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ABSTRACT 

One of the major setbacks of ceramic materlals Is thelr Inhcrent brit t le nnt url' 

which often leads to catastrophlc fallure, especlally under impact and tellsilc stn'ss 

conditions. Whisker-relnforcement of ceramlc matrices has bccn shown to bc an 

effective way of increasing toughness. However, the hot-pressing techniques bcing \Isrd 

at prescnt are expensive. Si3N4 is a major contcnder for high tempcrature application, 

mainly due to its excellent mechanical, chemical and thermal propcrtics. 

ln this work Si3N4 whiskers have been incorporatcd into a Si 3N" matrix a III 1 

densified using pressureless sintering. An isotropie distribution of whiskcrs in tll!! 

starting powder was seen to inhibit shrinkage of the bulk material as a n'suIt of 

whisker bridging. 

An extrusion process was developed to align the whiskers such lhat they do not 

impinge on one another. This was done using a water soluble, cellulose hascd 

plasticizer. The process was sensitive to water content and mixing. Enlrap/lcd mr 

caused problems in the extrudate, resulting in misaligneà areas in the micro~lruct.UI e. 

Relative densities of 94.5% were obtained for composites having 15% whiskers. The 

toughness of this material was measured to be 13.5MPa.m 1/2 in the direction 

perpendicular to the direction of extrusion. 
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L'un des principaux désavantages des céramiques est leur nature fragile qui 

mêne souvent à une défaillance soudaine. Le renforcement par barbes (whisker-

rcin{orccmcnt) des matrices de céramiques est une façon éprouvée d'augmenter leur 

ténacité. Toutefois, les techniques de compression à chaud présentement utilisées sont 

onéreuses. Les excellentes propriétés mécaniques, chimiques et thermiques de Si3N4 

en font un matériau de choix pour les applications à haute température. 

Dans celle etude, des barbes de Si3N4 ont été incorporées dans une matrice se 

Si3N4 et densifiées par fritage à pression atmosphérique. Il a été possible de démontrer 

qu'une distribution isotropique des barbes cians la poudre au départ résulte dans la 

formation de ponts et empêche un rétrécissement de volume. 

Lln procédé d'extrusion a été développé afin d'aligner les barbes de façon à ce 

qu'elles ne se heurtent pas entre elles. Ceci a été accompli à l'aide d'un plastifient à 

base de cellulose, soluble dans l'eau. Ce procédé c'est avéré sensible à la quantité 

d'eau ainsi qU'à la façon d'effectuer le mélange. L'air emprisonné dans le produit 

d'extrusion a causé des problèmes résultant en zones non-alignées dans la 

microstructure. 

Des densités relatives de 94.5% ont été obtenues pour des composites ayant une 

tenure de 15% de barbes. La tenacité de CI :natériau a été évaluée à 13.5MPa.m1/2 

perpendiculairement à la direction d'extrusion. 
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1. INTRODUcrION 

Over the past 25 years, there has been an ever Inereasing inlcrt'sl in l'ngÎlwerlng 

ceramics as new materials with outstanding propertics. The range of IlHltl'rlols thut 

may be classified as ceramics is 50 vast, thcrc is no one dcfinitlon which can hl' \I~('d 

to encompass them ail. In addition, the application of these matcrials in PlIgirll'('! inK 

is probably just as vast. These new eeramic materials have to be disl illgllbhcd from 

thcir traditional countcrparts, such as clays, porcelains and glass. 

Advanced ceramics are matcrials deslgned for specifie applications, wil Il the 

greatest intcrcst bcing for clectronic and structural applicaLions(l). CurrPIlI ly, 

eler.tronic applications, by far, daminate the world market, i.e. B4% of the lolal 

volume or higher(2), with structural applications stHiring lhe relllaincler. An'as ill 

electronics include semi-conductors, super-conductars, paekaging lIlat l'rials suc Il as 

substrates and capaeitors, ferrites, piezocleetrics, scnsors etc .. Structural C('! UIIIIC 

applications includc heat engines sueh as turbines and camhu&tion engllles, cull illg 

tools, mining and drilling equipment, sludge pump cornponcnts, etc .. OlllPr an'éI~ of 

science developing uses for ceramic materials arc in dcntistry and ho ne implant s. 

Total world market prediction vary somewhat from one Hudy la anot her hut 

what is certain is that there wiIl be an incrcasing dcmand for thcse rnaterials Wlt hUI 

the next 10-20 years. The market in 1988 was cstirnalcd at $12 billion by Kline und 

Co. (Fig 1.1), with predictions reaching $24.5 billion by the ycar 1995 (according to 

Freedonia Group Inc.)(2). 
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Fig. 1.1: World market for Advanced Ceramics, 1988(2). 

Advanced structural ceramics provide properties such as good strength (even at 

tempera ture where metallic counterparts begin to deteriorate), good wear and chemical 

resistance, high thermal conductivity, and good thermal properties such as high 

temperature chemical stability and thermal shock resistance. Examples of such ceramic 

materials are those based on: silicon nitride (Si3N4), silicon carbide (SiC), alumina 

Because of their covalent nature, ceramic materials are inherently brittle. This 

means that if a crack initiates in the material, it will propagate to failure in a 

catastrophic fashion. A crack may initiate at a point where there is a stress 

concentration, and in brittle structural ceramics these are generally flaws in the form 

of pores, or inclusions. These flaws are mostly associated with processing(3,4). Due to 

this factor of uncertainty, the strengths of these brittle materials are measured using 

a statistical approach (the occurrence of naws is described by a statistical 
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distribution). However, thls Is not enougn to convince mechunical englncers to dl'slgn 

wlth ceramlcsj although It nlay seem statistically safe to apply a structural ceromlc 

in a critical application, there will always be a chance of early failure ln a catastrophlc 

mannet'. The answer to this problem is to Împrove the fracture toughncss of the 

material, i.e. its Kk A possible approach to this Is to form a composite wlth the 

material. This philosophy has been applied successfully in polyrncr and met al 

matrices(S,6), although in these cases improving the strength and stiffness was the 

primary objective. Nevertheless, the ide a of incorporating a second phase into CCI amie 

matrices to inhibit crack propagation has been investigated, and in sorne installces has 

proved very successful, as in, for example, glass fibre-reinforccd concrete(7). 

A composite material is one that contains at Icast two phases. Gpnel'ully one 

phase is stronger than the other, to give a reinforced compo~ite. Reinforcemcnt may 

be in the form of fibres, particulate or laminates. Fibres may be conLÏnuol/s or 

discontinuous. A fibre is continuous when a change in its Icngth docs not alter the 

properties of the matrix material; usually these fibres have a length comparable to the 

dimension along the direction which they reinforce. Discontinuous fibres rnay he short 

fibres (chopped continuous) or whiskers. The latter are clongated single crystals having 

strengths approaching the bond stcength of the material with sub-micron diametcrs and 

aspect ratios (J!d) ranging from 10-50. 

There are a number of commercially available fibres on the market, and many 

of these have already been investigated in combinat ion with various ceramic matrices; 

the most common one being the carbon fibre(S). This is then followed by SiC(9) fibres 



and sorne work has also becn carried out on Al20 3 flbrcs( 10). Thesc fibres hove bccn 

incorporated ln matrices such as sidll), AI20 3
(2), Si3N4(13) and glass ccromlcs(14). 

Commerclally available whiskers are mostly of SIC, although whiskers of olher 

materlals, such a3 S13N4, have been produced. SiC whiskers have been successfully 

Incorporated into Al20 3 and Si3N4 matrices. This work will be reviewed in sorne detail 

ln Chapter 2. 

Thus the need to produce reinforced ceramic composites with increased 

toughness is c1ear, and thls work is concerned with the processing of such a material. 
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2. BACKGROUND INFORMATION & 

LITERATURE REVIEW 

During the past 10 years, ceramic composites have stirred up much excitcmcnt 

in rnaterials science, mostly because of their potential resulting from their 

unparalleled properties. Thus there has been trcmendous effort in trying lO dcvelop the 

science of ceramic matrix composites. As a result, a large quantity of data has becn 

generated, and an understanding of the fundamcntals regarding procc5sing and 

fabrication has already been establishedOS, 16), although cven hcrc ncw dcvelopmcllts 

occur frcQuently. The properties obtained for these ncw matcrials have bccn 

docurnented by a number ",f authors(l7, 18, 19) using various classification mcthods. 

Current fundamental knowledge of factors that determinc mechanical propertics of 

ceramic composites, and ways of improving them, has also been the topie of nurncrous 

publications(20,21 ,22). 

The aim of this chapter is to review in more detail, the work carricd out on this 

subject to date, with special reference to whisker reinforcment of ceramics. Thc morc 

important areas of this science, as weil as the current rcscarch intercst, will hc 

emphasized, with regard to the pres(mt work. But befare moving on ta composites, a 

brief review of the basic concepts of ceramics and the matrix material, namely silicon 

nitride (Si3N4), will be presented. 
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2.1 SILICON NITRIDE 

To fully understand the objectives of this work, and the mechanisms involved, 

a thorough understanding of the matrix material is necessary. The following section 

summarlses the current knowledge of the material. 

2.1.1 fORMATION, STRUCTURE AND PROPERTIES 

Si3N4 docs not occur naturally on the Earth's surface and is synthetically formed 

by the combination of silicon and nitrogen. This is done either by heating silicon 

powder in nitrogen, or through the carbothermal reduction of silica in nitrogen, or by 

the ammoniolysis of silicon tetrachloride. These methods have been reviewed 

elsewhere(23) . 

Si3N4 is found in two crystalline forms, (X and p (24). Both have hexagonal 

structures, but with differing lattice parameters in the c-axis; that of ex being about 

twice that of p (25). This is due to differences in the stacking sequence of the planes. 

Whereas P consists of Si6NS layers, alternating in the sequence ABAB, ex consists of 

Si12N16 planes in a sequence ABCD, where CD are mirror inverted layers of AB. This 

accounts for the ex lattice distance being twice that of the P crystal. 

It was proposed that the <X phase (Fig. 2.1 a) is further stabilized by the presence 

of oxygen in the structure(26), to form an oxynitride with a chcmical formula 

Si II.4N 15°0.3' However this observation has been questioned(27,28,29) and current 
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concensus is that «-Si3N4 does not necessarily rcquire oxygcn for structural stuhillly. 

The ~-phase is derived from the structure bascd on that of phcnuclte (De2Si04)' us 

shown in Fig. 2.1b, where the beryllium atoms are replaced by SiBCOll, und the oxygcn 

atoms replaced by nitrogen(30). 

Both phases may be synthesised concurrently over a wide tcmperature rangeO \) 1 

however, the « phase becomes increasingly unstable, with respect to ~, at highcr 

temperatures, and it is now widely accepted that « is a low tempera turc, Illctastablc 

phase « 15000 C), whereas ~ is stable at ail temperaturcs(32). 

Due to the rigid nature and directionality of the covalent bond, Si3N4 is a hard, 

strong material with a high decomposition temperature. Pauling(33) estimated the 

(a) (b) 
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bondlng of SI3N4 to lie .. 70% covalent. L1ke most ccramlcs, Itls also brlttle. It Is IIgllt, 

bas a low thermal expansion coefficient and Is a good conductor of heat. The 

cornblnatlon of these properties make Si3N4 an excellent materlal for hlgh temperaturê 

applications. Dense Si3N4 Is transparent, but due to the presence of impurities like Fe, 

Ca and AI the rnaterial appears grey. It Is Inert to most corrosive environments, except 

hydrofluoric acid and molten alkali salts. Table 2.1 compares sorne of the properties 

of dense Si 3N4 to another commercially available rnaterial known as reaction-bonded 

siJi::o/J nitride, the fabrication of which will be described in 2.1.3.1. 

Table 2.1: Properties of Si3N4 ceramics(34). 

