; PQe3e<9, "N6NT(-!-, 21 S' Decenber 2002 FUNCTI ONALLY GRADI ENT NATERIALS AND
THE MANUFACTURE THEREOF The present invention relates to {Su ctl 56
gradient materials such as alum nium silicon 5 carbide (%\ céfn a5e
functionally gradient materials. The present invention also relates to
processes for the manufacture of functionally gradient materials.
Functionally gradient materials exhibit a variation in chem cal conposition
and/ or microstructural paraneters, whileh variation occurs between regions
of the material. 10 Typically, such variations wll occur across the
cross-section of -the material thereby providing distinct chem cal and
ni cr o- st r uct WWENCIMOPALL ¥SGRADIENT MATERIAES ANDI EHESM ANUFAICTUREY
gradient materials may be used to provide a conponent wi th opposed surfaces
havi ng different tribological characHT&@HRBEOFs and strength/toughness
conmbi nations. 15 Functionally gradient materials are typically synthesized
using a nunber of techniques that can broadly be classified as: (a) vapour
phase tec fITHbEPi@s‘ént {dvkntidtdlde PldPRCHGEND| gibdient rAMErifle)suslplal dlupfiamen/silicon
techni ques. These techniques, besides having their suitability limted to
certain SSpenbiiden (Alifp) based flmatgqnaﬂmfgfaeinem mataridise bire prgsant adventien flsp lrekaien ¢o

limtations: | o thlc ness unct i.onal | radi ent bul k materi al
or coati n§OErS e%f?r%e Euir‘f)ﬂ gona{lllylgrjl 1%‘8?)%‘5 &x process

requi renents, and (iv) h| gh cost of operating the process. W have now
found that functi onally gradient materials may be produced using a process
whi ch i nv@uvesortahly godienx materialy efhibinea cearamidon phabemiaal nodmpsitioat ahd/or
followed by in-nold gas disint egrﬁltl on and deposition of . the d| ent

rrp05| te mlﬁ?Stmﬁé%rEﬂr?’FB?‘ﬁrst hwhigh | vargtign; ereyrs, bivseR s EERiYlS Pﬁré SrelRRIFPHRY ur e
(f‘lﬁfp?éa?nlg} %u?t‘?‘%?{ﬂa{u%{{gc%hp%@E&rya&%gsld'ﬂ?e”% &?‘-E&%f al ofﬂ@ﬁﬁ%m by

stepso IN a Cruci Ing a Ssoll

parti cul at;ﬁoﬁerr@mlstmwtcaémﬁhl bl trhierorsahutceinaln@ropértieSQAr (he two \vppdsed surfatdsy
the nolten netal articulate ceramic material to form 21 St
Decenber thr@ll& et @mtersalﬁmy be usgd thleP&S\ﬂP AgFOMmOnenty ity opposed switages m

such t hat ERegTeiLyPeRisig ?h et ipd et ARl B AbBE § ofm t e
functional | y gr adi ent mat eri al .
15 Functionally gradient materials are typically synthesized using a number of techniques that
can broadly be classified as: (a) vapour phase techniques, (b) liquid phase techniques, and
(c) solid phase techniques. These techniques, besides haJving their suitability limited to

certain specific applications, suffer from one or more of the following limitations: (i) low

thickness of the functionally gradient bulk material or coating, (ii) low deposition rate, (iii)

20 complex process requirements, and (iv) high cost of operating the process.

We have now found that functionally gradient materials may be produced using a process
which involves the vortex mixing of the ceramic phase in molten metal followed by in-mold
gas disintegration and deposition of the gradient composite.
25 - ~
Accordingly there is provided a process for the manufacture of a metal/ceramic based
functionally gradient material comprising the steps of:
(1) melting a metal in a crucible;

(ii) adding a solid particulate ceramic material to the molten metal;

