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_ PRESSURELESS SINTERING OF
WHISKER REINFORCED ALUMINA COMPOSITES

This application is & continuation-in-part of copending application serial no,
5  07/922,763 filed on July 31, 1992 and a continuation-in-part of copending application of
07/801,854 filed on December 3, 1991,
FIELD OF THE INVENTION

The invention relates to 2 pressureless sintering process for forming whisker-

reinforced alumina-based ceramic bodies having excellent physical properties,
10  BACKGROUND QF THE TECHNOLOGY :

Whisker-reinforced alumina has found use in structural épplimtions such as heat
engines and turbine blades (see, U.S. Patent No. 4,543,345) and in more severe
applications such as cutting tools (see, U.S. Patent Nos. 4,789,277 and 4,961,757). These
composites can have up to about 40 vol. % whiskers using a processing tachnique known

15  as *hot pressing" which produces composites having a density of at least greater than 98%
of theoretical. A density of at least about 95% is needed for virtually ail enginesring
applications of ceramics.

In the conventional procasses for making whisker-reinforced alumina bodies, hot
pressing can also be described as “pressurized sintering™ because the process involves the

20 application of uniaxial loads of about 3500-5500 psi. In the process, a powder blend or
preformed sample is loaded in a free flowing form into 2 graphite die and sintered under
an inert atmosphere in a high temperature furnace, Pressure is applied to the powder in
the die with a hydraulic ram as the fumnace temperature is increased to about 1450°-1850°
C and mainteined at temperature for an appropriate time. The fumace is then allowed to

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

| of discrete batches.

The structral limits of the dies generally prohibit the use of applied pressures
greater than about S500 psi. In addition, the hot pressing method generally limits the shape
of the formed body to simple geometric shapes such as round or rectangular plates or
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REI NEGRGED* AP UM ”NA’CCNPCSWTES Descri ption FI ELD OF THE T NVENTI ON

The invention relates to a pressurel ess sintering process for formng

whi sker -rei nforced al um na-based cerani c| fnsliseschaxs BgEexcel | ent physi cal
properti es. BACKGROUND OF THE TECHNOLOGY REPLYWIEB K er - rlei nf or ced al um na
has found use in structural applications ch as heat engi nes and turbine
bl ades (see, U.S. Patent No. 4,543,345) and in nore severe applications

such as cutt i ayindewsiunless special eenplexdies and\pressure, MBS, 22§ Fonstructed 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 pressureless sintering.

Hot pressing is to be contrasted with “green* preform body preparation,

5 *pressureless sintering™ and “hot isostatic pressing” (HIPing). Green preform bodies are
prapared by mixing ceramic powder blends with conventional sintering aids (¢.g., magnesia
and/or rare earth oxides) and an organic binder containing a lubricant. The green preform
body is then formed by compacting the powder blend at ambient temperature to a density
of about 60-70% of theoretical. The theoretical density of a material is the density

10 calculated from the number of atoms per unit ceil and the measurement of the latice
parameters. Cenerally, groen bodies are formed as simple geometrical shapes (e.g., a tube,
cylinder, or disk) and, if necessary, machined to the desired shape allowing for shrinkage
which will occur during subsequent heating steps (i.¢., near-net-shape fabrication). Binder
material is removed by heating the shaped gteenbodyinairihanovenanempemmmup
15  to 500° C for about 10-15 hours depending on size and shape.

A green preform bady is further densified by pressureless sintering in a furnace at
1450°-1850° C under an atmosphere (e.g., argon or nitrogen) that does not adversely affect
either the composite being sintered or the sintering furmace components. The sintering is
allowed o coatinue ontil essentially complete (generally greater than 94% to 95%

20  theorstical density). If the resulting sintered body forms a closed cell structure (closed
porogity), the density may be further increased by hot isostatic pressing.

Hot isostatic pressing (HIPing) is the process of applying high pressure to a sintered
body with inert gas typically at 15,000-30,000 psi for about 1-2 hours at a temperature of
from about 1500° to about 1700° C (for alumina oxide) with the goal of producing a body

25  having greater than about 98% theoretical density. The sintered body to be HIPed must
exhibit almost completely closed cell structure, More than about 95% of the pores must
be clnsed for HIPing to have a significant effect.
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and 4, 96815757, “These conpdsi'tes can have up to about 40 vol. % whi skers
using a proceSS|ng techni que known as hot pressing' which produces
conposites having a density of at |east greater than 98% of theoretical. A
density of at |east about 95%'i s needed ‘figs SYEET HAB BEEMI|l engi neering
applications of ceram cs. I n the canventR®BAALEPr ocesjses for naking
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of the formed byapplying the muls of geiemrdsth thes bissplute densities of each component, as is well
known in the art.
10 Economically, hot pressing is an extremely expensive and Iabor intensive process.
The pressing equipment is costly. The graphite dies must be cut from a unitary block and
do not last for many pressings. The cycle times are relatively short, but can only produce
& limited number of specimens. The pressed bodies are limited to simple geometric shapes.
The machining of such shapes to final form is difficult due to the high density and hardness
15 ofthebodymdunleadmrejmorsmfacestmsesthataffemmestmcmmperfonnance
of the part. See, Sacks U.S. Patent No. 5,009,822.
By contrast, pressureless sintering is about 25-33% the cost of hot pressing.
Conducting the process at about atmospheric pressure reduces the capital expense of the
equipment needed for the process. Continuous processing can be used, and large numbers
20  of parts can be made. If a batch process is used, the batches are larger and the furnaces
can be used more economically. Metal dies used for green forming can be reused for many
pieces. The ability o readily machine the green body permits the formation of complex
shapes. If needed, HIPing can be used after pressureless sintering to increase the final
density of the body at a total cost that is still less than the corresponding hot pressing
-25.  process (i.e., perhaps 30% less) but without the inherent limits imposed by hot pressing.
Pressureless gintering would, therefore, be a preferred method for making ceramic
bodies and for whisker reinforced ceramics in particular. Unfortunately, those in the art
have found that pressureless sintering does not produce adequate densities when the
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such as round or rectangul ar plates or cylinders unless special conplex
dies and pressure rams are constructed at great expense. In addition, the
properties of such hot pressed bodies are due to the
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Hot pressing is to be contrasted with 'gr h[?hndv preparation,
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and shape. Engr. and Sci, Proc., (Sept.-Oct. 1986) in Fig. 2. Upon sintering, however, the whiskets
10  exert a controlling influence over the densities which can be attained by sintering green

bodies made by either dry or wet processing.
" The need continues to exist for a pressureless 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
1S to further increase both the density and strength of the ceramic to the level required by the
intended application,

One skilled in the art will recognize that the application and purpose for which the
reinforced ceramic is to be used will dictats the minimum density and strength that is
required. Different applications and end uses will require different minimum densities and

20 strengths, For example, a mstal cutting tool insert with 15 wt.% whiskers requires a
density of greater than 98% theoretical. A routsr bit of the same composition, designed
for cutting non-metals such as wood, requires a density of greater than 96.5% theoretical.
Thus, depending on the composition of the ceramic, its application, and end use, HIPing
after pressureless sintering may or may not be required. The identification of the

- 25  requirements for each use is within the skill of the arnt.

The art has also suggested the use of high levels, e.g. greater than 8 wt%, of
sintering aids to increase the composite density. The resulting liquid phase may, however,
affect the composite’s high temperarure properties. Sacks et al., Ceram, BEngr. Soc, Proc,,
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A greéh préfdrmbody is furt‘her densified by pressureless sintering in a
furnace at 1450-1850 C under an at- nosphere (e.g., argon or nitrogen) that
does not adversely affect either the conposijie bei nq sintered or the
sintering furnace conponents. The sintering | $HBl JHPBEHASBREESNT i nue unti |
essentially conplete (generally greater than 94% RBPIOEHDt heor et i cal
density). If the resulting sintered body forns a closed cell structure

(cl osed porosity)n Oﬁeaqieasﬂteynmgomenmnlmaa procese dich @ynpﬁ;cs i sost atic

pressi ng. Hot . sosta essing (H Pwn the p I ng
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structure I\/bre t oO0f the pores nust be closed for HPing to
have a si gni friwide modifierconsisting eieatialtynefositicont nitide or alyrsisum niGide ofmigires e

s cal cul at edy From ! 06125 Wihiled ceramic composite which exhibits a density of at least about
94% or 95% of theoretical and a sufficiently high density and concentration of closed pores
that will permit the body to attain a density of at least about 98% theoretical upon hot

10 isostatic pressing, |

In other aspects, the invention contemplates composites and articies made therefrom
including cutting tools, can-making tools, and other tools requiring high levels of wear
resistance. The composite and tools are made by the pressureless sintering processes
described herein.

15 The present invention provides a process for consistently producing dense, tough
ceramic composites using a significantly less expensive procedure than the conventional hot
pressing process. The practice of the invention allows for ready control of the composition
and properties of the final product. The process is not only economical but provides a
product having good performance.

20 Without wishing to be bound by any particular theory, it appears that the presence
of homogenaously disteibuted fine particles of nitride facilitates the formation of a trangient,
irreversible liquid phase during the pressureless sintering step. Such liquid phase aids the
formation of closed pores which enhances the beneficial effect of later HIPing. The
properties of ceramics from the present process are comparable in practical use to those

23 made by hot pressing.
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used for nmeasuring the closed porosity is ASTM C830-83. Briefly described,
the open pore structure is deternmined by nmeasuri ng wat er upt ake during
vacuum i npregnati on of the body. As an exanplre red body with
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Alumina useful for the matrix material of the present invention is a-alumina having
a high degree of purity. FPreferably, the powdered alumina used in the process has an
average particle size from about 0.5 um to about 1 xm and represents at least about 60%
of the total weight of the final composite. The matrix may also contain a sintering aid and
10 any convemional toughening agents. .
"The matrix nitride modifier for the present invention consists essentially of
powdeted, fiber, or whisker forms of silicon nitride, aluminum nitride, or mixtuces thereof,
The preferred nitride modifier consists essentially of silicon nitride. The average particle
size range for the nitride modifier or modifiers when used in powered form is within the
15 same ranges as those for the alumina, preferably about 0.5 um to about 1 zm.
The total nitride modifier content should lie within a range from about 1 w1% to
about 7.5 wt% based on the total composits weight, preferably from about 2 to about 7.5
wt%, More preferably, the total nitride modifier is added in a concentration with a range
of about 3.5 to about 6 wt%, and most preferably 2 nitride modifier conteat of about 4 to
20 about 5.5 wi% when 15 wt% whiskers is used. The optimum nitride modified
concentration for a particular whisksr concentration is readily determined by one in this art
with the exercise of no more than the existing skill level from the teachings herein,
Sintering aids for the matrix of the preseat invention are known in the art and are
used in conceatrations of up to about 4 wt%, preferably only up to about 2 wt%. A
25, sintering aid acts to increase the efficiency of the sintering process without matetially
affecting the reinforcing effects of the whiskers in the matrix, Preferred sintering aids
include at least one sintering aid of, inter alia, magnesia, ytiria, and other rare earth
oxides. Nitride modifiers such as silicon nitride and aluminum nitride according to the

8 This Sheet Has Been Replaced

AL




CV BY:DREW & NAPLER 21- 2-96 T3 202 HUB w2d- - l)i\L\l & \\l Ht\ SRR
Vi G bt At darint 10

A N et

THIS SHEET HAS BEEN |
REPLACED

present invention are generally not considered to be sintering aids. See, Landingham U.S.
Pateat No. 4,745,091 in col. 2, lines 39-68.

The matrix may also contain up to about 25 wt% of toughening and/or hardening

agents to affect the overall composite toughness and hardness, respectively. Toughening

5 agents useful in the invention are those oxides generally known in the art and include

zirconia and/or hafnia. Hardening agents, such as titanium carbide, can be used in

quantities of up to about 10 wt%. The toughening and hardening agents are in the form

of particles typically within the size range from about 0.5 to about 1 gm, Titanium carbide
particles, however, may be somewhat larger.

10 Monocrystalline ceramic whiskers are thoroughly distributed throughout the matrix
of the invention to 2ct as reinforcement thereof, Monocrystalline ceramic whiskers useful
as matrix reinforcement include alumina, titanium carbide, silicon carbide, titanium nitride,
aluminum anitride, aluminum oxynitride, and mixtures thereof. Each of these whiskers are
well known in the-art. Silicon carbide whiskers are the preferred whisker for the present

19 invention and are thoroughly described in U.S. Patent No. 4,961,757 which is hersin
incorporated by reference. Briefly described, silicon carbide whiskers are in the beta form
of silicon carbide whisker and exhibit a monocrystailine structure., Such whiskers may be
produced from rice hulls and have average diameters on the order of 0.6 um and aspect
ratios on the order of 15-150. Strengths are about 1 million psi (70,000 kg/cm’) with

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

Whiskers may be present in amounts within the range from about 10 wt% to about
25 wt'%, preferably within the range from about 10 or about 15 to about 23 wt%, and most
preferably within a range from about 10 to about 20 wt%. Particularly good results are
seen when the composite contains about 1018 wt% or 10-15 wt% whiskers.

.23 An inert carrier gas like argon, helivm, or any of the other noble gases may be used
in the purge gas stream passed through the sintering chamber. It has been discovered,
however, that hardness and toughness may be improved in the final compasite by use of
& nitrogenous gas in the purge gas stream which is passed through the sintering chamber
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shapes The machining of such shapes to final formis difficult due to the
hi gh density and hardness of the body and can.lead to rejects or surface
stresses that affect the structural performancBiotutherpaseeN See, Sacks

U S, Patent No. 5,009, 822, By contrast pressu*retexss sinteri ng i s
about 25-33%the cost of hot pressing. Conducting the process at about
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 pressing brocesd dl ofamePt Bairsl thd G 1'assth 0Bl WAShASS SRimbd: i
contains a gaseous hydrocarbon. The hydrocarbon can be added to any of the purge gases
suitable for use in this invention., Virtually any hydrocarbon that assumes a gaseous form
at sintering temperatures and has an atomic carbon to hydrogen ratio of at least about 0.25,

10 preferably above about 0.5, 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
temperatures coatemplated for the present invention (1500°-1850°C), most hydrocarbon
species introduced with the stream of inert gas into the sintering chamber will crack or
dissociate into species reactive toward any reactive impurities issuing from the composite

15  being sintered. A getter should not be used if the reactive form will have sufficient excess
hydrogen to favor the formation of water which can have a corrosive effect on the whiskers
as well as the components of the sintering fumace. The amount of hydrocarbon present
in the purge gas is within the skill of the art but often will be from about 1% to about 10
volume %.

20 Suitable hydrocarbon agents for use as getter agents in pressureless sintering include
linear, branched, and cyclic alkanes (e.g., methang, ethane, propane, butane, isobutane,
pentane, hexane, and cyclohexane); linear, branched, and cyclic alkenes (e.g., ethylene,
propylene, butylene, butadiene); linear, branched, and cyclic alkynes (e.g., acetylene,
propyne, butyne, and pentyne); and mono- or rulti-ring aromatic hydrocarbons (e.g.,

.25 benzene, toluene, and maphthalene), For eass of operation and convenient handling,
alkanes having 2-10 carbon atoms and monoaromatic hydrocarbons are preferred.

While not wishing to be bound by any particular theory, it is thought that the
hydrocarbon acts, at least in part, as_aunifomuydisuibuudgewmatactswremmany
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Unfortunately, those in the art have found & sintering does
hot produce adequate densities when the co ,,Ig&rmau ns nore than 10

vol . % (about 8.1 wt% whiskers. See, Tiegs 14,652, 413
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and Figure protaction because the m in the furnace walls is t00 far away from the composite
10 surface and too localized in its effects to afford a similar protection against reactive species.
Regardless of which specific purge gas or combination of gases is used, the purge
gas generally flows through the sintering chamber at a rate within the range from about
0.03 to about 30 gas hourly space velocity (GHSV). Preferably, the purge gas has a space
velocity of 1-5 GHSV. Preferably, the purge gas contains a combination of at least 20
15 volume percent of a nitrogenous gas and about 1-10 volume percent of a hydrocarbon,
Composites made according to the present invention are made by mixing the
aluming, whiskers, and nitride modifier with mixing tschniques that thoroughly disperse
the whiskers in the matrix material. Ball milling with alumina or ceramic balls is a
preferred mixing method, One preferred method involves a combination of wet ball
20  milling, drying the wet milled material to form a cake, and dry ball milling the cake.
Binding and milling sids are added to the process where they can best be dispersed to
obtain optimum use. For example, wet ball milling times may range from about 2 to about
24 hours, drying may be at temperatures within the range from about 70°C to about
120°C, and dry ball milling times may range from about 2 to about 24 hours. The specific
25  process is chosen {0 provide a homogeneous free flowing agglomerated powder which
" preferably bas an agglomerated particle size distribution substentially within the range from
about ~40 Tyler mesh (373 um) to about +325 Tyler mesh (44 xm). Desirably the dry ball
milling following wet milling and drying is conducted for & sufficient period so that the
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Aut onoti ve
Suitable methods include axial pressing at ambient temperatures at pressures within the

10 range from about 10,000 to about 30,000 psi (6900-21,000 N/cm?) and preferably about
10,000 to about 20,000 psi (about 6300-14,000 N/cm?), cold isostatic pressing, extrusion
with high back pressures, injection molding, and casting with conventional slip or
centrifugal techniques (see, e.g., Sacks U.S. Patent No. 5,009,822),

The preform bodies exhibit a density within the range from about 60% to about

18 70% of theoretical maximum and are often mads in simple geometric shapes such as
cylinders, round or square disks, and tubes. If desiced, these preform bodies may be
machined by conventional techniques into a shape approximating that of the final product
dimensions with appropriate allowance for shrinkage upon sintering, Such shapes are
sometimes referred to in the art as having a “near net final" shape.

20 It should be noted that, contrary to the teaching in Landingham U.S. Patent No.
4,745,001, the powders used for the matrix are not pre-reacted or otherwise subjected to
chemical reaction processes before being shaped into green preform bodies. Although not
wishing to be bound by any particular theory, the nitride modifier of the matrix in levels
according to the invention appears 1o be mitigating the effects which previousty inhibited

23 the production of high composite densities with highly loaded whisker compasites made by
pressureless sintering. See, Lange, TMater, Rsch,, 2(1) 59-63 (1987) for a discussion of
the factars which are thought to inhibit high loading, The matrix nitride modifier of the
present invention may be producing a localized irreversible transient plastic or liquid phase

12
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Conf '™ pp. “ 11821186 (Sept“”"‘bct. 1986)) and wet processing with size
classification to renove aggl onerates followed by slip and centrifugal

casting of well dispersed suspensions of al{i S Rery (see, Sacks
et al., J. Am Ceram Soc. 71(5) 370-379 (1988)§ ﬁ%ﬂmﬁﬁﬁ )rocessi ng

met hods are considered to produce superior green- ~|—es——com ‘pared to dry
powder processing. See, Sacks et al. in Table m Wt processing techniques

can be used todmdhwnmerﬁmmss ﬁmﬂmnmm@gtmnef whiskersivHichexrerotiddwise| %
whi skers becaus ensi t Sl i cant | y affected by

whi sker si ze a‘ﬁ’ﬁs%ﬂ%? FF? ?’-}"ﬁ’ﬁ‘ "&Yﬁﬂ M&P"ﬁ” ¥' A&Hwﬁér‘g‘nﬁ?‘ € gifgide
71(5) 370-379 hadfen mlimameds tiedt rﬁeﬁmEragmm@%nﬁmm PaBex as taught by

(Sept.-Cct. Fi Upo eri ng, however, the Whl skers exert®a
control ling i n&'@gﬁ 8%‘( F‘P‘t%m duringrpreneaction Ao wauld netformng

green bodigs ”@ﬁﬁnﬂ(ﬁﬁgﬁﬁ‘?{ kintRhe BofisR3] NO- The need conti nues
to exist for a pressuréless sintering %rocess that will permt the use of

hi gh | evel s of whi Jiressurelass sinteringr ascordinggththe inventionisi conducied me!;eepm‘orm
Efiglﬁ eI PoapZW| ng P%QH%‘Q?%E& P%%ﬂ%fm #M‘%‘éeﬂﬁ&?ﬁﬁ!{ ﬁ@@ﬁ%q{'%d
strength of that mbnwmm(wimﬁmtﬂeelmge fromuabiort! 150°t facabiott ¢85050CApmd forad time.
sufficient to produce a sintered composite having a density of at least about 95%. A 98-
10 99% theoretical density is generally 2 maximum density for pressureless sintering processes
on whisker-reinforced composite bodies. Those skilled in the art of sintering will recognize
that no more than routine optimization will be needed to select the optimum conditions for
the specific geometries of the furnace and the shapes of the samples being sintered.
Ambient pressures for use in pressureless sintering include the atmospheric
1S conditions prevailing at the manufacturing site 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 1o prevent entry of materials or gases from outside the sintering chamber although
such clevated pressures generally provide little, if any, benefit to the sintered product.
20  Generlly, the sintering cycle time will be about 12-48 hours althiough those in this art are
aware that sintering cycle temperatures and times may be varied depending on the nature
and size of the bady being sintered.
The composite resulting from the pressurelesy sintering process of the invention
exhibits a density of at least aboui 94% or 95% of theoretical density and greater than
.25, about 95%, preferably above about 99% in closed pore structures. The closed pore
structure content should be sufficient to permit further compaction by HIPing to a deasity
of greater than about 98% theoretical. The factors which affect the sintered density and
closed pore structure include the fineness of the powders, the amount of silicon nitride

13 —
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One skilled’in the art will recogni ze that the appllcatlon and purpose for
which the reinforced ceramc is to be useg—wi1 m ni mum densi ty
and strength that is required. Different apﬁ‘l’”ﬁc 1‘) epd uses will
require different mninmumdensities and stiengt PLAEEY oxan l e, a netal
cutting tool insert with 15 wt % whi skers requires a den5|ty of greater than

98% t heoreti cutting
non- ot al o s BReowH ibber 3 wile! GShuaf e AHRO B ol Byu i sefiuch of

t heoreti cal BumgﬁQggrmhayndnbanbﬁclﬂoﬁ‘ph&lhén densitiés dndeclosed Poies) siftkSng rares
application, aad end use, H Pi gﬁ‘ after pr ssur(ejl ess_sintering may or_ nmay
not be requi r3® I EpRratHRe CG’H“B‘I“thi‘"F% these factprs iy within the,siill of the
within the skif,| of the art. The art has aI so suggested the use of high
| evel s, 'e.g. greater than 8 wt % of smterlng aids to increase the com

posite dénsity. Tiintped ¢compesites aenording itadke inypadanoendibit 2 fmchwe toughsess of

oL . e BRI RO e 8 O OB ...

that coul d pr [preyidasibe prapeaies sugghstive of udlitydotia humbeéri affepplications fof the
Zl:lglt '?lr l)ggt gl a ‘H‘W density M ‘E’i‘ pé%%’ﬁ%g% ﬁia*i 9@?@3 A %s’ﬂbﬁ‘ "
exhi bit high Gml Soca 64l pLisin@asl) efploying a 10 kg load, and bending strength is measured

10 according to MS 1942B. These sintered composites even before HIPing have utility for
applications which may not require very high strength. Such applications include, inter
alia, can tools, bearings, routers and drill bits for non-metal and soft metal (c.g., brass)
shaping, and the like.