PROPERTlES DENSE Si3N4 RBSN 

CRYSTAL STRUCTURE 4: c/a=0.70 
p: c/a=0.37 

DECOMPOSITION 1920 
TEMPERATURE (oC) 

THEORETICAL DENSITY 4 = 3.168-3.188 
(g/cm3) p = 3.19-3.202 

RELATIVE DENSITY 90-100% th. 70-88% th. 
f-

THERMAL EXP. 2.9-3.6 
COEFF. (/106 oC) 

THERMAL COND. (W/mK) 15-50 4-30 

SPECIFIC HEAT (J/kg oC) 700 

MICROHARDNESS 16-22 
(VICKERS. GPa) 

YOUNG'S MOD.(GPa) 300-330 120-220 

FLEXURALSTRENGTH 400-950 150-350 
(MPa) 

FRACTURETOUGHNE~ 
(MPa.m 1/2) 

3.4-8.2 1.5-2.8 
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The mechanlcal, chemical and electrical propcrtlcs depend strongly on the 

1 extent of densification of the bulk materlal. This is a challenging nspect ln the 

fabrication of the materlal. The following section rcvicws the rnechnnisllls involved ln 

doing this. 

2.1.2 FABRICATION OF Si3N4 

Prior to reviewing the kinetics by which Si JN4 densi fics, a brief description of 

densification theory in ceramic materials will be prescnted. 

2.1.2.1 Densification of Ceramics 

A ceramic body develops useful mechanical propcrties after simering a powdcr 

1 compact, or green body. Sintering is a heat-treatmcnt proccss whcreby particulale 

material (green body) is heated to a temperature high cnough for rnatcrial transport 

ta take place. A green body typically contains 25-60% porosity, and the powder is 

loosely held together by weak van ùer Waal forces and rnechanical interlocking. Upon 

sintering, there is a thermodynamic driving force for lhe compact to reducc ils overall 

surface area. This is done by the elimination of porcs, Le. the change from high surface 

free energy solid-vapour interfaces to the lower solid-solid interfaces (this rc~ults in 

an overall shrinkage of the body)(3S). It thus fo11ows that the smallcr the partiele size 

of the powder, the higher the driving force for den~ification. 

Material transport takes place in a number of ways, either by solid-state 

T 9 , 
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diffusion through the lattice, the surface or the grain boundaries, or via a vapour phase 

1 
(evaporation-condensation) along the grain surfaces (Fig 2.2)(35). Alternatively, it could 

occur via a liquid phase along the surface. For this to take place: there should be an 

appreciable arnount of liquid phase present; the solid phase should be soluble to sorne 

extent in the liQuid; and the liQuid must wet the solid surfaces. This liquid phase is 

generally formed by additives which, upon heating, melt at a lower temperature than 

that required for solid-state diffusion to occur. The liquid thus wets the surface of 

particles, creating a capillary pressure between each interparticle spacing. This i:rings 

particles closer together as a result of a negative curvature that is present at the point 

of contact of two particles (Fig 2.3)(35). This liquid phase helps sintering in a number 

1. Surface Diffusion 
2. Bulk Diffusion 
3. Vapour diffusion 
4. Grain Boundary Diffusion 

Fig. 2.2: Mass transport paths during sintering. 

10 



t 

l 

.. 

-+--- L1quld Phase 

Contact Pressure 

Fig. 2.3: Liquid-phase sintering. 

of ways: it allows particle rearrangement by creep for more efficient packing and 

increases the rate of mass transport by solid-state diffusion (higher contact prcbsur c)t 

as well as by a solution-repreeipltation process through the liquid(36). 

2.1.2.2 Densification of Si3N4 

Due to the highly covalent nature and short interatomic distances of Si JN 4t 

densification by solid state diffusion is not a practical approach(37). Material tran~port 

is too slow for sintering to occur in a rea!istie time. In faet, it has been shown(8
) that 

the self-diffusion coefficient (D) for Si in Si3N4 at 19000 C is only 1.5xl0- 16rn 2b- I , 

Therefore mueh work has been directed towards sintering in the presence of a liquid 

phase . 
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Uquld Phase Slntcrlng of S/jN 4 

The IIQuid phase for SI3N4 Is providcd by slntering additives, mlxcd ln wlth the 

sterling powder. Upon heatlng, they rcact wlth the surface sllica ln the SI3N4 powder, 

to form silicate compounds, as shown ln Fig. 2.4. 

~Oll~ 
r-------~----------~ 
~N. + Second Phase(s) 1 

Fig. 2.4: LlQuid-phase sintering of Si3N4. 

The Si3N4 and liQuid phase combinations have been studied extensively, the more 

important additives being MgO, Y 203 and AIN, with A1203' forming the Mg-Si-O-N, 

y _Si_O_N(39,40) and Si-AI-O-N( 41,42) systems respectively. These systems will be 

briefly discussed later. 

The a to fJ Transformation 

The a to ~ transformation is a major step in the densification of Si3N4 • This 

step has almost always been observed in the presence of a liQuid phase. As mentioned 

earlier, the liQuid phase allows the Si3N4 to dissolve. This dissolution of nitrogen in a 

12 



1 

silicate or oxynitride melt, favours the formation of the ~ phase by the Solullon­

precipitation process(43,44,4S). Without the liquid phase, transformation would 

otherwise be too sluggish to proceed(46). The ~ cryslals thl.1t prccipitatc tend to huve 

an acicular structure(43,47,48). Fig. 2.5 shows a schcmetic of this transformation. 

BTAnTING POWDER 
AND ADDITIVES 

81NTERING 

COOLING 

:2:00'0 

FINAL 81NTERED 
MICROSTRUCTURE 

Fig. 2.5: The (l-~ transformation. 

SIALON Ceramics 

TRANSFORMATION 
BY SOLUTION­

REPRECIPITATION 
(ABOVE "100°(;) 

A major development of the liquid phase system was the simultaneous discovcry 

of the Si-AI-O-N system (Fig. 2.6) by Jack et a1.(41) and Ornaya ct al.(42). In this 
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system the additives forrn an alloy with Il Si3N4 by the substitution of alurninum and 

oxygen for silicon and nltrogen, respcctlvely. This produces a solld-solution phase of 

the sarne crystal structure as ~, and Is termed p'-sialon. The additions rnay be in the 

form of A1203' I:Jr a cornbination of AI20 3 and AIN. The addition of yttria to the 

system (y -SIAION, Fig. 2.7) provides a more extensive liquld region, thus allowing for 

lIquid phase sintering to proceed more easily. Upon cooling, the liquid phase forms an 

yttrium slulon glass grain boundary phase(49). Depending on the composition, this may 

then be heat-treated to form a crystalline phase, such as yttrium aluminum garnet 

(Y 3A120 12)(50). By doing 50, the material may be engineered to be more creep resistant 

at temperatures as high as 1400oC(Sl). 

~(A1N AtAl 

Fig. 2.6: The SiAION phase diagram at 1700oC. 
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{3-Sialon AIN 

Fig. 2.7: The Y-SiAION system. 

2.1.3 FABRICATION PROCESSES Of Si3N4 

As mentioned earlier, Si3N4 boèies are made by sintering a green powder 

compact. There are basically two routes th&t may be taken to do this. The first is the 

direct nitridation of a silicon powder compact, to form reaction bOlldcd silicon f}Îtride 

(RBSN), and the second involves the sintering of a Si3N4 powder compact using the 

application of pressure, be it external (hot-pressing) or by the presence of a Iiquid 

phase as described in 2.1.2.2 above, or both. 

2.1.3.1 Reactior Bonded Silicon Nitride 

This method provides a simple way of producing near net shape objects. The 
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startlng matcrlal Is a silicon powdcr compac,l whlch is flrst prc-slntercd at low 

tcmpcraturc. This providcs sufficient strength for conventional machlning of complex 

shapcs. Nltridatlon thcn follows at tcmperatures of 1200-1450oC and can takc up to 

several days for large eomponents. The result is a porous matrix (at least 15% porosity) 

with the matrix being made up of 60 ·90% a-Si 3N 4, and the remainder ~. This process 

has been dcscribcd ln detai! by Moulson(S2), and further discussion is beyond the scope 

of this work. 

2.1.3.2 Sintered Si3N4 

Sintering of Si3N4 may be achieved either by using external pressure, or by using 

a Iiquid phase) or both, to speed up the diffusion processes. Two methods have been 

developed to do this: Pressing, which includes Hot-Pressing and Hot Isostatic Pressing 

(HlPping); and Sintering, whieh includes Pressureless sintering and Gas Pressure 

sintering. 

Hot Pressing 

This method uses the application of external pressure while sintering at about 

1650-17500C. The pressure is applied by using a graphite die, which is th en rammed 

uniaxially, or by usinl gas pressure. Fully dense Si3N4 with good mechanieal properties 

may be produced using this technique. However its major disadvantage is the high cost 

of equipment and the faet that only simple symmetrical shapes may be produced; 
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complex shapes requlre extensive dlamond machinlng. It also promo tes grain allgnment 

in a plane perpendlcular to the direction of the force. Because of thcse disodvantagcs, 

it is nat considered a viable process for use in industry. 

Hot lsostatic Pressing (H/P) 

This method is similar to Hot Pressing in that it uses the application of pressure 

durlng sintering. However the difference is that the pressure is applicd isostatically, 

thus allowing complex shaped objects to be manufactured. This requires that the objc-::t 

be encapsulated prior to sintering. The technique gives very uniform microstructures 

and material with very good properties. However it is an cxpensivc process and is not 

very practical for production purposes. 

Pressureless Sintering 

The answer to producing a low cost, dense, complex-shaped Si3N4 article sccms 

to be pressureless sintering. This method uses the capillary pressure created by the 

presence of the liquid phase as the driving force for fast diffusion. furnace dcsign is 

mu ch simpler th an that reqlJiring external pressure. However in this technique it is 

important to have an ultra-fine starting powder to providc the thcrmodynamic driving 

force ~or densification, as explained in 2.1.2 above. A close control of the partial 

pressure of the reactants in the sintering atmosphere is neccssary to avoid dissociation 

of the Si3N4. This is achieved by the use of a nitrogen atmosphere, and a bed of loose 

Si3N4 and BN powder. 
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Gas Pressure Sllllerlng 

This mctho~ Is a modification of pressurcless slntering. The parUal pressure of 

the nllrogen Is Increascd above atmospheric. This enhances the densification pro cess 

somewhat, and 0150 prevents decomposition of the components bcing sintered. The 

sintcrlng temperoture can also be increased, and a resuIt, sinterlng times are reduced. 

2.2 THEORETICAL ASPECTS OF FIBRE REINFORCEMENT 

As previously mentioned, one of the main directions of research in ceramics is 

to improve the reliability of an advanced structural ceramic. There appears to be two 

approaches to this problem(21). The first is to eliminate defects resulting from 

processing(3), thus reducing the size and distribution of criticaJ f1aws which initiate 

faHure. In this way, ceramic materials with high uniform flexuraI strengths and a high 

Weibull Modulus (a measure of reliabiIity) are obtained. The second approach is to 

reinforce the matrix with fibres, and try to control the crack propagation, hence 

reducing the chances of catastrophic failure. 

2.2.1 TOUGHENING MECHANISMS IN WHISKER/FIBRE REINFORCED SYSTEMS 

The most complete discussion of the mechanisms involved in fibre reinforcement 

is given by Rice(S3). The mechanisms most applicable to advanced ceramics are 
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summarized as follows: 

B) Load Transfer 

This Is a fundamental concept in a composite materlal. The stress ln the 

materlal is distributed equally amoungst the fibres and the matrlx, in pl'oponion to the 

volume ratio between the two phases. The extent of toughening gencrally incl'cases 

with the ratio Er/Em and the volume of fibres added (VrJ. 

b) Crack-Particle Interaction 

i. Crack Impediment 

This mechanism requires fibres which are more difficult to fracture than the 

matrix. This results in a crack bowing out between the fibres until it reaehes a 

breakaway condition(54) as proposed in Lange's line tension model. Evans(55l further 

analysed fibre shape and orientation, deducing that maximum IJcllcfit of this 

mechanism is achieved when uni axial fibres are aligned parallel with the principal 

stress. 

