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PR.F.SSURELFSS SINTEIUNG OF 

WHISKER REINFORCED ALUMINA COMPOSJ.TD 

This application is a conti.nuation-in·part of copending application serial no, 

S 011922,163 filed on July 31, 1992 and a continuation-in-part of copending application of 

07/801,854 tiled on December 3t 1991. 

Dn,p or Jiil IND:rmoN 

The invention relates to a preasureless sinterin1 process for forming whisker­

reinfon:ed alumina-based ceramic bodies having excellent physjcal properties. 

10 BACKGBOONIJ or m 'I'BQINOUXi.I 

Whisker·reinforced alumina has found use in structural applications such u ht.at 

engines and turbine blades (see, U.S. Patent No. 4,S43,34S) and in more severe 

applicadons such as cutting tools (see, U.S. Patent Nos. 4,7891277 and 4,961,757). These 

composites cm have up to about 40 vol. '5 whi.ske.a using a p~g technique known 

lS as 'hot presslna • which produces composites having a density of at least greater than 98 ti 

of theotetical. A density of al least about 9S ~ is needed for virtually all engineering 

applications of ceramics. 

In the conventional processes ror making whisker-reinforced alumina bodies, hot 

pmuing can also be dmcnDed as •pressurized sintering• because the process involves the 

20 appllcation of uniuial loads of about 3500-5500 psi. _In the process, a powder blend or 

pmonnecl sample is loaded in a free flowing form into a graphite die and sintered under 

an !nett atmoJphae in a high tempel'lt\Jte fumace. Pressure is applied ro the powder m 
the die with a hydraulic mn u the fumace ~is incnased to about 1450a·l850• 

c and main.tained at tempcrat~ll~ for an appropriate timo. nc fumace a then allowed to 

25 cool. Cycle times of several hours are used, and the process is limited to ~ production 

of discrete batches. 

The structural limits· of the dies generally prohibit the use of applied pressures 

greater than about 5500 psi. In additlon, the hot pressing method generally limits the shape 

of the formed body to simple geometrie shapes such as round or rectangular plates or 
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cylinders unless special compl~ dies and pressure rams are constructed at great expense. 

In addition, the properties of such hot pressed bodies are more anisotropic due to the 

uniaxial loading than those prepared by the pressurele$s sintering. 

Hot pmsing ls IO be contrasted with •gres• preform body preparation. 
S •pressuteJess sintering• and •hot isostadc pressin1" (HIPing). Green preform bodies arc 

prepared by mixing ceramic powder blmds with conventional siniering aids (e.g., magnesia 

am1Jor IU"O earth oxides) and an organic binder containing a lubricant. The green preform 

body is then f'otmcd by compacting the powder blend at ambient tempemture to a density 

of about 60-70S of theoretical. The theoredcal density of a material is the density 

10 calculated frotn the number of atoms per unit cell and the measurement of the lattice 

parameten. Generally, green bodies arc fonned as simple geometrical shapes (e.g •• a tube, 

cylinder, or dist) and, if necessary, machined to the dcsiml shape allowing for shrinkage 

which will occur during subsequent heating steps (i.e., neat-net-shape fabrication). Binder 

material is removed by heatiag the shaped &re.en body in air in an oven at temperatures up 

15 to soo· c for about 10-15 hours depencling on size and shape. 

A Sreeft preform body is further denslfied by pressureless slntering in a furnace at 

1450°·1850• C under an atmosphere (e.g., argon or nitrogen) that does not adversely affect 

either the compolite being sintered or the sintering furnace components. The sintering is 

allowed to condnue until essentially complete (generally greater than 94 9' to 9S 9' 

20 theotedcal density). If the re.suldnl sintered body forms a closed cell struClUre (closed 

po:osity), the density may be furthet increased by hot isostatic pressing. 

Hot isostatic piesstna (HIPing) is the proc:eu of applying higll pmsute to a sintered 

body with inert gas typically at lS,000-30,000 psi for about 1·2 hours at a mmpetatme of 

from about 1soo• to about 1700° c (for alumina oxide) with the goal of producing a body 

2S having greater 1baa about 98" theoretical density. The sintered body to be HIPcd must 

uhibit eimost completdy closed Gell strueturc. MOie tban about 95" of the pores must 

be cloud for HIPlng to have a significant effect. 

--------· 2 TI1is Sheet Has Been R la 
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ne concentration of closed pore mucture is calculated from the fonnula: 
(96 Closed) a 100.. (I Theoretical density) • (9' Open Porosity) 

The method used for meui.trinl the closed porosity is ASTM C830-83. Briefly described, 
the open pon: structuR ls determined by measuring water uptake during vacuum 
impregnation of the body~ As an example, if a dry sintered body with a density of 9S~ 
theoretieal deaisity bas a Water uptake conesponding to 1 • of dle alumina composite 
density. then die body bas a 4 ~ closed pore structure. The theoretical density is calculated 
by applying tile mle of mixtures to the absolute densities of each component, as is well 
known in the an. 

' 10 Economlcally, hot pressing is an exuemely expensive and labor intensive process. 
The pressing equipment is cosily. The graphite dies must be cut from a unitary block and 
do not last for .many pressings. The cycle times are relatively shott, but can only produce 
a limited number of specimens. Tho preued bodies are limited to simple geomettic shapes. 
The machinina of such shapes to final form is difficult due to the high density and hardness 

lS of the body and can lead to rejects or surface stresses that affect the structuml performance 
of the pate. s.. Sacks U.S. Patent No. 5,009t822. 

By cont.tut, prcssureless sintering is about 2'·33S the cost of hot pressing. 
Conducting the proceu at about atmospheric pressum reduces the capital expense of the 
equipment needed for the process. Continuoua processing can be used, and large numbers 

20 of pans can bo made. If a batch precess· is used, the ~ are larger and the furnaces 
can be used more economically. Metal dies Used for green forming-can be reused for many 
pieces. 1'he ability to ieedlly machine the ~ body penrilts the formation of complex 
ahapcs. If needed. BIPh\1 can be used after pressmeless sint.eting ta increase the final 
deality of the body at a total coat that ii still lm than the correspondJng hot pressing 

. 25. process (i.e., pcsdlapt 309' lea) but without the tnheient limits imposed by hot pressing. 
Ptessu.reless siatering would, therefore, be ~ preferred method for making ceramic. 

bodies and for whlsklr reinforced ceramics in partic:ulu. Unfortunately, those in the art 
have found that p?elSU!elass !Wering does not produce adequate densities when the 

3 
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Conf., pp. 1182-1186 (Sept.-Oct. 1986)) and wet processin& with si7.e classification to 

remove agglomerates followed by slip and centrifugal casting of well dispersed suspensions 

of alumina and whiskers (see, Sacks et al., J, Am. C,eram. Soc .. 71(5) 370-379 (1988)). 

