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LOW-PRESSURE c-BN DEPOSITION - IS A CVD PROCESS POSSIBLE ?
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Summary
Since the low-pressure diamond deposition was discovered in 1982 there is a
high interest to find a similar process for the c-BN synthesis.
During the last years many researchers propagated success, but many of
them failed in analytical problems characterizing the BN coatings. A new
paper by S. Matsumoto and W. Zhang shows c-BN deposition using a DC
Plasma Jet and characterization by various analytical methods.
Our experiments were carried out with a simple CVD reactor without plasma
activation. Various BN layers were deposited and characterized. X-ray
diffraction, IR-spectroscopy and SIMS indicate that BN-coatings containing
c-BN were deposited.
However a final verification of c-BN crystallites by TEM investigations was
not possible till now.

Key words: c-BN, Physical Vapor Deposition (PVD), Chemical Vapor
Deposition (CVD)

1. Introduction
Boron and nitrogen are neighbors of carbon in the periodic table and
therefore BN phases are isoelectric to the corresponding carbon phases.
Because of structural similarities between h-BN and graphite Wentorf [1]
successfully tried the high-pressure high-temperature (HP-HT) synthesis of
c-BN in 1957, equally to the diamond synthesis. The second hardest material
- after diamond - was bom.
After the first high-pressure experiments the B-N phase diagram was
designed [2] and after some modifications the c-BN was described as
metastable phase at room temperature [3]. Contrary to this opinion it was
reported in 1988 that c-BN is the stable phase and many experiments
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confirmed this result, but exact thermodynamic data are still not available
[4,5,6].
Therefore conversion experiments of c-BN into h-BN were carried out under
normal and high pressure. Such experiments are helpful to understand the
BN phase diagram.
The transformation at normal pressure was investigated during DTA-analysis
and exhibits the stability of c-BN under standard conditions [7].
Influences of c-BN grain size and purity (oxide content) on the conversion
temperature become obvious. The lowest conversion temperature observed
was at about 900°C for 1.5 urn c-BN powders containing boron oxide.
Based on SEM images of various conversion stages it could be shown that
the reaction can be explained by two mechanism:
« Solid state mechanism: The c-BN reacts to the intermediate rhombohedral

BN phase (r-BN) which is at least transferred into the hexagonal BN
modification.

• Gas phase mechanism: This is possible because h-BN shows a vapor
pressure (1 mbar at 1300°C [8,9]). According to this vapor transport the
reaction (phase transformation) is not reversible.

High pressure transformation of h-BN into c-BN (at 6.5 GPa) and the reverse
transformation of c-BN into h-BN (from 0.6 to 2.1 GPa) were investigated in a
Li3N-BN catalyst system [10]. These experiments showed that the phase
boundary line in the BN phase diagram should be at about 500°C
(extrapolated to normal pressure) [10].

Because HP-HT synthesis for c-BN and diamond work under similar
conditions, it was considered that the low-pressure synthesis of c-BN should
be possible equally to that of diamond. But a lot of differences between c-BN
and diamond make a low-pressure deposition of c-BN rather difficult:
• c-BN is the stable phase - diamond is metastable (at standard conditions)
• c-BN consists of two elements - diamond is only carbon
• selective etching of h-BN is complicate - graphite can be etched easily by

atomic hydrogen
• stabilization of c-BN surface is difficult - diamond surface is stabilized by

hydrogen
• complex precursors are required to deposit c-BN - for diamond methane

is convenient
• analytical characterization of c-BN is complex - diamond can be identified

easily by Raman.
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Deposition of nano-cBN films is possible with ion-assisted CVD and ion-
assisted PVD techniques. The amount of grain boundaries in such materials
is rather high and therefore these materials should be called nano-cBN
instead of "pure c-BN".

The PVD methods for nano-cBN deposition are:
• ion-beam-assisted deposition (IBAD) [11]
• mass selected ion beam deposition (IBD) [12]
• ion plating [13]
• RF- or magnetron sputtering [14] and
• laser deposition [15].

