used. Contact stiffness
was continuously measured as a function of depth using a phase lock amplifier oscillating at 100

Hz frequency and 2 nm displacement amplitude.

Obtained hardness results were then statistically analyzed, according to the method proposed by
Ulm and coworkers [33-36]. Such testing and data analysis protocol has been recently validated
for other hard and microstructurally heterogeneous materials, such as WC- and Ti(C,N)- based
cemented carbides, by the authors of this study [38-41]. Theoretical framework behind this
approach is based on: (1) consideration of the heterogeneous system as composed by several
distinct phases with different mechanical properties (H); (2) assumption of mechanical properties

of each phase to follow Gaussian distributions (pi), as given by:

pi=— e<_?> (1)

where Hi is the arithmetic mean for each indentation (Ni) on each constitutive phase (i) and i is
the standard deviation; (3) generation of experimental cumulative distribution function (CDF) for

each constitutive (Gaussian distributed) phase, written as follows:
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where fi is the volume fraction of a mechanically identifiable phase [33]; and (4) final
deconvolution of experimental CDFs, yielding then mean and standard deviation of H for each
mechanical phase. In this investigation, considering the ratio between residual imprint dimensions
and microstructural length scales, three mechanically different phases were originally defined.
Two of them correspond to the two microstructurally distinct constitutive phases, i.e. cBN particles
and TiN matrix. The third one refers to a “composite-like” phase, and is related to events where
imprints were indeed probing combined mechanical response of both constituents, i.e. cBN and

TiN. Details of the statistical method followed may be found elsewhere [38].

Finally, aiming to evaluate relative H of cBN particles regarding nitrogen or boron amount diffused
in the grains, an additional study was conducted in all three 10 x 10 indentation matrices performed
following the first testing protocol described above. There, a correlation between intrinsic H and
local chemical composition was attempted by comparison of micromechanical mapping data with
results attained from EPMA analysis within a defined region, limited for easier identification by a

FIB-marked square (see Figure 5a).



2.2.2. Indentation fracture toughness: cube corner indentation

Indentation fracture toughness (Kic) in ceramic materials is commonly measured by means of

indentation techniques, as follows [42, 43]:

oo = a(5) () ®

where H is the hardness, E is the elastic modulus (assessed from nanoindentation tests described
in previous section), P is the maximum indentation load, c is the radial crack length created in the

residual imprint, and « is an empirical constant related to the indenter geometry.

In order to estimate Kc of the entire PcCBN composite, six different loads (i.e. 5, 10, 20, 30, 40 and
50 gf) and five indentations per load were done, under load control mode and using a cube-corner
indenter. This indenter was used, instead of a Berkovich one, because the higher sharpness of the
former; hence, plasticity is induced earlier. Load (P) — displacement (h) data was also recorded in
these tests. Corresponding P — h curves showed several pop-ins, i.e. plateaus at given load levels
observed during loading part. This phenomenon is related with the onset of plasticity on the
material. Within this context, pop-ins could be associated with nucleation of dislocations, crack
formation, rupture and/or phase transformation. Data recording was complemented with high-

resolution images of the residual imprints as well as transversal sections of them, obtained by
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means of FESEM/FIB. It was done to analyze the damage induced in the material and try to

correlate it with microstructure and mechanical response.
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3. Results and discussions

3.1. Microstructural characterization

The volume fraction (vol. %) of cBN particles is estimated to be 70%. Meanwhile, mean particle
size of cBN grains and binder mean free path (1) are discerned to be about 2.7 and 2.0 um
respectively. The main microstructural parameters are summarized in Table 2. These
microstructural findings were complemented by an EDS analysis, which indicated presence of
aluminum, besides other expected elements (Table 1). Addition of aluminum is a common practice
during PcBN manufacturing for enhancing adhesion and wettability between cBN particles and

TiN binder, as reported in Ref. [44].