If the sintering process results in a body having a density of less than about 98 %,

15 the sintered preform body may be further compacted by hot isostatic pressing (HIPing) for
a time sufficient to produce a compacted body having a density of greater than about 98 %.
It should be noted that the present invention provides a product from pressureless sintering
that has a sufficiently high concentration of closed porosity that further densification by hot
isostatic pressing can be accomplished without the use of an extemal cladding or

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

Any HIPing of the sintered composite body is conducted by employing standard
prior art techniques. Such techniques employ an inert gas, often argonm, at from about
15,000 to about 30,000 psi at a temperature of about 1500° to about 1700°C for a time
(eg: 1-2 hours) sufficient to provide the desired density of at least about 98%.

25 HIPed composites from the present process are useful for fabrication into a variety
of elements subject to wear and/or impact where toughness and shock resistance are
important characteristics and which have previously been served by ceramics made by hot
pressing. Particular applications for the present HiPed composites include, inter alia, drill
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bits exhibiting cutting edges for graphite composites, plastics, woods, or metals; router bits
exhibiting cutting edges for, inter alia, wood, fiberboard, metal, plastics, or laminated
composites including graphite composites and wood laminates; cutting tools exhibiting a
cutting edge for curting metals; turbine blades; heat engine components such as engine
5 blocks, pistons, and valves; punches and dies exhibiting surfaces and clearances appropriate
for 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, incer

alia, pump seals for impellers,
Drill and router bits made from ceramies using the present process exhibit shapes

10 which are the same as those of conventional drill and router bits. These tools are useful
for cutting wood, metals, and laminates such as graphite composites and wood laminates.
In fact, use of the present ceramic tools for cutting graphite composites will perform liks
hot pressed ceramic bits which can cut hundreds of holes in graphite composites without
delamination. See, Lauder U.S. Patent No. 5,002,439,

15 When used for cutting tools, the cutting tools are replaceable inserts of the standard
geometry employed in the cutting tool industry for applications including, inter sliz,
turning, facing, milling, boring, and similar operations. The inserts will exhibit & cutting
edge having dimensions and angles appropriate for cutting metal according to the desired
cutting technique. As an example, a preferred insert geometry for cutting nickel-based

20  alloys would exhibit an axial rake of -5°, an end cutting edge angle of 15°, a radial rake
of -5° with a radial relief of 5°, and a corner angle of 15° with a nose radius of 0.030
inches (0.762 mm). See, Rhodes U.S. Patent No. 4,961,757 and 4,789,277 which are
herein incorporated by reference. Indeed, use of the process perrnits inserts and tools to
be manufactured to near net final shape without the need for machining lazger blanks and

25  the material waste associated therewith.

Can tools made from ceramics produced according to the present process (either
before or after HIPing) exhibit a shape of forming wheels, punches and/or dies with smooth
outer surfaces and close tolerances between associated dies and punch elements. The
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met hod for ‘i ncreast ng the toughness of a reinforced alum na conposite is
described in Landi ngham U. S Patent. No 4.745,091. The discl osed net hod
i ncl udes hot pressing an alum na conposite containing reinfqrcing
particles, mag- nesia (as a sintering ai g)FHI&SH%nHIaS Bhl‘qu nia (for

t oughness and shock resistance), and 0.1-1% wt %%OFLa-Hitri de nodifier.

Reacti on hot sin eferredto avoi d the need for a prelim nar step
to pre-react ‘pﬂéﬁﬁﬁ&kg‘@}? "B??W‘G?PH‘&”“%’E% (?Hi“ﬂ\‘#%f@%%é"(’?ﬂé‘m Y | | ed

?1,8 IS: 'rbl\:agXSé g“?‘ls ggﬁg I ffHPﬁg \Agdes?bsfug?gm re{sr!ggcﬁfié‘lcliea%g pat ent
di scl oses t hmmmnheﬁmmoémmh rigechandeeUs Ratent No. S.Mﬂﬁﬂl es
\IN! ![lﬁsm)?t grteggi ﬁ;%gf?%g’?l on. Th'éﬁéj%‘ghéltsr?ﬁogﬁl evi M&Eﬁ;ggﬁ%gc 0oA)n
densi ties wi tmwmmmmwmmwm thireec Hinvensiona driematiadgb d,
-norexenpl i b G0 o that resistance to fracture is substantially the same in all directions. This
orientation is in contrast to the two dimensional orientation (perpendicular to the axis of the
ram) which is obtained in a hot pressed céramic product.
EXAMPLES
10 The following examples are useful for describing the benefits of the present

invention. In all examples, the alumina was a commescially available a-alumina powder
with a density of 3.98 £ 0.02 g/icm?® with a purity of at least 99.97%. The surface area
of the alumina was 10.5 m*/g. The sintering aids were magnesia and yttria in levels of less
than 4%.
15 The silicon nitride powder was a commercially available mixture of alpha (95.2%)
~ and beta (4.8%) forms having a density of about 3.18 g/cm®. The average particle size of
the silicon nitride powder was 0.45 um.

The monocrystalline whiskers used in the examples were silicon carbide whiskers
produced from rice hulls. These whiskers before processing have average diameters of

20  about 0.4 to about 0.6 um and aspect ratios on the order of 15-150. The whiskers had a
density of 3.21 g/em’,

Unless otherwise stated, all percentages are given in terms ofwexgh: percent based
on total weight and the procedure in examples 1-5 was used to prepare the composites
identified in the examples.

.25  EXAMMES {-§

Examples 1-5 illustrate the effects of a varied silicon nitride powder concentration

on 3 constant whisker concentration of 15%.
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It wouald™be’HesiTdble to p’)‘F*'c')‘\’/i de a pressurel ess sintering process t hat
coul d produce V\/m sker-reinforced alum na conposites exhibiting |evels of

t oughness conparable in use to those of rej-Rierced—altmRa—¢conposites nade
by hot pressing. SUMMARY OF THE | NVENTI ORHIS \WETlffAsu %F%\nTObj ect of the
i nvention to provide a process for preparihg whif§Ket-3einfor ced al uni na

conposites by pres- ., sureless sintering whereby the sintered body exhibits
a hi gh densi ty and Adpmina posder. (ﬂﬂweml‘ﬁ&eghﬂm oehide whiskersp et theosintbring-hiBe d

En? ?hgelnfli/te%t i'6n to W? p%gzreessgﬁg 5@‘%?".‘%%"" | sk’gtr gﬁ@f“ﬂ%r‘ﬁ’é@"c

al um na conposkihthesrsbyAn prgenic bmdéte(pelyethym glyg)l ool mmxpm 1eesant
ol Ui na conpod A TriICVRS i Sagpl Bt iling'EShtinled foF ahodher 56 minutes, “The

5 mixture was then placed in an oven and completely dried at about 70° C. The resulting

cake was dry milled for about 16 hours until the material became a homogeneous free-

flowing powder exhibiting an agglomerated particle size distribution substantially in the

range from about -60 Tyler mesh (250 um) to about +325 Tyler mesh (44 um) with

_ whiskers uniformly distributed therethrough.

10 Green preform bodies exhibiting disk shapes were prepared by pressing the powder
in a cylindricai die having 2 diameter of 1.125 inches (28.6 mm) and applying an axial
pressure of about 10,000 psi (about 6900 N/cm?). The resulting disks contained 10 grams
of compacted powder. The binder material was removed by heating the preform in a
muffle furnace at 500° C in air until all the binder had been burned off. The sample was

15 then ready for pressureless sintering.

The pressureless sintering took place in a graphite resistance fumace at 1625° C
with a constant flow of a purge gas containing nitrogen through the heating chamber. The
preform was held at 1625° C for SO minutes and then allowed to cool o room temperature.
The resulting sintered disks were checked for density, the degree of closed porosity, and

20  for toughness and hardness using the conventional Vickers Indentation Method with a 10
kg load. The results are reported in Table 1. The relationship between fracture toughness
and silicon nitride concentration is iflustrated in Figure 1 for samples prepared by
pressureless sintering with and without HIPing and samples prepared by hot pressing,
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"I‘ﬁeseu%‘df‘ﬁ\t’\ﬁé‘r’ Tbj ects tHat wi || becone apparent fromthe description

her ei n. I n one aspect, the invention contenplates a process which

conpri ses: sintering at pres Uﬁ.ﬁ‘ QFS8rISHRS 8rEMd conditions a preform

body having a density within the ra? r;@prﬁabmut 60% to about 70%

t heoretical and made froma m xture cemﬁsrﬁg a hmatrix material consisting

essentially of alumna and up to about f sintering aids, fromabout 10

to about 23 wt % nonocrystalline whiskers, and fromabout 1 to about 7.5
W% of nitri de ITDdI fier Bmmssrsmmmmmwm &m.lﬁmm) tride or

alumnumnltr > har eof Lered geram

conposi te whi h| blfs a dej s¢,;.y fs;,,a,;,dl as;,,, al] ,.940 or 95 1}
t heoretigal 4 ) stk il ci st | | canman n-ammn Guaebeoskbd
por es t hat {__ o™ 1+ R M) oH, we2Yaiy yol ot 41 1GPA) A___‘.ﬂ-_h,)h___f,',
t heoreti cal m hos i|sosg at Cgﬂ’e smg ] [ ot her aspecth, the |
i nvention corf Jf af ©S [COonpo tes; a st| T e aq‘ﬂ’]e @T@a”n ncl uar np
cutting tool faRm—rfradi-Ag—iobEs 100 d A8t P i b FALGIE of
wear resi starg ﬂ Scanpisite: ._.tooﬁsg r eosfadd 0it h PSS - sul.ele
sintering pr 5796 criged hggeip. se4 0.20 3.64 - 15.8 8.0

0 [sfws{ s | wo| ses] omr [ e | e | s |

Examples 1-5 were then subjected to hot isostatic pressing (HIPing) to make
examples 6-10. The properties of the sampies after HIPing are reported in Table 2.
| Table 2
15 : HIPed Results (Varying Si;N, Content)

20
17.§ 5.4
Sampie Cracked n
25

Examples 11-14 maintain the silicon nitride powder concentration at 5% and vary
the whisker concentration. The preparation method is otherwise the same as that of
examples 1-5. The properties of the resulting sintered samples are presented in Table 3.
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The present inventi on prOV|des a process for consistently producing dense
tough ceram c conposites using a significantly | ess expensive procedure
than the conventional hot pressing process The practice of the invention
allows for ready control of the conpost Hﬂgq@eﬁﬂles of the fina
product. The process is not only econ n?% I EE\O%owdes a product havi ng
good perfornmance. Wt hout wi shin “any particul ar
theory, it appears that the presence of geneously dlstrlbuted fine

particles of nitride facipldabies ¢ lﬂsreamﬁ'm#ﬁge @&ﬁ i rreversible
ng ‘st Suc

l'iquid phase during the pressyreLess sinteri qU|d phase ai ds

the formation of 0SEUd Por € s pene e flof | ater
H Pi ng. The propgrties cI c,gaarr cs,, b, O] §Weserﬁ,,ﬂé€gg S MCO par abl e
in pract8cal useftomhose amde py ot plessivy. | BRI HSCRivEP% ONJOF THE

DRAW NGS Fi ¢ gr apn agpI cl |ng el a | OF it pS o:‘“‘“‘
fracture toughney mm - - -.ﬂ 008 ) L

848 98.9 0.08 402
H 13 " » 6.8 9e.2 0.57 5.23
« B 28 78 | ass 0.58 10.62
L L ——

10

Example 15 was made using the same technique as in examples 1-5 but without
binder or lubricant. Example 12 had 15 wt% silicon carbide whiskers and 5§ wt% silicon
nitride. The sample was hot pressed undet nitrogen at 1520° C and a pressure of 4,000

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

Table 4

Sensity
Hardness {GPs) 17.3 ﬂ

Fracturs taughness (MPaJm) 5.0 H

The fracture toughness is shown in figure 1 for comparison against the samples
sintered without supraatmospheric pressure according to the preseat invention. By
comparison, a commercially available hot pressed sample with 15 wt% silicon whiskers and

25 no silicon nitride had a better toughness of 5.6 MPa/m.

As will be seen from figure 1, samples prepared according to the present invention
both with and without HIPing have a better toughness than the hot pressed sample of the
same composition subjected to hot pressing. The toughness exhibited by samples of the
present invention are also comparable to or better than the hot pressed sample without

30  silicon nitride.

> 99% theorstical
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matrix reinforced with silicon carbide whiskers. The fracture toughness of
two hot pressed conposites is provided for corrparl son. DETAI LED

DESCRI PTI ON Al um na useful for theratr=>m ﬁl of the present

i nvention is a-alunina having a high degri&® %‘#Efp g&?/ $nefer- ably, the
powder ed al umina used in the process ha§ an AVer cle size from

about 0.5 [errlﬂt@ emlﬂul [err]mand represents “at | east about 60% of the
total weight o conposite.- The matrix may al so contain a
sintering aid and aMeclQiNAR! o83 HRULIIAN o AnRAS Nuére p atailmfof%bmpahmn o
nitride nodifier for the présent inventjon consists essentla

powder ed, fi becommercigliysivailableinsestsor The !ﬂF@ErP frexamplgc3 weaemm{qm %‘Nﬂ&é angy

T Xt ures L her e P3G BE G0 Tl Y9N i8S e of ORI e

or nodifiefs woéd.l2§dothen(28c6vem)d Therblanks were ¢t thecshapenef inserts having the same
dimensions and cutting surface preparations as conventional ceramic cutting t00! inserts.
The inserts were prepared as identified in Table §:

Table §

10 18 Commarcially sveilable insert of silicon carbide whisker reinfarced
sluming, 25 wi% whiskers made by het pressing

1? insart sccording to the invention of sificon carbide whisker reinforced
sluming conteining § wt% eificun nittide powder modifier and up 10 2%
of Mg end Y oxides es sintering eids, 15 wi% whiskers

18 Comsmrcially sveilsble silicon nitiide {Sislon) insert generally used In
thy industry for cutting iron

19 Commarcially svailatie 2ircania reinferced aluming insart for cutting I
iron.

20 Commarcisily sveillable wngsten carbide insart coated with siuming I

Tool life was determined by the first of: (2) fracture; (b) an average flank wear of
0.012 in. (0.30mm) or greater; (¢) a maximum flank wear of 0,017 in, (0.43mm) or
greater; (d) a maximum nose wear of 0.017 in. (0.43mm) or greater; or (¢) a notch wear
of 0.79 in. (2mm) or greater. Having established such standardized wear ranges, the tool
20  life can be used to compare the usefulness of each of the tested tool materials.
EXAMPLE 21 '
One insart each from examples 16-19 were tested for wear performance by tuming
nodular ductile iron (295 boh) on a 60 HP Axis C.N.N, Universal Lathe. No coolant was
* used. The cutting speed was 900 surface feet per minute (SFPM) (274 SMPM) at a feed
25 ra of 0.015 inches per revolution (0.38 mm per revolution), Each cut was at a depth of
0.10 inches (2.54 mm). Table 6 reports the results.

—_—
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ranges”as those for the alum na, preferably about 0.5 [err]mto about’ 1
[err]m

THIS SHEET HAS BEEN ;
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Toe! Lite (min.}
1) 0.0250 0.0573 - 3178 Fracture
§ 17 0.0128 0.0134 0.0132 450 Wewr
18 0.0125 0.0140 0.0114 1.00 Wear ﬂ
19 0.0091 0.0170 0.0088 1.00 Wear
— .
EXamerx 22
10 The inserts of examples 16-20 were tested for wear performance by furning nodular

ductile iron (295 bnh) on a 60 HP Axis C.N.N, Univarsal Lathe, No coolant was used.
The cutting speed was slower than in Ex. 21, 700 SFPM v. 900 SFPM, at a feed rate of
0.015 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 results,

15 Table 7

Noss Waar (in.)

14 0.0133 0.0181 0.0138 5.0 Waar

17 0.0122 0.0158 0.0109 35 Wear
20 18 0.0124 0.0138 0.0111. 1.0 L |
19 0.0088 0,019 0.0042 1.0 Wear

20 Q.0158 0.0270 0.029¢ 2.0 Waar

The inserts of examples 16-20 were tested for wear performance by turning G4000
Grey Iron (196 bnh) on 2 60 HP Axis C.N.N. Universal Lathe. No coolant was used. The
cutting speed was 1500 SFPM at a feed rate of 0.01§ inches per revolution (0.38 mm per
sevolution). Each cut was at a depth of 0.10 inches (2.54 mm). Table 8 reports the

30 results,
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The total nitride nodifier content should lie wwthin a range from about 1

w%to about 7.5 wt % based on the total conposite weight, preferably from
about 2 to about 7.5 \t% Mbdre preferably..the total nitride nodifier is
added in a concentration with a range|ofHIaBHRET BAS BEEN dbout 6 wt % and
nost preferably a nitride nodifier content OfEPABOER 4 td about 5.5 wt%
when 15 wt % whi skers is used. The opti mf| n?trl de nodifred concentration
for a particular Whl sker concentratlon eadi | y determ' ned by one in
this art w t prtre=erercrse=6r—Y Tt et ety jm
the teachinp pi

i nventi on ar pecAtteid_t| ' b el io concboreariondd of Lo ¢ o
about 4 wt % y onb.;nolp to abmus 12 vvt%mdh S t
i ncr easest hef e Yy ot Owﬁ 31 nt e&é‘qg DI OC%?G?J? 21 Wear

I' 19 0.0133 0.0174 0.0168 -] Weat

H 19 00111 0.0171 0.0183 17 Weer

i 20 0.005% a0 0.0141 i { | Wear

L
10 EXAMPLE 24

The inserts of examples 16-19 were tested for wear performance by tuming Inconel
718 (432 bhn) on a 60 HP Axis C.N.N, Universal Lathe. Coolant was used. The cutting
speed was 650 SFPM at a feed rate of 0.008 inches per revolution (0.20 mm per
revolution). Each cut was at a depth of 0.06 inches (1.52 mm). Tible 9 reports the
15 results, |

Table 8

20 0.013}
0.0173
. 0.0080
25
Inserts of Example 17 were ground to form a cutting edge. The inserts have been
used successfully in the following operations:
a.  Facing swminless steel 304 with 3 00335 in depth of cut
30 . b. Turning O.D. of a round 4140 steel bar with a dspth of cut varying from
0.015 to 0.025 in.

¢.  Tuming O.D. of a round cold rolled 1020 steel bar.

22
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wi t hout materlally affectlng the rei nforC| ng effects of the whiskers in the
matrix. Preferred sintering aids include at |east one sintering aid of,
inter alia, magnesia, yttria, and other & s. Nitride

nodi fiers such as silicon nitride and al Jmﬁm&h{mnﬂimieuac tording to the
present invention are generally not consider e®REPDAGED si nt eﬁri ng ai ds. See,

Land- i h U. S. Patent 5, 091 Th
mat . oy P Biows Wefe o' ey g Dibica ngd) ivbiieg neallent cotines Biienek cuph
agents to af frags orhmmeul vaEIR R RbitR g R WeRSRsidaske 2AH RS of Exam )?u-. 17

respectively. Tougad?m ng agents useful in the invention are those oxi des

general |y knoW beea cutting-pdge graund; ipeformed simiasly torthe citting ledgedgroumd
:ggﬂt Si‘LOS\l/JvtCE}o ewéglt% ent n %Qﬁg%m ng agen?sqg?gl f’ll : Ihgsf 8]; mugfto
particled typical IE}amplehlm mmmthae hadinbpen f edgm grboud alko5 exhibitado hiigh 1 cjtibng ]| m
Nbnoor yot ai | kR i 15wl HE boned ot 8 P 8P rmms ety inling fomeere e
matri x of th@mm@ﬂmﬂuﬂmaﬁmaﬁﬂmlgpmﬁor cenent thereof. Monocrystalline
ceram c Wwhi SW g%xsi{,%*lx reipforcenent include alumna, titanium
carbide, sili d | de, alum num oxynitride, and
m xtures thereof. sEaples Abcdrtifg Go WRIMMEY 3 W€ e¥tPlided SR WY fdrth of continuous rods
| 10 having nominal diameters of 0.25 inches (6.35 mm) and 0.5 inches (12.7 mm) for
formation into drill and router bits, respectively, Samples of each diameter were cut into
rods having a nominal 4 inch (10.2 cm) length, The rods were then HIPed in accordance
with Example 8 and surface ground with conventional equipment to final precise diameters
of 0,25 inches (6.35 mm) for the drill bit samples and 0.5 inches (12.7 mm) for the router
15 bits. The finished samples had an average density of 98.1% of theoretical and all samples
-exhibited the conventional geometry and cutting edge preparations for each type of wol.

The whisker-reinforced drill bits made by the process of the invention were tested
in a side-by-side comparison against conventional tungsten carbide drill bits having the
same geometry and edge preparation for drilling holes in fiberglass laminates and carbon

20 fiber laminates. The whisker-reinforced bits formed clean holes with no visible evidence
of delamination.

The whisker-reinforced router bits made by the process of the invention were tested
against a conventional tungsten carbide router bit for high speed (3,000-4,000 rpm) routing
performance on wood, particle board, medium density fiberboard, plywood, and plastic

.25 , laminate-covered plywood (i.e., Formica™). The router bits exhibited the same geometry
and edge preparation.