Most methods for nano-cBN deposition generate ions, which are accelerated
and hit the substrate surface. Parameters for the substrate bias (ion energy,
ion mass, etc. [16]) are mostly similar and therefore an equal growth
mechanism was considered for the different methods.
By starting the deposition process commonly an oriented h-BN layer is
deposited onto the substrate surface. On this interlayer the c-BN nucleates
and forms a layer [17]. Because of the deposition conditions and the ion-
bombardment - which are necessary for the c-BN deposition - crystal
defects and secondary nucleation occur and the single crystalline areas are
very small (nm range) [18].

To describe the nano-cBN deposition four models have been proposed:
• the compressive stress model [19,20]
• the subplantation model [21,22]
• the selective sputter model [23] and
• the momentum transfer model [24].

Plasma CVD methods can be applied to activate the gas phase. Using
conventional thermal CVD various BN modifications but no c-BN or
nano-cBN are formed. Typical plasma CVD deposition methods are:
• ECR plasma CVD [25,26];
. ICP CVD [27];
• Bias enhanced Plasma CVD [28] and
• DC Plasma Jet [29].
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Selective etching of h-BN compared to c-BN is one possibility to increase the
c-BN grain size in the layers. For a successful CVD-synthesis of c-BN a
reaction system has to be found where c-BN is deposited and h-BN and
amorphous BN formation can be prevented or be removed by selective
etching during the deposition.
In order to find a substance which allows selective etching of h-BN several
compounds (e.g. atomic hydrogen, chlorine, mixtures of chlorine with
hydrogen, BF3) were tested. From these substances BF3 showed the best
selectivity for etching the h-BN compared to c-BN [30,31]. The disadvantage
of BF3 - in contrast to atomic hydrogen in the carbon system - is the smaller
etching rate of h-BN (about 10 times lower than in the carbon / atomic
hydrogen system). The consequence is that only at very low BN growth rates
the selective etching becomes relevant.
Matsumoto et al. [29] tried a combination of bias assisted plasma jet and the
reactive gas mixture Ar-N2-BF3-H2 for selective etching of h-BN [32]. Using a
d.c. bias voltage the nano-cBN grain size in the layers could be increased
from 7 nm (-150 V) to 12 nm (-80 V) [33]. By optimizing the process nano-
cBN coatings thicker than 20 urn and c-BN grain size up to 100 nm could be
deposited.

The simple chemical way ?
Several attempts to grow c-BN at normal pressure were performed. Similar to
the high-pressure high-temperature synthesis melts were used in the
temperature range between 600 and 800°C at normal pressure [34]. Various
compounds were mixed with fine grained c-BN powder (for seeding) and then
heated up to allow grain growth. The stability of c-BN in chemical active
media depends on the properties of the reacting agent. Reductive media like
lithium metal or lithium-boride generally leads to a strong degradation of
c-BN. In this case there is no uniform reaction with c-BN, and different
phases occur. The reductive dissolution of c-BN first led to the formation of
boron or boron-rich boron nitride B50N2, which further reacts with excess of
lithium to lithium-borides.
It could be shown that the system Li3BN2/c-BN is interacting at elevated
temperatures leading to a severe change in the morphology of the c-BN seed
crystals. In all cases a formation of well faceted surfaces could be detected.
From this system the growth of c-BN is most likely [34].
Actually a spontaneous nucleation of c-BN from a degradation of Li3BN2 will
not occur due to the fact that the less dense phase will nucleate first
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according to Ostwald-Volmer rule, which is a general thumb rule for the
kinetic behavior of reactions [35]. Thus, seeding with c-BN can overcome this
problem. Hence, this approach seems to be well suited to develop a low-
pressure synthesis of c-BN.

2. Characterization of BN products
Characterization of BN-phases by spectroscopic methods (e.g. IR and
Raman) is difficult due to the complexity of BN-structures and atomic bonding
conditions. For example the x-ray diffraction lines of c-BN correspond with
those of Cu, Ni and many other cubic phases. Elemental composition must
be known or measured to be sure that no other phases are present.
Some data are summarized below.