The stresses arising due to a thermal expansion coefficient rnisrnatch between 

fibre and particle could significantly affect the path of a crack. Cracks pre fer to 

propagate normal to tensile stresses and parallel with compressive stresses. Thus it 

follows that a crack is attracted to a fibre in hydrostatic compression, provided the 

crack approaches the particle close enough for the stress to become effective. This is 

shown schernatically in Fig. 2.8(a). 
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II) Crack DcflectlonlForklng 

Simllarly as above, a rcversed situation, that Is havlng a fibre ln hydrostatlc 

tension, wou Id make a crack dcflect away from the fibre (Fig. 2.8(b)). A second 

mechanlsm resultlng ln a crack deflectlng or forklng Is the orientation of preferred 

fracture surfaces such as grain boundaries or c1eavage planes. This mechanism could 

be enhanced by providing oriented arrays of preferred paths, su ch as crystal10graphic 

oriented precipitates. Toughening is increased as a result of reduced stress Intensity 

ln the set of cracks, and Increased fracture area. 

crack 
" / (a) - .-/ 

crack 

........ - (b) 

Fig. 2.8: (a) Crack arrest, (b) Crack deflection(53). 

iii) Fibre Pullout 

Fibre pullout will oceur when the fibre bas a high transverse fracture toughness, 

or when there is poor bonding between the fibre and the matrix. If pullout occurs, the 

effective fracture 'iurface increases and thus increases the overall toughness. The 

nature of the fibre/matrix bond is very critical in achieving this type of toughening(56) 
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and considerable efforts have been made to characterlze thesc Interfaces. Contlngs 

that pro duce a weak fibre/matrix Interface bond have now been dcveloped to opt!mlze 

thls toughening mechanlsm(57). 

c) Whisker Bridging 

This mechanism Is derived from strong whlskers which bridge the crack in the 

region behind the crack tip. In addition, whiskers further behind the crack tip fracture 

and/or may be pulled out of the matrix(58). Furthermore, in the case of nliglll'd 

whiskers, the c10sure stress exerted by the bridging whiskers is the sum of the c10sure 

stresses exerted by each whisker in the bridging zone. 

2.3 CONTINUOUS FIBRE-REINFORCED CERAMIC COMPOSITE SYSTEMS 

The development of glass and carbon continuous fibres for polymer rnatrix 

applications brought about the birth of continuous fibre-reinforced cerarnics(59). Today 

fibres of SiC, and to sorne extent A1203' have been succcssfully incorporatcd in 

matrices of SiC(11,60), Si3N}13,61), AI20 3
02,62), ta mention but a few. A major area 

of development in these systems is the depositions of protective coating to inhihit 

severe degradation of the fibres, by interaction with the matrix matcrial(57,63). The 

extent of research carried out in this area of ceramic composites is too vast to be 

reviewed here, but further information can be obtained in the rcfcrcnces given ubove. 
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2.4 WIIISKER-REINFORCED CERAMIC COMPOSITE SYSrEMS 

The area of whlsker-relnforced composite materlals is still hlghly active and 

Information is belng generated at a very fast rate. The Interest in the field Is clearly 

visible by the number of researchers working towards establlshing the relevent science. 

lIowever, It is apparent that there are certain areas which are being given particular 

attention. These may be summed up as follows: 

- Choice of starling material, to ensure fast, and complete densification. 

- Good dispersion of the whiskers and starting powder, including choice of method (pH 

control of slurry, dispersants, milling, etc.) th us eliminating flaws resulting from 

processing and hence maximizing the mechanical propertics. 

- To obtain densification using cheap methods such as pressureless sintering. 

- To obtain improved high temperature properties. 

The two most established systems being researched are the SiC whisker­

reinforced A1 20 3 matrix system (AI20 3/SiCw)' and the SiC whisker-reinforced Si3N4 

matrix system (Si3NiSiCw)' These will continually be referred to in this chapter. 

2.4.1 SELECTION OF RAW MATE RIAL 

2.4.1.1 The Matrix 

As already mentioned in 2.1.2.1, to optimize the thermodynamic driving force 

during sintering, it is necessary to start with a highly reactive powder, with good 
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morphology and a favourable surface chemlstry. These conditions apply Just 8S weil to 

whisker-relnforced ceramlc composite. Powder having a sub-mlcron partiele Sil!', and 

a wide partlcle size distribution is preferred (In the case of non-oxide ceramlcs, the 

quantity of oxygen due to the passive oxide layer on the particle may increase to an 

undesirable level if the partiele slze becomes tao small; this wou Id be detrirnental to 

the material, due to the formation of weaker phases, such as amorphous silicates). This 

gives good packing characteristics and thus high green densities, resulting in fast 

sintering and low shrinkage, and a small average grain size(64). 

2.4.1. 2 The Whiskers 

It is fortunate that the manufacturers of whiskers go into grcat effort to 

optimize the quality of their product. For the production of good whisker-reinforccd 

composites, it is necessary to use whiskers having high purity, with \ittle contaminnnts 

(as these may effect the formation of undesired phases), a uniform diameter/aspect 

ratio, a uniform crystal structure and a compatible surface chemistry. The inclusion 

of particulates is undesirable(65). 

2.4.1.3 The Liquid Phase 

The composition and quantity of liquid phase desired during sintering is also 

another area where extensive research has been carried out(64.66.67). In whisker-

reinforced composites, the liquid phase has an even more important role than in 

monolithic ceramics. Due to the rod-like nature of whiskers, good packing is difficult 
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to obtaln, as cxplalncd by Mllewski(68). Thcrcfore the liquld serves prlmarlly as a 

lubrlcant to help rearrange partlc1es durlng the slnterlng process (accordlng to 

Klngery's modcl(36)). This Is whcn the largest shrlnkage rate occurs in the materlal, 

and as will be explained later, if this is high enough thrn full densities will be attained. 

The liquid phase as a reactant (as opposed to a lubrlcant) ln the slntering process has 

no ulterlor role other than that of sintering (as in rnonolithic materiaJ), unless there is 

a chemical reaction between this Iiquid phase and the reinforcing phase. For example, 

the ever present silica layer on SiC whiskers will dissolve in the Iiquid phase used to 

sinter Si3N4, and hence may degrade the whisker properties(69). 

2.4.2 PROCESSING TECHNOLOGY 

The philosophy of secondary phase dispersion to rein force a matrix yields 

optimum rcsults if there is homogeneous dispersion of the reinforcing phase. Therefore 

in whisker-reinforced ceramic-matrix-composites (CMC), obta ining a uniform dispersion 

of the whiskers is essential. This has been the focus of many studies(70), sorne of which 

will be discussed later. 

One of the biggest problems in advanced structural ceramics, in general, is the 

presence of processing flaws in the matrix. The occurrence of these flaws is one of the 

main causes of early failure. In whisker-reinforced CMC's the problem is further 

aggravated as processing of whiskers can be a difficult task due to their different 

surface chemistry and geometry. 
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One of the major causes of proccsslng flaws Is the presence of powdcr 

agglomerates, which form as a result of the high affinity of the powder pnrtlc1cs to 

adhere to one another due to thelr sub-micron diarneters, and he nec hlgh surface 

energies. Upon sintering, these agglomerates form rcgions of low dcnsity in a dense 

matrix. So by elirninating them from the starting powder, and obtaining more 

homogeneous powder packing, the material properties have been shown to irnprov(p 1 ) . 

This section deals with the various steps involved in the fabrication of ccrmnic 

composites and consists of a brief description of the scientific princip les as wpll as a 

review of the work done on the subject. 

2.4.2.1 Mixing and Dispersion 

In a ceramic composite system it is important to have a uniform starting 

powder, with a homogenous distribution of sintering additives and secondar)' phasc, as 

weIl as an agglomerate free matrix material. Because advanccd ccramic rnaterials 

requin~ starting powders of such smaH particle size, inter-particle attraction prohibits 

dry mixing of the different powders. Suspension proccssing is therefore uscd. A 

colloidal slip is formed by adding powder to a liquid, such as alcohol or water. To 

counteract the ever-present attractive forces between the particles, the slip is made 

stable by inducing repulsive forces. The various forces used to disperse suspension are: 

Brownian Motion, Hydrodynamic forces, Electrostatic forces, Steric forces and 

Ultrasonic vibrations. A brier description of eaeh follows. 
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Brown/an Mot/on 

This is the result of partlcles heing continually bombarded by other molecules 

in the medium. This causes the particles to "jump", hence placing them in perpetuaI 

motion(72). Associated with Brownian motion is diffusion. When a concentrati(m 

gradient exists in a suspension, there is a graduaI migration of particles toward the 

region of lower concentration by Brownian motion. This is because the number of jumps 

increases with concentration. Brownian motion is also responsible for the separation 

of particles, according to size, in a settling column. As particles faH by the action of 

gravit y , a higher concentration is created in the lower portion of the suspension. An 

equilibrium is reached when the diffusion is balanced by the gravitational acceleration 

of the falling particle. 

Mechanical forces 

These are forces induced by mechanical action on the suspension, to help form 

a more stable slip. Such forces include impact and/or shearing action of media to break 

up agglomerates of particles, and hydrodynamic forces resulting from mechanically 

induced shearing occurring between planes of liquid moving at different speeds. 

Particles moving in different planes are therefore made to coll ide, or separate, 

depending on the nature of the force. In ceramic particle systems, these forces have 

a special significance, since most slips are mixed using a milling techniques, as will be 

described shortly. 
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Electrostatic forces 

These forces are created as a result of the surface charge on a partlcle. This 

then adsorbs counterlons onto the surface to becorne electrostatlcolly ncutral. Thcse 

ions forms a so-called Diffuse or Electrlc Double Layer (Fig. 2.9)(73). The composition 

of this double layer Is rather cornplicRted, with the formation of a more rlgid Stern 

layer and thp. outer, more mobile Diffuse layer. As two partic1es approach one another, 

their double layers overlap, and a repulsive force results due to the cqual charges. This 

force is counteracted by the attractive Van der Waals forces, the balance of whlch Is 

described by the Derjaguin, Landau, Verwey and Overbeek (DLVO) thcory(74). The 

action of electrostatically shearing the mobile diffuse layer from the Stern layer is an 

electrophoresis measurement, which in turn give the C -potential of a partic1e. This 

measurernent is also dependent on the ionic concentration of the suspension. 

BULl< OF SOLUTION 

• 

CONCENTRATION 
OF POSrTlVE 
IONS 

CONCENTRATION OF 
NEGATIVE IONS 

Fig. 2.9: The electrostatic double layer. 
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Sterlc forces 

Thcse forces are created by the addition of polymerie molecules, whlch are 

adsorbed onto the surface of a partlcle. Essentlally, thls Is a modification of the 

surface propertles of the partlcle, both physlcally and chemlcally. The result Is 

somewhat slmllar to the electrostatlc double layer, where sterlc repu/sion results from 

the Interaction of the molecules on the surface (Fig. 2.10)(73). The physleal basis of the 

steric repulsion bctwcen partlcles arises from two effects: 1) l\ volume restriction 

effect arlslng from the decrease in possible configurations in the region between the 

lwo surfaces of the particles, and 2) an osmotic effect due to the relatively hlgh 

concentration of adsorbed molecules or chains in the region between the particles as 

they approach. 

--
POWDER DISPERSANT 

STABLE SUSPENSION 

Fig. 2.10: Steric repulsion. 
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Ultrasonic vibration 

Ultrasonic waves may bc used to agitate coagulatcd particlcs and break them 

down, thus formlng a more dlspersed slip. Agglomerates break up as cach Indlvldual 

particle attempts to osclllate at the frcqucncy of the waves. Howcver, pl'olongcd 

agitation should be avoided as there is a tendency for partidcs to reagglomcrate. 

Ultrasonic dispersion 15 generally used in conjunction with the other rnethods described 

above. 

Deagglomeration ln Whisker Composite Systems 

The various deflocculation techniques have all becn studicd in order to ootain 

a good dispersion of whiskers in the matrix powder. Milling is still the most commonly 

used mixing method, be it baU(64,96.75,76l or attrition milling(77), although the latter 

has been shown to be more efficient in obtaining a dispersed slip(78). In addition, a 

patented design called turbo-rniHing was reported to bc even more effcclive(79) th an 

either ball or attrition milling. 

