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Abstract

Ceramic matrix composites containing TiB, as a particulate phase have been produced by hot pressing and hot isostatic pressing.
The problems of the reactivity of TiB, with the SizN,4 matrix and with the sintering environment have been successfully addressed.
A novel dual atmosphere sintering profile combined with low temperature hot pressing has been used to successfully produce fully
dense materials. The effect of TiB, addition on mechanical properties has been investigated and the tribological behaviour of
optimised compositions has been examined using a ball-on-disc apparatus. Wear coefficients and friction coefficients for Si3sN,—TiB,
composites have been measured and compared to monolithic Si;sN, materials. Composites containing TiB, show significant
improvements in hardness, fracture toughness and wear whilst also exhibiting electrical conductivity. © 2001 Elsevier Science Ltd.

All rights reserved.
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1. Introduction

Silicon nitride based ceramics are of particular interest
for engineering applications because of their excellent
combination of properties. Among these, the combina-
tion of high hardness and wear resistance makes them
particularly attractive for tribological applications.
However, to achieve widespread acceptance in the com-
mercial sector there is still a need for materials with
improved performance and properties.

The addition of conductive compounds such as TiC,
TiN and TiB, to Si3N4 matrices to improve mechanical
properties and to increase conductivity has been one
approach taken.'— Such an approach allows the pro-
duction of conductive ceramics that can be shaped by
electro-discharge machining (EDM) techniques leading
to a material that can be machined to complex shapes
without the need for expensive diamond machining.

This paper continues the study of Si3;N4 and sialon
based materials and the efforts to improve the hardness,
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toughness, wear resistance and conductivity by the use
of particulate additions of TiB, to Si;N4 matrices.’™
Typical properties of Si3sNy and TiB, are shown in
Table 1.° It should be noted that the commonly repor-
ted hardness of TiB, (Hvy =33 GPa)’ is a microhardness
for a load of 0.3 N. The macrohardness of TiB, (Hy
5-20 GPa)?® has been used in this study when estimating
the potential hardness improvement that can be
achieved by adding TiB,. In addition to the high hardness
of TiB,, its high elastic modulus and coefficient of thermal
expansion (with respect to SizNy4) contribute to potential
toughening mechanisms. In particulate composites, the
potential toughening mechanisms have been identified
as crack front-particle interaction, crack deflection,
crack bridging, and residual stress fields caused by the
mis-match in thermal expansion. All of the above may
be operating and the dominating mechanisms depend
upon the amount of TiB,, the particle size and the type
of SizN, matrix into which it is added. An in depth
review of particulate-SisN, composites has been carried
out by Gogotsi.’

One feature common to many of the studies of parti-
culate-SisN, composites is the failure to produce fully
dense materials, with many materials being <98% of
the theoretical density (TD).>!%-14 This is caused either
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Table 1
Some typical properties of Si;N, and TiB,

Property

Si3Ny4 (B phase)

TiB,

Crystal structure and lattice parameter (nm)
Density (p)

Hardness (Hvy)

Toughness (Kj.)

Thermal expansion («)

Elastic modulus (E)

Poisson’s ratio (v)

Electrical resistivity

Thermal conductivity

Hex. a=b=0.775, ¢=0.291

Hex. a=b=0.303, c=0.323

3.1-3.3 g/cc 4.52 g/ce

14-17 GPa 33 GPa (0.3 N), 20.8 GPa (5 N)
3-8 MPa m'/? 4.9-6.7 MPa m!/?
3.0-3.5107%/K 6.6 (a and b), 8.7 (c) 107¢/K
290-320 GPa 500-575 GPa

~0.27 ~0.1

>10'2 Qcm 9%107° Qcm

15-43 W/mK 64 W/mK (20°C)

by porosity or by the presence of additional (low den-
sity) phases caused by reactions between the particulate
and the matrix. The presence of either, even in small
volumes, can offset any improvements brought about by
the addition of the particulate phase and, at <95% TD,
high reported values of E modulus, hardness or toughness
should be treated with caution. The problems of poor
densification and lower than expected properties have
been addressed by increasing the sintering temperature.?
However, while this approach works for Si;N4 ceramics
in the absence of particulates, it merely exacerbates the
problems in the presence of a reactive second phase. In
order to achieve property improvements it is necessary, not
only to add the second phase, but to avoid the problems
outlined above by proper control of the starting com-
positions and sintering environment (for example: tem-
perature, time, atmosphere).

