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Effect of sintering additives on the behaviour
of SiC whisker-reinforced Siz;N; composites
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The effects of sintering additives on the microstructural development, whisker stability,
oxidation resistance and room-temperature mechanical properties of the SiC whisker-
reinforced SizN, matrix composites were investigated. Seven different combinations of Y,0,
and Al,O; were used as sintering additives. The compaosites containing 20 vol % SiC whiskers
were densified by hot pressing. The microstructure of the resulting composites was
characterized using X-ray diffraction, scanning and transmission electron microscopy.
Oxidation testing of the composite at 1400 °C was conducted to investigate the relationship
between matrix compositions and oxidation resistance. The flexural strength, fracture
toughness and crack propagation patterns were also characterized and correlated with the

microstructural features.

1. Introduction

Silicon nitride is one of the leading engineering ce-
ramics for high-temperature structural applications
due to its high strength at elevated temperatures,
excellent oxidation resistance, low thermal expansion
coefficient, good wear resistance, and light weight.
However, its brittleness and high sensitivity to flaws
remain the main hindrances to its wider applications
[1-3]. The current direction toward developing these
materials is to improve both reliability and properties
through a composite approach. SiC whiskers have
been added into an Si;N, matrix as a reinforcing
phase to improve its toughness and strength. Typical
processing techniques, such as hot-pressing (HP), hot
1sostatic pressing (HIP), pressureless sintering, and
reaction bonding are used to densify the composites
[4-7]. However, due to strong covalent bonds and
low self-diffusivity of Si;N,, the classical solid-state
sintering techniques are unable to densify the Si;N,.
In order to densify the Si;N,, appropriate sintering
aids must be used to promote liquid-phase sintering
via solution—precipitation processes [8]. Most metal
oxides, such as MgO, La,0;, Ce,0,, Y,0;, and
Al,O; are common sintering aids. However, the
amount and type of sintering additives affect the
amount and viscosity of the liquid, which will, in turn,
affect densification as well as grain coarsening and
mechanical properties of the resulting SizN,. A pre-
vious study also indicated that sintering additives
affected the stability of SiC whiskers [9]. Therefore, to
develop a strong and tough SiC whisker-reinforced
SiyN, composite, it is necessary to optimize the
amounts and types of sintering additives.
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The purpose of the present work was to study the
effect of sintering additives on the behaviour of SiC
whisker-reinforced Siz;N, composites. Y,O; and
Al,O; were chosen as sintering additives. Y,0; is a
devitrification agent, stimulating the nucleation and
growth of crystalline phases in the amorphous bound-
ary. Al,O; was used to reduce the softening temper-
atures of the residual amorphous phase. SiC whiskers,
along with different amounts of sintering additives, are
added to Si;N, and densified using a hot-pressing
technique. The influences of sintering additives on the
microstructural development of the Si;N, matrix and
stability of SiC whiskers are studied.

2. Experimental procedure

2.1. Materials and processing ,

The Siz;N, powders with particle sizes,ran%ing from
0.3-8 um were used as the matrix materials in this
study. The SiO, content of the Si;N, powder surfaces
was found to be around 2.99% by chemical solution
method (25 mol % concentrated HF) at 70°C. The
SiC whiskers were used as reinforcement. High-purity
Y,0; and Al,O, powders were used as sintering
additives. The seven different matrix compositions
examined in this study are listed in Table I. The
procedures for fabricating the composites are outlined
as follows. The Si;N, powders with different amount
of Y,03 and Al,O4 powders were first wet milled. The
SiC whiskers (20 vol %) were then introduced into the
slurry, and dispersed through wet milling in isopropyl
alcohol. The slurry was then dried, dry milled and cold
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TABLE I Compositions of HP-SiC,,/Si;N, composites®

Mixing powder SizN, Y,0; AL O,
grade (wt %) (wt %) (wt %)
A 97.75 2.00 0.25
B 95.50 4.00 0.50
C 93.25 6.00 0.75
D 91.00 8.00 1.00
E 88.75 10.00 1.25
F 86.50 12.00 1.50
G 82.00 15.00 3.00

?Fach composite contained 80 vol % mixing powders with
20 vol % SiC whiskers.

formed into 15 cm x 15 cm plates. The powder com-
pacts were densified by controlling at 35 MPa pres-
sure in a graphite die which was heated in a furnace at
1750°C for 3 h in a reduced nitrogen atmosphere. All
of the composites were densified under the same
conditions.