Dispersing the slurry by altering the pH of the slip has also becn used 

successfully. By measuring the pH at which the surface chargc of the particles changes 

from negative to positive, designated the iso-electric point (iep), using electrophoresis, 

it is possible to select a suitable pH to disperse the slip; the farther away the pli of 

the slip is from the lep, the slower the coagulation. For example, Al20 3 has becn shown 

to rave an lep at a pH of .. S.O, and both SiC and Si3N4 have an lep in the pli range of 

6.5-7.0. This is due ta the presence of a surface silica layer on both materials, and is 
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prcsumcd to he the overrldlng factor(80,81 ,82) ln dctermlnlng the surface propcrtles of 

these non-oxlde ceramles. Thus for an A120 3/SiCw systems a pH of 4.0_5.0(67,83) or 

> 10.0(84) was used to disperse the slip. A pH of 9.0 has been used to disperse 

Si3NiSiCw systems(85). 

The other technique, which has gained popularity in recent years is the use of 

polymerie dispersants. This method has, to date, been mostly applied to the Si 3NiSiCw 

system. The dispersants are of the likes of a polyacrylate(85) or a combination of a 

polycarbonate and an amine(70). 

2.4.2.2 Consolidation of Whisker-Reinforced Composite'3 

The two most popular fabrication methods to produce test samples are Pressing 

and Slip Casting. The main difference hetween the two is that for pressing, the slurry 

has to be dried and granulated, whereas in slip casting it is processed as a concentrated 

suspension. This stage of fabrication reflects the quality of dispersion attained by using 

the techniques discussed above and can be determined by measuring the density of the 

green body. 

Slip casting of whisker composites always seems to yield higher green densities. 

For the AI20 3/SiCw system, typically processed by a pH modified slurry, densities of 

65-70% of theoretical have been reported for samples containing up to 30 vol% whisker 

content(67), when compared to pressed bars giving densities of 50-55%(64). For the 

Si3N4/SiCw' a similar green density was obtained for the slip cast samples containing 

up to 20 vol% whiskers(85). However, cold isostatically pressed samples have been 
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reported to have green densltles of 58_64%(69.77). For SI 3N4 thls value dcpcnds very 

much on the partlcular powder characterlstlcs. 

Filtration has been used to obtaln powder/whisker cake by fast removal of the 

liquid throllgh the application of external pressure, and glves a slmilar rcsult to slip 

casting. Green densities of 59-65% for an A120iSiCw have been reported lIslng thls 

method(86). Other fabrication methods used to produce green bodies of whlsker 

composites Include Injection molding(87). Extrusion, although used wldely to form 

monolithic ceramic components, has never been invesligaled as a fabrication proccss 

for whisker-reinforced CMC's. 

2.4.2.3 Sintering 

Most of the successful results obtained to date are for composites sintered by 

either HIPping, with(77,87,88) or without sintering additives(70), or using hot­

pressing(66,75,84,e6,90). High sintered densities have been obtdined without any scrious 

difficulties, except in sorne cases where a high whisker loading was used. Dut even hcrc 

95% densities have been reported for 20% '!olume of whiskers(77). A longer sintering 

time has been used to obtain high densities for 30% whisker content (90). The use of hot 

pressing methods, although unsuitable for most commercial applications, has enablcd 

researchers to analyse the various mechanisms in thp, materia), su ch as densification 

kinetics, and study the ways in which the material responds to varying parametcrs such 

as whisker content and sintering additives. 

Although dense composites may be produced by hot-pressing techniques, il is 
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IImltcd prlmarlly by the cxpenses Involved ln equlpment and operation. Furthcrmore, 

only simple shapcs may be produccd using hot-pressing, and whlskers tend to orient 

themselves pcrpcndicular to the direction of pressing as a result of the uni axial 

pressure applied to the samples during sintering(92). 

The drive to produce whisker composites using a cheaper, more practical 

method, such as pressureless or gas pressure sintering, is evident. Pressureless sintering 

usually rcquires samples with high green density to minimize shrinkage. Whiskers do 

not aHow for large shrinkages, since whisker bridging causes problems. When bridging 

n>aches il critical point, a skeletal network fl)rms in the matrix, inhibiting further 

densification! 64,83). Fig. 2.11 shows the way in which sintered density decreases with 

increaslng whisker content. This problem could be minimized by increasing the amount 

of liquid phase(64,77), or by reducing the aspect ratio of the whiskers(68,88). Indeed 

sintered densities >95% has thus been produced for composites with up to 20% whisker 
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Fig. 2.11: The effect of whisker content on density for 
pressureless sintered specimens(93). 
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content(77). Howcver in both cases, therc is a sacriflclal rcduction in strength. The use 

of gas pressure sintering has been reportcd to produced dense samples of up to 20% 

whisker content, at pressures of 10MPa(77). But even in this case, as rnuch as 35% 

sintering additives had to be used to achieve this. Prcssureless sintcrlng of slip cast 

specimens shows promising resutts. Because of the hlgh green densltics produced by slip 

casting, it looked like a promising fabrication method. Table 2.2 shows the d('nsitics 

obtained for a Si3NiSiCw system produced using slip casting(85). The only 

Table 2.2: Densities for slip cast and CIP specimens. 

WHISKER SLIP CASTING c.I.P. 
CONTENT 

(VOL.%) GREEN SINTERED GREEN SINTERED 
DENSITY DENSITY DENSlTY DENSlTY 
(% R.D,) (% R.D.) (% R.D.) (% R.D,) 

0 69.1 98.5 64.0 99.5 
5 68.3 98.5 63.8 99.5 
10 67.8 96.9 61.0 97.0 
15 65.9 94.5 60.5 94.5 
20 64.0 88.5 55.7 88.5 

disadvantage of this method is the anisotropie shrinkage behavior resulting from 

whisker alignment along the surface of the mold. Similar detailed work in this area was 

carried out on A120 3/SiCw which yielded densities of 97% and 92% for whisker loadings 

of 15% and 27%, respectively<67). 

Another sintering method used exclusively for the Si 3N4/SiCw system is by 

reaction bonding. A Si/SiCw compact is nitrided to grow Si3N4 from the silicon 

powder(94). This process is generally followed by a hot-pressing, ~95) or IIlPping(69) step 
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to densify the body to full density. and obtain improved properties. Fig. 2.12 shows the 

increase ln denslty after each step of sintering. for whisker content up to 30%. 
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Fig. 2.12: Density increase using various sintering methods(69). 

2.4.3 MECHANICAL PROPERTIES 

Whisker reinforcement has been shown to improve the mechanical properties of 

a ceramlc material. Table 2.3 shows the strength and toughness values for a hot-

pressed A120 3/SiCw composite. for whisker loading of up to 40%(96). Generally. 

properties Improve with increasing whisker content, but at high whisker loading. 

problems of low density seem to effect mechanical properties. 

Table 2.4 shows a summary of the properties obtained for the SI3NiSiCw 

system by various researchers(91). Although an increase in toughness is almost always 
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Table 2.3: Mechanlcal propertles of Hot-Pressed A1 2Q3LSJ.Çw CQlllllosill'S(96). 

WHISKER TEMP. K 1c M.O.R. 
(VOL.%) (oC) (Mpa.m 1/2) (MPa) 

0 22 .1.5 -
700 4.0 -
1000 3.8 -

10 22 7.1 455 
1000 - 320 

20 22 7.5-9.0 655 
700 - 535 
1000 7.0-8.0 570 

40 22 6.0 850 
700 - 740 
1000 6.2 665 

evident, the way in which the strength values behave is not c1ear yet, as the results 

differ somewhat. As mentioned earlier, the properties of Si3N4 starting powders vary 

from one producer to another, and this could be one of the causes of disagreement. 

However, it is certainly c1ear that the inclusion of whiskcrs in a cerarnic mat rix 

hinders the propagation of the crack. It has also bcen shown that the orient ation of 

these whiskers can have a significant effect on the toughncss of the rnaterial, reaching 

a maximum when the whiskers lie in a plane perpendicular to the path of the crack(92). 

The toughening mechanisms identified to be acting include crack deflection or 

branching, resulting from stresses created due to thermal expansion coefficient 

mismatch, and whisker bridging behind the crack, with pull-out contributing lO sOllle 

extent(58, 76,84). 

Interfacial bonding has once again been attributed to having a large effect on 

the toughening of the composite material, mostly due to the fact that whisker 
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Table 2.4: Mechanlcal prooertles of varlous SIJN~w comoosltes(91). 

WHISKERS M.O.R. K 1c TEMP. 
(VOL.%) (MPa) (MPa.m 112) (oC) 

0 375 4.0 25 
900 6.0 25 
780 4.7 25 
575 4.9 1000 
480 6.2 1200 
660 7.1 25 

10 625 5.5 25 

20 550 7.0 25 
575 5.0 25 

30 970 6.4 25 
820 7.5 1000 
590 7.7 1200 
450 10.5 25 

bridging/pull-out requires that the crack propagates along the interface. Indeed, a 

strong Interfacial bond has been shown to decrease the toughness of the whisker­

relnforced material(66,69). It has been proposed that by modifying this interface, higher 

toughness values may be obtained(S8). However attempts thus far have not yielded any 

major improvement in strength and toughness(91 ,97). 

2.4.4 HIGH TEMPERATURE PROPERTIES 

Due to the potential high temperature applications of whisker-reinforced 

ceramics, it became necessary to know the behavior of these material. There are a 

number of factors that have to be considered when perforrning and an::\lysing 

experiments at high temperatures: there is a strong dependence on temperature and 
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time; the lIquid phase, if present plays a very important role, crt'ep becolllcs a 

1 controlling factor, rallure modes change and cracks becoming more stable as the 

material becomes more ductile ln nature. 

ln Table 2.3, high temperature strcngth values are also prcsented for varylng 

whisker content. Strength retention, even at elevated temperalures, Is evldent, 

although this has been shown to decrease as ternperature incrcases(89). Crccp is 

believed to cause this strength degradation. Toughness on the other hand was seen to 

increase, due mostly to the softening of the grain boundary bonding phase. 

!t has been reported that creep rates for a 5% SiC whisker reinforced alumina 

material are significantly lower {of the order of two} than that of a monolithic 

material, at temperatures of up to 1500oÔ98). Furthermore, as whisker loading 

increases, the creep rate decreases, and the rnaterial does not follow a steady-state 

T 
À relationship. The proposed mechanism suggests that the whiskers providc a rncchanical 

restraint to grain boundary sliding. 

2.5SUMMARY 

From the above literature review, it becomes apparent that there is a demand for 

ceramic materials with improved toughness characteristics, and whisker rcinforcerncnt 

appears to be a strong contender in this field. A process involving the more cconornic 

and versatile densification method of pressureless sint.ering would be most dcsirablc, 
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and as mentloncd above, the abillty to prcfercntlally allgn whlskers withln the matcrial 

should lead to enhanced toughenlng. In addition, the use of a green fabrication pro cess 

giving such allgnment would dccrease the problem connected with whisker bridging and 

skeletal network formation during slntering. 

From these observations, the objectives of this work were outlined and are listed 

in the following chapter. 
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3. OBJECTIVES 

The aim of this work is: 

1) To swdy the dispersion behavior of UBE Si3N4 whiskers and UBE Si3N4 powder using 

two different methods. 

2) To obtain a reinforced Si3N4 matrix by the introduction of acicular single cryslals 

of Si3N4' in the form of whiskers, such that a matrix with clongatcd grains rcsults, 

and to develop a processing method to produce a dense, reinforced matcrial. 

3) To obtain this densification of the matrix by pressureless sintering, using only the 

aid of a liquid phase and to study the densification mechanism of such a composite 

material. 

4) To investigate the use of Hydroxypropyl Cellulose as a plasticizer during processing. 
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4. EXPERIMENTAL PROCEDURE 

4.1 RAW MATERIAL CIIARACTERIZATION 

The Si3N4 powder used in this work was a fine grained, high purity powder, 

previously determined to have good sintering characteristics(99). The specifications of 

the powder (SN-E-IO)* arc shown in Table 4.1, as are those for the Si 3N4 whiskers 

(SN-E-~w), also from the same source. Figs. 4.1 is a secondary electron micrograph of 

the whiskers, showing aspect ratios ranging from 15-50, and an average diameter of 

approx. 1 ~m. 