These wet procming methods are considered to produce superior green bodies compared 

to dry powder processing. See, Sacks et al. in Table m. Wet precessing techniques e.an 

be used to produce gnen. bodies having high densities witlt even 30 vol~ whiskers because 

green body density is not significantly affectecl 'by whisker me and concentration • 

. Compare Sacks et al., I. Am. Ceram· ScMb 71(5) 3»379 (1988) with Tiegs et al., Cmm 
Ena. Md Sci. Proc., (Scpt.-Oct. 1986) In Pig. 2. Upon stnteriq. however, the whiskers 

10 exert a contn>lling influence over the densities which can be attained by sintering green 

bodies made by either dty or wet processing. 

The need continues to exist for a pressure1ess sintering process that will permit the 

use of high levels of whiskers as reinforcing agents for alumina matrices and result in a 

sufficiently high density with a sufficient degree of pore closure to permit HIPing the body 

15 to further increase both the de!lsity and sttengtb of the ceramic to the level required by the 

intended application. 

One slcil1ed in the art will recognize that the application and purpose for which the 

reinforced ceramic is to be used will dielate the minimum density and strength that is 

required. Different applications and end uses will require different minimum densities and . 

20 SU'engtbs. Por example, a metJl cuu:inl tool insert widl lS wt." wblsbrs. requires a 

density of grearer than 98 96 themetical. A router bit of tbe same composition, designed 

for cutdng non-metals such as woadt requires a density of greater than 96.59' theoretical. 

nus, depending on Ibo composition of dlc =amlc. its appllcatlon, and end use, ~ 
after pressureJess sintering may or may not be required. The identification of the 

- 25 requirements for each use is within the skill or the art. 
1he art his also suggested the use of high levels, e.g. greatez: than 8 wtS, of 

sintering aids to increase tho composite density. 'l'be resulting liquid phase may, however t 

affect the romposite'1 high rempenuure properties. Sacks et al., Cmm. Enu. Soc. Proc., 

s ------------- -
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In one aspo:t, the invention contemplates a process which comprises: 

smteri.ng at ambient pressures a preform body having a density within the range 

from about 6041 to about 70 I theoretical and made from a mixture comprising a matrix 

material consisting essentially of alumina and up to about 4 9' of sintering aids. from about 

5 10 to about 2S wt!! monocrystalline whiskers, and f'rom about 2 r.o about 7.5 wt~ of 

nitride modifier consisting essentially of silicon nitride or aluminum nitride or mixtures 

thereof, to provide a sintered cenmlc composite which exhibits a density of at lea.st about 

94• or"" oftbeoteticaJ. and a sufftcientlyhigh density and concentration of closed pores 

that will permit the body to attain a density of at least ab~ut 98% theoretical upon hot 

10 isostatie preuing. 

In other aspects, the invention contemplates composites and articles made therefrom 

including cutting tools, can-malcing tools, and other tools requiring high levels of wear 

resistance. ne composite and tools are made by the pressureless sinterin1 processes 

descn"bed herein. 

15 The prment Invention provides a process for consistently producing denset tough 

cemm.ic composites using a sign1ftcant1y less expensive procedure than the conventional hot 

pressing process. The practice of the invention allows for nady control of the composition 

and propenies of the final product. The process is not only economical but provides a 

pioduct having good performance. 

20 Without wishing to be bound by any particular theory, it appears thai the presence 

of homopnecusly distributed fine particles of nitride taclliwes the formation of a transient. 

il:Mvenible liquid phase during the pmsureless sintering step. Such liquid phase aids the 

formation of closed pores which enhances the beneficial effect of 1ater HIPing. The 

properties of ceramics from the present process are compatable in practical use to those 

made by hot pressing. 

7 
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Figure 1 is a paph depicting the relationships between fracture toughness and 

silicon nitride content in an alumina matrix relnforeed with silicon cart>ide whiskers. The 

fniQtW'e toughness of two hot pressed composites is provided for comparison. 

5 Dl'J'An&p D!SQJimON 

Alumina useful for the matrix rnaterlal of the present invendon is a-alumina having 

a high degree of purity. Preferably. the powdered alumma used in the process has an 
average particle si7.o from about O.S "'m to about l I'm and repiesents at least about 60" 

of the total weiiht of the final composite. The matrix may also contain a sintel'ing aid and 

10 any conventional tougheninl agents. 

The matrix nitride modifier for the ptesent invention consists essentially of 

powdered, fiber, or whisker forms of silicon nitride, aluminum nitride, or mixrures thereof. 

The pmfemcl nitride modifier consists essentially of silicon nitride. The a11erage particle 

sl1.e mnp for the nitride modifier or modifiers wben used in powered form is widlin the 

lS same ranges as those for the alumina. preferably about O.S µm to about 1 pm. 

The total nitride modifter content should lie within a range from about 1 wt I to 

about'·' wt~ based on the total composite weight. preferably from about 2 to about 7,, 

wt9'. Mme preferably, tho total nitride modifier is added in a concentration with a range 
of about 3.S to about 6 wt~, and most ~ly a nilrlde modifier content of about 4 to 

about S.S wtS when 15 wt• whiskcn b used. nc optimum nitride modified 

concentration for a particular whisker concentration ls readily determined by one in this art 

with the exercise of no more than the niscing skill level from the teachings herein. 

Sinteriag aids for the matrix of the present mvention are tnown in the art and arc 

used in concentntions of up to about 4 wt9'_, preferably ~y up to about 2 wt~. A 

2S. sinlaiag aid acts co increase rhe eft1cicncy of the sinterlng precess without maierially 

affecting the reinfoft:jq effects of the whisken in the matrix. Prefemd sintering aids 

include at least one smmna aid of, iJllU alla, magnesia, ytl1ia, and other rare earth 

oxides. Nitride modifters such u silicon nitride and aluminum nitride according U> the 

----- ··-----··---- -
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present invention are generally not considered to be sintering aids. See, Landingham U.S. 

Patent No. 4,74S,091 in col. 2, lines 39-68. 

The matrix may also contain up to about 25 wt9' of toughening and/or hardening 

agents to affect Che overall composite toughness and hardness, .mpectively. Toughening 

S agents usefU.1 in the invention am those oxides 1enemlly known in the an and include 

zin:onia and/or hafnia. Hardening agents, such as titanium carbide~ can be used in 

quantities of up to about 10 llVt~. The toughening and hardening agents are in the Conn 

of particles typically within the size range from about O.S to about 1 p.m. Titanium carbide 

puticles, however. may be some:Wbat larger. 

10 MonOCJYstalline ceramic whiskers are thoroughly distributed throughout the matrix 

of the invention to act as reinforcement thereof. Monocrystallinc ceramic whiskers useful 

as· matrix reinforcement include alumina, titanium carbide, silicon carbide. titanium nitride, 

aluminum nitride, aluminum oxynitride, and mixtures thereof. Each of these whisms are 

well known in thc·art. Sil.icon carbide whiskers are the prefem::d whisker far the present 

15 invention and are thomughly described in U.S. Patent No. 4,961,757 which is herein 

incorporated by z:e!e:ence. Briefly described, silicon carbide whiskers arc in ch: beta iorm 

of silicon cubicle whisker and exhibit a monocrystalline structute. Such whiskers may be 

produced from rice hulls and have average diameters on the order of 0. 6 11111 and aspect 

ratios on the order of 15-150. Strengths are about 1 million psi (70,000 kglcm2) with 

20 tensile modulii of about 60-100 million psi (4-7 million kg/cm2). 

