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Abstract— Silicium-Based Ceramics were investigated to determine the effect of microstructural
parameters and densification on thermal stress resistance to fracture. initiation during thermal
shock testing. The different materials and microstructures were obtained by changing parameters
such as the type of powder, additive, forming process and sintering condition. Critical temperature
differences (AT,), after water quenching, are discussed in réelation.to.change in Y oung's module of
elagticity, a variable affecting thermal shock. The maximum thermal shock resistance of dense
SisN4 has been achieved after completing conversion o—f, the.changes in grain morphology
toward elongated grain and the relative crystallisation. of the second phase. These characteristics
are produced by a higher percentage of the powder in.the a-phase, high Y03, and the sintering
condition at a higher temperature (2000°C), longer soaking times (1h) and load application at the
beginning of thermal cycle.
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1. INTRODUCTION

Improved Ceramic Materials have been developed for use in cases of rapidly changing temperature. The
quality of these materials is generally evaluated by the measurement of crack resistance or toughness
behavior upon crack extension, namely. R or Kr —curve behavior, and thermal shock properties. Thermal
shock strength degradation problems are still one of the major limitations of ceramics for many high
temperature applications. Dens Silicium—Nitride Ceramics having a covaent bond can be resistant to
transient thermal stresses during thermal shock processing due to its low coefficient of thermal expansion,
moderate elastic modulus, high fracture toughness and relatively good resistance to oxidation compared to
other high-temperature structural materials [1, 2]. Moreover, the lower density of these ceramics, about
40% of the density. of high temperature superalloy, may offer components of lower weight and, therefore
is sometimes an important advantage over other high-temperature materials. The high fracture toughness
isaresult of afibrous microstructure which develops during fabrication [3-5], if the initial powder has the
proper characteristics and the fabrication procedure can be controlled [6-16]. Literature generally agrees
on the point that thermal shock resistance to fracture initiation of ceramicsis controlled by the changesin
mechanical and thermophysical properties which are strongly influenced by grain morphology, overall
grain size, phase composition and the amount of the glassy phase [17-23]. The purpose of this
investigation is to use different origin powders and to optimize processing conditions to obtain
microstructural development and properties in relation with high temperature applications. Consequently
we will develop different microstructures.
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2. EXPERIMENTAL PROCEDURE

a) Starting material

The main characteristics of the commercial Silicon Nitride powders (M11, SN-E10 and SH.S,
SNEO5) are given in Table 1. Different ratios of Y O3 and Alumina have been added to the Silicon Nitride
as sintering aids [24-28].

Table 1. Physicochemical characteristics of SisN, powders

M11 | SN-E10 | SN-EO5 | SH.S
Average particle size (um): 0.7 0.45 0.7 0.5
Specific surface area(m?/g): | 10-13 10 4-6 10-15
Phase composition (%a): | =90% >05 >97 >90%
Green density (g/cm®): 3.14 3.12 3.16 3.13
Morphology plate | equiaxe | equiaxe plate
Chemical composition
(W%): 14 <2 1.08 <0.2
@] <100 | <100 ppm
Cl: 0.2 ppm - <0.1
C: 0.01 <100 ppm | <0.15
Fe: 0.08 <100pp | .<50ppm
Al: 0.01 m <50ppm
Ca <50ppm
<50ppm

b) Materials preparation
The processing of the powders is schematically described in Fig. 1. Different processing conditions
have been investigated (Table 2).

S'EN4 + Al,O3 + Y ,03 + Ethanol + Al,O; balls
{
Grinding, mixing and homogenisation
by Attrition (4h)
{
Drying, * Debonding (600°C for 2h), granulation, Sieving (0.325 mm)
)

Hot-pressing or pressureless sintering
a
-

v

Water (35%), Deflocculant (Durvan C, 0.3% ),Prepared powder (65%)
{
Ball horizontal rolling mill using Al,O; balls for 24h
{

Slip casting
{

Debonding (600°C for 2h), Sieving
{

Pressurless sintering
*: To remove organic residue trace coming from the milling operation

Fig. 1. Flow chart diagram of the material preparation

¢) Materials characterisation
The disc shaped sintered specimens were cut into bar shape samples with a dimension of 3x4x25 mm
(Fig. 2). The bar was subsequently polished down to 1 um diamond paste.

l

face perpendiculaire
face paralléle

Fig. 2. Disc shaped sintered specimens and cut to bar shape samples
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The microstructure was revealed by the microwave plasma etching technique (150 W, 2.54 GHz,
Hydrogen pressure 2 kPa, 600°C, 10h) [29] and was observed by SEM (JEOL, Jsm 840A, LGS: Philips
X(20) after metallization. Microstructure of fracture surface was also observed in order to evaluate the
failure origins.

