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Abstract: The progress imonolithic SiNs as well as SN«#/SkNs composites (seeded materials) for
structural applications is reviewed. The conventional processing involving the powder synthesis,
densificdion, phase transformation and microstructure design is discussed. Special attention is paid
to basic theory of liquid phase sintering due ttee complexity and difficulty in understanding
consolidation of SN4 powders. The mechanical properties of theuteng SiNs based ceramics and

their industrial applications are summarized. A key factor for the future development in the field of
conventionally processed:Sj ceramics is given.
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1. Introduction

Silicon nitride (SiN4) has been studied extensively during the last 50 yeayds Based
ceramics were found to possess ping thermal and mechanical properties at high temperatures
since 195591]. As reaction bonding was the only method to fabricaid.Sieramics at that time, the
products were not completely dense. For an optimum utilization of the inherent good praygerties
SisNg4, the powders must be fully densified to comp#2tsHigh density materials were first obtained
early in the 1960s by hgqressing with small amounts of various oxide and nitride addifi$les
However, only simple shapes could be fabricatedhiy process. In the beginning of the 1970s
research focused on the applications gNgas a structural material for gas turbifdg As a result
pressureles§s] and gas pressure sinterifi§ techniques were developed. This made possible the
fabricaton of components having high density and complex shape. During the past 30 years, many
different aspects have been explored, such as the fundamental propertib, gidsider production,
porous and denses8is and amorphous thin films for applicationseétectronics. It was found that
SisN4 possesses a unique combination of propersash as high strength at ambient and high
temperatures, good thermal shock resistance due to a low coefficient of thermal expansion, relatively
good resistance to oxidatiorompared to other higlemperature structural materials, high wear
resistance and high thermal conductivity. In addition, the density bk 8 only about 40% of
superalloys. This combination of properties makes it possible fgds Sb replace metallic
components that are conventionally used as structural materials.

During investigations on the sintering of:I$ it was also foundhat some oxides can be
dissolved into SN4 grains[7, §. Thus, the resulting material is not pure silicon nitride angmor
ASilicon nitride ceramicso is thus a gNuilker al nar
solid solutions with AlOs have been referred to as Sialons. The creep and corrosion resistance of high
density Sialon was envisaged to be higher thaat of sintered SN. ceramics because of the
reduction or elimination of the grain boundary ph§Sk which could be aspired to with these
materials.

Si-N bonds are predominantly covaleand this is the source dhe excellent intrinsic
propertiesof dlicon nitride ceramicsHowever, due to the high degree of covalent bonding, it is very
difficult to sinter these materials to full density. As a consequence, several alternative techniques have
been developed to improve the densification @NSbased eramics[10]. Fully dense SN can be
produced by the addition of densification additives that allow liquid phase sintering (LPS). A wide
range of sintering additives fors8iy have been explored to d4t 11]. Since the densification rate is
strongly elated to the type and amount of sintering additives, as are the microstructure development
and the thermal and mechanical properties of sintered bodies, there is considerable effort to find and
optimize sintering aids for high performanceNaimaterials.
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In spite of their excellent properties and great potential, the applicationsf Based
ceramics is still limited. The main reasons for this are the high cost of raw matexi&@sN. and the
sintering additives, in addition to the production pescbeing cosintensive[12]. In general, high
quality SgN4 grades are used in combination with raegth oxides (RE; with e.g., RE=Y, Ce, Yb,

Lu) [2], which are not only expensive but require high sintering temperatures. Therefore, there is an
ongoingsearch for a production process that utilizes-tmst SiN4 powder and sintering additives,
which are equally cheap and enable attainment of lower sintering temperatures. Recently, more
attention has been given to laemperature sintering of $8l. ceranics with the aim of reducing
manufacturing cosfd 3, 14.

1.1 Crystal structure of silicon nitride

Silicon nitride exists in three crystallographic modifications designated as,theand g
phases. While tha andb modifications can be produced undwrmal nitrogen pressure and have
great importance in the production of advanced ceramics, the recently discg\gigid can be
formed only at extremely high pressures [16] and has no practical use yet.

In a simple chemical picture, chemical bondingainandb-SisN4 are due to the overlap of
the sp® hybrid orbitals of silicon atoms with theg® hybrid orbitals of the nitrogen atoms. Each
nitrogen atom has a remainipgatomic orbital which is nonbonding and occupied by a lone pair of
electrons [17, 18].

The basic unit of SN4 is the SiN tetrahedron. A silicon atom is at the centre of a
tetrahedron, with four nitrogen atoms at each corner. The ®ikahedra are joined by sharing
corners in such a manner that each nitrogen atom is common to threedetral hus nitrogen has
three silicon atoms as neighbors [9]. The structural difference betaeemd b-SisNs can be
explained by different arrangements ofNSilayers. The basic units are linked together to form
puckered sixmembered rings which surrodinarge holes. These basal planes form the building
blocks for the structures @ and b-SizN4. The a-SisN4 structure is formed by stacking the basal
planes in the ABCDABCD... order, ahdSisN4is constructed of basal planes stacked in the ABAB...
sequene [19]. The AB layer is the same #1SisNs andb- SisN4, and the CD layer ia-SisN4 is
related to the AB layer df-SisN4 by ac-glide plane. Regarding the unit cell dimensicasandb-
SisNy structures are related lay © a, (Table 1). Theb-SisN4 structure exhibits channels parallel to
the caxis which are about 0.15 nm in diameter enabling higher diffusion coefficients of ions
compared to tha-structure. These channels are changed into voids with seven nearest neighbouring
nitrogen atoms im-SisN4. The a- andb-forms have trigonal and hexagonal symmetry. The relevant
crystallographic data are listed in Tafile

Table 1. Crystal structure and lattice parameters elSmodifications.

Modification a—Si3N4 b—Si3N4 gSi3N4
Space group P31c P& or PG/m Fd3m
Lattice parameter
a (nm) 0.7818(3) 0.7595(1) 0.7738
c (hm) 0.5591(4) 0.29023(6)

The a-structure belongs to the space group d?3iith 28 atoms per units cell (Fig).1lts
lattice parameters are very sensitive to the oxygen content dissaltbd structure. This was the
reason why it was assumed tl@SisN4 is an oxynitride with an oxide content of G138 wt%
corresponding to the compositions [21]:19N15005 and Si1sSizN1sOos. In these formulas some N
atoms were replaced with O atsrmnd other N sites remained vacant.

However, more detailed investigations showed that the oxygen content was less than that
required by the formulas given above [22]. Although oxygen is capable of replacing nitrogen in some
sites, it is not needed to farthe a-structure. A refinement of the crystal structure ofaaBisN4
single crystal produced by a chemical vapour deposition process clearly demonstrated that the bond
length and site occupancy data do not indicate any oxygen in the structure [23].
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Figure 1. Crystal structure of trigonal-SisN4 [2].

The atomic arrangement of theform is derived from the structure of the mineral phenacite
(BeSikO.), with the oxygen atoms being replaced by nitrogen and the beryllium atoms by silicon [24].
The unit cdl of b-SisN4 consists of $Ns units (Fig. 3. While the literature values of the structural
parameters of this modification do not differ remarkably, the real space group, whether
centrosymmetric (Rfn) or acentric (P4, is still under debate [25]. Ithe structure of space group
P&/m, the silicon and nitrogen atoms lie in mirror planes at z=1/4 and z=3/4, normal tatise c
[26]. In the case of the acentric space group, the nitrogen atoms are slightly displaced from the mirror
planes [27].

Figure 2. Crystal structure of hexagonaSizN4 [2].

During heating above 1400, thea-phase irreversibly transforms to thephaseb-SisN. is
the thermodynamically more stable phase at all temperatures and hence the transformahetofrom
a-phase is nopossible[28]. The transformation is a reconstructive process involving the breaking
and reconstruction/formation of six-8ibonds in each unit cell. This transformation mechanism can
proceed only in the presence of liquid phases, which lower the &mtivextergy for transformation.
The value for the activation energy in the presence of the liquid phase is about 405 kiiioblis
close to the SN bond energy (435 kJ/mdl[29].

The recently discoveregmodification has a cubic structure, similarthe spinel structure
[30]. One silicon atom is coordinated tetrahedrally by four nitrogen atoms and two silicon atoms have
octahedral coordination Hgix) nitrogen atoms (Fig..B This atomic arrangement results in a density
of 3.75 g cn¥, which is lager than that ofa- and b-SisN4 (3.19 g cn). In addition, the cubic
modification has a hardness of 35.5 GPa, which is larger than that of stishovite, a high pressure phase
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of SiG; (33 GPa) and significantly higher than the hardnessi-obind b-SisN4. Thus, theg
modification is the third hardest material after diamond and cubic boron nitride [29].

Si( okty~—_

IL Si(tetra)

¢ a

Figure 3. Crystal structure of-SisN4 [2].

Silicon and SiN4 have a high affinity to oxygen. Since the dimensions of the t8ikahedron
are very simar to those of SiQ[30], some oxynitrides exist consisting of both, S@&hd SiN
tetrahedra. The most common oxynitride is built up ofsSiltetrahedra which are linked together to
form a threedimensional network with the formula-SkO. Moreover, silkon and oxygen atoms in
b-SisN4 can be replaced by Al and O atoms to form theated Sialons with the formula SAlNs.

:0O,, since the unit cell contains twos8k units. The number of replaced Al and O atoms is
represented by t tbhevarfed aontivaushyufmm zeto tocalbout d.2 31, 32]. The
SikNac er ami ¢ s wi?2 0.5hbeléng to the grdupuoé extende®isN,4 solid solutionslifsg and

al |l ot her s ¢wi5tbdiongftagboupvobldbuSeNs solid solutiong?2]. Similar extended

solid solutions can be formed with the addition of BeO or BeN [33]. However, these solid solutions
(SiBeON) have no practical use due to the toxicity of Be.

Me-O Me-N

(Me,ALSi) (0,N), Me (Si,Al)_(O.N),,

a-SIiAION

b-SIAION

Figure 4. Phase relationship in the-Bi-Al-N-O system[36].

a-SisNs has an empty position with a coordination number of eight (7+1), which can be
partially occupied by ions with an atomic radius of about 0.1 nm. Occupation of the void position
causes a stabilization of the metastahi®izN4s. The cations, whichan be incorporated in the
aphase, are [j Mg, Ca?, Y*3 and lanthanides with Z 60 [34]. Additionally, Al and O to obtain
must replace Si and N to obtain electroneutrality. The resudtinglid solutions are the smalleda-
Sialons with the formula Mi12.m-nAl m+niN16nOn, Wherem represents the number of {8) bonds ina-
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SisN4 which are replaced by (A) bonds,n is the number of (SN) bonds that are replaced by {Al
O) bonds, andk equalsm divided by the valence of the M cation. The charge disa®pas
compensated by M cations occupying the interstices in the ($QAN) network. Thusa-Sialon can
be regarded as a substitutionaht er st i t i al solid solution. The pa
for trivalent cations and 0.3 for divalentticans since there is a miscibility gap betwee®isN, and
a-SiAION, and the value of x cannot exceed 2 as there are only two interstitial sites in the unit cell
[35]. Since the substitution range afsolid solutions is smaller than fbrsolutions, thedrmation of
single phasa-Sialon is rather difficult. Deviations from the stoichiometry lead to the simultaneous
formation ofb-solid solutions. The relationship betweenandb-Sialon is given in Fig. 4

An important feature of the SIAION system isttiize a- to b-SIAION phase transformation
is fully reversible[37]. Thea-phase is more stable at lower temperatures and can accommodate metal
oxides[3§]. During thea- to b-SIAION transformation metal oxides are rejected to the intergranular
regions accaling to thefollowing equation:

a-SiAION U b-SIiAION + M-oxides rich intergranular liquid (1.2)
Additionally, the phase composition can be controlled by heat treatment procedures.
1.2 Preparative routes for silicon nitride powders

Since the occurrence of Bls as a mineral in nature is very rare [39], all silicon nittidsed
ceramics must be produced synthetically. There are many different production routesNfor Si
powders
14 direct nitridation of silicon
Y% carbothermic reductionfasilica,

%, diimide synthesis

Y% vapor phase synthesis

14 plasma chemical synthesis

14 pyrolyses of silicon organic compounadsd
% laser induced reactions.

All of these routes are based on four différehemical processes (Tablg [20]. However,
only direct nitridation of silicon and diimide synthesis techniques are commercially viable processes
[41].

Table 2.Production of SN, powders

Method Chemical process
direct nitridation 3Si+2NY SiNg
carbothermal nitridation 3SI+6C+2NY SikNs+ 6 CO-

SiCls+ 6 NHs Y Si(NH)z + 4 NH,CI -
3 Si(NHR Y SisNs+ 2 NHs—
vapor phase synthesis 3 SiCh+4 NH Y SisNs+ 12 HCl=

diimide synthesis

The reaction conditions may be adjusted to provide powders of different crystabiffity,
ratio, maphology, particle size, particle size distribution and impurities. Typical chemical analysis
data and properties for commercial silicon nitride powders synthesized by different techniques as
mentionel above are given in Table 3

The direct nitridation ofsilicon is performed in an atmosphere of, NNo/H, or NH; at
temperatures above 1100 but below the melting point of silicon (141G). Thea-phase of silicon
nitride is the major product. Since themodification appears only in the presence of a liqlidse,
b-SizN4 formation is favored either by the presence of impurity elements, which are able to ferm low
melting eutectics, or by nitridation above the melting point of silig#). This reaction is highly
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exothermic and it is extremely difficult toontrol the temperature using raw silicon. The heat of
reaction can be used for the sglbpagating synthesis of 38k [43]. However, because of the
uncontrolled reaction and a significant amounb-gfhase in the product, the spifopagation method

can rot be used for the production of high qualityNaipowders. The process finally results inNgi

lumps which are then crushed and milled. The quality of the final product depends on the purity of the
raw material, the milling procedure after nitridationdaadditional chemical purification of the
powder. The direct nitridation method can be carried out by a plasma chemical reaction, where
temperatures on the order of 5760are reached. The time of reaction is very short; resulting in a
high amount of am@hous SiN4 and nanecrystallites of thea- and b-phases (about 20 nm). The
grain size can be increased to 100 nm by an additional heat treatment ptdlcess

Table 3.Typical properties of SN+ powders produced by various processing technigues.

Technicue Direct nitridation| Vapor phase | Carbothermal Diimide
H of silicon synthesis nitridation synthesis
Specific sun;ace area 8.95 3.7 48 10
(g cnr)
Oxygen content
(Wt %) 1.02.0 1.0 1.6 1.4
Carbon content
(Wt %) 0.1.0.4 - 0911 0.1
Metallic impurities, (wt %)
SFe. Al Ca 0.070.15 0.03 0.06 0.005
Crystallinity,
(%) 100 60 100 100
al(a +b),
(%) 95 95 95 85
Morphology . equiaxed + equiaxed + :
equiaxed rodlike roctlike equiaxed

Carbothermal nitridationvas the earliest method to be used fogNaiproduction[45]. The
process involves the nitridation of carbon and silica precursor powder mixtures in a flowing nitrogen
atmosphere at temperatures in the range from 1400 up to C50wadays, it is the most promising
candidate for obtaining a largerigty of norroxides products with important technical u§46-49].

This reaction offers the possibility of an economically attractive production route from naturally
occurring materials.

The overall reaction (Tabl®) proceedwia a number of intermediateactions. The first step
involves the generation of SiO (gas) by the reduction of silica by carbon:

SiO; + C- SiO(g) + CO(g) (1.2)
The CO produced ikqg. (1.2) is also capable of reducing further silica through the following

reacton:

SiO; + CO- SiO(g) + CQ (1.3)

The carbon within the system can in turn reduce thetli€@eby regenerating CO as given by
Eq. (1.4):

C+CQ- 2CO (1.4)

The SiO(g) produced bfq. (1.2) or (L.3) reacts withN, to form SgN4 according to the
reactions given b¥gs. (1.5) and (.6):
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3SiO + 3C + 2M- SisNs+ 3CO (2.5)
3SiO + 3CO + 2N- SisNs+ 3CO (2.6)

Many authors have studied the formation of toeide powders frm the minerals such as
different types of clayssepiolite and from aluminosilicates and bauxite. Among the raw materials
that may be used for naxides production diatomaceous earth has some advantages such as high
specific surface area, high silica cent and low price.