Whiskers may bo present ln amounts within the range from about 10 wtS to about 

2S wt'5·, preferably wkhln the range from about 10 or about 1.5 to about 23 wt41, and most 

preferably within a JaDge from about 10 to about 20 wcS. Pafticularly good results are 

seen when the composite contains about 10-18 wt95 or 10.lS wt'5 whiskms. 

. 25 An Jnert c:mier gu lib argon, helium, or any of the other noble sues may be used 

in the l!'lrge gas meam passed through the sintering cbambet. It has been discovered, 

however. chat hardness and toUghness may be Improved in the tlna1 "7mpoRte by use of 

a nitrogenous gas in the purge gas stream which .iJ passed tluough the sintering chamber 

---- -------
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during the pressurelcss sintering process. Nitrogenous gases that can be used in the purge 

aas inelude nitrogen and other nitrogen-containing gases like ammonia that will produce 

nitrogen at sintering temperatures but which does not adversely affect either the composite 

being sintered or the sintering furnace components. 

5 It bas been de1mmined that ftu'ther improvement in the slntend ceramic composite 

may be obtained if the purge gas which is passed through the sinterlng chamber also 

conraim a gaseous hydrocarbon. 'The hydroca.rbon can be added to any cf the purge gases 

suitable for use in this invention. Virtually·any hydrocarbon that assumes a gaseous form 

at sinl=ring temperature$ and has an atomie carbon lO hydrogen ratio of at least about 0.25, 

10 preferably above about O.S. and most preferably at least about 1, can be used as a getter 

agent in the purge gas stream for the present invention. At the ceramic sintering 

temperatuteS amtemplated for the present invention (1S00°-1850°C), most hydrocarbon 

species introduced with the stream of inert gas ~to the sintcring chamber will crack or 

dissociate into species reactive toward any reactive impurities issuing from the composite 

lS being sintered. A getter should not be used if the rmcti.ve f'orm will have sufficient excess 

hydrogen to favor the formation of water which can have a eoml&ive eft"ei:t on the whiskers 

as well as lhe components of the sintering furnace. The amount of hyclrocarbon presen.t 

in the purge gas ls within the skill of the art but often will be from about 1 ~ to about 10 

volume•· 
20 Suitable hydrocarb:on agents for use as setter agentS in pressureless sintering include 

linear, htallChed, and .cyclic a.lkanes (e.9 •• methane, ethane, propane, butane, isobutane, 

pentane, heunO, and cycloheDne); linear, branched, and cycllc alkenes (e.g •• ethylene, 

propylene, botylene, butadlene); linear, branched, and cyclic alkynes. (e.g., acetylene, 

propyne, butyae. and pentyne); and mono- or multi·rinB aromatic hydrocarbons (e.g., 

. 2S benzene, tolume, and naphthalene). For eue of operation and conv~t handling, 

alkanes •. havmg 2-10 avboa atoms and monoaroma& bydrocarbons are prefmed. 

While not wishing ~ be bound by any particular theory, it ls thou11tt that the 

hydrocarbon ac:ts, at least In part, as a uniformly dis1ributecl geuer that acts to remove any 

--------·-·------· 
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surface or JocaUzed species, such as oxygen, is.suing from the composite or present within 

the furnace during the sinterin& process that are reacti\re to tbe whiskers diJpersed 

throughout the matrix. The net effect is that the whisk.er is protectecl through the sinterina 

process and Is beUcr able to reinforce dle matrix in the final product. This ptote:iion 

S mechanism also helps to understand why hoc pressing in a papbite die will produce bjghly 

reinforced composites: the solid carbon pressing on the sampte is sufficiently close to be 

able to contact and deactivate reactive species from the composite and the surroundings. 

Pressuteless sinl'ering in a larger graphite chamber will not exhibit the same level of 

protection because the carbon in the fumace walls Js too far away tiom the composite 

10 surface and too localized in its effects to afford a similar protection against zeactive species. 

Regardless cf wbic:h specific puIJe gas or combination of gases is used, the purge 

gu genen.lly flows through the sintering chamber at a rate within the range from about 

0.03 to about 30 gas hourly space valocity (GHSV). Preferably, the purge gas has a space 

velocity of 1-5 OHSV. Preferably, the pwge aas contains a combination of at lca.u 20 

15 volume percent of a nitropnous gas and about 1-10 volume percent of a hydrocarbon. 

Composites made accordlnl to the pr!$ent invention are made by mixing the 

alumina. whiskers. and nitride modifier with mixing techniques that thoroughly disperse 

the whiskers in the matrbc maleria.l. Ball milling wllb alumina or ceramic balls is a 

prefcncd .mixing mechod. One piefem:d method involves a combinadoA of wet ball 

20 milling, drying the wet milled material to form a cake, and dry ball milling the cab. 

Binding and milling aids me added to the process where they can best be dispersed to 

obtain. optimum u-. Por example, wet ball milling times may range from about 2 m about 

24 hours, dryJna may be at temperatures within the iange from about 70°C to about 

120°C, and city ball rni1lina times may range from about 2 to about 24 hours. Tbe specific 

2S procesa ls chosen '° provide a hom9P11ec>m free flowing agglomerated. powder which . -·· 
preferably bas an aglomerated partiC1e siz.c distribution subsla1ttially within tile range from 

about -4(j"Tylet mesh (373 JoCal) to about + 325 Tyler mesh (44 l'ID>· Desirably the dry ball 

milling following wet milling and dryin1 is conducted for a sufficient period so that the 

,-~- ---------
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composite will lose not more than about 2.5 % by weight and more desirably not more than 

about 2 S by weight up0n pressureless sintering. An in.SufflCienUy dried or pulverized 

powder can adversely affect the final product. The amount of time ror dry ball milling will 

vary depending on the nature and scale of the equipment and operating parameters. The 

S choice of equipment and operating pmameten is within the skill of lhe art. 

A green pteform body is made fmm the thoroughly mixed, unreacted. free-flowing 

powder after wet miWng a4d dly ball milling by conventional wet or dry forming methods. 

Conventional organic binders and lubricants aro employed in preparing the prefonn bodies. 

Suitable methods include axial pn:ssing at ambient tempetatutea at pre&mre1 within the 

10 range from about 10,000 to about 30,000 psi (6900-21.000 N/cm2) and preferably about 

10,000 to about 20,000 psi (abouc 6900-14.000 N/cm2), eold isostatic pressing, extruSion 

with high back pressures, injection molding, and casting with QOnvention&l slip or 

centrifugal techniques (see, e.g .• Sacks U.S. Patent No. s.009.822). 