The strength was measured by a 4-point bending test (inner and outer span: 10-21 mm).The toughness
was measured by controlled propagation of Vickers cracks. For this purpose, Vickers indentations were
made with aload of 100N on the tensile surface of a bend specimen. In order to observe and measure the
crack lengths under a traveling microscopy, the specimens were polished to 3 um with a diamond paste.
The specimens were single-edge notched to relative crack lengths of a/w > 0.65 with diamond blade of
about 70 um thickness. The loading was applied at a constant displacement rate to achieve the controlled —
crack growth in three-point bending with a span length of 30 mm, done with a servo-hydraulic
tension/compression testing machine (RM 25T Schenk-Trebel). Using the load —displacement curves,
HPSN Ceramic materials, can be evaluated, the procedure has been described elsewhere [30, 31]. The
Vickers hardness has been measured by means of a 10 N load. The Y oung’s modulus has been measured
by recording the resonance frequency in bending using a grindosonic apparatus. Thermal shock test was
conducted by heating a bar shaped specimen in an electric furnace followed by water quenching. The
thermal shock resistance has been evaluated by recording the evolution of dynamic Y oung’'s modulus after
increasing temperature differences. The temperature at which a sudden fall of Young's modulus occurs
was defined as the critical temperature difference (AT.): Bulk density was measured by the archimed
technique.

Table 2. The different processing conditions

N° sintering condition
Sample | Temperature | Time (min) Fabrication Atmosphere | Composition
(°C) technique of powder
R1 1700 60 HP: Hot-pressed Ar M11+A
at 45 MPa, at T4
R2 1800 ! " ) )
R3 1700 N,
R4 1800 " " "
R5 2000 "
R6 1800 M11+B
R7 2100 " " " "
R8 2100 M11+C
R9 1800 20 45MPaat T;? M11+A
R10 " 40 " " "
R11 60
R12 2000 " "
R13 1800 " SC + PS®
R14 " " CP + PS'
R16 1800 60 HP SN-E10 + A
R17 2000 " " "
R18 2000 90 " " !
R19 1800 60 SNEO5+A
R20 1800 " SC + PS SNEO5+A
R20a 1800 60 Ref. 20 + HIP " SNEO5+A
R21 2000 60 HP SHS+A
R22 " 90 " "

A: 8%Y203, 15%A|203, B: 14% Y203, 1.5% A|203; C: 14% Y203, 4% A|203
1: Load applied at the beginning of dwell thermal cycle 2: Load applied at the beginning of thermal cycle 3:
Slip Casting plus pressureless Sintering 4-Cold Pressing plus Pressureless sintering  5: Hot Isostatic Pressing
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3. RESULTS AND DISCUSSION

The main physical and mechanical characteristics of the prepared samples are shown in Table 3 and the
SEM microstructures are represented in Fig. 3.

5um
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Table 3. The sintered sample characteristics

Ref. | D(g/em3, | E(GPa) | HV10(GPa) | o;(MPa) | Kic (MPam™) | AT (K)
R1 3.19 279 14.59 638 - 480
R2 3.19 282 14 490 5.8 500
R3 3.25 306 16.28 806 7 550
R4 3.26 304 15.67 840 8 605
R5 3.25 311 14.57 780 10 800
R6 3.34 306 14.44 523 7.75 530
R7 3.32 311 14.71 758 9.5 850
R8 3.33 3165 14.39 657 - 770
R9 325 311 14.44 582 6 380
R10 3.28 314 14.65 602 85 -
R11 3.27 321 14.75 800 10 -
R12 3.27 312 14.8 860 10.25 800
R13 3.26 324 14.3 755 10 650
R14 3.14 274.4 13 413 - -
R16 3.27 327 14.9 840 9 550
R17 3.25 313 15.63 860 10 870
R18 33 320 15.3 800 11 1000
R19 3.25 313 14.29 700 9.8 690
R20 3.25 327 14.17 714 94 600
R20a | 3.27 335 - 800 6 630
R21 3.23 300 14 694 7.6 650
R22 3.26 304 14 600 8.7 670