Diatomaceous earth is a natural occurring mineral compound from microscopic skeletal
remains of unicellular algdée plants called diatoms. As living plants diatoms weave microscopic
shells from the silica, however as they die, depamie formed and fossilized. Diatom particles have
pitted surface area that it is several times greater than any other natural compound with the same
particle size. The surfaces of diatom fructules possess fine pores with dimensions ranging from the
micro scale to the nanometer scale. Such high surface area and siliceous composition can be used as
Si precursor for the synthesis of different types of-aridle powders by carbothermal reduction
nitridation (CRN) by mixing with one of reducing agents.

The chaacteristics of the @4 powders resulting from carbothermic reduction depend on
many factors namely the C/Si@atio, the nitrogen flow rate, reaction temperature, particle size and
specific surface area of silica and carbon and the impurities present.

1.2.1Carbonitriding reactions of diatomaceous earth

The raw material used was a diatomaceous earth from the Serbia. The carbon black with a
specific surface area BET = 48a1* and 99% purity was used as reducing agent. The diatomaceous
earth was previoly acid treated with HCI solution of 1 mol/draoncentration in order to remove
iron oxide from material. The chemical composition efesived and chemically treated samples are
done by wet chemical methods (Ta#)e Mixtures with different C/Si@ratio were homogenized by
vibro-milling in the presence of distilled water. The green bodies were heated at temperatures
between 1200 and 150C in an alumina reactor with controlled nitrogen flow. The nitrogen gas used
contained less than 5 ppm @nd HO. In all experiments a Nflow of 0.5 Knin* was used. The
heating of the alumina reactor was carried out in a furnace with SiC heating element. Temperature
was measured with #Pt10 wt.%Rh) thermocouple® (5 C). The nitrogen flow was kept during
cooling wntil 200 C.

Table 4. Chemical composition of agceived diatomaceous earth and chemically treated diatomite
. L.O.l

Sample SIO, Al:Os Fe.Os CaOo MgO K20 NaO (1000 ©)
As-received | 73.68 | 12.28 3.29 0.72 0.44 1.01 0.12 8.26
Chem. treate( 76.58 11.34 1.72 1.22 0.44 0.9 0.11 7.13

l.>
M
AccV_ Spot Magn  Det WD

250KV 6.0 1507« SE_ 85 dijatomejl

Figure 5. SEM image of aseceived diatomaceous earth.
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According to the shape and morphology as received raw material belongs to Aulacoseira type
of diatoms Fig. 5. Diatom particles possess pitted surface area with finespeith dimensions
ranging from the micro scale to the nanometer scale. Its XRD pattern shows that the main
mineralogical component is crysaballite (8i@ccompanied by amorphous phase.

Chemical composition shows that diatomaceous earth is mainly compbssiD, and
important quantities of ADs. Also the other impurities such as Aa KO, FeOs; are present.
However, it is known that the Ma and kO are largely lost at the carbothermal reduction stage. In
the other side, it would be expected that thegOg&vould be reduced to Fe or on iron silicides (FeSi),
but small quantities of iron has been shown to help initialize nitrid@&idn Thus, the phase relation
during carbonitriding reaction of diatomaceous earth (mixture of silica and alumina) masnMa¢ede
from the quaternary system-Ai-O-N (Fig. 6).

3(sioy) S Muliite 2 (AL)O3)
] A

o 8- . x _ Spinell
CR " -
-~ [ ]
S 60- 3
S -
oo |
& 40 -

Oss i

20 5 %

U e 20N

SNy 20 40 60 80 4 (AIN)
Equivalent % Al
Figure 6. Phase diagram ofie quaternary SAI-O-N systen{51].

b-Si;N, X b
Tr-SiO,
m-AlSi,0,,
m
1500°C b

1400°C MW%

1300°C MM%
o m

1200°C

33 34 35 36 37
2q Degree
Figure 7. XRD patterns after different heat treatments of mixture of carbon block and silica with
molar ratio 3.
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Thus, the overéteaction may be represented by the equdtion) [51}

[Si, AlLO ]+ xC+(x/3)ON, Y [Si AlLO, N,,,.]+XxCO
A B

1.7)

where A and B points belong to the AirO-N diagram. Point A is on the line Si3SiG:2Al,05-
Al;0O3 and point B is in the interior of the-8i-O-N diagram and it aabe monophase or multiphase
zone.

From the chemical composition of the diatocemous earth with the constant Si/Al ratio, the
line passes through a few single phase zones as well as equilibrium regions of two phases. Starting
from the point on the axis S3AI,0s-2Si0-Al20s, the phase equilibrium line passes by the single
phase zone of the-Gialons, by the the part with an equilibrium ofStalons and-Sialons, by the
single phase region &-Sialons and finally line reaches a point where there is nexd@iSgN4 and
AIN (Fig. 7).

Table 5 shows the evolution of the crystalline phases formed as a function of the reaction
temperature At low temperature (1200C) there were three phases: crystobalite {5i@ulite
(3Al2032Si0y) and SiN2O (sinonite). Crymbalite is the principal phase, however, this phase tends to
decrease with increasing of temperature. This behavior results from the muliteNu@i fSrmation.

Table 5. The phase evolution of the crystalline phases after heat treatment atCl20030 C for

4h.

SampleC/SiO; mol ratio Reaction temparture C) Crystalline phases
3 1200 SiO, mullite, SEN,O
3 1300 SiO, mullite, SEN,O
3 1400 SisN4, SbNLO, SIQ, mullite
3 1500 SisNg, SIG, mulite
4 1200 SiO,, mulite, SiN.O
4 1300 SOz, SkN4, SENO
4 1400 Si3N4, SIOz, sialon
4 1500 sialon, SiN4, SIO»
5 1200 SiO,, mulite, SiN.O
5 1300 SiO,, SkN4, SENO
5 1400 SizNa, SiO,, sialon
5 1500 sialon , SiN4, SIG

Mullite is formed by recrystalization of starting diatomeus earth through directiaea
between Si@and AbOs (Eq. (1.8)):

2 SIQ + 3 AlOs - 3Al,032S10, (1.8)

The reaction 1.8) explains the appearance of mullite, which increases at 1300 and@400
and then disappeared at 15@D. Since mullite is coming from diamneus earth recristalization, it is
highly reactive in the formation of nitrogenous phases.

The formation of SN0 is based on the reaction :

3Si+SiQ+2Ne- 2 SpN20 (1.9)
which involves vapor phase formed of SiO angadd yidds a powderous $N>O. Appearing of

SikN2O phase indicates that prior the reactid@®) the carbothermaleduction of SiQ occurred
according the reaction4.@0) and {.11):
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Si0,+ C- Si0 +CO (1.10)
2 SiO- Si+SiQ (1.11)

The XRD pattern shows remarkable broadening of the diffraction lines in the regions around
33-34 and 3537 2q, which can be associated with the ph&s8jsN.. This indicates that nucleation
and crystallization ob-SisN4 takes place at 130Q. However, with increasing C/SiQatio b-SisN4
tends to disappear when temperature incre&ig @. In samples with C/SiQratio 4 and 5,
respectively, the principal phasebigsialon. As mention before, these coincidences with disappearing
mullite, what indicates that mullite has a main rolebjrsialon formation. This can be explained by
reduction of mullite. The ADs from mullite can be reduced to AIN which will be dissolvedoin
SisN4 according tahe followingequation:

0.5z AbOs + (2-0.252) $sNs-  Sis-Al NgO; + 0.25z SiQ (1.12)

where "z" represents the number of replaced Al an O ions, respectevily. Increasing 1@twiO
means more contact points between C an@#Aesulting in more reduced amount o£®@4. The total
amour of dissolved AIN is higher and as a consequence, the amountlgfdiadon is higher.

b—SisN .
b s-S|3AI303N5

m-Al Si O

62 13
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32 33 34 35 36 37 38
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Figure 8. XRD patterns of the reaction products with different molar ratio of carbon block and silica,
after heat treatment at 1500.
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Figure 9. SEM micrograph of powders obtained at lower temperatir200 C (a) and at higher
temperaturé 1500 C (b) for 4 h with molar ratio (C/SiKp= 4.
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The morphology of powder obtained at low temperature shbat these products retain
characteristic of sommfragments of original diatomit&ig. 99. However, at higher temperatures the
micrographs of the powder is completely differdrig( 91, these particles exhibit polygonal habitus,
which is characteristic of hexagonal sialon and silicon nitride ceystal

1.2.2 Summary

It has been demonstrated that carbonitriding of diatomaceous earth leads to the formation of
phases of the SAI-O-N system. The reaction products depend of the reaction temperature and
carbon/ silicon ratio, where many intermediate comms appear in small quantities. At low
temperature the reaction products are mixture of different oxides aNgDSnith morphology that
retain some features of starting diatomite. Powders obtained at higher temperature are the mixture of
sialon and sitton nitride with welldefined crystal geometry. In@sing carborsilicon ratio, the
amount of sialon increase compared to silicon nitride.

1.2.3 Diimide thermal decomposition

The diimide thermal decomposition fabrication proceemprises three major efis: (a)
diimide synthesis, (b) diimide thermal decomposition and (c) crystallization. In the first step, silicon
tetrachloride (SiG) and ammonia (NkJ are made to react by liquid phase surface reaction or vapor
phase reaction to synthesize silicon ddmi(Si(NH}) and ammonium chloride (NEI). In the
following step the Si(NH)is thermally decomposed at a temperature of about 1000 obtain an
amorphous silicon nitride powder. During the final step, the amorphous powder is crystallized in a
temperatre range of 136500 C to form thea-SisN4 powder[52]. This powder is characterized by
submicron equiaxed particles containing a large amouatpliase.

1.2.4 Vapor phase synthesis

The vapor phase synthesiekes place between different gaseous ispeio the temperature
range from 800C up to 1400 C. Usually, the starting materials are Si@hd ammonia which react
to form amorphous 8\s. Crystallization of the amorphous powder is carried out at temperatures
13001500 C. Deagglomeration is als necessary step to be carried @ymnthesis of powders by
lasers is a useful technique for making naime (16100 nm) powders starting from gaseous or
volatile mixtureg53] and is based on the absorption of infrared laser energy rtfdv@avelength fo
CO; laser) which is converted into vibrational modes of the reactant gases that produce very high
temperatures (above 100Q) for a short total reaction time (0.1 s or less). These conditions are
necessary for the initiation of a chemical reaction thal fresult of which is the formation of the
powder. Due to the coherent nature of the laser source, 4oaalized reaction zone can be defined.
The grown particles have a spherical morphology, small size; narrow size distribution and their
stoichiomety can be precisely controlled by adjusting the main process parameters such as laser
intensity, pressure in the reaction cell, reactant flow rates, reaction gas ratio and temperature of the
reaction[54]. All these powders are useful in structural ceraapiglications.

1.3 Processing techniques of silicon nitride ceramics

The high degree of covalent bonding makes it very difficult to produce pure dehke Si
ceramics by classical sintering (simple heating of powder compacts). The main reason fah#his is
the diffusion of silicon (at 1400C Dsi® 0.5 x 10'° m?@?) and nitrogen (at 1400C Dy° 6.8 x 10'°
m?@Y) in the volume or at the grain boundaries af\Sis extremely slow10]. As densification by
sintering requires mass transport via voduan grain boundary diffusion and since such diffusion is a
thermally activated process, a higher sintering temperature would result in a highly dense material
[49]. However, at high temperaturesii starts to dissociatgb(]. Therefore, sintering addies are
utilized as a possibility to promote liquid phase sintering and thus enhance volume or grain boundary
diffusion. As a consequence, many different sintering techniques have been developed:
14 Reaction bonding RBSN
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% Hot pressing HPSN
% Hot-isostaic pressing HIPSN
14 Gaspressure sintering GPSN
14 Pressureless sintering SSN

One common densification method is the nitridation of silicon compacts, leading to reaction
bonded silicon nitride (RBSN) materials. By this method, complex shapes can be prodinge
various ceramic forming methods (slip casting, injection molding, die pressing, isostatic pressing)
with low costs. However, the process leads to a material of limited density (ab88%6jQesulting
in poor mechanical properties. Because of #mdual porosity the strength of RBSN is relatively
low. Furthermore, the pore structure leads to high oxidation rates and to small erosion rggi&ance
51]. Thus, low densities and pore structure limit the range of possible applications of RBSNIisnateria
Hot-pressing of pure silicon nitride powder at high temperatures does not result in full density and
leads to the production of porous materials with properties similar to those of FEBM spite of
this, the first dense 4 ceramic was that aomplished by hot pressings8i powders containing
MgO as sintering additiv3]. Such kind of hepressed SN4 ceramics (HPSN) is a high strength
material, which can be used at temperatures up to 00O@&@hout a decrease in strength. Because of
high co$ and difficulties to machine the components,-piessing, today, has limited use for the
production of simple shaped parts and low quantities.

Another method is to apply isostatic pressure instead of uniaxial pressure, -isstetic
pressing (HIPSN)During this process a high gas pressure is applied to consolidate a powder compact
or to remove the residual porosity from presintered bodies. The uniform manner of applying the high
pressure results in fully isotropic material properties. The posgibilitise much higher pressures
than in uniaxial hepressing leads to an enhancement in the densification of the products. Thus, fully
dense ceramic parts can be produced from powders of lower sintering activity and with smaller
amounts of additives as cpared with unaxial hot pressing. Three different routes are used in order
to produce fully dense ceramics by the HIP technique: (a) HIP densificationsNf [@wder
compacts, (b) HIP densification of reaction bondetil.sand (c) HIP densification of nomhsintered
SisN4. All these techniques lead to materials which combine excellent mechanical and-thermo
mechanical properties. The main disadvantage of this method is its high cost. The most common
sintering/densification method for higirength SiN4 ceramics is gas pressure sintering (GPSN).
This method allows sintering of comptskaped parts with medium cost. However, the most
economical method is to sintersSi powder compacts with additive under 0.1 MPaai1700C-
1800 C, i.e. pressureless or nmal sintering (SSN). The powder mixturess{&iplus additives) are
compacted to required shapes by various shaping methods. Ceshplgad components of dense
SisN4, which require little machining, remain after sintering. Because the highest sintering
temperature is restricted by thermal dissociation aN$[53], relatively large amounts of additives
are necessary to fabricate higbensity materials.

2. Sintering
2.1 Basic theory of liquid phase sintering

Ligquid phase sintering (LPS) is the sintgriprocess in which a part of the material being
sintered is in the liquid state. This is a conventional technique, that has been used to manufacture
ceramics for many centuri¢S4]. LPS is important for systems which are difficult to densify by solid
stak sinteringj.e. ceramics that possess a high degree of covalent bofeEm&isNs and SiC). The
liquid is normally produced from a mixture of at least two powders, a major component and an
additive. On heating of the mixture, the additive melts ortseadth a small part of the major
component to form a eutectic. The amount of liquid produced at the sintering temperature is usually
maintained in the range ofE vol%. In most systems, the liquid does not change its volume. Due to
persistence of thdaduid throughout the sintering process, this condition is referred to as persistent
liquid-phase sintering. In other systems, the liquid may be present over a major part of the sintering
process and #n disappears by different ways:
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1. incorporation into theolid phase (formation of a solid solution),
2. crystallization of the liquid or devitrification of glassy phased
3. evaporation.
All these situations are referred to as transient ligphidse sintering. Transient LPS is a very
important technique in thergiering of SiN4 with additives for producing denseslSi based ceramics.