The effect of particulate additions on the tribological
performance of ceramics is complicated. Improved
properties due to incorporation of a second phase do
not necessarily result in improved wear performance.
For example, the incorporation of TiB, into a SiC
matrix increases the fracture toughness'> and the incor-
poration of SiC into a SisN4 matrix improves the bend
strength and fracture toughness!4 but in neither case
does this result in improved wear performance. However,
the addition of either TiC!3'4 or TiN'®!7 to a silicon
nitride matrix has been shown to substantially improve
wear performance under conditions where tribochemical
wear is dominant.

In order to assess the effect of TiB, addition on the
tribological behaviour of silicon nitride, an investigation
has been performed of the unlubricated sliding wear of
a hot-pressed SizN4-40 vol.% TiB, composite and a
commercially produced silicon nitride against a silicon
nitride ball. The test conditions were chosen to ensure
that the primary wear mechanism for the silicon nitride/
silicon nitride tribopair was tribochemical. A detailed
discussion of the tribochemical wear mechanism for
silicon nitride has been given by Fischer.!® Limited tests
have also been performed for both the silicon nitride and
the SizNy4-40 vol.% TiB, composite against a hardened
bearing steel counterbody.

2. Experimental procedure
2.1. Material production

The powders used to synthesise the composites were
TiB, (H.C. Starck, Germany, Grade F) with a quoted
particle size of D10=0.9-1.6 pm, D50=2-3.5 pm and a
commercial sialon powder (containing 7 wt.% Y,O;
and 4 wt.% Al,O;) with a measured particle size of
D50=0.3 pm. Some samples containing 40 vol.% TiB,
were produced with a lower level of sintering additive
(denoted by HP 40 vol.% TiB, rs). The silicon nitride
matrix for the HP 40 vol.% TiB, rs consisted of a-SisNy
(UBE, Japan, SN E-10) with 1 wt.% sintering additive
in the form of a glass powder containing Y,05:Al,0s:
SiO, in the ratio 40:25:35 wt.%. The powders were ball
milled in iso-2-propanol for 24 h in polyethylene jars,
wet sieved through a 38 pm mesh, dried at 50°C and
finally sieved through a 250 um mesh to break up drying
agglomerates. Green bodies were formed by uniaxially
pressing at low pressure (~10 MPa) followed by wet-bag
isopressing at 120 MPa. Green densities were in the
range 50-60%. For hot pressing, the powders were
added directly to the hot press die and compressed in
situ at 30 MPa.

Hot pressing (HP) was carried out at temperatures
between 1500 and 1700°C in an environmental hot press
chamber where the atmosphere could be vacuum
(<1x1077 kPa) or 1 atmosphere (100 kPa) of argon or
nitrogen. A vacuum of ~1x10~7 kPa was achieved at
1000°C before any gases were admitted to the chamber.
The powders were contained in graphite dies (50x50
mm or 25 mm diameter) lined with BN. A maximum
pressure of 30 MPa was possible and densification was
monitored via a displacement transducer attached to the
hot press ram. Hot isostatic pressing (HIP) was carried
out between 1550 and 1700°C on glass-encapsulated
samples in a commercial apparatus (AC Cerama AB,
Sweden) with a maximum applied pressure of 160 MPa
of argon. The exact composition of the glass used for
encapsulation, which is identical to that used to com-
mercially HIP silicon nitride, is not available due to
issues of commercial confidentiality.
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2.2. Material characterisation

Crystalline phase composition was determined using
X-ray diffraction (XRD) using CuKy(; ang 2) radiation.
The relative amount of o and B-SisN, was determined
following the technique described by Gazzara and
Messier.!” The microstructure was examined using
SEM, and EDX analysis was used to identify phases in
the microstructure. Densities (p) were determined by the
Archimedes water immersion method and were com-
pared to theoretical densities calculated from the
volumes of phases assumed to be present. Hardness and
indentation fracture toughness were determined from 50
N Vickers diamond indentations carried out under
conditions prescribed by the standards for the measure-
ment of hardness (ASTM E384). Both hardness indent
diagonals (2a) and the length of cracks (2¢) were mea-
sured by SEM, calibrated using a standard grid trace-
able to an NPL standard.”? Great care was taken to
accurately judge the ends of indents and crack tips by
using high magnifications and back scattered electron
(BSE) imaging. A HIPed Si;N,; (denoted as BGSN=
bearing grade silicon nitride) produced by Toshiba, Japan,
used commercially for ball bearings, was tested in parallel
to act as a reference material. Its properties were Hy (50
N)=15.5+0.5 GPa, K;.—4.7+0.3 MPa m>.

Vickers hardness (Hy) was calculated from
Hy-1.8544 P/2a?, where a is in pm and P is in N.
Indentation fracture toughness (Kj.) was calculated
from crack length in two ways. The first was after Anstis
et al.? [Eq. (1)] in order to compare results with those
commonly found in the literature.

