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Abstract

Properties of water based alinna suspensions pre
parved byoattmion nollme swere studied - Pore size
distitbutions and suievimy behaviowr of contrifugal
cast preen compaets produced frome such suspensiony
e reported

Attetion nallnig 18 very effectve we deagelomerat
o the startmg powder, resulting e suspensions
ahmost free of agslomerates However, an mereay
g cmonnt of Al OH s Jormed with mereasing
attrition tine The AP OH T content we the siuspen
von s well as e the green compaet was found 1o
nerease tmearly wale ndhme toe 1WWhereas the
0 OH ) did not cliange green denseties 108", TD
vemmarhably, the mean pore size of the green
ompacts decreased by 00 and shomhage diimg
suiterme was strongely affected  Duvnig heatmg, the
transformation of AlcOH 10« 410 caused pore
weonth, winel severly delaved and  distrbed  the
denstfrcation process and theretore lowered the fuwal
suttered densities

Removal of the AlcOH b fron the suspension by
anacrd washimg step after the atoon mlling led
to a iy dense, subnncrometer gramed o 410, at
4O C sotermye temperatin e

Der Fmflul des Aetrvtormalilens anf e Ergen
schaften wassviger Aluminnnno vidsuspensionen wie
anch — Povengrofienvertethmg  und - Smiterverhaltion
dev mttels  Zewtnfugalsehlickerguls hergestellten
Griinkorper winde untersucht

Attriiormahlen st ene effektves Mtel i
Awthrechen  der  un Adwsganespulver — enthaltenen
Agolomerate  Mit zunelimender Mahldawer wird
edoch  cme betrachthehe Menge an Al OH
gebddet Doy Al OH G Gehalt e der - Sispension
wee  anclt e den uber Zentnfugalselihieherpnfs
heveestellien Gruhorpern steigt Tmear ot den
Malddaver Walwend das Alc OH b hemen nennens
werten Ewmfluf) anf die Grandeliten 68" 0 1,0
e, ot dev nnttlere Porenradines e den
Grunhorpern wm 400 ab, ebenso wad der Smter
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prozel stark beemtrachtgt Das benn Auflier:en
durelr die Unnvandhinge von AlCOH 0 i oo ALO)
verw sachte Poremwvachsimn verzoeert den Smter
prozefs bevachtheh und hewokr eme thualme der
Enddichie

Duwvelr e Abtrennuny des wadnend des Arnon
mcthlens pcbilderen ACOH . mitiels emer Sare
wesche pelmet es, cor volthonunen diclitgesmitertes,
femhdmges o ALO . ber T400°C Smtericimperatin
herzustellon

Nows avons St Pmflaence de Latteition s
les  proprctes des suspensions  aquenses  d ovude
ol ahonnn © ALO T amse que swe la dstribution de
la tadle des pores et le comportentent an fritage
des preces vertes preparces par condage centifuge o
partir de ces suspensions

Lattrition est wne méthode efficace ponr dlmoner
les agglomcrars presents dans les powdres Cepen
dant cn anementant la duwee dartriion ol se forme
e quantrte crorssante dhvdrovvde dalimnn,
ACOH Lo conteme dHOH L dans Ta suspen
sion et duans laopréee verte peparcée par conluge
centrifupe aupmente lméanement avee la o durée
dwttriiion Alors gt A OH S wmfluence pus la
densité verte (08T TD e ravon moyen des pores
de Ao picee verte donme demviron 40760 cooqin
freme le processus de frittage Peadant e pritiage
la cronssance des pores engendiees par a trans
formation ALO — AL QL valennt Te procéssi
de densification ef entrame e dunmation de la
densne frintee

Par o lessivage a lacide de e pondre, one ¢l
ACOH  forme lors de Partriiion powr obtenn,
apres frictage a  14000C, des cchanullons denses
d"ALOdémonttyant we nncrostructine subnierongue
res e