Table 4.1: Specification of starting powder and whiskers. 

GRADE POWDER SN-E-I0 WHISKERS SN-E-Bw 

MORPHOLOGY EQUIAXED ACICULAR 

PARTICLE SIZE d = 0.1-0.3JJffi L/d = 15-50 

SPEC. SURF. AREA 1O-14m2/g 2.43m2/g 

N >38.0% 40.0% 
0 <2.0% 0.45% 
C <0.2% 

PURITY Cl <100pp 
Fe <100ppm <800ppm 
Ca <50ppm <50ppm 
Al <50ppm <50ppm 
y 0.5% 

PHASE \00% Crystalline 100% Crystalline 
COMPOSITION Cl PHASE=95% ~ PHASE= 1 00% 

~ PHASE=5% 

·UBE Industires Ltd. 

40 



1 

T 

511 m 

Fig. 4.1: UBE Si3N4 whiskers. 

Sintering additives used to aid the densification process were Aluminium Oxide 

(A120 3)**, Aluminium Nitride (AIN)***, and Yttrium Oxide (Y
2
0

J
)****. The 

composition of the mixture is shown in Table 4.2. The total additive content was 

11.25% by weight. The theoretical sintered density for this powder was calculal('d lo 

be 3.27 g/cm
3
. As the po\\'der and whiskers are of the same material (Si

3
N

4
), lhcy both 

have the same density (3.18 g/cm3), and thus whisker additions in weight % and volume 

% are equivalent. 

** A16SG Alcoa 

*** Grade C, H.C. Starck 

.~*** 5603, Molycorp 
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Table 4.2: Composition of startlng powder mixture. 

POWDER WEIGHT% 

Si3N4+pw 88.74 

AI 20 3 4.97 

AIN 1.72 

Y203 4.56 

4.2 POWDER DISPERSION AND MIXING 

The Si3N4 powder, including the additives and the whiskers, were mixed in the 

wet state. Varying weight fractions of the whiskers were mixed with the powders. 

These were added to a Iiquid, generally water or iso-propyl alcohol and dispersed as a 

colloidal suspension, using one of the following methods: attrition milling and ultrasonic 

dispersion, or pH adjustment. These methods are outlined below. 

4.2.1 ATTRITION MILLING/ULTRASONIC DISPERSION 

Fig. 4.2 is a flow diagram of this dispersion method. The powder/whisker mix 

was attrition milled in iso-propyl alcohol, or water at a speed of 200rpm for 30 

minutes. The ratio of Iiquid to powder was 5 parts to l, by weight. Silicon nitride 

milling media having a diameter of -5mm was used, in the proportion of 3 times the 

weight of the powder used. After mixing, the slip was poured through a 212Jlm sieve 
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Inlo a beaker. It was then sonlcaled for 30 minutes uslng on ultro':~mlc bath und on 

ultrasonic probe at 115 Watts. The slip was milled agaln for anolhcr 20-30 mlnlltes 

using the same conditions as above. The liquld was removcd by drylng in n mlcrowuve 

oven, as will be explained in section 4.3 below. 

4.2.2 pH ADJUSTMENT 

The procedure used for this dispersion method is outlined in Fig. 4.3(84). The 

powder/whiskers were added to de-ionized water to a solids loading of 15% by wcight. 

The pH of the suspension was then adjusted to > 10.0 by adding NH4011 while slirring. 

1 POW, 1 li!ft)KER~S _1 ~ 
Ir--L-IQ-U-ID--'~ ATTRITION -1 MEDIA 

MILLING 

1 WET SIEVING 1 , 
UlTRASONIC 
DISPERSION 

ATTRITION 
MILLING 

1 WET SIEVING 1 , 
1 DRYING 1 

Fig. 4.2: Processing route for attrition milling whiskers and powder. 
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1 pow,1 17KE~J 

~ 
ISTIRRINGI 

1 • I~ NH40H 1 . pH , 10.0. , 
[ BLENDING 1 , 
ULTRASONIC 
DISPERSION 

1 PH! 7.0 I-!HNO,I , 
1 DRYING 1 

Fig. 4.3: Processing of whiskers and powder using pH adjustment(84). 

The slip was agitated using a high speed blender for 5 minutes. After being transferred 

into a beaker, it was further dispersed in an ultrasonic bath for 5-10 minutes, using 

bD th the bath and the probe as described in 4.2.1 above. The pH of the suspension was 

then adjusted to 7.0 by the addition of nitric acid. The slip was later dried as discussed 

in 4.3, below. 

4.3 DRYING AND GRANULATING 

Drying was carried out using two different methods: microwave drying, and by 
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bolling off the excess water. In most of the experlrnents, the mil'rowave dryillg 

technique was used. However sorne suspensions prepurcd by the pli adjust llH'nllllct hml 

(section 4.2.2), were dried by boiling off the cxcess watcr wh Ile slirring, ulltilthe sol Ids 

loading of the slip reached 40%. It was thcn complclcly dricd in a conventiona\ oven 

at 130°C. 

The resulting large aggregates of dry powder and whiskcrs wcrc lhen gl'ullulnted 

though a 212~m sicve so as to form a free flowing powder which could later be lI!-.ed 

to fabricate samplcs. 

4.4 FABRICATION OF SAMPLFS 

Samples for density and mechanical testing were prepared using two differcnl 

methods, namely pressing and extrusion. 

4.4.1 PRESSING 

Fig. 4.4 shows a flow diagram for the fabrication of surnples by this method. 

Approximately 2g of the dry granulated powder/whisker mixture was uninxiully die 

pressed at a pressure of 4.6MPa. The resulting bars had a rcclangular cross-M;ction and 

dimensions of approx. 42x7.5x4mm. The bars were subsequcntly iS01>léltÎcally prc~scd 

at 340MPa, after which they were dried at 130°C for 1 hour. 
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[POW~ 1 1 W;KERS 1 

...---='-----=---,~ LIQUID 1 

MI'(ING AND 
DISPERSION , 
1 DR~ING 1 

UNIAXIAL 
PRESSING , 
ISOSTATIC 
PRESSING 

l 
~NTERING 1 

Fig. 4.4: Processing route for fabricating pressed bars. 

4.4.2 EXTRUSION 

The second fabrication method involved extruding the powder/whisker mixture, 

arter It had !leen fon led into a paste by the addition of a plasticizer (Hydroxypropyl 

Cellulose (HPC)*, or Methyl Cellulose **). The ratio of powder mixture to plasticizer 

was optimized at 26: 1, by dry weight. The processing route is shown in Fig.4.5. The 

dispersed, dry, granulated powder was added to the plasticizer which had previously 

• 19,189-2, Aldrich Chemicals Co. Ltd . 

•• 20-213, Methocel, Dow Chemical Co. 
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MIXING AND 
DISPERSION 