E 0.5
Kie = 0.016 (—) P(¢)™"® [MPa m'/?] (1)
Hy

where E=celastic modulus (Pa), Hy = Vickers hardness
(Pa), P=applied load (N), and ¢/ =% total crack-length (m).

The second method modifies an equation after Niihara
et al.?! [Eq. (2)] for median cracks to give a toughness
parameter, TP, which is used for the assessment of
Si3N4 ceramics in commercial applications:

TP = 10.281 E**P*® ¢ %7(¢' Ja)™" [MPa m'/?] ()

where a and ¢ are in um, P is in kg and F is in GPa. It
contains an empirically derived constant to compensate
for the fact that, in SizNy ceramics, values of indenta-
tion fracture toughness are lower than those measured
by non-indentation methods. TP yields values that can
be compared with toughness data for Si3N4 materials
tested by non-indentation techniques such as the single

2 National Physical Laboratory, Teddington, UK.

edge notched beam (SENB) and chevron notched beam
(CNB) techniques.

The electrical resistivity measurements were per-
formed on rectangular specimens with a Resistomat
Type 2302 digital Ohmmeter (Burster Gernsbach Prézi-
sionsmesstechnik), capable of measuring resistances
from 0.1 uQ2 up to 20 k2 with a resolution of 0.1 pQ.
All measurements were made at room temperature.

The elastic moduli were calculated by measuring the
speed of longitudinal and shear ultrasound waves
transmitted through a disc of material. The bulk mod-
ulus (B), Poissons ratio () and elastic modulus (£) can
then be calculated from the following formulae (for
isotropic materials):

S 120mn)t e (=2

B =V32p, = ,
s 22(Ve/ V1) e

where p=density, Vi is the velocity of the longitudinal
wave and V' is the velocity of the transverse (or shear)
wave.

The result can be compared with the theoretical
modulus. Two methods were used to estimate the elastic
modulus of a composite, the simple “rule of mixtures”
approach which gives the Voigt—Reuss (VS) bounds and
the Hashin and Shtrikman (HS) approach which uses a
basic elastic energy theorem.??

VS model: M = MV, + M,V (lower bound),
%+% (upper bound) where M is either the bulk or
shear modulus. Subscripts 1 and 2 denote the matrix and
particle properties respectively. Young’s modulus and
Poisson’s ratio are subsequently calculated from the bulk
and shear modulus.

1
M
k

For the HS model:

M- M,

Vi(My — M)
M, — M,

=1
2[ + M+ H

with H=4u,/3 or H=4u,/3 for the bounds on the bulk
modulus and

_ n2OBs + 82)

_ OB +8u1)
6(By +2u)

6(B1 + 2u1)

for the bounds on the shear modulus if (po—p1)(Ba—
B1)=0. For the case where (u,—u1)(B>—B;) <0 these are
replaced by

_ ma2OBi +812)

_ OB + 81)
6(B1 +2u) '

6(B + 2u1)
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Fig. 1. Ball-on-disc tribometer illustrating capability to measure (a) coefficient of friction, (b) ball wear and (c), disc wear.

2.3. Wear testing

Wear tests were performed using an in-house designed
ball-on-disc tribometer, shown schematically in Fig. 1.
The fixed ball (or counterbody) was the upper specimen
applied to a horizontal, rotating disc. The apparatus
enabled the sample to be levelled prior to testing and
allowed control of load, sliding speed, atmosphere and
humidity. Standard test conditions are listed in Table 2.
The apparatus and testing procedure did not differ sig-
nificantly from that recommended by ASTM Standard
Test Method for Wear Testing with a Pin-on-Disc
Apparatus (G99-95a).

Prior to testing, all samples were cleaned ultra-
sonically in the following solutions: a commercial
cleaning solution (MICRO-90: manufactured by Inter-
national Products Corporation), acetone, a commercial
cleaning solution (MICRO-90) and methanol. The ball
and disc were then hot-plate dried to remove any vola-
tile residues arising from the cleaning process. The ball
counterbodies used were bearing grade silicon nitride
(BGSN) or hardened bearing steel balls of 6.35 or 9.525

Table 2

Standard test conditions for wear testing

Parameter Value

Load SN

Sliding speed 0.05 ms™!

Atmosphere Ambient laboratory air (~20°C)
Sliding distance 1000 m

Relative humidity 45-55%

mm diameter. The BGSN used as both ball and disc
samples is the same as that used as a reference standard
in the measurement of Hvy and Kj.. The quoted proper-
ties of the hardened bearing steel balls were E=210
GPa, Hy (50 N)=7.8 GPa, K;.=12-20 MPa m'/>.