I INTRODUCTION

The production of high density ceramics requires
the use ol hne. agglomerate fice powders There
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fore, powders must be pretreated before shaping
by some technique such as ball or attrition milling,
to elimmate agglomerates ' Although 1t 15 well
known that the physicochemical environment has
a large mlluence on the commmution process,” "
and that grinding ids can improve the grinding
eficiency.”” milling 15 usually considered to be a
simple comminution process resulting i changes
ol the agplomerate and particle size distribution
However, in some cases 1L 1s possible to induce or
enhance erther sohid state reactions. such as phise
transformations and amorphization." ' or reac
tons between the powder and the hquid used n
the wet mulling operations.' """ Alpha alunina
for example 1s known to react both with organic
hquids' and water'. respectively In an agqueous
medium, the formation of an alummium mono
hvdrate layer on o ALOy particles has  been
observed.! This hydiration process, which can be
mechamically activated, 15 due o the thermo
dynamical nstability ol «-ALO, in water.!" By
attrition  during  the  wet milling  process, the
aluminmum  monohydrate  laver 15 continuously
removed from the suifuce and alummiuum ions
are released (rom the particles into the water.!
Depending on the pH ol the suspension and

the alummium concentration, various species of

alumimmum hydroxides exist in the solutton (Fig 1)
The unhydrolyzed Al'YY 1y stable below pH 3
With mcereasing, pH. the Al'* jon hydiolyzes and
condenses, formng a vanety of positively charged
mono and polynuclear complexes ' Many ol these
large polynuclear hydroxides and oxo hydroxides
cun he stable mdehnitely. but are m fact imetastable
with respect o the precipitation of AI(OH) '
Above pH 9, the JAKOH),] 1s the predominant
species  Between pH S and 8. almost no alummn
i 1 dissolved, since the only existing species,
the uncharged AIKOH), s neuarly insoluble In
addition to (ransient amorphous precipitates, y
AlOH), and o AI{OH), can oceur which hereafter

) i T T T T T T T T
(I
|
- -| B !
i o
|‘!:| -4 .
T
[N J
) .
— -0} p
=l I ~
o — —_— T v — = __l \ -
- 7} s [ ! 4
(NN .
TS g N
L ) - d ) S S |
! | ] ) n 7 i 4 1
pH
Fig. 1. Dutribunion ol hyvdrolysis  products (v, 1) an

JATLCOH) ™ Y at an o strenpth 7= 1 and at 25'C
soluttons saturated with o AIROH), '
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will be summarized by the term "ANOH)/

The transformation ol AI(OH), to « ALO, dur
mg diving and sinterig has been the subject of an
extensive literature " ' Generally, the transfor
mation sequence for alunimium hydroxide upon
heating 1s

amorphous/a/y AI(OH),
'y/h/(" Al n(_)‘ — v All(.)‘

- Yo AIOH) -

The sequence of the transition forms 1s controlled
by the stiucture of the starting material.”' The
rate and temperature of the transformation to
ALOcan be miluenced by seedmg the aluminium
hyvdroxides as well as the transition  alumimas
(hereafter simply, il somewhat inaccurately, referred
to as "y ALO) with additives such as « ALOM
or o Fe,0"" " particles The transformation 1s
connected with a dramatic increase of the density,
from 242 p/em' (gibbsite) to 3,986 giem’ (corun
dum) In addition, the crystal system changes
from monochinie (gibbsite, bayerite) to hexagonal
(corundum) "' Theretore. ot AOH), 15 present
m a gieen compact prior to o sintering, it will
have a detrimental effect on the sinterability. the
density and the microstructure ol the sintered
compacts

Previous studies investigated the influence of
attriton milling on the particle srize reduction
rates as well as on the particle size distiibution ™
" However, Iittle attention was paid o the fact
that the powder purticles can experience enhanced
hydrolysis durmg milling

Theretore, this imvestigation was designed (o
elucidate the effect of attrition milling of alumina
suspensions with regard to the formation of alu
minium hydroside In addition, the influence of
this alummium  hydroxide on the green body
properties was characterized as well as the sinter
abihty and the microstructure Centrifugal casting
was used as a green body forming techmque To
be able to separate the miluence of (0) AIKOH),
and (b) changes of the particle s1ze on the micro-
structure of green and simtered compacts, o fine
aluming powder was chosen, which will undergo
almost no further particle reduction durmg milhng
A method is shown on how to prepare hydroxide
free, good sinterable green compacts even i attn
tion milling 15 used Tor the deagglomeration and
suspension preparalion step