In all cases, the whisker-reinforced router bit of the invention removed material
rapidly with sharp, clean, uniform profiles. The samples shaped with the whisker-

23 Thi: Sheet Has Been Replaced
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the art. Silicon carbide whi.gkers,are.ihe .pteferced. yhi.skanef at cdibecpagsent
e

9" her ein 1+ ncBRBOPRCAS P ok pAERR L ASicokidg et i conVeional ekt i

whi skers fre bit ilkeetidtied adhésivelbuiliep when t Bmindiis Se apigwesdli bit a
nonocrystallipe structure. Such whi skers may be produced fromrice hulls
and have averWﬁs on the orderof 0.6 [err]mand aspect ratios on

the order of 15-1 PEOH ' ; rdel )
with tensile modul B i‘a’@f‘é‘a’go&u‘ht %gg&%gﬂ%ﬂﬁeﬁ%igﬂ Apisdll igide ’@%@‘éﬁ%‘?ﬂ%.
V\QI si<er2 Z \rlrwag// 5% 3srin saamples L SnoThet powderedi blends averea hgweverobalhindlied fo0fanr bours
abou 0 r I 0 .

Sbout 23 e vg 'SR BB Elgbedyrbdifel 14000 DI B.I50 byt e il 6 Mifher ,
W % Par 10 cul wnipgragmre bfr HO0! tG& The murge gas eonsisted ofoniogert. e Tablet M sisowabthet
10-18 wt % or 10-15 w % whi sker S. An inert carrier.gas |ike arqgo

hel i um o(; any}'?ﬂm'fwg‘ﬂe#n%ﬂ%?ﬁnﬂgﬁw B‘Q“Lfgé'd‘ vhis| e‘%&f‘bgﬁﬁ&ag?ream
passed t hrough the sintering chanber. | tTapsigeen di scovered, however, that
har dness and toughpe : L LD fing QNPOSI of a

nitrogenous gas i §h the pdrge gas sﬁrm | GlardaS PAS G 1
sinteri ngschanber duri ng gt hasepr ejss tveS bendi
gases th can bejus&d | NE%IO L O d% TR

13

| O pRésaCE

20
I 1 I 20 63.0 98.1 0.25 4,08
ﬂ 23 22.5 3.0 95.8 0.22 440
14 25 87.5 a8 0.58 10.82
20
Examples 27 and 28 were then HIPed. Certain properties of the HIPed composites
are reported in Tabie 11.
Table 11
28
17.3 B 5.4
. 0 30.6 0.08 ‘.34 18.3 4.7
30 | 228 97.4 0.03 257 7.8 |
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ot her “hiFrvgen-"oft ai ni ng“géses |ike amonia that will produce nltrogen “at
sintering tenperatures but which does not adversely affect either the
conposite being sintered or the sintering furnace conponents It has
been determ ned that further inprovement in theyRid } C conposite

may be obtained if the purge gas which is paqsed tﬁgﬁ% t é;\‘r ntering
chanber al so gaseous hydrocar bon. Thehydreea #bgn_c.an be added
to any of thgmr@as suitable for use in this invention. Virtually any
hydrocarbon that ExasiplRS15and 32008 p 3 ascordanés with edltue edas
an atom c carbon to hydrogen ratio of _at |east about O. ggreferably above

about 0.5, ahd m.«iﬁpwmeaﬂsmwm@a tvomnerqentmmé volures pescandr

agent in thegpd

intering t crBdpe, 78 pigh S8 MO rak s GRS it il chrisfaf BhPHE
850[ er [ ] i:% ] mwmmmmmuwmgmbum&m hvommtesfmmﬂ@ﬁwmert
gas into the 0 | nto species
reactive to@%ﬁgﬁw%ﬁﬁwsl ssum\%lgﬁ\i %ﬁ’r@#ﬁ corrp05| te being
sintered. A getter should not be used |'1‘abl=hk2 reactive formwll have
sufficient excesg =il ) .

corrosive effectl’
fur naceq The ami

have a

1S

As Table 12 shows, & purge gas containing a hydrocarbon gas during the
pressureless sintering process has at least two advantages, The first advantage is visible

20 from photomicrographs of samples sintered with and without a hydrocarbon gas. A
microporous boundary layer is visible from the micrographs to a depth of about 0.06 inches
(1520 gm). The microporous region would have to be ground from the sample for
optimum performance by the composite in high wear applications. The second advantage
is an increase in hardness.

25 The sample pressureless sintered with a hydrocarbon in the purge gas does not
exhibit 2 microporous layer of open pares, Micropores, to the extent they are visibie in
the photomicrographs, are fewer in number. The samples can be HIPed with an attendant
increase in density thereby suggesting that the outer micropores exhibit a higher percentage
of closed call structures,

30 Examples 31 and 32 were EIPed to make examples 33 and 34, respectively, Table
13 lists certain of the physical properties after HIPing for composites pressureless sintered.
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i's wthil tHe SKiTl of thé"art but often will be from about 1%to about 10
vol une % Sui tabl e hydrocarbon agents for use as getter agents in
pressurel ess sintering include |inear, %ﬁﬁd—&ﬂd—qﬁ: i c al kanes (e.g.,
nmet hane, ethane, propane, butane, isoby SHEEJﬁﬁéﬁéﬂhﬁe ane, and

cycl ohexane); l|inear, branched, and cyc e.g., ethylene,

propyl ene, butyl ene, butadlene) | i near, . branched, and cyclic al kynes
(e.g., acety- |lene, propyne butyne aﬁﬁﬂﬁe yne) and nono- or nulti-ring

aromati ¢ hydr oc gpsersrfergr——ier= A —————————————— § S=rapi-aeney=tey ease
of operation and conv n n{ I| I ms h \‘H’ﬁg prs - and
nonoar omati c hy g(fgeq E,.m, qvm&,n%ﬁgh o e bound

by any pgrticul gF gt TG ey 01 OCiy 00T oty Pt | east

in part, as a urgfgrm ‘ 35S tvn. erpve T., sur f ace
or localized spge+ess e &S HpBs T ! present
within the furndkass Al sk oot i) io t he

whi skers di spersed through out the mat ri x. The net effect i's that t he

whi sker is prot ec'r%txgrsgﬁab%g?waﬁwm HeORIPaE sififliel Srdplskible #hinimkO

reinforce the matrix i product This protection nechani sm al so
hel ps t d0und&atepleswenpifirstippessyselesssintersd with apusgsHstneam ¢prtaining a hydrocarbon gas.

There is no significant loss of toughness upon HIPing as was observed when a hydrocarbon
gas was not used, See, Figure 1. Compare the toughness data for examples 3 (6.0
MPay/m) and 8 (5.4 MPa/m) with the same results from examples 31 (6.2 MPa/m) and
33 (6.1 MPaym). Moreover, HIPing produced a harder sample when the pressureless
15 sintering was conducted with a purge gas containing propane. Indeed, the toughness and
hardness values of examples 33 and 34 are comparable to those obtained by hot pressed
alumina-silicon carbide whisker composites.
It will be understood that the examples presented herein are for illustration purposes
and are not intended to act as limitations on the scope of the appended claims.

-——————
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wi || produce highly reinforced conposites: the solid carbon pressing on the
sanple is sufficiently close to be able to contact and deactivate reactive
species fromthe conposite and the surroundings. Pressureless sintering in
a |l arger -
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1. A process for making a sintered composite body comprising:
sintering at ambient pressures a preform body having a density within the range
s from about 60% to about 70% of theoretical maximum and made from a mixeure
comprising: a matsix consisting essentially of alumina and up to about 4 wt% of sintering
aids, about 10 to about 25 wt% of monocrystalline whiskers, and about 1 to about 7.5 wt%
S of nitride modifier consisting essentially of silicon nitride or aluminum nitride or mixtures
thereof, to provide a sintered ceramic composite which exhibits a density of at least about
10 95% of theoretical and a sufficiently high density and concentration of closed pores to
achieve a density of at least about 98% theoretical upon densification by hot isostatic

pressing.

2, A process according 1o claim 1 wherein the sintering is conducted with a preform
15  body having a nitride modifier consisting essentially of silicon nitride.

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

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

silicon carbide, titanium nitride, aluminum nitride, aluminum oxynitride, and mixtures
20  thereof.

4. A process according to claim 1 wherein sintering is conducted with a perform body
containing silicon carbide whisker.

.25 s. A process acconding to claim 1 wherein the sintering is conducted with 2 preform
body having a silicon carbide whisker content within the range from about 10 wt% to about
20 wt% and having a silicon nitride modifier.
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gr aphi t e chanmber —wi-t<¢ - not--exhibr t-tire sarme: Fevel of ‘protecti on because the
carbon in the furnace walls is too far away fromthe conposite surface
and too Iocallzed |n its effects to afford a simlar protection against
reactive spedies. mm&n&t@ymm @émms@s sondysted vthos preform

g?ﬂ?;p?;goghMr at” a rtgtag%vﬂ@ Mﬁge‘?%ggfgg%?abo éﬂogl’"g?,% %ut ‘;Bhe

gas hourly spaﬁe velocity (GHSV). Pref- erably, the purge gas has a
space velocity of f-5 GHSV Preferably, the purge gas contains a conbi nation
of at |east 20 vol une percent of a nitrogenous gas and about 1-10 vol une
percent of aghydr AqR6&R8 according to SlaiNPE Wherein MB dintsaingds domiucied Withea prefrmnt

i nvention are m ing the aI umn i skers_. and ni de nodj fi er
%od gavmga rx?iéde?nod athin ra.nge from about gwt% to about 6

10 wtk.

9.  The process according to claim 1 wherein the sintering 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 2 hydrocarbon.

11, A process according to ¢laim 1 wherein the sintering is conducted with a preform
body consisting essentislly of a matrix consisting essentially of alumina, at least one
20  sintering aid, silicon carbide whiskers, and silicon nitride,

12. A process according to claim 13 wherein the sintering is conducted with 2 preform
body further containing a mixture of sinteting aids.

25  13. A process according to claim 13 wherein the sintering is conducted with a preform
body further containing magnesia and yitria as sintering aids.

TR mpat—— ? | THIS Q‘IE}.:T HAS BEEN
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with 'mxi'ng Techni'ques that thoroughly disperse the whiskers in the matrix

material. Ball mlling wwth alumna or ceramc balls is a preferred
m.xi ng net hod. One preferred nethod involves a conbination of wet ball
mlling, drying the wet mlled mterial to forma cake, and dry ball
mlling the cake. Binding and mlling aids are added to the process where

t hey can best ;pe d . N Loum use. For. exappl e, wet ball
mlling times lrr‘)r'ay f‘i’%ﬁ%ﬁ’%ﬁ@ﬁ‘%@ﬁ% ?gg’)&g‘%ﬁ‘t&“‘%‘&’%ﬁﬁeﬁ‘%@i%&wwat
t enper at ur es iat bortaihd1titrogetognd’ 4 ydredathion, 70[err] C to about 1 20[err]C, and
dry ball mlling tines may range from about 2 to about 24 hours. The

specific process is chosen to provide a honbgeneous free flow ng

aggl oner ated gewde Mwﬁ{nﬁr : : Ly L&E
GPStr1but Lon Subst A P Yt 19 P anGtpUATRLES Spndgiel 13 il p
(373 [errfm thet gondains nigpgenryndey hydeodarbond [err]m). Desirably the dry ball

mlling foll ow ng wet mlling and drying is conducted for a sufficient
period so that the conposite will |ose not nore than about 2.5 % by

wei ght alnd moié. deAiMmﬂ%@%W@oW m.gmmgms:%

pressurel ess smtew nsyfdi el ent ‘ifﬂﬂb’le .Or fﬂ&u verize gﬁﬂ er can

adversely affect t rfghfﬁf% 1BVRgR WFHOGR the; effmmﬂé?}“ |80 #P9Yt; g

will vary dep'eosiofgnmeﬁcax&;eapmw?omneeﬁeﬁm&ddfhmm)omﬁg sd! alumina,

oPer a1 g el s A S BB A A e
less than about 2.5% by weight upon pressureless sintering,

17. A process according to claim 6 further comprising:
shaping said preform body into a shape approximating a final shape with allowance
15 for shrinhgeoftheshapedprgform body upon sintering.

18, A process according to claim 17 further comprising:

: shaping s2id preform body into a drill bit, a router bit, a cutting tool, a turbine
| blade, an éngine block, a piston, 2 valve, a punch, a die, a nozzle, a roller, a ball bearing,
20 \ a roller bearing, an extrusion die, or a pump seal.

19. A process according to claim 1 further comprising:
subjecting the sintered preform body to hot isostatic pressing to produce a
compacted ceramic body having a density of at least about 98% of theoretical.

20. A composite comprising a sinterad ceramic matrix consisting essentially of alumina
and up to about 4 wt% of sintering aids, about 10 to about 25§ wt% monocrystailine
whiskers, and about 1 to about 7.5 wt% of nitride modifier consisting essentially of silicon
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SO SR L of thedrt A green preform body S made from t he
t horoughly m xed, unreacted, free-flow ng powder after wet mlling and dry
ball mlling by conventional wet ordry form ng nethods. Conventional

organi ¢ binders and |lubricants are enployed in preparing the preform
bodi es. Suitable methods include axial pressing at anbient tenperatures at
pressures within the range from about 10,000 to about 30, 000 psi

26300 21, 000 Nﬁd@wh;lhwm&c&{lghhmmf Wmﬁmwmcﬁmﬁﬁﬁ )
about 6900- 14, 0Q0 cpjerr CO I,SOSt tlc; re Si W I g
back pressur edas | @) SintETRE H{!);’ @Hﬁ&oﬁﬂ? h—ﬂn&"‘% %

centrifugal t@gmu § £ RirtBP den2itP PR 92 at Jeast
The preform bodi es exhi b|t a goensmy V\AK&ﬁ he range from about 60%to

about 70% of @busB8H; efamemﬁaalmyrhawaom@smmaﬂ made in sinple geonetric
shapes sugh as cylinders, round or square disks, and tubes. If desired,
these preform bodies may be nmachi ned by conventional techniques into a
shape approxi @bt i nd eompositel ast in elaign 24 whicl tiufsrtherdiresseds by het ispstatic poyssiogyr | at e
al | omance for shrinkage upon sintering. Such shapes are sonetines referred
toin the art as having a "near net final shape.

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

about 10 wt% to about 20 wi%.

10
23. A compaosite as in claim 20 wherein said whiskers are selected from the group
consisting of alumina, tianium carbide, silicon carbide, ttanium nitride, aluminum
oxynitride, and mixtures thereof.

1S 24, A composite as in claim 20 wherein said whiskers consist essentially of silicon
carbide.

25." A composite as in claim 20 wherein said nitride modifier consists essentially of
silicon nitride powder. ‘

26. A compotite as in claim 20 wherein said nitride modifier is present from about 2
1o about 7.5 wi%.

27. A composite as in claim 20 wherein said sintering aids contain a mixture of
25  magnesia and yttria.

28. A composite as in claim 20 wherein sald at least one sintering aid comprises up 10
about 2 wt% of & mixtwre of ytiria and magnesia.
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1{ shoul & b& hoted 't hat, contrary to the teaching in Landi r ngham U. S. Patent
No. 4,745,091, the powders used for the matrix are not pre-reacted or

ot herwi se subjected to chem cal reaction processes before being shaped into
green preform bodies. Al though not wishing to be bound by any particul ar
theory, the nitride nodifier of the matrix in levels according to the

i nvention appgars to be mti t cts i ously iphibited
the producti - of A COMPRSHA, f%gé@rr%e g’éﬁﬁx&% Wgﬁp?ti" ngém“é‘& iy e
conposites Y pressur eI ess sintering. See, Lange, J.Mater. Rsch.

2(1) 59-3 (1987). for a discussion of the factors which are thought to
i nhi bit high | oadi ng. .The matrix nitride nodifier of the present invention

may be produ g j \/ aoérﬂf ase
during the srcdr(rit1er %M&%&%@%‘%%&r ear rgd%e bi %%félkglrjésu%h
are ot herSwmi seoaldiist r ai ned from further nmovenent by frictional "forces in
the absence of the nitride nodifier. It is believed that pre-reaction of a
nitride-containing matri x as taught by Landi ngham ' 091 forns a solid

si al on-type phase during prereaction and would not forma transient |iquid
| ater under sintering conditions. Pressurel ess sintering according to
the invention is conducted on the preform conposite bodi es at about anbi ent

A
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pressures”i'n™a furnace, preferably a graphite furnace, at a tenperature
within the range from about 1500[err] to about 1850[err] C, and for a tine
sufficient to produce a sintered conposite having a density of at |east
about 95% A 98-99 % theoretical density is generally a maxi numdensity for

pressurel ess sintering processes on mhisker-reinforced com posite bodies.

Those skilled in the art of S|n pat no nore than
routi ne optim zation mnl ?ﬁ? |t|ons forthe
specific geonetries of t es bei ng

si ntered. Ambi ent pressures for use in . pressureless sintering include
the atnospheric conditions prevailing at the manufac- turing site although
pressures sonmewhat above and bel ow anbi ent pressures nay be used if
desired. Llopwer pressures nmay be used to evacuate the sintering chanber.
Slightly elevated pressures (e.g., up to a few atnospheres) nmay al so be
used to prevent entry of mater i SHSIRALTASSEUEINNLOOURE: t he sintering
chanber al though such el evated pressures generally provide little, if any,
benefit to the sintered product. Generally, the sintering cycle time wll
be about 12-48 hourfs cainphsiteoindt prossoreless tsintaringr procase formaking ehisker-misforoed

cycl e temer alyggh, Aol aliPibotes Wtk BAHEPEE UrRr Y niklle Atk 2oRBlking' 2°

of the body berng si
10  essentially of silicon nitride, aluminum nitride, or mixtures thereof produces a sintered

body having a density of greater than about 95% theoretical.
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“The conposite resulting fromthe pressureless sintering process of the

I nvention exhibits a density of at |east about 94% or 9
density and greater than about 95% T

pore structures. The cl osed pore stru fﬁﬁ ﬁﬁt}‘@@%‘f‘%\x u
permt further conpaction by H Ping te—a—denstty—of—gr
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PRESSURELESS SINTERING OF
WHISKER REINFORCED ALUMINA COMPOSITES

This application is a continuation-in-part of copending application serial no.
07/922,763 filed on July 31, 1992 and a continuation-in-part of copending application of
07/801,854 filed on December 3, 1991.

FIELD OF THE INVENTION

The invention relates to a pressureless sintering process for forming whisker-
reinforced alumina-based ceramic bodies having excellent physical properties.
BACKGROUND OF THE TECHNOLOGY :

Whisker-reinforced alumina has found use in structural applications such as heat
engines and turbine blades (see, U.S, Patent No. 4,543,345) and in more severe

.applications such as cutting tools (see, U.S. Patent Nos. 4,789,277 and 4,961,757). These

composites can have up to about 40 vol. % whiskers using a processing technique known
as "hot pressing” which produces composites having a density of at least greater than 98%
of theoretical. A density of at least about 95% is needed for virtually all engineering
applications of ceramics.

In the conventional processes for making whisker-reinforced alumina bodies, hot
pressing can also be described as "pressurized sintering” because the process involves the
application of uniaxial loads of about 3500-5500 psi. In the process, a powder blend or
preformed sample is loaded in a free flowing form into a graphite die and sintere& under
an inert atmosphere in a high temperature fumace. Pressure is applied to the powder in
the die with a hydraulic ram as the furnace temperature is increased to about 1450°-1850°
C and maintained at temperature for an appropriate time. The furnace is then allowed to
cool. Cycle times of several hours are used, and the process is limited to the production
of discrete batches.

The structural limits of the dies generally prohibit the use of applied pressures
greater than about 5500 psi. In addition, the hot pressing method generally limits the shape
of the formed body to simple geometric shapes such as round or rectangular plates or



than about 98%theoretical. The factors which affect the sintered density

and cl osed pore structure include the fireness-of the powders,

of silicon nitride present with respectJtWIWSHﬁﬁ(’IéHAS:@BEzegt .
d

dry ball milling, the selection of purge_gas REHACEDt r oggn
for higher densities and closed pores) sintering rates a

tenperature. The optinmum bal ance of these factors is wthi
the art. Sintered conposites according to the inventfon
fracture toughness of greater than about 5 MPa/m and

cylinders unless special complex 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 pressureless sintering.

Hot pressing is to be contrasted with "green" preform body preparation,
"pressureless sintering” and “hot isostatic pressing” (HIPing). Green preform bodies are
prepared by mixing ceramic powder blends with conventional sintering aids (e.g., magnesia
and/or rare earth oxides) and an organic binder containing a lubricant. The green preform .
body is then formed by compacting the powder blend at ambient temperature to a density
of about 60-70% of theoretical. The theoretical density of a material is the density
calculated from the number of atoms per unit cell and the measurement of the lattice
parameters. Generally, green bodies are formed as simple geometrical shapes (e.g., a tube,
cyiinder, or disk) and, if necessary, machined to the desired shape allowing for shrinkage
which will occur during subsequent heating steps (i.e., near-net-shape fabrication). Binder
material is removed by heating the shaped green body in air in an oven at temperatures up
to 500° C for about 10-15 hours depending on size and shape. |
' A green preform body is further densified by pressureless sintering in a furnace at
1450°-1850° C under an atmosphere (e.g., argon or nitrogen) that does not adversely affect
either the composite being sintered or the sintering furnace components. The sintering is
allowed to continue until essentially complete (genefally greater than 94% to 95%
theoretical density). If the resulting sintered body forms a closed cell structure (closed -
porosity), the density may be further increased by hot isostatic pressing.

Hot isostatic pressing (HIPing) is the process of applying high pressure to a sintered
body with inert gas typically at 15,000-30,000 psi for about 1-2 hours at a temperature of
from about 1500° to about 1700° C- (for alumina oxide) with the goal of producing a body
having greater than about 98% theoretical density. The sintered body to be HIPed must
exhibit almost completely closed cell structure. More than about 95 % of the pores must
be closed for HIPing to have a significant effect.
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theoretical density has a water uptake corresponding to 1% of the alumina composite
density, then the body has a 4% closed pore structure. The theoretical density is calculated

by applying the rule of mixtures to the absolute densities of each component, as is well

known in the art.
- Economically, hot pressing is an extremely expensive and labor intensive process.
- The pressing equipment is costly. The grabhite dies must be cut from a unitary block and
do not last for many pressings. The cycle times are relativély short, but can only produce
a limited number of specimens. The pressed bodies are limited to simple geometric shapes.
The machining of such shapes to final form is difficult due to the high density and hardness
of the body and can lead to rejects'or surface stresses that affect the structural performance
of the part. See, Sacks U.S. Patent No. 5,009,822.