The preform bodies exhibit a density within the_ range from about 60'1 ro about 

1S 70" of theoretical maximum and ue often made in simple geometric shapes such as 

cylinders, round or square disks, and tubes. If desired, these prefonn bodies may be 

machined by conventional techniques into a shape approximating that of the final product 

dimensions with appropriate all~ce !or shrinkage upon sintcring. Such shapes are 

sometimes referred 10 in the an as having a •near net final• shape. 

20 It should be noted that, contrary to the taching in Landingham U.S. Patent No. 

4,745,091, the powders used for lhe matrix are not pre-reacted or otherwise subjected to 

chemical macdon pnasses bef~re being shaped into green preform bodies. Although not 

wishing to be boud by any partku!ar theol'J1 . the nitride modifier of tbe ~ in levels 

according to the invention appears to be mitipting the effects which pmiously inhibited 

25 the production of hiP composite densid.es with highly loaded whisbr composites made by 

p~ slnferin&. See, Lange, 'J.Mltlt. Bgb., 2(1) 59-63 (1987) for a discussion of 

the facton wbicb me thought to inhibit high ioadlng. The matJix nitride modifier of the 

present invention may be produdl\a a localized irreversible uansient plastic ot liquid phase 

12 
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during the sintering that permits further rearrangement of whiskers which are otherwise 

constrained from further movement by frictional forces in the absence of the nitride 

modifier. It is believed that pre-reaction of a nitride-containing matrix as taught by 

Landingham 1091 forms a solid sialon·type phase during prereaction and would not form 

S a ttansient liquid later under sintering conditions. 

Pressumless sintering according to the invendoJt is conducted on the preform 

composite bodies at about ambient pressures in a furnace, prefembly a graphite furnace, 

at a temperature wilhJn the range from about 1500° to about 1850° C, and for a time 

sufficient to produce a sintered composite having a density of at least about 95'6. A 98-

10 99• theoretical density is generally a maximum density for pressureless sintering processes 

on whisker-reinforced composite bodies. Those skilled in the art of sintering will recogniz.e 

that no more than routine optimization will be needed to select me optimum conditions for 

the specific geometries of the tiimace and the shapes of the samples being sintered. 

Ambient pressures for use in pressurelm sintering include the atmospheric 

15 conditions prevailiq at the manufacturing sire although pressures somewhat above and 

below ambient pressures may be used if desired. ·Lower pressures may be used to evacuate 

the sintering chamber. Slightly elevated pressures (e.g •• up to a few atmospheres) may also 

be used to prevent entry of materials or gases from outside the sintering chamber although 

such elevated pressures pnerally provide little. if any, benefit to the sintered product. 

20 Oenerally, the sb1lerin& cycle time will be about 12-48 houn although those in this art arc 

aware that sinteriq cycle t.empetatures and dmes may be varied depending on the nature 

and size of the body being sintend. 

The composite raultina from the prcssureleas sinterlng process of the invention 
exhibits a density of at least about 94 CJ or 959' of thooretical density and ·greater than 

· 2S, about 95'51 preferably above about 999' in closed pore structures. The closed pore 

struClUT$ content should be sufficient to permit further ~ by HJPing to a density 

of greater tbaa about 981 theoretical. The factors which affect the sinte?ed density and 

closed pore stmct.ure Include the fineness of the ~ the amount of silicon nitride 

13 
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present with respect to whisker co~tent, the degree ot dry ball milling7 the selection of 

purge gas (eg: nitrogen ls beneficial for higher densities and closed pmcs) sintering rares 

and sintering temperature. The optimum balance of these factors is within the skill of the 

an. 
S Sintered eomposites according to the invention exhibit a fracture toughness of 

greater d1an about S MPalm. and a bendinJ strength of greater than about SOO MPa after 

HIPins to provide the properties sugestlve of utility for a number of applications for 'Che 

composites. Fracture toughness is measured according to G .R. Anstis et al., Gen. Am. 

Caram. Soc.,§!, p. S.53 (1981) employing a 10 q load, and bending stnmgth ls measured 

10 according to MS 1942B. These sintered composites even before lilPing have utility for 

applications which may not require very high stx11ngill. Such applications include, m 
BJ.ii, can tools, bearings, rcuters and drill bits for non-metal and soft metal (e.s., brass) 

shaping, and the like. 

If the sin.tering process results in a body having a density of less than aboui 98 9li, 

IS the sintered pmform body may be further compacted by hot isostatic pzessing (HIPing) for 

a time sufficient to produce a compacted body havin.1 a density of greater than about 98 ~. 

It should be noted that the present invention provides a product from pressureless sincering 
that has a sufficiently mah concentration of closed porosity that further densiflc:ation by hot 
isostatic pressing can be accomplished without tile use of an external cladding or 

20 encapsulation material around the pan subjected to the hot isostatic pressing. 

Any lUPlng or the sintered composite body fl conducted by employing standard 

prior art cecbniques. . Sud! techniques employ an inert gas, often argon. at from aboui 

lS.000 to about 30,000 psi at a temperature of about 1500° to about 1700°C for a time 

(eg: 1-2 taours) sufficient co provide the daired density of at least about 98'5. 

HIPed composites from the pment process are usdul for fabricat:ion into a \'8riety 

of elem~ts subject to wear and/or impact where toupneu and shock resistance are 

impmtant chmcteristics and which have previously been served by ceramica made by hat 

pressin1. Particular applications for the present HIPed composites include, inler alfa, drill 

-----
14 
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bits exhibiting cutting edges for graphite composites, plastics. woods, or metals; router bits 

exhibitlng cutting edges for, inter alia, wood, fiberboard, metal, plasrics1 or lan'Jnared 
composites including grapbim composites and wood laminates; cutting tools exhibiting a 

cutting edge for cuttinc m.eials; tumi.ne blades; heat engine components such as engine 
S blocks, pistons, ~ valves; punches and dies exhibidng surfaces and clearances appropriate 

far can manufacture or other metal shaping operations; nozzles; roller or ball bearings that 

may be formed as assemblies in a metal or ceramic race; extrusion dies: and seals, iMet 

al/a, pump sea.ls for impellers. 

Drill .and muter bits made from cemrrlcs using ~ present process exhibit shapes 
10 which are the same as those of con\'entional drill and router bits. These tools are useful 

for cutting wood, m.et.als, and laminates such as 1raphite composites and wood laminates. 
In fact, use of lhe pnisent ceramic tools for cuttin1 paphite composites will perform like 

hot pressed ceramic bits which can cut hundreds of holes in graphlte composites without 

delam1nation. See, Lauder U.S. Patent No. S,002,439. 