30 (iii)  vortex mixing the molten metal and particulate ceramic material to form
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_ The, invention also provides a functionally gradient material manufactured
by the process described in the i nmedi ately preceding Py RERABAberADoYS ed
herein the term"vortex mxing" refers to a mxing or stirring using an

i npeller, 10 wherein the inpeller is lowered into a liquid or slurry to be
m xed and driven by a device such as a notor for a predeterm ned period of
tinme. As used herein the term"gradient slurry” refers to a slurry of
nmolten netal and particulate ceranmic-2aterial, wherein the concentration of
the ceramic material varies gradiently through 15 the depth of the slurry.
Met al | ceram ¢ based functionally gradient material produced by the process
of the pregeidient Bveryti on advant ageously exhibits a structure show ng
gradual variation in the concentration of the ceramc particles fromthe
base to the t'ofivbf alewiasshesiay tadlosy fram thegrigible;sandyct ure 20 general ly

o | . _ . T _ c 0 1o
macerial . or adtll | yofibeludithe fey b 165 G108k b \Boh BRE R qRiAERRRARAILP
funct i onalgl depgsiedi cind subBtrateitd!férmh MissfupE@stialg draboamaageous! y show a

relatively uniformdistribution of ceramic particles both in the regions of
hi gh and | ow concentrations. The 25 uniformdistribution of ceramic

particles.can be .attributed to the.dypnam c.events.resul ting fromthe

i 1 nt egr 10F GPVRAGH dsaP sh S PRI mesdim) duudidlgraniaihod Sk Fasrss
hi gh degr @_é‘scﬁi)ed‘ﬁi{h‘érif&ﬁe)dia‘té”lybp&eélnétdak@ﬁ;}lﬁ” of ceramc particles in |ow
concentration regions and a decrease in uniformty of distribution
associated with an increase in ceramc particle concentration. This

i ndi cat es t hat &ilge_to of the depasjted material, in %eneral ,._exhibits an
I

30 i ncr eadSdPSER RGEHR JieoIerTR) YOEEF IHYING! TRISFSIR & MBHRE (0L SHEIRGBHDE AR3TPEFT: o
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for use as the nmatri e net ceram c nctionally gradient ‘materia
i ncl ude elsastent ainotsetfal 8 pasiidteani@dperiod afpings of suitable netal s include
alum nium 5 titanium nagnesium and copper in their elenental as well as
alloy forms. In the process of the present invention the nmetal is nelted in

an inert cruci 0 ther «sui.t a entaiper . b . y
o0 e SURAESE UL BIGPRrSSTBORL IS o e T BB LY
t enper at Urceragdic Whtes#al, i Whekin B donEétuatiby of thelcefnfi®mateial Par@R diraiGertly BRjuH
particul ate ceramic materials. The holding tenperature may vary from netal
to netal> amddeptivof thesdursyiual to or higher than the tenperature required by

the netal/alloy to wet the ceramc particles. This facilitates the ready
i ncorporation of ceramc particles in the nelt. 15 The solid particulate

ceram ¢ maehi/edramiUbdsa® fenctiBhal s Eraliftnt HatRfab pRIALcd W Mol HOcd B & Whte prek &t
invention advantageously exhibits a structure showing gradual variation in the concentration

o of the ceramic particles from the base to the top of the deposited material. Such a structure
\) 20 generally has a low concentration of ceramic particles at the base of the deposited material,

gradually increasing to a high concentration at the top.

The functionally gradient materials thus produced advantageously show a relatively uniform
c\i}istribution of ceramic particles both in the regions of high and low concentrations. The
25 uniform distribution of ceramic particles can be attributed to the dynamic events resulting
from the disintegration and deposition step of the processing. We have observed a high
degree of uniformity in the distribution of ceramic particles in low concentration regions and
a decrease in uniformity of distribution associated with an increase in ceramic particle
concentration. This indicates that the top of the deposited material, in general, exhibits an

30 increased tendency of clustering of ceramic particles when compared to the base of the



exanple, silicon carbide (SiC), graphite and alum na particles. These
particles may, for exanple, be used in the size range sz?*%c%%ggerothe
netal /all oy and the cerami c particles advantageously have a significant
difference in their density values. Typical exanples include 20 the

sel ection of graphite (2.2 g/cc) or SiC (3.2 g/cc) for alum niumbased ( ~
2.7 g/cc) matrices. The vortex mxing of the solid particulate ceramc
material into the nolten netal preferdbly includes the stirring of a
superheated nelt at a speed which is capable of creating a vortex in 25 the
melt foll owed by-the gradual addition of ceramc particles into the nelt.
The | udi cadddsitesichaetihon of nelt superheating tenperature, stirring speed
and node of ceramic particle addition ensures the incorporation and desired
di stribution Bf ceramc particles in the liquid melt. Preferably vortex
mxing is carried out in the crucible, for anple, a 2.5 kg crucible .
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ot rri ng TEae demEtal el 308, Mo SRS of SIRIE s Gl AR,
24 cm afdti@aniuin, qudgnesinmeahdofopatroint th&ib elemenitad ae tvetl.as Aoy $oinis.i ng rod i s
preferably | owered the | owest possible position in the crucible which does
not result in the rod touching the walls of the crucible during stirring.