By contrast, pressureless sintering is about 25-33% the cost of hot pressing.
Conducting the process at about atmospheric pressure reduces the capital expense of the
equipment needed for the process. Continuous processing can be used, and large numbers
of parts can be made. If a batch process is used, the batches are larger and the fumnaces
can be used more economically. Metal dies used for green forming can be reused for many
pieces. The ability to readily machine the green body permits the formation of complex
shapes. If needed, HIPing can be used after pressureless sintering to increase the final
density of the body at a total cost that is still less than the corresponding hot pressing
process (i.e., perhaps 30% less) but without the inherent limits imposed by hot pressing.

Pressureless sintering would, therefore, be a preferred method for making ceramic
bodies and for whisker reinforced ceramics in particular. Unfortunately, those in the art
have found that pressureles§ sintering does not produce adequate densities when the
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WO 86/05480 exemplified sintered densities of greater than about 95 % theoretical only for

composites containing up to about 12.1 volume % (10 wt%) whiskers (Table I).

A review of the problems associated with pressureless sintering of alumina-SiC
whisker composites is presented in Tiegs et al., A, Ceram, Soc, Bull., 66(2) 339-342
(1977). As described on page 340, the whiskers interfere with efficient particle packing,
particle rearrangement, and shrinkage. The result is a low final density. Table II and
Figure 2 in Tiégs show that as the whisker content increases, the green and final densities
decrease. Tiegs et al. states: "At whisker contents much greater than 10 vol%, the
inhibitibn of densification is acute.” Moreover, HIPing was not able to increase the density
of the body because "the material had not achieved closed porosity prior to HIPing." The
fracture toughness for the 20 vol% whisker material was reported by Tiegs as not
significantly higher than monolithic‘alumina.

In a later paper, Tiegs et al.-achieved a 95% density with pressureless sintering of
an alumina composite containing about 13 vol% (about 10.7 wt%) whiskers. Ceram"Engr,
mm, Sept.-Oct. 1986, pp. 1182-1186, Fig. 2. The paper also summarizes the
need in tﬂe art: “Further development may make it possible to sinter and then HIP
(without encapsulation) alumina with up to 20 vol. % SiC whiskers, but that is yet to be
shown.” |

The art has gone to great lengths to find a process that would produce a whisker-
reinforced alumina composite with a density of at least about 94% to 95% theoretical.
Techniques used to increase density include dry processing of powders with pressureless
sintering and HIPing (see, Tiegs et al., ngn_._Eng:.__an_L_S_cj._E:&, 13th Automotive
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green body density is not significantly affected by whisker size and concentration.
Compare Sacks et al., I, Am, Ceram. Soc,, 71(5) 370-379 (1988) with Tiegs etal., Ceram
Engr. and Sci. Proc., (Sept.-Oct. 1986) in Fig. 2. Upon sintering, however, the whiskers

exert a controlling influence over the densities which can be attained by sintering green

bodles made by either dry or wet processing.

The need continues to exist for a pressureless sintering process that will permit the
use of high levels of whiskers as reinforcing agents for 2lumina matrices and result in 2
sufficiently high density with a sufficient degree of pore closure to permit HIPing the body
to further increase both the density and strength of the ceramic to the level required by the
intended application.

One skilled in the art will recognize that the application and purpose for_which the
reinforced ceramic is to be used will dictate the minimum density and strength that is
required. Different applications and end uses will require different minimum densities and
strengths. For example, 2 metal cutting tool insert with 15 wt.% whiskers requires a
density of greater than 98% theoretical. A router bit of the same composition, designed
for cutting non-metals such as wood, requires 2 density of greater than 96.5% theoretical.
Thus, depending on the composition of the ceramic, its application, and end use, HIPing
after pressureless sintering may or may not be required. The identification of the
requirements for each use is within the skill of the art.

The art has also suggested the use of high levels, e.g. greater than 8 wt%, of
sintering aids to increase the composite density. The resulting liquid phase may, however,
affect the composite’s high temperature properties. Sacks et al., Ceram, Engr, Soc, Proc,,
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In addition to a high density and closed pores, the final composite should exhibit
high levels of toughness. One method for increasing the toughness of a reinforced alumina
composite is described in Landingham U.S. Patent No. 4,745,091. The disclosed method
includes hot pressing an alumina composite containing reinforcing- particles, magnesia (as
a sintering aid), zirconia or hafnia (for toughness and shock resistance), and 0.1-15 wt%
of a nitride modifier. Reaction hot pressing is preferred to avoid the need for a preliminary
step to pre-react the powders so as to form a second nitride phase (identified as "SiAlOX")
uniformly dispersed in the matrix. See, col. 3, lines 6-9; col. 4, lines 30-38; and figure
3. If the powders are pre-reacted, the patent discloses that cold pressing and sintering can
be used. The examples illustrate the use of a total nitride modifier concentration of 9-30
wt% with hot pressing fabrication. The problem of achieving high compaction densities
with high whisker concentrations is not disclosed, acknowledged, nor exemplified.

It would be desirable to provide a pressureless sintering process that could produce
whisker-reinforced alumina composites exhibiting levels of toughness comparable in use to
those of reinforced alumina composites made by hot pressing.
SUMMARY OF THE INVENTION

It is an object of the invention to provide a process for preparing whisker reinforced
alumina composites by pressureless sintering whereby the sintered body exhibits a high
density and sufficient closed pores to permit the body to be HIPed to a density of at least
about 98% theoretical. ' '

It is another object of the invention to provide a process for preparing whisker
reinforced alumina composites by pressureless sintering whereby the sintered body exhibits

" a toughness comparable in practical use to those of reinforced alumina composites made

by hot pressing.
- ~These and other objects that will become apparent from the description herein.




The follow ng exanpl es are useful fordescribing the benefits ,of the present
invention. In all exanples, the alumna was a commercially a aRé;abI €
a-al um na powder with a den5|ty of 3.98 [err] 0.02 g/cnjerr]y
of at least 99.97% The surface area of [tHig SHrFREE MRS ]0.
sintering aids were magnesia and yttriajin | evel s+of Ie5$ t ha
silicon nitride powder was a conmer ci al Fyravaitabl-e-ni-xt-tr
%9 and beta (4.8% forns having

In one aspect, the invention contemplates a process which comprises:
sintering at ambient pressures a preform body having a density within the range
~ from about 60% to'about 70% theoretical and made from a mixture comprising a matrix
material consisting essentially of alumina and up to about 4% of sintering aids, from about
10 to about 25 wt% monocrystalline whiskers, and from abott 2 to about 7.5 wt% of
nitride modifier consisting essentially of silicon nitride or aluminum nitride or mixtures
thereof, to provide a sintered ceramic éoinpositc which exhibits a density of at least about
94% or 95% of theoretical and a sufficiently high density and concentration of closed pores
that will permit the body to attain a density of at least about 98% theoretical upon hot
isostatic pressing. |

In other aspects, the invention contemplates composites and articles made therefrom
inéluding cutting tools, can-making tools, and other tools requiring high levels of wear
resistance. The composite and tools are made by the pressureless sintering processes.
described herein. '

The present invention provides a process for consistently producing dense, tough-
ceramic composites using a significantly less expensive procedure than the conventional hot
pressing process. The practice of the invention allows for ready control of the composition
and properties of the final product. The process is not only economical but provides a
product having good performance.

Without wishing to be bound by any particular theory, it appears that the presence
of homogeneously distributed fine particles of nitride facilitates the formation of a transient,
irreversible liquid phase during the pressureless sintering step. Such liquid phase aids the
formation of closed pores which enhances the beneficial effect of later HIPing. The
properties of ceramics from the present process are comparable in practical use to those

made by hot pressing.
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BRIEF_DESCRIPTION OF THE DRAWINGS

Figure 1 is a graph depicting the relationships between fracture toughness and
silicon nitride content in an alumina matrix reinforced with silicon carbide whiskers. The
fracture toughness of two hot pressed composites is provided for comparison.

DETAILED DESCRIPTION

Alumina useful for the matrix material of the present invention is a-alumina having
a high degree of purity. Preferably, the powdered alumina used in the process has an
average particle size from about 0.5 zm to about 1 um and represents at least about 60%
of the total weight of the final composite. The matrix may also contain a sintering aid and
any conventional toughening agents.

The matrix nitride modifier for the present invention consists essentially of
pdwdered, fiber, or whisker forms of silicon nitride, aluminum nitride, or mixtures thereof.
The preferred nitride modifier consists essentially of silicon nitride. The average particle
size range for the nitride modifier or modifiers when used in powered form is within the

_ same ranges as those for the alumina, preferably about 0.5 um to about 1 um.

The total nitride modifier content should lie within a range from about 1 wt% to
about 7.5 wt% based on the total composite weight, preferably from about 2 to about 7.5
wt%. More preferably, the total nitride modifier is added in a concentration with a range
of about 3.5 to about 6 wt%, and most preferably a nitride modifier content of about 4 to
about 5.5 wt% when 15 wt% whiskers is used. The optimum nitride modified
concentration for a particular whisker concentration is readily determined by one in this art

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

Sintering aids for the matrix of the present invention are known in the art and are
used in concentrations of up to about 4 wt%, preferably only up to about 2 wt%. A
sintering aid acts to increase the efficiency of the sintering process without materially
affecting ﬁ;e reinforcing effects of the whiskers in the matrix. Preferred sintering aids
include at least one sintering aid of, inter alia, magnesia, yttria, and other rare earth

oxides. Nitride modifiers such as silicon nitride and aluminum nitride according to the
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agents to affect the overall composite toughness and hardness, respectively... Toughening
agents useful in the invention are those oxides generally known in the art and include
zirconia and/or hafnia. Hardening agents, such as titanium carbide, can be used in
quantities of up to about 10 wt%. The toughening and hardening agents are in the form
of particles typically within the size range from about 0.5 to about 1 gm. Titanium carbide
particles, however, may be somewhat larger.

Monocrystalline ceramic whiskers are thoroughly distributed throughout the matrix
of the invention to act as reinforcement thereof. Monocrystalline ceramic whiskers useful
as matrix reinforcement include alumina, titanium carbide, silicon carbide, titanium nitride,
aluminum nitride, aluminum oxynitride, and mixtures thereof. Each of these whiskers are
well known in the art. Silicon carbide whiskers are the preferred whisker for the present
invention and are thoroughly described in U.S. Patent No. 4,961,757 which is herein
incorporated by reference. Briefly described, silicon carbide whiskers are in the beta form
of silicon carbide whisker and exhibit a monocrystalline structure. Such whiskers may be
produced from rice hulls and have average diameters on the order of 0.6 pm and aspect
ratios on the order of 15-150. Strengths are about 1 million psi (70,000 kg/cnr’) with
tensile modulii of about 60-100 million psi (4-7 million kg/cm?). .

Whiskers may be present in amounts within the range from about 10 wt% to about
25 wt%, preferably within the range from about 10 or about 15 to about 23 wt%, and most
preferably within a range from about 10 to about 20 wt%. Particularly good results are
seen when the composite contains about 10-18 wt% or 10-15 wt% whiskers.

An inert carrier gas like argon, helium, or any of the other noble gases may be used
in the purge gas stream passed through the sintering chamber. It has been discovered,
however, that hardness and toughness may be improved in the final composite by use of

a nitrogenous gas in the purge gas stream which is passed through the sintering chamber
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sanpl es prepar Edltq}/as r!:])gtt:n étgx%!?xing(pthat further improvement in the sintered ceramic composite
may be obtained if the purge gas which is passed through the sintering chamber also
contains a gaseous hydrocarbon. The hydrocarbon can be added to any of the purge gases

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

at sintering temperatures and has an atomic carbon to hydrogen ratio of at least about 0.25,
preferably above about 0.5, 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
terhperatures contemplated for the present invention (1500°-1850°C), most hydrocarbon
species introduced with the stream of inert gas into the sintering chamber will crack or
dissociate into species reactive toward any reactive impurities issuing from the composite
; being sintered. A getter should not be used if the reactive form will have sufficient excess

hydrogen to favor the formation of water which can have a corrosive effect on the whiskers
as well as the components of the sintering furnace. The amount of hydrocarbon present.
in the purge gas is within the skill of the art but often will be from about 1% to about 10
volume %. -

Suitable hydrocarbon agents for use as getter agents in pressureless sintering irclude
linear, branched, and cyclic alkanes (e.g., methane, ethane, propane, butane, isobutane,
pentane, hexane, and cyclohexane); linear, branched, and cyclic alkenes (e.g., ethylene,
propylene, butylene, butadiene); linear, branched, and cyclic alkynes (e.g., acetylene,
propyne, butyne, and pentyne); and mono- or multi-ring aromatic hydrocarbons (e.g.,
benzene, toluene, and naphthalene). For ease of operation and convenient handling,
alkanes having 2-10 carbon atoms and mono&omaﬁc hydrocarbons are preferred.

While not wishing to be bound by any particular theory, it is thought that the
hydrocarbon acts, at least in part, ‘as a uniformly distributed getter that acts to remove any
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16.0 the® fifrnace during the sintering . process :that-are~reactivé 10 the whiskers dispersed

throughout the matrix. The net effect is that the whisker is protected through the sintering
process and is better able tn reinforce the matrix: in the final product. This protection
mechanism also helps to unaerstand why hot pressing in a graphite die will produce highly
reinforced composites: the solid carbon pressing on the sample is sufficiently close to be
able to contact and deactivate reactive species from the composite and the surroundings.
Pressureless sintering in a larger graphite chamber will not exhibit the same level of
protection because the carbon in the furnace walls is too far away from the composite
surface and too localized in its effects to afford a similar protection against reactive species.
Regardless of which specific purge gas or combination of gases is used, the purge
gas genemny flows through the sintering chamber at a rate within the range from about
0.03 to about 30 gas hourly space velocity (GHSV). Preferably, the purge gas has a space
velocity of 1-5 GHSV. Preferably, the purge gas contains a combination of at least 20
volume percent of a nitrogenous gas and about 1-10 volume percent of a hydrocarbon.
Composites made according to the present invention are made by mixing the
alumina, whiskers, and nitride modifier with mixing techniques that thoroughly disperse
the whiskers in the matrix material. Ball milling with alumina or ceramic balls is a
preferred mixing method. One preferred method involves a combination of wet ball
milling, drying the wet milled material to form a cake, and dry ball milling the cake.
Binding and milling aids are added to the process where they can best be dispersed to
obtain optimum use. For example, wet ball milling times may range from about 2 to about
24 hours, drying may be at temperatures within the range from about 70°C to about
120°C, and dry ball milling times may range from about 2 to about 24 hours. The specific
process is chosen to provide a homogeneous free flowing agglomerated powder which
preferably has an agglomerated particle size distribution substantially within the range from
about -40 Tyler mesh (373 um) to about +325 Tyler mesh (44 um). Desirably the dry ball
milling following wet milling and drying 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% by weight upon pressureless sintering. An insufficiently dried or pulverized
powder can adversely affect the final product. The amount of time for dry ball milling will
vary depending on the nature and scale of the equipment and operating parameters. The
choice of equipment and operating parameters is within the skill of the art.

A green preform body is made from the thoroughly mixed, unreacted, free-flowing
powder after wet milling and dry ball milling by conventional wet or dry forming methods.
Conventional organic binders and lubricants are employed in preparing the preform bodies.
Suitable methods include axial pressing at ambient temperatures at pressures within the
range from about 10,000 to about 30,000 psi (6900-21,000 N/cm’) and preferably about
10,000 to about 20,000 psi (about 6900-14,000 N/cm?), cold isostatic pressing, extrusion
with high back pressures, injection molding, and casting with conventional slip or
centrifugal techniques (see, e.g., Sacks U.S. Patent No. 5,009,822).

The preform bodies exhibit a density within the fange from about 60% to about
70% of theoretical maximum and are often made in simple geometric shapes such as
cylinders, round or square disks, and tubes. If desired, these preform bodies may be
machined by conventional techniques into a shape approximating that of the final product
dimensions with appropriate allowance for shrinkage upon sintering. Such shapes are
sometimes referred to in the art as having a "near net final” shape.

It should be noted that, contrary to the teaching in Landingham U.S. Patent No.
4,745,091, the powders used for the matrix are not pre-reacted or otherwise subjected to
chemical reaction processes before being shéped into green preform bodies. Although not
wishing to be bound by any particular theory, the nitride modifier of the matrix in levels
according to the invention appears to be mitigating the effects which previously inhibited
the production of high composite densities with highly loaded whisker composites made by
pressureless sintering. See, Lange, L. Mater. Rsch., 2(1) 59-63 (1987) for a discussion of
the factors which are thought to inhibit high loading. - The matrix nitride modifier of the
present invention may be producing a localized irreversible transient plastic or li&{xid phase
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during the sintering that permits further rearrangement of Wwhiskers which are otherwise

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

modifier. - It is believed that.prereaction of a nitride-containing matrix as -taught by
Landingham 091 forms a solid sialon-type phase during prereaction and would not form
2 transient liquid later undef sintering conditions. ) '

. Pressureless sintering according to the invention is conducted on the preform
composite bodies at about ambient pressures in a furnace, preferably a graphite furnace,
at 2 temperature within the range from about 1500° to about 1850° C, and for a ime
sufficient to produce a sintered composite having a density of at least about 95%. A 98-
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 recognize
that no more than routine optimization will be needed to select the optimum conditions for
the specific geometries of the furnace and the shapes of the samples being sintered.

Ambient pressures for use in pressureless sintering include the atmospheric
conditions prevailing at the manufacturing site 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 generally provide little, if any, benefit to the sintered product.
Generally, the sintering cycle time will be about 12-48 hours although those in this art are
aware that sintering cycle temperatures and times may be varied depending on the nature
and size of use body being sintered.

The composite resulting from the pressureless sintering process of the invention
exhibits a density of at least about 94% or 95% of theoretical density and greater than
about 95%, preferably above about 99% in closed pore structures. The closed pore
structure content should be sufficient to permit further compaction by HIPing to a density
of greater than about 98% theoretical. Tle factors which affect the sintered density and
closed pore structure include the fineness of the powders, the amount of silicon nitride
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present with respect to whisker content, the degree of dry ball milling, the selection of
purge gas (eg: nitrogen is beneficial for higher densities and closed pores) sintering rates
and sintering temperature. The optimum balance of these factors is within the skill of the
art.

Sintered composites according to the invention exhibit a fracture toughness of
greater than about 5 MPa/m, and a bending strength of greater than about 500 MPa after
HIPing to provide the properties suggestive of utility for a number of applications for the
composites. ' Fracture toughness is measured accbrding to G.R. Anstis et al.,, Gen. Am.
Ceram. Soc., 64, p. 553 (1981) employing a 10 kg load, and bending strength is measured
according to MS 1942B. These sintered composites even before HIPing have utility for
applications which may not require very high strength. Such applications include, inter
alia, can tools, bearings, routers and drill bits for non-metal and soft metal (e.g., brass)
shaping, and the like.

If the sintering process results in a body having a density of less than about 98%,
the sintered preform body may be further compacted by hot isostatic pressing (iIIPiﬁg) for

| a time sufficient to produce a compacted body having a density of greater than about 98%.
1t should be noted that the present invention provides a product from pressureless sintering
that has a sufficiently high concentration of closed porosity that further densification by hot
isostatic pressing can be accomplished without the use of an external cladding or
encapsulation material around the part subjected to the hot isostatic pressing. -

_Any HIPing of the sintered composite body is conducted by employing standard
prior art techniques. Such techniques employ an inert gas, often argon, at from about
15,000 to about 30,000 psi at a temperature of about 1500° to about 1700°C for a time
(eg: 1-2 hours) sufficient to provide the desired density of at least about 98%. |

~ HIPed composites from the present process are useful for fabrication into a variety
of elements subject to wear and/or impact where toughness and shock resistance are
important characteristics and which have }areviously been served by ceramics made by hot
pressing. Particular applications for the present HIPed composites include, inter alia, drill



Exanples 11-14 maintain the silicon nitride powder concentration at 5% and
vary the whi sker concentration. The preparation nmethod is Lse the
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Table 3 Pressurel ess Sintered 54 _
Ex. SiCerr] (W % G een Density (% 1Sintered Density(Y
(Vol. Closed Porosity (Vol D
0,

85 0o i

15 64.9 95.9 0.08

4.02 13 20 66. 8 94. 2 . )
0. 57 pits exhibiting qutting edgesifpr graphite carpositas, plastics; woogs; O metals; router bits
88.8 . exhibiting cutgng %dges for; inter alia, woo%?'f?ozerboard, metal; plastics, or laminated

composites including graphite composites and wood: lamindtes; -cutting tools exhibiting a
cutting edge for cutting metals; turbine-biades; heat engine components such as engine
_plocks, pistons, and valves; punches and dies exhibiting surfaces and clearances appropriate
for 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, inter
alia, pump seals for impellers. |
Drill and router bits made from ceramics using the present process exhibit shapes
which are the same as those of conventional drill and router bits. These tools are useful
for cutting wood, metals, and laminates such as graphite composites and wood laminates.
In'fact, use of the present ceramic tools for cutting graphite composites will perform like
hot pressed ceramic bits which can cut hundreds of holes in graphite composites without
delamination. See, Lauder U.S. Patent No. 5,002,439.

" When used for cutting tools, the cutting tools are replaceable inserts of the standard
geometry employed in the cutting tool industry for applications including, inter alia,
turning, facing, milling, boring, and similar operations. The inserts will exhibit a cutting
edge having dimensions and angles appropriate for cutting metal according to the desired
cutting technique. As an example, a preferred insert geometry for cutting nickel-based
alloys would exhibit an axial rake of -5°, an end cutting edge angle of 15°, a radi;xl rake
of -5° with a radial relief of 5°, and a corner angle of 15° with a nose radius of 0.030
inches .(0.762 mm). See, Rhodes U.S. Patent No. 4,961,757 and 4,789,277 which are
herein incorporated by reference. Indeed, use of the process permits inserts and tools to
be manufactured to near net final shape without the need for machining larger blanks and
the material waste associated therewith. |

Can tools made from ceramics produced according to the present process (either
before or after HIPing) exhibit a shape of forming wheels, punches and/or dies with smooth

outer surfaces and close tolerances between associated dies and punch elements. The
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whisker reinforced alumina ceramics possess a number of unique advantages in their ability
to produce smooth part surfaces for long periods of time without significant buildup of can
material on the outer surface of the tool. See, Lauder U.S. Patent No. 5,095,730.