2.2. Microstructural characterization

The densities of the composites were measured using a
helium autopycnometer (Micromeritics Model 1320).
Optical and electron microscopy were used to charac-
terize the microstructure and morphology of the com-
posite. In addition, the detailed microstructure of the
SiC whiskers and composites were analysed by trans-
mission electron microscopy (Joel 100 CX) with
selected-area diffraction pattern (SAD). To prepare
the TEM sample, the SiC whiskers were dispersed in
acetone to form a liquid solution. A droplet of this
solution was placed on the copper grid and dried on a
hot plate at 100°C. The grid was then coated with a
thin layer of carbon before observation. For the com-
posite specimens, conventional mechanical polishing
was used, followed by ion milling with an argon dual-
beam at 5.5 kV and 5 mA to perforation. A thin layer
of carbon was also coated on the samples to eliminate
surface charging before observation.

X-ray diffraction analysis (monochromatic Cuk,
radiation) was used to study the phases present in the
composites. In order to eliminate the preferred ori-
entation, avoid the microabsorption effect, and pre-
cisely determine the quantitative contents of each
phase, the composite specimens were ground to 325-
mesh powders (about 70 pm). X-ray analysis was run
at 35 kV with 0.02° angle increment per 2 s scanning
time. The relative intensities of the first four strong
peaks of different phases were used for the quantita-
tive analysis. The procedures for the quantitative de-
termination of the phase content can be found in [10].

The thermal expansion coefficient of the composite
was measured by Orton Automatic Recording Dila-
tometer (Model 15BC-1) with Linseis Recorder
(Model LY-18100). The dilatometer was heated to
300°C at a rate of 1°Cmin™!, and followed by
3°Cmin~* to 1400 °C. After 1 h at 1400 °C, the dila-
tometer was cooled down to room temperature at
3°Cmin~%. The thermal expansion coefficients were
calculated between 20 and 1000°C and 20 and

1400 °C, respectively. After thermal expansion meas-
urement, the oxide scales on the surface of each
specimen were also examined using SEM and X-ray
diffraction analysis.

2.3. Mechanical testing
The specimens for mechanical testing were prepared
from each composite plate with the tensile surface
perpendicular ‘to the loading direction. Flexural
strength was determined by three-point bending tests
on 25mm xS mmx3mm test specimens. Fracture
toughness was also determined by three-point bending
tests on 25 mm x 3 mm x 6 mm test specimens. The
chevron notch was cut parallel to the hot-pressed
direction using a low-speed diamond saw. The depth
of notch was controlled to about 45%-55% of the
specimen depth, which was recommended by the
ASTM standard {11]. All the tests were conducted in
an Instron machine with a crosshead speed of
0.5mmmin~!. At least seven bars were tested to
obtain the flexural strength and fracture toughness.
In order to study the crack propagation and frac-
ture behaviour of ceramic composites, indentation
tests were also conducted using a Vickers indentor.
The loads used to generate the crack varied from
15-45 kg. A minimum of four indented points were
made by each load and four different loadings were
applied. The crack lengths and diagonal lengths were
directly measured by optical microscopy using x 40
magnification. Fracture toughness was determined by
the semi-crack model [12]

K« = 0016(E/H)'2(P/C??) (1)

where C is the radius of crack length, H is the hardness
value calculated from the diagonal length, P is the
load, and E is the Young’s modulus of the composites.

3. Results and discussion

3.1. Microstructural characterization

The X-ray diffraction analyses of the starting SizN,
powder and SiC whiskers are shown in Fig. 1. The
Si;N, powder contained both o (90%) and B (10%)
phases. The B-SiC whiskers had a straight, long rod-
like shape and high aspect ratio (length to diameter) as
shown in Fig. 2a. The typical node structure was
clearly observed. The details of whisker morphology
are given by bright- and dark-field transmission elec-
tron micrographs in Fig. 2b and c. The node struc-
tures were formed from stacking faults, which were
typically perpendicular to the whisker long-axis.