2.1.1 Factors controlling liquid phase sintering
Liguids with a low surface tension readily wet solids, giving rise to small contact angles,

while liquids with a high surface tensi show poor wetting, forming larger contact angles (Ey.

0 g <90 - good wetting

AT

0 g>90 - poor wetting

AMMMINITHa.S.

\\\\\\\\\\\\\\\\\W g=0 - complete wetting

Figure 10. Wetting behavior between a liquid and a solid.
At the molecular level, if the cohesion betweer tlquid molecules is smaller than the

adhesion between the liquid and solid, the liquid has a tendency to wet the solid. The degree of
wetting is quantified by the equilibrium contact angle that forms between the liquid and the solid and

is defined in Figl1.

YLV

YL 9 st interfacial tension

_€d >

Figure 11. Equilibrium contact angle between a liquid and a solid.

If the energies of the liquid/vapor, solid/vapor and solid/liquid interfacegyarg. and g
respectively, then a simple balance of forces indicatpslibrium according to the equation given

below:

Gv =G+ gvog (2.2)

Hence, higher values df, and lower values of and/org, promote wetting. This equation,
derived by Young and Duprb5], shows that a necessary coiwtit for liquid-phase sintering to
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occur is that the contact angle must lie between 0 an®Gtay consistent with the drawings). For
higher contact angles|/2), the liquid will bead up in the pores and the sintering can occur only by
the solidstatemechanism. The contact angle also has an important effect on the magnitude and nature
of the capillary forces exerted by the liquid on the solid gri&fis

The other necessary condition for LPS is that the liquid distributes itself to cover the surfaces
of the particulate solids. The complete penetration and separation of the grain boundarygoydthe
depends on the dihedral angle which is defined as the angle between the solid/liquid interfaces as
sketched in Figl2:

Qb= 2 COS §//2) (2.2

The grain boundary energg$) must be less than twice the solid/liquid surface eneggy
[57]. Thus, high values a, and low values ofy are desirable. The microstructural features obtained
for various values of the dihedral anglee listed inTable 6. Fory = 0, the liquid completely
penetrates the grain boundaries and no solid/solid contact existandieases, the penetration of the
liquid phase between the grains decreases and the number of solid/solid contacts increases.

Grain ‘ Grain

Grain
boundary

YSS
Figure 12. Equilibrium dihedral angle between a grain and the liquid phase.

Table 6. Microstructural features of liquighase sintering as a function of dihedral angjgs (

Dihedral angle §) Microstructure
0 isolated grains separated by liquid phase
0-60 partial penetration of grain boundaries by liquid along the thram edges
60-120 isolated pockets of liquid at extended f@uains junctions
2120 isolated liquid phase at four grain junctions

Surface tension between solids and liquideegates capillary forces, which may give rise to
very strong attractive forces among neighboring grains. The contact stress that is generated upon grain
impingement, in combination with the lubricating potential of the liquid, enhances the dissolution of
solids leading to rapid particle rearrangement and densification. The main processing parameters,
such as particle size, green density, sintering temperatures, time and atmosphere, have large effects on
the material characteristics obtained by ligpithsesintering. All of these factors contribute to the
complexity and difficulty in understanding liquhase sintering mechanisms.

2.1.2 Basic mechanisms of liquahase sintering

The plausible mechanisms for ligypthase sintering have been describedeiraitiby Kingery
[58, 59, Petzow et al[60] and Germatj61]. In order to understand these mechanisms, a number of
experimental and theoretical investigations were made. All of them come to the same conclusion that
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the LPS process occurs in three stagesthat there is some degree of overlapping between the
theories. Classically, the following sequence of sintering stages is considered to be prevailing:

1. Particle rearrangement,

2. Solutionreprecipitationand

3. Solid-state or skeleton sintering.

2.12.1 Paricle rearrangement

Rearrangement is the dominant process in the first stage. After a liquid has been formed
within the powder compact, rapid densification occurs, due to liquid capillary forces via the
movement of the solid particles from their initial fgimss towards an arrangement of random dense
packing and a higher degree of space filling. Rearrangement is also an effective densification
phenomenon during the whole shrinkage period, even during solid state sifégfing

This process is rapid. Howayeexcept for large liquid contents, it cannot lead to complete
densification. Many parameters, such as the amount of liquid, its viscosity, green density, wetting,
sintering temperature etc. strongly @&jprdachant t hi s
which the rate of densification corresponds approximately to the viscous flow and follows a relation
as given below:

DL/Lo°1/3DV/Vo© tH* (2.3)

whereDL is the change in length and the original lengthPV and \, correspond to the change in

volume and initial volume respectively. The exporiexy is slightly greater than unity due to the fact

that pore sizes decrease and the driving force increases during the process, while at the same time t,
the resistance to rearramgent, increases from the initially pure viscous flow. There are other
approaches to analyzing the rearrangement during Yghéde sintering, such as analysis of the
capillary forces between particles separated by a liquid layer. All of these modgldtareomplex

and calculations are very cumbersome.

2.1.2.2 Solutiorreprecipitation

In the second stage, the rearrangement efficiency decreases significantly and the- solution
precipitation process becomes dominant. Capillary forces generate a diffénetiee chemical
potential at the points of contact between grains when compared to the areas that are not in contact.
This chemical potential gradient induces the dissolution of atoms at the contact points and their
reprecipitation away from the contacteas, which leads to shrinkage and densification. The
necessary condition for the process to occur would be a finite solubility of the solid in the liquid and
good wetting ability of the liquid. In addition to densification, coarsening can occur simulsanbgu
the dissolution of the smaller particles and their reprecipitation on the larger particles. The dissolution
and reprecipitation of dissolved materials contributes to the microstructural development, shape
accommodation and grain growth.

There are tw theories explaining the evolution of densification during liquid phase sintering,
namely the contact flattening theory and the pore filling theory. The fundamental difference between
these theories lies in whether the grain shape is changed or not densi§cation of the powder
compact. Kingery58 proposed that shrinkage and hence densification is achieved by the matter
transport from the contact area between grains to theoothct neck region, analogous to sdldte
sintering. The contact remis between particles become flat. This process results in a continuous
change in grain shape, until there is a complete elimination of the pores. A number of investigations
were confirmed this theofp9, 63, 64, 65, 66

Another mechanism of densificatiohas been proposed according to microstructural
observationg67]. In this model, an isolated pore was eliminated by the instantaneous filling with
liquid [68, 69. Upon prolonged sintering, the liquid pocket is eliminated by microstructural
homogenizatio due to material deposition of the grains at the concave surfaces and growth toward
the liquid pocket center. Once the pore filling occurs, the grains grow into the liquid pocket, resulting
in microstructural homogenizatiofy0, 71, 72. This solutionprecipitation process is the classic
Ostwald ripening procesgr3]. Dissolution of the small grains and precipitation away from the
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contact points causes the centers of the larger grains to approach each other, resulting in shrinkage.
Ostwald ripening is thaht to accompany the densification process.

2.12.3 Solidstate or skeleton sintering

The last stage is referred to as sdlidte controlled sintering. The overall shrinkage or
densification rates are significantly reduced due to formation of a tkgigten that inhibits further
rearrangemeri74, 73. Coarsening is the dominant process. The three stages ofpigase sintering
are sketched as a sintering curve in ERy.

Relative density

Stage I-rearrangement
Stage ll-solution-precipitation

i Stage lIl-Solid state sintering

Sintering time

Figure 13. Schematic diagram illustrating ther¢e stages of liquighase sintering on a typical
sintering curve.

Particle rearrangement ike process occurring the fastest on a time scale of mifitégs
The solutionreprecipitation process and skeleton sintering depend on diffusion throughuideaind
solid, respectively, and hence, are slower in comparison to | stage (particle rearrangement).

2.3 Consolidation of SiN4 powders

The mechanical properties and reliability of theNsibased ceramics are strongly dependent
on their density and miostructure. However, densification of puresNai powder compacts is
inhibited by the strongly covalent character of theNsbond, which results in an extremely low self
diffusivity of SisNs. Therefore, sinking @N. ceramics to full density requires thmresence of
sintering additives to form a eutectic melt (liquid phase sintering). The liquid acts as a mass transport
medium during densification.

After sintering, upon cooling, the liquid forms grain boundary phases which are either
amorphous or crystéie depending on the type and concentration of additives. The introduction of
sintering additives is a critical step in the production process. Inhomogenities introduced at this stage
remain inside the material and degrade the mechanical properties ditselof SisN. based
ceramics. It is important to find powder processing routes able to produce high homogenity in powder
premixes/mixtures in order to produce materials with optimum properties.

Various preparation routes for engineering ceramics paatiere been used. The best results
are obtained by chemical routes, but this method is more costly in terms of industrial manufacturing
than conventional milling techniques. Milling is the most common and industrially preferred method
of adding and mixinghe additives with the matrix.

The effects of different types of homogenization procedures (ball milling, attrition milling
and vibratory milling) on the properties of:84 powder and sintered bodies are described in detail in
thefollowing text
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2.3.1 Experimental methodolodggr powders processing
Usually, starting material used to fabricate green bodies is commegiap8wder. The low
cost powder has advantagaedto price of final productsTypical chemical analysis of low cost

powders and its chacteristic i

mpurity contents are givenTiable 7.

Table 7.Characteristic of initial powder

N >38.5 wt.%
Si free <0.5 wt.%
SiC <0.4 wt.%
Al <0.1 wt.%
Fe <0.04 wt.%
Ca <0.02wt.%
O °0.5wt.%
a/(a+b) i SisN4 0.8
Specific surface area (f(g) 3.2
Density (g/cn?) 3.2

Mean patrticle size dso (mm) 17

Component 1: SN4 Powder

Component 2: LiYQAdditive

v v
Weighting

\ ! I
Vibratory Milling (4 h) Attrition Milling (1,2,4 h) Ball Milling (1,2,4 h)

v v v v

Dry Isoprlapanol Isoprapanol(SeN4 ballg 1 Isoprapanol

l .mm) (Si3N4 ballg 10 mm)

v v

Separation of slurry / milling balls(Sieving : 320/32mm)

A 4

Evaporationof milling medium Roto-dryer 65 C / 65-70 U min)

v

Drying 60 C /16h

v

A 4

Granulation Sieve size : 160m)

v

Pressing (CIRRubber die / 240 MPa

v
Sintering

Figure 14. Schematic diagram of sample preparation method

In this caseadditive wasthe LiYO, compound synthesized by mixing-asceived ¥Os; and
Li,CO; powders, and calcining at 140€ for 4h. Powder mixtures were prepared by vibratory
milling, ball milling and attrition milling in isopropanol with $l. milling media for different times.
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One probewvas mixed in a vibratory mill without any fluid media. The slurry was separated from the
milling media in a rotating vacuum evaporator. Completely dried powders were obtained after 16 h at
65 Cin a drying oven. They were subsequently sieved to obtairsdiigs with a maximum size of

160 mm. Green body compaction was done by cold isostatic pressing at 240 MPa. The preparation
method is schematically represented in Hig. The obtained mixtures were characterized for their
particle size distribution (lasegranulometry) and specific surface area @dsorption isotherms,

BET). For the determination of oxygen contents, a gas analyser (type TC 436, Leco Instruments) was
used. Microstructures of aseceived and sintered samples were examined by scanningoelect
microscopy (SEM). Backscattering imaging of elemental yttrium with the SEM was used to examine
the homogeneity of the additive distribution in the green compacts. For this purpose the green
compacts (10 mm in diameter) were formed via isostatic pgesdidifferent powder mixtures and
coated with carbon to make their surfaces electrically conductive.

2.3.2 Results and discussion

Powders with favorable pressing and sintering characteristics are distinguished by: high
percentage of tha-SizN4 phase ¥90%), high surface area, narrow particle size range, low content of
impurities (Fe, C, Al, Ca, O) and egaxed grain morpholog}6]. In contrast, aseceived powder is
a coarse grained powder with a broad particle size distribution. IEgdepicts the pader
morphology. Equiaxed, relike and a few needishaped particles can be clearly identified. The
presence of these particles leads to decreasing compressibility and hence to low green density. The
starting material could be pressed to only abdd¥o50f the theoretical densityThis powder
morphology is connected with a low specific surface area and with low oxygen content8jTable

According to above criteria, used powder is not considered to be a good sinterable powder.
However, during the homogenigat by milling several processes are occurring simultaneously. The
surface of the powder increases owing to the deglomeration and to the grinding of the crystallites. As
a result, the oxygen content increases. We shall examine below whether used powder can
converted into a sinterable powder by mixing/milling processing.

B et 7 v

-~
[Fe
-

(F e _
xX3000
#ETT7O011 HMPI/ALD/RI

Figure 15. Typical SEM micrographs of agceived silicon nitride powder
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Table 8 shows the effects of milling time and method of dispersion orptbperties of the
SizN4 powder. The specific surface area increases for all types of homogenization, but it is most
pronounced in attritiomilled mixtures (Fig 16).

Table 8. Effects of milling time and different types of homogenization procedureseoprtiperties of
SisN4 mixtures

Ti ii f f Increase of
Homogenizatin |Pr:1e Specific SZL/J ace area Content(g oxygen conten
(h) (m?/g) oxygen @t96) | °T 1o
Planetary milling 1 5.46 2.82 1.01
Planetary milling 2 5.61 2.87 1.06
Planetary milling 4 6.35 3.31 1.50
Attrition milling 1 6.83 2.73 0.92
Attrition milling 2 8.99 2.89 1.08
Attrition milling 4 13.78 3.67 1.86
Vibratory milling (dry) 4 4.71 2.36 0.55
Vibratory milling (alcohol) 4 12.26 3.98 2.17
> 14-
g -
5 -
o 12—- ////
© 10 /”/
o 10-
O | e
CU ////.
T 8 //
S -
] [
O 6 "
= u u
O &
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Figure 16. The effects of millingime on the specific surface arda{planetary milling;
D- attrition milling;, -dr y vi br at-alcohol vibratory miling); 6

For planetarymilled mixtures, the specific surface area was significantly increased after the
first hour of milling, while upon prolonged milling it stays nearly constant. In the case of attrition
milled powders, the surface area continues to grow during prolonged milling and increases by more
than 10 n¥g after 4 h of processing, as compared with theeesived SiN4 powder. Vibratory
milling in alcohol shows very good results, but for dry vibratory milling the specific surface area
increase in surface area is less than for all other processing methods.

Increasing of specific surface area is due to grinding of thetatliyes. Fig.17 illustrates the
change in particle morphology after attrition milling in comparison witheasived powder. Relike
and needleshaped particles disappear, and all particles have araegdishape. This has the positive
effect of impraved compressibility.
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Figure 17. SEM photomicrographs of aecelved and attrltlon milled (4h)38i4 powders

Table9 shows that during all milling procedures, the oxygen content increased significantly
with milling time. This is very important bease the composition of the melt depends on type and
amount of the additives and the oxygen content in tks $owder. Higher oxygen contents result in
increased amount of liquid phase and thus in an enhancement of the rearrangement and diffusion
processs. For the coarsagrained powders this effect is more significant. An oxygen content of at
least 1.5% is necessary for high densification. E8y.Shows the oxygen content as a function of the
presence of the sintering additive and the milling procedsesl. The overall oxygen content was
calculated as the sum of oxygen from the sintering additive.6 LiYO,) oxide layer on the surface
of the SiNs powder. The highest increase was obtained for attrition milling (4 h) and vibratory
milling (4 h in alcdol), which corresponds well with the increase specific surface area.