The ceramic bodies made according to this invention both after pressureless
sintering and after HIPing have a substantially random three dimensional orientation of
whiskers so that resistance to fracture is substantially the same in all directions. This
orientation is in contrast to the two dimensional orientation (perpendicular to the axis of the
ram) which is obtained in a hot pressed ceramic product.

EXAMPLES '

The following examples are useful for describing the benefits of the present
invention. In all examples, the alumina was a commercially available a~alumina powder
with a density of 3.98 + 0.02 g/cm? with a purity of at least 99.97%. The surface area
of the alumina was 10.5 m¥g. The sintering aids were magnesia and yttria in levels of less
than 4%.

The silicon nitride powder was a commercially available mixture of alpha (95.2%)
and beta (4.8%) forms having a density of about 3.18 g/cm?. The average particle size of
the silicon nitride powder was 0.45 gm. ,

The monocrystalline whiskers used in the examples were silicon carbide whiskers
produced from rice hulls. These whiskers before processing have average diameters of
about 0.4 to about 0.6 pm and aspect ratios on the order of 15-150. The whiskers had a
density of 3.21 g/em’.

Unless otherwise stated, all percentages are given in terms of weight percent based
on total weight and the procedure in examples 1-5 was used to prepare the composites
identified in the examples.

EXAMPLES 1-5

Examples 1-5_illus&ate the effects of a varied silicon nitride powder concentration

on a constant whisker concentration of 15%.
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as in exanpl 5%?' of ResPYREY G8d 39 bATSS mESXésﬂ. were wexg%gg and wet ball milled for about
. 10 hours. 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
mixture was then j)laceu in an oven and completely dried at about 70°.C. The resulting
cake was dry milled for about 16 hours until the material became a homogeneous free-
flowing powder exhibiting an agglomerated particle size distribution substantially in the
range from about -60 Tyler mesh (250 um) to about +325 Tyler mesh (44 pm) with
~ whiskers uniformly distributed therethrough.

Green preform bodies exhibiting disk shapes were prepared by pressing the powder
in a cylindrical die having a diameter of 1.125 inches (28.6 mm) and applying an axial
pressure of about 10,000 psi (about 6900 N/cm?). The resulting disks contained 10 grams
of compacted powder. The binder material was removed by heating the preform in a
muffle furnace at 500° C in air until all the binder had been burned off. The sample was

then ready for pressureless sintering. _

The pressureless sintering took place in a graphite resistance furnace at 1625° C
with a constant flow of a purge gas containing nitrogen through the heating chamber. The
preform was held at 1625° C for 50 minutes and then allowed to cool to room temperature.
The resulting sintered disks were checked for density, the degree of closed porosity, and
for toughness and hardness using the conventional Vickers Indentation Method with a 10
kg load. The results are reported in Table 1. The relationship between fracture toughness
and silicon nitride concentration is illustrated in Figure 1 for samples prepared by

pressureless sintering with and without HIPing and samples prepared by hot pressing.
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Green Sintered Open Closed
. SigN, Sic, Density Density Porosity | MHardness | Toughness
Ex. Wt %} (Wt %) (%) (%) {vol. %) (GPs) (Mpavm)
{ ——
1 1.0 18 2.5 98.8 . 17.4 5.3
2 25 18 64.8 85.8 0.04 4.48 153 5.8
3 5.0 15 84.9 95.9 0.08 4.02 1S.8 8.0
4 7.8 15 5.4 96.1 0.28 3.84 15.8 8.0
S 10.0 15 60.0 94.9 0.37 4.73 16.0 5.6
| e ]

Examples 1-5 were then subjected to hot isostatic pressing (HIPing) to make
examples 6-10. The properties of the samples after HIPing are reported in Table 2.
Table 2

HIPed Results (Varying Si;N, Content)

Open Closed
i Porosity Porosity Hardness Toughness
Ex. {Vol %) Vol %) (GPa) (MPaJm}
§ — —— ————4f
6 - 190 4.3
7 2.8 15 98.5 0.13 1.37 18.7 5.6
8 5.0 15 98.4 0.186 1.44 17.3 5.4
9 7.5 18 98.8 0.13 1.27 17.% 5.4
10 10.0 15 98.5 .87 2.63 Sampls Cracked
EXAMPLES 11-14

the whisker concentration.

Examples 11-14 maintain the silicon nitride powder concentration at 5% and vary

The preparation method is otherwise the same as that of

examples 1-5. The properties of the resulting sintered samples are presented in Table 3.
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Table 3

EXAMPLE 15

Example 15 was made using the same technique as in examples 1-5 but without
binder or lubricant. Example 12 had 15 wt% silicon carbide whiskers and 5 wt% silicon
nitride. The sample was hot pressed under nitrogen at 1520° C and a pressure of 4,000
psi. The resulting composite had the average properties listed in Table 4:

Table 4
u Density ' > 99% theoretical
H Hardness (GPa) 17.3
H Fracture toughness {(MPaym) . 5.0

The fracture toughness is shown in figure 1 for comparison against the samples
sintered without supraatmospheric pressuré according to the present invention. By
comparison, a commercially available hot pressed sample with 15 wt% silicon whiskers and
no silicon nitride had a better toughness of 5.6 MPa/m.

As will be seen from figure 1, samples prepared according to the present invention
both with and without HIPing have a better toughness than the hot pressed sample of the
same composition subjected to hot pressing. The toughness exhibited by samples of the
present invention are also comparable to or better than the hot pressed sample without

silicon nitride.
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EXAMPLE Z

One insert EXAMPLESA622nples 16-19 were tested for wear performance by
turning nodul ar i’f&ﬁl-éufnﬂgr Wb 3%E km of inserts were prepared for comparison to

commercially available inserts. The inserts of example 3 were pressureless sintered and
then HIPed as in example 8 to produce a blanks having the shape of disks with a diameter
of 1.125 inches (28.6 mm). The blanks were cut to the shape of inserts having the same
dimensions and cutting surface preparations as conventional ceramic cutting tool inserts.
The inserts were prepared as identified in Table 5:
Table §

18 Commercially available insert of silicon carbide whisker reinforced
sluming, 25 wt% whiskars made by hot pressing

17 insert according to the invention of silicon carbide whisksr reinforced
slumina containing 5 wt% silicon nitride powder modifier and up to 2%
of Mg and Y oxides as sintering aids, 15 wt% whiskers

18 Commarcially available silicon nitride (Sialon) insert generally used in
the industry for cutting iron

19 Commercially available zirconia reinforced alumina insert for cutting
iron.

20 Commercislly available tungsten carbide insert coated with slumins

Tool life was determined by the first of: (a) fracture; (b) an avérage flank wear of
0.012 in. (0.30mm) or greater; (¢) a2 maximum flank wear of 0.017 in. (0.43mm) or
greater; (d) a maxxmum nose wear of 0.017 in. (0.43mm) or greater; or (e) a notch wear
of 0.79 in. (2mm) or gmter Having established such standardized wear ranges, the tool
life can be used to compare the usefulness of each of the tested tool materials.
EXAMPLE 21 |

One insert each from examples 16-19 were tested for wear performance by turning
nodular ductile iron (295 bnh) on a 60 HP Axis C.N.N. Universal Lathe. No coolant was
used. The cutting speed was 900 surface feet per minute (SFPM) (274 SMPM) at a feed
rate of 0.015 inches per revolution (0. 38 mm per revolution). Each cut was at a depth of
0.10 inches (2.54 mm). Table 6 reports the results.
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Table 6 Exanpl e Average Wear (in. VeBERMaaEyear (fi n.) 362 Vﬁﬁ’f\‘ 1997
(in.) Tool Life (mn.) Failure Mode _ 54 - T6 0f 025
0. 0573 - 3.75 Fracture 17
0.0125 0.0134 0.0132 4. 50
Wear 18 0.0125 0. 0140 0 0+14
1.00 Wear 19 . T4hl®691 0. 0170
0. 0085 ) b5 XAVP
Average Wear ..
: e I
18 0.0250 - " 0.0573 - © 395 - Fracture
17 0.0125 0.0134 0.0132 | 450 Wear -
18 0.0125 0.0140 0.0114 1.00 Waear
19 0.0091 0.0170 0.0085 1.00 Wear
Mm
EXAMPLE 22

The inserts of examples 16-20 were tested for wear performance by turning nodular
ductile iron (295 bnh) on a 60 HP Axis C.N.N. Universal Lathe. No coolant was used.
The cutting speed was slower than in Ex. 21, 700 SFPM v. 900 SFPM, at a feed rate of
0.015 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 results.

Table 7
Average Wear Maximum Wear Nose Wear lin.) Too! Life {min.) Failure Mode
Gin.) fin.)
18 0.0133 0.0151 0.0138 5.0 Waear
17 0.0122 0.0158 0.0109 35 Wear
18 0.0124 0.0138 0.0111 1.0 Wear
18 0.0088 0.0191 0.0042 1.0 Waar
20 0.0158 0.0270 0.0286 20 Wear_
EXAMPLE 23

The inserts of examples 16-20 were tested for wear performance by turning G4000
Grey Iron (196 bnh) on a 60 HP Axis C.N.N. Universal Lathe. No coolant was used. The
cutting speed was 1500 SFPM at a feed rate of 0.015 inches per revolution (0.38 mm per
revolutic‘)n). Each cut was at a depth of 0.10 inches (2.54 mm). Table 8 reports the

resulits.
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The inserts of exanpl es 16-20 were tested for wear perforngﬁeeﬂ%" t-urning

Table 7 Exanpl e Average Wear (i n. )_ l\/axi-rrum Wear (in.) }l_\l.ose V\éar (| n.)
Tool Life (mn.) Failure Mde 16 0.0133 '
0. 0151 0. 0138 5.0 Wear 17
0. 0122 0. 0156 3.5 Wear
18 0.0124 0. 013&’3191]&98 0.0111 1.0
\]/.\.égr VE%. A"“(.i‘::.) “ Mﬂxm:::,; Wear | Nose Waear iin.) Tool Lifs (min.) QUIQIQ %o
16 0.0108 0.0173 0.0104 21 Waar
17 0.0098 0.0175 0.0137 21 Waear
T s 0.0133 0.0174 0.0185 5 Wear
SRT 0.0111 0.0171 0.0183 17 Wear
20 0.0099 0.0170 0.0141 18 Wear
M e ———re——
EXAMPLE 24

The inserts of examples 16-19 were tested for wear performance by turning Inconel
718 (432 bhn) on a 60 HP Axis C.N.N. Universal Lathe. Coolant was used. The cutting
speed was 650 SFPM at a feed rate of 0.008 inches per revolution (0.20 mm per
revolution). Each cut was at a depth of 0.06 inches (1.52 mm). Table 9 reports the

results.
Table 9
TR
Average Wear (in.} Maximum Wear Notch Wear Tool Life Failure Mode
Example (in.) (in.) {min.)
16 0.0128 0.0193 0.0275 4.0 Wear
17 0.0131 0.0171 0.0425 5.0 Waesr
18 0.0173 0.0218 0.0563 1.0 Wear
13 0.0083 Q.0113 0.1172 __ 20 Wear

ExampLE 25

Inserts of Example 17 were ground to form a cutting edge. The inserts have been
used successfully in the following operations:
a. - Facing stainless steel 304 with a 0.0335 in depth of cut
b. -Tummg 0.D. of a round 4140 steel bar with a depth of cut varying from
0.015 to 0.025 in.
c. Turning O.D. of a round cold rolled 1020 steel bar,
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The above were run dry (no lubricant) and exhibited excellent cutting efficiency at high
rates of metal removal while exhibiting high wear resistance,. An insert of Example 17
wlnch had not been cumng-edge ground, performed similarly to the cutting edge ground
insert when the test of Example 25(b) was repeated.

. Example 17 inserts that had .been -edge ground also exhibited high cutting
efficiencies and low wear rates when used to cut non-ferrous metals, including copper,

prass and aluminum at high surface speeds.

EXAMPLE 26 - DRILL AND ROUTER BIrs

Samples according to examples 3 were extruded in the form of continuous rods
having nominal diameters of 0.25 inches (6.35 mm) and 0.5 inches (12.7 mm) for
formation into drill and router bits, respectively. Samples of each diameter were cut into
rods having a nominal 4 inch (10.2 cm) length. The rods were then HIPed in accordance
with Example 8 and surface ground with conventional equipment to final precise diameters
of 0.25 inches (6.35 mm) for the drill bit samples and 0.5 inches (12.7 mm) for the router
bits. The finished samples had an average density of 98.1% of theoretical and all samples
exhibited the conventional geometry and cutting edge preparations for each type of tool.

The whisker-reinforced drill bits made by the process of the invention were tested
in a side-by-side comparison against conventional tungsten carbide drill bits héving the
same geometry and edge preparation for drilling holes in fiberglass laminates and carbon
fiber laminates. The whisker-reinforced bits formed clean holes with no visible evi.dence
of delaminaﬁon;

The whisker-reinforced router bits made by the process of the invention were tested
against a conventional tungsten carbide router bit for high speed (3,000-4,000 rpm) routing
performance on wood, particle board, medium density fiberboard, plywood, and plastic
laminate-covered plywood (i.e., Formica™). The router bits exhibited the same geometry
and edge preparation.

In all cases, the whisker-reinforced router bit of the invention removed material

rapidly with sharp, clean, uniform profiles. The samples shaped with the whisker-
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reinforced tools exhibited no buming of the shaped edge. The whisker-reinforced tools
exhibited no adhesive buildup of resin from the shaped samples.

In contrast, samples shaped with the conventional tungsten carbide bit exhibited edge
purn marks due to the friction at the cutting interface. The conventional tungsten carbide
bits also exhibited adhesive buildup when 'cutting laminates such as plywoed.

EXAMPLES 27-30

Examples 27 and 28 were prepared with a silicon nitride modifier concentration of
5% as in examples 1-5. The powdered blends were, however, ball milled for four hours
Jonger, pressed at a higher pressure of 15,000 psi (10,350 N/cm?), and sintered at a higher
temperature of 1690° C. The purge gas consisted of nitrogen. Table 10 shows the

improvements in sintered density that results even with a whisker content of over 20%.
' Table 10

Graen Sinterad Open Closed
siC, Density Dansity Porosity Porosity
Wt %) {% TD) (% TO) {Vol %) {(Vol %)
13 20 88.6 94.2 0.57 §.23
27 20 88.0 968.1 0.25 4.85
28 22,5 68.0 9s5.8 0.22 4.48
14 25 67.5 88.8 0.58 10.82
e e

Examples 27 and 28 were then HIPed. Certain properties of the HIPed composites
are reported in Table 11.

Table 11

Sintered

SiC Density Porosity
i | ww (% TO) (Vol %)
e e e e
8 15 8.4 0.16
29 20 98.8 0.06 1.34 18.3 X

97.4



Tabl e 8 Exanpl e Average Wear (in.) Maximum Wear (in.) Nose Wear (in.)

Tool Life (mn.) Failure Mde ; 16 . 2 0.0108

0’ 0096 i ST O bl ‘AREPEA EMENT SHEET,
Viear 19 REPHAGHD) 1 s - 0.0171 12 MAROIBE3 |

17 < War 20 0. 0099 0} 0170

0. 0141 18 Wear EXAMPLE 24 Thel i nserts of
exanples 16-19 were tested for wear performance by turni lh | nconel 718 (432

bhn) on a 60 HP Axis C.N.N Universal Lathe. Coolant was used. The cut ti ng
speed was 65gxANmRlEs31-24 feed rate of 0.008 inches per
Examples 31 and 32 were prepared, in accordance with the procedure of Examples
1-5 but with a purge gas containing 5 volume. percent propaue and 95 volume percent
nitrogen. The purge gas flow rate 'was about 3 GHSV witn a_specific constant flow rate
of about 2 lters per minute through a smtermg chamber having a volume of about 40 liters.
Table 12 lists certain physml properties of the resulting composite.

Table 12
- | Sintered Open” Closed
SiC Propane Density Porosity Porosity Hardness Toughness
Ex. (Wt %) (vol%) % TD) (Vol %) | (Vel %) (GPa) (MPsJm)
3 15 |- o 95.9 0.08 4.02 15.5 eo |
N 15 S 98.8 0.13 3.27 17.2 8.2
13 20 B+ 94.2 0.57 8.23 * *
32 20 H] ' 95.9 0.13 3.97 18.3 8.3
L — -
V"="The sintered density 18 100 low 10 permut fehable hardness and tougnness
measursmant.

As Table 12 shows, a purge gas containing a hydrocarbon gas during the
pressureless sintering process has at least two advantages. The first advantage is visible
from photomicr,ogra_phs of samples sintered with and without a hydrocarbon gas. A
microporous boundary layer is visible from the micrographs to a depth of about 0.06 inches
(1520 pm). The microporous region would have to be ground from the sample for
optimum performance by the composite in high wear applications. The second advantage
is an increase in hardness.

The sample pressureless sintered with a hydrocarbon in the purge gas does not
exhibit a microporous layer of open pores. Micropores, to the extent they are visible in
the photomicrographs, are fewer in number. The samples can be HIPed with an attendant
increase in density thereby suggesting that the outer micropores exhibit a higher percentage
of closed cell structures.

Examples 31 and 32 were HIPed to make examples 33 and 34, respectively. Table
13 lists certain of the physical properties after HIPing for composites pressureless sintered.



revol uti on (0:20 mm per revolution). Each cut was at a depth of 0.06 inches

(1.52 mm). Table 9 reports the results.

Table 9 Exanpl e Average Wear (i doc-am Wear (i nf) [l P
(in.) Tool Life (min.) Failure Mde| THIS SHEERBAS BEEN | REGBREMENT SHEET
0.0193 0.0275 Q. REPLACED wear | 17

0. 0131 0.0171 - 260.0425 . 5(012 MAR 1997
Wear 18 0.0173 0. 0216 0. 0569
1.0 Wear 19 0. 0089 0.0113

0.1172 2.0 Wear EXAMPLE 25 | nsefts of Exanple 17

were ground to forma cutting edge.

in the follow ng

The inserts have been used successfully

Table 13
S e — )
HiPed Open Closed
Density Porosity Porosity | Hardness | Toughness

(% TD} {Vol %) {Veol %) (GPa} {(MPa/m)
i

98.4 0.1¢ 1.44 17.3 S.4

I 15 5 98.8 0.04 1.32 18.8 6.1

34 20 5 93.0 0.04 0.98 19.8 8.9

Table 13 shows that improvements in the HIPed samples are possible when the

samples were first pressureless sintered with a purge stream containing a hydrocarbon gas.
There is no significant loss of toughness upon HIPing as was observed when a hydrocarbon

gas was not used. See, Figure 1.

Compare the toughness data for examples 3 (6.0

MPa/m) and 8 (5.4 MPa/m) with the same results from examples 31 (6.2 MPay/m) and
33 (6.1 MP2/m). Moreover, HIPing produced a harder sample when the pressureless
sintering was conducted with a purge gas containing propane. Indeed, the toughness and

hardness values of examples 33 and 34 are comparable to those obtained by hot pressed

alumina-silicon carbide whisker composites.

It will be understood that the examples presented herein are for illustration purposes

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



oper at i ons: a. Facing stainless steel 304 with a 0.0335 in depth of
cut b. Turning O D. of a round 4140 bar with a depth of cut

varying fromO0.015 to 0.025 in. c. TuFHib sger b,
1020 steel bar. The above were run dryl(no Iurlpr)\g%wﬁféri
excel lent cutting efficiency at high rates of net al - renovl
exhi bi ti ng high—wear—reststance. An insej4 of Exanple 17 t hadmap R9997
formed by the ' I'nintoanear net final shape|c uttlngtool
exhibiting a ““mml“mwmu ﬂno addi ti onal edge preparation, perforned
simlarly to the €uttiny €dgé ground insert when the testijof Exanple 25(b)

was repeat ed. Exanpl e 17 inserts that had been edge ground al SO
exhi bited high cutting efficiencies and | ow wear rates when used to cut
non-ferrous GBABMS including copper, brass and ‘al um num at hi gh surface

- speeds.

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

sintering at ambient préssures a preform body having a density within the range
from about 60% to about 70%. of theoretical maximum ‘and fade from a mixture
comprising: 2 matrix consisting essentially of alumina and up to about 4 wt% of sintering
aids, about 10 to about 25 wt% of monocrystalline whiskers, and about 1 to about 7.5 wt%
of nitride modifier consisting essentially of silicon nitride or aluminum nitride or mixtures
thereof, to provide a sintered ceramic composite which exhibits a density of at least about
95% of theoretical and a sufficiently high density and concentration of closed pores to
achieve a density of at least about 98% theoretical upon densification’ by hot isostatic

pressing.

¢ 2 A process according to claim 1 wherein the sintering is conducted with a preform

body having a nitride modifier consisting essentially of silicon nitride.

3. A process according to claim 1 wherein the sintering is conducted with a preform
body having a whisker selected from the group consisting of alumina, titanium carbide,

silicon carbide, titanium nitride, aluminum nitride, aluminum oxynitride, and mixtures

thereof.

4. A process according to claim | wherein sintering is conducted with a perform body
containing silicon carbide whisker.

5. A process according to claim 1 wherein the sintering is conducted with a preform

body having a silicon carbide whisker content within the range from about 10 wt% to about
20 wt% and having a silicon nitride modifier.



EXAMPLE 26- DRILL AND ROUTER BI TS Sanpl es according to exanples 3 were
extruded in the formof continuous rods having nom nal diangters of 0.25

I nches (6.35 m) and 0.5 inches (12.7 i intjo —ard
router bits, respectively. Samptes of ¢adhS SHEFRHAS Baend c *m- ti’@éf!ﬂ SHEET

havi ng a nom nal ' | ength. THEPESEED ver e it hgn HI Ped Th
accordance with |muwmlﬂpg“nmmface _qr%eun_d wi th conventidnal €@uiMareisgy t
final precise dianetcers of & 25 inches (6.35 mm for the diilfl_bit sanples
and 0.5 inches (12.7 mm) for the router bits. The finished]sanpl es ha
average density of 98.1 % of theoretical and all sanples dxthibited the
conventional geonetry andcutting edge preparations for each type of todrl.

