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Abstract

Ceramic matrix composites based on silicon nitride (Si;N,) are potential candidates for use as high-temperature
structural materials. However, the high melting point and low self-diffusion coefficient of Si;N; makes
fabrication difficult without the addition of a sintering aid such as yttrium oxide (Y,0Os) or aluminium oxide
(ALO5). Addition of sintering aid through mechanical mixing does not produce homogeneous distribution on the
microscale and results in poor control of the sintered Si;N, intergranular phases which decreases the oxidation
resistance and mechanical properties of such ceramics. An improved method for homogeneous distribution of
sintering aid might involve the coating of each ceramic powder particle with a small amount of sintering aid -
techniques previously proposed include precipitation from metal salts or metal hydroxides, and electrostatic
deposition from a colloidal suspension.

In this study, Si;N4 powders were coated with 5 wt.% Y,Os-precursor using a chemical precipitation technique
and calcined up to 1400 °C in nitrogen or argon. Investigations using transmission electron microscopy (TEM)
and high resolution transmission electron microscopy (HRTEM) were carried out in order to determine the
dependence of coating morphology and atomic structure on calcination conditions. Energy dispersive X-ray
spectroscopy (EDS) and X-ray diffraction (XRD) were also utilised to determine the dependence of the amount
of yttrium and phases present on processing conditions.

It was concluded from EDS observations that Y,O;-precursor was successfully deposited onto the surface of
SisN, whilst direct observation from HRTEM indicated the precursor to consist initially of discrete hemispherical
nanocrystalline particles (with typical dimensions 10-100 nm) which were unaftected by calcination at 600 °C in
nitrogen. However, calcination at 1400 °C in nitrogen or argon resulted in partial sintering of the coated powder

together with crystallisation of the Y,QOs-precursor.

1. Introduction

Current materials for use in high strength
structural applications at 1000 °C comprise
chiefly of nickel-based alloys whilst operating
temperatures of 1100 °C require the use of
single-crystal nickel-based alloys. Applications
at these temperatures include those of
aerospace engine casings and turbine blades.
However, recent emphasis on improved
performance and operating efficiency for such
applications has led to a demand for increased
operating temperatures which may require
widespread utilisation of monolithic ceramics.

However, the relatively low self-diffusion of
most ceramics below their decomposition
temperature' generally necessitates use of small
amounts (typically <5 wt.%) of sintering aid
which reacts with the amorphous l;ayer (mostly
Si0; together with some Si;N,O)” formed on
SisNy and SiC. particles exposed to the
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atmosphere and allows sintering to proceed via
a liquid phase. For the silicon nitride (SizNg)
and silicon carbide (SiC) group of ceramics,
sintering aids include aluminium oxide (Al,O3),
aluminium nitride (AIN), and rare earth oxides
such as yttrium oxide ( Y203)3'7. However, use
of sintering aids promotes formation of
amorphous intergranular phases in the final
ceramic which often limit high temperature
structural use due to grain boundary shearing
and reduced oxidation resistance™.

It is believed that improved high temperature
properties for these ceramics may be achieved
through reducing the proportion of sintering aid
present in the green body together with
production of intergranular phases in the final
ceramic which are more resistant to oxidation,
e.g., Y25i,07. Deposition of a small amount of
sintering aid on the surface of each ceramic
particle would significantly reduce the
proportion of sintering aid required compared
to the present technique of mechanically
mixing ceramic powder and sintering aid prior
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to densification. Deposition techniques also
have the benefit of a relatively homogeneous
distribution of intergranular phases in the final
ceramic. Methods utilised to deposit sintering
ald on ceramic particles include in-situ
precir;giltatlon and co- pre01p1tatllo6n from metal
salts™'" or metal alkoxides'*™"°, electrostatlc
deposition of a colloidal smtermg agent'’, and
precipitation from nitrate compounds in the
presence of urea'®. However, microstructural
investigation at the atomic level for this family
of coating techniques has been extremely
limited.