a) Properties of the starting powder

Among different powders (SN-E10, SN-EQ5, M11, SHS), SN-E10 shows the higher densification,
mechanical properties and thermal shock resistance (Fig. 4a, b). The high percentage of the a-phase
(297%), the equiaxial particle morphology ‘and low amounts of the impurities for the SN-E10 enhance the
formation of rod-like B-grains. The resulting aspect ratio of the elongated B-grains as a function of the
%oa.-phase in the starting powder which is described in the literature as: a = 1+ o/f [10] is presented in
Fig. 5. The powder M11 contains alarge number of - particles (Table 1) that cause the dissolution of the
fine particles due to their higher chemical potential. The dissolved species continuously precipitate on the
coarser original - particles under anearly equilibrium condition in such away that their surface energy is
minimised. This leads to the microstructure consisting of B-grains with lower aspect ratios associated with
larger grain sizes and |ower properties. The powders S.H.S, in relation to others, results in a considerable
decrease of the densification and the mechanical properties. The microstructure of the hot pressed sample
of this powder showsthe large spherical or equiaxed grains that can be due to the large amount of 3-phase
present in the starting powder. Figure 3 shows the microstructures of different powders sintered in the
same conditions (R5, R17, R21).

l .
)
0 N10:R17 < 105
T | € o o oghth o a] SN-E10
o ) s 957 4o B
u a o
W oog | 2 857 XSH,S
g N 751 % X x XX x x
X oM11
. 6,5 1 1 1 1
100 150 200 250 300
20 1200 a (um)
(T(K)

@) (b)
Fig. 4. @) Young's modulus (RT) as afunction of quenching temperature difference after water quench (22°C) for
M11, SN-E10, SN-EO05 materials, b) R-curve for sintered materials by different powders
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Fig. 5. Ratio of elongation according to initial amount of phase o in starting powder
b) Type and amount of sintering additives

Adding a higher Y,Os; concentration at low temperature (1800°C) decreases the sinterability, and
conseguently, densification and the mechanical properties (Table 3:. R4, R6). Therefore, it is necessary to
increase the sintering temperature to obtain a high aspect ratio of the precipitated - SizN4 grains (Fig. 3:
R6, R7) and to improve mechanical properties and thermal shock resistance. In fact, a slow reduction of
local supersaturation by high viscosity melts (meaning low diffusion rates) crystallise the grains of very
high aspect ratios after spontaneous nucleation and. promotes idiomorphic crystal growth (rod-like
morphology). Moreover, adding Y ,0; promotes the crystallisation of the second phase (Figs. 6a, b). The
TEM diffraction analysis shows that there are crystalline phases based on the Y ,O5; composition such as
SizN4.SI0,.4Y,0;, Al,0O3.2Y,0; a grain boundary areas. Also, the quantity EDS analysis of crystalline
and amorphous regions confirms that there are Y-rich phases in the crystaline area (Fig. 7a, b).
Crystallization of Y3AlsO (YAG) minimizes the glass phase to improve high temperature mechanical
properties. Conversely, addition of Al,O; prevents the crystalisation of the second phase (Fig. 6b). It
appears that the dissolved Al,Os in the silicate phase stabilise the glassy intergranular phase and hinders
crystallisation of the intergranular Y-Si-O-N liquid. A higher concentration of Al,Os leads to a strength
degradation. This degradation is'due to.a more equiaxed grain structure (Fig. 3: R8). Al,O3tend to cause
an unfavourable change in morphology from the idiomorphic rod-like to a more equiaxed grain structure.

¢) Forming methods

The forming. process as well as the proceeding powder preparation steps is very important in the
manufacture of high temperature ceramics since defects introduced in these stages will normally remain in
the product even after a successful sintering process. A forming technique such as pressing or cold
isostatic pressing often causes defects in the final microstructure, particularly for the fine powder [6, 32].
We are interested in developing the samples by two methods of forming: dry compaction and slip casting
(Table 4). The dlip casting allows a higher density to be obtained (60-65%) in compared to dry compaction
(50 - 55%). Slip casting show to be a suitable method for manufacturing parts from ultra fine powders [33-
35].

