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Microstructural homogeneity improvement in
Si;N4 by a powder coating method

C. M. WANG*

School of Materials, University of Leeds, Leeds LS2 9JT, UK

The efficiency of a powder coating technique has been quantitatively evaluated through
a comparison of the densification behaviour, green compact and dense material
microstructural homogeneity in terms of a “homogeneity dimension”, and mechanical
properties, using coated powders and mixed powders in the case of Si;N, powder densified
by hot-pressing with the liquid-forming additive system Al,05;-TiO,~-Si0,. For coated
powder, a significantly smaller value of the homogeneity dimension was obtained. The
oxide phases became re-distributed during densification, with the aluminium-containing
phase distributed on a finer scale, and the titanium-containing phase on a coarser scale,
compared with the green body. Materials prepared by hot-pressing of coated powders
showed a more homogeneous microstructure, higher bend strength and higher Weibull
modulus, compared with materials prepared from mixed powders. There were no
differences in fracture toughness and hardness between the two types of material.

1. Introduction

Pure Si;N, cannot be fabricated into fully dense com-
ponents using either standard metallurgical tech-
niques or traditional ceramic sintering methods; one
successful fabrication technique was found to be
liquid-phase sintering using a metal silicon oxy-
nitride-based liquid. For this purpose, it is necessary
to add small amounts of metal oxides, which at sinter-
ing temperature react with the natural surface, SiO,,
on the SizN, powder particles and with the SizN,
itself to form a liquid. The liquid phase assists particle
rearrangement and acts as a high diffusivity pathway
for the subsequent solution—diffusion—precipitation
process.

Traditionally, the mixing of two or more powders is
achieved by ball milling or attrition milling. Firstly,
the effectiveness of these means is limited by the initial
particle size and size distribution; secondly, mass seg-
regation may occur by sedimentation during the dry-
ing up process; thirdly, inevitably pick up of the
milling medium components induces composition
shift or causes contamination. Mass segregation may
induce the formation of pore clusters or nests which
are potentially strength degrading [1]. Inhomogene-
ous distribution of the sintering additive will also
induce different compaction responses, and lead to
green compact density inhomogeneity, which may, in
turn, produce cracks and residual stress as a result of
different shrinkage rates during densification [2].

A recent development in powder processing to
achieve improved microstructural homogeneity is
a colloidal powder doping process, termed “powder
coating” [3-9]. Powder coating can be achieved typi-

cally through a sol-gel process [3, 8, 10-12], an in situ
solution precipitation process [ 13—17], and a colloidal
particles adsorption process [18-20], with each
method having different limitations when applied to
different powders. For silicon nitride powder coating
with metal oxide, the solution precipitation method
with metal alkoxide as precursors, there are some
advantages in avoiding a water medium, thus preven-
ting the surface oxidation of silicon nitride powders
[5]. Although the powder coating process has been
applied to different powders, and the effectiveness of
powder coating has been qualitatively evaluated,
mainly based on direct microstructural observation,
quantitative evaluation of powder coating-related
homogeneity improvement has not been reported.

The quantitative description of the degree of mixing
in a two-component powder system has been ad-
dressed by Hupmann and Bauer [21] with the liquid-
phase sintering of tungsten and copper. A degree of
mixing parameter was experimentally determined, us-
ing the principles of quantitative metallography,
quantitatively to describe the homogeneity of the
mixed powder. It is difficult in practice to apply this
method to much finer grain-size materials, and to the
case of a solid solution, such as in f'-sialon.

An alternative approach to the quantitative descrip-
tion of the phase distribution uniformity in multi-
phase oxides ceramics has been developed by Lange
and Hirlinger [22], based on SEM with energy
dispersive X-ray analysis (EDS). When a multiphase
body is observed by SEM, the X-rays collected pro-
duce an EDS spectrum that quantitatively defines the
atomic fraction of each element. If different elements
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are associated with different phases, the content of
cach phase within the area scanned can be determined.
At low magnifications, the EDS spectrum defines the
fraction of each phase within the large body. With
reasonable counting periods, the standard deviation
for different areas examined at low magnification is
low and associated with counting statistics. At very
high magnifications, the area examined may not be
representative of the large body. The scanned area
may only cover one of the many phases, and the
deviation of the spectrum, relative to the large body,
can be very large. At some intermediate magnification,
the standard deviation will begin to depart from that
produced by counting statistics. At this magnification,
the area scanned is statistically identical with the large
body. The size of this area thus defines the smallest
area that contains the same phase content ratio as the
whole body. This area, A4,, can be defined quantitat-
ively and used to represent the degree of phase homo-
geneity. A, is an extrinsic property of multiphase ma-
terials that depend on the processing [23]. The more
homogeneous the phase distribution, the smaller is 4,
However, the use of this quantitative method in evalu-
ating the phase uniformity of non-oxides has not been
reported.