IS When used for cutling tools, rhe cutting tools are replaceable inserts of the standard 

geometzy employed in the cutting tcol industry for applications including, inttr alia, 
turning, facing, milling, boring, &nd similar operuions. The inserts will exhibit a cutting 
edge having dimensions and angles appropriar.e for cutting mew according to the desired 
cutting technique. As an eQl'Qple, a pre.fomd insert geometry for cutting nickel .. baserJ 

20 alloy~ would edu"bit an axial rake of -5°, an end cutting edge angle of 15°1 a .radta1 rake 

of .. s• with a 13dial. relief o~ s• t and a comer angle of 15° with a nose ladlus of 0.030 
inches (0.762 mm). See, Rhodes U.S. Patent No. 4,961,757 and 4,719,277 which are 
herein incorporated by reference. Indeed, use of the pnass permits inserts and tools ·to 
be ma.nofactured to near net final shape without the need for machining larger blanks and 

2S the IDlterial waste mociated therewith. 

Can tools made from eeramics ptOduced according to tbe psesent. process (either 

before or after BIPing) exhibit a shape of forming wheels, punches and/or dies with smooth 

outer surfaces and close tolerances between associated ~ and punch elements. The 

15 
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whisker reinforc.ed alumina ceramics possess a number of unique ad'lantages in their ability 

to produce smooth pare sudaces f'or long periods of time without significant buildup of can 

material on the outer surface of the tool. See, Lauder U.S. Patent No. S.09S,730. 

The ceramic bodies made according tc this invention both after pressureless 

S sintering and after HIPing have a substmtlally random three dimensional orientation of 

whlsk'm so that resistance ta fracture is substantially the same in all directions. This 

orientation is in contrut to the two dimensional orientali011 (perpendicular to the axis of the 

ram) which is obtained iJl a hot pressed ceramic product. 

EIAMPLIS 
10 The fol1owin1 examples are useful for describing the benefits of the present 

invention. In all examples, the alumina was a commeicially available a-alumina powder 

wim a density of 3.98 ± 0.02 flcm2 with a purity of at least 99.97". The surface area 

of the alumina was 10.S m2/g, The sintering aids were magnesia and yttria in levels of less 

than 49'. 

IS The silicon nitride powder wu a commerdally available mixture of alpba (95.29') 

and bela (4.8fi) forms having a density of about 3.18 g/cm2• The average particle size of 

the silicon nitride powder was 0.4S I'm. 

The monocrystalline whiskers used in the examples were silicon carbide whiskers 

produced from rice hulls. These whiskers before processing have average diamele!'S of 

20 about 0.4 to about 0.611m and aspect !ados on the order of lj·lSO .. 'The whiskers bad a 

density of 3.21 g/crri". 

Unless otherwise swed, all percentages are given in terms of weight percent based 

on total weight and tJle procedure in examples 1 ·~ was used to prepare the composites 

idendfk:cl in the examples. 

,25 JWpr• l-5 

~la 1-!i mustra.U: the effects of a varied siliam nitride powder c:oncenuatlon 

on a constant whisker concencradon of lSS. 

--------
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Alumina powder, silicon nitride, silicon carbide whiskers, and the sintering aids 

(2 % or less yttria and 2 96 or less magnesia) were weighed and wet ball milled for about 

10 homs.. An organic binder (polyethylene glycol and/or polyvinyl alcohol) and a lUbricant 
(stearic acid) were then added. and ball milling continued for another 30 minutes. The 

S mlzture was then placc:d in an oven.and ~mpletely dried at about 70° C. The resulting 

c:ake was dry milled for about 16 hours until the material became a homogeneous free. 

tlowfng powder exhibidng an aglometated particle size distribution substantially in the 
range from about .(JO Tyler mesh (250 µm) to about +325 Tyler mesh (44 -'m) with 
whiskers uniformly distributed thereth.rough. 

10 Green preform bodies exhibitin1 disk shapes were prepared by pte$Sing the powder 
in a cylindrical die having a diameter of l.12S inches (28.6 mm) and applying an axial 
preuure ot about 10,000 psi {about 6900 N/cm2). The resulting disks contained 10 grams 
of compacted powder. The b.inder material was nmoved by heating the preform in a 
muffle furnace at S00° c in air until all the hinder had been burned off. The sample was 

15 then ready for pressurcless sinterin1. 

The pressurclcss sinterin1 took pJa.ec in a lflphite resistance fUrnace at 1625 • C 
with a constant flow of a purge gas containing nittogen through the heating chamber. The 
prefonn was held at 1625° C for SO minutes and then allowed to cool to room temper.uure. 
The resuldng stntered disks were checked for density, Ehe degree of closed porosity, and 

20 for toughness and hardness using the conventional Vickers Indentation Method with a 10 
q load. The iesulls an:: reponed in Table 1. The relationship between fracture toughness 
and silicon nitride cancentradon is ll1ustrated in Fiaure 1 for sample$ prepared by 
pressmelest at.ming with and without HJPing and samples prepared by hot pmsing. 

-----------
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Table 1 

Pressureless Sintered Results (Vaeying Si;N. Content) 

Grwn Bini.rid Cl1tft CloHd 
$iC.,, o.ftllty Denaity Pot011ity POf09ttV H•ldMll 
!Wt~ ~ '"'' (vol.~ cvoa. ,., IGPtt 

11 It.I H.I . . 17.4 

Ui .... SS.IS o.o. . ... 115.3 

ll . 14.9 SI.I o.oa •.OZ 11.S 

11 IS.4 11-1 O.it 3.114 15.I 

1S IO.O 94.t 0.37 4.71 11.e 

Tovghn.., 
1Mp4h/ml 

!U 

s.a 

1.0 

a.o 
5.1 

Examples 1-S were then subjected to hot isostatic pressing (HlPing) to make 

examples 6-10. The properties of me samples after HIPing are reported m Table 2. 

Table '2 

HIPed Results (Varying Si,N, Content) 

Open Clo..ca 
SlsN. SiC Denlity Potomv Porotity H.idnnt Tou;hne .. 

Ex. ~'Jli· «Wt~ t,., TC' !Vol y,) Nol 'Wt> IGPa) IMP1./ml 

• t .0 15 . . . 19.0 '·· 
1 2..S 11 11.s 0.13 1.37 11.'7 5.1 
I s.o 11 11.4 0.1• 1.44 17.1 S.4 

I 7.5 Hi 81.1 o.1:a 1.2.7 11.5 s ... 
so 10.0 Tl H.S 0.11 :.a Sample Cr•ot_. 

25 EW1ft.p ll·lf 

Bxampla 11-14 maintain the silicon nitride powder conc::en~tion at 59' .and vary 

the whis.br concenuatlon. The preparation method is otherwise the same as that of 

aampJa 1-5. "nle properties of the resuldng sintered samplcl are presented in Table 3 . 