The present investigation was carried out to
determine the microstructure of nano-coated
Y,0O;s-precursor deposited onto SizN; powder
particles using forced hydrolysis of an aqueous
solution of yttrium nitrate (Y(NOs);) in the
presence of urea (CON;Hy). Techniques utilised
included high resolution transmission electron
microscopy (HRTEM), transmission electron
microscopy (TEM), energy dispersive X-ray
spectroscopy (EDS), and X-ray diffraction
(XRD).

2. Experimental Procedure

The Si3Ns powder used in this experiment
consisted of 95 % o~ and 5 % f-phase with
equiaxed particles of size 0. 1 03 pm and a
specific surface area of 11.1 m’g" (UBE SN-E-
10, Ube Industries Ltd., Japan). The yttrium
nitrate compound utilised was yttrium nitrate
hexahydrate (Y(NOs3)3.6H,0) (Jannsen
Chemicals, Reagent Grade) with an amount
equivalent to 5 wt.% Y,03 being used.

The techmque utilised to coat the SizNj4
particles is detailed elsewhere™!®  but
essentially consisted of an aqueous solution of
CON;H, and Y(NOs3); adjusted to a pH of 2.0-
2.5 with nitric acid (HNOs3) to which the Si3Ny
particles were added. The solution was then
heated to 86 °C under constant agitation for 1
hour during which time the CON;H4
decomposed and increased the pH of the
solution resulting in precipitation and
deposition of an unspecified Y,OyH, compound
onto the Si;N; surface. After washing and
drying at 80-90 °C for 12 hours the powders
were calcined for.2 hours under one of the
following regimes:

(i) 600 °C and nitrogen atmosphere,
(ii) 1400 °C and nitrogen atmosphere, or

(i11) 1400 °C and argon atmosphere.

Samples of coated SizN4 powder were prepared
for HRTEM and TEM by ultrasonically
dispersing the powder in isopropanol for 5
minutes after which a small droplet of the
suspension was placed onto a carbon filmed
grid, followed by evaporation of the
isopropanol.

HRTEM was carried out using a JEOL
4000EX/II (point resolution 1.65 A) at 400 kV
with images being recorded on negative film at
magnifications between 3-4 x 10°. Sections of

‘the negative were then digitised with a CCD

camera (Kodak Megaplus model 1.4 (1322 x
1035 pixels); 60 mm 2.8 AF Micro Nikkor
lens) and further enhanced using image analysis
software running on a personal computer. Due
to the specimen preparation technique, all
HRTEM bright field (BF) images contained an
amorphous background image due to the
carbon film.

TEM utilised a JEOL 200CX at 200 kV fitted
with EDS (Edax 9100, Edax Laboratories).
Selected specimens were placed in a graphite
holder and rotated so as to be 45° from both the
incident electron beam and EDS detector. The
electron beam was focused onto single powder
particles with an analysis time of 500 seconds
being used and results being averaged from a
minimum of 5 separate particles.

XRD of coated powders was carried out on a
Philips PW173 X-ray diffractometer at 50 kV
and 40 mA using CuKa radiation and silicon
powder as an internal standard. Diffraction
patterns were recorded for the range 20 = 10-
80°.

3. Results and Discussion

Figure 1 illustrates the edge of a typical
uncoated Si3N4 particle observed in this
investigation, with negligible amorphous
surface layer being apparent. Although previous
researchers” had suggested an oxide layer of
typically 3-5 nm to be present on the surface of
Si3Ny4 particles, it is also known that residual
fluorine may decrease the surface oxygen
content such that amorphous surface layers of
<1 nm thickness may be feasible. Thus, one
explanation for the lack of a distinct amorphous
surface layer in the present Si3N, particles
would be a relatively high fluorine content but

—-395-



Journal of Surtace Analysis, Vol. 3, No. 2, (1997). 1. J. Davies, et al., HRTEM investigation of coated silicon nitride powder

BT s o e = e

P i g

Fig. 1  HRTEM micrograph illustrating the surface of
as-received Si;N, with negligible amorphous
surface (oxide) layer.

this has not been confirmed. Although most
uncoated Si3;N, particles exhibited no distinct
amorphous surface layer, it should be stressed
that surface (oxide) layers of several
nanometres  thickness were occasionally
. observed indicating that surface oxygen content
may vary from particle to particle,