The wear debris was analysed using TEM and EDX,
which enabled the crystallinity and composition to be
assessed. After the removal of loose debris the wear
tracks were examined using SEM and EDX. Following
a controlled cleaning procedure, using a vibrating nylon
brush and a mild abrasive (a suspension of hydrated
dicalcium phosphate) to remove the tribodebris from
the wear track, a further SEM examination of the wear
track was performed. This cleaning procedure was
shown to have no observable effect on the micro-
structure outside the wear track, and hence its only
effect was to remove debris generated during the wear
test.

The diameter (d},) of the wear scar on the ball was
measured using optical microscopy and the wear
volume of the ball (77},) was estimated using the expres-
sion V,=ndi/64R, where R is the radius of the ball. The
wear scar on the disc was measured using a Talysurf
profilometer at eight points around the wear track both
before and after the controlled cleaning process. The
cross-sectional area of an individual profilometry trace
was estimated by dividing the wear envelope into poly-
gons whose area could be calculated easily. The wear
volume of the disc (V4) was estimated using the expression
V4= Amdy, where A is the mean cross sectional area of the
wear track and dj is the diameter of the centre of the wear
scar on the disc. Wear coefficients (units =mm?3 N~! m~)
for the ball (ky,), the disc (kq) and the combined total (k)
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were calculated by dividing the volume removed by the
applied load and the total distance slid

3. Results and discussion
3.1. HIPing

A range of compositions containing 0—100 vol.% TiB,
were prepared by HIPing at 1550°C/60 min/160 MPa,
1650°C/90 min/160 MPa and 1700°C/120 min/160 MPa.
The samples were totally enclosed in the glass encapsu-
lant by ~1190°C and pressure was only applied after the
samples had been encapsulated.

The percentage of theoretical density achieved by
each composition at 1650 and 1700°C is shown in Fig. 2.
The results for 1550°C/60 min are not shown, as they
were identical to 1650°C.

The results for 1650°C demonstrated a simple rela-
tionship between increasing TiB, content and decreasing
densification. However, increasing the temperature and
time to 1700°C/120 min, which would normally improve
the densification of SizNy, resulted in a further decrease
in the densification.

XRD and SEM carried out on these materials
revealed that SisN,; without TiB, additions achieved
theoretical density, forming a microstructure of B-SizNy
grains and an amorphous intergranular phase. How-
ever, the failure of materials containing TiB, to achieve
theoretical density was not caused simply by lack of
densification (i.e. residual porosity) but by a complex
interaction between SisN4 and TiB, at high tempera-
tures.

The presence of a TiN phase was detected by XRD
(Fig. 3). SEM and EDX verified the presence of areas of
TiN associated with TiB, particles (Fig. 4). The pre-
sence of BN in the microstructure was confirmed by the
use of EDX (Fig. 5). BN cannot be detected by XRD in

1 1 T 1 1T 77 T LI T T T
100} m
—m— 1650°C/1.5 hr
ol —0—1700°C/2 hr
g o6l \ 1
X | o) \l\. |
O\ i
94|
o/ u
/ <4
- 500
92| Y ]
T T

T LA L S B S S T T
0 10 20 30 40 50 60 70 80 90 100
Vol% TiB,

Fig. 2. Densification of Si;N4 composites containing 0-100 vol.% TiB,
after HIPing at 1650°C/1.5h (H) and 1700°C/ 2 h (O) at 160 MPa.

the presence of B-SisNy, due to its primary peak over-
lapping with the B-SisNy4 (200) peak. The dark appearance
of BN under both electron and optical microscopy and
its propensity to be pulled out or preferentially polished
can lead to it being wrongly interpreted as porosity.

A possible explanation for the formation of TiN is via
the reaction:
4TiB; + 3Si3sNy — 4TiN + 8BN + 9Si, 3)
AG = —25kJ mol~!(1500K)

Or alternatively Si3N4 decomposes forming Si and N,
gas which then reacts with the TiB, forming TiN and
BN [Eq. (4)].

2TiB, + 3N»(g) — 2TiN +4BN,

4
AG = —100 kJ mol~' (1880 K, 1 atm N») @

; TiB
TiB, B=B-Si,N, 1B,
(100) (101)

Ints (arb units)

Fig. 3. XRD spectrum from Si3N4/40 vol.% TiB, HIPed at 1650°C/
1.5 h.