. ------ ------ ·-
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able 3 

Pressureless Sintered Results (Varying SiC,., Content) 

Green Sl....-.d Open . Clot.cl 
sic. D•Mifll Dlftli'Y Paroeity (Val Po•cv 

Ex. IWt,_.I 1..,TDI 1-.TO) "6) (Vof ~ 

1t 10 0.:1 18.1 o.os 1.8& 

ta lS 14.t 115.1 0.01 4.02 

13 .io •••• h.a 0.17 6.H 

14 :us 17.S 11.a 0.!58 10.az 

EXAMPLE ts 
Example 15 was made usin1 the same technique as in examples 1-5 but wi&hout 

binder or lubricant. Example 12 had lS wUC silicon carbide whislcers and S wt90 silicon 

nitride. The sample was hot pressed under nitrogen at 1520° C and a pressure of 4,000 

ts psl. The resulting composite had the average properties listed in Table 4: 

20 . 

Table 4 

Dtrnaity > ..... ttleOt•l:ic.l 

H.t11111«1PI) 11.a 
,..on ..... ,... (MhJml 1.0 

The fracttm: toughness is· shown in ftgure l for comparison against the samples 

sintered ~thout supmatmospheric pressure accordmg to the present invention. By 

comparison, a commcrdally available hot pn=ssed sample with 15 wt'5 silicon whiskers and 

23 no silicon nitride had a better toughness of 5 .6 MPa,/ m. 

Al will be seen from figure l, samples prepared accordlng to the present invention 

both widl and without HlPing have a better toughness man the hot pmaad sample of the 

same cO'mposition subjected to hot pressing. ne toughness exhibited by samplca of the 

present inventioa ue also companble to er better than the hot pressed sample without 

30 silicon nitride. 

19 
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Metal.cutting tooll in the form of inserts were prepared for comparison to 

commercially available inserts. The inserts of example 3 were pressureless sintered and 

then HtPed as in example 8 to produce a blanks having the shape of disks with a diameter 

S of 1.125 inches ~8.6 mm). The btarua were cut to the shape of inserts having the same 

dimensions and cutting surface preparations as conventional anmic cutting tool inseiu. 

10 

The inseru were prepared as identified in Table 5: 

Table S 

...... ... .... 
19 Commtnlimly 1Ylilabl1 if'IHrt of 1ificon 01ftlida wtllake.- reinforc.d 

lklmine, at M"l6 whilkets ft'lld• by hat 1J11911nt ,, lnatrt HCOfdlng •o lbl inwfttion of 8ilioon onide wtlilk11t reinfotc.O 
lluminl aonlllrina S "1'11 lilicon nltriH pawder madtfier n up to 2. .. 
of Ma e.ftd V oxlcl11 • linwrin; lid1, 1& wt• whisketa 

,. Co~n;i.ily ~• lliliGon nitlide ISiant in11rt pner.ay uNd Jn 
the illldU9'l'Y for ~"9 iron 

11 ComrNrd.itv nllilal:il• .zltoonil Nin~tc.S .i.am1,.. inurt for cuni111 

irOft. 

ao Commen;i.il9 efthble tu .. cubide inMlt ONtld wlCh lhlmiN 

Tool life was determined by the first of: (a) fracture; (b) an average flank wear of 

0.012 in. (0.30mm) or greater; (c) a maximum flank wear· of 0.017 in. (0.43mm) or 

greater; (d) a muimwn nose wear of O.Ot7 in. (0.43mm) or greater; or (e} a notch wear 

of o. 79 ift. (2mm) or greater. Having established such st:andardl7.ed wear 'ranges, the tool 

20 life can be used to compate the usefulness of each of the tested· tool ~· 

EXAMPLI 21 

One insert acb from examples 16-19 were rested for wear performance by turning 

nodular ductile iron (295 bah) on a 60 HP AJtis C.N.N. Universal Lathe. No coolant was 

used. riie cutting speed wu 900 surface feet per minute (SFPM) (274 SMPM) at a feed 

2S rate of O.OlS inches per revolutioll (0.38 mm per revolution). Bach cut was at a depth of 

0.10 inches (2.S4 mm). Table 6 reports the results. 

20 
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Table 6 

MBilnumW.-r No .. W.at lln.t Tocl Ute (min.t 
tin.a 

0.0573 - 3.71 

Q.0134 0.0132 4.50 

0.01..0 0.0114 1.00 

0.0170 0.00llS 1.oa 

FWlure Mod• 

Frecmue 

W1111r 

WHr 

w .... 

10 The inserts of examples 16-20 were tested f'or wear performance by turning nodular 
ductile hon (295 bnh) on a 60 HP Axis C.N.N. Universal Lathe. No coolant was used. 

ne cutting speed was slower than in Ex. 21, 700 SFPM v. 900 SFPM, at a feed rate of 

0.01' inches per revolution (0.38 mm per revolution). Each cut was at a depth of 0.10 
inches (2.54 mm). Table 7 reports the resulu. 

1.5 Table 1 

Awr1PW•11 Maximum w •• , No .. w .. 11n., T..e Life Cmin.I Fllilure Mode 
u.n.&• (jn,) lftJ 

t• 0.0133 0.0111 o.01a IS.O Weer 

17 Cl.01Z2 0.0191 0.0\Cll us Wt111 

20 11 0.0114 0.0131 O.Ot11. 1.0 Wffl 

11 O.GOll 0.0111 O.D042 1.0 WHr 

zo 0.0,51 0.0270 D.0211 2.0 w •• , 

2S ExwrLI 13 
The insetts of eumples 1~10 were tested for wear performance by tumin& 04000 

Grey Iron (196 bnh) on a 60 HP Axis C.N.N. UniYll'lll Ladle. No coolant was used. "n1c 
cutting speed was lSOO SPPM at a feed rate of 0.015 inches per mvolution (0.38 mm per ' . revolution). Each cut was at a depth of 0.10 inches (2.54 mm). Table 8 reports the 

30 results.. 

---------- ----
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Table 8 

MellitnumWwu Nau W84f!i".) Tool Uf• lmin.) 
(iR.) 

Q.0173 0.0104 21 

O.C171 o.01n 2t 

0.017• 0.0185 5 

0.0171 0.01153 n 

a.0110 0.0141 11 

Ftilu,. MoGe 

w .. , 
w.., 

WMI 

w •• 

Weer 

10 Ewpµj · 24 

The inserts of examples 16-19 were tested for wear performance by turning lnconel 

718 (432 bbn) on a 60 HP Axis C.N.N. Universal Lathe. Coolant was used. The cutting 

speed was 650 SFPM at a feed tatc of 0.008 inches per revolution (0.20 mm per 

revolution). Each cut was at a depth of 0.06 inches (1.!12 mm). Tible 9 repcnU the 

1.5 results. 

20 

30 . 

Table 9 

Avermae Wur 011.I MuimumW.. ~Dfall Wur Tool LJfe ,.,. Medt 

iJcampl• in.I lin.) lrninJ ,. o.cnao 0.0191 o.g211 4.Q War 

17 0.0\31 0.0171 a.a.is 5.0 Wut 

11 0.0173 OJIZll o.os .. 1.a w-,. . o.ooa o.aua 0.1112 z.o w .... 