DRYING AND 
GRANULATING 

--1 LlaUIO 1 

~~~PLASTICIZE-R1 
~ ~ 
EXTRUDING , 

1 BURNING OUT 1 

• 
ISOSTATIC 
PRESSING 

• 
SINTERING 1 

Fig. 4.5: Processing route for fabricating extruded samples. 

been dissolved in water. Methyl Cellulose dissolves readily in warm water whcrcas IIPC 

does nota It needs to be added to water above 40°C and allowed to cool, where it then 

goes into solution on cooling below 40oC( 1 00, 1 0 1). The optimum viscosit y of the 

plasticizer was obtained by mixing tg of HPC to 7.5ml of water. The paste was 

continuously stirred during the mixing; in sorne cases a high speed mix(!r being Ilsed in 

an effort to improve the paste properties. The pa~te was then introduced inlo the 

barrel of a piston type extruder. Various nozzle designs were used to try and optirnize 
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extrusion conditions, wlth respect to densification of the samples. The paste was then 

extruded. Generally, two extrusions were carried out. On occasion, the paste was flrst 

extruded through a mesh of 1 mm opening, Into a vacuum chamber and then collected 

and re-extruded through the nozzle. The extrudate was dried at room temperature for 

several hours. The organic plasticizer was then burnt out by heating the extrudate in 

a furnace for at least 2 hours at 500°C. Samples were made by breaking off lengths of 

the extrudate (about 30-50mm), which were then isostatically pressed as explained 

in section 4.4.1 above. 

4.5 SINTERING 

Once the powder was compacted into shape and dried, the density of the green 

body was measured. The green density of the samples was calculated by dry weight and 

dimensions. 

The green samples were densified by sintering in a water cooled, controlled 

atmosphere, graphite element furnace, shown schematically in Fig. 4.6. The sintering 

temperature ranged from 17500C to 1800oC, and was maintained for 1 hour. Ail 

experiments were carried out in a higL purity nitrogen atmosphere at lOl-126kPa. The 

samples were placed in a BN crucible, embedded in a loose BN/Si3N4 powder mixture. 

The extent of densification was measured by calculating the density of the 

samples after sintering using Archimedes' principle as laid out in ASTM C373-72(l 02). 
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Fig. 4.6: A schemetic of the sintering furnace. 

4.6 SAMPLE PREPARATION FOR MECIIANICAL Tr~ING 

Strength and fracture toughness values were determined using four-point bcnding 

(Modulus of Rupture), as shown in Fig. 4.7 and crack indentation measurcments (Kle) 

respectively( 1 03). 
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Fig. 4.7: 4-point testing of ceramic samples. 

4.6.1 MODULUS OF RUPTURE 

Samples wcre surface ground with a 240 grit diamond wheel to ensure fiat, 

parallel surfaces( 1 04) and the edges were bevelled to remove any stress concentrations. 

The M.O.R. was ca1culated using the equation: 

M.O.R. = 3Pa/b~ ....................... (1) 

where P is the load at fracture, a is half the distance between the point loads (Fig. 

4.7), and b, d are respectively the width and thickness of the specimen. 

4.6.2 TOUGHNESS 

Samples were prepared by first polishing them to a 1 J1m finish, as w:1l be 

explained in 4.7 below. They were then indented with a diamond indentor*, usinb a 

* Vicker's Indentation 
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50kg load. The length of the crack, c, and the slze of the Indent, a, were I1lcnslIred 

uslng an optical microscope and K1c values were calculated uslng the equatlon(103): 

K 1c = 0.015 ((c-a)!ar J/ 2 fE!Hy/3 (P/c3/ 2) ............. (2) 

where E = Young's modulus, H = hardness, and P= load. This equatlon Is a modification 

of the one developed by Lawn et al.(105), and takes into account the Palmqvist shape 

of cracks, which is more represcntative in crystallinc ceramics. 

4.7 PREPARATION FOR MICROSCOPICAL EXAMINATION 

Microscopy was carried out using several different techniques inc1uding 

Scanning Electron Microscopy *, reflected and transmitted optical microscopy. The 

different preparation procedures used for the various samples are outlined bclow. 

Powder samples for SEM analysis were preparcd by filtering a highly dilule 

suspension of powder in a liquid (usually water or iso-propyl alcohol). The suspension 

was first dispersed by sonicating with the ultrasonic probe for a few minutes. A sarnple 

of the suspension W8S then passed through a filtcr paper having openings of O.l-OAlun. 

After drying, part of the filter paper was placed on an SEM stub and was gold sputter 

coated prior to observation in the SEM. 

Powder samples were also vicwed through the transmission optical microscope. 

* JEOL T-300 
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A dl/ute suspension of powdcr and upe plastlclzer was mlxcd ln the same manner élS 

in sec lion 4.4.2 above, I.e. manually and uslng a high-speed mixer. A small amount of 

plasliclzcr/;:>owder mixture was placed between two glass plates and lightly pressed. 

During vlewing by transmitted light microscopy they were further pressed and sheared 

to remove air pockets, and break down any agglomerates. 

The green microstructure was analysed by observing fracture surfaces. The 

green bars were analysed either after burn-out treatment of the polymerie additives, 

or after isostatic pressing. The samples were fractured in appropriate planes that were 

of mosl interest to this work. The pieces were then mounted onto an aluminum stub 

using an adhesive. AlI green bars were coated with gold prior to viewing. 

Microstructural analysis was also carried out in sintered material in both the 

fraclured and poli shed state after coating with gold. Planes of particular interest 

were examined by observing polished surfaces. Samples were first mounted in an epoxy 

resin mould, or a bakelite mould, followed by coarse diamond grinding, and finc!ly 

diamond polishing to 1 ~m. The samples were then removed from the resin; complete 

removal being obtained by burning off the epoxy at 500°C. The specimens were etched, 

using either molten NaOH or KOH for 15 seconds, or hydrofluoric acid for .. 30 seconds. 

The results obtained by using all the above procedures will be presented and 

discussed in the next chapter. 
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5. RESULTS & DISCUSSION 

This study compares the fabrication of a Si3N4 composite by two techniques: the 

first belng the more conventional pressing method, the other an extrusion mcthod 

developed speciflcally for this work. 

5.1 PRESSING 

5.1.1 POWDER!WHISKER DISPERSION 

A study of the dispersion behaviour of the whiskers in the powder WHS carried 

out by fabricating samples using uniaxial and isostatic pressing. Different whisker 

contents were used, ranging from a control sample with no whiskers up to 30% weight 

content. For each composition, the two different dispersion methods were us cd (milling 

and pH adjustment) as described previously. The homogeneity of the dispersion is 

reflected in the manner in which the powder and whiskers pack to form green bodies. 

A comparison of the green densities for varying whisker content is shown in Fig. 5.1. 

Each value is the average of 9-11 samples in the range of ±O.5%. The pli rnethod gives 

slightly higher densities than the milling method. This cou Id be as a result of the 

presence of NH4N03 which forms from the hydroxide and acid used to regulate the pH 

of the slip during mixing (4.2.2). In fact, when a sample of 46g of powder/whiskers was 
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Fig. 5.1: Relative green density vs. whisker content. 

burnt out at 500°C to remove the salt, a weight 10ss of O.7g (1.5%) was registered. The 

presence of this salt may have aided packing of the powder by acting as a binder. 

During the drying stage of processing, the resulting powder cake was much harder to 

granulate than the cake obtained from the milled powder, possibly due to the bonding 

effect of the salt. Even after granulation, the 212~m agglomerates would still be 

partially bonded by the salt. Thus the pressed bar would have an improved overall 

powder packi'lg, giving the better green density. 

The density increased slightly upon addition of 5% whiskers, especially for the 

bars prepared by pH adjustment, possibly due to the presence of a bimodal particle size 

distribution, and decreased as the whisker content increased beyond this point. 

54 



1 

1 
• 

.. 

However îi)e variation in green density is actually very smaH, ranging over ollly .. 3%. 

The Improved green density shown by the pH adjusted samples dld not n'suIt ln 

any improvement in sintered denslty. In fact the values obtalned for both methods were 

practically identical (Fig. 5.2). As expected, the sintered densltles dropped dram!1llcully 

wlth increaslng whlsker content. This behavlor has already been reported in prevlous 

work, and it is apparent that the presence of whlskers inhibits the densification 

mechanism(64); as discussed ln section 2.4.2.3. 

- pH AdJuatment -+- Attrition Mllllng 
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7 
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Z 
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Fig. 5.2: Relative sintered densities vs. whisker content. 

5.1.2 MICROSTRUCTURAL ANAL YSIS AND DENSIFICATION 

An analysis of the microstructure of a fractured green surface (Fig. 5.3) shows 

good dispersion of the whiskers in the powder for samples prepared uslng both rncthods . 
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Fig. 5.3: Fractured surface of green compact (15% whiskers). 

However it is evident that as the volume content of whiskers increases, more of the 

whiskers come into contact with one another. As the whiskers themselves do not 

shrink, this effect is enhanced whilst the body is shrinking during sintering. Since these 

P-whiskers are tht ught to be stable through the whole temperature range of sintering 

(as discussed in 2.1.1), a point is reached whe"e these whiskers form an interlocking 

network which prohibits any further shrinkage. Thus the liquid phase is unable to 

promote efficient particle rearrangment and furthermore, the capillary pressure is 

insufficient to overcome the bridging effect of the whiskers. As a result, porosity is 

observed in the whisker composite, which increases with whisker content. 

Analysis of a fractured surface of a sintered sample containing 30% whiskers 
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shows an aclcular SI3N4 microstructure (FIg. 5.4). This contalns both the orlglnul ~-­

whiskcrs, and the ex powdcr which has transformed to ~ crysluls, durlng lIquid phase 

sintering, as dcscribed in 2.1.2.2. Fig. 5.5 is an X-ray diffrnction SCUll 05- 115°) of t\ 

pulverlzed sample and confirms that the muteriel contains no (l phase, il\\plyillg lhat 

transformation to P was complete. At hlgh whlsker loadlngs, it is difficlllt ta 

distinguish between the two forms of ~ phase. Il has been reportcd that ln a monolithic 

Si3N4, much of the (X to ~ transformation occurs afler dcnsification of the bllik 

material(47). If this is also the case in the whisker composite matcrial, as is belipved, 

then, due to the whisker bridging proccss and rcsulting porosilY, the a-p trall~for/llal ion 

can takes place by a vapour-Iiquid-solid growth mcchanism inlo thesc porcs, as ~hown 

schematically in Fig. 5.6(a). If the whisker content is high enough, the transforlllpd 

10~m 

Fig. 5.4: Fractured surface of Si 3N4 with 30% whisker content. 
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Fig. 5.5: X-ray diffraction of sintered p-Si 3N4 (30% whiskers), 
compared to a standard. 

grains have enough space to grow to a size comparable to the original whiskers, thus 

making it difficult to distinguish between them (Fig. 5.7). 

During the sintering of this material, it is also possible for powder to get 

entrapped inside the whisker network. This powder would then shrink more than the 

bulk matcrial around it due to the jamming effect, and as a result, the material would 

shrink away from the bulk material, thus forming more porosity, as shown in Fig. 5.8 

and schcmctically in Fig. 5.6(b). 

It is thcrcfore apparent that the sintering mechanism of this material is 

charactcrised by the two proposed mechanisms shown in Fig. 5.6. Both mechanisms 
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Fig. 5.6: Schematic of the whisker bridging effect which jams densification, 
a) vapour-Jiquid-solid growth, and b) shrinking of entrapped powdcr. 
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Fig. 5.7: Polished surface of Si3N 4 with 30% whiskers (NaOH etch). 

10~m 

Fig. 5.8: Polished surface of Si3N4 with 15% whisker content. 
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occur simultaneously such that Bround B bridge of whlskers, lhcrc ls growth of crystals 

lnto the space between the whiskers, whlch may by occupied by materlal which shrlnks 

away from the whiskers. 

ln a polished microstructure of a sample having only 5% whiskcr content, large 

grains were c1early present (Fig. 5.9). It would he unlikely for Bny new p grain ta grow 

ta such a large length and aspect ratio when transforming from the (X-phase, and it Is 

therefore ::.üfe to assume that these large crystals are the original P whiskers. 

Apparently these whiskers do not scem t(\ have decomposed in any way during the 

sintering process, and close exammatior. of the micrograph furthcr reinforccs the 

argument of the formation of the skeletal network. Moreover, it appcars that the sizc 

and aspect ratio of these larger crystals seemed ta have changed (this point will he 

---lOllm 

Fig. 5.9: Polished surface of Si3N4 with 5% whiskers (NaOIl etch). 
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dl&cusscd furthcr ln 5.2 bclow}. Many authors have shown that the strength and 

rclatlvcly hlgh toughncss of SI3N4 Is attrlbuted to the fact that Its microstructure 

con~lsts of aclcular gralns(J06). There have been several attempts at findlng the 

optimum aspect ratios of these grains, with respect to mechanlcal propertles( 1 07), and 

increaslng the aspect ratio appears to Improve these propertles as a result of inhibiting 

propagation of cracks. From the microstructure shown in Fig. 5.9, it appears that thls 

could be a suitable method of improving the properties of Si3N4, provided there were 

cnough aclcular grains in the matrix, and that the material is close to full density. 

The use of external pressure during sintering is one solution to this problem and, 

indced, this has been shown to be an effective way to obtain enhanced mechanical 

propertics of the material(9I). However, as mentioned in section 2.1.4.2, this method 

is not viable for producing components at a reasonable priee, due to the complexity of 

the equipment. In this case, the capillary pressure created by the Iiquid phase was not 

cnough to overcome the bridging efft:ct of these whiskcrs. To minimh:e this, and in an 

attempt to improve densification, the whiskers were characterized and to sorne extent 