The densities of the composites with different
amounts of sintering additives measured using an
autopycnometer are listed in Table II. All of the com-
posites had densities higher than 3.1 gcm ~ 3 indicating
that the composites were densified using these
sintering additives. The differences in density among
these composites may be attributed to the presence of
different oxynitride phases, which had different densi-
ties. The deep-etched micrographs of the composites
are shown in Fig. 3. The whiskers (W) were easily
distinguished from the elongated 3-SizN, by means of
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Figure 1 XRD analysis of starting materials: (a) Si;N, powders (@) 2-Si;N,, (O) B-SizN,, (b) SiC whiskers.

their node structures. The grain size of the composites
was found to be approximately 2-3 um.

The phases present and relative amounts of the
B-Si3N,, SiC and crystallized second phases in the as-
processed composites analysed by X-ray diffraction
are given in Table ITI. A typical X-ray diffraction
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pattern is shown in Fig. 4. The results indicate that the
o-SizN, has completely converted to B-Si;N, during
hot-pressing. Three different crystallized second
phases in the matrix were identified: Si,N,O (com-
position A, B), a-Y,Si,0, (composition B, C), and
Y,,Sig0,,N, (H phase, composition D-G). The mole



(b)

Figure 2 (a) The geometry and surface morphology of SiC whiskers. (b, ¢) Transmission electron micrographs showing stacking faults on the

whiskers in bright and dark field x 26 000.

TABLE II Density data of HP-SiC,,/Si;N, composites with dif-
ferent sintering additives

Composite  Density (gcm ™ 3) Theoretical
grade density (%)
Measured® Calculated®

A 3.186 3.220 98.94

B 3.189 3.240 98.43

C 3.228 3.261 98.99

D 3.271 3.282 99.66

E 3.263 3.303 98.79

F 3434 3.324 100

G 3451 3.363 100

2 All the measured data had the standard deviation less than 0.06%
of the values.

" The calculated density was based on the density of the starting
materials (listed in Table IT).

fractions of yttria atoms in the composite before and
after processing were calculated and are given in
Table IV. The results showed that the number of
yttrium atoms found in these crystallized phases is less
than- that in the starting powder. In addition, the
aluminium-containing crystallized second phase
was not detected by the X-ray diffraction. Therefore,
some aluminium-containing and yttrium-containing
amorphous grain-boundary phases are present in the
composites which cannot be identified by X-ray
diffraction [13].

It is obvious that different amounts of sintering
additives result in different amounts and types of
grain-boundary phases. The formation of different
crystalline phases can be explained by examining the
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Si;N,-Y,0;-Si0, phase diagram shown in Fig. 5
[14]. When the amount of sintering additives is low,
the presence of a high amount of SiO, (~ 3 wt %)
on the surface of the Si;N, powder and a high
free-oxygen content of the SiC whiskers (2.85 wt %)
will keep the crystallized second phase in the
Si0,-8i,N,0-Y,S8i,0; triangle-phase region. How-
ever, when the amount of sintering additives is
increased, the amount of Si;N, powder and SiO, on
its surfaces would decrease. As a result, the second
phases would shift from the SizN,-Y,S5i,0,-SiO,
compatibility triangle to the SizN,-Y,Si,0—
Y, ,5i50,,N, compatibility triangle. .
The amounts of SiC whisker retained in the com-

posite obviously decreased after hot-pressing (as
shown in Table I11), indicating whisker degradation. A
previous study indicated that the SiC whisker reacted
with nitrogen and was converted to Si;N, during hot
isostatic pressing at high nitrogen pressures [15].
However, thermodynamic calculations indicate that
the SiC whisker is stable under the current processing
conditions. Furthermore, the results from Table I11
showed that the extent of whisker degradation varied
with matrix composition. It appears that the sintering
additives will affect the stability of the SiC whiskers.
This may be associated with the presence of liquid
oxynitride during hot pressing. Based upon the
amount of Y,0;, Al,O; and SiO, (from the Si;N,

Figure 3 (a—g) Typical etching morphology of SiC,,/Si;N, composites W, Whiskers in different composites A-G, respectively.
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powder surface and SiC whiskers), the liquidus tem-
perature of each composition can be calculated. The
results are shown in the Y,0;-Al,0,;-SiO, phase
diagram (Fig. 6). It is clear that higher amounts of
sintering additives will raise the liquidus temperature.
This, in turn, will affect the viscosity of the liquid
oxynitride and the o—f Si;N, conversion from the
liquid phase. These factors may ultimately influence
the stability of SiC whiskers either through dissolution
or solid-liquid reactions.