Infrared spectroscopy (IR) or Fourier transform infrared spectroscopy
(FTIR) are often used to characterize BN products. To identify c-BN the
Transverse Optical mode (TO) at 1065 cm"1 and the Logitudinal Optical mode
(LO) at 1340 cm"1 were described [36]. Investigating commercial c-BN only
one IR-peak between 1050 and 1100 cm"1 is observed commonly. If pure BN
mixtures with B:N ratio of 1:1 are analyzed it will be easy to distinguish
between h-BN and c-BN. However, if the chemical composition of the sample
is unknown many artifacts can occur and a clear statement will often not be
possible.
More complex is the situation for h-BN, t-BN and a-BN because all of them
show peaks between 780 and 1370 cm"1, which makes it impossible to differ
between these phases. An IR-spectrum of c-BN and the peak positions of
other compounds are shown in Fig. 1.

Raman spectroscopy is also useful to differ between h-BN and c-BN. As
described above impurities as well as non-stoichiometrical mixtures can
result in miss-interpretations.
In case of c-BN two characteristic peaks are observed; h-BN shows only one
peak.
The two peaks for c-BN are described by several authors as TO-mode at
1055-1057 cm"1 and as LO-mode at 1305-1306 cm"1 [37-39]. The
crystaliinity seems to be important for the Raman peaks of c-BN because in
case of very fine grained c-BN (mainly in PVD layers) these peaks were not
observed [40]. For h-BN the typical peak is located at 1367 cm"1 [38].
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Raman spectrum of c-BN and the peak positions of other compounds are
shown in Fig. 2.

600 800 1000 1200 1400 1600
wavenumber (cnr1)

Fig. 1: IR spectrum of a nano-cBN coating and peak positions of other
compounds in the relevant region are marked.
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Fig. 2: Raman spectrum of a HP-HT c-BN powder. Peak positions of other
compounds in the relevant region are marked.
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X-ray diffraction is another possibility to distinguish between c-BN and
h-BN. In that case again the elemental composition of the sample is
important because many cubic substances pretend c-BN (e.g. Cu, Ni,...)
(Fig. 3). The peak position and its intensity are mainly influenced by grain
size, stress within the layers and impurities.
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Fig. 3: X-ray diffractograms of c-BN, copper and nickel. The peak positions
are very similar.

Methods for measuring the composition of the layers as weil as the B : N
ratio are important. Mainly SIMS and Auger spectroscopy are used for such
characterizations but for this methods it is difficult to get high quality
standards [41].

Summing up, it may be said that for the characterization of c-BN in unknown
samples (mainly PVD and Plasma-CVD deposits), the results of only one
analytical method is not adequate for a statement. Measurements of the
elemental composition in combination with IR and/or Raman and/or X-ray
diffraction are necessary to ensure that c-BN is present.
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3. Low-pressure BN and BCN deposition
For the deposition experiments Tris(dimetylamino)borane was used as single
source precursor which was decomposed in a cold wall reactor.

3.1 Experimental procedure
In a cold-wall reactor (Fig. 4) substrates were heated up by high-frequency
[42]. Argon at normal pressure (1 bar) was used as protecting gas and for
carrying the precursor. The carrier gas (regulated by a mass flow controller)
is saturated with the Tris(dimetylamino)borane precursor [43] according to its
vapor pressure [44] in the evaporator/cooler unit. The carrier gas transports
the precursor to the hot substrate, where deposition occurs. WC-Co
hardmetal plates containing 6 wt.% Co, Mo and Si were used as substrates.
Gravimetric analysis of the deposited layers reveals deposition rates
([mg/cm2*h]) and an estimation for the layer thickness (assumption: density
of the obtained layer is similar to h-BN and graphite: 2.2 g/cm3).

Sample

C

Fig. 4: Apparatus for deposition of BCN-layers by inductive heating of the
samples
TC temperature control, C gas cleaning
R rotation pump (needed for evacuation/flushing)
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The morphologies of the BCN-layers were determined by Secondary Electron
Microscopy (SEM JEOL 6400). Chemical composition was measured by
EPMA (electron probe micro analysis) integrated to the SEM. Such
microprobe measurements give only uncertain hints about the composition
because the elements B, C, N and O can not be detected by the system.
Micro-Raman-spectroscopy (ISA Ramanor U1000, 488 nm Ar-ion Laser with
100 mW power, back-scattering geometry) was carried out to determine the
film quality and phase composition.
Also infrared-spectroscopy (Biorad FTS 175 with microscope) was used to
characterize the deposits obtained.
X-ray diffraction (CuKa radiation) was used to investigate the phase
composition of the layers and products formed be reactions with the
substrates. SEM, Raman and XRD examinations were normally carried out in
the center of the samples.