The aim of this work was to evaluate the effec-
tiveness of the powder coating technique, both quali-
tatively and quantitatively, through a comparison of
powder densification behaviour, microstructural
homogeneity in the state of the green compact and
densified materials in terms of a “homogeneity dimen-
sion”, and mechanical properties, using coated pow-
ders and mixed powders in the case of Si; N, powder
densified by hot pressing with the liquid-forming addi-
tive sysiem Al,O;-T10,-510,.

2. Experimental procedure
2.1. Powder processing and sample
characterization

An optimized powder coating process was employed
in the present experiment as described in detail
elsewhere  [5,17]. Aluminium  iso-propoxide
(AIfTOCH(CHs3),];) and titanium iso-butoxide
(Ti[(CH3),CHCH,0],) (BDH Chemicals, Poole, UK)
were dissolved in iso-propanol with a concentration of
alkoxide: iso-propanol of 1:20 gcm ™3, and SizN,
powder (Starck, LC12-N, Berlin, with a sedimentation
mean particle size of 500 nm, nitrogen adsorption spe-
cific surface area of 17.4 m?g ™ !, initial a-silicon nitride
content of 96%, and an oxygen content of 1.58 wt %),
added to the solution. In order to improve the disper-
sion of Si; N, powder, and the alkoxide adsorption on
SizN, particle surfaces, the slurry was ball milled for
24 h. The slurry was then transferred to a flask under
flowing nitrogen for controlled hydrolysis. A molar
ratio of the total water to alkoxide of 20:1 was chosen
to ensure complete hydrolysis of the alkoxide by de-
ionized water diluted by iso-propanol to give a water
concentration of 33% (by volume). Water was added
dropwise (3 cm®min~"') to the slurry at 22°C. On
completion of hydrolysis, the slurry was aged at room
temperature in the mother liquid for 24 h to allow
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complete reaction and then dried under infrared radi-
ation at 50°C followed at 120°C for 2 h to obtain
a powder.

For mixed powders, commercial a-Al,OQ; with an
average particle size of 500 nm and specific surface
area of 6.7 m2g ™! (Realox-XA-1000SG, Alcoa, USA),
and TiO, with a specific surface area of 211 m?g !
(NP90.235, Tioxide, UK) were used. The oxides and
SizN, powder were dispersed in iso-propanol with
a concentration of 100 mgem™* and ball milled for
24 h in a polyethene bottle (110 mm diameter, 80 mm
height) filled with cylindrical SizN, milling media
(7 mm diameter, and 9 mm height), which had weight
three times that of the powder. The iso-propanol was
then evaporated on a hot plate under infrared radi-
ation at 50°C, and the powder was finally dried at
120°C for 2 h.

Both powders were hot-pressed at 1700°C, and
20 MPa for periods of 0.46, 1.6 and 5.4 ks. The
shrinkage of the samples was continuously
monitored by a transducer and the data were col-
lected by computer. Prior to hot pressing, the coated
powder was calcined in air at 500°C for 2 h to allow
the dehydration of the coating layer; in view of the
possibility of the pick up of extra oxygen during
calcination, the mixed powder was also calcined un-
der identical conditions. Thus the only difference
between the two powders was the additive incorpora-
tion process.

The phase composition of the products was ana-
lysed by X-ray diffraction (XRD) using powders pre-
pared by crushing hot-pressed discs in a tungsten
carbide-lined mill. As internal standard, 10 wt%
~200 pm silicon powder was used, with CuK,, radi-
ation on a Phillips APD1750 automatic powder dif-
fraction system. The sample was scanned for a 26 of
~10°-80° with a scanning speed of 20 0.01°s™*. The
relative contents of the o- and B-phases were deter-
mined by the method proposed by Gazzara and
Messier [24, 25]

o = (—0443R%+ 1.443R) (1)

R — Iot(Z 10) (2)

o

Ligio+ 210

where I,;10) and I 1 o) are the integrated o- and
B-phase (2 10) peak intensities.