Stirring | | . at . about 5
The m xedhﬁﬁhg hg&%ﬁt}%enﬁrg%%g&gg&%@ tpégvﬁi/ }sglfrr%?l gHE:‘url ﬁ#r&nﬁ odr+ O&)%r%rlﬁ{ e !
t hrough ac@fiihénl ThohRtal Malyte hésd Bf resiianes teithlgtasaneéchsiqeeshsequent |y

di sintegrated. Care should be taken to minimze the tine between the end of
gerarric particles addition and the start of disintegration. 10 The
tsintegration.is carried out using jets of inert gas. The.jets .of inert
gas. ar d0pibe dpalsiy SRl 4 g herd BhA e Bt AnRE ab M, UGF meatudeR Syl R
flowi ng fpREUIRECIRI PrBeulattickARIIE ndi&idls. 9838 holdhg lﬂégpéram% st RGY g
t he poured nolten m xture include for exanple argon and nitrogen. 15 The
resul t ant rmtitali tot mgrahtand showklube eqimlstoodnt highedthiag tle gompemdire mequised by the
substrate, %ai):g as a n;gt allic sub_s{era y gﬁgl cal nmetal s used for zubst r.at e
i ncl ude f GICEAARERHIRVELHR CHARIC BYHE S-bté@‘é%a a5 the LeadyBCRPERALIOR 04 CPIRAC t he
substrate . . anbi ent tenperature thus mnimsing the operating
cost of trﬁ’%ﬁ%%gé@gedm% Throughout this specification and the clains which
foll ow,15unl ess the context requires otherw se, the word "conprise" , and

variati ons _such as "conprises" and "cqml))ri sing" , will be understood to
i npl y t he Tiha&plid paticypteceramic agpterile sfablyy fos ushinpihe gresgpt mveRtinneigeluge ofor

steps ~ut _no he..excl usi.on any .ot her. in er_or. st [ Qr.o of
i ntegers gFa&gP%’pél.th% cﬁé&ppg{s:bn%rxwﬁvee?\lﬂ %1}11}‘?5 ?iﬂ?‘f ]ﬁg‘r e@éeg% Plg gécg& by for
r ef er ence ek@npIBEbS Well iR iz Fngdel 0T Iy YOCRHRTHE Snetd4BOP hR® thdQeramic particles

{ N advantageously have a significant difference in their density values. Typical examples include
‘\) 20 the selection of graphite (2.2 g/cc) or SiC (3.2 g/cc) for aluminium based (~2.7 g/cc)

matrices.

The vortex mixing of the solid particulate ceramic material into the molten metal preferably
ipcludes the stirring of a superheated melt at a speed which is capable of creating a vortex in
25 the melt followed by the gradual addition of ceramic particles into the melt. The judicious
selection of melt superheating temperature, stirring speed and mode of ceramic particle
addition ensures the incorporation and desired distribution of ceramic particles in the liquid
melt. Preferably vortex mixing is carried out in the crucible, for example, a 2.5 kg crucible
(using brass as a reference) having a height of about 109 mm, an upper outer diameter of 95

30 mm and a lower outer diameter of 61 mm, using a stirring rod, for example, having a shaft



