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Abstract

The compaction: behavionr of nano sized zicona
postders prepared by the copreciprtation method was
stidied byomeans of pore seze distmibation measire
ments and density cersus pressie relation deternmnm
ation, Apelomerate strength can be clunacterized with
the deternnunation of pressure dependence of com
pacted densitvand pore size distribations of conpadis
By combmmy these two teclimgues 1t was found that
there were two strength pouits for agglomerates one
of lower pressue at which agglomerares began to
fragment and another one of ngher pressie at which
apvlomerates were fullv fragmented  The strength
pomt for complete agplomerate fragmentation was

el more wseful for characterizimg the properties of
aevlonierates

Das Verdiehiimgscerhalten con Nano Zoh ot
ovud, hereestelle durcl eme Koausseherdungsme thode,

winde  wntersuche D Charak terisicrimg des
VMeaterials  evfolete durch die Bestiminng — der
Povengrofenceriedung  und  der Dicliee Diieh

Beziwelmy Die Fostiehent der Agelomerate kann any

der Dinchabliangigh et der Dichie wnd der Porengio
pencertethmgy bestmunt swerden Aus der 1 erbmduny
dieser bewden Techihen ergaben sicle -wer Fesng
heitspunh te fur die dpglomerate der erste, be

Sy

medrieent Dhuck, ber dene der Zevtall der Agglome
vate cuisett und ein swerter, ber hohem Druck, bet
derwn die Agelomerate vollstandig zen fallen smd - Doy
Swerte Punkt st fue die Charak terisierung der
Aveglomerateeensehatien wesentheh narzheher

On g étudid la compaction de poudres de zircone
HARONIELIGHES,  PEOPALEes pal coprecipitation, e
olservant la distrtbution de tallles des pores et en
mestrant la deasud en fonction de la pression La
vartation de la distribution de tarfles ot de la densité di

matérian compacte aree la pression permet de
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caracteriser farésistanee des agrégars Ficcontumant
anise ces deuy teclmgues, on troute deiy points
caracteristigues de la resistance des agrévats Fun, o
husse presston, correspond awmonent i les agreépats
compmencent d se fragmenter, Fantee, a pression plus
Aevie, correspond a la fragmentation compléte de ces
agrogats  La valewr de la csistance lors de la
fragmentation complete s'est e cloe la plus addquate
pout caractériser les agicparts

I Introduction

Powder properties have a major cect on the
sintering behaviour and microstructural develop
ment' * and thus the performance of ceramie
materials  The agglomerates, which are mevitably
present e ine powders are of vital importance
mfAuencing powder performance during compaction
and sintermg Agelomerates can be characterized by
then peometrical and physical properties The
geonietrical properties ol agplomerates, mcluding
thet content size and size distributions which can
be determimed by scanning electron microscopy
(SEM) o1 the sedimentation technique. are prelim
nary lacets ol the agglomeration state” but even
more impottant s agglomerate strength.”  wiach s
decisive m powder performance ® ' Applomerate
strength deternines the compaction behaviour and
theretore the sinterahlity, ol powders 1l agplome
rates are completelv fragmented during compaction
a compacted green sumple will contain no agelome
rates despite o large amount ol agplomerates
present e the starting powder ' and the sitenng,
behuviour ol green samples thus would not be
dafected by the agglomerates contamed i powders
Agglomerates thal can be fragmented castly are
weiah Strong agglomerates cannot be broken durig
compaciion and bhoth the compacts containimng
these strong agglomerates and nter agglomerate
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pores would show poor sinterability' and micro
structure developseven il agglomerate content s low
and inter agglomerate pore size 1s small.'"

Apglomerate strength can be characterized with
the determmation ol compaction density  versus
pressure lopanithm relations and it was proposed by
Niesz and coworkers ® 7 and lollowed by Reed and
coworkers," " Dynys & Hallorn' " and Roosen,'
that the mtersection (F) of two Iimear portions (see
Fig 1) in the density versus pressute relation s the
apgelomerate strength (defined us the apparent
vielding pomt ol apglomerates in this papern)
However, this pomt 5 only the one at which
agglomerates begmn to break down, which leads 1o
laster mmerease ol density with the increase ol
pressure, but not the one at which all agglomerates
are elminated Evenaf ata pressure larger than P,
inter agplomerate pores' ™ can sull be present in
compucts The investigations made by Niesz and
Reed and their coworkers were focused on spray
dried alumina powders, the agglomerates were
artheral granules and the agglomerate properties
were affected by the binder properties However m
chemically processed znconia powders, agglome
rates are formed during processing and the agglome
rate properiies may be much different from those m
spray died alumma powders '