The relative contents of TiN and Si,N,O were also
estimated by the integrated peak intensity method
[26]

3)
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where w; is the fraction weight of phase i, I; is the
integrated intensity of phase i a-SizN4210),
B-SizN,(210), Si(111), TIN(200) and Si,N,0(200)
peaks were used.
The lattice parameters of B'-sialon were calculated
from the equation for a hexagonal cell
1 4(h2+hk+k2> I
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where (h k) are the Miller indices, d is the lattice
planar distance and a and ¢ are the hexagonal lattice
parameters. The (210) and (101) peaks were used to
calculate a and ¢; d was calculated using the Bragg
equation with 26 calibrated by the silicon (11 1) peak
with a lattice parameter of 543.01 pm (JCPDS card
5-6535). The sialon z-value used is the average of two
values obtained from the a and ¢ cell dimensions using
the following equations [27]

a = 7603 + 296 zpm (5)

¢ = 2907 +255zpm (6)

The strength of the hot-pressed materials was deter-
mined by four-point bending. Hot-pressed rectangular
pieces were cut to dimensions of 25 x 5 x 4 mm?® with
a diamond impregnated blade, followed by grinding.
Tension surfaces and bevelled edges were polished to
I um. All strength measurements were carried out
using an Instron Universal Testing Machine (Type
115 UK) with a cross head speed of 0.1 mm min ! for
hot-pressed materials, and 0.5 mmmin~"' for green
bodies. The strength distribution function was
calculated according to the two-parameter Weibull

function [28]
11— expl: — <G£>m:| (7)

where o is the strength, o, is the characteristic
strength, P; is the failure probability, and m is the
Weibull modulus. For a group of specimens N, P; was
calculated by the median ranking method [29]

Pf:

. (i-03)
P = (N +0.4) ®)

The Vickers hardness, H,, and fracture toughness
values for the hot-pressed materials were measured by
the indentation of polished surfaces with a load of
50 N. K. values were calculated according to the
equation [30]

EN'"?( P

where E is Young’s modulus, ¢; is the average radial
crack length measured from the centre of the impres-
sion and P is load.

TEM powder samples were prepared by a standard
method through dispersing the powder in iso-pro-
panol with a concentration of ~0.1 mgcm ™ by ultra-
sonic agitation for 10 min and doping on a carbon
film-covered copper grid. For hot-pressed materials,
a 2 mm thick disc was cut and hand ground on silicon
carbide paper to 50 pm. The sample was argon ion-
beam thinned (Gatan, Duo Mill, Model 600, USA) at
20°,0.5 mA and 6 kV for ~ 16 h until perforation, and
1h at 10°, 1h at 6° scattering was continued.
A ~5nm carbon film was sputtered to prevent the
surface charging. TEM samples were examined in
a Jeol 200 CX TEM/STEM instrument, operating at
200 kV, with an attached Link EDS system for
elemental analysis.

2.2. Quantitative analysis of microstructural
homogeneity

Relative elemental concentrations were analysed using
SEM with EDS as developed by Lange and Hirlinger
[22]. Carbon-coated specimens and the detector were
positioned to optimize SEM viewing, and the acquisi-
tion of X-ray spectra. The filament voltage was 20 kV
and the sensitivity of the multichannel analyser was
selected as 20 eV per channel. A 28 mm working dis-
tance was chosen, and the spot size was adjusted so
that the counting rate was ~ 2500 counts s~ *. Spectra
were acquired for a period of 100s. The number of
X-ray photons (counts) was integrated between 1.40
and 1.60 keV for AlK,,;, between 1.62 and 1.92 keV for
SiK,; and between 4.36 and 4.66 KeV for TiK,, to
determine the corresponding integrated peak inten-
sities for aluminium, silicon and titanium. The devi-
ation of the fractional ratio of these integrated peak
intensities Al/{Al + Si+ Ti) and Ti/(Al + St + Ti)
from values obtained at low magnification, as a func-
tion of scanning area or magnification, were used to
characterize the phase homogeneity. The samples
were analysed from low magnification to high magni-
fication; the scanned area, A4,, was related to the mag-
nification, M, on the Camscan 4 SEM, by

123200\2
A, = ( MO > pm? (10)

For a definite magnification, 15-20 spectra were
obtained by random movement of the sample. The
Al/(Al + Si + Ti) and Ti/(Al + Si + Ti) standard devi-
ations normalized to their mean values were plotted as
a function of magnification. The statistical counting
error was estimated by repeated scans of the same area
at low magnification giving a normalized deviation of
4.9% for a polished surface and of 5.3% for a green
body.