.21 St Decenber 2002 -5 Three Al/Si C based functionally gradient/gradient
material s'were fabricated. The three nmateials are desig 1 Si C,
Al'/ 18Si C and Al /20Si C. These designations indicate tha?fﬁﬂ%vgagélgdd§
fabricated with the starting Si C wei ght percentages of 15, 18 and 20
respectively. Pure alumnium (99.5 %) and silicon carbide (SiC) of
particle size --- 35/cm5 were used as the netallic and ceram c phases
respectively. Rectangul ar pieces of alduwrm num were cut and subsequently
washed using water and acetone to renove the surface inpurities. After
wei ghi ng, the cleaned pieces were placed in graphite crucible and
super heat gghgtipofo4 @iRAA atittachiead 20 @bout 38 Man(@igastes. CThadtREinpesEisprefeadled
to 950C and were added into the nolten alum numnelt stirred using a
zirconi a dowefed thetlpwess possiblepasitigamin tih erusilewhich gogonefrest in thepdstpedhingvas

made so as, to all control |l ed sedi nengation of SiC particulates.. The total
nad t 5 on' il oEhe ERIRNP gufite SSTIES S ngds Proseiabfiomatat Aopedof o

m xture thug QhbAIB10Fphe cruci ble was allowed to flow through a centrally
drilled hole in the crucible into a 11.2mn di aneter stream and was

di sintegrated using argon gas jets at a distance of -248nmmfromthe pouring
point using a gas, flowrate limted to 50 litres per mnute and 15
subsequent 187 BREFHRIER Htpmaglogeg:g{ g?‘f’i@"éﬁl?ﬂ%?‘@'&eéwqgmm‘t‘ el hele

| ocat ed atindndislABE theOlrdPIThG IO TbREARNY LRMBRAEE. Card B! b Biken to

t hi ckness of 40mm was consi stently and ‘easi’ly achii eved 1n about 1 m nute.

~ These nah#imiesthee titmeC banveeh ethe zad ioff depamic @hrtkpat addition Sindi ihet isan of

Si C particul ates, 20 porosity and m crohardness of the netallic matrix.

Wi ght perd&iRtegipEonof Si C particul ates were deternined using acid

di ssol ug&on met hod as described in M Gupta, MO Lai and C Y. Soo, Mat.
Sci. Eng. A, 21011-2, 1996) 114; porosity was determ ned using the results
of densit yTREHSIHILAEOh $s OFied Bachsus ol ¥ 168t [FRSe The 6 Rkt A5 afteserdritagd 1 n
M Gupta, S.C. Limand WB. Ng, Mat. Sci. and Tech., 13(7), 1997, 584, and
the resul taigoed atcabdutdiS s@thetaxisrof Urssiumy stretma flomarss frowdbe cewibia. sSvitable inede

usi ng an autonmated Matsuzawa .Digital crqQhardness .Tester with ram dal
i amond 1 (SR B (161 R SCHAUER £ PoteR SRR mE RaRe Ton Saihelty e dud o
50 um's Thghestl ts of such measurements for all the three types of
functionally gradient/gradient materials are shown in Figs. 1-6, in which:
30 Fig. 13 is a graphical representation of gradient of Si C particul ates and
vol une percent 215t Decenber 2002 -6 go_rosi,ty in the case of AI/ISSI C
funct i onal The grsatind itbisipggraiedanixtyrg thpg obmed iy dgposiad Oato  SRPXREtSHER 8 2of
variation | e n . t e f i f 9l
part 1 cul at S BIRLE T A pIAE pAEE M ol RBRPRERA Ho O B AL froBlanPbper,
3 is a grapdyed ahaterey, e Taa paddesalifwthadubstiat@to be Usqabitt dmblemt iemparachry dhusne
er cent
p,' N minimising the operating cost of the process.

)20
Throughout this specification and the claims which follow, unless the context requires
otherwise, the word "comprise”, and variations such as “comprises” and "comprising"”, will
be understood to imply the inclusion of a stated integer or step or group of integers or steps
yut not the exclusion of any other integer or step or group of integers or steps.
257
The present invention is further described by reference to the following non-limiting

examples.

Examples
30



,-porposity in the case of Al/18Si C functionally gradient material. Fig. 4 is
a graphical representation of variation in mcrohardnes of
presence of 10 gradient of SiC particulates in the caseszoftsDAﬁ%fﬁjgéilﬂgoz
functionally gradient material. Fig. Sis a graphical representation of
gradient of SiC particul ates and vol une percent porosity in the case of
Al /20Si C functionally gradient material. 1 S Fig. 6 is a graphical
representation of variation in mcrohar-dness as a result of presence of
gradient of SiC particulates in the case of A/20Si C functionally gradient
material. In addition to the graphical representation of the variation in
vei ght  pergesd AUSICibasedPRineibrially 18di P raiiiehiOMalcBARSWere TABCatdd .S NS thr&e
m ni rum and rmaxi mum wei ght percentages of Si C 20 incorporated on the two
opposi t e siatFmlsodre dbdgiatadotsi AMEISIG, §1/485i€handgh20556t These desigmatiops intdésite ed

in the present study.. Table 1: M ninmum an Xi num Wei ght Percen e.of SiC
v P i e A TR, i e Mg T MAIEAN (R EPAES 7| Lt S 20
materi al s 4 [ I i . ial ' W9

