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-COVPOUNDS FI ELD OF THE | NVENTI ON The present invention rel a> & .06 o 1y
to a fethocefor the production of ceranmic materials. Mre pa &i éﬁpgﬁa t he
invention relates to a nethod for producing ceramic materials 5 involving a
| ow t enperature heat treatnent of powdéred particles. BACKGROUND OF THE
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wor | dwi de annual ly. Synthesis of these high tenperature ceramc materials
are not only difficult but also energy consum ng. Comrercial oxide

conpound [ t ither fusion or 20 sintering nethod,
as brief %ﬁggh%@ %Wﬂ#gﬁﬁﬂﬁé on nethod In the fusion process, the
following steps are carried out: Raw materials -~ mxing -> electric fusion
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cordierite are mainly used to make refractory bricks and unshaped refractories, while
calcium aluminates are commonly used as binders for refractory castables. Some of these
oxide compounds are used in large quantities. For instance, China alone consumes about

15 1,500-2,000 tons of spinel and mullite respectively and about 2,000 - 3,000 tons of calcium
aluminate cements every year. Several tens of thousand tons of these cements are consumed

worldwide annually.

Synthesis of these high temperature ceramic materials are not only difficult but also energy
consuming. Commercial oxide compounds are currently produced by either fusion or

20  sintering method, as briefly described below:
(a) Fusion method
In the fusion process, the following steps are carried out:
Raw materials — mixing — electric fusion — crushing (and grinding)

Raw materials of magnesia, calcia, alumina and bauxite are electrically fused at temperatures

25  above their melting temperatures ranging from 1800°C to 2200°C. Bulk spinels, mullite and
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Hi gh tenperature fusion and later crushing and grinding not only consune a
1 arge ampbunt of energy but also pollute the environment. (b) @Réﬁ’“d@g

met hod: In the sintering process, the foll ow ng procedures a? generally
carried out: Raw materials (crushing and grinding ) --~ m xi ng -~conpaction
-~ sintering (1600---1950C) -~ crushing (and grinding) The powder nmixture
is first 7 ordi [t ] oW e L . m xed
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i nt er di fiuRit®andoBB@nt Mamindté echais prpese pedtih chepowddrt formg onpliag iand, t he
pel lets are further |15 sintered between 1600 to 1950C. Diffusion between
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conpact PEMIE TRIAD SoP il vt bEGTATRARRIET n e BeRAMEI B philcRs
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get back to the powder form tge sintered bul k material nust undergo
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consune Lak b@qggp%ﬂRQCQQQ%gﬁoﬁﬂgu_inevitably, bring about severe problens
inair polltution. I'n addition, since the fused bulk materials and sintered
pellets are hard and strong, usually) the Iife of the grinding mlls is

si gni fi cENtYiptesingmethed: due to severe wear and tear. Contanination of the
processed materials often takes place due 25 to the material worn off the
cr ushi ngintehimemgpcess] tdifodowing [psocedaeenart guleyallytdaatel @xi sts a need for
met hods) with reduced energy requirenents, for producing ceramc materials
such as those, whi ch y, be, suitable for use.as refractory mater.ials. 30t"
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mlling dlifFONERE MBXEFisfiisERImined acqonding taig chpmicahfatipz §mmpagtiosohthgr s.
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sintered in a compact form, the diffusion process causes diffusion bonding between the

particles, resulting in the formation of bulk materials after sintering. To get back to the

powder form, the sintered bulk material must undergo crushing and grinding process again.

20 The fusion and sintering methods described above are carried out at high temperatures
(about 1600°-2200°C) and consume large amount of energy and, inevitably, bring about
severe problems in air pollution. In addition, since the fused bulk materials and sintered
pellets are hard and strong, usually, the life of the grinding mills is significantly shortened
due to severe wear and tear. Contamination of the processed materials often takes place due

25  to the material worn off the crushing machines and grinding mills.