Typical transmission electron micrographs of the
composites are shown in Figs 7 and 8. The B-SizN,,
SiC whisker, crystallized and amorphous grain-
boundary phases were clearly identified. The SAD

Figure 3 Continued.

TABLE III X-ray diffraction and quantitative analysis of
HP-SiC,,/Si;N, composites®

Composite  Y,0,/A1,0; Major phases Second
grade ratio (wt %) crystallized
phases® (wt %)

A 2/0.25 B-SisN, (79.59)  Si,N,O (7.46)
B-SiC (12.95)

B 4/0.50 B-Si;N, (78.80)  Si,N,O (6.57)
B-SiC (10.36)  5-Y,Si,0, (4.27)

C 6/0.75 B-Si,N, (81.66) 0-Y,Si,0, (3.25)
B-SiC (15.01)

D 8/1.00 B-SisNy (82.21) Y 4Sis0,,N; (1.66)
B-SiC (16.13)

E 10/1.25 B-Si,N, (76.41) Y ,4Sis044N, (4.62)
B-SiC (13.58) a-Y,S1,0, (5.39)

F 12/1.50 B-SiyN, (78.33)  Y,0Sig0,.N, (8.94)
B-SiC (12.73)

G 15/3.00 B-Si,N, (77.26) Y ,0Sis054N, (11.09)

B-SiC (11.65)

2 The molecular weight (My,) of all the phases was listed as: SizN,
140 gmol !, SiC 40.09 gmol ™!, Si,N,O 100.00 gmol "', Y,Si,0,
345.82 gmol 7, Y 55160,4N, 1469.10 gmol ™7, Y,0,
225.82 gmol 1, Al,O4 102.02 gmol™*.

b The density of B-Si;Ny, B-SiC, Y,0;3, Al O3, Si,N,0, 0-Y,8i,0,,
and Y,,Si¢0,,N, was 3.192, 3.217, 503, 3.90, 2.84, 4.45, 4.69
(gem ™ 3), respectively. These data were used to convert the volume
fraction to weight fraction for each phase.

patterns of the B-Si;N, and H phases are shown in
Fig. 7b and c¢. Some matrix defects, such as twins
(Fig. 8b) and dislocations (Fig. 8¢c) may also be ob-
served, which have been reported previously [16]. In
addition, a thin glassy layer (< 20 nm) was also ob-
served near the whisker surface (Fig. 8d) and between
the matrix and the dark glassy phase (Fig. 8e).
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Figure 4 XRD analysis of SiC,,/Si;N, composites. () B-Si;N,, (O) B-SiC, ( +) Si,N,0, () 0-Y,51,0,, (%) Y;0Sig0,,N,.

TABLE IV The mole fractions of yttrium atoms for both starting
materials and as-processed composites®

Composite Yttrium atoms Second crystallized

grade on starting phases containing
powders (mol %) yttrium atoms

(total mol %)

A 0.0137 none

B 0.0276 0.0275

C 0.0416 0.0194

D 0.0560 0.0114

E 0.0704 0.0694°

F 0.0852 0.0673

G 0.1074 0.0889

2 All the mol % Y atoms were calculated from the XRD-quantita-
tive results in Table III.

*The mol % Y atoms for both a-Y,Si,0, and Y,,Sig0,,N, were
counted.

3.2. Thermal expansion behaviour and
oxidation resistance

The thermal expansion coefficients of the composites
with different sintering additives were calculated from
the slope of elongation versus temperature curves. The
CTE data between 20-1000°C and 20-1400°C are
tabulated in Table V. All the CTE values were be-
tween 3.3 and 4.7 x 1079°C ™!, which are the thermal
expansion coefficients of Siz;N, and SiC, respectively.
In addition, the -CTE data of second phases for the
Si,N,0, Y,Si,0,, Y,,Sic0,4N, were reported to be
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Figure 5 Phase diagram of Si;N,-Y,0,-Si0, [14]. H,
Y105i60,4N,; T, Y,8i,0,N,; K, YSIO,N; N, Y,8i,0,0,.