3.2 BN layers deposited from Tris(dimethylamino)borane
Deposition experiments were carried out in a wide parameter range [45,46],
but only in a very small region XRD and IR peaks of c-BN could be observed.
Typical parameters for such deposits are: hardmetal substrates 750 - 800°C,
100 - 400 seem Ar, 2.0*10"2 mmol/min Tris(dimetylamino)borane flux, normal
pressure 6 - 8 h deposition.
The layer growth rate is mostly very low and therefore the layer thickness
was below 1 urn. Some SEM pictures are shown in Fig. 5.

• ' • , ' . . -** J*£fV* ft • « ' , ' - *

100 urn M 10 urn

Fig. 5: BN deposits on hardmetal substrates (deposition time 7 h,
2.0*10"2 mmol/min precursor, WC-Co substrates, 100 seem Ar/min)
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The IR-spectrum of such layers clearly show the peak for c-BN at
1088.3 cm"1 and additionally a peak at 1551.5 cm'1 is observed
corresponding to sp2 carbon. A peak for h-BN at 1380 cm"1 was not
observed but a small peak at 814.35 cm"1 which can be caused by the two
h-BN peaks 780 cm"1 and 828 cm1.
X-ray diffraction of such layers show a clear peak at 29 = 43.2°
corresponding with c-BN (111). Also peaks of WC and Co could be
observed and a small peak for h-BN (29 = 40.7°) (Fig. 6).
The elemental composition measured by SIMS and Auger-spectroscopy
shows a B : N ratio of about 1 : 1 and additional carbon. Other impurities
like Co and oxygen are not observed in the layers.
TEM investigations were also carried out but no clear reflexes of c-BN
could be observed by electron diffraction [47].

4. Conclusions
In the field of c-BN deposition one goal might be the coating of tools, which
could be used for the machining of iron based materials. Such coatings offer
the possibility to use a superhard material instead of the conventional carbide
and oxide layers.
From the present point of few the outlook for industrial applications of nano-
cBN coatings is quite good, but some problems with the deposition process
and the substrate materials still have to be solved.

4.1.1 Properties and applications of nano-cBN coatings
Matsumoto and co-workers showed that the deposition of thick nano-cBN
layers is possible and the adhesion on Si substrates is acceptable [32,33].
The one major question is whether this process is also suitable for hardmetal
(WC-Co) substrates or not and if there will be any problems with the Co
binder phase and the BF3 in the gas phase?
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Fig. 6: IR spectrum and XRD diagram from layers deposited by
decomposition of Tris(dimetylamino)borane

The stress within the c-BN layers which is caused by the high energetic ions
is a problem, because many of the nano-cBN coatings delaminate
immediately after or during deposition. Several investigations show ways to
reduce the stress within the layers (e.g. buffer layers [25,48], regulation of
the ion energy [27], or ion-induced stress relaxation [49]).
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4.1.2 A CVD process for c-BN deposition?
The present results are promising for the future that c-BN deposition is
possible by a simple CVD process. From the parameters which were found
further experiments are necessary to verify and optimize c-BN growth.
It would be too early to talk about the industrial realization of such a CVD
process and its applications.
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Gradient structures in SiAION's for improved cutting

performance
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Summary

Typically at the present time used SiAION's for cutting purposes consist of
ß-type, which has a hardness of about 1500 HV and a significant toughness.
The authors have made available a type of SiAION which has a relatively tough
core of a'/ß'-SiAION with a rim of nearly complete a'-SiAION.
The hardness and microstructure have been illustrated. A true gradient in
concentrations and microstructure can be observed from the inner core
continuously to the outer region. It could be imagined, that an insert with such a
structure together with the more tough core can be used as a cutting tool with
high performance.