2 EXPERIMENTAL PROCEDURES

2.1 Suspension preparation

All experiments were carried out wvsig a dry
milled high purity ( '9999",) « ALO, powder
(RCHP DBM. Reynolds Aluminum Co , Bauxite,
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Arkansas 72001, USAY with o specthe surtace arey
of 859 m"g and o mean particle size ol 03 gm.
Suspensions with 80wi"o sohd and pH 4 % were
prepared usmg high punity water (speaitic electrical
resistance of 20 MQcem) and concentiated nitric
acid (p i, Merck, 6100 Darmstadt - Germany) o1
NH,OH (puriss - Fluka, 9470 Buchs, Switzerlind)
for pH adjustiment

Milling way pettormed with an attntion il
(Molimex PE 075 Netzseh Fernmianhliechnik CGimbH
8072 Selb. Germanvy  Grindmg medin (spheres
imm deimetery as well as the evlimdrical grinding
chamber (008 mon dimerer < 01 mon length)
were of dense o ALOL (995 "w pure) Medn
(0700 ky) and suspension (0450 k) loadimgs
were kept constant tor all expeniments The 1otor
wis operated at 1500 rpm During nillimg pH
wian controlled and. ol necessary . readjusted Iy
addition of mime aad Milthing time was the only
variible The weinr ol the nullme media was below
922w (00 min midling)

Samples for particle size analysis were drawn
Jurmg nulling atter 0.5 15 30 and 60 nun The
particle size distributions were measured  using
lipht scaticiimg methods (Microtiae UIPA FRA,
sertes Y200 eeds & Northiup, North Wales, PA
(9454, LK)

Rheological characteristics of the suspensions
were determined  usmge g rotating  viscosimetel
(Rheomat  TINA - Mettler Toledo  AGL S6bo
Giretlensee, Switzerland). To prepare alunimnnm
hyvdroxide fiee compacts. the suspended alumina
powder was washed three times. Arst with 0 sM
HCT then twice with water Prion to the centriln
pal casting of the samples, the pH was readjusted
fod 2

2.2 Casting and green body characterization

Green bodies were prepared by centrifugation of
0 080 kg alumima suspenston at 4000 g tor 90 min
(centrifuge Hermle ZK 100 B Hermle GmbH,
7209 Gosheim, Germany)  Alter an appropriate
didovion with 0 TN HCT the almminium concentia
ton m the supernatant was determimed by atomic
absorption  spectioscopy  (AAS) (AA Spectio
meter. Instrumentation Laboratory Ine, Wilmington,
MA 01887, USA) atter the clear supernatant
solution had been centrifuged Tor another 90 mm
At S000 g Gireen density was determimed by (he
Archimedes method  The immersion medium was
mercury  All green bodies for He porosimetiy
(Porosimeter 2000 Carlo Erba Strumentazione
Milan, Ttalvy were dried at 120°C for 8 h DTA:
TG measurements were petformed i an (heating
rate 10 Kimm) on a0 Mettler Thermoanaly zer
TAT (Mettler Toledo  AG, 8606 Gretlensee,
Switzerland)

2.3 NSintering process
The companison of the sinterability of the different
treated powders was performed by dilatometnie
studies (Bahr 802 S Bahr Geratebau GimbH.
4971 Hullhorst  Germany) - The  heatmg  rate
wis Y K min the cooling rate =50 K.mm The
maxinpnm sitermg  lemperature (Y7007 was
held for one how

Lsothermal simtenng was performed with green
compacts heated moane ar a0 constant rate ol
60 K hoto 1400°Cand held at this temperature Ton
2 I teoolmge rate 400 K

The mucrostructural development of green bodies
made up from washed and unwashed  powder
suspensions wits studied by heating  the compadts
with a constant heatmyg rate (5 Komm) o 1400 ¢
When the masmmum temperature was reached, the
compidts were an quenched  The pohshed and
thermaliy etehed surfices (130C Tor 300 mim)
were eximined by oscanning election microseopy
(Jeol ISM 6d00A Teol Lid Tokvo Japan)