Fig. 4. SEM BSE micrograph of 1700°C HIPed material (40 vol.%
TiB,). a=TiB,, b=TiN, c=B-Si3N,. Darkest regions are porosity or
BN.
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However, Si or unexpected Si containing phases (e.g.
titanium silicides) were not detected at temperatures
below 1750°C which suggests that the above mechanisms
alone do not adequately explain the formation of TiN.
Other work has shown that the above reactions [Egs. (3)
and (4)] form an interfacial reaction zone of TiN around
TiB, particles.!® However, HIPing at 1700°C/120 min
formed zones of TiN which appear to nucleate and
grow along crystallographic planes within the TiB, par-
ticles (Fig. 4). This indicates a different mechanism from
that described by Shew et al.'” It is proposed that the
liquid phase formed at the sintering temperature by the
additives (Y,03, Al,O3; and SiO,) acts as a flexible
receptor for dissolved ions. It is the activity of various
species in this phase and the kinetics of the migration of
ions through this phase that controls the rate and type
of reaction that occurs. This is supported by the obser-
vation that areas of TiN were not formed adjacent to
areas of BN in the microstructure (Fig. 4), suggesting
that they were nucleated from the liquid at separate
sites. However, the determination of the exact mechan-
isms requires further work.

The samples HIPed at 1550°C showed similar prop-
erties, microstructure and phase composition to those
HIPed at 1650°C. It appears that the 1550°C samples
had seen temperatures close to 1650°C. The higher than
expected temperature in the HIPing apparatus may
have been due to the use of temperatures below normal
operating conditions.

3.2. Hot pressing

Conventional hot pressing of SizN4 takes place under
a nitrogen atmosphere to suppress decomposition at
high sintering temperatures. However, as previously
mentioned [Eq. (4)] a nitrogen atmosphere could react
with TiB, forming TiN and BN. In order to avoid this,

ﬁ'r|'1ergy1(KeV)1'5

Fig. 5. EDX analysis of dark inclusion in microstructure showing it to be BN.

a hot pressing procedure was developed to minimise
such reactions. Use of an argon atmosphere until the
sample achieved closed porosity avoided the formation
of TiN. Once closed porosity occurred the atmosphere
was changed to nitrogen to avoid the decomposition of
Si3Ny4. Any reactions were then limited to the very outer
layer of the specimen, which was removed by normal
sample preparation. Since only 1 atm of nitrogen could
be applied in the hot press, temperatures used were <
1700°C to avoid decomposition.

Hot pressing was carried out at 1500, 1550, 1600,
1650 and 1670°C for 60 min at 30 MPa applied pressure
with the above mentioned dual atmosphere cycle. The
procedure used is demonstrated in Fig. 6. Work on
electro-conductive ceramics indicates that >35 vol.% of
particulate additions are required to provide an inter-
connecting network, necessary for high conductivity.?3
Considering this and the results for fracture toughness
in HIPed materials (see below), all hot press composi-
tions contained 40 vol.% TiB,.

Decreasing the hot pressing temperature to as low as
1500°C resulted in densities equal to the theoretical
(99.5% TD, p=3.727 g/cc) for a 40 vol.% TiB, com-
posite. Hot pressing at 1500°C of the silicon nitride
matrix material with no TiB, addition did not result in a
dense material (90% TD, p=2.934 g/cc) and thus it is
clear that the addition of TiB, actually aids the densifi-
cation of the composites at low temperatures. The use
of lower hot pressing temperatures has also reduced the
formation of TiN and BN. Hot pressing at 1500°C
produced a dual phase matrix of a-SizNy4 and -SizNy as
shown by XRD (Fig. 7). The effect of temperature on
the density and a-SizN4 content of 40 vol.% TiB, com-
posites is shown in Table 3. The low temperature redu-
ces the transformation to B-Si;N, and forms a matrix
with a small grain size. The TiB, is homogeneously dis-
tributed in the matrix and retains the small particle size
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of the starting powder. Any apparent porosity is
assumed to be polishing damage caused by the removal
or preferential polishing of BN particles. An image of
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Fig. 6. Hot press time/temperature/pressure/atmosphere cycle with
sample displacement data from a typical hot press run.
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d

Fig. 7. XRD from samples hot pressed at different temperatures.
More a-SizNy is present in lower temperature materials.

the microstructure is shown in Fig. 8§ and, when com-
pared with Fig. 4, clearly shows that the formation of
TiN and BN had been significantly reduced. Due to the
small grain size and the contrast of the TiB; it is extre-
mely difficult to clearly image the matrix microstructure
but it is apparent that the average grain size is <2 um.