The whi sker-tgei nfQr drill..bits nmpde by the process of the inyention were
tested in a 'ide-gfﬁ%é%m 1 elaim, 4 whesein thshsintering dnconducisd MBH 3 prefarde
drill bits hgydyiavingea §ticéh &897ME W ' for drilling holes
in fiberglass ly;l% nat esand car bon l?if)%ggo am%rggpggéﬂ%]%%fsker-rei nf or ced
bits formed clean holes with no visible evidence

7. 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 2 wt% to about 7.5
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 6
wt%.

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

nitrogenous-containing purge gas.

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 claim 1 wherein the sintering is conducted with a preform
body consisting essentially of a matrix consisting essentially of alumina, at least one
sintering aid, silicon carbide whiskers, and silicon nitride. )

12. A process according to claim 13 wherein the sintering is conducted with a preform

body further containing a mixture of sintering aids.

_ 13. A process according to claim 13 wherein the sintering is conducted with a preform
body fu_;the_r containing magnesia and yttria as sintering aids.




of del am nati on. The whi sker-reinforced router bits made by the process
of the invention were tested agai nst a conventional tungsten.carbide router

bit for high speed (3,000-4,000 rpm reuting performance on WgEodap |
i i ' THIS SHEET HAS BEEN} ACRANT ShEeT

um density o \
W e e
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14. A process according to claim 11 wherein the sintering is conducted with a purge gas
that contains nitrogen and a hydrocarbon.

5. A process according to claim 11 wherein the sintering is conducted with a purge gas
that contains nitrogen and a hydrocarbon.

| ié. A process according to claim 1 further comprising before the sintering step:
forming a preform body having a denﬁq within the range from about 60% to about
70% of theoretical by a process consisting essentially of thoroughly mixing said alumina,
the sintering aids, said nitride modifier, and said whiskers to form a mixture that will locse

less than about 2.5% by weight upon pressureless sintering.

17. A process according to claim 16 further comprising:
shaping said preform body into a shape approximating a final shape with allowance
,  for shrinkage of the shaped preform body upon sintering.

18. A 'process according to claim 17 further comprising:

shaping said preform body into a drill bit, a router bit, a cutting tool, 2 turbine
blade, an engine block, a piston, a valve, a punch, a die, a nozzle, a roller, a ball bearing,
a roller bearing, an extrusion die, or a pump seal.

19. A process according to claim 1 further comprising:
subjecting the sintered preform body to hot isostatic pressing to produce a
compacted ceramic body having a density of at least about 98% of theoretical.

20. A composite comprising a sintered ceramic matrix consisting essentially of alumina

and up to about 4 wt% of sintering aids, about 10 to about 25 wt% monocrystalline
whiskers, and about 1 to about 7.5 wt% of nitride modifier consisting essentially of silicon

29
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nitride or aluminum nitride or mixtures thereof, wherein said sintered ceramic composite
was formed by pressureless sintering and exhibits a density of at least about 95% of
theoretical and a closed pore structure that will permit a further density increase to at least
about 98% of theoretical by hot isostatic pressing.

21. A composite as in claim 20 which is further pressed by hot isostatic pressing.

22. A composite as in claim 20 wherein said whiskers are present within the range from
about 10 wt% to about 20 wt%.

23. A composite as in claim 20 wherein said whiskers are selected from the group
consisting of alumina, titanium carbide, silicon carbide, titanium nitride, aluminum

oxynitride, and mixtures thereof.

24. A composite as in claim 20 wherein said whiskers consist essentially of silicon
carbide.

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

silicon nitride powder.

-

26. A composite as in claim 20 wherein said nitride modifier is present from about 2

to about 7.5 wt%.

27. A composite as in claim 20 wherein said sintering aids contain a mixture of

magnesia and yttria.

28. A composite as in claim 20 wherein said at least one sintering aid comprisés up to
about 2 wt% of a mixture of yttria and magnesia.
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Exanmpl es 27 and 28 were then HI Ped. Cergzai.n properties of the-H Ped

conposites are reported in Tabl
Table 11 Ex. SiC (W Rcm%m Wyﬁfsed Porosity

Har dness (GPa) Toughness (Vol %

(Vol 9% (MPaferr]m 8

98. 4 0.16 1.44 17.3 5.4
ABSTRACT OF THE DISCLOSURE

A composite and pressurcless sintering process for making whisker-reinforced
alumina composites using about 2 wt% to about 7.5 wt% of a nitride modifier consisting
essentially of silicon nitride, aluminum nitride, or mixtures thersof produces a sintered
body having a density of greater than about 95% theoretical.

FIGURE 1.
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(vol'® Density (% Porosity  Porosit hap(GPR)___ . (MPa[err]nd
TD) (Vol 9% 3 15 76@%%0 i BPYACE ML :;%-s.':gg '

4.02 15. 5 6.0 31 15 7”55’5 .
0.13 3. 27 17.2 6.2 13 2 - N 1

94. 2 0.57 5.23 32 20 W”j 529 |
95. 9 0.13 3. 97 -1%.38 6.3 1The sintered—
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advantage 1s Vvisible from photom crographs of sanples sintered with and

W t hout a FiELD OF THE INVENTION

The invention relates to a pressursless sintering process for forming whisker-reinforced alumina-based ceramic
bodies having excsilent physical properties.

BACKGROUND OF THE TECHNOLOGY

Whisker-reinforced alumina has found use in structural applications such as heat enginas and turbine blades (see,
U.S. Patent No. 4,543,345) and in more severe applications such as cutting tools (see, U.S. Patent Nos. 4,789,277
and 4,961,757). These compasites can have up to about 40 vol. % whiskers using a processing technique known as
*hot pressing” which produces composites having a density of at least greater than 88% of theoratical. A density of at
least about 95% is needed for virtually all engineering apptications of ceramics.

In the conventional processes for making whisker-reintorced alumina bodies, hot pressing can also be described
as ‘pressurized sintering® because the process involves the application of uniaxial loads of about 24,1 - 37,9 MPa
(3500-5500 psi). In the process, a powder bland or preformed sample is loaded in a {rea flowing form into a graphite
die and sintered under an inert atmosphere in a high temperature furnacs, Pressure is applied to the powder in the die
with a hydraulic ram as the fumace temperature is increased to about 1450°-1850° C and maintained at temperature
for an appropriate time. The fumace is then allowed to cool. Cycle timas of several hours are used, and the process
is limited to the production of discrete batches. )

The structural limits of the dies generally prohibit the use of applied pressures greater than about 37,9 MPa (5500
psi). In addition, the hot pressing method generally limits the shape of the formed bedy to simple geometric shapes
such as round or rectangular plates or cylinders uniess special complex dies and pressure rams are constructed at’
great expense. In addition, the proparties of such hat pressed bodies are more anisotropic due to the uniaxial loading
than those prepared by the pressureless sintering.

Hot pressing is to be contrasted with *green” preform body preparation, *pressureless sintering® and “hot isostatic
pressing” (HIPing). Green preform bodies are prepared by mixing ceramic powder blends with conventional sintering
aids (e.g., magnesia and/or rare earth oxides) and an organic binder containing a lubricant. The green preform body
is then formed by compacting the powder blend at ambient temnperature to a density of about 60-70% of theoretical.
Thae theoretical density of a material is the density calculated from the number of atoms per unit cell and the measure-
ment of the lattice parameters. Generally, green bodies ars formed as simple geometrical shapes (e.g., a tube, cylinder,
or disk) and, if necessary, machined to the desired shape aliowing for shrinkage which will occur during subsequent
heating steps (i.e., near-net-shape fabrication). Binder material is removed by heating the shaped green body in air in
an aven at temperatures up to 500° C for about 10-15 hours depanding on size and shapa.

A green preform body is further densified by pressureless sintering in a fumace at 1450°-1850° C under an at-
mosphere (e.g.. argon or nitrogen) that does not adversely affect either the composite being sintered or the sintering
fumace components. The sintering is allowed to continue until essentially complete (generally greater than 94% to
95% theoretical density). It the resulting sintered body forms a closed cell structure (closed porosity), the density may
be fuither incraased by hot isostatic prassing.

Hot isostatic pressing (HIPing) is the process of applying high pressure to a sintered body with inert gas typicaily
at 103,4 - 206,9 MPa (15,000-30,000 psi) for about 1-2 hours at a temperature of from about 1500° to about 1700° C
(for alumina oxide) with the goal of producing a body having greater than about 98% theoretical density. The sintered
body to be HIPed must exhibit almost completely closed call structure. More than about 95% of the pores must be
closed for HIPing to have a significant effect.

The concentration of closed pore structure is calculated from the formula:

(% Closed) = 100- (% Theoretical density) - (% Open Porosity)

The methed used for measuring the closed porosity is ASTM C830-83. Briefly described, the open pore structure is
determined by measuring water uptake during vacuum impregnation of the body. As an example, if a dry sintered bO_dY
~ with a density of 95% theoretical density has a water uptake corresponding to 1% of the alumina composite densty,
then the body has a 4% ciosed pore structurs. The theoretical density is calculated by applying the rule of mixtures to
the absolute densities of each component, as is well known in the art.
Economically, hot pressing is an extremely expensive and labor intensive process. The pressing equipment is
costly. The graphite dies must be cut from a unitary block and do not fast for many pressings. The cycle times are
relativaly short, but can only producs a limitad number of spacimens. The prassed bodias are limited to simptle geomaetric
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shapes. The machining of such shapes to final torm is difficult due to the high density and hardness of the body and
can lead to rejects or surface strasses that affect the structural performance of the part. Ses, Sacks U.S, Patant No.
§,009.822.

By contrast, pressureless sintering is about 25-33% the cost of hat pressing. Conducting the process at about
atmospheric pressure reduces the capital expanse of the equipment needed for the process. Continuous processing
can be used, and large numbers of parts can ba mad. If a batch process is usad, the batches are larger and the
furnaces can be used more economically. Metal dies used for graen forming can be reused for many pieces. The ability
to readily machine the green body permits the formation of complex shapes. If needed, HIPing can be used after
prassuraless sintering to increase the final density of the body at a total cost that is still less than the corresponding
hot pressing process (i.e., perhaps 30% less) but without the inherent limits imposed by hot pressing.

Pressuraless sintering would, therelore, be a preferred method for making ceramic bedias and for whisker rein-
forced ceramics in particular. Unfortunately, those in the art have found that pressureiess sintering does not produce
adequate densities when the composite contains more than 10 vol. % (about 8.1 wt%) whiskers. Seg, Tiegs U.S. Patent
No, 4,852,413 where an alumina matrix containing 2% yttria as a sintering aid and 10 vol% silicon carbide whiskers
was sintered by pressureless sintering to greater than 94% theoretical, but an equivalent sample with 20 vol% (about
16.7 wi. %) whiskers could achieve only 75% thecratical density. This limitation of about 10 vol% whiskers is also
described in Sacks U.S. Patent No. 5,009,822 in col. 7, lines 4-12. Somewhat similarly, WO 86/05480 exemplified
sintered dansities of greater than about 95% theoratical only for composites containing up to about 12.1 volums % (10
wt%) whiskars (Tabie 1).

A raview of tha problems associated with pressureiess sintering of alumina-SiC whisker composites is presented
in Tiegs et al., A. Ceram. Soc. Bull., 66(2) 339-342 (1977). As described on'page 340, the whiskers interfere with
afficient particle packing, particla rearrangement, and shrinkages. The rasult is a low final density. Table Il and Figure
2 in Tiegs show that as the whisker contant increases, the green and final densities decrease. Tiegs et al. states: "At
whisker contents much greater than 10 voi%, the inhibition of densification is acute.® Moreover, HIPing was nat able
to increase the density of the body because “the material had not achieved closed parosity prior to HiPing. * The
fracture toughness for the 20 vel% whisker material was reported by Tiegs as not significantly higher than monolithic

* alumina.

In a later paper, Tiegs et al. achieved a 95% dansity with pressursliess sintering of an alumina composite containing
about 13 vol% (about 10.7 wt%) whiskers. Ceram Engr. and Sci. Proc., Sept.-Oct. 1986, pp. 1182-1186, Fig. 2. The
paper also summarizes the need in the ant: *Further devalcpment may make it possibie to sinter and then HIP (without
encapsulation) alumina with up to 20 vol. % SiC whiskers, but that is yet to be shown. *

The art has gone to great lengths to find a process that would produce a whisker-reinforced alumina composite
with a density of at least about 94% to 95% theoretical. Techniquas used to increase density include dry processing
of powders with pressureless sintering and HiPing (see, Tiegs et al., Ceram. Engr. and Sci. Proc,, 13th Automotive
Cont., pp. 1182-1186 (Sept.-Oct. 1986)) and wet processing with size classification to remove agglomerates followed
by slip and centrifugal casting of well dispersed suspensions of alumina and whiskers (see, Sacks et al., J. Am, Ceram.
Soc., 71(5) 370-379 (1988)). These wet processing methods are considered to produce superior green bodies com-
pared to dry powder processing. See, Sacks et al. in Table m. Wet processing techniques can be used to produce
green bodies having high densities with even 30 vol% whiskers because green body density is not significantly affected
by whisker size and concentration. Compara Sacks et al., J. Am. Ceram. Soc., 71(5) 370-379 (1988) with Tiegs et al.,
Ceram Engr. and Sci. Proc., (Sept.-Oct. 1986) in Fig. 2. Upon sintering, howsver, the whiskers exert a controlling
influence over the densities which can be attained by sintering green bodies mads by either dry or wet processing.

The need continues to exist for a pressureless sintering process that will permit the use of high levels of whiskers
as rainforcing agents for alumina matrices and result in a sufficiently high density with a sufficient degree of pore closure

.to permnit HIRing the body 1o further incraase both the density and strength of the ceramic to the level required by the
intended application.

One skilled in the art will recognize that the application and purpose for which the reinforced ceramic is to be used
will dictate the minimum dansity and strength that is required. Different applications and end uses will require different
minimum densities and strengths. For example, a metal cutting toal insert with 15 wt.% whiskars requires a density of
greater than 98% thsoretical. A router bit of the same composition, designed for cutting non-metals such as wood,
requires a density of graater than 96.5 % theorstical. Thus, depending on the composition of the ceramic, its application,
and end use, HIPing after pressureless sintering may or may not be required. The identification of the requiremeants
for each use is within the skill of the art.

The art has also suggested the use of high levels, e.g. greater than 8 wt%, of sintering aids to increase the com-
posite dansity. The resulting liquid phase may, however, affect the composite's high temperature properties. Sacks et
al., Caram. Engr. Soc. Proc., 9 [7-8], pp. 741-754 (1988). It would be desirable to have a process that could produce
high densities without the need for high fevels of sintering aids which adversely affect propertias of the compasite.

In addition to a high density and closed pores, the final composite should exhibit high levels of toughness. One
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and figure 3. If the powders are pre-reacted, the patent discloses that coid pressing and sintering can be used. The
examples illustrate the use of a total nitride modifier concentration of 9-30 wt% with hot pressing fabrication. The
problem of achieving high compaction densities with high whisker concentralions is not disclosed, acknowledged, nar
exemplified.
It would be desirable to provide a pressureless sintering process that could produce whisker-einforced alumina
composites exhibiting levels of toughness comparable in use to those of reinfarced alumina compasites made by hot

pressing.

p I——

SUMMARY OF THE INVENTION

Itis an object of the invention to provide a process for preparing whisker reinforcad alumina composites by pres-
sureless sintering whereby the sinterad body exhibits a high density and sufficient closed pores 10 permit the body to
be HIPed to a density of at lsast about 98% theoratical.

it is anothar cbject of the inventicn to provide a process for preparing whisker reinforced alumina composites by
pressureless sintering whereby the sintered body exhibits a toughness comparable in practical usa to thosa of rein-
forced alumina composites mada by hot prassing. '

These and other cbjects that will become apparant from the description herein.

In one aspect, the invention contemplatas a process which comprises:

sintering at pressureless sintering conditions a preform body having a density within the range from about 60%.
to about 70% theorstical and made from a mixturs comprising a matrix material consisting essentially of alumina and
up to about 4% of sintering aids, from about 10 to about 23 wt% monccrystalline whiskers, and from about 1 to about
7.5 wt% of nitride modifier consisting essentially of silicon nitride or aluminum nitride or mixtures thereo, to provide a
sintered ceramic compaosite which exhibits a density of at least about 94% or 95 % of theorstical and a sufficiently high
density and concentration of closed pores that will permit the body to attain a density of at least about 98% theoretical
upon hot isostatic pressing.

In other aspects, the invention contemplates composites and articles mads therefrom including cutting tools, can-
making tools, and other tools requiring high levels of wear resistance. The compasite and toals are made by the pres-
sureless sintering processas dascribed herain.

The present invention provides a process for consistently producing dense, tough ceramic composites using a
significantly less expensive procedure than the conventional hot pressing process. The practice of the invention allows
for ready control of the composition and properties of the finai product. The process is not anly economical but provides
a product having good performance.

Without wishing to be bound by any particular theory, it appears that the presence of homogeneously distributed
fine particles of nitride facilitates the formation of a transiant, irreversible liquid phase during the pressureless sintering
step. Such liquid phase aids the formation of closed pores which enhances the beneficial effect of later HIPing. The
properties of ceramics from the present procass are comparable in practical use to those made by hot prassing.

BRIEF DESCRIPTION OF THE DRAWINGS

_ Figure 1is a graph depicting the relationships between fracture toughness and silicon nitrida content in an alumina
matrix reinforced with silicon carbide whiskers. The fracture toughness of two hot pressed composites is provided for
comparison,

DETAILED DESCRIPTION

Alumina useful for the matrix material of the present invention is e-alumina having a high degree of purity. Prafer-
ably, the powdered alumina used in the process has an average particle size from about 0.5 um to about 1 um and
represents at least about 60% of the total weight of the final composite. The matrix may also contain a sintering aid

~ and any conventional toughening agents.

The matrix nitride modifier for the present invention consists essentially of powdered, fiber, or whisker forms of
silicon nitride, aluminum nitride, or mbxturas thereof. The praferred nitride modifler consists assentially of silicon nitride.
The average particle size range for the nitride modifier or moditiers when used in powered form is within the same
ranges as those for the alumina, preferably about 0.5 um to about 1 pm.
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Sintering aids for the malrix of the present invention are known in the art and are used in concentrations of up to
about 4 wt%, preferably only up to about 2 wt%. A sintering aid acts to increase the efficiancy of the sintering process
without materially affecting the reinforcing affacts of the whiskers in the matrix, Preferred sintering aids include at least
one sintering aid of, inter alia, magnesia, yttria, and other rare earth oxides. Nitride modifiers such as silicon nitride
and aluminum nitride according to the present invention are generally not considered to be sintering aids. See, Land-
ingham U.S. Patent No. 4,745,091 in cot. 2, lines 39-68.

The matrix may also contain up to about 25 wt% of toughening and/or hardening agents to affect the overall
composite toughness and hardness, respectively. Toughening agents useful in the invention are those oxides generally
known in the art and include zirconia and/or hafnia. Hardening Agents, such as titanium carbide, can be used in quan-
tities of up to about 10 wt%. The toughening and hardening agents are in the form of particles typically within the size
range from about 0.5 to about 1 um, Titanium carbide particles, however, may be somewhat larger.

Monocrystalline ceramic whiskers are thoroughly distributed throughout the matrix of the invantion to act as rein-
forcamaent theraof. Monocrystalline ceramic whiskers useful as matrix reinforcament include alumina, ttanium carbids,
silicon carbide, titanium nitride, aluminum oxynitride, and mixtures thereof. Each of these whiskers are well known in
the art. Silicon carbide whiskers are the preferrsd whisker for the present invention and are thoroughly described in
U.S. Patent No. 4,961,757 which is herein incorporated by reference. Briefly described, silicon carbide whiskers are
in the beta form of silicon carbide whisker and exhibit a monocrystalline structure. Such whiskers may be produced
from rice hulls and have average diameters on ths order of 0.6 um and aspect ratios on the order of 15-150. Strangths
are about 1 million psi (70,000 kg/cm?) with tensile modulii of about 60-10C million psi {4-7 million kg/em?),

Whiskars may be present in amounts within the range from about 10 wi% to about 25 wt%, preferably within the
range from about 10 or about 15 to about 23 wt%, and most preferably within a range from about 10 to about 20 wt%.
Particularly good results are seen when the composite contains about 10-18 wt% or 10-15 wi% whiskers.

An inert carrier gas like argon, helium, or any of the other noble gases may be used in the purge gas stream passed
through the sintering chamber. It has been discovered, howevar, that hardness and toughness may be improved in
the final composite by use of a nitrogenous gas in the purge gas stream which is passed through the sintering chamber
during the pressureless sintering process. Nitrogenous gases that can be used in the purge gas inciude nitrogen and
other nitrogen-containing gases like ammonia that will produce nitrogen at sintering temperatures but which does not
adversaly atfect aither the composite being sintered or the sintaring fumace components.

It has been detemmined that further improvement in the sintered ceramic composite may be obtained if the purge
gas which is passed through the sintering chamber also contains a gaseous hydrocarbon. The hydrocarbon can be
added to any of the purge gases suitable for use in this invention. Virtually any hydrocarbon that assumes a gaseous
form at sintering temparatures and has an atomic carbon to hydrogen ratio of at least about 0.25, preferably above
about 0.5, and most praferably at least about 1, can be used as a getter agent in the purge gas stream for the prasent
invention. At the ceramic sintering temperatures contemplated for the present invention (1500°-1850°C), most hydro-
carbon species introduced with the stream of inert gas into the sintering chamber will crack or dissociate into species
reactive toward any reactive impurities issuing from the composite being sintered. A getter should not be used if the
reactive form will have sufficient excess hydrogen to favor the formation of water which can have a corrosive effect on
the whiskers as well as the components of the sintering furnace. The amount of hydrocarbon present in the purge gas
is within the skill of tha art but often will be from about 1% to about 10 volume %.