2.4 Simulation of the aluminium hydroxide
influence

The miluence of alumimmm  hvdroxide on the
sintermg  behavionr  was  simulated by addig
7ow"o AICT 6H.O  (aystalline, Merek, oloo
Darmstadt  Genmany) to an alunund suspension
with oswi" o solid - This AICT, concentration cor
responds (o T 2wt'o AIOH), atter hvdrolysis
ot an AlCHD concentiation m- the solution ol
O 41 molhtre The pH was adjusted to 4 2 by the
addition of NH,OH  Atter 4 nmun altrasonication
(Vibra Coll VCODO, Somes and Materals Ine
Danbury - USA) the samples were teated as
deseribed m Sections 2 2and 2 %)

3 RESULTS

L1 Attrition milling of the alumina suspension
To investigate the formanon of alumimium hydroside
durmg wet millimg, 8Owt" o alumima suspensions al
PH 4 2 were attrition nulled for ditferent times
This relativels igh powder Toadmg was chosen (o
mimmize the wear of the grinding medin " The
patticle size disttibutions for the nulled samples
are shown m Freg 2 As eapected o such a fne
powder, the mean parhicle size 1s not much atfected
by the nulling process  However, agglomerates
lorger than T gm are very etheiently destroved
The alununium concentration m the dispersion
medium  as o function ol the pondimg time s
plotted m Frg ¥ As o comparison, the solubrhity al
pH 42 of amorphous AKOH) | the most soluble
form ol all aluminium hydroxide species,'’ 15 also
shown  Suspendmg the alumma powder in walter
leads to an alummum concentration of 0 045 mol;
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Fig 2. Effect of attrmmon milling nme on the parlicle size
disiribution

itre: Durmng nulhing. the aluminium concentra

tion icreases almost linearly (o a Anal value of

063 mol/litre, which is Tar above the theoretical
solubtlity of AI(OH), at this pH

In Figd, the viscosity (shear rate 99/5) of the
suspensions 1s plotted  versus the nulling time
Starting from O 11 Pas, 1t increases with growing
alumimum  concentration in the suspensions (o
02 Pas after 60 min nulling, time

3.2 Green compact characterization
Aflter attritton nulling, compacts were prepared by
centrifugal casting of the suspensions The pore
size distributions of the dried green compucts were
measured by Hg intrusion porosimetry, Green
densities and miean pore tadii of the compacts
versus milling time are plotted in Fig 5 The maxi
mum green density (68 o) 1s achieved after
30 muin grinding time Prolonged mulling results i
a shght decrease ol the density

The meun pore radius decreases from 42nm to
29 nm alter 30 mm Further attrition milling leads
to an crease of the pore radius The mimimum ol
the mean pore radius coineides with the maximum
ol the green density
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Fig. 3 Alurmimum concentration m the dispersion medium as

a4 lunction ol the attnition milhing, tme  The solubility ol

amorphous  AICOH),  the most soluble of all alummium
hydroxide species, 15 also shown (pH4 2, 7= 01"
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In Fig 6. the AI(OH), content v the green
compacts 1s correlated with the weight loss during
sintering, varymg from 0.8wt"o (0 muin milled) to
[ Iwto (60min milled), which corresponds 1o 25
and 32 wt"o AIKOH),, respectively. According Lo
TG measurements, 95" of the werght loss occurs
between 120°C and 600"C, which s n good agree
ment with the temperature range of the decom
position of AIKOH), to y ALO, "' This weight
loss s therefore attributed mainly to the oxide
lormation

3.3 Sintering kinetics of green compacts with
Al(OH),

The shrinkage 1ate curves lor the centrifugal cast
compacts are plotted in Fig 7 Generally, the
longer the powder 1s milled, the more the densih
cation process 1s disturbed.  Additionally, pro-
longed mulling ol the alumina powder results n
himodal shrinkage rate distribution With increas
mg grinding time and thus with mereasing AKOH),
content in the green compact. the first maximum
ol the shrmkage rate versus temperature curve
shifts from 1380°CT to 1300°C Compacts with
higher y-ALO, contents showed lowered shrinkage
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Fig. §. Green densily and mean pore radius as a function
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Big. 6 Werght loss o the compacts durme heating up o
F2000C s o lunction of mdlme tme

rates, mdicating that denstheation s retarded by
parallel occurting processes From density data
versus time, 1t s obvious that compacts ot the
powders milled for o longer time density only
at considerably Tagher temperatures This also
becomes evident Tor the 60 nmin tieafed powder,
which shows o pronounced second maximum al
PS00°CT This second shrinkage rate maxnmmum s
hardly visible after 0 and S mun ol attriiion, bul
becomes more and more pronounced with icreas
A omilling time 1o addion, the Tonger the alu
mia powder s nulled. the agher s the residual
shrmkage rate during  the asothermal sintening
wnod al 1570°¢