Maostrecently, Ge eral ' reported that a gradual
transiiion regron from the low pressure lineai
pottion o higher-pressure  linear  porion (‘a
concave upward portion in the middle” between the
lineur portion—as clatmed by the authors) ol the
density versus pressure loganthm relation corre
sponds to the fragmentation processes of the agglome
rates  Unfortunately then formula dervation from
eqn (4) 1o egn (5 was not correct even i the
agelomerate 1s mcompressible, as assumed by the
authors (which i fuct meant that the agglomerate
can not be crushed, m contrast to therr result m Fig 5
m then paper), the ‘net volume ol powder'(1'_)could
not be replaced by 1+ 1, (1, here 1s the pore
volume withm agglomerates'” simply because the
particle and agglomerate were both incompressible,
as assumed by the authors. Therelore the caleulated
tesults shown m Fig 5 m then paper based on then
incorrect assnmption and formula denvation do
not tell the truth As o matter of fact, this gradual
ransttion only shows the scatierig or distribution
ol agglomerate strength Poat the beginning of
ragmentation,

y st e

Fig. I. Compaction density versus pressure toganthm relution
ol applomerated powders

The present study investigates the compuction
behaviour ol superfine coprecipitated  zirconia
powders by determining the pressure dependence of
compacton density and pore size distribution, and
two stiength pomts were tound usetul for characier
1zing the agplomerate strength

2 Experimental Procedure

The starting powders were prepared by coprecipit
ation routes using zircontum  oxychlonde and
vitrium nitrate as raw matenals The mixed solution
ol zircomum oxvehlonde and vitrium nitrate was
added to an ammonia solution, which resulted in
coprecipitation, and the hnal pH value was kept
95 The coprecipitates were washed with distilled
witer (repeated more than ten times) lo remove
amons The washed cake was then treated differ
ently Powder S | was prepared by a subsequent
ethianol wash (repeated more than six times) (o
teplace water until the water content in Hltrates was
less than 4% Powder S 2 was prepated by two
subsequentethanol washes to replace water partially
(water content an Altrates about 0%) tor YSZ
powders. (7mol”o Y,0,, Ymol®s Y ,05) but for Y
TZP powder dioect dispersion with ultrasonie
freatment formore than 30 mim ol the water washed
coprecipitites was emploved  The two batches ol
powder were then doed moan oven at 110 ¢
overnight  Fmallv, powder S 3 was obtamed by
spray diving the dilute agueons suspension ol the
copreciprtates (the solid content based on znconia
stspension was about S wiy), mea min spray drer
using a two Auid atomizer' (Brinkman and Buchi
[O0) Tor YSZ powder or mea large spray doer with a
pressure atomzer for Y TZP powder The obtaimed
zirconium hydrosides were approxinately spher
cally shaped The spray diyving temperatures were
20-230.Cand 11O 120 Coar mlet and  outlet
respechively The dried powders were calomed al
vatous temperatures from 420 C oo 1000 € 1o
produce zirconia powders

The pore size distributions of powder compacts
obtamed by first die pressing and:or (ollowed by
cold 1sostatic pressing at different pressures were
determined by mercury porosinetry (Micromeritics
9110), by assuming the contact angle between
zincoma and mercwry of 1307 and the surlace lension
of mercury of 048N m The accuracy ol intrusion
volume and the pressure ol mercury can be ensured
as these two paraimelers are so easy to measure and
contiol The detectable mmmimum pore size (diame
ter) was 3nm at the maximum intrusion pressure
The compaction behaviour was determined by
carefully. measuring the compaction densities at
various pressures m st during compaction, and the
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compaction densities were caleulated with the data
ol compact werght. die dinmeter used and the piston
drsplacements, which was measured by a did gaoge,
duning compaction No binders were added
powders [or compaction  To avoird pressure in
homogeneity, upper and lower pistons were both
novable the die was pohished and fully Tubrnicated
atth orlacid and the thickness to diamierer ratios ol
compacts were hept less than 1o

3 Results

3.1 Primary particle and agglomerate micrographs
and pore size distributions

Froure 2 shows the primary patticle micrographs
(TEM) of Y TZP powders calemed at 750 ¢ lor

20 Tcan be seen thiat the particles of powder

S are nano sized and well dispersed while those of

powder S 3 e much Targer sized and strongls
agelomerated "0 Such o situation for YSZ pow
ders was very sinilar exeept for the difference of
prunary particle size

Agelomerate nuctographs were observed with
SEM asshownan Fig 3o powder S Ylor Y TZP
and YSZ. respectively The spray dried spherical
agelomerites were oo strong (o be dispersed with

Fag. 2. TEM nncrographs ol Y TZP powderscalaned at 754) ¢
for 2X0nun (a) powder S 1 and (b powder S