EJAMN 25 

Inserts of &ample 17 were ground to form a ~Uing edge. The inserts have been 

used ~y in the following operations: 

a. Facma stainless steel 304 wirh a 0.0335 in depth of cui 

b. Turning O.D. of a round 4140 st=el bar with a de9th of cut varying from 

0.015 to 0.02S in. 

c. Turning O.?. of a round cold rolled 1020 steel bar. 

22 
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The above were run dry (no lubricant) and exhibited excellent cutting efficiency a.t high 

rates of metal removal while exhibiting high wear resistance. An insert or Example 17 

which had not been cutting~ge ground. perfomed similarly to the cutting edge ground 

insert when the teSt of Example 25{b) was repeated. 

S E.wnple 17 inseru that had been edge ground also exhibited high cutting 

efficiencies and low wear rates when used to cut non.ferrous metals, including copper, 

bran and aluminum at high surface speeds. 

1xAMPJ.1 21 • DmL AND RoUTD. Brrs 

Samples according to ~amples 3 were ext?uded 1n the form of continuous reds 

10 having nominal diameters of 0.25 inches (6.3S mm) and 0.5 inches (12.7 mm). for 

formation into drill and router bits, respectively. Samplai of each diameier were cut into 

rods having a nominal 4 inch {10.2 cm) length. The rods were then HIPed in accordance 

with &ample 8 and sudacc ground with conventional equipment to final precise diameters 

oi0.2S inches (6.35 mm) for the drill bit samples and 0.5 inches (ll.7 mm) for the router 

15 bits. The finished samples had an averace density of 98. 1 '1 of theoretical and all samples 

.exJu1Jlted the conventional aeometry and cutting edge preparations for each type or to0l. 

The whisker·reinfOICed drill bits made by the process of the invention were tested 

in a side-by-side comparison against convontional tungsten carbide drill bits having the 

Same geometry and edge prepandon for drl1llns holes in fiberglasa laminates and carbon 

20 fiber laminates. The whiskcr-nrinforced bits formed clean holes with no visible evidence 

of clcJamination. 

The whisbr-n:inforced router bits made by the process of the mventlon were tested 

against a conventional tungsten carbide router bit for high speed (3,ooo-4,000 rpm) routing 

performance on wood, particle board, medium density fibmboard, plYwood, and plastic 

. 2S • Jaminate.covaed plywood {I.e., Formica-,. ne router bits exhibited the same geometry 

and edP. pzaparation. 
In all cases, the whilkm'·reinforced router blt of the invendoa removed material 

rapidly with sharp, clean. uniform profiles. The samples shaped with the whisker-

------·--------
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bum marks due to the friction at the cutting interface. The conventional tungsten carbide 

5 blts also exhibif.t adhesive buildup when cutting laminates such as plywood. 

lfWtmpn .. 30 
Eumples 27 and 28 were prepared with a silicon nitride modifier concentration of 

S9' u ln eumplea l-5. The powdemd blends were, however~ ball 1rJlled for four hours 

longer, pmsed at a higher pressure of 15,000 psi (10.3SO N/cm2>. and sintered at a higher 

10 temperature of 1590• C. 11\e purge gas consismd of nitrogen. Table 10 shows the 

improvements in sintered density lhat msults even with a whisker content of over 20". 

15 

20 

2S 

30 

Table 10 

Greet1 Slni.rld Opu Cloud 
SiC.. C.MllV c.-.y Pat,,9it"y Po~tv 

ex. IWIW.I C'lltTDI rlr.TDI CVol 'lltl CVGI ,.J 

11 zo .... 14.Z Q.$7 6.23 

Z1 zo 18.0 ... , 0.21 •••• 
u ZZ.1 11.0 91.1 o.zz 4.41 

14 lS 17.S II.I O.SI 10.IZ 

Examples 27 and 28 wem then HIPed. Certain properties of the HIPed composites 

arc reported in Table 11. 

Table 11 

.. ,...,... Open 
SiC Density PoJ.li1y 

b. twt~ J'WaTOt CVol "I 
I 11 11.4 O.H 

. , 21 20 .... 0.01 

30 22.S 17.4 o.oa 

24 

CIOHd 
P0t01ity 
CVCll ~ 

1.'4 

1.3' 

I.I? 

HudNM 'TIMl9hneu 
CGPtl .....,... 
'7.3 S.4 

11.:J 1.7 . 

17.1 1.4 
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&amples 31 aid 32 were prepared in accordance with the procedure of Examples 

1-S but with a purge gu contalnlng 5 volume percent propane and 95 volume percent 

nitrogen. The purge 1u flow rate was about 3 GHSV with a speciric cons1ant flow rate 

S of about 2 lite.rs per minute through a sinterin& chamber having a volume of a.bout 40 liters. 

10 

lS 

Table 12 lists certain physical properties of dle resuttin1 composite. 

Table 12 

Simeted Opfl! CtvNd 
SiC· Pnitlene DeMity Porqjty Potaity Hudneu TQUgMMI 

b. 4Wt "> Cwl,.t l"TOI (Val-.> {Vol 4Jlil CGPIJ 1MPwm1 

3 IS 0 H.9 a.ca 4.0.Z 15.5 1.0 

31 15 I $1.1 0.13 3 • .2.7 17.2 1.2 

ta 20 0 u.i 0.57 $.D • .. 
32 20 5 II.I o.1a 3.17 ll.I 1.3 

• - r NI lie\ .... CMMlty •• 100 low tO ptnmit ffllolOle MfClllffl •na ?OUCIMHI 

Al Table 12 shows, a purge gas containins a hydroc:arboo gas during the 

pressureless sintering p.mcess has at least two advantages. The firsi advantage is visible 

20 from photomicrograph.s of samples sintered with and without a hydrocarbon gas. A 

microporous bolllldary layer is visible fmm the micrographs to a depth ot about 0.06 inches 

(1520 ,:m). The microporous region VJould have to be ground from the sample for 

optimum performance by the composi.re in high wear appllcalions. The second advantage 

is an lncn:ase in hardness. 
The sample pmsureless sintered with a hydrocubon in the pnp p.s does not 

exhibit a microporous layer of open pores. ~, to the extent they are visible in 

the photomicrograpbs, am fewer in number. The samples can be HIPed.with an attendant 

inem.se in demUy thereby suggesting that the outer micropores edlibit a higher percentage 

of closed c.e11 structures. 
'• 

30 Examples 31 and 32 wen HIPed to make examples 33 and 34, respeetively. Table 

13 lists mtain of the physlcal properties after HIPing for composites pres.ture1ess sintered. 

2S 
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Tible 13 

HIPtd Otl• Clos«I 
s;c Pr..- DeMity Pot011ity Porvlicy Hen:lne .. Toiighnea 

&. IWt "l Cwl4Jlil C .. TCI (Veal ... !Val "'I IGP81 tMPaJml 

s • 11 0 .. .. O.ll 1.4' 17.3 S.4 
aa 11 9 .... 0.04 t.u fa.I··. 1.1 

34 zo IS 11.0 0.0. 0.8• ti.I ••• 
Table 13 shows that improvements in the HIPed samples are possible when the 

10 samples wen= first pressureless sintered with a purge stream confa:ining a hydrocazbon gas. 