3 Ot e EAVER Pl dhurifuul OB SE abft diion Eoide\BICY R pHAEUiRE L85 um

Si ¢ mm) A MdbSusel. aSthelRe@Nichhdlctrhift pHasOslfesBidtidélN /Re0GingRlad piecéOofdlumindihd”

Decenber 2002 Fi 8ures 1-6 and Table 1 clearly show that the experinental
net hodol ogyereSednd subssguently seashedsysing watsr ashpeploe k¥ regnovs Hhe ufage, irpprities.

di mensi on radi | ] L.t um ' L.ch, | eads
,to a pr og?g%%i @éeilgiﬁfr;lk rg{aescgéalgﬁgﬁﬁ%egnwf ?%ﬁ%?%gsgﬁgﬁket E}él@#)ggf ?ﬁ(g&ﬁéﬁ%@#ﬁeﬁsﬁ)l is 5

al so show ¢hipéra@ie bNS3RES ETheSiNpartib@latel Rere\FriebéttedR FIONTGA Wére addedling C
particul ates also |lead to an increase in the gradient of SiC particul ates.

TQ ose ski Ithesoitan algniawm mglt stiregepusieg aziscaniagoatadestirrey ah 294 rpme Sldiei sglegtion
herein | tible t i at | d i figati t t han th
epect 11 b yaGER PR e 1 tegSiRof KaaRE hiraShert i SniC R g The

i ncludes ahlal g4titiory Bfnk & iSH0 apRe1RA LS GRS 0MMfiest bhe Mol Mikdhife @RL T T
and scope. \. 21S Decenber 2002 g CLAIM5S 1. A process for the
manuf act urebtaf imthaehwible ersailovdiaedibw tnatghanzhirgilygd@ldédantle mathe cimible into
a 11.2mm diameter stream and was disintegrated using argon gas jets at a distance of ~
248mm from the pouring point using a gas flow rate limited to 50 litres per minute and
15 subsequently deposited into a metallic substrate at ambient temperatures located at a distance

of 428mm from the pouring point. A deposition thickness of 40mm was consistently and

easily achieved in about 1 minute.

These materials were characterized in terms of spatial distribution of SiC particulates,

T
-

20 porosity and microhardness of the metallic matrix. Weight percentages of SiC particulates
were determined using acid dissolution method as described in M. Gupta, M.O. Lai and C.Y.
Soo, Mat. Sci. Eng. A, 210/1-2, 1996, 114; porosity was determined using the results of
density measurements obtained using Archimedes principal as described in M. Gupta, S.C.
}dim and W.B. Ng, Mat. Sci. and Tech., 13(7), 1997, 584, and the results of acid dissolution.

25 "Microhardness measurements were made using an automated Matsuzawa Digital
Microhardness Tester with a pyramidal diamond indenter using an indentation load of 200
g and a loading speed of 50 um/s. The results of such measurements for all the three types

of functionally gradient/gradient materials are shown in Figs. 1-6, in which:

30 Fig. 1 is a graphical representation of gradient of SiC particulates and volume percent



,conprising the steps of: 5 (i) nmelting a nmetal in a crucible; (ii) adding a
"solid particulate ceranic material to the nolten netal; 2(1'5t'de)cer¥6’ért2%>62m Xi ng
the nolten nmetal and particulate ceramc material to form a gr adi ent

slurry; 10 (iv) allowing the slurry to flow fromthe crucible; and (v)
disintegrating the slurry using jets of inert gas such that the
disintegrated slurry is deposited on a substrate to formthe functionally
gradient material. 2. A process accordéng to claim1l, wherein the vortex