The sintening behaviowr ot the samples nilled
tor o long omie s mainly influenced by the presence
A AKOH), In Fig 8 the shrmkage rate curves ol
the 0 and 60 nun nulled samples e plotted
compatison with an unnulled sample, to which
AICOH), was added i the lorm ol 7 Swi?y
alumimium ¢hlonde This corresponds (o 1 2wy
ANCOHY, alter hvdrolysis or an alummmm con
centration of 0 31 M Thus s tatter compact has
the same particle size distiibution as the unmilled
compact, but an AICOH), content comparable (o
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Fig. 7. Influence of the mibhing time on the shnnkage rates of
the centrifugal cast compacts (normahized on o compiet
length ol 0 O1m)
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Fig. 8 Shimbape rates Tor centolupal cast compacts () un
milled (b)) unmnlled with addimon of AICH and (0 mdled Tor
obmin (notmabized ona compact lenpth of 0 01m)

sample milled for a long time As expected o a
compact with this amount of AlYOH), the shrink
age rate curve has two masing The st maxi-
mum at 1307C s comparable to the one ol the
0 and > mm omilled samples and the second at
(4407C 1w only hutle Tower than the one found
with prolonged milling This result clearly shows
that the appearance ol these fwo maxnma s
caused by the ACOH), i the powder compagts
The final densities (1400°C:2h) are in the range
ol 99 2% oy tor 0 and S mm millimg ume and
decrease 1o 9480y, Tor samples attotion milled
for 60 nun (Table 1Yy 1oy worth notmg that it s
not the green body with the highest density and
the smallest mean pore size but tather the one
with the lowest green density and the Tirgest mean
pore size that achieved the highest final density

3.4 Sintering Kinetics of green compacts without
A(OH),
In order 1o benehic from attition nulling as «
method o break up agglomerates and to reduce
the particle size. the AKOH) . formed by the
mithng process. has 1o be removed  An etherent
technique to separate AKOH) Ttom o ALOY 1y
acidie wishing of the powder

ANOH), Tree compacts trom the 30 nin nilled
alumma suspension were prepared by repeating
the acidic washimg ol the powder three fimes prior

Table 1 Fuolution of the Anal denaity wili mulling tnne

Vol Denstty cionvashied Devsin vwashed
fine
Cnin e U RIRRIL oy,
0 RIS gy )
\ 1osd a2
I dl 089
M b a0 07 1o8) 99 Y

6l b TRO 94 8
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Table 2. Charactensiics ol hydroxide contiuning (unwashed)
and hydroxide free (washed) samples, both nulled for 30 min

Hydrovide Hyidrovnde
contaming free
JAICTD] e the water 019 002
(moldire)
Mean pore radius 249 15

in the preen
body (nm)

Green density (piem’)

Temperature ol
maximum
shrimkage ("C')

Final density (piem’) Y001 (97 9un ) VYR (W9 90 )
2 th i

27268 Vo) Y68 (67 20,
1 200/ 1500 [ 290

to centrifugal casting. A comparison ol the prop
erties ol compacts made from washed and un
washed powders 1s given in Tuble 2 The hydroxide
free green body has a 20°0 larger mean pore
radius and a "o lower green density than the
hydroxide containing sample The shrinkage and
shrinkage r1ate curves for both materials show a
peak at 1290°C (Fig 9) The hydroxide free com
pacts show neither a second sitering maximum
nor a significant shrinkage rate durmg the sother
mal final stage of sintering, which means that the
body has reached its final density (3982 g/em® or
99 9" p,,,) al the beginning ol the sothermal final
stage ol sintering,