Keywords

Silicon Nitride, SiAION, Ceramic, cutting tools, cutting FGM, Functionally
Graded Materials ,wear resistance, inserts, Si3N4,
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1 Introduction

The well known types of Si3N4 based ceramic cutting materials are based on a
composition of Si3N4, AIN, AI2O3, Y2O3 in a complex inner Silicon Nitride-
Oxide- called "SiAION "

Typical SiAION's have a composition of about

Si3N4
AIN
AI2O3

Y2O3

to
to
to
to

83,77
5,54
8,79
1,09

wt%
wt%
wt%
wt%

RNrSAIN

A!N
SUä 2'FI SIM l iH^H

flJK

ct'-SiAION plsfie

glass
roolon

The system between the constituents is given in Fig. 1

Fig. 1 Janecke prism of oxynitride systems of silicon, aluminum and R

(rare-earth cation) a'-SiAION plane lies on an inclined plane spanned

by Si3N4-RN:3AIN line and the Si3N4-AIN:AI2O3 line

At present commercially used cutting tools consist of ß-SiAION, this type does
have sufficient toughness for machining purposes. The a-SiAION is much
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more brittle but has an outstanding hardness about HV 2000; and could be
expected to keep sharp edges for a longer period of time and to have lower
wear.
At present, generally nitrogen ceramics (or called nitrides) have generated
great interest as a group of attractive new ceramic materials due to their unique
combinations of higher fracture toughness and better thermal shock resistance
compared with the other structural ceramics [2]. Since Si3N4 does not occur
naturally, it has been synthesized by several different processes. The major
technical barrier for structural application was the densification of Si3N4: it is
virtually impossible to fabricate it into a fully dense body by classical
processing technology, e.g. solid state sintering, because the volume diffusivity
in Si3N4 is not large enough to offset the densification retardation effects of
surface diffusion and volatilization phenomena. The covalent bond is believed
to be the reason for such a low volume diffusivity. To allow easier sintering
during hot-pressing and to tailor the product properties to use, additives have
been introduced into Si3N4 powder.

1.1 Silicon Nitride [2] [3]

Silicon nitride exists in two phases a and ß both of which have hexagonal
crystal structures. The a-phase has a unit cell approximately twice as large as
that of the ß-phase. The dense body of ß-Si3N4 is e.g. fabricated by
hot-pressing a-Si3N4 powder with a suitable densification additive (e.g. Y2O3,
MgO, or AI2O3) at 30 MPa in a graphite mold at 1700 - 1800°C. The Si3N4

powder is generally covered with a thin layer of SiO2. The purpose of the
additives is to react with this SiO2 and a small amount of Si3N4 at the high
hot-pressing temperature to form oxynitride liquid in which a-Si3N4 dissolves
and from which ß-Si3N4 is precipitated. Si3N4 based ceramics are densified by
liquid phase sintering and consist of two phases such as crystalline Si3N4and
an intergranular bonding phase. The intergranular phase is a glass or partially
devitrified glass phase based on SiO2 and sintering aids - However, the
intergranular glassy phases in Si3N4 tends to soften at elevated temperature
and thus leads to reduced strength.

Several commercial products in various compositions have been introduced.
For instance, to improve hardness and abrasive wear resistance, a composite
consists of a matrix phase of 70% (92% Si3N4. 6% Y2O3, and 2% AI2O3) and a
dispersed phase of 30% TiC, orTiN. Another composition consists of Si3N4
with additions of AI2O3 and Y2O3 but, do not contain TiC orTiN.
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1.2 SiAlON [2] [3]

In the early 1970's it, was found that aluminum and oxygen could be
substituted for silicon and nitrogen, respectively, in the Si3N4 crystal structure to
form an Si(6-z)Alz0zN(8.2) solid solution -, usually referred to by the acronym
"SiAlON". To produce solid solution ß-SiAION, a mixture of ß-Si3N4(77%). AI2O3

(13%). Y2O3(10%), and Metal Nitride is used as the starting material. The
powder mixture is preformed by cold isostatic pressing, and subsequently
sintered at 1800°C for 1 hour. During sintering, the mixture for ß-SiAION
produces a larger volume of lower-viscosity liquid than in the synthesis of
Y2O3-stabilized Si3N4- Therefore ß-SiALON can be fully densified by
pressureless sintering. Rapid cooling from processing temperature produces a
microstructure of ß-SiALON grains with an intergranular glassy phase. If Y2O3

is the sintering aid, a portion of this glassy phase can be converted to
crystalline yttrium-aluminum-garnet (YAG) by heat treatment or slow cooling.
However, most sintered SiAlON s contain some residual glass phase,
particularly at grain-boundary triple points. Like the Si3N4 sintering aid systems,
the properties of SiAION's are dependent on the type and amount of sintering
aids employed the processing route followed during part fabrication. In general,
silicon nitride cutting tools have better thermal shock resistance but lower
chemical inertness than alumina tools have. To improve the chemical stability
AI2O3 can be added in ß-SiAION.