about 4.4,8.0,8.2 x 107 ¢°C ™1, respectively [17-20]. It
is clear that sintering additives affect the CTE of the
resulting composites because of the formation of dif-
ferent second phases. The typical scanning electron
micrographs of the surfaces of the composites after
CTE measurement are given in Fig. 9a—c. A porous
oxide layer was found on the surface on the composite
as shown in Fig. 9a. The thickness of the porous oxide
layer was found to be around 20 pm (Fig. 9b). The
detailed morphology of the oxide scale on the oxidized
surface is illustrated in Fig. 9c.
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The crystal structure of the oxide scale on the
surface of each specimen after thermal expansion
testing was studied by X-ray diffraction (XRD). A
typical X-ray diffraction pattern is shown in Fig. 10.
The crystallized second phases in these composites
were identified and are also listed in Table V. The
Si,N,O phase was retained for all the composites at
1400 °C. The B-Y,Si1,0, instead of a-Y,Si,0, phase
was found in all of the composites. In addition, twc
different SiO, phases, cristobalite and coesite, were
found on the surface of the specimens. However, the
H-phase in composites with composition: E, F, and G
was not detected. It appeared that H-phase was de-
composed at 1400 °C in air. The XRD results for each
composite at 0.1 mm below the surface after CTE test
are also given in Table V. The crystallized second

Figure 7 (a) Transmission electron micrographs of SiC,/Si; N,
composites (composition D) x33000; a, amorphous phase; h,
Y,5i50,4N, (H) phase; s, Si;N, matrix; (b) SAD pattern of Si;N,
matrix, Z = [0111]; (c) SAD pattern of H phase, Z = [1213].

phases in these composites remained the same as those
found in the as-processed state except in composite D.
In composite D, the crystallized second phase was
found to be B-Y,Si,0- instead of Y,SigO,,N,.
The formation of B-Y,Si,O, might be due to the
phase transformation or chemical reactions. The
phase transformation between « and B-Y,Si,0, was
reported to occur around 1400 °C [20]. Therefore, it is

TABLE V The results of thermal expansion coefficients and second crystallized phases for both the surface and 0.1 mm below the surface of

SiC,,/Siz;N, composites after CTE measurements

Composite CTE data (107 ¢°C™1) Second crystallized phases® by XRD analysis
grade
20-1000°C 20-1400°C Surface 0.1 mm below the Surface
A 3.76 4.50 SNO, O, SNO,
SO1, SO2 (tr.)° SO1 (tr.), SO2 (tr.)
B 375 4.31 SNO, O, SNO, O, (ir)
SO1, SO2 (tr.) SOT1 (tr.), SO2 (tr.)
C 4.00 4.55 SNO, O, O, (tr.),
SO1, SO2 SO1, SO2
D 4.01 4.61 O, O,
SO1, SO2 (tr) SO (tr.), SO2 (tr.)
E 4.01 437 (0PN O,
SO1 H (ir)
F 402 47 0., 0.,
S0O1 H
G 3.90 445 O, H,
SO1 one unknown peak

#SNO = Si;N, O, silicon oxynitride. O, = B-Y,Si,0,, yttrium disilicate. SO1 = SiO,, cristobalite (silica). SO2 = SiO,, coesite (silica).

H = Y,,Si0,,N,, yttrium silicon oxynitride.
b tr. = trace amount in XRD results of that sample.
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expected that phase transformation will take place in
the composites containing B-Y,Si,O, second phase
(compositions A; B, C, E). In addition, in the com-
posites containing Y,,Si;O,4N, second phase (com-
positions D, E, F, G), B-Y,Si,0, may form through
the following reaction

Y,0Sig0,,N, + 48i0, + 1.50, — 5Y,5i,0, + N,
(1)

However, the Y,,SigO,,N, phase inside the com-
posites remains unchanged. The results indicate that
the oxidation of the Y,,SiO,4N, phase may occur
through a diffusion reaction. After extended thermal
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Figure 8 (a) Transmission electron micrographs of SiC whisker in
SiC,,/Si;N, composites in Si;N, matrix, (d) a thin layer near the
whisker surface, (e) a thin layer between the Si;N, matrix and the
glassy phase (G). (a) x 20000, (b—d) x 66 000, (e) x 50000.

exposure in air at 1400 °C, the Y ,51,0,,N, phase in
the composite may decompose completely. From
above results, it is obvious that composite containing
the Si,N,0O, Y,Si,0, or both Si,N,O and Y,Si,0,
phases will exhibit better oxidation resistance, which
is similar to those results reported by Lange et al. [21].