m xing step (iii) conprises stirring 15 the nolten netal and particul ate
ceramic material.at fromabout 250 to about 310 rpm 3. A process accordi ng
to clai m lyorbhif Bl the bike I/ (55K fldeBoRHIBEBMbntShatefix. | s al | owed to flow
froma hol'e located in the base of the Crucible. 20 4. A process according
to claim1, wherein the disintegrated slurry deposited on the substrate in

ste | ower .concentrati.on of ceram c .particles at th se of the
Senpst t na B i5 S Eehnie) St pplion 8h Luroaan SHERAdB S el of PESeste dthe
top of the A&Eﬁtsbtf §ie @rpflfmes s%rd?%ﬁsﬁ@%ﬁ&ldhguir r4diéit Fhateripher ei n

t he substr tels a IC su trate )

A process accor ding to claim
1, wherebn the netal of the functlonally gradl ent material is selected from
aI um nium titanium mnmagnesium and co and alloys thereof. 7. A process

accordi ng Fig-d & ngaPWPérféPWSftqﬁaémé‘e‘P a&’iaéleﬁhf)grSF(éIPaF%Cuéaé?%é?‘éd'OF’r“GﬁrP%‘icFi‘tcon
50 Car bl G AP b AN BRI b hhafeceToer 2002 -0 0. A

process ac arti fave a size range of
from3 pm 100 um 9. A process according to claim1l, wherein in step (v) the
jets of inert gas are aligned 5 at about 90 to the axis of the slurry

f| owi ng fr Big.vhie acgra@m@alécprwntaAOproéd@rsglca!c@dn@rqli@rqr@ssCaSaa pesult aftpeesenes efhe

accor o g EBERLSEPE pakEraeh olle tAG & ALARSE soheicyd besdeRaREER e ot a

is held at a tenperature sufficient to wet the ceramic particles. 12. A
functionally gradient material manufactured by the process according to
claim1l. (Fig.15 is ASgrapiicA@cp@sdvatii@ AEgndik8PW(SiC particulates and volume percent

porosity in the case of A1/20SiC functionally gradient material.

15 Fig. 6 is a graphical representation of variation in microhardness as a result of presence of

gradient of SiC particulates in the case of A1/20SiC functionally gradient material.

In addition to the graphical representation of the variation in weight percentage SiC, porosity
\ and the microhardness, Table 1 shows the minimum and maximum weight percentages of SiC
N J 20 incorporated on the two opposite sides of the functionally gradient/gradient materials

synthesized in the present study.

Table 1: Minimum and maximum Weight Percentage of SiC and its Gradient achieved in the

Jhree functionally gradient/gradient materials synthesized in the present study.

25°
Material Minimum Wt% SiC | Maximum Wt% SiC Average Gradient
(High Al end) (High SiC end) (Wt% SiC/mm)
Al/15SiC 15 123 0.31
Al/18SiC 1.9 15.9 0.40
Al/20SiC 2.4 16.6 0.41
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lead to an increase 1n the gradient of SiC particulates.

Those skilled in the art will appreciate that the invention described herein is susceptible to
variations and modifications other than those specifically described. It is to be understood
10 that the invention includes all such variations and modifications which fall within its spirit and

scope.
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(i) adding a solid particulate ceramic material to the molten metal;
(iii)  vortex mixing the molten metal and particulate ceramic material to form a
gradient slurry;
10 (iv)  allowing the slurry to flow from the crucible; and
W) disintegrating the slurry using jets of inert gas such that the disintegrated slurry

is deposited on a substrate to form the functionally gradient material.

2. A process according to claim 1, wherein the vortex mixing step (1it) comprises stirring

15 the molten metal and particulate ceramic material at from about 250 to about 310 rpm.

3. A process according to claim 1, wherein in step (iv) the gradient slurry is allowed to

flow from a hole located in the base of the crucible.

‘\b 20 4. A process according to claim 1, wherein the disintegrated slurry deposited on the
substrate in step (v) has a lower concentration of ceramic particles at the base of the deposited

slurry relative to the concentration of ceramic particles at the top of the deposited slurry.

P- A process according to claim 1, wherein the substrate is a metallic substrate.
25"

6. A process according to claim 1, wherein the metal of the functionally gradient material

is selected from aluminium, titanium, magnesium and copper, and alloys thereof.

7. A process according to claim 1, wherein the ceramic material is selected from silicon

30 carbide, graphite and alumina particles.
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