Suitable hydrocarbon agents for use as getter agents in pressureless sintering include linear, branched, and cyclic
alkanes (s.g., methane, ethane, propane, butane, iscbutane, pentane, hexane, and cyclohexane); linear, branched,
and cyclic alkenes (e.g., sthylens, propylene, butylene, butadiene), linear, branched, and cyclic alkynes (8.g., acaty-
lene, propyne, butyne, and pentyne); and mono- or multi-ring aromatic hydrocarbons (e.g., benzens, toluene, anFI
naphthalene). For ease of operation and convenient handling, alkanes having 2-10 carbon atoms and monoaromatic
hydrocarbons are preferred. )

While not wishing to be bound by any particular theory, it is thought that the hydrocarben acts, at Iea§t in part, as
a uniformly distributed getter that acts to remove any surface or localized species, such as oxygen. issuing from the
camposite or present within the fumace during the sintering process that are reactive to the whiskers dispersed th.rough-

- out the matrix. The net effact is that the whisker is protacted through the sintering process and is better able to rehj\forqe
the matrix in the final product. This protection mechanism also helps to understand why hot pressing in a graphite die
will produce highly reinforced composites: the solid carbon pressing on the sample is sufficiently close ta be able 1
contact and deactivate reactive species from the composite and the surroundings. Pressureless sintering in a larger
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appended cl ARdYardless of which specific purge gas or combination of gases is used, the purge gas ganerally flows through
the sintering chamber at a rate within the range from about 0.03 to about 30 gas hourly space velocity (GHSV). Pref-
erably, the purge gas has a space valocity of 1-5 GHSV. Pratarably, the purge gas contains a combination of at laast
20 volume percent of a nitrogenous gas and about 1-10 volume percent of a hydrocarbon.

Composites made according to the prasent invention are made by mixing the alumina, whiskers, and nitride modifier
with mixing techniques that thoroughly disperse the whiskers in the matrix matarial. Ball miling with alumina or caramic
balls is a preferrad mixing method. One praferred method involves a combinaticn of wet ball milting, drying the wet
milled material to form a cake, and dry ball milling the cake. Binding and milling aids are added to the process whera
they can best be dispersed to abtain optimum use. For example, wet ball milling times may range from about 2 1o about
24 hours, drying may be at temperatures within the range from about 70°C to about 120°C, and dry ball milling times
may range from about 2 to about 24 hours. The specific process is chosen to provide a homageneous free flowing
agglomerated powder which preferably has an agglomerated particie size distribution substantially within the range
from about -40 Tyler mesh (373 um) to about +325 Tyler mesh (44 um). Dasirably the dry ball milling following wet
milling and drying is conducted for a sufficient period so that the composite will lose not more than about 2.5 % by
weight and more desirably not more than about 2% by weight upon pressureless sintering. An insufficiently dried or
pulverized powdar can adverssly affect the final product. The amount of time for dry ball milling will vary depending on
the nature and scale of the equipment and operating parameters. The choice of equipment and cperating parameters
is within the skill of the art.

A green preform body is made from the thoroughly mixed, unreacted, free-flowing powder after wat milling and
dry ball milling by conventional wet or dry forming methods. Conventional arganic binders and lubricants are employed
in preparing the prefomn bodies. Suitable methods include axial pressing at ambient temperatures at pressures within
the range from about 10,000 to about 30,000 psi (§900-21,000 Nicm?2) and preferably about 10,000 to about 20,000
psi (about 6300-14,000 N/cm?), cold isostatic pressing, extrusion with high back pressures, injection molding, and

. casting with conventional slip or centrifugal techniques (see, e.g., Sacks U.S. Patent No. 5,009,822).

The preform bodies exhibit a density within the range from about 60% to about 70% of theoretical maximum and
are often mada in simple geometric shapes such as cylinders, round or square disks, and tubes. If desired, these
preform bodies may be machined by conventional techniques into a shape approximating that of the final product
dimensions with appropriate allowance for shrinkage upon sintering. Such shapes are sometimes referred to in the art
as having a *near net final® shape,

It should be noted that, contrary to the teaching in Landingham U.S. Patent No. 4,745,091, the powders used for
the matrix are not pre-reacted or otherwise subjected to chemical reaction processes before being shaped into green
preform badies. Although not wishing to be bound by any particular theory, the nitride modifier of the matrix in levels
according to the invention appears to be mitigating the effects which previously inhibited the production of high com-
posite densities with highly loaded whisker composites mads by pressureless sintering. See, Lange, J.Mater, Rsch,,
2(1) 59-63 (1987) for a discussion of the factors which are thought to inhibit high loading. The matrix nitride modifier
of the present invention may be producing a localized irreversible transient plastic or liquid phase during the sintering
that permils 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 ‘091 forms a solid sialon-type phase during prereaction and would not form a transient liquid later under
sintering conditions.

Pressursless sintaring according to the invention is conducted on the preform composite bodies at about ambient
pressures in a fumace, preferably a graphite furacs, at a temperature within 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%. A 98-99 %
theoretical density is generally a maximum density for pressuraless sintering processes on whisker-einforcad com-
posite bodies. Those skilled in the art of sintering will recognize that no more than routine optimization will be needed
to salect the optimum canditions for the specific geometrias of the furnace and the shapaes of the samples being sintered.

] Ambient pressures for use in pressuraless sintaring include the atmospheric conditions prevailing at the manufac-
turing site although pressures somewhat above and below ambiant pressuras may be used if desired, Lower pressures
may be used ta evacuate the sintering chamber. Slightly elevated prassures (e.g., up to a few atmaspheres) may also
be used to prevent entry of materials or gases from outside the sintaring chamber although such slgvated pressures
generally provide little, it any, benefit to the sintered product. Genarally, the sintering cycle time will be about 12-48
hours although those in this art are awars that sintering cycle temperatures and times may be varied depending on
the nature and size of the bedy being sintered.

The composite resulting from the prassureless sintering process of the invantion exhibits a dansity of at least about
84% or 95% of theoratical density and graater than about 95%, preferably above about 99% in closed pore structures,
The closed pore structure content should be sufficient to permit turther compaction by HIPing to a density of greater
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than about 98% theoretical. The factors which affect the sintered density and closed pore structurg include the fingness

of the powders, the amount of silicon nitride present with raspect to whisker content, the degreg of dry ball milling, The
selection of purge gas (eg: nitrogen is bensficial for higher densitias and closed pores) sintaring ratas and sintering
temperature. The optimurmn balance of these factors is within the skill of the art.

Sintered compositas according to the invention exhibit a fracture toughness of greater than about 5§ MPavym, and
a banding strangth of greater than about 500 MPa after HiPing to provide the properties suggestive of utility for a
number of applications for the composites. Fracture loughness is measured according to G.R. Anstis et al., Gen, Am.
Ceram. Soc., 84, p. 553 {1981) employing a 10 kg load, and bending strength is measured according to MS 19428,

" These sintered composites even before HIPing have utility for applications which may not require very high strangth.
Such applications include, inter alia, can tools, bearings, routers and drili bits for non-metal and soft metal (e.g,, brass)
shaping, and the like.

If the sintering process results in a body having a density of less than about 98%, the sintered prefarm body may
be further compacted by hot isostatic pressing (H!Ping) for a time sufficient to produce a compacted body having a
density of greater than about 98%. it shouid ba ncted that the present invention provides a product from pressureless
sintering that has a sufficiently high concentration of closed porosity that further densification by hot isostatic pressing
can be accomplished without the use of an extemal cladding or encapsulation material around the part subjected to
the hot isostatic pressing.

Any HIPing of the sintered compasite bady is conducted by employing standard prior art tachniques. Such tech-
niques employ an inert gas, often argon, at from about 15,000 to about 30,000 psi at a temperature of about 1500° to
about 1700°C for a time (eg: 1-2 hours) sufficient to provide the desired density of at least about 98%.

HiPed composites from the present process are useful for fabrication into a variety of elements subject to wear
and/or impact where toughness and shock resistance are important characteristics and which have previously been
served by ceramics made by hot pressing. Particular applications for the presant HIPed composites include, inter alia,
drill bits exhibiting cutting edges for graphite compasites, plastics, woods, or metals; router bits exhibiting cutting edges
for, inter afia, wood, fiberboard, metal, plastics, or laminated compesitas including graphite composites and wood lam-

" inates; cutting tocls exhibiting a cutting edge for cutting metals; turbine blades; heat engine components such as engine
blocks, pistons, and valves; punches and dies exhibiting surfaces and clearances appropriate for can manutacture 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; inter alia, pump seals far impellers. ]

Orill and router bits made from ceramics using the present process exhibit shapes which are the same as those
of conventional drill and router bits. These tools are useful for cutting wood, metals, and laminates such as graphite
composites and wood laminates. In fact, use of the present ceramic tools for cutting graphite composites will perform
like hot pressed ceramic bits which can cut hundreds of holes in graphite composites without defamination. See, Lauder
U.S. Patent No. 5,002,439.

When used for cutting tools, the cutting tools are replaceable inserts of the standard geometry employed in the
cutting tool industry for applications including, inter afia, tuming, facing, milling, boring, and similar operations. The
inserts will exhibit a cutting edge having dimensicns and angles appropriate for cutting metal according to the desired
cutting technique. As an example, a preferred insert geometry for cutting nickel-based alloys would exhibit an axial
rake of -5°, an end cutting edge angle of 15°, a radial rake of -5° with a radial relief of 5°, and a cornar angle of 15°
with a nose radius of 0.030 inches (0.762 mm). See, Rhodes U.S. Patent No. 4,961,757 and 4,788,277 which are
herein incorporated by reference. indeed, use of the process pemits inserts and tools to be manufactured to near nat
final shape without the need for machining larger blanks and the material waste associated therewith.

Can tools madse trom ceramics produced according to the present process (either before or after HIPing) exhibit
a shape of forming wheels, punches and/or dies with smooth outer surfaces and close lolerances between associated

- dies and punch elements. The whisker reinforced alumina ceramics possess a number of unique advantages in their
ability to produce smooth part surfaces for long periods of time without significant buildup of can material on the outer
surface of the tool. See, Laudsr U.S. Patent No. 5,095,730.

The ceramic bodies made according to this invention both after pressureless sintering and after HIPing have a
substantially random three dimensional orientation of whiskers so that rasistance to fracture is substantially the same
in all directions. This orientation is in contrast to the two dimensional orientation (perpendicular to the axis of the ram)
which is obtained in a hot pressed ceramic product.

EXAMPLES

The following examples are useful for dascribing the benefits of the present invantion. In all examptes, the alumina
was a commercially available a-alumina powder with a density of 3.98 £ 0.02 g/cm? with a purity of at [east 99.97%.
The surface area of the alumina was 10,5 m2/g. The sintering aids were magnesia and yttria in levels of less than 4%.

The silicon nitride powdar was a commarcially available mixture of alpha (95.2 %) and beta (4.8%) forms having
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Examples 1-5 illustrate the effects of a varied silicon nitride powder concentration on a constant whisker concen-
tration of 15%. _

Alumina powdar, silicon nitride, silicon carbide whiskers, and the sintering aids (2% or less yttria and 2% or fess
magnesia) ware weighed and wet ball milled for about 10 hours. An organic binder (polyethylene glycol and/or polyvinyt
alcohol) and a lubricant (stearic acid) were then added, and ball milling continued for another 30 minutes. The mixture
was then placed in an oven and complately dried at about 70° C. The resulting cake was dry milled for about 16 hours
until the material became a homogeneous free-flowing powder exhibiting an agglomerated particle size distribution
substantially in the range from about -60 Tyler mesh (250 um) to about +325 Tylsr mesh (44 um) with whiskers uniformly
distributed thersthrough.

Green preform bodies exhibiting disk shapes were prepared by pressing the powder in a cylindrical die having a
diameter of 1.125 inches (28.6 mm) and applying an axial pressurs of about 10,000 psi (about 8800 N/icm?). The
resulting disks contained 10 grams of compacted powder. The binder material was removed by heating the preform in
a muffle fumace at 500° C in air until all the binder had been bumed off. The sample was then ready for pressureless
sintering.

The pressureless sintering took placs in a graphite resistance fumace at 1625° C with a constant flow of a purge.”

gas containing nitrogen through the heating chamber. The preform was heid at 1625° C for 50 minutes and then allowed
to coal to room temperaturs. The resulting sintered disks were checked for density, the degrae of closed porosity, and

" for toughness and hardness using the conventional Vickers Indentation Method with a 10 kg load. The results are

reported in Table 1. The relationship between fracture toughness and silicon nitride concentration is illustrated in Figure
1 for samples prepared by pressureless sintering with and without HIPing and samples prepared by hot pressing.

Table 1
Pressureless Sintered Results (Varying SizN, Content)
Ex. | SigNg(Wt | SiC,, (Wt Green Sintered Open Closed Hardness | Toughness
%) %) Density Density Porosity Porosity (GPa) (Mpavym)
(%) (%) {vol. %) (vol. %)
1 1.0 15 62.5 98.8 - - 174 53
2 25 15 64.8 95.5 0.04 4.46 15.3 58
3 5.0 15 64.9 95.9 0.08 4.02 16.5 6.0
4 7.5 18 65.4 96.1 0.26 3.64 15.6 6.0
5 10.0 15 60.0 94.9 0.37 473 16.0 56

Examples 1-5 were then subjected to hot isostatic pressing (HIPing) to make examples 6-10. The properties of
the samples after HIPing are reported in Table 2.

Table 2
HiPed Resuits (Varying SizN4 Content)
Ex. | SigNg (Wt | SiC (Wt %) | Density (% Open Closed Hardness (GPa) | Toughness
%) TD) Porosity Porosity (Mpavm)
(Vol %) (Vol %)
1.0 15 - - . 19.0 49
25 15 98.5 0.13 1.37 167 5.6
5.0 15 98.4 0.16 1.44 17.3 5.4

al um num oxynitri de,
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HIPed Resulis (Varying SizN4 Content)
Ex. | SigN (Wt | SiC (Wt %) | Density (% Open Closed Hardness (GPa) Toughnass
%) D) Porasity Porosity (Mpavm)
(Vol %) (Vol %)
9 7.5 15 98.6 0.13 1.27 17.5 5.4
10 10.0 15 96.5 0.87 2.63 Sample Cracked
EXAMPLES 11-14

Examples 11-14 maintain the silicon nitride powder concentration at 5% and vary the whisker concentration, The
preparation method is otherwise the same as that of examples 1-5. The properties of the resulting sintered samples
are presented in Table 3.

Table 3
Pressureless Sintered Reasults (Varying SiC,, Contant)
Ex. | SiCy (Wt%) | Green Density (% | SinteredDensity(% | Open Porosity (Vol. | Closad Porosity (Vo
TD) TD) - %) %)

1 10 65.2 98.1 0.05 1.85

12 15 64.9 : 95.9 0.08 4.02 |
13 20 66.8 94.2 0.57 5.23

14 25 67.5 88.8 0.58 10.62

EXAMPLE 15

Example 15 was made using the same technique as in examples 1-5 but without binder or lubricant. Exampie 12
had 15 wt% silicon carbide whiskers and 5 wt% silicon nitride. The sample was hot pressed under nitrogen at 1520°
C and a pressure of 4,000 psi. The resuiting composite had the average properties listed in Table 4:

Table 4
Density > 99% theorstical
Hardnass (GPa) 17.3
Fracture toughness (MPaVm) 5.0

The fracture toughness is shown in figure 1 for comparison against the samples sintered without supraatmospheric
pressure according to the present invention. By comparison, a commercially available hot pressed sample with 15 wt%
silicon whiskers and no sillcon nitride had a better toughness of 5.6 MPam,

As will be seen from figure 1, samples prepared according to the present invention both with and without HIPing
have a better toughness than the hot pressed sample of the same composition subjectedto hot pressing. The toughness
e?l(hibited by samples of the presant invention are also comparable to or better than the hot prassed sample without
sificon nitride.

EXAMPLES 16-20

) Metal-cutting tools in the form of inserts were prepared for comparison to commarcially available inserts. The
msa.ns of example 3 were pressureless sintered and then HiPed as in example 8 to produce a blanks having the shape
of dlsks‘ with a diameter of 1.125 inches (28.6 mm). The blanks were cut to the shape of insarts having the same
: dlmensuqns and cutting surface preparations as conventional ceramic cutting tool inserts.
The inserts wera prapared as identified in Table 5:



conttent within the range from2 w%to 7.5 wt%

s sl
||uvl II

8. A process accordi ng to
m hnrl\l

claim4 wherein the sintering is conducted with a prefor

nitride nodifier

content within the range from3.5
The process according to claim1l wherein the sintering i
ni t r ogenous- cont ai ni ng purge gas. %g
wherein the sintering is conducted wi tha- purge gas that} co

10. The process accor

S caond

diin

I

uul. cu VVI l.

OJBN38971

|ns

hydrocarbon. 11. A process according to claim1 wherein the—stntering
conducted with a preform body consisti ng, ssentially of la mat ri x
CONSi St i Nmaesa4: € ' ™= oSt
car bi de Fgafz\elﬁc and silicon nitride Matarial : .
18 Commercially available insert of silicon carbide whisker reinforced alumina, 25 wt% whiskers mads by
hot pressing
17 Insert according to the invention of silicon carbide whisker reinfarced alumina containing 5§ wt% silicon
nitride powder madifier and up to 2% of Mg and Y oxide as sintering aids, 15 wt% whiskers
18 Commercially available silicon nitride (Sialon) insert generally used in the industry for cutting iron
19 Commarcially available zirconia reinforced alumina insert for cutting iron.
20 Commercially available tungsten carbide inser coated with alumina

) Table 7
Example | Average Wear (in.) | Maximum Wear (in.) | Nose Wear (in.) | Tool Life (min.) | Failure Mcde
16 0.0133 0.0151 0.0138 5.0 Wear
17 0.0122 0.0156 0.0109 35 Wear
18 0.0124 0.0138 0.0111 1.0 Wear
19 0.0085 0.0191 0.0042 1.0 Woear
20 0.0156 0.0270 0.0286 2.0 Wear
EXAMPLE 23

Tool life was detarmined 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 maximum nose wear of 0.017 in. (0.43mm) or greater;
or (e) a notch wear of 0.79 in. (2mm) or greater. Having established such standardized wear ranges, the tooi life can
be usaed to compare the usefulness of each of the tested tool materials.

EXAMPLE 21

One insert each from examples 16-19 were tested for wear performance by tuming nodular ductile iron (295 bnh)
on a 60 HP Axis C.N.N. Universal Lathe. No coolant was used. The cutting speed was 900 surface feet per minute
(SFPM) (274 SMPM) at a feed rate of 0.015 inches per revoiution (0.38 mm per revolution). Each cut was ata depth.
of 0.10 inches (2.54 mm). Table 6 reports the results.

Table 6
Example | Average Wear (in.) | Maximum Wear (in.) | Nose Wear (in.) | Tool Life (min.) | Failure Mede
16 0.0250 0.0573 - 3.75 Fracture
17 0.0125 0.0134 0.0132 4.50 Wear
18 0.0125 0.0140 _ 0.0114 1.00 Wear
19 0.0091 0.0170 0.0085 1.00 Wear
EXAMPLE 22

The inserts of examples 16-20 wers tested for wear performance by tuming nodular ductile iron (295 bnh) on a
60 HP Axis C.N.N. Universal Lathe. No coolant was used. The cutting speed was slowar than in Ex. 21, 700 SFPM v.
900 SFPM, at a feed rate of 0.015 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 results.

The inserts of examples 16-20 wera tested for wear performance by turmning G4000 Grey fron (196 bnh) on a 60
HP Axis C.N.N. Universal Lathe. No coalant was used. The cutting speed was 1500 SFPM at a feed rate of 0.015
inches per revolution (0.38 mm per revolution). Each cut was at a depth of 0.10 inches (2,54 mm). Table 8 reports the
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Table 8
Example | Average Wear (in.) | Maximum Wear (in.) | Nose Wear (in.) | Tool Life (min.) | Failure Mode
16 0.0108 0.0173 0.0104 21 Wear
17 0.0096 0.0175 0.0137 21 Wear
18 0.0133 0.0174 0.0165 5 Wear
19 0.0111 0.0171 0.0163 17 Wear
20 0.0099 0.0170 0.0141 18 Wear
EXAMPLE 24

The inserts of examples 16-19 were tested for wear parformance by tuming Inconet 718 (432 bhn) on a 60 HP
Axis C.N.N. Universal Lathe. Coolant was used. The cutting speed was 650 SFPM at a teed rate of 0.008 inches per
revolution (0.20 mm per ravolution). Each cut was at a depth of 0.06 inches (1.52 mm). Table 9 reports the resuits.

Table 9
Example | Average Wear (in.) | Maximum Wear (in.) | Nolch Wear (in.) | Tool Life (rriin.) Failure Mods
16 0.0126 0.0193 0.0275 4.0 Wear
17 0.0131 0.0171 0.0425 . 5.0 Wear
18 0.0173 0.0216 0.0569 1.0 “Wear
19 0.0089 0.0113 0.1172 20 Wear

EXAMPLE 25

Inserts of Example 17 wera ground to form a cutting edge. The inserts have been used successfully in the following
cperations:

a. Facing stainless steel 304 with a 0.0335 in depth of cut
b. Tuming O.D. of a round 4140 steel bar with a depth of cut varying from 0.015 to 0.025 in.
¢. Tuming O.D. of a round cold rolled 1020 steel bar.

The above wers run dry (no lubricant) and exhibited excellent cutting efficiency at high rates of metal removal while
exhibiting high wear resistance. An insert of Example 17 that had been formed by the present invention into a near net
final shape cutting tool exhibiting a cutting edge but no additional edge preparation, performed similarly to the cutting
edge ground insert when the test of Example 25(b) was repeated.

Example 17 inserts that had been edge ground also exhibited high cutting efficiencies and low wear rates when
used to cut nonerrous metals, including copper, brass and aluminum at high surface speeds.

EXAMPLE 26 - DRILL AND ROUTER BITS

Samples according to examples 3 ware extruded in the form of continuous rods having nominal diametars of 0.25
inches (6.35 mm) and 0.5 inches (12.7 mm) for formation into drill and router bits, respectively. Samples of each
diameter were cut into rods having a nominal 4 inch (10.2 cm) length. The rods were then HiPed in accordance with
Example 8 and surface ground with conventional equipment to fina! precise diameters of 0.25 inches (6.35 mm) for
the drill bit samples and 0.5 inches (12.7 mm) for the router bits. The finished samples had an average density of 98.1
% of theoretical and all samplas exhibited the conventional geometry and cutting edge preparations for each type oftool.