3. Results
3.1. Homogeneity evaluation in the green
state

The 3 wt % TiO, and 7 wt % Al,O; sintering additive
was incorporated into SizN, either by conventional
ball milling (termed “mixed powder”), or by a powder
particle coating technique (termed “coated powder”).
The two powder morphologies are shown 1n Fig. 1. In
the mixed powder, the distribution of the three com-
ponents, Si3Ny4, Al,O3; and TiO, can be described as
a mixing of individual particles, together with a cer-
tain amount of agglomeration. Even with an initial
TiO, powder of a primary particle size of ~10 nm, an
agglomeration of TiO, particles in ~400 nm can be
seen. However, in the coated powder, every SizN,
particle appears to have become attached to the
nano-dimension oxide particles, and the overall
distribution of sintering additive is homogeneous on
the scale of a few SizN, particle dimensions.

Both the coated and the mixed powders were die-
pressed at 50 MPa and then isostatically pressed at
200 MPa. The phase distribution was analysed using
the SEM by EDS on the smooth, as-pressed, surfaces.

471



Figure 2 SEM back-scattered images in a green body showing the

Fig. 2 shows scanning electron micrographs in the
back-scattered imaging mode. In the back-scattered
electron images, the concentration of TiO, appears in
an obvious light contrast, because of the higher atomic
number of titanium. It is obvious that titanium con-
taining species are more homogeneously distributed in
the compact prepared from coated powder, than from
mixed powder. Even taking into account the fact that
the initial TiO, powder has a primary particle size of
~ 10 nm, and the Al,O; 500 nm, the mixed powder
compact included agglomerates of TiO, as large as
4 um, showing that primary particle size is not neces-
sarily a key factor in achieving a higher degree of
phase dispersibility.

Fig.3 shows the standard deviations of
TifSi + Al + Ti) and Al/Si + Al + Ti), each nor-
malized by the mean value, as a function of micro-
scope magnification factor. For both titanium and
aluminium, the deviation gradually increases with in-
creasing magnification (decreasing size of the analysed
area). The smallest area that represents the mean over-
all phase distribution can therefore be calculated from
Equation 10. A mean standard deviation of 5.3% is
the statistical counting error for green bodies. Table
I lists the phase distribution homogeneity dimension,
which is also indicated in the number of Si;N particle
mean dimensions (with a mean particle size of
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distribution of TiO, (a) coated, and (b) mixed.
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Figure 3 Normalized standard deviations of Al/(Al + Si + Ti) and
TifAl + Si + Ti) count ratios as a function of magnification in
green compacts of Si;N, containing 7% Al,O; and 3% TiO,.
(--@--) Coated aluminium, (-O-) mixed aluminium, (—A-) Coated
titanium, (--- A ---) mixed titanium.

~500 nm). For coated powder, aluminium has
a homogeneity dimension of approximately 12 SisN,
particle dimensions, and titanium approximately 14.
For mixed powders, the aluminium homogeneity
dimension is 40, and titanium is 240. Thus the



homogeneity dimension in the coated powder is re-
duced by a factor of 4 for aluminium and 20 for
titanium, as compared with that of the mixed powder.

3.2. Densification, phase composition and
properties

Density as a function of hot-pressing tume is shown in

Fig. 4. The coated powder densifies faster than the

mixed powder, and reaches ~99% relative density in

~150s, compared to ~250 s for the mixed powder.