Accordingly, there exists a need for methods, with reduced energy requirements, for
producing ceramic materials such as those which may be suitable for use as refractory

materials.



not the exclusion of any other integer or step or group of integers or
'st.eps. The ceramic materials of particular relevance to the 86@i§ﬂf2004
invention are "m xed netal oxides"” which contain at |east twO diTferent
netal atons, or netal atonms of differing valency, 15 and oxygen. These
materials may find use as refractory naterials for use in linings for
furnacesDLESCwﬁTﬁBﬁ FTgﬂEaﬁl%@fQﬂ?Ot her industries, or as binders or cenents
for refractory castabl es, or as fuel elenments in nuclear reactors, and nmay
be referred to as refractory oxi des. The present inventors have now found
that a nfigurg & shpws e Jrey léfmcue@rﬁp@frs@n@fgmermp@mw@@r milliag | fpediffesenh can
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this nethod may allow for the production of powdered ceramic naterials
whi ch el Figural sowsithe ¥ctay diffracionpaterns of the mixthees afendifferegt milling durationy

follow n eat treatnent. Accordi t.he present invention provides a

net hod og“(];?%mgﬁ “@‘W‘Qrﬁ?%y %Fgléﬁg‘%fifm %?@ﬁ- met hod conprises subjecting a
m xture of ml|led precursor conmponents to a heat treatnment of 25 | ess than
about 168{uré arshawk ithe Xang diffeétios patkras o $hes miifties eifider dllfngr for dafedeer ami c
material. One type of ceramic material contenplated by the nethod of the

i nvent i odurafiens ansl asingalingafalciurg drydroxgrde; andabgnina gt fEYBE fr 4 howtferred to as
spinets. Spinet-type materials have the general stoichionetric formula of
AB204 wherein A represents a divalent netal ion such as s Myz+, FeZ+, Znz+,
Wh2+, Coz+ or N 2+ and B represents a trivalent netal ion such as A'+, Fe

3+, Cr3+ +, '+ + sic spinet has the forrmul a MgOAl z03,
however RI%EO§H%§%P§&E1§E{YE®E%%61 ABZOQ 5 i nclude gahnite [ZnQA1203],
pl eonaste [(My, Fe) A1203)], picotite [(My, Fe) O (Al Crz)03], chromte
[ FeOCr 20Fhroughontythis specHe@ddi?@ad tendlaimgmaidht fllofe Gn&R03he céntpxtefequitesd

spinet is MJOAl Z03. It is to, be understood that the ceramc material,

whi | 40 c GHST¥ISe.Ake Werds eemprise’| dyATIRIADS SYCHiA8 nFGRRISES @@SF%WS%W?{ %o be
enriched, . : : I 3 -
Fich opi Aagerdey R fle o1t oSG HRtect BERADBHDup bEIAATR sipfbeC
mul | it es npBhe28dudisn 0F Jny othed inttgerprstapi or lgranpetfnintegandr #¢p03 ri ch;
cordierites [(My, Fe)z A14Si 50,qg]; olivines including (2FeCSi Oz) and

forsteri tge(RMATOIHRArial€ bf ?%c_ﬁﬁf BZevanb2lo therbRat RVehtfor( 58S Qixded B&LY!
(Be3A12S160~g), enstatite (MySi 03) and cal ci um al um nat es i ncl udi ng

CaAl Z04, ogules4@hich Gant2inbt kag 3wo Nidfesens mskl ateptsy rongielratemeofdifferingyalenssy be

prepared by enri chi t he priecurser,conmponent. 15 mxture in one or the
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prepared by the nethods of the invention will be apparent tg the skilled

person. Th#abesenasivel denpninmuslesr repatarspandaaathiaraferied tass refraeprreddesar e
subj ected to nechanical attritioni.e., mlling, prior to subjecting to the
heat (fi rihegpreédneahveatirs hhbe ndv foadld ph&caimsiRture of the precursor components in

powdered or milled form can be subjected to a heat or annealing treatment at temperatures
20  lower than those previously used to fuse or sinter the components. Advantageously, this
method may allow for the production of powdered ceramic materials which eliminates or

reduces the need for further crushing or grinding following heat treatment.

Accordingly, the present invention provides a method of producing a ceramic material, which
method comprises subjecting a mixture of milled precursor components to a heat treatment of
25  less than about 1600°C for a time and under conditions sufficient to form said ceramic

material.