3.3. Hardness and toughness

3.3.1. HIPed materials

The effect of TiB, content on hardness and indenta-
tion fracture toughness of the materials HIPed at
1650°C is shown in Fig. 9. The hardness was seen to
initially drop as the addition of TiB, reduced densifica-
tion at 1650°C (see Fig. 2). The hardness then rose with
increasing TiB, content showing that TiB, contributes
to the hardness of the composite despite the presence of
porosity and other phases. At this temperature, the
magnitude of the hardness increase due to TiB, addition is
partially offset by the increase in porosity, TiN and BN.

For composites HIPed at 1650°C, a peak in fracture
toughness of Kj.—5.840.2 MPa mz (TP=8.0 MPa m?2)
was observed for 40 vol.% TiB,. Observation of crack
paths from the corners of Vickers indentations showed
both deflection around particles and transgranular
fracture of the TiB, (Fig. 10).

3.3.2. Hot pressed materials

Hot pressed materials containing 40 vol.% TiB, exhi-
bit an increase in hardness with decreasing hot pressing
temperature. Table 3 and Fig. 11 show the effect of hot
pressing temperature on density, o-SizN4 content, hardness
and toughness. The optimum hardness/density combi-
nation is produced at 1500°C with 99.5% of TD
(p=13.726 g/cc) and Hy=17.4 GPa. This is a significant
improvement in hardness over the reference material
(Hy=15.5 GPa). The higher hardness of «-Si3;N4; com-
pared to B-SizNy, the reduction in TiN and BN content,
the decrease in porosity and the reduced grain size all
contribute to the improved hardness.

Toughness in SizNy4 ceramics is usually lowered by the
presence of small equiaxed o grains, as it is the elon-
gated B grains that give rise to the crack deflection
toughening mechanism. However, the toughness of hot
pressed TiB, containing composites is maintained in the
absence of p-Si;N, with Ki.—4.9 MPa m2 (TP=6.4 MPa
m32). It is proposed that the presence of TiB, contributes

Table 3

Properties of composites containing 40 vol.% TiB, hot pressed at different temperatures

Temperature (°C) p (g/cc) % TD % 0-SizNy Hy (GPa) Kic (MPa m2) TP (MPa m?)
1500 3.726 99.5 0.62 17.4 49 6.9

1550 3.693 98.6 0.56 16.4 5.0 6.92

1600 3.661 97.7 0.17 16.0 4.6 6.4

1650 3.640 97.2 <0.05 15.8 4.6 6.4
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Fig. 8. SEM BSE image of the microstructure of a 40 vol.% TiB,—
Si3Ny composite hot pressed at 1500°C/60 min/30 MPa. a=TiB,,
b=matrix (a-Si3N,4 and B-Si3Ny).
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Fig. 9. Variation of hardness () and indentation fracture toughness
(O) with TiB, content of HIPed materials (1650°C/90 min/160 MPa).
Dotted lines indicate values for the reference HIPed SisN, material.

to toughening in the ways outlined above but that this is
offset by increasing a-Si;N,4 content.

The difference between toughness for HIPed and HP
materials containing similar amounts of TiB,, is possi-
bly due to the difference in o-SizN4 content caused by
the shorter hot pressing time at 1650°C. In HIPed mate-
rials all the a-Siz;N4 has been transformed to B-SisNy4 and
some growth of the B grains may have occurred, con-
tributing to the toughening. It is also possible that the
property of the intergranular glass varies between the
two materials and that this affects the toughness.

3.4. Electrical conductivity and elastic modulus

Initial assessment of the conductivity of the composites
showed levels of conductivity significantly higher than
for Si;N4. Two samples, hot pressed with 40 vol.% TiB,,
were measured, one containing a lower level of sintering

Fig. 10. SEM back scattered electron images of crack paths through
(a) HIPed Si3Ny4 and (b) HIPed SizN4—40 vol.% TiB;.
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Fig. 11. Variation of o-Siz;N4 (ll) and Hy (O) with hot pressing tem-
perature of 40 vol.% TiB, material. Dotted line indicates the reference
HIPed SisN,4 hardness.

additive (denoted by HP 40 vol.% TiB; rs). They exhibit
values of electrical conductivity that allow EDM to be
easily performed (Table 4). The higher value for the sample
with reduced sintering aid indicates that the nature of the
residual intergranular phase affects electrical properties.
The E modulus and Poisson’s ratio of a material
containing 40 vol.% TiB, were measured as E=365
GPa+30 GPa and v= 0.1940.01. When consideration
is given to the effect of porosity on elastic modulus®*
(~3% in the sample measured) then FEgense=387430
GPa and the experimental value is seen to lie close to
the lower HS bound (Fig. 12). This indicates that there
is no significant spontaneous microcracking in the pre-
sence of TiB,. Microcracking results in a measurable
reduction in the £ modulus® without raising the mea-
sured porosity. The stresses produced on cooling due to
the difference in thermal expansion of SizNy4 and TiB,
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Table 4
Electrical conductivity for hot pressed composites compared with the
TiB, and conventional Si3Ny4

Sample Conductivity (27! cm™!")  Resistivity (2cm)
Conventional Si3N,» < 10713 >1012
HP 40 vol.% TiB, 3x10? 335x10~°
HP 40 vol.% TiB, rs* 9x103 116x10°
TiB, 111x103 9% 10-°

a rs=reduced sintering aid.

are partially relieved by the presence of a viscous phase
formed by the oxide sintering additives (Y,03;, Al,O;
and Si0O») and hence microcracking is not expected.