Table 4. Densification of powder by different forming method

Forming method Raw density (%Dy) Sintered density
(A) Slip casting 57.5 3.26
(B) Cold pressing 54.8 3.14
(C) Cold pressing + CIP 56.5 3.165
(D) Hot-pressed - 3.26
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Fig. 6. X-ray pattern: Intensity as a function of diffraction angle 20 (degrees) for materials, a) R7, b) R8
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R8, a) crystalline area, b) amorphous area
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d) Sintering parameters

Atmosphere: The bulk density measurements show significant differences between samples treated under
Nitrogen and Argon atmospheres (Table 3: R2, R4). The difference can be explained in terms of :

- Theinhibitor effect of the Argon on the densification rate of the SizNy.

- The presence of an atmaosphere of Nitrogen that limits the decomposition of SisN, at the highest
temperatures.

X-ray analysis reveals that atmosphere plays a significant role in a— transformation. Under an
Argon atmosphere, the a—f3 transformation is completed at 1700°C, while under nitrogen atmosphere it is
completed only at 1800°C (Fig. 8a, b).

The SEM observation of the hot pressed samples under Argon shows large grain surrounded by a
continuous amorphous intergranular phase, while at the same sintering condition, but N, the
microstructures consist of smaller grains with a higher aspect ratio (prismatic - grains) (Fig. 3: R2, R4)
which result in better mechanical properties and thermal shock resistance (Table 3: R4).

Temperature and time: The higher sintering temperatures and the longer soaking time result in a
decrease of porosity and therefore, increased densification. The temperature, however, is limited by the
decomposition of SisN,4 and vaporisation of the liquid phase (>2000), although the density remains nearly
constant for long soaking times.

The X-rays analysis reveals that the a—[3 transformation is completed after 40 min at 1800°C, while
the a—p transformation is not completed at 1700°C, even after 60min (Table3: R12,R3). A rise in hot-
pressing temperature results in a significant increase in the o, to B transformation at a constant time. For
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the hot pressed samples, the observation of the fracture surface by SEM shows an evolution of the
microstructural development as a function of temperatures (Fig. 9a,b and ¢). At a higher temperature and
longer soaking time, the microstructure changes in grain morphology to elongated grain. These
microstructural changes result in an increase in flexural strength and fracture toughness and a higher
thermal shock resistance (Table 3: R3, R4, R5). The reason for thisis that the linked elongated B-crystals
provide higher resistance to crack growth because of the absorption of energy, crack deflection and pull-
out effects.

ST

Fig. 9. SEM fracture surface of a) R3, b) R4, c)R5

At a higher temperature than 1800.°C, increasing the isothermal holding time of sintering causes a
lower strength level in association with higher impact toughness in the heat treated sample. This
phenomenon is attributed to the larger eauiaxed grain size microstructure (Fig. 3: R17, R18), which needs
alonger critical crack size to fracture. Moreover, the evaporation of the liquid phase and decomposition of
Silicon Nitride cause a change in the analysis of the liquid phase. This effect is much higher in the SHS
powder (Fig. 3: R21, R22):because of the heterogeneous distribution of particles and higher percentage of
[-Si3Ns,.

Pressure: During hot pressing, the compacting behaviour of SisN, is aso influenced by the application of
the instant load. The point of load application (Fig. 10) at a higher temperature (T4: dwell temperature)
retarded a full compacting condition. In fact, the appearance of an interparticular phase hinders the
particles rearrangement and flow. The load application at T; avoids this event and the compacting
behaviour becomes easier [36].

The load application at T; increases the orientation effects in the microstructure more strongly than at
Tg. Thisindicates afiner grain size with 3-SisN, grains with high aspect ratios (fibrous morphology). This
microstructure of self-reinforced Silicon Nitride shows a fracture toughness of more than 10 MPavm, a
flexure strength of 800-900 MPa and a better R-curve (Fig. 11). For all the sintered samples by load
application at T;, the young’'s modulus is higher (Table 3).
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Fig. 11. R-Curve for sintered sample in different states of load application

e) Fabrication technique

The characteristics of materials resulting from dlip casting plus sintered pressureless (A), cold
pressing plus pressureless sintering (B) and hot pressed materials (C) are compared (Table 4). Materias
of type A show adensity comparable with that of the hot pressing (99.3%Dy,). In fact, a high green density
up to 65% for the dlip-cast.samples means a great sinterability of the samples prepared by dip casting due
to more homogeneity of the particles rearrangement and the small quantity of the agglomerates. This
makes it possible to better control the microstructural development during sintering, while materials of
type B show low densification and mechanical properties (Table 3: R4, R13, R14). This can be noted by
comparing the surface quality of materials sintered by three techniques (Fig. 12).