3.2. Small-scale hardness

3.2.1. Reference hardness values of the constitutive phases

Figure 1a shows a FESEM micrograph corresponding to a small array of indentations (performed
at 200 nm of maximum penetration depth). From such image, it is evident that some residual
imprints are completely allocated within one of the two constitutive phases. This is the case for
imprints encircled with blue and yellow dashed lines for TiN and cBN particles, respectively. On

the other hand, it is also clear that there are many other indentations which are indeed assessing
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the mechanical response of the composite itself, as residual imprints are probing regions including
phase boundaries. In those cases, corresponding plastic flow would be expected to interact with
both phases (imprints encircled with red dashed lines in Figure 1a). Such a scenario, directly
related to the ratio between residual imprint dimension and microstructural length scale for the
material studied, supports the above definition of three mechanically different phases for the PcCBN
system under consideration: two microstructurally distinct constitutive phases, i.e. cBN particles

and TiN matrix, and a third phase corresponding to one exhibiting the “composite-like” response.

Figure 2 shows H evolution as a function of penetration depth until reaching 200 nm, for each
mechanically different phase. All the curves tend to get into plateau values for penetration depths
higher than 100 nm. Under these conditions, reference values for the intrinsic H of each
constitutive phase, i.e. independent of size or scale effects, may be estimated to be around 20 and
42 GPa for TiN binder and cBN particles, respectively. On the other hand, intermediate H values,
in a range defined by those assessed for individual phases, could be expected for the third
composite phase. These values are in satisfactory agreement with those reported by different
research groups for bulk TiN (see references [45-48]) and PcCBN composites (see references [17-

19, 23, 24]).

In order to implement statistical method to obtain small-scale properties of each mechanical phase
under consideration, plastic flow (affecting a region with dimensions about 10 times maximum
penetration depth [37]) must be confined inside each phase. Figures 1c and 1e shows FIB-milled

cross-section images of subsurface scenario for individual imprints, pointed by arrows in Figure
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la and detailed in Figures 1b and 1d. It is clear in both cases that above condition (plastic flow
region, defined by white dashed line, completely embedded within the individual phase) is satisfied
for imprints performed within binder and particles. This validates the consideration of each
nanoindentation test as an individual event regarding subsequent statistical analysis of the gathered

data.

3.2.2. Massive nanoindentation and statistical analysis

Hardness histograms (with a constant bin size of 1 GPa) corresponding to experimental data
attained out of the 15000 indentations performed following the high-speed testing protocols are
shown in Figure 3. They are determined from data with different numbers of imprints and
maximum applied load: 12500 indentations at 10 mN (Figure 3a) and 2500 imprints at 25 mN
(Figure 3b). By applying the statistical method proposed by Ulm and co-workers [33-36], it is
possible to further deconvolute the experimental data into three peaks with different mean values,
as summarized in Table 3. Following the reference values assessed before, the higher and lower
peaks can be attributed to cBN particles and TiN binder, whereas the intermediate one must be
related to the composite-like phase defined by phase boundary regions. Statistical analysis of the
data gathered using distinct maximum applied load levels do not yield relevant differences in mean
and standard deviation of small-scale H values. However, data attained imposing a load of 25 mN
(as compared to 10 mN) do yield a better screening among Gaussian distributions for each defined
phase. Main reason behind it may be related to size-scale effects (e.g. surface roughness) or

influence of indenter tip defects, these being more critical for shallower penetrations.
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Very interesting, from direct observation of the obtained histograms (gray filled areas “marked by
arrows” around the red Gaussian distribution curves in Figure 3), it could be speculated that
analysis of cBN data would be better-fitted by considering two additional populations,
corresponding to harder and softer (with respect to the original main peak) cBN particles. These
differences could be related to variations of chemical composition within cBN particles, and this

aspect will be addressed later in this study.

3.2.3. Hardness cartography map

One of the advantages of implementing novel high-speed nanoindentation testing protocols is that
they are inherently associated with gathering of large amounts of data, small penetration depths
and close spacing of indents. This altogether allows enhancing accuracy and statistical significance
of data attained, including assessment of values corresponding to smaller length scale regions than

individual phases themselves.