Fig % SEA nncrosiaple ol aoclomerate ol 1 Y SZ posden
S ohand thy Y TZP powder S

altrasonic treatment betore subjecting to the micro
araphs observation The agelomerate wizes were
diflerent, dependimyg on the spray diving methods
but two kinds ol agelomerates were both very strong
as the spray diving conditions were similar (e g
temperature, solid contents m suspension)

The pore size distiibutions of powders calemed al
vartous temperatines shows that there were el
primary tmiter aggelomerate
pores - These two kinds of pores hasve been defined
as primans potesand secondary pores mthe authors’
previous paper,'’

pichele pores and

respectively and this paper
follows this usipe Freure 4 s o typieal esample ol
powder 8 2 Pores less than SOnnwere thought 1o
be mter promars pattele pores (re primiry pores)
and the other Lirger pores were miter agglomerate
potes (e secondary pores) The pore size distr
bution of powder S T was siilin to that of powder
N2

3.2 Pore size distribution compacts
Y20 Pore seze disteibaiion of powders S 1
Figure > shows the pore size distributions ol

P
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Fig. 4. Pore e distribution ol oven doed Y87 powder 5 )
cdlemed at 600 ¢
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Fig. 5 Pore size distributions ol the compacts S 1ol (a) YSZ,

TOONDG () YSZ 250MPa, () Y TZP 1O0MPa and (d) Y
TZP 250 MTa

powders S Tat 100 MPa and 250 MPa Ttcan be seen
that even at pressure as low as 100 MPa, agplome
rates were totally fragmented, both for YSZ and Y
TZP powders Higher pressute ot 250 MPa only
leads to dimimished pore volume and pore size
Calemation from 420 to 1000 C did not affect the
compaction behaviour of powder S |

122 Pore size distibution of powdery S-2

$ 0200 Pressure dependence Figure 6 shows the pore
stize distributions of 600 C calemed YSZ powder 8.2
at different compaction pressures At SOMPa, the
compact contamed some secondary pores lurger
than those at T0O0MPa The compact formed under
higher pressuie 200 MPa, showed no agglomerates
remained m the compact, as can be seen in Fig 7,
which shows the relationship between pore volume
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Fig. 6. Pore size distributions ol 600 C calomed YSZ powder
compacts S 2 at different pressures
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Fig. 7. Presoure dependence of the pore volume ol YSZ powder
compacts § 2 () prmary pore volume and (b) secondiry pore
volume
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Fig. 8 Dore size distributions of 740 Cealemed Y TZP powder
compacts S 2 al different pressures
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Fig. 9. Pressure dependence ol the pore volume ol Y TZP
powder compacts S ) () primary pore volume and (b)
secondary pore volume

and pressure, A similar relationship was also true o
Y TZP powder (750 C calemed) as shown m Fry 8
AL 250MPu the secondary potes were neatly
completelv elimimated, as can be seen in Fig, 9

1220 Calemanon temperatire dependence Figure
10 shows the pore size distributions ol the compacts
at 100MPa for YSZ powders S 2 calamed at
different temperatures  Calcmation temperature
affects the secondary pore volume and size
compacts, as shownm Fig. 11 Agglomerates lormed
by calemation at 1000 C were very hard and not
influenced even at SOO0MPa as shown in Fig, 12

P23 Pore size distribution of powder compuaets S 3
Secondary pores were much less affiected by compac
fion pressute for powder S 1 Fipure 1Y shows the
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Fig. 10. Pore wize distributions of the compacts at 10O MPa lor
YSZ powder 8 2 calemed at different temperatures
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Fig. 12, Pore size distnbution of YSZ powder S 2 cakomed ot
1000 and compacted at 00 MPa
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pore size distributions of the comipircts ol YSZ and
Y TZP powders S 3 ar diflerent pressures Hand
agelomerates were present i powder compacts S 3
evenit 0 MPa bothlor Y TZPand YSZ powders

3.3 Density versus pressure relations
Figures 14 and Iy show the relationship between
compaction densits and pressare loganthm tor YSZ
and Y TZP powders Iroean be seen that m (he
pressute tanges used, there are three lmean regrons !
and twoantersections in the relations However, the
three regrons are different for differently ayg
glomerated powders For powdet S Tand 8 2 1he
slope of repron T s smaller than that of region 11
while Tor powder SV the sitnation s resersed The
different compaction 1esponses 1o pressiure Wiy
related 1o the diflerent agelomerate properies
Inregon T ecompacts denstfied by aggelomerares
ranrangement and the Arstantersection at lowel
pressure (£ was the pointtor agglomerates to begin
tolragment (re apparent yieldimg pomnt) Inregion 11
compacts densttied by the ragmentation ol ap
glomerates ¢ p by the climmation ol both secondany
poresand primary pores, as shown by the increase ol
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Fig T4 Compacnon dents serae presane loeanidin rely
nons tor Y87 powder
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Fig. IS, Compacton deaty serae presane Tovarthim rela
ot tor Y TZD powder,

the ine stope trom regon Frorecion T thisregion
the relrtion between densiny and pressine can be
wiitten as '