X-ray phase analysis shows that both hot-pressed
materials were composed of a-SizNy, B'-SizNy, TiN
and Si,N,O. Normalized peak heights as a function
of hot-pressing time are shown in Fig. 5. With in-
creasing hot-pressing time, the Si,N,O, and B'-SizN,
peaks increase, and that of «-SizN, decreases while
that of TiN is constant after ~460 s. After hot-press-
ing for 460 s, 68% o-phase was detected in the coated
powder, in contrast to 74% in the mixed powder,
implying that the a- to B’-SizN, phase transforma-
tion is slightly faster in the coated powder than in the
mixed powder during this short period of hot-press-
ing. Fig. 6 shows the proportion of a-phase as a func-
tion of time. The time exponents are 4.6x 10 %s !
and 4.8x107*s™! for coated and mixed powder,
respectively. The ['-SizNyz-values are plotted as
a function of hot-pressing time in Fig. 7. The z-values
decrease with increasing hot-pressing time. At the
beginning of densification, the amount of B-SizN,
available for absorbing Al,O; is less and hence gives
a higher aluminium solute concentration in the ['-
Si3N, grains. With longer times, more B'-SizN,
formed, and the aluminium solutes redistributed,
giving lower z-values.

Fracture toughness and Vicker’s hardness as a func-
tion of hot-pressing time are shown in Fig. 8. There
are not significant differences between the two mater-
ials; fracture toughness increases and Vickers hardness
decreases with increasing hot-pressing time. The mean
four-point bend strengths of materials hot-pressed for
460s are 310MPa for coated powder
material and 282 MPa for mixed powder material.
There is a 10% improvement in the mean strength
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Figure 4 Density as a function of time during hot pressing at
1700°C, 20 MPa: (--- --- } mixed, (—) coated.
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Figure 5 Normalized X-ray peak heights as a function of time after
hot pressing at 1700 °C, 20 MPa. (A, A) 2-SizN,, (@, O) B-SizN,,
(¢, O)TiN, (M, ) Si,N,O; (A, @, &, B) coated, (A, O, <, ) mixed.
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Figure 6 Logarithm of o-phase as a function of time after hot

pressing at 1700°C, 20MPa. (-O-) mixed, o =90.0exp
(—48x107%1), (-@-) coated, o = 81.5exp( — 4.6 x 107 % 1).
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Figure 7 z-value as a function of time after hot pressing at 1700 °C
and 20 MPa: (O) mixed, (M) coated.

with the coated material, as shown in the strength
distribution in Fig. 9. The Weibull modulus of a ma-
terial produced from coated powder is 18, compared
with 7 for material from the mixed powder.
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Figure 9 Weibull distribution of four-point bend strength for ma-
terials hot pressed at 1700 °C and 20 MPa for 460 s: (A) coated, (A)
mixed.

3.3. Homogeneity evaluation in densified
materials

Polished and etched surfaces of 460 s hot-pressed ma-

terials are shown in Fig. 10. Both materials have

a mean grain size of 1.0 pm. At larger scale observa-
tion, the mixed materials apparently include some
heterogeneities which have a feature of pore-clustered
structure with some as big as 5 pm after etching. Such
a size of heterogeneity is not visible in the coated
powder materials.

The transmission electron micrographs (Fig. 11)
show that generally both materials are composed of
fine-grain a-Si3Ny, §'-Si3Ng, TiN, Si,N,O. However,
the distribution of TiN (which has a much darker
contrast because of the large atomic number of tita-
nium) in the Si;N, matrix is dependent on the fabrica-
tion process. In the coated powder material, TiN par-
ticles with a size of 50-200 nm are homogeneously
distributed. In the mixed powder material, TiN
particles are distributed in the form of agglomerates,
and in some areas, EDS shows high concentrations of
both aluminium and titanium. Fig. 12 shows a typical
phase distribution, with TiN in bright contrast in the
back-scattered image. The distribution of titanium-
containing phases is clearly more homogeneous in the
coated powder material than in the mixed powder
material. Some TiN agglomerates in the mixed pow-
der material are as large as 5 pm, in contrast ~1 pm in
the coated powder material.

Fig. 13 plots the normalized standard deviation
of Ti/(Si + Ti + Al) and Al/(Si + Ti + Al) as a func-
tion of magnification. The smallest area that repres-
ents the mean phase distribution could therefore be
calculated from Equation 10 with a mean deviation
of 4.9% as the deviation due to the statistical count-
ing error in the dense material; the homogeneity
dimension for each phase is listed in Table I. In the
mixed powder material, the aluminium containing
phase has a homogeneity dimension of ~ 10 pum,
and the titanium-containing phase one of ~ 120 pm.
In the materials made from coated powder, the
aluminium-containing phase has a homogeneity

Figure 10 Scanning electron micrographs of polished and KOH etched surfaces of materials hot pressed at 1700 °C and 20 MPa for 460 s, (a)

coated and (b) mixed.