3.3. Mechanical properties

The room-temperature mechanical properties of the
SiC,,/Si;N, composites are summarized in Table VI.
The flexural strength of the HP composites measured
by three-point bending varied from 570-718 MPa.
The fracture surfaces of the composite examined by
SEM are shown in Fig. 11. Some whisker aggregation
was observed on the fracture surface. Cracks initiated
at the micro-pores around the whisker aggregation
area led to the fracture of the composite. Furthermore,
whisker pull-out was not observed on the fracture
surface of the composites.

The fracture toughness values measured by both the
chevron-notch beam technique and indentation test
are also listed in Table VI. The fracture toughness
measured using chevron-notch beam technique varted
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Figure 9 Typical XRD analysis of composite C after CTE testing (s} B-SisN,, (O) S$i,N,0, ( +) p-Y,8i,0,, (@) SiO, (coesite), (@) SiO,

(cristobalite).

TABLE VI Mechanical properties of SiC,/Si;N, composites
with different sintering additives

Composite  Flexural Weibull Fracture® toughness
grade strength modulus (MPam?'/?)
(MPa)
{1 (2P
A 617.6 14.50 6.85 6.81
(3.1 (0.55) (0.54)
B 633.8 11.54 7.21 734
43.6) (0.38) (0.44)
C 570.4 7.65 6.87 -
(62.4) (0.75)
D 718.5 592 6.64 7.07
(91.3) (0.40) (0.60)
E 665.2 12.23 7.83 -
(42.0) (0.54)
F 6759 8.75 7.60 7.22
(58.0) 0.27) (0.49)
G 611.1 7.18 7.57 -
(65.8) (0.46)

2 Three-point bending with chevron notch.
b Indentation method.

from 6.64-7.83 MPam?'/2, The results of the indenta-
tion test are very similar to those obtained from the
chevron-notch bending test. The micrographs of local
indented areas examined by optical microscopy and
SEM, are shown in Fig. 12a and b. Most of the cracks
cut through the whisker near the sharp indented

region because of the high stress concentration. How-
ever, the whiskers away from the sharp indented
region remained intact. Whisker bridging, together
with debonding at the matrix/whisker interface, ap-
peared to be the major toughening mechanisms.

The results indicate that the amount of sintering
additives .does not significantly affect the mechanical
properties of the composites at room temperature.
However, it is well known that the amount and vis-
cosity of the grain-boundary phases will significantly
affect the mechanical behaviour of Si;N, at elevated
temperatures [22]. In addition, the residual stresses
resulting from the thermal expansion mismatch be-
tween the Si;Ny, SiC and grain-boundary phases may
affect the crack propagation behaviour. Work is in
progress to characterize further the effect of sintering
additives on the mechanical behaviour of the com-
posites at elevated temperatures.

4. Conclusions

1. A certain amount of SiC whiskers will degradate
during the processing of the composite. The degree of
whisker degradation is dependent upon the processing
conditions and matrix composition (sintering addi-
tives).
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Figure 10 Scanning electron micrographs of composite Ls after CTE testing: (a) porous structure of the oxide scale {top view); (b) cross-

sectional view; (c) detail morphology of the oxide layer at the surface.

2. The sintering additives will affect the amounts
and types of the crystallized grain-boundary phase in
the matrix which, in turn, will affect the oxidation
resistance of the composite. Composites containing
the Si,N,0, Y,Si,0,, or both Si,N,0 and Y,Si,0,
phases will exhibit better oxidation resistance while

3716

composites containing the Y, ,SigO,,N, phase will be
oxidized and form Y,Si,O, phase.

3. The amount of sintering additives does not signi-
ficantly affect the mechanical properties of the com-
posites at room-temperature. However, the sintering
additives will affect the amount and viscosity of the



grain-boundary phases which, in turn, may affect the
mechanical behaviour of the composites at elevated
temperatures.
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