Hot pressing, the one process used some years ago with a simple shape and economic disadvantage,
can be performed without additives at very high pressure (1.5 GPa). Pressureless sintering, meant to
overcome the shape limitation and high production cost of hot-pressing, is carried out by liquid phase
sintering using stable additives near of the atmospheric pressure in Nitrogen in order to avoid the
decomposition of Silicium Based Ceramics.

The mechanical characteristics of slip-cast materials are comparable with those of materials fabricated
by hot pressing. The fracture toughness, the curve R and thermal shock resistance are higher than that of
hot pressing (Figs. 13a, b). The dip casting sample contains a uniform microstructure, particularly the
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small pores with uniform distribution (finer voids of approximately of 1-2 um in size and nearly spherical
in shape) compared to hot pressed samples (Fig. 3: R19, R20).

Fig. 12. Optical photographic of the sintered pMot-pr ng b) Slip casting c) cold pressing

1 —
o 097 ) .
L —3—Slip casting
w | .
0,8 —m—Hot pressing
2 600 800 1000 1200
AT AT, (°K)
@
Sf'\
s 107 - of? od |
£ g1 .
>3 8 g " W Hot-pressing
f 5 - } } O Slip casting

100 140 180 220
a(um)

(b)
Fig. 13. @ AT, changment and b) the effect of curve R for sintered Silicon Nitridein 1800°C
during 1 hour by two different techniques of fabrication
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In dip cast bodies, falure origins are predominantly from voids in the form of bubbles under the
surface. In our case, we have machined a good thickness to give a higher strength.

It is necessary to notice that for the slip-cast samples, the heating rate must be slow in spite of a heat
treatment before sintering. In our experiment, the blow thermal cycles sintering give a better result on the
densification:

1) 1) 25 - 500°C: Vheaing = 4°/min, under vacuum
2) 500°C:  thoiding =20 min, P=1atm (N,)

3): 500 — 1200 °C Vpeaing =10°/min

4) 1200—1800°C  Vhesing =15°/min

5) 1800°C : tsoaing= 60 min.

f) Post sintering

For sample R20, a supplementary heat treatment process called "post-sintering” was carried out at
1700 °C using a 500 bar isostatic hot pressing under a Nitrogen control condition. A significant decrease
in the porosity (1.2% to 0.2%) and so an increase in the density of the sample (98.1% to 98.7%) was
observed as a result of this process. The fracture strength is increased from 714 to 800 MPa, but the
impact toughness is decreased from 9.4 to 6 MPam™2. One of the reasons for the lower impact toughness
is a finer microstructure which needs a shorter critical crack sizeto be brittle (Fig. 14). Therefore, post—
sintering is not a good heat treatment process to increase the impact toughness.

Fig. 14. Comparison.of the fracture surface for samples a) before post sintering b) after post sintering

4. CONCLUSION

eThe powder SN-E10 with a high percentage of a.-phase >97%, equiaxial particle morphology and alower
particle size results in a rod-like morphology and higher mechanical properties than M11 or SH.Sand a
maximum value of AT (870°C)

e The higher amount of Y,O;resultsin an increase in viscosity so that a saturated state of melt is kept and
helps the crystallisation of grains with high aspect ratios. Furthermore, Y,0; helps the crystallisation of
the second phase and decrease the amount of the glassy phase, but AL,Os prevents this effect. These
characteristics of Y05 result in a high amount of AT, of 850°C. The higher concentration of Al,O3 results
in the modification of microstructure with a more equiaxed grain.

eThe dip casting process in relation to powder metallurgy results in a higher density, fracture toughness
and thermal shock resistance.
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oAt a higher sintering temperature (2000°C) and longer soaking times (1h), microstructure changes in
grain morphology toward elongated grain that resultsin an increase in mechanica properties and a higher
thermal shock resistance.

eAtmosphere plays a significant role in the @ a—p transformation, b) Bulk density and c) grain
morphology. N, atmosphere results in higher densification and a microstructure with a higher aspect ratio
and finer grain size and a higher amount of  phase.

eThe load application at the beginning of the thermal cycle (T; ) in comparison with application at the
beginning of 1 dwell temperature (T4) strongly increases the orientation of the microstructure, while
decreasing the grain size (self-reinforced SisN;) which results in the mechanical properties of
Ki=>10MPam"? and o; > 900M Pa and higher thermal shock resistance (800°C).
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