S 54 Vibratory
e P Attrition milling
s anetary milling w
= 44 milling 4
c
g ) o
8 34 12 1 2 milling
c | d
g Oxide added
> 27
=
(@)

1 1 As-received
ol |

Figure 18.Oxygen content during processing with LiY&dditives (milled for 1,2 ; d-dry
milling; w-wet milling)

Fig. 19shows the elemental mapping fdtrium in different green compacts. The light spots
represent the LiY@that is distributed in the green compacts. Large spots imply an agglomeration of
the additive. The number of large spots was apparently greater in the samples prepared by planetary
milling, especially for the samples milled for 1 or 2 h. Therefore, many agglomerates of the oxide
additive exist in these compacts. The distribution of additives is obviously more homogenous in the
compacts prepared by attrition milling than the compadepged by planetary milling. A
confirmation for the higher quality of the additive distribution is density that is achieved after
sintering Table 9.
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Ianetary m|II Attrition milling
Figure 19. (a): Backscattered eleotn images of green compacts of yttribiiYO > containing SiN4
mixtures prepared by planetary and attrition milling for. 1h)

X LSKU WD : 15MN 2:@a008 P OOE0E
MPI/PMLAPRE

Ianetary milling

Attrition milling
Figurel9. (b): Backscattered electron images of green compacts afngtkiY O » containing SiN4
mixtures prepared by planetary and attrition milling for 2 and 4 h)

Table 9. Densities after sintering at 1600 with 3% of LiYO. additive, (TDtheoretical density)

, Ball milling Attrition milling Vibratory milling*
Time Density Density Density
(h) (glcn?) TD (%) (glcn?) TD (%) (g/cn?) TD (%)
1 2,35 73,3 2,58 80,5 - -
2 2,57 80,2 2,68 83,6 - -
4 2,56 79,9 2,92 91,1 2,94 91,6
* wet milling
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The sintered density after one hour of attrition milling is as high as after 2 dnaf4
planetary milling. With prolonged milling time attritiemilled samples increase their density. After 4
hours of milling, a sintered density of 91 % of the theoretical density is achieved. Comparable results
are obtained for vibratory milled powdefaet milling). However, during vibratory milling, the
powder mixture was contaminated by wear debris from the milling vial (tungsten carbide).

Different microstructures of sintered bodies are obtained for different homogenization
methods (attrition and vilitory milling). The material produced from attritionilled mixtures has a
finer-grained microstructure with lower aspect ratios compared to the vibraiteg mixtures Fig.

20). In spite of the higher aspect ratio of vibratory milled mixtures, theepiee of WC deteriorates
the hightemperature strength due to its thermal decomposition and the oxidation of tungsten.

@kY WD:3MM

Figure 20. SEM micrographs of polished and plasma etched sections of the sintered sampleg made b
different homogenization proceduréa) attrition milling, and(b) vibratory milling.

2.3.3 Summary

It was demonstrated the effects of different types of homogenization procedures on the best
distribution of LiYQ, additives in the matrix (8\W4). Using tree different mechanical mixing
processes (attrition milling, ball milling and vibratory milling) for the introduction of additives
(LiYO2) in SkN4 powder, the best results are obtained for attrition milling. This method yields a good
dispersion of thedditive powder in fine unagglomeratedhsi without contamination. It also yields
good sintering characteristics. Vibratory milling leads to a good dispersion of the additive, but the
mixture is contaminated by WC wear debris which remains inside theiaatduring and after
sintering and may affect the properties of the ceramics.
Generally, by optimizing the processing and sintering conditions it is possible to obtain materials
from the low cost powder with similar phase composition and macrostrugturemparison to ones
made from the reference powders.

2 4. Sintering additives

The desirable properties of s8ik ceramics are achieved only in a fully dense material.
However, it is difficult to densify $N4 into a usable form without the use of sitg additives as
discussed previously. Thus, using additives is a prerequisite for obtaining déWseegamics. The
type and amount of sintering additives determine the liquid forming temperature, the onset of
densification and its rate during sintegifiLl]. They also define the morphology of thegrains and
the characteristics of the graoundary phase, which in turn controls the Higmperature
properties. The role of the additive can be expressed by the following reactions:

(SisN4 + SiQ; + impuities) + additive [starting powddgr
®sintering temperature
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b-SisNs + liquid (SiQ: + additive + SiNa4) [sinterind
®cooling
b-SisNs + amorphous/crystalline phases (S#additive) [final product

Silica at the surfacef SiN4 powder particles reacts with the sintering additive producing a
liquid phase. The melting temperature of the addi8i®, composition and the amount and viscosity
of the resulting liquid phase are closely connected with the &@centration onthe SiN4 particle
surfaces, the amount of dissolvadSisN4 in the liquid and the impurity content of the starting
powder. The liquid promotes densification through a solutggmecipitation mechanism. Upon
cooling, the liquid solidifies and forms thesidual intergranular glassy phase and possibly secondary
crystalline phase®0].

Different types of additives have been employed for the pressureless and passsiesl
sintering of SiN4 ceramicq11, 49, 2, 91, 92

(a) Binary metal oxides or ternaryxioles which do not form solid solutions withslSi. They

remain as an amorphous or partially crystallized silicate graimdary phase. The more

thoroughly investigated additives are MgQ:0¥, Alz0s, La0s, CeQ, Y03, Zr0;,, Li20,

MgAIl20s, ZrSiOs,

(b) Oxides or noroxides or their mixtures which form solid solutions with\gj like BeO, AIN,

Al203 + AIN, Y203 + AIN, ZrN, ZrC, MgN2. They also form liquid phases with silica from

the SiNs surface.a-SisN. is dissolved in the liquid and qmrecipitated a$-SisN4 solid

solution which has incorporated a certain amount of the starting additive. During sintering,

the amount and composition of the liquid phase changes gradually and it has been envisaged

to be possible to produce a material without an amorphaoergiiahular phas®3, 94.

The eutectic temperatures of the commonly used oxide systems for theplisie sintering
of SisN4 are listed in Tablel0. However, it has been indicated that the presence of N lowers these
eutectic temperatures furthg5]. The alkali and alkaline earth oxides have a low melting point and
the viscosity of the resulting liquid is also low. The soludiffusion-precipitation processes are
enhanced. In case of reearth oxides, the melting temperatures with ;S#de higher and
densification rates are lowgs€].

Table 10. Oxide additives used for the densification of\Gi

Additive Tgmperature of liquid formationI:- .
MO, Slllcat_e Oxyr_utrld_e
MxOy-SIO MxOy-SiQ-SkN4
Li.O 1030 1030[97]
MgO 1543 1390[97]
Y203 1650 1480[99]
CeQ 1560 1460[97]
ZrO; 1640 1590[97]
CaO 1435 1435[97)
Al;03 1595 1470[98

The viscosity of the liquid phase has a strong effect on the grain morphology which in turn
affects the mechanical properties. Materials processed with additatesrtm liquid phases of higher
viscosity consist of grains with a high aspect rd®8], and as a consequence, exhibit better
mechanical properties both at room temperature and at high temperatures. Good examples for
different behavior of sintering addiés are magnesia and yttria, respectively. The temperature of
liquid formation for the MgGSiO,-SisN4 system is lower by nearly 100 in comparison with the
Y 203-Si0,-SisN4 system (Table.0). The MgO melt has also a lower viscosity tha$PAION melts.

The solubility of SiN4 in a magnesiurcontaining melt is higher than in an yttrieccontaining one.
Therefore, the effect of MgO additive as a sintering aid is more beneficial. On the other hand, the
higher viscosity and melting point of yttrivoontaining iquid allow the sintered product to retain its
thermomechanical properties at higher temperatures.
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From Tablesl0 and 11, it is clear that the sintering behavior is improved with increasing
amount of additives. However, high additive amounts above 2%vot certain thermodynamically
less stable additives and/or high oxygen content of the starting powders can cause the formation of
gas bubbles by increasing in the formation of gaseou$1fif).

Table 11. Summary of sintering studies ofsNi at atmosphc pressure with magnesia and yttria

additives and their compounfiE0(.

. Sintering temperature Sintered densit
Additive (T) (% TD) y
5 mol% MgO 15001700 86
10 mol% spinel (Mg@\l,03) 16501900 96
5 wt% MgO + 0.15 wi% Ca® 0.8 wt% FeO + 1750 95
4 wt% Y-03 + 2 wt% AlLO;

10 wt% MgQAl,0; 16001750 97
5 wt% MgO + BeO + Ce® 1800 97

4 mol% Y-0s + 2 mol% AbO3 1725 Not mentioned
10 wt% Y205 + 3 wt% ALO3 16001750 98
3.520 wt% Y>03 + 20 wt% AbOs 17501825 100
10 mol%Y,0s + 20 mol% SiQ 1750 90
4-17 wt% Y,0;3 + 2-4 wt% AlLO3 15001750 95

Also, the ratio of the components in the additive has a major influence on the evolution of the
microstructure. In case of yttria and alumina additives, with decreasing ratigOeftey Al.Os, the
microstructure beomes finer with a lower aspect rafi0?].

During sintering, the amount and composition of the additives may be changed due to
interaction with the atmosphere. Using nitrogen alumina can be partially reacted to AIN, which is
very easily dissolved in th8isN4 lattice causing a shift of the liquid phase composition and the
structural properties of the s8lx ceramics. At high sintering temperatures, the alkali and alkaline
earth oxides are unstable and evaporate. On the other hardardrexides are merstable than the
other additive§103, 104, and even during long sintering times no change in their concentration has
been found.

Often small deviations in compositions cause pronounced variations in effectiveness. For
instances, two different $is/addtive mixtures was sintered, where additive formulated based on an
addition of15 wt% of additives from the LO-Y 03 system (Table 12). The first additive was lithia +
yttria (molar ratio 1:1) and the second was Lb¥&3 the sole additive.

Table 12.Chenical composition of the starting materials §4}.

Mixture Si3N4 Li 20 Y203 LiYOz
M1 90 1.11 8.89 -
M2 90 - - 10

The values of relative density and weight loss for selected compositions are shHegu2ih
The relative densities increase for all siatesamples and for all selected temperatures. Samples with
LiYO2 addition show higher densities than samples wit®L+ Y>Os3 additions. For sintered $ls
with addition a YAIQ and Y>O3 + Al;Os has been reported similar behavior in the literaf@feln
contrast, the weight loss is lower for sintered bodies from additive wih+iY2Os.

The same trend is obtained for samples sintered at X6d0r different soaking time. The
density increases for both types of additive, but it are more emphasizadarof M2 composition
(Table 13. After 4 h of sintering, a sintered density of 95% and 91% of the theoretical density are
achieved for M2 and M1 composition, respectively.

67 Serbian Society for Innovative Materials in Extreme ConditionsEXMREME), Belgrade, Serbi



Qq@\@p Journal of Innovatve Materials in Extreme| 2022
Conditions | joums*

Issue 2

100 T T T T T T T T T T T T T T 1
o5 o [
S 907 O |44
e_/ i
> 85- §
n E [)]
L42 &
S 804 o
© | o 8
3 75- L0 2
g - g
© 704 /D S
] o ® - 3.8
65 - /
| e
60 —— 1 1 -~ 1 " 1 T 1 T T T " T 7 3.6
(@)
100 : : . - . - .
] L 4.6
95 - L
] O = L 4.4
o 907 0 '
I L 4.2
> 851 3
& ] 40 @
S 80 i =
© ] ° L 3.8 &
(O] wn
2 75_ ./ | o
% ] L 3.6 é,c
701 S
o ] L34
65 - L
b ./. —32
60 T T T T
1550 1600 1650 1700

(b)
Figure 21. Plot of rdative density and mass loss versus temperature for pressureless sintéred Si
with 10 wt% of (a) LiO»-Y 203 and (b) LiYQ. The soaking time at the temperature indicated was 5
min.

Table 13. Densities after sintering at 160Q with 10% of M1 and M2 congsition (TDtheoretical

density)
M1 composition M2 composition
Time Li»O + Y>Oz additive LiYO, additive
(min) Density Density
(TD) (TD)

60 83 90

120 89 93

240 91 95

Fig. 22.shows the temperature dependence of shrinkaigé §). The curves have ngg pan
parallel shape, which indicates that the same densification stages occur during heating, but the lengths
change is more pronounced in samples from mixture M2.

The transformation of-SisN4 to b- SisN4 evolves with sintering temperatures. The ratio
b/(a+b) was detrmined by XRD and is shown inig- 23. At lower sintering temperatures, the
amount of phase transformation is slightly higher for samples made from the M1 mixture. At 1700
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“C, however, the- b transformation is completed in the Li¥®ystem while in case of the mixture
(Li20+Y203), a small amount cd-SizN4 (3 wt%) still remains.
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Figure 22. Linear shrinkage of &4 green compacts with 10% of additivgLiYO», -LpO-Y:0s)
after heatreatment at 1550700 C for 5 min.
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Figure 23. Evolution ofb phase as a function of the sintering temperatures.

Different microstructures of the sintered bodies are obtained for the two different
compositions (M1 and M2). The material produced froomposition M2 has a finegrained
microstructure with lower aspect ratios compared to the sintered bodies prepared from composition
M1 (Fig. 24).

As mentiored sintering additives determine the temperature of the onset of liquid formation
and rate of derfgcation during pressureless sintering. They also have an influence on the morphology
of SiN4 grains and on the grain boundary phase. The additives used in this study cause eutectic
temperatures of 1258C for the pure LiO-SiO; and 1650 C for SiQ-Y 203 oxide systen{10, 11]
respectively. In th&i>O-Y.0s system, there is only one compound, Ly @hich is stable up to 1880
“C[12]. The lowest liqudus temperature in the¥D-SiO, system is 1350C [12]. In this respect,
there is a difference in usinga$e two systems (M1, M2) during liquid phase sintering ¢fl.Sin
spite of the lower melting point in 8Bl additive M1, the degree of densification is higher in the
system SiNs/additive M2. This behavior is should to be related with the formatiomoids with
different amounts of LD and Y%Os; in composition M1. The LD-rich liquid enhances the local
densification, while the XOs-rich liquid hinders local densification. Deviation from the equimolarity
of the additive components leads to a lowerrdegf densification. In case of the composition M2,
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there is no deviation from the equimolarity ofo@i and Y.0Os; in the liquid phase which is
consequently more homogeneous.

(b)
Figure 24.SEM micrographs of pressureless sintered materi8@@ C for 4 h with additives of (a)
composition M1, (b) composition M2

The difference in densification behavior, as well as the higher weight lossNafvidth the
composition M1, as compared to composition M2, can be explained by referring tie¢rentivapor
pressures of the additive systems. The vapor pressure.Of d0on reaches high values upon
increasing the temperature (1Pa at 1300C, 1 Pa at 1500C and 10 Pa at 160@) [13]. Li-O is
removed in gaseous form from the specimens at d¢emtypres below 160C. Consequently,
vaporization of LiO changes the composition of the liquid during heating in tbds$i,0-Y 03
system. Since the vapor pressure of LiY©lower in comparison to compared teQj differences in

densification behavioand weight loss that are obvious from figure 1 become understandable.

However, in contrast to the densification behavior, #eSisNs to b- SisNs phase
transformation is more pronounced in the case of composition M1. With composition J@1rjdh
liquid reduces local the viscosity which leads to the dissolution of soghk faito the liquid and
enhances the phase transformation. With increasing temperature the viscosity of the liquid phase is
decreased resulting in a faster solutgbffusion-precipitaton process. In case of composition M2, the
improved homogeneity of the liquid leads to a sluggish but compl&3eN, transformation.

Inhomogenity of liquid phase results in some residual porosity that is distributed within
material sintered with the aifide of composition M1 (Figure 2.6.4(a). This is due to evaporation of
the LpO-rich liquid. In contrast, samples prepared from composition M2 have a homogeneaus
distribution of elongateli-grains without porosity.

Results show thaltiYO, has a more befieial effect on sintering than thei.O + Y,03
mixture. UsingLiYO as sintering additive leads to higher relative densities and to less weight loss, as
compared to samples sintered withL&O + Y203 mixture. Also, thea to b-SizNs phase
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transformations completely in the syste8isN4/LiYO. additive. It leads to a relike microstructure,
which has potential for good high temperature properties.

The difference in sintering behavior occurs because of the heterogeneity of the liquid phase
formed in the LiO + Y,0Os; mixture-containg samples.