4714



Figure 11 Transmission electron micrographs of general views of the microstructures of 1700 °C, 20 MPa and 460 s hot-pressed materials, (a)

coated and (b) mixed.

Figure 12 SEM back-scattered images in dense materials showing the distribution of TiO, (a) coated, and (b) mixed.
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Figure 13 Normalized standard deviation of Al/(Al + Si + Ti) and
Ti/(Al + Si + Ti) count ratio as a function of magnification for
materials hot-pressed at 1700°C and 20 MPa for 460s. (A, A)
titanium, (@, O) aluminium; (A, O) mixed, (®, A) coated.

dimension ~3 um and titanium-containing phase
~20 pm.

Comparing the phase distribution homogeneity di-
mensions in the green state with those after densifica-
tion, it is seen that the homogeneity dimension of the
titanium-containing phase is substantially unchanged

TABLE I Phase distribution homogeneity dimension for SizN,
green compacts, and after hot pressing at 1700°C and 20 MPa for
460 s

Materials Homogeneity dimension
Al Ti
(pm) N® (nm) N®
Green:  mixed 20 40 120 240
coated 6 12 7 14
Dense:  mixed 10 10 120 120
coated 3 3 20 20

* N is the homogeneity dimension measured by SizN, particle
number.

for mixed powder material. However, for the coated
powder material, the titanium-containing phase
homogeneity dimension increases, an indication of
a tendency of non-homogeneous distribution of the
titanium-containing phase after densification. The
homogeneity dimension of the aluminium-containing
phase decreases by factors of two and three for coated
powder material and mixed powder material. This
implies that, during densification, the aluminium is
re-distributed to a more homogeneous state.
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4. Discussion

The advantages at the hot-pressing stage of using
coated SizN, powder are confirmed by the data for
density as a function of time (Fig. 4). The coated pow-
der reaches the final recorded relative density of 0.99
in times significantly shorter than those for the milled
powder.

In densification by liquid-phase sintering, the initial
stage of densification is mainly the result of particle
rearrangement [ 317, which in turn depends on the rate
of liquid formation and the initial distribution of
liquid [32,33]. The fast formation and homogeneous
distribution of the liquid favour rapid particle re-
arrangement, and correspondingly to an initial fast
densification rate. In practice, the rate of liquid forma-
tion is influenced by the particle size and degree of
mixing of the liquid-forming components. Fine pow-
der particle sizes and intimate mixing of the compo-
nents accelerate the formation of liquid when the
system temperature reaches the eutectic. The initial
distribution of the liquid formed can also affect the
densification rate, as localized pockets of liquid (a
consequence of non-homogeneous distribution of the
liquid-forming components) can cause local fast den-
sification, but elsewhere in the system leaves some
area “dry”. The concentrated liquid phase may take
some time to redistribute and, as a result, an overall
initial lower densification rate may be observed. At
this stage, not only intimate mixing of the sintering
additive components, but also their homogeneous dis-
tribution in the host particle matrix are of great im-
portance in determining the densification rate.

Intimate mixing of the sintering additive particles
with the host particles can be limited by the particle
size, size distribution and the state of particle agglom-
eration in both additive and host powder [34]. Ideally,
the most homogeneous distribution of the sintering
additive particle in the host particles should corres-
pond to a mixing state with non-agglomerated
primary particles completely isolated by the host
particles, and evenly distributed. In principle, the finer,
and more uniform the size distribution, of the additive
particles, the more likely a homogeneous distribution
will be obtained. However, in reality, for most ceramic
powders, the primary particles are agglomerated as
a result of the van der Waals interactions, and it is
observed that the finer the primary particle size, the
stronger is the tendency of agglomeration [35]. At this
point, the possible advantages of using fine particle
powders for obtaining homogeneous mixing of sinter-
ing additive is therefore blurred by agglomeration.