The whisker-reinforced drill bits made by the process of the invention were tested in a side-by-side comparison
against conventicnal tungsten carbida drill bits having the same geometry and edge preparation for drilling holes in

- fiberglass laminates and carbon fiber laminates. The whisker-rainforced bits formad clean holes with no visible evidence
of delamination.

The whisker-reinforcad router bits made by the process of the invention were tested against a conventional tungsten
carbide router bit for high spaed (3,000-4,000 rpm) routing pedormance on woed, particle board, medium density
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fiberboard, plywood, and plastic laminate-coverad plywood (i.e., Formica™). The router bits exhibited the same ge-
ometry and edge preparation.

in all cases, the whisker-reinforcad router bit of the invention removed material rapidly with sharp, clean, uniform
profiles. The samples shaped with the whisker-reintorced tools exhibited no burning of the shaped edge. The whisker-
reinforced tools exhibited no adhesive buildup of resin from the shaped samples.

In contrast, samples shaped with the conventional tungsten carbide bit exhibited edge burn marks due to the
friction at the cutting intarface. The conventional tungsten carbide bits also exhibited adhasive buildup when cutting

laminates such as plywood.

EXAMPLES 27-30

Examples 27 and 28 were preparad with a silicon nitride madifier concentration of 5% as in examples 1-5, The
powdered blends were, however, bail milled for four hours longer, prassed at a higher pressure of 15,000 psi (10,350
N/cm?), and sintered at a higher temparature of 1690° C. The purge gas consisted of nitrogen. Table 10 shows the
improvements in sintared density that results even with a whisker content of over 20%.

Table 10
Ex. | SiC,(Wt%) | GreenDensity (% | SinteredDensity (% | Open Porosity (Vol | Closed Porosity (Vo
D) ) %) %)
13 20 66.6 94.2 0.57 523
27 20 68.0 96.1 0.25 4.65
28 25 | 68.0 95.6 0.22 _ 4.48
14 25 67.5 88.8 0.58 10.62

Examples 27 and 28 were then HIPed. Certain properties of the HIPed composites are reported in Table 11.

Table 11
Ex. | SiC (Wt %) Sintered Open Porosity | Closed Porosity | Hardness (GPa) Toughness
Density (% TD) (Vol %) (Voi %) {MPavm)
8 15 98.4 0.16 1.44 173 5.4
29 20 98.6 0.06 1.34 19.3 6.7
20 22.5 97.4 0.03 2.57 17.6 6.4
EXAMPLES 31-34

Examples 31 and 32 were prepared in accordance with the procedure of Examples 1-5 but with a purge gas
containing § volume percent propane and 95 volume percent nitrogen. The purge gas flow rate was about 3 GHSV
with a specific constant flow rate of about 2 liters per minute through a sintering chamber having a volume of about 40
iters. Table 12 lists certain physical properties of the resulting composite.

Table 12
Ex. | SiC (Wt %) Propane Sintered Cpen Closed Hardness Toughness
(vol%) Density (% Parosity Porosity (Vol (GPa) {MPavym)
TD) (Vol %) Ya)
3 15 o] 95.9 0.08 4,02 18.5 8.0
31 15 5 96.6 0.13 327 17.2 6.2
13 20 0 94.2. 0.57 5.23 . .
32 20 5 95.9 0.13 3.97 16.8 6.3
A v—
® -Tha sinterad density is tao low lo permit reliable hardness and toughness measurement.

As Table 12 shows, a purge gas containing a hydrocarbon gas during the pressureless sintering process has at
least two advantages. The first advantage is visible from photomicrographs of samples sintered with and without a
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hydrocarbon gas. A microporous boundary layer is visible from the micrographs to a depth of aboul 0.08 inchas (1520
um). Tha microporous region would have to be ground from the sample for optimum performance by the compasite in
high wear applications. The second advantage is an increass in hardness.

The sample pressureless sintered with a hydrocarbon in the purge gas does not exhibit a microporaus layar of
open pares. Micropores, o the extant thay are visible in the photomicrographs, are fewer in number. The samples can
be HiPed with an attendant increase in density thereby suggesting that the outer microporas exhibit a higher percentage
of closed cell structures.

Examples 31 and 32 were HiPed to make examples 33 and 34, raspectively. Table 13 lists certain of the physical
propertias after HiPing for composites pressurelass sinterad.

Table 13
Ex. | SiC (Wt %) Propane HiPed Open Closed Hardness Toughness
(vol%) Density (% Porasity (Vol { Porosity (Vol (GPa) (MPavm)
TD) %) %)
8 15 4] 98.4 Q.16 1.44 17.3 5.4
33 15 98.6 0.04 1.32 18.8 6.1
34 20 99.0 0.04 0.96 19.8 6.9

Table 13 shows that improvements in the HIPed samples are possible when the samples were first pressureless
sintered with a purge stream containing a hydrocarbon gas. There is no significant loss of toughness upon HiIPing as
was observed when a hydrocarbon gas was not used. See, Figure 1. Compare the toughness data for examples 3 (6.0
MPavm) and 8 (5.4 MPavm) with the same resuits from examples 31 (6.2 MPavm) and 33 (6.1 MPaym). Mareover,
HIPing produced a harder sampie when the pressureless sintering was conducted with a purge gas containing propane.
Indeed, the toughness and hardness values of examples 33 and 34 are comparable to those aobtained by hot pressed

* alumina-silicon carbide whisker composites.

It will be understocd that the examples praesented herein are for iliustration purposes and are not intended to act
as limitations on the scope of the appended claims.

Claims

1. Aprocess for making a sintered composite body comprising:
sintering under pressureless sintering conditions a preform body having a density within the range from 60%
to 70% of theorstical maximum and made from a mixture comprising: a matrix consisting essentially of alumina
and up to 4 wi% of sintering aids, 10 to 25 wt% of monccrystalline whiskers, and 1 to 7.5 wt% of nitride modifier
consisting essentially of silicon nitride or aluminum nitride or mixtures thereof, to provids a sintered ceramic com-
posite which exhibits a density of at least 95% of theoretical and a sufficiently high density and concantration of
closed poras to achieve a density of at least 98% theoretical upon densification by hot isostatic pressing.

2. A process according to claim 1 wherein the sintering is conducted with a preform body having a nitride modifier
consisting essentially of silicon nitride.

3. Aprocess according to claim 1 wherein the sintering is conducted with a prefarm body having whiskers §eiected
from the group consisting of alumina, titanium carbide, silicon carbide, titanium nitrids, atuminum oxynitride, and

mixtures thereof,

4. A process according to claim 1 whersin sintering is conducted with a perform body containing silicon carbide
whiskers.

5. A process according to claim 1 wharein the sintering is conducted with a preform body having a silicon carbide
whisker contant within the range from 10 wt% to 20 wt% and having a silicon nitride modifier.

6. A process according to claim 4 wherein the sintering is conductad with a preform body having a silicon carbide
whisker content of 10-18 wt%.

7. Aprocess according to claim 4 wherein the sintering is conducted with a preform body having a nitride medifier
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Examples 31 and 32 wers HlPed to make examples 33 and 34, respectively. Table 13 lists certain of the physical
properties after HIPing for composites pressuraless sinterad,

Table 13
Ex, | SiC (Wt %) Propane HIPed Open Closed Hardness Toughness
(vor%s) Density (% | Porosity (Vol | Porosity(Vel (GPa) (MPavm)
D) %) %)
8 15 98.4 0.16 1.44 17.3 5.4
a3 15 98.6 0.04 1.32 18.8 8.1
34 20 99.0 0.04 0.96 19.8 6.9

Table 13 shows that improvements in the HIPed samples are possible when the samples were first pressureless
sintered with a purge stream containing a hydrocarbon gas. There is no significant loss of toughness upon HIPing as
was obsarved when a hydrecarbon gas was not used. See, Figure 1. Compare the toughness data for examples 3 (6.0
MPavym) and 8 (5.4 MPaVm) with the same resuits from examples 31 (6.2 MPaym) and 33 (6.1 MPaVm). Mareover,
HiPing produced a harder sample whan the pressureless sintering was conducted with a purga gas containing propane.

~ Indeed, the toughness and hardness values of examples 33 and 34 are comparabie to thoss cbtained by hot pressed
alumina-silicen carbide whisker composites.

It will be understood that the examples presentad herein are for illustration purposes and are not intended to act
as limitaticns on the scope of the appended ciaims.

Clalms
1. A precess for making a sintered composite body comprising:
sintering under prassureless sintering conditions a preform bady having a density within the range from 60%

to 70% of theoretical maximum and made from a mixture comprising: a matrix consisting essentially of alumina
and up to 4 wi% of sintering aids, 10 to 25 wt% of monocrystailine whiskers, and 1 to 7.5 wt% of nitride modifier
consisting essentially of silicen nitride or aluminum nitride or mixtures theraof, to provide a sintered ceramic com-
posite which exhibits a density of at least 95% of theoratical and a sufficiently high density and concentration of
closed pores to achieve a density of at least 38% theoretical upon densification by hot isostatic pressing.

A procass according to claim 1 wherein the sintering is conducted with a preform body having a nitride modifier
consisting essentially of silicon nitride.

3. A proce-ss according to claim 1 wherein the sintering is conducted with a preforrn body having whiskers s.;elected
from the group consisting of alumina, titanium carbide, silicon carbide, titanium nitride, aluminum oxynitride, and

mixtures tharsof.

4. A process according to claim 1 wherein sintering is conducted with a perform body containing silicon carbide
whiskers.

5 A brocess according to claim 1 wherein the sintering is conducted with a preform body having a silicon carbide
whisker content within the range from 10 wt% to 20 wt% and having a silicon nitride modifier.

6. A process according to claim 4 whersin the sintering is conducted with a preform body having a silicon carbide
whisker content of 10-18 wt%.

7. Aprocess according to claim 4 wherain the sintering is conducted with a prefomm body having a nitride modifier
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nitride QOV‘KIS'Bcess according to claim 4 wherain the sintering is conducted with a preform body having a nitride modifier
contant within the range frorm 3.5 wt% to 6 wt%.

9. The process according to claim 1 whersin the sintering is conducted with 8 nitrogenous-containing purge gas.
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 claim 1 wherein the sintering is conducted with a preform bocfy consisting _e.ssenti_ally ofa
matrix consisting essentially of alumina, at least ona sintering aid, silicon carbide whiskers, and silicon nitride.

12. Aprocess according to claim 11 wharein the sintering is conducted with a preform body further containing a mixture
of sintering aids.

13. Aprocess accordingtoclaim 11 wherein the sintering is conducted with a preform bedy further containing magnesia
and ytiria as sintering aids. -

14. A process according to claim 11 wherein the sintering is conducted with a purge gas that contains nitrogen and a
hydrocarbon.

15. A process according to claim 13 wherein the sintering is conducted with a purge gas that contains nitrogen and a
hydrocarben.

16. A procass according to claim 1 further comprising before the sintering step:
forming a preform body having a density within the range from 60% to 70% of theorstical by a process
consisting essentially of thoroughly mixing said alumina, the sintering aids, said nitride modifier. and said whiskers
to form a mixture that will loose less than 2.5% by weight upon pressureless sintering.

17. A process according to claim 16 further comprising: )
shaping said preform body into a shape approximating a final shape with allowance for shrinkage of the
shaped preform body upon sintering.

18. A process according to claim 17 further comprising: .
shaping said preform body into a drill bit, a router bit, a cutting tool, a turbine blade, a heat engine component,
a punch, a die, a nozzle, a roller, a ball bearing, a roller bearing, an extrusion die, or a pump seal.

19. A procass according to claim 1 further comprising: . )
subjecting the sintered preform body to hot isostatic pressing to produce 2 compacted ceramic body having
a density of at least 98% of theoratical.

20. A composite comprising a sintered ceramic matrix consisting essentially of alumina and up to 4 wt% of sintering
aids, 10 to 25 Wt% monocrystalline whiskers, and 1 to 7.5 wt% of nitride modifier consisting essentially of silicon
nitride or aluminum nitride or mixtures thersof, wherein said sintered ceramic composite was formed by. pressu_re-
less sintering and exhibits a density of at least 95% of theoretical and a closed pors structure that will permit a
further density increase to at least 98% of theoretical by hot isostatic pressing.

21. A comgosite as in claim 20 which is futther pressed by hot isostatic pressing.

22, A composite as in claim 20 whersin said whiskers are present within the range from 10 wt% to 20 wt%.

23. A composite as in claim 20 wherein said whisker are selected from the group consisting of alumina, titanium
carbide, silicon carbide, titanium nitride, aluminum oxynitride, and mixtures thereof.

24. A composite as in claim 20 wherein said whiskers consist essentially of silicon carbide.

25. A composita as in claim 20 wherein said nitrida modifier consists essentlally of silicon nitride powder.
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26. A composite as In claim 20 wharein said nitride modifier is preaent from 2 to 7.5 w%.
27. A composita as in claim 20 wherein said sintering aids contain a mixture of magnesia and yttria,

28. A composita as in claim 20 wharain said at least one sintering aid comprises up (0 2 wt% of a mixture of yttria and
magnesia,

29. A compasite of claim 20 which exhibits the shape of a forming whael. dis, or punch.

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

WHISKER REINFORCED ALUMINA COMPOSITES

ABSTRACT OF THE DISCLOSURE

A composite and pressureless sintering process for making ‘whiskes-reinforcad
alumina composites using about 2 wt% to about 7.5 wt% of a nitride modifier consisting
essentially of silicon nitride, aluminum nitride, or mixtures thareof produces a sintered
body having a density of greater than about 95% theoretical.

FIGURE 1.
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hydrocarbon gas. A microporous boundary layer is visible from the micrographs 1o a depth of about 0.86 inches (1520
pm). Tha microporous region would have ta ba ground from the sampid for cptimum parformance by the compasita in
high wear applications. The second advantage is an ingrease in hardness.

The sample pressuralass sinterad with a hydrecarbon in the purge gas doas nat exhibit a microporous fayer of
cpen pcras. Micropores, [0 the extent they are visible in the photomicrographs, are lewar in number. The samples can
be HIPed with an attendant increase in density thereby suggesting that the outer micreporas exhibit a higher percentage
of clased cell structuras,

Examplas 31 and 32 were HIPed to make examples 33 and 34, respectively, Table 13 lists centain of the physical
properties after HIPing lor compasites prassursiess sintersd.

Table 13
Ex. | SiC (Wt %) Prapane HiPed Open Closed Hardness Toughness
{voi%) Density (% | Porosity (Vol | Porasity (Vol (GPa) (MPavm)
TD) %) %)
8 15 4] 88.4 0.16 1.44 17.3 5.4
33 15 5 98.8 0.04 1.32 _18.8 6.1
34 20° '5 99.0 0.04 0.98 19.8 6.9

Table 13 shows that improvements in the HiPed samples ars possible when the samplas were first prassureless
sintared with a purge stream containing a hydrocarbon gas. There is no significant loss of toughness upon HiPing as
was observed when a hydrocarbon gas was not used. See, Figure 1. Compare the toughness data for examples 3 (6.0
MPavm) and 8 (5.4 MPaym) with the same results from examples 31 (6.2 MPa¥m) and 33 (6.1 MPa¥m). Moreover,
HIPing produced a harder sample when the pressurelass sintering was conducted with a purge gas containing prepane.
indeed, the toughness and hardness values of examples 33 and 34 are comparable to those obtained by hot pressed

" alumina-silicen carbide whisker composites.

It will be undarstocd that the exampies presented herein ars for illustration purposss and are not intended to act
as limitaticns on the sccpe of the appended claims.
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Claims

A process for making a sintered compasite body comprising:

sintering under pressureless sintaring conditions a praferm bedy having a density within the range frem 60%
to 70% of theoratical maximum and made ‘rom a mixture comprising: a matrix consisting essentially of alumina
and up to 4 wt% of sintering aics, 10 to 25 wt% of monocrystalfine whiskars, and 1 10 7.5 wt% of nitride mocifier
ccnsisting essentially of silicen nitride or aluminum nitride or mixtures theracf, to provice a sintered ceramic com-
posite which exhibits a density of at least 95% of thecretical and a sufficiently high density and concentration of
closed poras to achieve a density of at least 58% thecretical upen densificaticn by het isestatic pressing.

A procass according to claim 1 wherain the sintering is conducted with a preforrm body having a nitride modifiar
censisting essentially of silicon nitrice.

A process according to claim 1 wherein the sintering is conducted with a preform body havir}g whiskef§ §elected
from the group consisting of alumina, titanium carbide, sificon carbida, titanium nitride, aluminum oxynitrids, and
mixtures thereaf.

A process accdrding to claim 1 wherein sintering is conducted with a perform body containing silicon carbide
whiskers. :

A process according to claim 1 wherain the sintering is conducted with a preform body having a silicon carbide
whisker content within the range from 10 wi% to 20 wt% and having a sillcan nitride modiffer.

A process according to claim 4 wherein the sintering is conductad with a preform body having a silicon carbide
whisker contant of 10-18 wt%,

A process according to claim 4 wherain the sintering is conducted with a prefom body having a nitride modifier
ccntent within the range from 2 wi% to 7.5 wi%.

A proceas according to claim 4 whaerain the sintering is conducted with a preferm body having a nitride modiflar
content within tha range from 3.5 wt% 0 8 wt%.

The process according to claim 1 wherein the sintering is conducted with a nitrogenous-containing purge gas.
The process according to claim 1 wherain the sintering is conducted with a purge gas that contains a hydrocarticn.

A procass according to ciaim 1 wherein the sintaring is conducted with a prafom bod_y consisting_e'ssenn:al.ly ofa
malrix consisting essentially of alumina, at least one sintaring aid, silicon carbide whiskers, and silicon nitride.

A procass according to claim 11 wherein the sintering is conducted with a preform body turther centaining a mixture
of sintering aids.

A procass according to claim 11 wheraein the sintering is conducted with a prefoan body further containing magnesia
and yttria as sintaring aids. -

A process according to claim 11 whersin tha sintering is conducted with a purgs gas that contains nitrogen and a
hydrocarben.

A process according to claim 13 wherein the sintering is conducted with a purge gas that contains nitrogen and a
hydrocarton,

A precess according to claim 1 further comprising before the sintering step:

forming 2 preform body having a density within the range from 60% 1o 70% of theoretical by a process
consisting assentially of thoroughly mixing said alumina, the sintering aids, saiq _nitri_de modifier, and said whiskars
to term a mixture that will coss less than 2.5% by weight upon pressureless sintering.
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17. A process according to claim 16 turther comprising: . -
shaping said praform body into a shape approximating a final shape with allowance for shrinkage of the
shaped praform body upon sintering.

18. A process according to claim 17 furthar comprising: . .
shaping said praform body into a drill bit, a router bit, a cutting tool, a turbine blade, a heat engine component,
a punch, a die, a nozzle, a roller, 2 ball bearing, a roller bearing, an extrusion die, or a pump seal.

19. A process according to elaim 1 further comprising: . .
subjecting the sintered praform body to hot isastatic pressing to produce a compacted ceramic body having
a density of at least 98% of theoretical

20. A composite comprising a sintered ceramic matrix consisting essentially of alumina and up to 4 wt% of sint.e.mg
aids, 10 to 25 Wt% monocrystalline whiskers, and 1 to 7.5 wt% of nitride modifier consisting essentlally of silicon
nitride or a!un:linum nitride or mixturas thereo!, wherein said sintered ceramic compasite was formed by. pressz{re-
less sintering and exhibits a density of at least 95% of theoratical and a closed pore structure that will permit a
further density increase to at least 98% of thecratical by hot isostatic pressing.

21. A compasite as in claim 20 which is further préssed by hot isostatic pressing.

22. A composite as in claim 20 whersin said whiskers are prasent within the range from 10 wi% to 20 wt.

23. A composits as in claim 20 whersin said whisker are selected from the group consisting of alumina, ttanium
carbide, silicon carbide, titanium nitride, aluminum oxynitride, and mixtures therect.

24. A composite as in claim 20 wharain said whiskars consist essantially of silicon carbide.

25. A compasite as in claim 20 wharein said nitride modifier consists essantiatly of silicon nitrice powder.

26. A compoaite as in claim 20 wharain said nitride modifiar ia present (rom 2 to 7.5 wi%.
27. A composite as in claim 20 wharein said sintaring aids contain a mixture of magnesia and yttria,

28. A composita as in claim 20 wherain said at least one sintaring aid comprises up (0 2 wt% of a mixture of yttria and
magnesia,

29. A compasite of claim 20 which axhibits the shape of a torming whael, die, or punch,

30. A compesite of claim 20 which exhibits the shapa of a drill bit, router bit or cutting tool bit.
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9 [7-8], pp. 741-754 (1988). It would be desirable to have a process that could produce
high densities without the need for high levels of sintering aids which adversely affect
properties of the composite.

In addition to 2 high density and closed pores, the final composite should exhibit

s high levels of toughness. One method for increasing the toughness of a reinforced alumina
composite is described in Landingham U.S. Patent No. 4,745,091. The disclosed method
includes hot pressing an alumina composite containing reinforcing particles, magnesia (as
a sintering aid), zirconia or hafnia (for toughness and shock resistance), and 0.1-15 wt%
of a nitride'modifier. Reaction hot pressing is preferred to avoid the need for a preliminary

[0 step to pre-react the powders so as to form a second nitride phase (identified as "SiAl0X")
Qniformly dispersed in the matrix. See, col. 3, lines 6-9; col. 4, lines 30-38; and figure
3. If the powders are pre-reacted, the patent discloses that cold pressing and sintering can
be used. The examples illustrate the use of a total nitride modifier concentration of 9-30
wt% with hot pressing fabrication. The problem of achieving high compaction densities

15  with high whisker concentrations is not disclosed, acknowledged, nor exemplified.

It would be desirable to provide a pressureless sintering process that could produce
whisker-reinforced alumina composites exhibiting levels of toughness comparable in use to
those of reinforced alumina composites made by hot pressing.
SUMMARY OF THE INVENTION

0 It is an object of the invention to provide a process for preparing whisker reinforced
. alumina composites by pressureless sintering whereby the sintered body exhibits a high
density and sufficient closed pores to permit the body to be HIPed to a density of at least
about 98% theoretical.

It is another object of the invention to provide a process for preparing whisker

5 reinforced alumina composites by pressureless sintering whereby the sintered body exhibits

a toughness comparable in practical use to those of reinforced alumina composites made
by hot pressing.

. These and other objects that will become apparent from the description herein.
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