2.5 Liquid phase sintering of silicon nitride

Many manufacturing techniques such as pressureless sinteriAgregasres sintering, hot
pressing and hasostatic pressing, which are employed for obtaining dendé Bodies, are related
to liquid-phase sintering. The sintering behaviour ofN%iceramics is affected directly by the
characteristics of the liquid phase present. If the liquid fulfills the conditions of good wettability and
solubility of SgN4, densificaion can be described according to the standard mechanisms of liquid
phase sintering: particle rearrangement, solypigtipitation and particle coalescence (or grain
growth). During the sintering o&-SisN4, the phase transformation to-SisN4 is an addibnal
phenomenon interrelated with this sequence.

2.6 Densification

The densification of SN, is negligible before the formation of the liquid. Once the liquid is
formed, densification takes place through particle rearrangement, due to capillaryafoetsiled
above. The extent of particle rearrangement is mainly dependent on the size and shape of particles and
amount and viscosity of the liquid phase. The rearrangement process ceases when interparticle
contacts are formed that prevents the system further densification. After formation of the particle
bridges, however, the solutigarecipitation process starts resulting in the collapse of the bridging.
This leads to densification by secondary rearrangement and -tewtmter approachi62]. The
driving forces for the second stage are the higher solubility at the contact points of the particles and
the differences in the chemical potentials between small and large particles, that lead to dissolution of
small particles and precipitation of matter the surface of larger particles.

There are two possible rate controlling steps during sohgtienipitation, namely surface
reaction and solute diffusidi’7]. Which process would be dominant can be decided if the activation
energies are obtained frame reaction kinetics. In case of the surface reaction, the activation energy
ranges from 290 to 435 kJ/mol. This value matches tHd Bond energy{78]. For the solute
diffusion mechanism, the reaction activation energy lies in the range Gf3BRJ/nol. These values
correspond to the energies of Si diffusion in various silicate gl§gSpdn addition, the reaction is
not sensitive to changes in either the liquid composition or the liquid content for the surface reaction
controlled mechanism whenmpared to the solute diffusion mechanism.

2.6.1.Densification temperature

Identifying the liquid forming regions for powder compacts of the systeghs-8dditive is
guite complicated due to the presence of variable amounts gii#i@@h is an inherertomponent of
SisN4 powders. In order to optimize thesSi-additive material system, a series of dilatometric tests
has to be performed.

In this chapter it was demonstrated the densification ¢f.Sodies in case of different
additives.

According to tle ternary diagrams for the0-Y»03-SiO, [14( and LbO-Al.0s-SiO; [141]],
systems, the nominal eutectic temperature is 1850 both cases. However, due to the dissolution
of SikN4 into the liquid phase, the overall liquid forming temperature is exge¢otbe lower than the
nominal eutectic temperature.

2.6.2 SEN4-LiYO-SIQ, system
The dilatometric data (Fi@5) show that shrinkage first occurs at 12@and becomes rapid
at 1275 C in the case of samples with 15 and 20 wt% of Li¥d@ditive. In @se of samples with
lower additive contents (5 and 10 wt%) the onset of shrinkage is retarded and its magnitude is much
reduced. The onset of shrinkage can be related to liquid formation in the samples. This is in response
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to the melting point in the kO-SiO, system (1255C) [142. The shrinkage accelerates when enough
liquid phase for efficient densification by particle rearrangement has been formed.

Fig. 26 shows the effect of additive content on the linear shrinkage of the samples after heating to
1500 C in dilatometer experiments. More liquid is formed as the amount of additive is increased. The
maximum linear shrinkage of 11.9 % is obtained for 20 wt% of additive.
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Figure 25.Length change of 8\, green bodies (& wt.%, B-10 wt%, G15 wt%, D-20 wt% of
LiYO2) between room temperature and 15G0A cylindershaped test body was examined by
dilatometry in nitrogen atmosphere.
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Figure 26. Linear shrinkage versus additive contendilatometerexperiments, aftest holding time
of 5 min at 1500C.

The presence of kO in the liquid leads to lower melting point and a less viscous liquid phase
at a given temperature, which allows faster transport of material through the melt. The redistribution
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of the liquid and the filling of pores is also facilitated. This allows high density values to be reached at
relatively low temperatures (Fig7). The density of samples with 15 wt% of additive is 2.84 gam
1300 C and more than 2.95 g/émat 1350C. With prolonged heating time, differences in the degree

of densification become smaller. The increment in the sintered density likewise diminishes with
increased quantity of additives (FEB).

2.98 ]
2.96 © ®
2.94
2.92
2.90
2.88

2.86 4

Bulk density (g/cm®)

2.84 | N

2.82

T T T T T T T T T
1300 1350 1400 1450 1500
Temperature (°C)

Figure 27. Density according to titometric measurements okl with 15 wt% of LiYQ, additive
after a holding time of 5 min at the temperatures indicated

The densification of SN, ceramics is enhanced by increasing the liquid content and
decreasing the liquid viscosity. The highee thiYO. additive content in the liquid, the higher the
oxygen content and therefore the lower the viscosity of liquid phase. On the other hand, dissolution of
some SNy into the liquid increases the viscosity of silieoxynitride glasses due to increasin
nitrogen content. This also influences the shrinkagedatiag densification

The results show that all materials were not fully dense afteouligttic measurements up to
1500 C. The best results were obtained for samples witbr1Z wt% of additve. In view of the
mat erial s6 properti es 9%tatdidive contanh mag &e censigerd dsead , 15
auspicious compromise.
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Fig. 28.Influence of the amount of LiY£bn the densification of S\, samples fired at I® C with
a holding a time of 5 min.
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The change in length and rate of shrinkage are shown iV&i@) and (b) respectively. It
can be seen that the shrinkage curve has a sigmoidal shape. As mentioned earlier, shrinkage starts at
about 1200 C and proeeds rapidly above 127%. The shrinkage continues during the first 30 min
of isothermal annealing at 150D, after which a plateau is reached. The total linear shrinkage is about
11% immediately after reaching 1500 and 12.5% after annealing for 2 hlis temperature.

The shrinkage velocity curve shows three maxima at 1274364 C and 1453C (points 2
to 4). The appearance of the liquid in the sample starts at TL&foint 1). Point 1 agrees with the
melting temperature in the 40-SiO, system[142. The maximum at 1275C (point 2) is related to
an increasing amount of liquid phase, which surrounds the silicon nitride particles completely,
favoring grain rearrangemefit43. The XRD pattern of the sample quenched at this temperature
shows crysdlline yttriumssilicon oxynitride ¥(SiQs)sN (-BE Nat i t e 0 )-silicon akynitridet h i u m
(LISINO) phases, which indicates the dissolution of som&l,Snto the liquid Table ). This
confirms that LiYQ acts as a very good flux and a solvent faNgthat is also a prerequisite for a
good sintering additivgl44].

2.6.3 Sintering density
Nonisothermal sintering experiments up to 15G0shows that the relative densities reached
are still too low for high mechanical strength and hardness. In ordertherfincrease the density to

above 95%, densification was conducted at different temperatures from@%5&@0700 C with 50 K
intervals for different holding times.
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Figure 29.The difference in the densification behavior betw SiN.-LiYO 2 and SiN4-LiAISiO 4
ceramics with 15% of additive sintered at different temperatures from C4fto 1700C with a
holding time of 5 min.

The influence of temperature on densification during sintering at higher temperatures for very
short annealing time (5 min) is given in Fi@9. At lower temperatures densification is more
pronounced for bodies sintered with Li¥Y@dditive. The densification increases monotonically with
increasing temperature. In the case of LiAlS&dditive, with incrasing temperature the increment
between the density values gets higher until 1&50At 1700 C, > 95% of the theoretical density are
obtained with both additive systems.

The densification behavior at 1500 as a function of annealing time is showntfor SgNa-

LiYO, and SiN4-LIAISIO 4 systems in Fig30 and Fig.31, respectively.
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Figure 30. Relative densities at 150C vs.annealing time for SN4 with LiYO; additives (5, 10, 15
and 20%).

At 1500 C, densification is highr by nearly 2% with the LiY@additive when compared to
LiASiO.. In the case of LiY@ the maximum density is obtained for bodies having higher additive
content, while in the case of LiAlSi@dditive, the densification is nearly the same for bodies 1ith
and 15% of additives. The difference in densification versus additive content is more pronounced in
the LiYO, additive system.

The relationships between relative density and sintering temperature for the compositions
with different amounts of additivese listed in Tabld4 and Tablel5, respectively.

In case of bodies with at least 15 wt% of Liy&dditive, high relative densities are obtained
after just 2 h of sintering, while the densities remain nearly constant upon prolonged sintering.
However, allsamples sintered at higher temperature and longer annealing times show the same trend
of decreasing density. The samples sintered at 165Were found to exhibit higher densities in
comparison with samples sintered at 1660and 1650C.
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Figure 31.Relative densities at 150C vs.anealing time for SN4 with LiAISiO 4 additives (5, 10,
15 and 20%).
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Higher relative density obtained at lower sintering temperatures may be attributed to the
lower partial pressure of evaporatippases at these lower temperatures, especially with respect to

lithia and silica. It has been noticed during dilatometric measurement that a significaniossass
occurred.

Table 14.Densities after sintering with different amounts of the Li¥a@ditive.

Additive 1550C 1600C 1650C

i&;%‘t 2h 4h | 8h | 2h | 4nh | 8h | 2h | 4h | 8h
5 88.7 | 88.95| 88.1 | 885 | 882 | 87.8 | 881 | 80.0 | 79.6
10 949 | 951 | 950 | 952 | 949 | 942 | 93.7 | 93.1 | 92.4
15 983 | 98.3 | 98.3 | 98.3 | 98.1 | 97.2 | 983 | 97.8 | 975
20 983 | 982 | 98.3 | 98.3 | 97.8 | 97.8 | 98.2 | 97.6 | 975

As shown in Fig32, Li»O starts to evaporate from the samples at temperatures above 1300
“C and the Li concentration is drastically reduced after holding times of several hours atC1500
After 8 h, the residual kO content isas small as 0.08 wt%. This is in good agreement with published
data[147] for the vapor pressure of 40 and its evaporation at higher temperatures. In contraSg, Y
is very stable based on thermodynamic calculafi®4§ and has no tendency for volat#ition under
the conditions investigated. Therefore, it can be concluded th@t isiremoved in gaseous form
during sintering, changing the liquid to a comparatively higting, Y-Os-rich composition. The
lowest melting temperature in the systeaO¥SiO, is 1650 C [98]. Thus the liquid phase is mostly
transient and this must have a marked influence on the kinetics of densification and phase
transformations in the system studied.
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Figure 32.Lithia losses of SN4 compacts wh 15 wt% of LiYO; additive during dilatometric
measurement and upon prolonged annealing time at 1500

In case of LIAISIQ additive, the samples sintered with lower additive content exhibit higher
densities in comparison with samples containing mdiditize. The highest value of 98.3% for the
density is obtained for bodies with 10% additive content. The densities remain nearly constant on
prolonged sintering at all sintering temperatures.

According to XRD patterns, at 150C all of the LiAISiQ, addiive is converted into liquid.

The liquid phase formed in the LiY:Oadditive system contains less silica and hence, it is

thermodynamically more stable than the liquid phase in the LiAlS¥3tem which contains a
substantial amount of silica.
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Table 15 Densities after sintering with different amounts of the LiAlSa0ditive.

Additive 1550 C 1600 C 1650 C

content

(WL9%) 2h 4h 8h 2h 4h 8h 2h 4h 8h
5 90.1 89.7 89.4 89.5 89.2 89.0 89.1 88.8 | 87.9
10 98.3 98.3 98.3 98.3 98.1 98.1 98.1 97.7 | 975
15 98.3 98.3 98.1 98.3 97.9 97.2 97.4 97.2 | 96.8
20 93.6 92.7 92.4 93.0 92.3 92.0 92.3 915 | 91.2

In other words, a larger amount of the liquid phase in the LiAIS¥3tem leads to more
evaporation according to the reaction:

SisNs (s) + 3 SiQ (1) = 6 SiO (g) + 2 N(g) (2.4)
10
9] v LY5% e LAS 10%
{ w LY10% @ LAS15%
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Figure 33.Mass loss as a function of temperature fgNScompacts with different amounts of
LiYO» and LiAISiOs additives during sintering with a holding time of 5 min.

High mas loss is harmful to sintering, which is reflected in the observation that the density of
samples having 20% of additive is always smaller than densities of bodies with 10 and 15% of
additive.

The mass loss upon sintering with the LiAlg&iditive systenin comparison to the LiY®
system is shown in Fi@3. The same trend is also observed during isothermal annealin@4Fig.

Reactions between $8is and the glassy phases are responsible for the instabilitysldi Si
ceramics at elevated temperature. Hesve ALOz; and YOz are stable based on thermodynamic
calculations[148. In contrast, the high vapor pressure of lithia causes its easy evaporation as
mentioned earlier. It is expected on the basis of the vapor pressure dataOfgd41] that lithia
shauld volatilize completely at higher temperatures. However, the results of the chemical analysis of
the samples are in contradiction with this assumption, especially for LiAISiO
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Figure 34.Mass loss of SN ceramics with th additive systems LiYE(LY) and LiAISiO4 (LAS),
heattreated at 1550C and 1600C under 0.1 MPa Nas a function of soakirtjme.

The content of lithium in the . ceramics sintered for 4 h at various temperatures is
indicated in Fig35. The lithium content in the samples changes slightly in the case of the LIAISIO
additive. However, with the LiY® additive the lithium content decreasegynificantly with
temperature.

On the basis of these findings, it can be concluded that the major part adishdass of the
SisN4 ceramics during sintering occurs according to the reacfiof), (as mentioned before. This
reaction is well known from thermodynamical and experimental work on tieCsisystem[149,

157. Since the silica content in the liquid phds higher with the LiAISi@ additive than with the
LiYO. additive, the rate of the decomposition react@#)(is faster and consequently the mass loss is
high for samples having 20% of additives. Additionally for higher additive amounts, gas bubbling
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occurs caused by an increased formation of gaseou$18ilp. This is the case with the LiAISKO
additive which has a higher oxygen content than the Lixdditive.
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Figure 35. Mass loss of lithium in @N4 samples sintered at various temperatures

2.6.4 Mg-exchange Zeolite Additive

The other example is magnesium alumosilicate (MgAS). Since melting temperatures are
relatively low in the magnesium alumosilicate (MgAS) system, suitable sintering additives may be
expected to exist in this system. Moreovanst MgQ Al.Osi SiO; glasses can be crystallized under
proper heat treatment conditions [6], which may allow ceramics with favorable tmeectwanical
properties to be obtained in spite of the low sintering temperatures. Magnesium aluminum silicates
(MgAS) have already been used for sintering afNgiceramics. The procedure described in [7]
consisted of a mixture of MgO, &D; and SiQ, which then reacted with silica on the surface eNSi
to form MgAS liquid. In comparison, several advantages are expécpeereacted MgAS is used
directly, such as smaller susceptibility to hydrolysis, lower vapor pressure of MgO at high
temperature, and less problems with the homogeneity of the powder mixtures. MgAS compositions
were successfully used as binders ftican carbide fibers and in the matrix of silicon carbiidenia
composites [8]. MgAS can be prepared from different sources, but the synthesis route used in the
present study, which starts from iemchanged zeolites, has some benefits [9]. For exampsea
low-cost method leading to an amorphous phase with enhanced chemical reactivity as compared to
crystalline phases. While one report on the use of aexcehanged bariunand lithium zeolite as a
constituent of SN4 composite materials can be fauim the literature [10,11], it seems that no work
has been performed -ttate on the pressureless sintering ofNSiwith Mg-exchanged zeolite
additives.