modified. 

5.1.3 WH ISKER CHARACTERIZATION 

A sedimc;1tation technique was used to separa te any large whisker particulates 

or hard agglomerates. The pH of the suspension was raised to >9.0 and after stirring, 

the particles were left to settle. The bottom layer of the suspension was discarded. A 
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sample of whlskers taken from this layer (Fig. 5.10) shows the large whlskers and 

whlsker agr,lomcrates found. The remalnlng whlskers were drled and mlxcd wlth 

powder, ln a manner described prevlously, and the slntered densltles of these sampI cs 

were found to be about 3% hlgher than the ones uslng as-recelved whiskers. 

10~m 

Fig. 5.10: Sample of whiskers separated from the as-received batch. 

Reducing the length of the whiskers would also Icssen the chances that whiskers 

bridge on one another. Fig. 5.11 shows whiskers which wcre attrition milled for 2 hours 

in iso-propyl alcohol. Their aspect ratio was reduced from the 15-50 (as-rcccivcd) clown 

to 5-35. When these whiskers were added to powdcr and sintered, the dcnsity incrcascd 

to 90%, a 5% improverncnt. No further increase in dcnsity was noted whcn lhcsc milled 

whiskers were separated in the manner described above. 
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Fig. 5.11: Whiskers after 2 hours of attrition rnilling (Aspect Ratio=5-35). 

5.1.4 MECHANICAL PROPERTIES 

Bars of varying whisker content made using the different dispersion methods 

were tested in 4-point bending and the values obtained are shown in Fig. 5.12. It is 

clear that as the whisker content of the sarnples increases, the strength decreases 

irrespeetive of their preparation method. However, it should be noted that the density 

of the samples also deereased, as shown in Fig. 5.2. What is noticeable from the graph 

is the fact that at any whisker loading, the rnilling/sonication method yields better 

strengths. One possible explanation for this eould be the faet that by using 

hydrornechanieal forces, all the different powder agglomerates are broken down and 
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Fig. 5.12: M.O.R. values vs. whisker content. 

dispersed. In addition, it may be possible that the pH adjustment mcthod, whllst 

stablizing the Si3N4 powder and whiskers, may not provide the correct conditions for 

dispersing the various sintering additives, in particular the oxidcs AI 20) and Y 20); 

indeed Al20 3 is usually dispersed at a pH of 3_4(82). This could possibly have resultcd 

in localized inhomogeneous regions which may have caused fracture. The attrition 

milling method, by contrast, gives a good distribution of the sinlp.ring additives(78) and 

this would have improved the sintering behaviour and hence the rnechanical propcrtles 

of the material. 
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5.2 EXTR lJSION 

ft has been seen that wh Isker brldging, and the resultlng skeletal network inhiblt 

densification and It Is belleved that these whlskers do not break down durlng the 

slnterlng process. A possible solution to this problem is to align the whlskers, such that 

during densification they .... ou Id not impinge on one another, forming interlocking 

bridges. 

Whisker alignment has previously been reported in work involving injection 

molding of ceramic pastes(lOS). The proccsses of injection moulding and extrusion were 

thereforc obvious choices to purposely achieve such an effect. Ex rusion, being the 

simpler of the two processes, was chosen for the present work. Extrusion of ceramic 

pastes is not new in fabricating ceramics009), indeed, many components, for 

traditional and advanced ceramics, are produced in this way. However, the use of this 

method to form ceramic composites is a relatively new concept. The alignment of the 

whiskers is achieved by the use of a plasticizer, which transforms the powder into 

paste. The properties of this paste differs from that of a conventional one used to 

produce extruded parts. Normally, the material consists of powders containing a wax, 

clay or low-molecular-weight polymer whic:l are sufficient to bind the powder 

together, provide the lubrication for flow to occur easily through the nozzle and allow 

for quick and clean burn out( Il 0). ln the extrusion of a powder/whisker mixture, 

however, maximum polymer-whisker interaction is desired to produce the necessary 

alignment. 
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A cellulose based polymer, or more speciflcally, Hydroxypropyl Cellulose (HPe) 

was us cd as the plasllcizer in the present work(lOO,10\). The molecular structure 15 

shown in Fig. 5.13. The choice of such a plasticizcr is attribuled to the fuet thut thls 

polymer has a large molecular welght (300,000) and the chnin Is in the forlll of a coll. 

This was suggested to be beneficial in allgning whlskers, as shown schcmalically in Fig. 

5.14(111). The polymer chains are known to stretch and align thcmsclvcs upon the 

action of shearing. The attachment of the chalns onto the wniskers would thus pro!l1ote 

alignment of the whiskers. 

OH 
1 

OCH;CHCH, 
1 

OH 
1 

-0 
C,"H_I __ ~ " O~'I-" ___ K~~_ 
H OCHICHCH, 

1 
OH 

Fig. 5.13: The HPC molecule. 

/whlskers 

CHI 
1 
OCHICHCH, 

1 
OCHICHCH, 

1 
OH 

'---> 
EXTRUSION 

Fig. 5.14: Schematic of polymer/whisker interaction. 
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As already mcntioned ln section 4.4.2, thls plastlclzer is soluble in water. The 

ratio of watcr : HPC : powder 15 a crltlcal factor ln the formation of a semi-solid 

extrudable paste. A good worklng ratio was found to be {l5ml water):(1g HPC):(26g 

powded. 

5.2.1 SAMPLE FABRICATION 

The rcsulting paste had a viscosity low enough for shearing to occur, this being 

provided by the reduction in nozzle diameter and friction with the walls of the 

extruder, yet high enough to retain its shape on exit through the nozzle. Upon 

sintering, the density was measured to be 91.5% for a j 5% whisker content. This is a 

substantial improvement over the 85% density obtained for an isotropically dispersed, 

pressed whisker composite. Control tests, to see whether full theoretical density could 

be obtained using this extrusion method, were performed with samples having 0% and 

10% whisker content. The 10% whisker composite sampI es had sintered densities of 

95% and the sample with no whiskers had a density in the range 97-98%. This implied 

that the plasticizer being used did not affect the sintering of the material itself. The 

resulting porosity that was found in the 15% whisker samples was mostly due to the 

presence of the whiskers, as will be seen later. 

The fact that a higher densit} was achieved indicated that the idea of aligning 

whiskers to reduce whisker bridging was somewhat succ~sfuI. Furthermore, the use of 

HPC as a plasticizer appeared promising. When compared to another commercial 
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cellulose, namely Methyl Cellulose (M.W. 3,000), the hlghest denslty obtalncd for 

samples prepared under the same conditions was only 89%, for a composite havlng 15% 

whisker content. 

It became apparent that water content was a erltlcal factor ln the formation 

of macro-porosity in the green state, especially during the drylng stage after extrusion. 

The extrudate was dried at a very slow rate by being left at room tempcrat ure 

overnight ta minimize the formation or expansion of bubbles, rcsulting from wnter 

attcmpting ta leave the extrudate by vapourizing tao fast. 

Indeed it was secn that water content did effcet the final sintered density of the 

material. By increasing the amount of water in which the plasticizcr was dissolved, and 

hence the water content of the paste, sintered densitics decreased stcadily ta a value 

comparable ta that obtained for pressed whisker composites, i.e. 85% (Fig 5.15). In faet 

the paste with the highest water content had such a low viscosity upon exit, it did not 

retain its cylindrical shape as an extrudate. Since the paste was able to f10w freely, 

the whiskers lost all form of .J!ignment. 

It is obvious that certain parameters must be controlled to obtain a suitable 

paste for extrusion,the most important one being mixing. As rnentioned in section 4.4.2, 

the powder, after granulation, was incorporated into the dissolved plasticizcr. Mixing 

was do ne rnanually, sa there was no real guarantee that ail the powdcr was bcing mixed 

in, or conversely, the plasticizer was not coating every partide, which at that stage 

was in the form of soft agglornerates (as a result of granulating through a 2121lm 

mesh). Therefore the paste had ta be kneaded after rnixing. This was donc by extruding 
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Fig. 5.15: Sintered density vs. water content in extrudate. 

the same paste twice. The shearing action resulted in better mixing and yielded an 

Irnprovernent in sintercd dcnsity from an average of 91.5% up to an average of 92.5%. 

Ali values discussed so far were for powder/wh.~ .. mixtures dispersed using pH 

adjustrncnt; Le. the mcthorl which gave higher &_ " ensity values for prcssed bar 

(section 5.1). When a batch of powder was prepared under the optimized conditions as 

describcd but using attrition milling and ultrasonic dispersion, the average sintered 

dcnsity of the cxtrudcd samples was 94.5% with sorne values ev en reaching 96.5%. 

A variety of noalcs were used throughout. The first nozzle diameter was of 

5rnrn diarneter and when increased to 8mrn, the sintered density was the same. 

Howcver when a square-scctioncd nozzle of lOmm was used, the sintered density of the 
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extrudate dropped to 91 %. This suggested that the nozzle openlng was too large for the 

shearlng force to atlgn the whlskers ln the centre of the extrudate (I.e. plug flow was 

occurrlng). The inclusion of a spider (an Insert ln the nozzle opcnlng, as shown ln Fig. 

5.16) solved this problem. In fact the hlghcst slntered densltlcs of 95% wcre achlcvcd 

NOZZLE 

SPIDER 

FINA~ 
EXTRUDATE 

Fig. 5.16: The inclusion of a spider in the nozzle. 

for samples initially extruded through the 8mm circular non le, then extrudcd again 

through the square sectioned nonle containing the spider. 

Porosity was a constant problem in ttlis work, be it in the matrix or on the 

extrudate surface. To study the formation of the surface porcs, samples were extrudcd 

using only Si3N4 powder. After burn-out of the polymer, a study of the cross-sect ion 

of a powder compact rcvcaled large pores (Fig. 5.17), ranging in sile from 50~m up to 

150J..Lm. These are thought to be due to air pockcts trapped in the paste during mixing, 

mainly because of their smooth and sphcrical shape. This irnplies that they were 

probably formed when water was still present. They are not the result of hurn-out of 

the polymer, primarily because of their l[lrge size, and secondly bccause of thelr 
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-- 100~m 

Fig. 5.17: Fracture surface of green compact after burn-out (no whiskers). 

smooth shape; a burn-out pore would have a much more irregular shape. Upon cold 

isostat kally pressing bars, these pores appear to have been forced out from the centre 

of the sample ta the surface, coalescing in the process ta form large (500~m-lmm) 

surface pores and irregularities. To eliminate these pores, the paste was extruded 

through a fine mcsh, into a vacuum chamber. This produced a better extrudate with 

improved surface features. A fractured surface of this extrudate, having 15% whisker 

content, after burn-out is shown in Fig. 5.18. Although sorne pores are still evident, the 

number is far lcss for the vacuum/fine mcsh extrudate (Fig. 5.19). It was seell that the 

vacuum did ;,rcvent porosity resulting from entrapped air. This approach ta obtain a 

denser green compact has bcen successfully applied in the clay industry for many 
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500~m 

Fig. 5.18: Fracture surface of green compact after hurn-out cxtruded 
through mesh into a vacuum (15% whiskers). 

500~m 

Fig. 5.19: Fracture surface of green compact extrudcd undcr standard 
conditions, after bun-out (15% whiskers). 
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Fig. 5.20: Fracture surface of green cxtrudate mixed using mechanical mixing, 
after burn-out (t 5% whiskers). 

years, and is called pllgging(J 12). 

The use of a mechanical mixer ta mix the plasticizer and powder aggravates the 

problrm by incorporating numerous air bubbles. A cross-section of this sample after 

burn-out (Fig. 5.20) revcals many more air J: }ckets th an those found in Fig. 5.18 and 

5.19. Although this method seems to produce a more uniform paste, it entraps more 

bubblcs. A possible solution may be to perform the mixing under a vacuum. This 

howcver introduces problems with drying out of the paste due to water removal. 

5.2.2 SHRINKAGE 

The densified extruded samples had different shrinkage behaviour to that of 
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prcssed samplcs not contalnlng whlskcrs. Whcrcn!'., for monollthlc tnntcrlnl wlth 96-H8% 

dcnsity, there Is an isotroplc linear shrinkage of about 18%, the extrudt'd bars yi<,llIt'd 

a linear shrinkage of only 6% in the direction of flow of the extrudHI<" hlll 2·1% in the 

other two transverse directions, as shown schemetically in Fig. 5.21. This tends furtlJer 

evldence to the bellef that the whiskers are bcing Aligncd, thus ullowing gr{'utcr 

shrinkage in a direction perp('ndicular to the direction of the whiskcrs. Sillli1ar 

shrinkage bchaviour has bccn reportcd in other work dealing with slip cast sl.lIllJlles, 

where values of 7% and 21 % lincar shrinkage wcre quotcd for thc SUInC respective 

directions( 85). 

PRESSED Jl'18% 
(NO WHISKERS) 

SINTERINQ 

~ c:=> @ 18% 

/' 
EXTRUDED Jl'6% 

(15% WHISKERS) SINTERING 

c:=> 
24% 

DIRECTION 
OF EXTRUSION 

Fig. 5.21: Isotropie shrinkage of pressed samples versus anisotropie :,hrinkagc of 
extruded samples containing whiskcrs. 
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5.2.3 MICROSTRUCTURAL EXAMINA TlON AND DENSIFICATION 

Analysis of a cross-section of the green extrudate clearly showed the alignment 

of the whiskers (Fig. 5.22) and also showed that whisker dispersion was achieved. 

Ilowever sorne areas appeared more rand am and unaligned, but it is not clear whether 

this is due to bad dispersion, insufficient shearing, or simply from the action of 

fracturing the green body. Further analysis revealed that the~e whiskers retained their 

alignrnent even in the transformed sintered microstructure, giving a matrix having 

clongated p-grains in one direction, in a matrix of p-crystals (Fig. 5.23). 

The size and aspect ratio of the whiskers in the sintered material changed, as 

was also observcd in the pressed whisker composites discussed in section 5.1 above. 

Table 5.1 compare') the measured dimensions of the original whiskers with the large 

crystals remaining in the sintered microstructure, for both the extruded and pressed 