One type of ceramic material contemplated by the method of the invention are the class of



20 conponents are in powder formand typically have a particle size in the
range of about 100 nmto about S pm for exanple, about | 00 mAto f@ ut 3
p m Typically the powdered precursors may be intimtely mxé@‘ Prdlr ganpl e
in a blender, before mlling although it will be recognised that the

i ndi vi dual conponents may be separatel§-nilled and then mxed prior to

firing. hani cal m |1in re &t L ti of e .brecursor. o nents .is
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30°" April 2004 -s ceranic material follow ng subsequent annealing.” The
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m nutes and_30 hours, ef erabl vy, for. between 1 hour and 10 hours, for
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size, the mlled precursors can be further ball 5 mlled by wet or dry

m | | ilhg Sthergevamid matagale meluge: mullites (3 AL TP melidingsioighipraetniagndpbOonal | y
be conpacted into.th sired €4.0r:f. . S } ti.les .or sheets
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about 20(2NMeOsSiANt zitdRAOe, ST0S, wotksegiee (CaSiOl), mesn (Be,ApBi O PR lenstdtie
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exanpb e atixtaboin oncdO0theothdycft thd PORCrsofl hempéndntse dMiaxtdres S eaayviiwbol orrmemgni se
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wi Il recognise that ot her netal -oxygen containing precursors nmay be

enpl oyed 58 prederablyciboxt Idekto abantiinhttgsicatychboui 20ek farfa planetazpbal mill.aTle 30
Those skilled in the grt wll preciate that the in i on descri bed
or o 1 Salgte apwiies e Shau AF REAS i ietnist Fr oL S O HAF hORAYF Hegk
speci fi cajrlsiaflEskdilsBRE otler bhB: JovdRe ratid St AQFbe ust to abiiEid pAfQflate Gihat
the invention includes all such variations and nodifications which fall
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features, cglﬁposti ti.ons aﬁnd congp.unds. {ef erred to or indicated in this
speci fi catMgRm 'r%‘ib\)'il a‘?‘?“é? co E2Yi vel y, and any and all conbi nations
of any two or nore of said steps or features. 5 The invention will now be
descri bedypicallyrtbe duratiorof willingissufficiant iegesdirin substantiafoanatign of shadesiced ar e
illustrative of the invention and are not intended to supercede the
generality of the above description. EXAMPLES Exanple 1.



10 Synthesis of spinet Al um na and magnesi um hydroxide in a ratio of 1:1 in
‘powder formwere used as raw materials. The raw materials weF@hA ril 2004
stoichionetrically mxed in a V-bl ender for one hour and nilPed” PR

Fritsch 5 planetary mll. The ball 2§ owder weight ratio was 20:1, and the
rotational speed of the sun-disk was 0 rpm The rotatlonal ratio of the
vial 10 defifis Hﬁtéﬂla?ﬁ)ll%@/lﬂ?s%séqzlent'\ﬁﬁgﬁmg(:@he Bdali rﬂ?)f{r*x éﬁl%qt out in
ai r atnosphere f hours. After mechani ca ng, mlled
powder viasa perislaifddtwaenahowi3@ainivies mebi( mgrs, praferaklyfor bbl\@@ﬁ@ i ouaand 1®r
d|fferer}§ durartel gns Far %giﬂparl son purposes, mxtures of powders with the
sane corrpggﬁ tf(f oft ‘5‘8 E\}ﬁo% Hﬂllng were conpacted at 400 MPa. After
conpaction, the conpacts were annealed in the same manner as the

mechani c@ptignali| tp opfain @ﬁlrﬁwméaller Portivlesize, thermidisd pregursorsican he furthee haled

m Xt ures h| XRD- 6000 X-ray diffractoneter.

Fi gu%e 1 V\g%#g¥§g’ Q%?‘Tl?ac #%%ﬁ@t ra of the mxtures after mlling
for di fferent durati ons and anneal ing of alum na _and magnesi um hydroxi de at
1100C f oFheimyledrprequesas amixpise 5wy 9ptipaallyfhsrcopmadied infothedesirgd shapgtordpin i ng,
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while the mxture a anneali n

conposesprmssurdsyf abows 200 &b alamlld)(it(IMPze Mrpeaeh@cbﬂ‘dgﬁnc&mds dptidpal. Resi dual MO
and A1203 in the anneal ed m xtures decrease with increase in mlling tine

and co -\ atalsNg ni cal
artri o ot EctRRRRGe Mol GlaufibiccbRrianneaBbEarfl biint AP TRERS
annedl i nglmmmtealpcrﬂummﬁélow thbxer doarmariy esdd ingiritéring, anE)fas‘mdl prodess&y kehesi s
ofymullite 5 The raw materials for Sénthems of mullite were a 1:1 ratio of