The onset of shrinkage is assumed to be related to liquid formation in the compacts.
Dilatometric daa (Fig.36 and Fig. 3y show the shrinkage and shrinkage velocity. The maximum at
851 C (point 1) is related to collapse of Megolite structure. The shrinkage first occurs at 1070
and accelerates somewhat at 11C0However it increases dramaticadly 1500 C and levels off at
1500 C after 55 and 40 min of isothermal annealing for samples with 10 and.@0ofvadditives,
respectively.
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Figure 36. Shrinkage (full line) and shrinkage velocity (dashed line) of a silicoidaigreen body
with 10% MgAS additive showing characteristic features at (1)@5@) 1070 C; (3) 1169 C and
(4) 1500 C.

The phase evolution of samples with 10%wtof MgAS additive after heat treatments at
temperatures between 90&nd 1500C for 5min is shown in Fig38. The main crystalline phase is
a- SisN4 for all stages of annealing. At 90D the initial MgAS sintering additive is present in an
amorphous state due to collapse of-k&lite structure at 850C. At 1300 C theb- SisN4 has
completly disappeared indicating its dissolution into the liquid phase. Thus, resulting liquid belongs
to Mg-Al-Si-N-O system. Also, the presence of a new phase;($Gassociated with excess silica,
which had crystallized from the liquid during cooling.
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Figure 37. Shrinkage (full line) and shrinkage velocity (dashed line) of a silicon nitride green body
with 30% MgAS additive showing characteristic features at (1) 85¢2) 1070 C; (3) 1171 C and
(4) 1500 C.
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According to the pase diagram Mg@l.0s-SiO; the lowest eutectic temperature in the
system is 1345C [14]. However, the overall liquid forming temperature is lower than the nominal
eutectic temperature because of the present nitrogen in the liquid phase. This conffikga®acts
as a very good solvent forsSis, which is also a prerequisite for a good sintering additive.
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Figure 38. Phase evolutiofa-SizNs, b-SizNs, S-SiO,, M-Mg-Al-Si-N-O) during heating of mixture
(SisN+/MgAS) at different temperature for 5 minsdaking time.

XRD pattern shows remarkable decreasing of the diffraction lines intensities, which can be
explained by the increasing of liquid amount. Therefore, the total liquid content increases
substantially and at 1500C, which upon cooling formed arphous glassy phase. At this
temperature the crystalliree-SisN4 phase, traces of silica as well as, oxynitride glassy phase are the
only present phases. This phase compositions indicate that no significant transformation takes place
up to 1500 C. In theother side, having in mind that- SisNs has a very high hardness as does
magnesium silicon oxynitride glassy phd&g the final ceramics might have promising mechanical
properties in spite of the low sintering temperature.

2.6.5General remarks

The three controlling stages: particle rearrangement, sohgienipitation and grain growth
are observed in manys8is systemg?2]. The densification is controlled by particle rearrangement and
by solutiondiffusion-reprecipitation processes. Particle reareangnt contributes to densification at
lower temperatures and solutidiffusion-reprecipitation is dominant at higher temperatures. For the
LiYO, system, the densification depends largely on the sintering additive content. The larger amount
of additive meas a higher volume of liquid phase, which is favorable for efficient particle
rearrangement resulting in the higher value of density. In case of the Lifd8idtive, it is found
that the densification is less dependent on the additive content. Up to @5@@nsification is not
accompanied bg- b SizN4 transformation. Thus, the final density is thought to be reached largely
without the intervention of the dissolutiahffusion-reprecipitation mechanism. This means that the
overall sintering kinetics atol temperatures is less retarded when using the Ligdlitive in
comparison to the LiAlSi©@additive, resulting in higher densities obtained at lower temperatures and
short annealing times. With prolongated heating time, the differences in the degesesifitation
become smaller. It needs to be pointed out that the transport kinetics is also decisive for the
phenomena of phase transformation and microstructural development.

In the case of MgAM additive onset of shrinkage first occurs at 1Q7@hat isrelated to
liquid formation in the mixture compacts. The used additive forms a liquid that acts as a very good
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solvent for SN, resulting in silicon oxynitride glassy phase which in turn allows decreasing the
sintering temperatures at as low as 1500

2.6.6 Phase transformation

The a-SisN4 phase is thermodynamically unstable during sintering (e.g. at2@00 C and
0.1 to 100 MPa bpressurd?2]) and shows a tendency to transform into the more staBigN4. The
transformation is a reconstructiveedi8Q]. This process involves the breaking and reforming 41 Si
bonds. The nearest neighbour atoms remain the same in both the crystallographi@ibrifbe
relations ofa- and b-SisNs with a- and b-SIAION are shown in Fig39. While theb- a-SizNa4
transformation has not been observed, the transformation betwesmlb-Sialon is reversiblg38].
Phase transformations play an important role for microstructural development. Different
microstructures are possible depending on the location where refaténgpiof solute occurs. This
location of reprecipitation can be either nbwuclei generated by supersaturat[®2] or the pre
existingb-grains, which coexist with the-phase in the starting powders. If the raw powder contains
a low concentration d-grains, high supersaturation in the liquid phase

a-SiNy » | b-SiNy

a-SiAION b-SiAION

A

Figure 39.Phase transformation ins8li,-Sialonadditive system.

The a- b phase transformation is a phenomenon which always occurs e#t&isN4
containing powders will be liquid phase singer&his process is substantially influenced not only by
the amount but also by the chemistry of the liquid phase. It occurs by saliffission
reprecipitation. Hence it is of great significance to describe this mechanism, which in turn has an
impact ongrain growth and microstructural development. It was shown that the various factors
influencing the transformation, its kinetic and the relation of phase transformation to densification.

2.6.7 Temperature and time dependence

Fig. 40 shows the changes mSisN4 phase content as a function of sintering temperature.
With both additive systems, the time dependence ofathd phase transformation displays a
sigmoidal behaviour. However, the starting temperatures of the-plaaséormation are significantly
different for the two systems. With the Li¥@dditive, the phase transformatialneady commences
at 1300 C although only a small amount of transformation is observed. For samples witt®d 6fwt
additives, the transformation accelerates at 1800and isterminated at 1700C after 5 min of
annealing time.

In the case of the LiAlISi©Padditive system the transformation starts at 18D@nd increases
only slightly with temperature (Fig40). The crystalline lithium aluminum silicate phase
spodumene (LiAI8Ds) remains stable as long as the temperature is lower than €509 this stage,
the liquid content is limited in the system. Tivspodumene phase, however, starts to dissolve into
the liquid as the temperature exceeds 1800This increases the amuuof liquid. The maximum
degree ofi- b-SisN4 transformation for samples with 15.9 of additive was about 45% at 1700
after 5 min of sintering time.
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Figure 40.Thea- b-SisN4 phase transformation as a function of tempeesaituthe SiN4-LiYO2 and
SisN4-LIAISIO 4 systems for 5 min of annealing.

However, with prolongated annealing time the degree of phase transformation significantly
increases in both cases (Hg). With the LiYQ, additive the phase transformation is firedhat 1500
“C after 1 h of sintering, while the transformation fraB8isNs to b-SisN4 is over after 8 h of
annealing in the LiAISi@containing system (Fig. 42It was found that a higher temperature of 1600
“C is necessary to convert aliSisN4 phase m case of using LiAlSiQadditive. The delayed phase
transformation in the LiAISi@containing system suggests that phase transformation is sensitive to
the liquid viscosity.
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Figure 41. The phase transformation as a functioteofiperature in the $4-LiYO» and the SN4-
LIAISIO 4 systems (15 W) for 1 h of annealing.
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Figure 42.Evolution of phase transformation as a function of the dwell time temperature atCL500

2.6.8Influence of additive coant

The sintering experiments showed that the densification process is accompanied-bythe
SisN4 phase transformation with LiY&at low temperatures (below 150G), while the action of the
dissolutiondiffusion-reprecipitation mechanism is retardedhwihe LiAISIO; additive at the same
temperatures. Thus the phase transformation is faster in the-SK® system. Particularly, in the
SisN4-LiYO, system the degree of phase transformation increases with increasing additive content.
This can be explaineby the fact that increasing volume fraction of the liquid the amount of solute
transported through the intergranular liquid film increases and a larger amount of phase
transformation results.

Fig. 43 and Fig.44. show the effect of additive content onagk transformation during
sintering of SIN4-LIAISIO4 ceramics as a function of temperature and the annealing time,
respectively.
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Figure 43. The effect of additive content @ b-SizN4 phase transformation during the sinteraig
SisNs-LiAISIO 4 ceramics for 1 h at different temperatures.
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In case of the SIN4-LIAISIO4 system increasing the additive content leads a decreasing
degree of phase transformation. The large additive content increases resulting in the longer distance
and larger difficulty for the diffusion of Si and N along the liquid phase and therefore the phase
transformation is retarded with increasing additive content.
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Figure 44. The effect of additive content @ b-SisN4 phase transfonation during the sintering of
SisN4-LiAISIO 4 ceramics at 1500C.

2.6.9Kinetics of phase transformation
The curves for the time dependence of @dheb transformation suggest that the conversion
kinetics is of first order. This can be described by thetgu:

—=-Ka
dt (2.5

whereK is a rate constant which accounts for the influence of temperaturg iartie concentration

of the a- SisN4 phase in the sintered samples. The transformation rate depends not only on the
concentration of tha-phase, but also on the composition and amount of liquid phase as given by the
parameterK. The volume and viscosity of the vitreous phase will determine the extent to which
compositional gradients and the nitrogen supersaturatiorthéna-SisN4/liquid interface are
maintained. The plots of log) against time are linear (Fig. 45 and Fig.) 4éhich supportghe
validity of Eq.(2.5).

In the LiYO; system, the transformation rate constant increases with increasing additive
content whilethe opposite behavior is observed in the LiAlS&dditive systemi.e. the rate constant
decreases with higher additive content. The addition gdsYto silica produces an important
accelerating effect on both the phase transformation and the densifioht8sN4 ceramics. In this
case, a higher additive content creates a higher volume of liquid phase, and as a resut, faster
phase transformation and highendgies are obtainedn the LiAISIQ; additive system the more the
liquid phase is preserthe longer it will take to reach the totd b conversion.
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Figure 45. Linear dependence of layphase content on time fors8i; containing various amounts of
the LiAISIO4 additive at 1500C.
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Fig. 46. a-phase contents.isothermal heating time.

Kinetics of thea- b phase transformation can be emphasized in preseniMf tieds. It was
demonstrated that the pSsNsseerytsensitivesdf seedsmeonhtenbamd o f U
heating tine. The authors were calculated rate constants and activation energies for compositions with
di f f eSisNssdeds Bontent in the presence eO¥Al.Os mixture as a sintering aid. The basic
processes through which phase transformation is completed aye: (d i s s 6SisNpartioles, o f U
(ii) diffusion through the liquid phase and (iii) precipitation of dissolvegNSpredominantly on
pr eexi-seeéds.n"Sace bha-b SizNs transformation is influenced by the degree of local
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supersaturation in the ligd phase [11] the reaction E#SisN4/ligiud surface and diffusion through the
melt are basic steps of the phase transformation. After soluti@ngodins in a liquid phase they
transform intdb-phase, which precipitates as mentioned, predominantlyedmd¢beds. The degree of
t his reaction was cal cul at ed b ySisNg ghéise.rFigidéhi ng t
summarizes the influence of heating time on phase transformation at’@7f@® different seeds
concentrations.

The rate of transformatioms seen from Figl6, increased with increasing seeds content in
the sampl es. | n s-SizNyzanetdl bevdetectedeven afteres d ofhot préssing at
1700 AC. However, in the sampl es -SiNstetendterthe . % s e ¢
shortest heating time.

The phase transformation kinetics was studied in the temperature range from 1500°@, 1600
for all the compositions. After shorter heating time, ranged from 15 mi®0the amounts of retained
Uphase are significamthich enabled to follow the concentration decrease of the reactant.

Bowen [ 13] hasb shlhavswe t hmansther mati on in sild.i
the temperature range from 142850 °C, follows the first order equation:

—=-ka
dt (2.9

that after integration becomes:
| n -kt+ 4605 (2.7

in which Ui s-SisN, content,k is the rate constant arids a hotpressing time. According t&q.
(2.7), the rate constant for correspondiegnperature is obtained from the slope of the straight line.
The relation between the rate constant and temperature is given by equation:

Ink = InA - Ea
R T

2.9

whereA andR are constantd is absolute temperature aBdis actvation energy.

The rate constank was calculated for each of our compositions at three different
temperatures (Figd7 (a, b and c). The activation energi&s), for different seeds concentrations,
were determined from the slopelofk vs 1/T function as given in Figd7 (d). The linear dependence
of I n vslhotpressing timd, presented by straight line for our results (F@, confirms that the
assumption of the first order reaction was correct in our case, too.

From the obtained results it i9wous that the rate constant increases while the activation
energy decreases with the increase of seeds concentratioddFigarge amount of seeds, which are
favorable crystallization centers, beneficially affects the transformation that can be teolmgie
lower temperature with lower energy consumption. In our system, for samples with 5 wt.% seeds, the
activation energy is 34RJ/mol (Fig.48)

The results of the activation energy of the phase transformation differ in the literature. It is
shown [13]that the value differs for different additives which form liquid phase. Bowen [13]
calculated the activation energy forsii without seeds, in the presence ofO¢YMgO sintering
additive, as 500 KJ/mol. Hampshire and Jack [14] reported that the valwtivattian energy for
transformation in the presence obQ%, was close to S\ chemical bond energy, being 435+38
KJ/mol [5]. Our results for noseeded SN4 of 397 KJ/ mol are close to this value and confirm the
reconstructive nature of the transformatistudied. Since the activation energy value for seeded
samples is close to-8i bond energy, the results point out that boundary reaction is the rate limiting
step during the phase transformation. It may be added that the liquid phase on the b&sg\IOE
provides a good vehicle for mass transport being of relatively low visco$igyresults (Table }®n
the densification degree, being higher than transformation degree for the same samples, are in
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accordance to the above made statement indicatiiing, that the boundary reaction is the rate
controlling step irthe SisN4 phase transformation.
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Figure 47. The rate costants for different amount of seeds at (a) 1%&){b) 155C¢°C (c) 1600°C
and (d) the activation energies.
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Figure 48. Activation energy as a function of seeds concentration.
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Table 16.C o n t e mphaseq%) ard densification degree %TD in seeded samples.
Seeds concentration (wt.%)
Temperature Time 0 1 3 5

°C min ¥ ¥ J ¥

°C) (min) %TD U?’Z?se %TD Ug);)z;lse %TD U?()Q)?se %TD ng?se
30 97.9 48 98.0 44 98.1 41 98.0 39
1500 60 98.2 29 98.4 26 98.7 22 98.6 19
90 99.7 20 99.5 17 99.5 15 99.8 13
15 98.0 55 98.3 55 98.2 50 98.2 45
1550 30 98.8 30 98.6 27 98.6 24 98.8 22
60 994 18 99.5 16 99.4 14 99.6 11
15 98.6 44 98.5 42 98.5 37 98.4 33
1600 30 90.1 24 99.0 20 99.2 18 99.1 17
60 99.6 16 99.7 14 99.8 12 99.7 10

2.6.10Transformation mechanism

The main factor that determines the kinetics of phase transformations is the diffusion of Si
and N atoms in the liquid phase. The phase transformation isaat®lled by interfaciateactions if
the diffusion velocity is high and by material transport if the diffusion velocity is low. Sintering
additives affect this behaviour by changing the viscosity and amount of the liquid phase. The rate
transformation is strongly influenced bhanging liquid phase content in the case of the diffusion
mechanism. In contrast, it is independent of the liquid volume in the case of interface reaction control.
In this study, the phase transformation is very much affected by changing the additin foorideth
systems. Thus, it can be concluded that the phase transformatidn iith additive as well agvith
the LiAISiO, additive is mainly diffusiorcontrolled. The difference in transformation rate between
the two additive systems can be explaingdthe fact that the yttrium ion is primarily a network
modifier in a ¥-Si-O-N glass,i.e. it perturbs SiO bonds thus allowing rapid diffusion of ions through
the liquid phase. On the other side Si has a different behaumut,is a glassormer and lie liquid
phase is more rigid compared to theS¥O-N glass. The nominal amount of Si in the material with
LiAISIO 4 additive is much higher than in the material witifO , resulting in slower mass transport.
2.6.11Relation of transformation to densifioan

Densification anda- b phase transformation are two important phenomena which occur
during the sintering of &4 ceramics. However, it is difficult to determine the relationship between
them. There have been reports in the literature that both oearynsimultaneously, but the
existence of a lag between the two reactions has also been observed.