There is no significant loss of toughness upon HIPing a5 was observed when a hydrocarbon 

gas was not used. S~ Figure l. Compare the toughness dara for examples 3 (6.0 

Mh/m) and 8 (5.4 Mh/m) with the same :results from examples 31 (6.2 MPa./m) and 

33" (6.1 "MPaJm). Moreover, HIPing produced a hatder sample when the pressureless 

lS sinterlng was conducied with a purge aas containing propane. Inde.ed, the toughness and 

hardnas values of ewnple$ 33 and 34 are companble to those obtained by rux ptessed 

alumina-silicon carbide whisker composites. 

It will be understcod that the examples presented herein are for illustration purposea 

and arc not intended to act as limitations on the scope of the appended claims. 

26 
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1. A process for making a sintered composite body comprising: 

sintering at ambient preuures a preform body having a density within the range 

S from about 6091t to about 709' of theor«ical maximum and made from a mixture 

comprising: a mattU consisting essentially of alumina and up to about 4 wtS of sinteting 

aids, about 10 to about 2S wt" of monocrystalline whiskm, and about l to about 7.5 wt% 
.,.- -

1• • i of nltrlde modifier consisting essentially of lilicon nitride or aluminum nitride or mixtures 

thereof. to provide a sintered ceramic composite which exhibitS a density of at least about 

10 959' of theoretkal and a sufficiently high density and concentration of closed pores to 

achieve a density of at least about 98 9' theoretical upon densiftcation by hot isostatic 

pressing. 

2. A process according to claim 1 wherein the sintering is conduct.ed with a preform 

15 body having a nitride modifier consimng essentially of silicon nitrlde. 

3. A process according to claim 1 wherein the sinteri.ng is conducted with a preform 

body having a whisker selected from the group consisting of alumina. titanium carbide, 

sillcon carbide, titanium nitride, aluminum nitride, aluminum mynitride, and mixtures 

20 thereof. 

4. A p~ according to claim l wherein sintering is conducted with a perform body 

conllining sUicoll cublde whisker . 

. 25 ~. A pl'OCCSI amm:Hng to elaim 1 wherein the sintming is eonductccl with a preform 

body baylna a silicon camlde whisker content within the range from about 10 wt4' to about 

20 wt9' and having a silicon nitride modifier. 

_,,_, ______ _ 
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7, A process according to claim 4 wbmin the sintcring is eonducted with a preform 

S body having a nitride modifier content within the range from about 2 wt~ to about 7 .S 

wt~. 

8. A process according to claim 4 wherein the sintering is conducted with a preform 

body having a nitride modifier content within the range from about 3.5 wt~ to about Ei 

10 wt9'. 

9. · The process according to claim 1 wherein the sintertnc is conducting with a 

nitrogenous-containing purge gas. 

15 10. The process according to claim 1 wherein the sintering is conducted with a purge 

gas that contains a hydrocarbon. · 

11. A process according to daim l wherein the sintering is conducted with a preform 

body consisting essenlially of a matrix consisdng essentially of alumina, at kmt one 

20 sintering aid, silicon carbide whiskers, and silicon nitride. 

12. A process according to ~laim 13 wherein the sintering is condu~ted with a preform 

body funher containing a mixture of sintering aids. 

2S 13. A pmcm according to claim 13 whetein the sintering is combicted with a preform 

body further containing magnesia and ytuia is sinterlng aids. 
' 
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14. A process acc::ordin1 to claim 11 wherein the sinte:ring is conducted with a purge gas 
that contains nitrogen and a hydrocarbon • 

• 
15. A process according to claim l 1 wherein the sinterlng is conduct.rd with a purge gas 

S that contains nitrogen and a hydrocarbon. 

" ' .. 

10 

15 

'~u . 
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16. A procc.ss accmding to claim l further comprising before the sintering step: 

forming a preform body having a density within the range from about 60 ~ to about 

·10'5 of theoretical by a process consisting essentially of thoroughly mixing slld alumina, 

the sintering aids, said nitride modifier, and said wlliskers to form a mixture that will loose 

less than about 2 • .5 r. by weiil\t upon pmsureless sintering. 

17, A process accordiq to claim J6 further comprism1: 

shaping said pn:fonn body into a shape approxJmating a final shape with allowance 

for shrinkage of the shaped preform body upon sfnteti.ng. 

· 18. A process according to ~laim 17 further comprising: 

shaping said preform body into a drill bit, a router bit, a cutting tool. a turbine 

blade. an Cngine block, a piston, a valve, a puacb, a die, a nozzle, a miler, a ball bearing, 
20 t.. a roller be.aringr an extrusion die, or a pump seal. 

. 2S 

19.. A procesa acx:ording to claim 1 further compri&ina: 

subjecting the sintered preform body to hot isostatic pressing to produce a 

compacted cemmic body having a density of at !east about 98 5 of theoretical • 

20. ~ composite comprising a sintered ceramic matrix consisting es.tentially of alumina 

and up to about 4 wt5 of sintering aids, about 10 ro about 2S wt9' monocrystaWne 

wbisbrs, and about 1 to about 7 .5 wt• of nitride modifier consisting essendally of silicon 

I lllllll 11111\ 111111\lll \l \II\ 
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nitride or aluminum nitride or mixtures thereof, wherein said sintered ceramic composif.e 

was formed by pressureless sintering and exhibits a density of at least about 95 9' of 

theoretical IUld a closed pore structure that will pennit a further density increase to al least 

about 98 96 of theoretical by hot isostatic pressing. 

21. A composite as in claim 20 which ls further premd by hot isostatic pressing. 

22. A composite as in claim 20 wherein said whiskers are present within the range from 

about 10 wt'I to about 20 wt9'. 

23. A composite as in claim 20 wherein said whiskers are selected from the group 

consisdng of alumina. titanium carbide, silicon cubide, titanium niUi.de, aluminum 

oxynitride, and mixtums thereof. 

15 24. A composite as ia claim 20 wherein said whisken consist essentially of silicon 

carbide. 

20 

25. · A composite as in claim 20 wherein said nitride modifier amsists essentially of 

sfllc:on nitride powder. 

26. A composite as in claim 20 wherein said nitridi modifier is present hom about 2 

to about 7.5 wtti. 

27. A composite as la claim 20 wherein slid sintering aids contain a mix\UR of 

. 2S mapes1a and yttda. 

28. A composite as in claim 20 wherein said at least one sintering aid comprises up to 

about 2 wt5 of a mixture of yttria and magnesia. 
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29. A composite of claim 20 which exhibits the shape of a fcnning wheel. die, or 
punch. 

30. A composite of claim 20 which exhibits the shape of a drill bit, router bit or cutting 

S tool biL 
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