nat ur al @ﬁ%@a&h@%puﬁgnkss thae akguitlFRCIG PEﬁf%féE'é’éi‘Htj’fP%gethébg'atr%)Oé@a'éfé%cr| bed

in Exa ure 2 .s f tterns, of the m xtures
Lt o o 100G (ot Ein Ear R DO e Paflic, Rk BR aRREAET AL REodnE o
1300C f ofhe auwaﬁ of thE@hndalifg FextiriéhwiM Fahpwith Md tka&am@é sl ged atidsiibd e anount
of mullite is forned in the anneal ed m xture, arge anount of A1203 and

Si 02 st | degreecofaniiking the PERAUESPT POWESr QOHPORENLS WHCEE s@mﬁeldu@dor examplpdopger

fo' | N glf%}’og@Bﬁ!ﬁ%l{aﬂ%af’%uréf%%g%ﬁﬁ%ﬁ rQ&‘éE&poMetr})Lr%gge%%ldrﬁ% re %Q?ie @\%@ Si 02

e anneal € onsi sts" main esT dual
AI zO~ anmcseﬁ@eramreroétlmmhlmg mwtmﬂmteﬁydmﬂlgasﬂeahinghndyrim eased but for bl i ng

duration,and di ear after m I I I or hours 3. .15 nt hesi s
of calci e.wm?faﬁgﬁ rebpies oot fraresye mbzbla t%g"gbﬂﬁ&%@eﬁ%ﬁ °8 1:1
ratio of yalimdim gqgﬁ’lgs t é%ﬂhﬁéjéﬂéﬁ% for gtﬁl’l’in@q}reﬂah?éléng B?tl@iﬂ&&x‘?ﬁr

process Is the s escribed in ure 3 shows the X-ray
di f f r act campgentser R dratibre and mmlpeestuwf otéﬁrmg Imayrﬁdsd dcpeddfdneﬂlerspuuta reft i ons

o0, SRS L GBI B AT i BBl 15,01
has bee ncémm@ thrb@%@&uﬁﬂ@té@ﬁn@bpﬁ%ﬂﬁ@ tﬁé‘%r@ﬁ@néﬂiﬂobéss ﬁialy%b%amléa%ufrmhur e

after 2 hours of ling and fol l'owed by annealing conposes nainl
CaA1204 @kidizingsgtinosphers. eThm$l@lé¢,ct Ragsanavilialep reommase Haich p@&@rsah@pmnmstSar e

not dete at
100G 1 oft O bfed MERIHEES: & P odis pbiihic Rluctal SMiBn Ao ARARE IR,
mat er i al ngiarab edve nfag:rialBESuﬁh epbawcﬁte((edntzhh'mg 2@y 0, mndl All;(g3 3H 0 yand matuedl
precur sor conponents hayi
25  clays, for example kaollmte (Al Si,04(OH),) and montmorillonite (Al,(Si,0;),(OH,)). Other
precursor components include common industrial raw materials such as alumina (AL, 0,),
magnesium hydroxide (Mg(OH),), and calcium hydroxide (Ca (OH,)). The skilled person will
recognise that other metal-oxygen containing precursors may be employed such as

hydroxides, carbonates and oxides of suitable metals.

30  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



particle size ranging from100nmto 3p for 1 to 5 hours; (b) conpacting the
‘m- 1 ed precursor conponents under pressure at a pressure rang&mg ;rﬁg9200
to 1000MPa ; (c) annealing or firing the conpacted precursor3 o PAH é in
(b) at a tenperature ranging from 800 to 1300 degree for about 1 to 5 hours
and under an oxi di zi ng atnosphere; and®(d) crushing or grinding the

O A L A el B s

t he precursor co nents are |1

The et hadll edope! aimie linveiRnealfo tifdudds! dli B8 the s&psr K@ty t cdmpdidndn@ner gy
ball mll. 4. The nmethod of claim1l or 3, wherein the nmilling is carried
out in actBpquUAgHEesgrreshiolor irdi¢atedsn thithspepiicatinn, didivithedlin dr collecBivelyhandsing t he

mlling j rried out i.n_a _high energy.planeta ball mll. 6. The nethod
of ¢l ai i Ahocspbinatiqys of apfi ey ar gorg AP S HEE SRS o brecur sor
conponents is about 5:1 to about 50:1, preferably about 10:1 to 40: 1.