The development ol the pore size distribution
during the constant heating rate smtering phase
with increasing  temperature lor both the un
washed and washed compacts s plotted in Figs
[0(a) and (b) AL 100°C, the mean pore radrus ol
the unwashed sample 15 about 15 smaller than
the one of the washed body (30 nim versus 35 nm),
Apart from a shght pore growth, the pore size
distribution as well as the pore volume ol the
washed compact remains unaftected up to 10007C
AL higher temperatures, the sintering process leads
to a very fast shrinkage of the pore sizes Above
[300°C, no open porosity remains. In contrast to
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Fig. 9. Shrinkage rates [or unwashed and washed compacts
(normalized on a compuct length ol 0 01 m)
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Fig. 10. Pore wize distnbution of (4) unwashed and (b) washed
samples al diflerent (emperatures

the behaviour of the washed compact, the
unwashed sample exhibits o considerable  pore
growth up o 1000°C The mean pore radws s
increased by 20%, from 30 nm (o 36 nim Never
theless, 1t 1s sull smaller than in the case ol the
washed compact. With preceding sintering, the
pores become smaller, as expected. However. m
comparison with the hydroxide free sample, the
decrease of the pore size 15 much slower which s
i good agreement with the observed smaller
shrinkage rate of the unwashed compact (Fig 9)
A consideruble amount of open porosity can be
detected even at 1400°C.

The comparison of the microstructures of washed
and unwashed compacts (miling tme 30 mm)
heated up to 1400°C (Fig 1) is a good llustra
tion for the observed pore size and volume
development (Fig 10(a) and (b)) The washed
compact has un already very dense, homogeneous
microstructure (Fig. 1)), In contrast (o this
fine grained nucrostructure, the unwashed com-
pacts stll exhibit quite a high porosity at this
temperature (Fig.11(h)) Between already dense
domains (up to 10 pm), there are many pores
(0 2-1 wm) and numerous separations between the
grans
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4 DISCUSSION

4.1 Infuence of attrition milling on the suspension
properties
Attrition milling s known 1o reduce the amount
of agglomerates as well as the particle s1ze very
ethiciently " ' As expected for such a fine powder,
the particle s1ize distribution remams almost un
aflected by the mulling The mam influence of the
milling process 15 the destruction of agglomerates
(Fig 2) However, us shown m Fig 3 and Fig 6, the
milling 1s combined with a considerable formation
ol soluble aluminium species  According 1o Niesz
& Bennett!, the amount of AICOH), formed during,
milling 15 increased by the presence of fransition
aluminas

The alummium concentration in the supernatant
of 0.63 mol/litre after a nulling time of 60 min is
nevond the solubthty reported for gibbsite. bayerite
ot even amorphous AKOH), at pH 4.2 Y How
aver, the present case 15 far [rom thermodynamical
quilibrium  Polynuclear  alumimmum  hydioxide
or oxo hydroxide complexes, which are lormed
especially 1 the case of solutions with high alu

minium concentrations, can be stable indefinitely.
although they are metastable with respect to the
precipitation of AIKOH), ' Therelore, the values
m Fig 3 represent not an equilibrium state but the
actual total concentration ol reactive alumimmum
(monomeric. polymeric and collmdal species) in
the supernatant, which can he acid digested

Although beyvond the equilibrium solubihity, the
aluminmum concenttation mereases linearly with the
milling trime, which indicates that the mechanically
activated  waler alumina reaction s independent
on the alummium solubility himit in water There
lore, 1t would also occur (F mudling was carnied oul
m the pH 1egion of low alumimiuum equilibrium
solubthity, ¢ g between pH S and 8 (kg 1)

The merease ot the viscosity during milling from
FIO-mPas 1o 200 mPas (Fig 4y has thiee possible
causes  Fastly, smaller particles immobilize rela
tively more free water, thus leadimg (o an increase
ol viscosity ' Secondly  the repulsive force between
two similarly charged particles o o fixed zeta
potential becomes smaller with decreasing partcle
size.t Smice there is almost no change m the
patticle mze distribution alter > nun nulling  these
two mechamsms probably only contitbute to the
viscosity ancrease al the begimning ot the milhing
process  Thirdly, the increase ol the alumimium
concentration durmyg the milling process reduces
the thickness ol the electnical double Taver and
thereby the repulsive double laver torces " As
consequence, the stability ol the suspension s
reduced, which must result in an mcrease ol the
VISCOSILY