To improve fracture toughness ZrO2 can be added in ß-SiALON, however, the
addition of only ZrO2 causes an undesirable chemical reaction without
densification. Therefore, AI2O3 and AIN are further added to produce a dense
material consisting of
ß-SiAION and ZrO2 [2].

1.3 Graded SiAION's [1]

First attempts have been made to achieve gradients in 1996/97 by Limin Chen

[1] where the outer layers consist of a-SiAION . This was achieved by a special

"powder bed" sintering process.
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2 Experimental

As a starting point a designed a + ß composition has been prepared in
quadratic shaped specimens. Atypical starting composition was e.g.

Si3N4

79,02 wt%

AI2O3

8,00 wt%

AIN

8,24 wt%

Y2O3

4,25 wt%

The material had a porosity of about 50%. By a special chemical method (at
present proprietary) the continuos changing phase from a'/ß' (in the center) to
a' in the rim has been introduced.

Fig. 2. piece of graded SiAION after grinding off most outside layers (barrier,
impurities) roughness etc.

After full densification a density of 3,2 g/cm3 has been achieved.

After grinding off the most outside impurities and barrier layer, a typical size
which is useful for cutting inserts has been obtained. Fig. 2 (12 mm by 12 mm
by 4 mm).
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3 Investigations and results

3.1 Microstructural Investigations

The specimens have been partially been broken and also cutted and grinded
through the center to make visible the core-rim structure.

Fig. 2, Fig. 3 and Fig. 4 are demonstrating the gradient structure achieved. The
different "grey"-graduation is clearly visible. The high resolution in Fig. 5 is
demonstrating the typical microstructure of the SiAION, a free Si3N4 -SiAION
matrix material with glassy phase.

Fig. 3 Gradient structure from center to the outside of the specimen

Fig. 4 Different microstructures in the FGM material, higher magnification
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Fig. 5 Microstructure of the rim and core (magnification: 1000x)

3.2 Chemical composition

A typical line scan for Yttrium in the SEM shows a gradient from the inner to the
outer regions which is typically for the compositional change in such FGM
materials (Fig. 6)

--. ,-*

s

i= 16,48 GPa != 20,94 GPa

Fig. 6 EDS-line scan for Yttrium on the FGM sample plus different hardness

indentation (HV1)
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3.3 Hardness

Hardness as HVi (1 kg indentation load) from the center to the outer region
step by step is given in Fig.7 that means an outer hardness of about 2000 HV
was achieved in comparison to 1600 in the center.
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Fig. 7Hardness HV-, of the graded a'/ß' SiAION vs. distance from the surface
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3.4 Crystallographic Structures

XRD patters of the surface gave the confirmed result, that the outside region of
the specimen consist of mainly a'-SiAION. The X-ray pattern is given in Fig. 8
where clearly both phases can be identified but of course the a is much
stronger. A rough but specific calculation out of the peak intensities gives a
ratio of a'/(a'+ß') of about 87% for the a-modification on the surface.
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Fig. 8 X-Ray pattern of outer zone of FGM SiAION
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4 Discussion

To achieve substantial change in microstructure and achieve sufficient

toughness in a SiAION-structure one has two possibilities:

first to change the outer region to a'-SiAION and to keep ß or (a + ß) core or

second to change the a-structure in that way that elongated grains can cause

the desired thougness property, (see also contribution of Mr. Li, Jang Tao, this

seminar, paper No. HM 48) [4].

Unfortunately the wear at cutting operations does not consist of one type of
wear. Resistivity against e.g. pure mechanical wear can be influenced by
increase of hardness but chemical wear, which is a type, when e.g. chemical
diffusion from chip to insert or vice versa takes place, can only be influenced by
changing the chemical composition of the cutting insert. Both possibilities are
feasible with the SiAION but a wide field of scientific work and a great challenge
is given.
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