3.5. Wear

The results from wear tests are discussed in terms of
each tribopair.

3.5.1. BGSN ball/ BGSN disc

For the BGSN/BGSN tribopair under ambient
humidity (40-50% RH), the wear tests resulted in fine,
white powder debris and wear scars on both the disc
and the ball. Optical microscopy revealed tribofilm
adherent on areas of the disc and ball scars. TEM ana-
lysis of the debris confirmed the amorphous nature of
the debris (no crystallinity observed) and revealed that
the nitrogen content was below the EDX detection
threshold. TEM EDX spectra of SizN; powder taken
under similar conditions reveals the EDX detection
threshold for nitrogen to be 0.7 wt.%. The absence of
crystalline wear debris and their low nitrogen content
suggest that microfracture is not a significant wear
mechanism and that tribochemical wear is dominant.

The wear debris were thin, amorphous films and
cylinders or rolls of debris similar to those reported by
other workers!® to be hydroxylated silicon oxide
(Fig. 13). Measurements of the disc wear showed little
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Fig. 12. Calculated VR and HS bounds for £ modulus of hot pressed
Si3N4—40 vol.% TiB, composites and measured £ ().

difference before and after the final cleaning procedure.
The coefficient of friction (1) for BGSN on BGSN was
0.50+0.05.

The variation of disc wear coefficients (kq) with
humidity for the BGSN material after cleaning are
shown in Fig. 14. The coefficient of friction and the
wear coefficients are consistent with the consensus of
results reported in the literature for similar test condi-
tions. %26

3.5.2. BGSN ball] Si3N 40 vol % TiB, disc

The BGSN/Si3sN,—TiB, tribopair resulted in similar
low nitrogen content, amorphous debris but with
reduced formation of cylindrical wear debris. Typical
secondary and back-scattered electron micrographs of
the disc wear track are shown in Fig. 15(a) and (b). In
back scattered electron mode [Fig. 15(b)] the outline

Fig. 13. SEM image of cylindrical wear debris produced from a
BGSN-BGSN tribopair under standard conditions.
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Fig. 14. Variation of disc wear coefficients (kq) with humidity for
BGSN (@) and SizN4—40 vol.% TiB; (&) discs against BGSN balls.
The points (M) and ([J) represent the use of a larger (9.35 mm) dia-
meter ball. Conditions: 1 km, 5 N, 0.05 ms~!, 20°C.
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m

Fig. 15. SEM images of the wear track for BGSN ball on Si3N4—40
vol.% TiB;: (a) secondary electron image and (b) back scattered elec-
tron image.

microstructure of the composite could be seen through
the tribofilm. Measurement of the Siz;N,—TiB, disc wear
could only be performed after the final cleaning proce-
dure due to more strongly adherent wear debris. A
typical profilometer trace before and after the final
cleaning procedure is shown in Fig. 16. Prior to this
measurement some areas of the wear track would result
in ‘positive’ wear due to the presence of wear debris/tri-
bofilm on the surface [Fig. 16(a)]. The coefficient of
friction for the Si3;N4—TiB, disc was 0.5540.05, slightly
higher than that for the matched BGSN tribopair
although the difference is not necessarily significant.
The wear coefficients (kq) for BGSN and Siz;N4—40
vol.% TiB, discs sliding against a BGSN ball as a
function of humidity are shown in Fig. 14. The small
scatter in the measured disc wear indicates excellent
reproducibility of both the testing and measurement
procedure. In the ambient humidity range (45-55%
RH) the disc wear of the SisN440 vol.% TiB, was

(@

"

S_ “+ve wear
500pm
(b)
g
=3 “-ve wear”
S
500pm

Fig. 16. Typical profilometry traces from the wear track of a SisN,—40
vol.% TiB, material: (a) before and (b) after cleaning.

lower by a factor of five. The wear coefficient of the
BGSN ball was similar for both tribopairs (4-5x107¢
mm? N~ m™—).