4.2 Influence of attrition milling on green and
sintered compacts
Centnifugal casting as a shaping method was chosen
to exclude influences ol the diying and pressing
process of the wet milled powders on the sintering,
behaviour  Therelore, all experimental hndings
concernig the properties of green and sintered
compacts have 1o be discussed i terms ol the
particle size and the amount of AIOH), in the
green compacts, sinee these parameters are the
only vaniables m this investigation

A model microstructure of the green compact
containing AKOH), 15 shown m Fig 12 The [rame
work ol the green body (Fig 12(ap s built up of
interconnected o ALO, powder particles, which
are (al least partiallyy covered with AICOH), The
cavities  between  the particles  are hlled  with
Al(OH),, which was either not dissolved duning
the milling process or preaipitated during the
diying of the compacts  The more ANOH), 18
formed during the wet milling process. the more
the pores between the « ALO, particles are tilled
with hydroxides, leading to a higher green density
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(a)

(h)

Fig. 12. Model microstructure ol the green bods  (a) green compact after castmg and drying, (al room temperature) and
(h) compact alter the translormation of AROH), into o ALO, (ac =1200°C) Dark shading. AOH),, light shading, « ALO),

and lower mean pore radius (Fig 9) The large
increase of the green density after S mm milling 15
probably not a consequence of the described pore
filling mechanism, since the AI(OH), content n
the green compacts increases hinearly with the

milling time, but rather 1s due to the break up of

the agglomerates Grinding times longer than 30
min decrease the packing density and increase the
pore size, although more AIOH), 18 available to
fll the space between the particles. This should
lead to even higher green densities and smaller
pore sizes  However, parallel to the Al(OH),
formation, the suspension’s stability 1s more and
more reduced (Section 4 1) This partial coagula
tion ol the suspension mpaired the particle
packing and leads to more porous compacts with
increased pore sizes.

During heating to the sintering tempetature,
Al(OH), transforms into « ALO, by a multstep
process. These trunsformations are hinked to a
volume shrinkage of more than 30", Conse
quently, the decomposition of the AKOH), leaves
large pores m the microstructure (Fig 12(b)) At
the sume time, the very fine transition aluming
particles begin to sinter and coarsen at a tempera
ture well below that at which the «-ALO, matrix
begins (0 shrink This sintering shrinkage and the
volume changes associated with the phase changes
should lead to disruption of the particle contacts
and a considerable pore growth ! In lact, up to
1000"C, the compact with AI(OH), undergoes a
considerable pore growth  Above 1000°C, this
process 1s countered by the beginning ol sintering,
Further pore growth due to the described mechan
ism 1s suppressed However, since the nucrostructure
is strongly disturbed—especially the particle-particle
contacts, the densification process 1s retarded, which

can be inferred from the appearance ol a second
smtering maximum in the graph of shrinkage
rate versus lemperature (Fig 7). As expected, the
pore size distribution of the AHOH), lree sample
15 almost unaflected up to 1000"C. Although
the medium pore size 1s stll larger than that of
the unwashed sample, the washed sumple can
sinter much faster, since the particle-particle
contacts are not disturbed by the presence of
Al(OH), Therefore, 1t can be fully densihed al
[400°C/2h

5 CONCLUSIONS

(1 Wet attntion milling of alumima not only
destroys  agglomerates and  reduces  the
meun particle diameter but also leads (o
Al(OH), formation, which 1s proportional
to the milling time Therelore. milling times
should be kept as short as possible. Most
of the ANOH), formed 1s located in the
pores of the « ALO, matrix

(2) Upon heating, the AIKOH), 1s transformed
by several sleps to «-ALO, leaving lurge
pores and disruption of purticle-particle con
tacts in the microstructure This damage of
the microstructure results in o reduced
shrinkage rate, a bimodal shrinkage rate
distribution and a lowering of the final
density The same efect 1s achieved without
milling by addition of an A salt 1o an
aluminy suspension

(3) Removal of the AI(OH), alter milling by
an acid washing results ' the common
monomodal shrinkage rate distribution and
an enhanced densification.,
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(4) By a combmation of both attrition milhng
and Al(OH), removal. it 1s possible to gel
fully dense alumima compacts with o fine.
homogeneous  nucrostructure at - simterng

temperatures as low as 14000 C
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