samples. l3y comparing the values in Table 5.1, it appears that there is only a minor 

change in the length of the whiskers upon sintering, in both the extruded and prcssed 

samples. On the olher hand, their diameter seems to have doubled, and consequently, 

their aspect ratio decreased ta half the original value. Indeed these grains must be 

growing during the transformation process. Since the liquid phase is also wetting the 

whiskers during sintering, it is possible for the ~ Si3N4 ta be precipitating from the 

liquid phase onto the whiskers rather th an forming new grains (as is the case during 

sintering of monolithic Si3N4). This observation may also be confirmed by comparing 

Fig. 5.23 to 5.9 and to the original whiskers shawn in Fig. 4.1. Furthermore the 
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Fig. 5.22: Green extruda te showing whisker alignmcnt (t 5% whiskcrs). 

---10~m 

Fig. 5.23: Polished sintered extrudated showing alignrncnt (NaOH etch). , 
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Table 5 )- Comoarlson of sile and A R for whlskers before and after slnterln~ .. . . 
WHISKERS LARGE ~ CRYST ALS 

AS-RECEIVED EXTRUDED PRESSED 

LENGTH (~m): AVG. 20 24.6 22 
RANGE 10-40 10-35 12-35 

DlAMETER (~rn): AVG. 1.11 2.13 2.41 
RANGE 0.3-2.5 1-4.5 1-3.5 

ASPECT RATIO (~m): AVG. 18 11.5 9.1 
RANGE 7.5-85 6.66-20 7.5-12 

microstructure in Fig. 5.23 shows that there is actually more than 15% by volume of 

directional acicular grains in the material (the matrix seems to have a much more 

acicular nature than that of a monolithic material, as shawn in Fig. 5.24). The 

suggestion is that sorne of the transformed crystals are growing in a preferred 

Fig. 5.24: Microstructure of monolithic Si3N4• 
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orientation, I.e. in the direction of allgnment. This may be a result of the anisotropie 

shrinkage behavior of the rnaterial. Bccause thcre is a highe!" ",ereent age of powdcr in 

a transverse direction, shrinkage Is greater and less restraincd. The differcnt sinlcring 

pressures are creating similar c'Jnditions as that of hot-pressing, where pr('ff'rential 

grain growth is also observed. In hot-pressing, new grains flnd it casier to grow in a 

direction perpendicular to the applied force, with material prccipitaling at the tips of 

the grain, rathcr th an in Il direction opposing the force. Sirnilarly, in the aligncd 

whisker composite, the same rnechanism coulrl possibly be operat ing, as scen in Fig. 

5.25, where smaH acicular grains are found growing betwccn the Im"gcr ~ cry~\ ais. Fig. 

5.26 is a schematic which summarizes the two proposed sintering rncchilllhl", illvo!ved. 

Upon sintering the extrudate, having aligned whiskers in a powder comp<t,:t, Il liquid 

-- l~m 

Fig. 5.25: Sintered extruded sample showing preferred grain growth . 
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Fig. 5.26: Schematic of the sintering of aligned whisker composites. 

phase forms and the matrix shrinks. The « powder then goes into solution and P Si3N4 

reprecipitates on either the original whiskers or in the form of new grains, which grow 

preferentially in the direction of the alignment. 

Another feature in the microstructure of the sintered material is ~he presence 

of "white" regions. These spots were analysed to be are as of lower density with !iule 

or no alignment of whiskers apparent (Fig. 5.27). There are two possible explanations 

for the occurrence of these regions: 

a) large pores formed during extrusion collapsing during isostatic pressing, to cause a 

disorder in the alignment pattern of the whiskers (the size of these regions Is 

comparable to that of the large pores resulting from bubbles during mixing, discussed 
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Fig. 5.27: A region of low density, probably a white spot in a polished 
sintered extrudate (t 5% whiskers), etchcd with HF. 

above). Thus the region would not fully densify due to the whisker bridging effcct found 

in unaligned material as described in section 5.1.2. 

b} powder agglornerates formed during the drying and granulation stage of the 

processing. These did not break down during the mixing with the polymer or du ring the 

shearing action of extrusion and thus sintered in a differcnt rnanner to the rest of the 

matrix. This problcm of dlfferential sintering of agglomeratcs is weil docurncntcd(71), 

and is often the cause of low porosity regions similar to tho~e obscrvcd as "white spots" 

in this material. 

As further support of the above, a cross-section of a green extrudate, having 
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15% wh Isker content was examined after isostatic pressing (Fig. 5.28). The fractured 

plane was perpendicular to the direction of the principle whisker allgnment. The sample 

revealed areas in the microstructure where whiskers seerned to be flowing in various 

directions. 

To trace the source of these defects, the powder/whisker mixture and 

plasticizer were examined. Sorne dried, granulated powder was mixed into a large 

Quantity of plasticizer (to allow easier observation), and a small sample was placed in 

bctween two glass plates and viewed with an optical microscope using transmitted 

light. As shown in Fig. 5.29, the mixed paste contains dispersed whiskers and powder, 

plus air bubbles (A) and agglomerates (the dark irregular shapes, B). The agglomerates 

were idcntified by applying a severe shearing force between the platp..s and observing 

---lO~m 

Fig. 5.28: fracture surface of C.I.P. sample, showing misalignment. 
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thelr break-down into whiskers and powder as secn in Fig. 5.30. This shows thot mlllluoi 

mixlng is not sufficient to completely disperse the powder, Le. the resulting mixture 

still contalned large agglornerates. These are the sarne agglomerates that are presumcd 

to result (n a non-aligned region, as shown ln Fig. 5.26. The presence of the bubbles 

ernphaslses the problem of entrapped air, whlch is bound to result with ully form of 

mixing carried out at atmospheric pressure. The paste was subjcctcd to further 

mechanical mixing, to see whether increasing ti,~ shcaring action during mixing wc uld 

disperse these agglomerates. Most of them rcmaincd intact, howcver thcl'c was a 

drastic increase in the number of air bubbles present in the paste as shawn in Fig. 5.31, 

and further shows the undesireable effect mechanical mixing may have on this 

plasticizer, as was already described in Fig. 5.20. 

1 o 
t a_.O 

• 

" 

Fig. 5.29: optical mlcrograph of agglomerates remaining in the poste (xIOO). 
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Fig. 5.30: The agglomerates after being t. oken up by shearing (xIOO). 

o 
o 

o 
o () 

• 

Fig. 5.31: optical micrograph of the paste after being mixed mechanicall}' (x 1 00). 
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5.2.4 MECHANICAL PROPERTIES 

The Modulus of Rupture (M.O.R.) values for the high density samp!es (95% 

relative denslty) were low when compared to values obtained for monol!thic material. 

The average strength for twelve samples was 276MPa, ail lying within the range 243-

357MPa, compared to 700MPa for monolithic material. Analysis of the fracture 

surfaces ~ howed that the critical defects were m03tly large surface pores (of the order 

of 200~m) at ~he edges of the sample (Fig. 5.32), the origin of these pores being 

associated with air bubbles, as discussed above. 

The material, as exp~cted, exhibited different toughening behavior in directions 

parallel and perpendicular to the reinforcing phase. Fig. 5.33 is a typical indent on a 

- lOO~m 

Fig. 5.32: Fracture origin of M.O.R. test sample. 
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Fig. 5.33: Optical micrograph of a Vicker's indent to measure toughness. 

polished surface of the material. It is very obvious that the crack lengths in the two 

directions are of different lengths, the crack running perpendicular to the 

reinforcement being approximately half the size of the other. Table 5.2 lists the 

average values of K 1c for the two directions tested on four different specimens and a 

control specimen of monolithic Si3N4. 

The fracture toughness values measured perpendicular to the reinforcment 

direction are cansistently higher than those measured parallel ta the whiskcrs. lIawever 

there is a large spread in the range of these values, from 7.0 ta 13. 5MPa.m 112 ln the 

perpendicular direction and 3.3 to 8.5Mpa.mI/2 in the parallel direction. A plausible 

explanation for these variations is the fact that the indent, although aligned with 

1 86 



Tobie 5.2: Toughness values for a 15% whlsker-relnforced extrudate. 

1 SAM!'!.E 1 PERPENDlClJLAR I~RALLEL NO. OF INDENTS 
(MPa.m 1/2) 1 (MPa.m 1/2) 

SI3N4 8.2iO.7 8.li 1.3 4 

A 13.0t 1.2 8.5±0.8 5 

B 7.6±2.1 3.3±0.8 13 

C 7.0i1.2 4.2±0.9 10 

D 13.5t2.2 4.6:t 1.0 14 

respect to the sample edge, may not have been perfectly aligned with the whiskers. In 

addition, these samples had .. 5% porosity in the matrix, as may be seen in Fig. 5.33, 

and this may effect crack propagation behaviour. 

The cracks produced by the indcnts were examined using SEM to establish the 

mE'thod of crack propagation. The cracks running along the direction of reinforcement 

were intergranuJar, and propagated quite easily through the grain bOl!T1dary phase 

(hence the lower value), as shown in Fig. 5.34. On the other hand, the cracks rl'nning 

perpendicular to the reinforcement were mostly transgranuJar (Fig. 5.35), even t:1ough 

the crack path appears to be quite rugged, and with sorne crack branching (Fif,. 5.36). 

The fact that the perpendicular cracks propagated through grains rather tfldn around 

thern may be explained by the fact that more energy is required t::::i iracture around the 

grain than across the crystal. Thus the crack preferent:ally deaves through the 

crystals. lIowever, since it has to propagate across nurnerous grain boundary/rnatrix 

interfaces, the crack looses considerable energy in reinitiating fracture before deaving 

again, resulting in an increase in Klc' 
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Fig. 5.34: Intergranular fracture along the rein forcement. 

-- l~m 

Fig. 5.35: Transgranular fracture aeross reinforcement. 
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Fig. 5.36: Branching, and deflection of the crack. 
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6. CONCLUSIONS 

1. Densification of whlsker-rebforced Si3N4 uslng pressureless sinterlng Is hltHlprpd by 

the presence of whiskers, which form an intcrlocking network inhibiting shrinkngc. The 

liquld phase did not seem to provlde enough lubricatlon to aid the rearrangcment of 

particles, nor was the capillary pressure large enough ta ovcrcome the bridging of the 

whiskers. Removing the larger partlculatcs and reducing the aspect ratio of the 

whiskers minimize whisker bridging and lcad to an Increase in the sintercd densltics. 

2. By aligning the whiskers it was possible to obtain high densitics of -95% using 

pressureless sint.ering. Shrinkage of this material was highly anisotropie. An extrusion 

process was developed to achieve this and the use of a plélsticizcr, narnely 

Hydroxypropyl Cellulose, helped to achieve alignment of the whiskers. 

3. The extrusion process was sensitive to a number of variables: 

i) The water content must be minimal, yet high enough to providc the 

lubricating medium necessary for the polymcr to opera te in. 

ii) It was shown that good powder/plasticize:r mixing is csscntial. Extruding the 

paste twice hclps knead the paste and improycs mixing. Ail soft agglomerates should 

be broken down into loose powder, such that ail whiskcrs rnay be aligncd. This was scen 

to be a problem in this work, and resulted in porosity in the micro~tructure. lIowcver, 

mixing should not be too aggressive as this secms to increasc the arnount of entrappcd 
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nir ln the poste. These air pockets created problems in the green microstructure, whlch 

coalcscc to bccorne large surface porcs upon pressing, and con create rnisallgnment of 

the whiskers fiS a result of thcir cavitation. The number of air hubbles sccmed to 

dccrcase whcn the pasLe was extruded through a fine mesh Into a vacuum chnmber. 

This appears to be a promising way of obtaining better green bars. 

ili) The green and sintered microstructures revealed alignmcnt across ail of the 

samplc. The whiskcrs increased in diameter and decreased in aspect ratio on sintering; 

and the transformed cryslals grew in a preferred direction parallel to the 

rcinforcemcnt. White spots visible in the matrix were analysed to be areas of low 

dcnsity, with little or no alignment. These were probably caused by the soft 

agglornerates and/or the cavitation of pores. 

l 4. M.O.R. values were JOW compared to monolithic materials. Fracture initiated at 

surface porosity present on the si des of the test specimen. The elimination of the low 

density regions would probably increase the strength. The toughness values, on the 

other band looked promising. The material had anisotropie values, those in a direction 

pcrpendicular to the rein forcement being at least twice those parallel to it. High 

toughness values were obtained in general, sometimes being twice that of a monolithic 

material. The cracks were analysed to be transgranular in the perpendicular direction 

and intergranular in the other. These results confirmed that it is possible to reinforce 

Si3N4 by Si3N4 whiskers and that extrusion and pressureless sintering may be used to 

obtain an anisotropic composite havÎr'g high sintered density and good toughness. 
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7. SUGGESTED FUTURE WORK 

1. The compositiop o~ the material could be varled such that a hll'gcr tllllOUllt of 1 iquid 

phase b formed. This should help densify the materlal more. 

2. Although HPC yielded satisfactory results, other plasticilers, slIch as IIPC having 

a lower (100,000) or higher 0,000,000) molecular weight, could he invt'stigated ill ail 

atlempt to better understand the role of polymer/whisker interaction. 

3. The effect of varying the plastici zer content could he studied in more depth, as thb 

is also a determining factor in achieving a paste with good extrusion charaet eri~lics. 

Viscosity measurements on the paste could also be carried out. 

4. A pugging mill could be used to produce a continuous pore-free extrudatc suitahle 

for analysis of mechanical properties. However care must be taken as prulongl'd 

exposure of the paste in a vacuum would dry up the water on the surface. This couic! 

prove to be a problem. 

5. A more complete study of the strength of the material could be carricd out once 

good extrudate can be obtained. This would probably require the setting up of a scalr!d 

down mode} of a semi-continuous extrusion process, where variables could be controlied 

more closely. 
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