The present study shows that the phase transformation and densification do not have a straightforward
relationship with each other. This is illustrated ig.E9 where the extent of densification aad b
phase transformation is compared as a function of sintering temperature.

In both systems, there is a lag between densification and phase transformation showing that
the major amount of transformation occurs a later sintering stage. At 140@, almost no
transformation is akerved, while more than 90% and%8®f the theoretical density have already
been reached for the LiYOand LiAISiO; additives, respectively. At higher temperatures, the
differences in thalegree of densification and phase transformation become smaller in case of the
LiYO, additive, while it is at 1700C still present in case of the LiAlSi@dditive.

Fig. 50 depicts the relationships between densification and phase transformation etsoa fun
of sintering time for both types of materials. In both cases, the differences in the degree of
densification and phase transformation diminish with prorogated heating time. Both processes are
particularly fast in the LiY®SisN4 system where the ddfisation and phase transformation have
gone to completion after 60 minutes already.
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Figure 49. Densification and phase transformation as a function of sintering temperature for LiYO
SisN4 and LiAISiG:-SizN4 systems after a hdihg time of 5 min.
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Figure 50. The relationship between densification and phase transformation as a function of sintering
time for LiYO.-SisN4 and LiAISiOs-SisN4 additive systems (with 15 Wb of additive and at a
sintering temprature of 150QC).

The addition of ¥Os to silica produces an important accelerating effect on both,
transformation and densification of:8i ceramics. In this case, higher additive content creates a less
viscous liquid phase resulting in faseer b phase transformation and higher densities obtained. In
the LiAISIO, system the densification and transformation behavior is more complicated and it needs
more work to clarify the details.
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3. Microstructure

The microstructure has a crucial influence on plaeticular properties of a final material.
Thus, the improvement of mechanical properties by microstructural control has been one of the main
topics of interest in the development ofN\&iceramics[159, 16(Q. The amount, size and morphology
of thea- and b-SisN4 grains are the key factors for the microstructure development. Generally, the
microstructure is characterized by the three featurebl, $rains, the secondary crystalline phases
and the amorphous grain boundary films. Their distribution arthgement contribute to the quality
of the actual microstructure and the reliability of the material.
During cooling, the liquid solidifies to amorphous or partially crystalline secondary phases, which are
located either at the grain boundaries in the fofrthin layersor at triple junctions (Fig. 91 This
intergranular phase strongly affects the mechanical properties, especially at high temperatures. The
thickness of the grain boundary film depends rather on the types of additives than on the amount of
liquid phase. An increase in the amount of liquid leads only to an increasing volume of the triple
points[87].

Figure 51. Typical microstructure of a liquighase sintered $h. ceramicqschematida) and SEM
micrograph (b).
1- SizsN4 matrix grains, Zrystalline secondary phaseaorphous residue at triple junctions and
grain boundaries.

A typical feature of sintered $l, ceramics is the morphology of thesl$i grains. Residual
a-grains are eqaxed. Theb-phase exhibits an elongated grain structure with an aspect ratio (ratio of
length to thickness) usually in the range of 5 t¢8&) 89.

The microstructure development is controlled mainly by thé&l.Sstarting powders, the additives
used ad the sintering parameters.In this chapter the various factors influencing the microstructure
development, grain growth and the relation of phase transformation to microstructure are dealt with.

3.1 Microstructural observation in systems sintered with Oxadditive

The microstructures of LRSisN, sintered with LiYQ additive at 1500 C for different
annealing time are shown in Fi§2. Upon variation of the annealing time the grain size and
morphology of the growind-SisN4 particles are significantlyranged from equiaxed to elongated.
Typically, the fraction of small grain sections is reduced, which indicates the dissolution of small
particles parallel to the growth of the elongatedN®matrix with increasing annealing time.
According to these ressliit is suggested that the mechanism of Ostwald ripening is predominantly
responsible for grain growth in thesSk material. This is independent of whether this growth
mechanism is reaction or diffusion controlld®1]. Since the phase transformatiorcésnpleted after
1 h of annealing at 1500C (Fig. 40), the further grain growth df-b-SisN4 should be restricted,
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resulting in a relatively stable microstruct(il®2. However, in spite of the absenceasfto b-SisN4
transformation during prolonged aaling, there is still substantial grain growth of H8isN4 (Fig.
52 ¢). This indicates ongoing solutigmecipitation reactiorf163. Ongoing solutiofprecipitation
process may attributed to the fact that the LiYalt is such a good solvent forsSh. Fig. 53 taken
at higher magnification shows that the precipitation takes place preferentially-erigtiagb-SisN4
nuclei (of which the starting powder already contains 2@o)vt
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Figure 52. SEM micrograph of polished and plasma etched sectiorengfles with 15 w additive
sintered at 1500C for 0.5 h (a), 2 h (b) and 8 h (c)

The observation thdi-SisNs undergoes a solutigprecipitation mechanism similar to what
was previously reported f@-SisN4 is also in good agreement with model prdadits for anisotropic
Ostwald ripening process.
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Figure 53. SEM image of polished and ¢plasmaetched cross section of the sinteregNgmaterial
doped with LiYQ additive. The arrow shows-SisN4 material precipitated onkaSisN4 particle
acting as a nucleus. The sample was sintered at 1568 2 h

Figure 54. SEM microstructure of &4 ceramics with total LiY@additive content of (a) 5 v, (b)
15 wt%, (c) 20 wi%, respectively. The sangs were sintered at 160Q for 4 h.

Since the densification as well as the phase transformation is influenced by the additive

content, the same has to be true for the microstructure developme®d Blgpws SEM micrographs
with varying additive contenlt can be seen that the number and aspect ratio of eloryatedns

increases with increasing LiY.Ccontent. The material with a large additive content is mainly
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composed of elongated grains. In contrast, with a small additive content, microstoactsists of
coarseb-grains within a fine grain matrix. Thus, with increasing additive content, the aspect ratio
distribution is shifted to higher values.

The microstructure of 8. with 15 wt% of additive sintered at 1600C for 8 h is
characterized by homogeneous distribution of elongatedSisN4 grains (dark) and glassy phase
(light) located in thin layers at grain boundaries and triple points 85)g.Theb- SisN4 grains are
surrounded by a glassy phase at almost all grain contacts indicatingd avgtting behavior. The
different types of neighbotmeighbour contact situations can be attributed to the grain growth
anisotropy of SiN4 such as interlocking of a growing plane by the plane of a neighboring grain (a)
and interlocking of a plane growirtgrough the intergranular phase (b) and rounded edges due to
edgeonplane contact with an adjacent grain can also be seen (c).

Figure 55. SEM micrograph of polished and plasma etched section of a sample witl?d additive
sintered at 160 for 8 h. Motion of basal and prism planes: (a) interlocking of two prism planes, (b)
rounded planes contacting each other.

X-ray diffraction patterns of samples sintered at 180Gor 8 h show only the presence of
b- SisN4 and no othecrystalline phases (Fig6). This indicates that the remainder of the secondary
phase, after evaporation of virtually all of the lithium originally present in the sample, has been
completely converted into a glass and that total conversian 8N4 to b- SisN4 has taken place.
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Figure 56: XRD pattern of a sample with 15 @ of additive sintered at 160C for 8 h.
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The amorphous phase in thelsi materials is welestablished to remain as a stable film at
the grain boundar&[165, with an increasing additive content only causing an enlargement of the
multi-grain junctions. For the present materials, the chemistry of the intergranular phédmsgraird
was analysed by energy dispersive microanalysis (EDX) with the SEM %Figand Fig.58).
Backscattered electron (BSE) images are shown for reference. EDX analysis on the basal plane of a
b-SisN4 grain (denoted by cross in the Fi§7) shows Si and N, but no Y. This is because Y is
insoluble in SiN4 [132. Consequently, X0z is localized in the gratbhoundary glassy phase. Lithium
is not detected by this method because it is a light element. However, chemical analyzes show that
almost all of the IO from the samples evaporates during sintering for 8 h at 15QBig. 32). Thus,
at higher temperatures than 15@there is no lithium and the intergranular phase consists of Y, Si,
N and O. This is in good agreement with chemical analyses from the big pocket in t6& Bfter 1
hat 1650 C
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Figure 57: Backscattered eléon image and EDX df-SisN4 grain (+).Sample sintered at 165C
for 1 h.
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Figure 58. Backscattered electron image and EDX of intergranular phase (+). Sample sintered at 1650
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3.2 Microstructural observation inystems sintered with LiAISi©additives

Fig. 59 shows a SEM micrograph of asl8i ceramic doped with 15 wt% of LiAISiO
sintered at 150@ for 8 h. The microstructure consists ofNGi grains separated by glassy phase.
Although thea- b SisN. phase transirmation is completed at 1500 after 8 h of annealing time
(Fig. 44), there are no bimodal grains. The morphology of the grains is mostly globular. Plasma
etched samples reveal a typical core and rim structure which indicates the dissolution of small
paricles and reprecipitain on more stable bigger ones.
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Figure 59. SEM micrograph of polished and plasma etched section of a sample witt?d Bfwt
LIAISiO 4 additive sintered at 150 for 8 h.

i Y 3 8 A
Figure 60. SEM micrograph of @olished and plasma etched section of a sample sintered with 10
wt.% of additive at 1600C for 8 h.

> e ~ .".\?‘.@'.. R
Figure 61. SEM micrograph of a polished and plasma etched section of a sample sintered with 15
wt.% of additive at 1600C for 8 h.

The microstructur®f SiN4 sintered at 1550C for 8 h is characterized by both equiaxed
SisN4 grains and elongatdatSisN4 grains together with a glassy phase (white) located in thin layers at
grain boundaries. During processing at 16Q0significant differences in theicrostructures of the
ceramics were developed. Higher temperature enhances the grain growth resulting in a microstructure
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with elongatedb-SisN4 grains (Fig. 60 and 61). Materials with larger additive content (15.%)
exhibit finer microstructure. Theumber of coarse elongatd@tSizN4 grains decreases with the
increase in LiAISiQ contentlt seems that the growth ofs8ik grains during sintering is restrained by
the higher LiAISiQ content.

At 1650 C it is noticed that the amount of residual gladsesome very low, indicating that
aluminum and/or oxygen has been incorporated intb-ipeins (Fig.62).

EDX analysis of the sample sintered at 1&5@r 1 h showed that Al was dissolved in the
SisN4 grains. This process consumes the constituentsedfquid phase, thereby reducing the volume
of the liquid phase as well as altering its composition. The liquid phase shifts to asilite®us
composition and hence to higher viscosiftius higher viscosity leads to a retardation of the grain
boundarydiffusion processes, and therefore limits mass transport. This reduction in mass transport
results in a retarded grain growth and the microstructure do not change in the case of the samples
sintered at 1650C even for extended time intervals (F&g).

To conclude, the material sintered with the LiAlgi@iditive forms ab-Sialon due to the
incorporation of AlOs in the b-SisN4 structure. This is expected to have a marked influence on the
properties especially of the material sintered at higher tempesat1600 C).
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Figure 62.Backscattered electron images and EDX-&i;N4 grain. Sample is sintered at 1680for
1h.
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4. Properties of SisN4 materials

SizN4 based ceramics have a broad variety of interesting properties such as low specific
weight good mechanical and thermomechanical behavior. They are alsmagmetic and good
electrical insulation material. These unique properties allow fabrication of a wide range of materials
with specified property combination.

4.1 Mechanical properties of igN4 materials

Table 17. Typical propertiesof advanced hepressed and pressureless sintered silicon nitades
room temperaturgl0§g.

Property Hot pressed SN4 Pressureless sintered $8l.
Density (g/crd) >3.20 3.20
Thermal conductivity (W/mK) 29.3 15.5
Flexural strength (MPa) 1200

Compressive strength (MPa) 4500 4000
Thermal expansion (19K) 3.2 3.4
Youngbs modul 320 280
ToughnessKc (MNmM?®?) 8.3 5.4
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Typical data for the properties of Hotessed and pressureless sintere.Sire presented in
Table 17. It can be inferred from the given data thaiNgipossesses high strength, good thermal
shock resistance due to the low coefficient of thermal expansion and relatively good resistance to
oxidation compared to other higemperaturestructural materialf105. The mechanical property of
SisN4 ceramics depend on pores present, cracks and inclusions. Among these factors, porosity has
been demonstrated to have a pronounced effect on strengtl&3RBgows the relationship of the
relative density and strength of pressureless sintegdt ith yttria and alumina additives.
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Figure 63. Dependence of the strength of pressureless sintesgd @i thedensity[105].

Fracture toughness differs mainly with vamei$ in the microstructure. The grain shape and
the size and phase composition of the glminndary phase have a strong influence. High fracture
toughness of 3N4 based ceramics could be explained on the basis of similar toughening mechanisms
as in whiske reinforced composite materials (grain bridging, jmult, crack deflection, and crack
branching[107, 108, 10P. However, these toughening mechanisms are only active when the
dominant fracture mode is intergranular.

The ratio of transgranular to inteegular fracture depends on the strength of both
intergranulaiphase and 8\, grains. A material with higher toughness has a weaker grain boundary.
On the other side, the strength of the gamindary phase is connected with the local residual
stresse$110]. When the thermal expansion coefficient of the glbanondary phase is higher than that
of the SgN4 grains, the grakboundary phase is under tensile stress and the fraction of intergranular
fracture is high. As a consequence, the fracture touglnessasedn contrast, ceramics with a grain
boundary phase under compression have low fracture toughness because of a higher amount of

transgranular fracturel 11].
A comparison of the flexural strength values of pressureless sinteféda®iambient and

high temperature is given in Table 18
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Table 18 Flexural strength data of pressureless sintergdsSi
Flexural strength
Additive room temperature| high temperature
(MPa) (MPa)
10 mol% spinel 706 -
Y203, Al203 412 -
15 wt% (MgO + AbOs) 351 -
3.5-20 wt% Y>03 + 0-20 wt% Al-Os 700 455 (at 12000)
5 wt.% (MgO + BeO + Ceg) 827 428 (at 1200C)
15 mol% Y20s 473 -
3-10 wt% Y,03 450 -
3-10 wt% CeQ 520 -
3.37.2 mol% CeQ + 12.820 mol% SiO 709 393 (at 12000C)
4.3 wt% Y,03 + 3.6 wt% SO, 826 338 (at 12000C)
4 wt% CeQ + 4 wt% SIG 778 356 (at 1200C)
6.3 wt% LaOs + 3.6 wt% SiG 729 412 (at 12000)
5.9 wt% SmOs + 3.6 wt% SIQ 696 455 (at 12000)
7.5 mol% Y20z + 7.5 mol% PrO11 800 >800 (at 1300C)
1 wt.% Al20s + 3 wt% CeQ 750 -
2 wt% Al2Os + 5 wt% Y203 860 -
5-10 wt% Y-Al-garnet 779 -
13.4 wt% ZrO; + 2.2 wit% Y203 + 4.1 wt% AlLOs 422 463 (at 12000C)

The amount, composition and degree of crystallization of the grain boundary phase are the
key factors for asuccessful development of;8i ceramics for applications at elevated temperatures.
Additives which result in amorphous silicate phases with a low softening point and low viscosity,
such as alkali and alkaline earth oxides angDAlnd AIN, generally hav a high strength at room
temperature. However, due to a low softening point, they are not well suited for high temperature
applications. Refractory intergranular phases with a higher degree of crystallinity were obtained by
yttria or other rare earth oxéd as sintering additivé412, 113. The high temperature properties of
SisN4 with rareearth oxides as sintering additive increase with decreasing ionic radii. The most
superior high temperature properties are found witlOkas sintering additive due the presence of
Lu.SiO7 and LuSi>O7N; as the grain boundary pha$gk

The presence of nitrogen in silicate glass helps to produce hard and refractory grain
boundaries in the sintered product, thus improving its high temperature properties.