Observation of coated Si3sN4 powder prior to
calcination indicated (suspected) Y,Os-
precursor to be present, though not
continuously distributed on the SisNg surface
but instead consisting of discrete hemispherical
particles. Such a result is consistent with the
low proportion of Y,Os-precursor present in
this system together with previous researchers
who suggested that only a portion of the SizNy
surface is available for nucleation of Y°* ions
due to the presence of silylamine (SiNH; or
SiNH) groups1 g

Figure 2 illustrates a typical Y,O;-precursor
particle attached to the surface of Si;N; powder
with the particle having approximate
dimensions of 50 nm diameter and 12 nm
thickness. Coating particles were generally
noted with diameters in the range 10-100 nm
whilst thickness varied to a lesser extent (5-20
nm). From Figure 2(b) it may be observed that
Y,0s-precursor particles under these conditions
possessed nanocrystalline structures whilst
highly strained lattice structures paralle] to the
particle outer surface were often noted.
Although the majority of Y,Os-precursor
particles were approximately hemispherical in
shape, in a small number of cases the Y,0s-
precursor particle showed itself as a highly
strained lattice (<20 atomic layers thick)
running almost parallel to the SisN, surface
with a length (diameter) of >100 nm (Figure 3).
For this case the structure was crystalline to a

Fig.2 HRTEM micrographs illustrating a
nanocrystalline Y,O;-precursor hemispherical
particle attached to the surface of uncalcined
Si)N.;.

Fig.3 HRTEM micrograph showing a Y,0s-
precursor particle with highly strained lattice
structure running parallel to the Si;Ny surface.

far greater extent than that observed in Figure
2(b) suggesting a different formation
mechanism.

An EDS spectrum for uncalcined coated SizNy4
powder has been presented in Figure 4(b)
whilst a background reference spectrum (taken
in the vicinity of coated SisNy particles) is
given in Figure 4(a). The EDS spectrum of the
coated SizNy particle (Figure 4(b)) possessed
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addition peaks not present in Figure 4(a) which
were attributed to Si and Y transitions. From
this result it was concluded that Y co-exists
with Si with the most likely scenario being that
Y,0s3-precursor  materials  (of  unknown
composition) were present on the Siz;N4 surface
in the form of mainly hemispherical particles.
Comparison between Si and Y peaks in Figure
4(b) gave calculated atomic percentages of 98.0
(+/-0.8) % and 2.0 (+/-0.8) %, respectively,
which were in excellent agreement with
predicted values of 97.9 % Si and 2.1 % Y
assuming complete deposition of precipitated
Y,0s-precursor  onto  SizsN4.  Thus, this
technique is shown to be highly efficient at
coating ceramic particles with small amounts of
sintering aid precursor. This result, combined
with the existence of Y,Os-precursor particles
on the SisNs surface, indicates the most
‘probable coating scenario to have been
heterogeneous nucleatlon of Y>O3-precursor on
the Si3Ns surface'®
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Fig.4 EDS spectra for uncalcined coated Si;Ng

powder: (a) background reference, and (b)
powder particle.

The XRD spectrum of coated SizsNg prior to
calcination yielded only peaks assigned to
Si3Ny4. Such a result would be expected taking

into account the small amount of Y;03-
precursor present and its nanocrystalline
morphology.

HRTEM micrographs illustrating the structure
of Y,0s-precursor particles on the surface of
Si3N4 powder calcined for 2 hours at 600 °C in
N; have been presented in Figure 5 and Figure
6. The structure of the Y,Os-precursor particle
in Figure 5 is essentially nanocrystalline and
similar to that seen previously for uncalcined
coated powder (Figure 2). It would appear that
the alcination condition employed (2 hrs/600
°C/N,) was not sufficient to initiate ordering of

the Y,Os-precursor and this is confirmed from

Figure 6 which presents a Y,Os;-precursor
particle with an almost amorphous structure.