Figure 4 presents H cartography maps for the PcBN composite studied. As before, they correspond
to testing done using two different levels of maximum applied load. Maps have been obtained
from bicubic interpolation using 12500 and 2500 indents performed at 10 and 25 mN of maximum
applied load respectively (Figure 4a and Figure 4b, respectively). As already commented from

results presented in Figure 3 and Table 3, H for the TiN phase is observed to range between 15
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and 25 GPa, in fair agreement with the data reported in the literature (e.g. Ref.[49]). On the other
hand, cBN particles show not only higher H values, but also a much wider scatter, i.e. between 45
and 80 GPa. Finally, intermediate H values are discerned for regions containing phase boundaries,
i.e. composite-like nature, where binder and particles are somehow interdispersed or clearly
interacting with each other. Regarding property resolution, it is interesting to highlight the higher
level attained when imposing lower applied loads (i.e. 10 mN as compared to 25 mN). This must
be associated with the lower effective ratio existing between imprint size and microstructural
length scale as applied load decreases. However, care should be taken here on the final data
analysis, as size (either surface or just length-related) effects may not be neglected as penetration

depth becomes extremely shallow.

3.2.4. Chemical nature effects on the small-scale hardness of cBN particle

As it was commented in Section 3.2.2, deeper analysis of the histograms shown in Figure 3 points
out that better-fitting of the experimental data could be attained by considering three different
small-scale H peaks (instead of just one) for cBN particles as related to chemical nature effects.
This hypothesis was proposed on the basis of findings reported by Sachdev [50] who states that
morphology and residual stresses of cBN crystals may be directly related to impurity effects as
well as different N and B contents along the particle. In this regard, B rich (which implies particles
deficient of N) cBN is prone to form B clusters in some specific crystalline planes, finally yielding
octahedral/irregular shaped grains with their crystallographic packaging distorted. Within this

context, the two extra peaks referred above (see grey arrows in Figure 3) could then be rationalized
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on the basis of possible non-stoichiometry effects on measured H of cBN particles, as far as these
differences could be discriminated by the massive indentation and statistical analysis protocol

implemented in this study.

Attempting to shed some light on this matter, EMPA analysis was used to establish the
composition of small areas of the material studied where a homogeneous indentation array was
subsequently performed, under displacement control mode at 200 nm of maximum penetration
depth into surface. Main goal behind it was to evaluate possible correlation between N amount and
small-scale H of individual cBN particles (where indentations were absolutely confined within the

cBN phase, see black circles in Figure 5b).

From the images shown in Figure 6a, following EPMA analysis, cBN particles could be classified
in three different groups, depending upon relative B/N content in atomic % (at. %): stoichiometric
(50/50), and non-stoichiometric - either B-poor (B at. % content lower than 25 Figure 6b) or B-
rich (B at. % content higher than 75 Figure 6c). Although specific reasons for non-stoichiometry
of cBN particles is out of the scope of this investigation, it could be speculated to result, following
recent findings by Dios et al. [51], from element diffusion between TiN binder and cBN particles
during the sintering stage. Taking this into consideration, small-scale H data may then be assessed
for cBN particles as a function of relative B/N content. Figure 7a shows representative mechanical
response, in terms of H against the displacement into surface, exhibited by three cBN particles
with different chemical composition. From these results, it is discerned that B-poor particles are

clearly harder than B-rich ones, yielding support to the consideration of three mechanically
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different cBN phases for reliable assessment of small-scale mechanical properties of the PCBN

here studied (Figure 7b and Table 4 with fitted small-scale H for 5 mechanically different phases).

3.3. Indentation fracture toughness

Figure 8 shows a representative P — h curve recorded when indenting, up to 50 gf, for the material
studied. Different pop-ins are discerned in the loading curve, possibly in direct relation to
irreversible deformation and damage phenomena induced on the material. Figure 9 shows residual
imprints resulting after cube-corner indentations conducted at different applied loads (from 5 to
50 gf). Independent of applied load, radial cracks emanating at the corners of the residual imprints
are always absent. At applied load level of 10gf, material pile-up comes out around the residual
imprints (Figure 9a and Figure 9b). It is intensified as maximum applied load increases. As
applied load gets higher than 20gf, cracking and chipping are identified as additional damage-

induced events (Figure 9c, Figure 9d, Figure 9e and Figure 9f).