Wear tests performed at low humidity (<15% RH)
using a BGSN/SizN4—40 vol.% TiB, tribopair resulted
in fine grey wear debris and an order of magnitude
increase in the disc wear coefficient (kq). TEM analysis
of the debris revealed partially crystalline debris with
detectable levels of nitrogen, indicating that micro-
fracture was an active wear mechanism. Low humidity
has been reported to result in similar increases in wear
and changes in wear mode for matched silicon nitride/
silicon nitride tribopairs under similar conditions.?’
This confirms that, for the SizN4—40 vol.% TiB, com-
posite, water vapour is actively involved in the forma-
tion of the tribofilm.

3.5.3. Steel ball| BGSN disc and steel ball/Si3N 40
vol.% TiB,

Wear against the steel ball was also tribochemically
dominated with discs of Si3N4—40 vol.% TiB, displaying
a fivefold reduction in wear compared to those of
BGSN. The SisN4—40 vol.% TiB, composite does how-
ever result in increased wear of the steel counterbody
when compared to the steel ball/BGSN tribopair. The
improved wear performance of the Si;N4—40 vol.% TiB,
composite is summarised in Table 5.

The extent to which the improved tribological perfor-
mance can be attributed to the superior mechanical
properties (Hy, Kj.) or to the superior protective prop-
erties of the oxide tribofilm is not yet clear. However,
similar improvements in the tribochemical wear perfor-
mance of silicon nitride containing TiC'3 and TiN'6
suggest that the presence of titanium may be primarily
responsible for a beneficial modification to the tribo-
film/tribochemistry. No reduction in the coefficient of
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Table 5

Comparison of disc, ball and total wear rates (kq, kv, k¢ respectively) for various tribopairs

Tribopair Wear coefficient (k)-x10~¢ mm? N=! m~!

Ball Disc Ball (ky,) Disc (kq) Total (k)
SisN, (BGSN) SisN, (BGSN) 4.140.4 7.740.8 11.841.2
Si;N4 (BGSN) Si3N4—40 vol.%TiB, 5.0£0.5 1.6+0.2 6.6+0.7
Steel Si3Ny (BGSN) 0.540.1 6.1+0.6 6.6+0.7
Steel Si3N4—40 vol.%TiB, 1.1£0.1 1.3+0.2 2.440.3

friction is observed when TiB, is present indicating that
the improved wear performance is not related to any
lubricating role of either the TiB, or the resulting tribo-
film. High temperature wear tests of silicon nitride con-
taining either TiN'® or TiC!3 have been reported to
result in a lower coefficient of friction and improved
wear performance compared to monolithic silicon
nitride. It is anticipated that similar performance
improvements at elevated temperatures would be
observed from silicon nitride-TiB, composites.

4. Summary

Si3N4—TiB, composites were produced by both hot
isostatic pressing and hot pressing under various condi-
tions. In order to realise the improvements in properties
that the addition of TiB, to SisN4 can provide it was
necessary to avoid the formation of TiN and BN and to
achieve full density. This was only possible by lowering the
sintering temperature to 1500°C where the presence of TiB,
(or its oxides) aided densification. The composition, phase
content and properties of the SizN4 matrix influence the
properties almost as much as the addition of TiB,.

The use of low hot pressing temperatures has resulted
in a fully dense, a-SizNy4/B-SizN4 matrix with a small
grain size. Hot pressed composites containing 40 vol.%
TiB, in such a matrix exhibited improved hardness and
toughness (Hy=17.4 GPa, K;.=4.9 MPa m%) and a
higher £ modulus (E=365+35 GPa) when compared to
a commercial HIPed SisN,; The mismatch in thermal
expansion between the constituent phases did not result
in microcracking, partially due to the presence of a vis-
cous, intergranular phase.

For HIPed materials, hardness increased with TiB,
content and a peak in toughness (Ki.= 5.8 MPa m2) was
seen at a level of 40 vol.% TiB,. At this level the parti-
culates form an inter-connecting network which
increased the electrical conductivity to a level where
EDM is a possibility. A separate study, soon to be
published, has examined the shaping of these materials
by the application of novel EDM methods. The effect of
TiB, on thermal properties could also lead to improved
performance in applications such as high speed cutting
and other tribological applications.

When compared to a commercial bearing grade silicon
nitride, a silicon nitride with a high «-Si;N,4 content
matrix containing 40 vol.% TiB, displayed a fivefold
improvement in unlubricated sliding wear performance
against both a commercial silicon nitride and a steel
counterbody.

The addition of TiB, to silicon nitride resulted in a
beneficial modification of the tribochemistry and a tri-
bofilm that was more effective at protecting both the
composite disc and the ball from wear.
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