Fig.5 HRTEM micrograph illustrating a
nanocrystalline Y,O;-precursor particle on the
surface of Si;N, powder calcined for 2 hours

at 600 °C in nitrogen.

Amorphous carbon

v"” Il

I i .

HRTEM micrograph showing an amorphous
Y,Os-precursor particle on the surface of
Si;Ng powder calcined for 2 hours at 600 °C
in nitrogen.
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Fig. 7 HRTEM micrograph illustrating crystallised’
Y,0;-precursor  between  SisNg  powder
particles calcined for 2 hours at 1400 °C in
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Fig.8 HRTEM micrographs showing crystallised
Y,0;-precursor ~ between  SisNg  powder
particles calcined for 2 hours at 1400 °C in
argon.

In order to promote ordering of the Y,0;-
precursor particles, coated Si3Ns powder was
calcined at 1400 °C in N; or Ar with

microstructural characteristics of the resultant
Y,0s-precursor being significantly different
compared to that observed earlier (i.e.,
individual Y,03-precursor hemispherical
particles adhered to the Si3N4 surface). After
calcination at 1400 °C in N; or Ar, the Y;0s-
precursor possessed a well-defined crystal
structure and preferentially positioned at the
“neck” of partially sintered SizN,4 partlcles
(Figure 7 and Figure 8).

Such observations may be explained through
the scenario of low temperature liquid phase
production derived from the reaction of Y,0s-
precursor particles with available oxygen on the
Si3Ny surface. Such liquid phases are known to
occur in the presence of Y,0s sintering aid and
might also be expected to promote dissolution
of Si3sN4 (though partial dissolution is a more
realistic scenario in the present case taking into
account ‘the relatively low temperature and
short time utilised). Surface tension effects
would tend to concentrate the liquid phase at
the contact point or “neck” of Si3Ny particles. A
probable next step would involve epitaxial
deposition of SisN4 or Y-Si-O-N from the
liquid phase onto the remaining Si3;N4 particle
followed by crystallisation of a Y,Oj3-rich phase
at the “neck” of Si3Ny particles during cooling.

Further evidence indicating the formation of
Y,0s-rich crystalline phases under these
calcination conditions may be inferred from the
XRD spectrum for coated Si;Ny calcined for 2
hours at 1400 °C in N, (Figure 9). In addition
to prominent peaks attributed to o- and B-
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Fig. 9 XRD spectrum of coated Si;N4 powder after

calcination for 2 hours at 1400 °C in nitrogen.
All peaks are identified as Si;Ny except those
labeled “B* ‘which are attributed to the Y,O;-
rich crystalline phase.
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Si3Ny4, lower intensity peaks were also present
within the 20 range 20-40° at positions

identical to
compositions

those
within

expected for several 3.
the Y-Si-O-N phase

diagram. However, the relatively large full
width at half maximum (FWHM) of the Y,0s-

rich peaks together with the superimposition of 4.
a large number of Si3sN, peaks in the same 2@
range precluded identification of the exact
phase(s) present, though likely candidates
included Y,0s. The relatively large FWHM of
Y20;-rich peaks was at least partially attributed

to variations in surface oxygen concentration
between individual SizN, particles resulting in
Y,0;-rich crystalline regions with different 5.
chemical composition and/or phases.

4.
(i)

(i)

(iii)

Conclusions

Y,0s-precursor was successfully deposited 6.
onto the surface of SizN4 with negligible

loss of Y either during the deposition
procedure or subsequent calcination
regimes.

Y,Os-precursor on the uncalcined powder 7.
generally exhibited itself as hemispherical
nanocrystalline particles. The diameter of
individual Y,0Os-precursor particles was in

the range 10-100 nm whilst the thickness 8.
was limited to 5-20 nm. A calcination of 2
hours at 600 °C in N; had no effect on the
Y,0s-precursor structure. 9,
Calcination for 2 hours at 1400 °C in N,
or Ar produced Y,Os-precursor with a
well-defined crystal structure
preferentially positioned at the “neck” of
partially sintered Si3N4 particles. These
characteristics were attributed to formation
of a liquid phase involving the Y,03-
precursor and Si3Ny surface oxide layer.
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