FESEM/FIB inspection on transversal sections of residual imprint performed at 50 gf of maximum
applied load (Figure 10a) allows inspection of damage scenario and crack-microstructure
interaction induced by the cube corner indentation. Very interesting, it is discerned that besides
lateral cracking (white arrow in Figure 10b), crack bridging (white dashed circle shown in Figure
10c) also develops. In this regard, it is found that the former nucleates at the material subsurface
and runs parallel to the surface. However, as applied stress rises, the lateral cracks emerges into

the surface and induces chipping. During this damage evolution, crack propagation seems to take
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place mostly through the ceramic binder or ceramic/ceramic interfaces, exhibiting local deflections

as it meets the harder cBN particles.

Taking into account that well-developed radial cracks are not observed in the residual imprints
(Figure 9), conventional indentation micro-fracture method (i.e. through equation 3) cannot be
implemented for quantitative assessment of indentation fracture toughness. However, as illustrated
in this equation, this parameter mainly depends on the ratio between H and elastic modulus (E) of
the material. Within this context, a qualitatively estimation of the effective toughness of the
composite studied may be done by invoking the plasticity index (Pl = H/E [52, 53]). In general,
lower plasticity index values are linked to higher effective toughness levels. From gathered data
of nanoindentation testing (as referred in previous sections), mean values for macroscopic E and
H for the PcBN composite may be taken as 650 GPa and 35 GPa, respectively. It results in a Pl
value around 5-102. For comparison purposes, such value is close to Pl levels exhibited by other
hard ceramic materials such as WC (E and intrinsic H values in the ranges of 475-650 GPa and
25-33 GPa, respectively [38, 39]). Hence, effective toughness for the PCBN composite system
studied here may be estimated to range between 4 and 6 MPa-\m [54, 55], in agreement with

lower-bound results reported in the literature for those composites [17, 23, 24].
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4. Conclusions

A systematic investigation, aiming to assess micromechanical properties of the constitutive phases

of a PcBN composite has been conducted. The mechanical study has been complemented by the

use of advanced characterization techniques such as FESEM/FIB and EPMA. Based on the

obtained data the following conclusions may be drawn:

A protocol based on massive nanoindentation and statistical analysis was successfully
implemented for assessing small-scale mechanical properties of a PCBN composite. In
doing so, the heterogeneous system was originally considered as constituted by three
distinct phases with different mechanical properties: two of them microstructurally
different, i.e. cBN particles and TiN matrix, and a third phase corresponding to one
exhibiting the “composite-like” response. Within this context, intrinsic H values of about
20 and 50 GPa were assessed for TiN binder and cBN grains as lower and upper bounds to

the hardness range determined for the composite-like phase, i.e. between 30 and 40 GPa.

Mean and standard deviation of small-scale H values are independent, within the
experimental set outs used in this study, of maximum applied load and number of
experimental events (indentations) accounted. However, data attained imposing different
load levels, i.e. 25 mN or 10 mN, vyielded either better screening among Gaussian
distributions for each defined phase or higher microstructure-property resolution within

hardness mapping, respectively. Such differences are related to distinct relevance of size-
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scale effects (e.g. surface roughness) or indenter tip defects depending upon penetration

depth.

An in-depth statistical analysis of the upper-level H data complemented with
implementation of advanced characterization techniques (i.e. combined EMPA,
instrumented nanoindentation and FESEM) pointed out and validated the consideration of
additional mechanically different cBN-related phases on the basis of relative B/N content.
To the best knowledge of the authors, it is the first time that different intrinsic H values are

reported for cBN particles as a function of phase (B/N ratio) stoichiometry.