30t" Apr The myeatian will mveberdesaribedwith refenende tothe fadiowingrorcmatmgexmripdesi al i s

sel ected t rou nsi stin f a classic, spinet l1ite, ‘
cordieri Me],[cg%er Es1 ﬁ’esg?'twee?o@%ﬂﬂmon%g P'é?(?g,? "@ﬂ]deg toAﬁp“fﬁﬁﬁg%{Hég?nefﬁlétyﬁéfh’?od of
cl ai m 1, abdverdesdriptibg. precursor is selected fromthe group consisting of
bauxite, natural clays, alum na, nmagnesi um hydroxi de, and cal ci um

hydroxi de. 9. A ceramic nmaterial nade by the nmethod of claim 1. 8U88TII| UTE
SHEET . AYE. A{. A9Uf. A hy. A{ly. A h. Ah . A9{. A{lyD[\Rn+IsCD H X \
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Example 1.
10 Synthesis of spinel

Alumina and magnesium hydroxide in a ratio of 1:1 in powder form were used as raw
materials. The raw materials were stoichiometrically mixed in a V-blender for one hour and
milled in a Fritsch 5 planetary mill. The ball to powder weight ratio was 20:1, and the
rotational speed of the sun-disk was 250 rpm. The rotational ratio of the vial to the sun-disk
15 is 2.17. Mechanical ball milling was carried out in air atmosphere for 1 to 5 hours. After
mechanical ball milling, the milled powder was annealed in an electric heating furnace at
1100°C in air for different durations. For comparison purposes, mixtures of powders with
the same composition but without milling were compacted at 400 MPa. After compaction,
the compacts were annealed in the same manner as the mechanically ball milled powder.
20  Phase compositions of the annealed mixtures were studied with a Shimadzu Lab XRD-6000

X-ray diffractometer.

Figure 1 shows the X-ray diffraction spectra of the mixtures after milling for different
durationsl and annealing of alumina and magnesium hydroxide at 1100°C for 1 hour. It
can be seen that for powder mixture without milling, after annealing only a very small

25 amount of spinel has been formed, while the mixture after 1 hour of milling and followed
by annealing composes mainly of spinel and little unreacted MgO and Al,0,. Residual
MgO and Al,O; in the annealed mixtures decrease with increase in milling time and

completely disappear after milling for 5 hours. With longer mechanical attrition, the
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duration and disappear after milling for 5 hours.

Example 3.
15 Synthesis of calcium aluminates

Calcium aluminate (CaAl,0,) was produced with a 1:1 ratio of alumina and calcium
hydroxide as raw materials. The synthesis process is the same as described in Example 1.
Figure 3 shows the X-ray diffraction patterns of the mixtures after milling for different
durations and annealing calcium hydroxide and alumina at 1100°C for 1 hour. For the un-
20  milled powder mixture, after annealing, only a small quantity of CaAl,O, has been formed.
Large amount of AL,O, and CaO still exists. The mixture after 2 hours of milling and
followed by annealing composes mainly of CaAl,O, with very little unreacted CaO and
Al O;. Both CaO and Al,O; are not detected in the mixtures after milling for 5 hours and

annealing at 1100°C for 1 hour.
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(c) annealing or firing the compacted precursors obtained in (b) at a
temperature ranging from 800 to 1300 degree for about 1 to 5 hours
and under an oxidizing atmosphere; and

(d) crushing or grinding the heat-treated compacted ceramic material.

2. The method of claim 1, wherein the precursor components are intimately

mixed prior to milling in (b).

3. The method of claim 1, wherein the milling is carried out in a high

energy ball mill.

4. The method of claim 1 or 3, wherein the milling is carried out in a

horizontal ball mill.

5. The method of claim 1 or 3, wherein the milling is carried out in a high

energy planetary ball mill.
6. The method of claim 3, 4 or 5, wherein the weight ratio of ball to

precursor components is about 5:1 to about 50:1, preferably about 10:1

to 40:1.
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8. The method of claim 1, wherein the precursor is selected from the group
consisting of bauxite, natural clays, alumina, magnesium hydroxide, and

calcium hydroxide.

9. A ceramic material made by the method of claim 1.
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