In the mixed powder, the Al,O; sintering additive
has an average particle size of ~ 500 nm, and the TiO,
powder has an agglomerate size of ~ 500 nm (with
a primary particle size of ~20 nm). These are approx-
imately the same size as the Si;N, particles. The
relatively coarse size of the Al,O; and the agglomer-
ation of the fine TiO, particles, make it very difficult
to ensure thorough contact of the individual Al,O;
and TiO, particles, and likewise their homogeneous
distribution in the matrix powder. Under TEM the
agglomeration of the TiO, could be identified within
the observed area (Fig. 1b). However, in the coated
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powder, the fine precipitated oxide particles not only
ensure intimate mixing of Al,O5 and TiO,, but also
ensure the homogeneous distribution of the liquid-
forming components, by cladding the surface of the
SizN, particles. The observed faster initial densifica-
tion rate in the coated powder system seems likely to
be the result of a more rapid generation of liquid
phase, which is also probably more homogeneously
distributed in the network of Si;N, particles on at-
tainment of the eutectic temperature. This also can be
evinced by the fast a- to B-phase transformation dur-
ing the initial hot pressing, for both powders, hot
pressed for the same period of 460s. 74% o-SizNy
phase was identified in material derived from mixed
powder, compared with 68% in materials derived
from coated powder; an indication that the initial
reactions are faster in the coated powder.

Quantitatively, the state of homogeneity can be
described by the “homogeneity dimension”, the min-
imum dimension in which the relative concentration
of the component phases is equal to that of the bulk
material. The smaller this dimension, the more homo-
geneous the phase distribution. In principle, the
homogeneity dimension depends on the relative phase
content, the existing state of the second phase (such as
whether it is present as an inclusion or as a continuous
network such as a grain-boundary phase), and grain
size and grain-size distribution.

Consider a two-phase composite, with the second
phase dispersed in the matrix in the form of inclusions
with a uniform size of ¢;; and a total volume fraction
v;. Assuming a perfectly homogeneous distribution as
shown in Fig. 14a, a minimum dimension g; can be
quantitatively defined from the relationship

as 3
(—c—> = (1)
ai;

c..
aii == % (12)
Uy

or

where a;; is the minimum dimension in the structure
within which the relative phase concentration should
be representative of the whole material. Equation 12
quantitatively relates the phase homogeneity dimen-
sion with the phase content and inclusion size for the
ideal phase distribution, with the matrix phase re-
garded as a continuum. However, the real situation is
that the inclusion size is not exactly uniform; the
inclusion distribution in the matrix is not regular
(inclusion distributions are influenced by the matrix
grain size and grain-size distribution). Any deviation
from the above modelled distribution will sensitively
increase the homogeneity dimension, as shown in
Fig. 14b.

If the second phase exists as a continuous network,
such as an intergranular grain-boundary phase, it is
obvious that the homogeneity dimension will be deter-
mined by the grain size, grain-size distribution, and
the grain-boundary thickness distribution. A fine
grain size and uniform grain-size distribution tend
to correspond to a low value of the homogeneity
dimension.
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Figure 14 Homogeneity dimension changes with distribution of
inclusions in the matrix.

In the mixed powder, green body homogeneity di-
mensions of 20 and 120 um have been experimentally
obtained for the Al,O; and TiO,-containing phases,
respectively, which is far larger than the calculated
values from Equation 12 (1.2 and 1.6 um for Al,O54
and TiO, respectively, with an Al,O5 particle size of
500 nm and a TiO, agglomerate size of 500 nm). This
deviation shows how far the actual distribution is
from the ideal homogeneous distribution. The non-
homogeneous distribution in the green compact may
be inherited from a non-homogeneous mixing of the
powder, or from segregation of powder during drying
[36]. With the coated powder, the additive can be
regarded as a continuous network between Si;N, par-
ticles, and the homogenecity dimension should be
about the biggest size of the SizN, particles, ~ 700 nm.
However, the measured value is much larger, possibly
as a result of coating clusters forming during coating
[51.