Direct quantitative measurement of K¢ for the composite was not possible because absence
of radial cracks emanating from corners of residual imprints. However, Pl assessment and
subsequent comparison with literature data for WC ceramics, points out that toughness for

TiN-cBN composite investigated ranges between 4 and 6 MPa-m*/2,
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Figure 1. (a) FESEM micrograph of a small array of imprints performed at 200 nm of maximum
displacement into surface. (b) and (d) magnified FESEM micrograph of arrowed residual imprints
(Figure 1a) for cBN particle and TiN binder, respectively; and (c) and (e¢) FIB-milled cross
sections of such imprints, showing estimated size and extension of plastic deformation region

induced by nanoindentation.
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Figure 2. Hardness against displacement into surface for imprints performed at 200 nm of
maximum penetration depth and whose residual imprints are probing the three mechanically

different phases defined for the PcBN composite studied.
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Figure 3. Hardness histograms computed from (a) 12500 indentations performed at 10 mN of
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lied load, and (b) 2500 indentations performed at 25 mN of maximum applied load.
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Figure 4. Hardness map evaluated under loading control mode for studied sample with different

applied loads. (a) 10 mN and (b) 25 mN.
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Figure 5. Matrix of indentations (10x10) applied on specific area (framed by a FIB-milled square)
of the sample, (a) FESEM micrograph of the region with the matrix of indentations, and (b) N map

of corresponding zone with detected by EMPA.
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Figure 6. Atomic chemical analysis performed by EMPA: (a) SEM micrograph, (b) N map for

High N grains marked by red dashed lines in SEM image, and (c) N map for Low N grains marked

by yellow dashed line in the SEM image, which implies low and high B content, respectively.

38



Hardness (GPa)

44

Low Blcan, ., )
Stoichiometric
High Blea,n, o o)

- .

-

L { %% v L Ll
o 0 o) L o 1 14

160 150

Displacement into surface (nm)

Counts (a.u.)

10

&

Campodiie 1
-

eesrssreeerereres.

A

3
i
$ '
b1
3
:"; ‘E
:
30

Hardness (GPa)

Figure 7. (a) Hardness against penetration depth for cBN particles exhibiting different B (and N)

content, assessed from indentations performed in the region observed by EMPA and within

individual cBN particles. (b) Hardness histogram determined from 2500 indentations performed

at 25mN. Five mechanically different phases were deconvoluted: TiN binder, composite and

stoichiometric as well as non-stoichiometric (B-rich and B-poor) cBN particles are overlapped on

the histogram.
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Figure 8. P —h curve for the indentation performed at 50 gf (red arrows indicate the pop-ins).
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Figure 9. FESEM micrograph of the residual imprint for cube-corner indentations performed at:
a) 5, b) 10, ¢) 20, d) 30, e) 40 and f) 50 gf (Red, green and yellow arrows indicate pile-up, cracks

and chipping, respectively).
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Figure 10. FESEM micrograph of a) the transversal section of the residual imprint performed at
50 gf, b) magnified micrograph indicating lateral cracks with white arrow and c) crack bridging

shown with white dashed circle.
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Table 1. Chemical composition of constitutive phases for the composite investigated.

Position Phase B N Al Ti
1 cBN 46.8 48.8 1.33 3.04
2 TiN - 25.3 - 74.7
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Table 2. Microstructural parameters of PCBN composite studied.

cBN particle size (um)

TiN binder mean free path, A (um)

Vol. % binder

2.7%0.2

20+0.1

30
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Table 3. Hardness values for each mechanical phase, obtained from the fitting of the experimental

values by using statistical analysis.

Hardness (GPa) Hardness (GPa)
Phase

(10 mN applied load) (25 mN applied load)
TiN 23%5 215
Composite 36+5 335
cBN 53+5 49+ 7
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Table 4. Small-scale H for five mechanically different phases of studied sample.

Phase

TiN

Composite

Low N cBN

Stoichiometric

cBN

High N cBN

Hardness, H (GPa)

21+5
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