The hardess and indentation fracture toughness of g, materials i.e. materials
sintered by LiYQ and LiAIO. additives were measured and plotted against the annealing time (Fig.
64).

In both compositions, the fracture toughness and hardness initiallyasecrath increasing
annealing time, whereas decreasing hardness is observed in case of annealing for at least 4 h. Further
prolongation of the sintering time leads to constant or decreasing hardness for both 1L 8i8iO
LiYO, additives.On the other sidethe fracture toughness continuously grows during prolonged
annealing time for the LiY®additive, while this behavior is less pronounced in case of LIAISIO
additive. In this case it becomes constant after 4 hours of annealing.

Variations in the fracturéoughness of @N4 materials sintered with LiY®and LiAISiOs
additives should be related to the microstructures and glassy phase contents. Fracture toughness is
improved when large elongated grains are formed in a fine mMjaB 167. In case of the lYO-
additive the fracture toughness increased with sintering time as a result of the continuohsofjrowt
elongated grain€On the other hand, materials sintered with LiAlS#@ditive at 1500C exhibit fine
and predominantly equiaxeb-SizNs grains whi©i do not change duringpng annealing times
resulting in a constant value of fracture toughness.
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Figure 64.Variation of fracture toughness and hardness as a function of the annealing tigh& in Si
ceramics sintered with LiY©£and LiAISiO, additive systems, respectively at 15@@)

The microstructural effects on the fracture toughness are well illustrated by crack paths
generated by indentation, as shown in Fégsand66.
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Figure 65. Microstructure and crack path ins8k ceramic sintered with 15 w#b of LiAISiO4
additive at 1500C for 8 h.

Fig. 66.Microstructure and crack path insSk ceramic sintered with 15 Wb of LiYO: additive at
1600 C for 8 h. The crack is bridged by an elongatedngfairow,) which was pulled out of the
matrix on the upper side of the crack as the crack opened
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Materials with globular grain structure reveal crack propagation with few signs of toughning
mechanisms, such as crack deflection, grain pullout, debondithdorgdging. On the other hand,
microstructures with elongated grains that can act as a reinforcing phase promote crack bridging
processes and consequently toughen the ceramics. Such mechanisms are operative in both the cases of
LiYO; and LiAISiO, additives, for samples sintered at 160D, due to their similar microstructures.

The maximum values of fracture toughness obtained are 6.8 and 6n22kbir the materials
sintered with LiYQ and LiAISiO, additives, respectively, at 160Q for 8 h.

4.2 Thermd properties

Thermal conductivity is one interesting property afNaiwhich combined with the excellent
mechanical properties make it a serious candidate forgadlormance substratdd14]. Firstly,
Haggerty and Lightfoot pointed outsBik as a matéal with potentially high thermal conductivity at
room temperaturgl1y. Calculation shows that the entrinsic thermal conductivitl-&isN4 single
crystals is 320 W mhK which is similar to the thermal conductivity of SiC and AIN that have been
succesfully fabricated for commercial uses as high thermal conductivity substrates and heatsinks
[116. However, relatively poor thermal conductivity values, ranging from 20 to 70 VK tnhave
been reported for SNla ceramics fabricated by reaction bondifidl], chemical vapor deposition
[117, hot pressing and h@tostatiepressing methoddl18. Very recently, Watari et al. fabricated a
SisN4 with thermal conductivity value of 155 W-HhK™ by a novel processing technigue termed
grain-orientation technolog[11§.

It is postulated that heat flow in hexagobabizN. is different depending on the crystal axis.
In single crystal measurements it was shown that the conductivity alon@iieis about three times
higher than that along thesxis[119.

The termal conductivity of SN4 ceramics depends strongly on the amount of Al impurities
and/or sintering additives because the incorporation of Al and O in-8igN,4 structure reduces the
thermal conductivity of the grains due to the reduced free patihafgms. Thus, Afree sintering
additives are a precondition for the production gNgiceramics with high thermal conductivifg].
Internal defects in the graifd2(d and increasing grain boundary thickness were also found to
decrease the thermal comtiuity [121].

From a commercial point of view, it is very important to fabricate high thermal conductivity
SisN4 ceramics by conventional sintering technique such as pressureless sintering. Seeding combined
with careful control of grain boundary compoaitican be one processing strategy for this purpose. In
addition, microstructure design for harmonizing high thermal conductivity with good mechanical and
electrical properties is also very important for the widespread useNfc@ramics as a high therima
conductivity materiaJ114].

Controlling factors for the heat conductivity o&I$i based materials have been proposed by
numerous researche6g. The factors are divided into two groups: (a) microstructure effects and
(b) crystalline perfection. Siecthe LiYQ additive is not soluble in 84, as it is the case with
LiAISIO 4 additive, ceramics sintered with these additives should be significantly different.

The influence of additive composition on thermal diffusivity of the sinteregd, Snaterials $
shown in Fig.67 (a) and (b). The thermal conductivity with the Li¥Y@dditive is higher in
comparison with the LiAlSi@additive. Since the thermal conductivity of covalent materials is mainly
due to phonons, it is controlled by the type and amountystal defects inside the grains.

EDX analyses of the sample sintered with LiAIS& 1650 C for 1 h showed that Al was
dissolved in thd-SisN4 grains Dissolved Al and O act as point defects scattering phoi&® and
hence decrease the thermal caritity. The thermal diffusivity significiently decreases with
increasing temperature in both sintered materials @y. The main reason is increasing phonon
scattering due to the higher vibrational energy. However, the decrease in thermal diffusivity a
conductivity is more pronounced in case of the LiAlgadditive due to a higher phonon density of
states associated with partially occupied interstitial sitesSialon.
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The effect of additive content on the thermal conductivity el Sceramics sitered with 5
20 wt% of LiYO, additive at 1650C for 4 h is tabulated in Table 19

Table 19. The effect of additive amount on the thermal conductivity eSceramics sintered with

LiYO, additive.
Additive content (wb) Density (g/cr) Thermal conductvity (W/m@&)
5 2.85 38.6
10 3.12 29.1
15 3.21 29.7
20 3.20 26.8

In spite of the low density (high porosity), a higher value of thermal conductivity is obtained
for materials sintered with only 5 wt% of additive. Increasing the additive content seithecénermal
conductivity. Since the phase composition and gbaundary phase are the same, the difference in
the thermal conductivity is attributed to the variation in the microstructure.
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Figure 67. Temperature dependence of thermal diffusivity gNgceramics sintered with 15 Wt of
LiYO: (a) and SiAISiQ (b) additive.
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Considering the thermal conductivity of SiBased glasses, the thermal conductivity of the
intergranular phases much lower than that of $i4 grains, ranging from 0.1 to 0.7 W@ [170.
Thus, SiN4 ceramics can be consideras twephase materials composed of theNsigrains with
high thermal conductivity and the intergranular phase with low thermal condyciivie thermal
conductivity of twephase materials depends on the individual thermal conductivity of the phases and
on their distribution. In the case of higher additive contents, the amount of glassy phase in the grain
junction is higher which results amdecreasing overall thermal conductivity.

4.3 Oxidation resistance of W4 materials

As silicon nitride materials are used in oxidising environments, a number of studies have been
made on the oxidation of $8l4 sintered with different additive systeffi?2, 123, 124, 125, 126, 127,
12§.

SisN4 is thermodynamically unstable in air. However, it is protected against further oxidation
by a thin surface layer of amorphous silica. Generally, there are three oxidation reactions, which can
cause oxidation of SWa:

SisN4(s) +3Q - 3SiOy(s) + 2N 4.1)
SisNy(s) + 3SiQ-  6SiO(g) +2N (4.2a)
2 SkNy(s) + 3Q-  6SiO(g) + 4N (4.2b)

Reactiond4.1 forms a dense oxide layer that inhibits further oxisaaind is therefore called
passive oxidation. Once an oxide layer is formed the rate of further reaction is controlled by the
oxygen diffusion through this layer and shows a parabolic rate law:

(DGIA)? = Kt (4.3)

where PG/A) is the weight gain per unit area, t is the oxidation time and Khe parabolic rate
constant. Reactioné2a and4.2b occur at low oxygen partial pressures. The reactions proceed in a
continuous manner. This is the-salled active oxidation which doestform a protective layer and
thus proceeds as long as the oxygen (og)Sgnot completely consumed.

There are a number of other parameters which influence the oxidation. The presence of
impurity elements increases the rate of oxidation if they arerpocated into the amorphous layer,
where they are normally concentrated by segregation and increase the oxygen diffl@ityAn
opposite effect is observed if these elements promote the crystallization of oxide phases on the
surface, resulting in loar oxygen diffusivity and a decreased oxidation rate. Oxidation also increases
if crystalline secondary oxynitride phases oxidize. This reaction involves a significant increase of
volume as in the case of some silicon yttriarynitrides. The volume increa can produce surface
flaws thereby creating fresh surfa¢é8(Q.

5. Composites

Due to its importance as structural material, the effect of composition and microstructure on
mechanical properties of $8i. ceramic was widely studied by many authorgemtion to increase
further the reliability of SN4 has shifted the emphasis towards development a different types of
composite ceramics (TabR0). By incorporating a controlled amount of elongale&i;N, single
crystal paticles into the matrix (seeding) in an attempt to grow further the elongated uniformly
distributed grains in a matrix of equiaxed or slightly elongated gf&hsoughening mechanisms
such as ack deflection and/or bridging via interfacial debonding, are actijd@d 108, 10P It is
now well accepted that seeding is a useful method of providing an effective way to improve the
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fracture resistance while retaining high strength, provided hieagize, content and distribution of the
elongated-SisN4 singlecrystal particles are carefully controllfti31, 133.

Table 20. Summarized SN4 ceramic composas

Composite Improved properties
SizNa/ SisNa4 Fracture toughness and strength, thermal conductivity
SisN4/SIC Mechanical properties at high temperature
SizNA/TIN/TIC Electrical conductivity and wear behaviour
SizN4/TiB> Cutting behaviour and fractuteughness
SizN4/BN Wear behaviour, thermal shock resistance
SizN4/TaN Electrical conductivity
SizN/MoSi, Oxidation resistance
SizN4/ silicides Oxidation resistance
SisN4/Al,O5/C Chemical stability against metals used for refractories
SizNd/ ZrO, Hardness and oxidation stability
SisNd/ W Heating elements

5.1 SEN4/SisN4 composites (SeededsNi ceramics)
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Figure 68. SEM microphotographs showing thesthesized seeds
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Silicon nitride seeds in beta form are usually obtained by gas pressure sintering procedure at
1850°C [133. Preparation ob-SisN4 seeds under flowing nitrogen using powder bed method is also
demonstrated134]. Since, the additives are precondition for obtairin§isNs seeds, subsequent

add treatment to remove the additives is necessary. There is no differdni;Mus seeds prepared
from this two method. Example of large elongated-likel grains synthesized by pressureless
sintering is shown in Figg8 (a) and (b). They were identified &#8SisN4 single-crystal particles with
mean diameter of 2.22m and mean length of 5.48n. The distribution of seeds in terms of their
width and length are shown in Fig9. The lengths of sels vary from 2.92mim to 11.04rmm, while
their width varies from 0.9#m to 3.62mm.

The amount of the seeds has to be moderate to avoid impingement of grains. As an example,
the effect of seed particle concentration on relative density of specimen®dimith ceria as
sintering additive for various times is shown in Fi§. It should be pointed out that the green
densities do not differ to a great extent for sample with different seeds concentration in the range
studied. As can be inferred from FigQ, full density was achieved in samples denoted as 0- (non
seeded)3 (1 wt.% seeds) and 4 (3 ¥.seeds) after sintering at 1880 for 4 h[134]. This is

significantly shorter sintering time than used in other wdd&4]. The results also show that the
particle rearrangement process proceeds smoothly witkrsemed samples, in which particles are
equiaxed with the size of less than 616 which was the starting powdparticle size as provided by

the supplier. With increasing seeds concentratie8 (@.%) sintered density decreases for shorter
sintering times (up to 4 h) while for longer sintering times (4 to 6 h) sintered density kept on being
constant independentf deeds content within the studied range. Clearly, elongated seeds do not
rearrange smoothly during consolidation process due to their geometry and are an obstacle to particles
rearrangement process. That is why samples with increasing seeds concefitra@i@nd 5 wbbo

seeds) show density decrease. Densities are lower than for unseeded samples. It can be seen from Fig.
70, that seeding with 5 vt seed particles, caused considerable density decrease, for all soaking
times.
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Figure 70. Effect of sintering time (at 180@) and the amount of seed particles on relatismesity of
silicon nitride. Theoretical density was calculated from the rule of mixtures.

The addition of seeds to samples sintered leads to an increase ireftaaghness with an
increase in seeds concentration of up to some amount and thereafter it decreagBs (Fig.
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Figure 71. Effect of sintering time and amount of seed particles on fracture toughness of silicon
nitride sinterecat 1800 °C with Ce@additive.

However, an increase in fracture toughness with an increase in sintering time was observed
for all sampleslt is quite clear from the densification results in Fi§) and fracture toughness
measurement in Fig.1 that the ddition of seeds had the dominant effect on fracture toughness and
causes its increase despite the fact that density remained unchBmgexaldition of seeds provided
the conditions for activating grain bridging and pulls out mechanisms capable of eghiiacture
toughness.

The decrease in fracture toughness in samples containing seeds above approximaely 3 wt
suggests that the growth of elongated grains may be limited by their concentration. It seems that under
the present experimental conditiortere is an optimum amount of seeds beyond which the growth of
elongated grains is limited. This reasoning is in line with the kinetics of nucleation of the elongated
grains. As the seed concentration (or their number) increases the number of nuclestiatssit
increases leading to grain growth inhibition.

Seeded samples of 38y ceramics sintered by means ofO¢-Al.O; additive have similar
behavior. The variations in microstructure for specimens sintered at 1600 antClw@8 1, 3 and 5
wt.% seeds r@ shown in Figs72 and 73. In contrast to the neseeded samples, which exhibits a
relatively uniform microstructure with mostly small and equiaxed grains, the seeded specimens
exhibit the bimodal microstructure with elongateeNsgrains embedded inmatrix of finer grains.

It should be also noticed that in specimens sintered at 1600 °C the presence of rounded shape grains
indicat e, t omhasedsevasrcanfimaed byiXRDy U

T he s i-SkNgrank depends not only on the heating time, sat @an the seeds content.

If during transformation the large number of seeds were present this would mean the large number of
centers of crystallization, which significantly accelerates phase transformation but not necessarily the

grain growth (Fig.72). With increaghg number of crystallization centers, whole available amount of
b-SzNscr ystallizes on a | ar ge-SisNndepoditedion each seedewhicre r s i |
in turn, results in smaller final grain size (Ffgc).
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Figure 72. SEM images of seeded samples sintered at 1600 °C for 1 h, (a) 1 wt3yit(Bdh and (c)
5 wt. % seeds.

With further increase of seeds amount (5 wt.%), the grain diameter is decreased due to
impingement of seeds, as well, which is more pronounced in specéimégr®d at 1700 °C as can be
seen in Fig73c
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Figure 73. SEM images of seeded samples sintered at 1700°C for 1 hayvithwg.%, (b)3 wt.%
and c¢) 5 wt.% seeds.

The app e agramnwitredifferént abpect ratio in these compositions is also due to the
broad si ze di s-deeds. Bacdrding to theodbserived mitrostulcturebit can be seen that
the seeding allows the microstructural design and tiraine optimization of seeds content the
concentrations of elongated grains can be tailored.
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