After liquid-phase sintering, the phase distribution
is changed compared with the phase distribution in
the green body. For a specific phase, the change de-
pends on the role of the phase in the sintering process.
In the present case, the liquid redistribution combined
with solid solution of aluminium in silicon nitride
grains [37] are expected to make aluminium dis-
tributed on a fine-scale after densification; this was
verified by the observed aluminium-related phase
homogeneity dimension decrease after densification
for both coated and mixed powders. The role of TiO,

in the densification process involves the formation of
liquid and finally conversion to TiN through the solu-
tion reprecipitation process [5]. The observed tend-
ency of non-homogeneous distribution in the coated
powder for the titanium-containing phase after den-
sification is hence contributed to the coarsening of
TiN particle size compared with initial TiO, particles.

The Vickers hardness and indentation fracture
toughness show no substantial difference between ma-
terials processed by coating and mixed powder. In
measuring these barometers, an area of about
70 x 70 um?* was covered by the indent, which is
around the phase distribution homogeneity size of
both materials (Table I), and allows coverage of all
phases present in the material. The slight decrease in
hardness with increasing hot-pressing time could be
the result of the changes in the relative content of o-
and B-SizN, phase. It has been observed that the
hardness of sintered SizN, increases with increasing
o-Si3 N4 phase content [38]; it has also been reported
that the hardness of single a-SizN, crystal is higher
than that of single B-SizN, crystal [36,39-41]. The
increase in fracture toughness with increasing hot-
pressing time may mainly be the consequence of
increased B-SisN, phase as reported [38]. However,
the fracture toughness of both materials is ~
2.5 MPam'/? which is very low compared with the
values of 4.0-7.0 MPam'® typical of hot-pressed
SizN, [42]. This may be ascribed to the equiaxied
morphology of the B’-sialon grains in this materjals;
the presence of high aspect ratio B'-sialon grains in-
creases the fracture toughness by the crack deflection
mechanism [42].

The Weibull modulus provides a guide for the de-
fect-size distribution [43]. In the mixed powder mater-
ial, the defect size may be bigger and have a wider
distribution than that in the materials processed from
coated powder. Similar results have been reported for
SizN, densified with MgAl,O, [3,12,44]. However,
the low values for four-point bend strength in this
study are possibly related to the equiaxied grain mor-
phology. It has been established that to obtain a tough
and strong Si;N,-based ceramic, complete o- to
B-phase transformation during densification is re-
quired, and the B-SizN, grains should have
high aspect ratio [45-47]. This implies that the
increase in fracture toughness with hot-pressing time
(Fig. 8) could derive from the o~ to B-SizN, phase
transformation.

5. Conclusion
Small amounts of sintering additive can be incorpor-

‘ated more homogeneously into a SizN, powder using

a particle coating process based on alkoxide hydroly-
sis, compared with the standard powder mixing
method.

Phase distribution homogeneity can be quantitat-
tvely described by a “homogeneity dimension”, which
is experimentally obtained through the use of EDS in
SEM. In the green body, the mixed powder has
a homogeneity dimension of ~20 um for Al,O,, and
of ~120 pm for TiO,. Although the TiO, (~20 nm)
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powder used has a smaller primary particle size than
the Al,O; powders (~300nm), the significantly
inhomogeneous distribution of the TiO, is likely
to be caused by the agglomeration of TiO, particles.
Thus on the mixing of additive powders with host
powders, an additive with a very small primary par-
ticle size does not necessarily give a more homogene-
ous distribution. The state of agglomeration of the
additive particles is an important factor in determin-
ing the degree of mixing. Compared with the mixed
powders, coated powder homogencity dimensions
were smaller by a factor of 2 for Al,05 and a factor of
16 for TiO,.

On densification, the oxide additive phase is re-
distributed. The Al,Oj; is redistributed on a finer scale
because of the solid solution of Al,O5 in the B'-sialon
lattice; the TiO, is redistributed on a coarser scale
(homogeneity dimension ~7 um in the green body
compared with ~20 um after densification) possibly
because of the TiO, particle coarsening, and the con-
version of TiO, to TiN through solution and repreci-
pitation process permitting some grain growth.

Coated powders densify more quickly during
hot-pressing than mixed powders, and under fixed
conditions can be hot-pressed to full density in a
significantly shorter time (~ 150 s to 99% theoretical
density at 1700 °C 20 MPa, compared with ~250 s for
mixed powder under the same hot-pressing condi-
tions). Materials prepared using coated powders have
a more homogeneous microstructure, a higher mean
strength in four-point bend, and an associated higher
Weibull modulus.
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