Dy=D +m . InbP P i

where Ps pressure D s compact densits m region
IO s the density when 2 = P oand wy mothe Tine
slope ol this tegion For powders S Tand S 2 the
second mitersection at hgher pressure (1 yimeans the
total Tragmentation of agglomerates (e apparent
[ragmentation pomby, so o region HE alter the
chinimation of secondiry pores the densification
wis achieved onlv by the remosal ol priman
[)UH"“\ '

Dy=D,+m,nPPF (2)
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where Dy s the compact density m region 1L D1
the density when P = P, and miy s the line slope in
region 1 As no secondary pores were present in
this region the hne slope m regron 1 was smaller
than that moregron Hove iy - o,

For powder S 3, the increased line slope of region
I to regon HI shows the fragmentation of hard
agglomerates and elimmation ol secondary pores in
this regron, and the second mtersecting point ol £,
15 the apparent yielding pomt of the hard agglome
tates in powder S 3 So for the powders composed of
hard agglomerates. the density versus pressure
telations can be writien as

Dy=D,+nyinP P, (%)
for repron 11 and
Dy=D,+mnP P, (4)

for regon 1 where D and D, are the densities at
mtersecting points ol Pooand P, As inoregion 11
densification was accompanied only by agglomerate
tearrangement and shdig. while in region 11 both
the temoval of secondary and intia agplomerate (e,
primary) pores contributed to the densification
PLOCESS SO 1y il

3.4 Micrographs ol the compacis

Figure 16 1s the SEM micrographs ol difierently
processed Y TZP powder compacts at different
lormmg pressures  The microstiuctures of  the
compacts were homogencous and no micro sized
potes (te secondary pores) are vistble In contrast,
large applomerates and seconduary pores were
present mn the compacts lor 8 3 even at S00 MPa
Frgure 17 1s the SEM micrographs at o higher
amphlymg magnitude than Fiy 16

4 Discussion

4.1 Agglomerate content calculation with pore size
distribution data

Assuming the distribution peaks of various kinds of
potes can be distinguished, and the packing densities
olfagglomerate und primary particles are P.and P,
respectively, then as particle volume 1s proportional
to the corresponding pore volume under a certam
packing density, the agglomerate content (¢ ) can
be culculated as lollows

dann

Volume ol agglomerated primary particles

sarp T

-

Volume ol total primary particles

Intraagelomerate primatry pore volume

Volume of total primary pores

(I = P). Volume of agglomerates (5)

Volume of wotal primary pores
_(L=FPOP, Volume ol secondary pores (1)

(I = F) Volume of total primary pores ( I

Fig. 16. SEM micropraphs of Y TZP powder compacis ol (a) S
[ 1OOMPa, (b) S 2, T0OMPa, (¢) § 2, 250MPa and (d) § ¥,
SO0 MPa
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Fig. 17. SEM mucrographs at higher amphlying magmitudes
than Fip 1o @) S 1 TOOMPa, (by S 2, 2%0MPa and (v) S 3
SOO MDA

The volume ol secondary pore, 1',, and primary
pore, 'l can be determined from the pore size
distribution data, and then the agglomerate content,
¢ ,cin be caleulated

ape?
=Kl I (6)

S apy @

with
K=Ptl—F)(l -P) (7)

Ia 100% agglomerate contentis assumed in powder
calemed at 600 . the constant A 1inegn (3) can be
determined (rom the pore size distribution data n
Fig 2as0 588 The value of the constant can also be
determined using the values of P, and P, that were
calculated to be 046 and 0 322" respectively, so the
constant A 1s 059

Dependence ol agglomerate contents, which was

a0 o000 A0 oo
Tomporatume (1)

Fag. 18, Caloulated applomerate contents i YSZ powder
compacts S (IOOMDPW an a0 function ol calemation
lemperatie.,

caleulated rom egn (6) 1in YSZ powder compuacts
S 2 on calamation temperature 5 shown o Fig I8
Figute 19 shows the agglomerate contents in
compacts S 2 as a lunciion of tormimng pressure So
for the powders 8 2, agglomerate contents in the
compacts inereased  with ncreases e caleming
temperature and decreased with imcreasing compac
fon pressure The complete elimimation ol agelome
rates meompactonis idweated by zeroagelomerate
content, where the nimimum compaction pressute
tequired s the agplomerate tragmentation stiength
(upparent lragmentation strength)

4.2 Agglomerate apparent strength: yielding and
fragmentation strength

The agglomerate strength can be appatently defined
by the mtersections o compact density  versis
pressure logarithm relations The Airst mlersections
for powders S 1 and S 2 are then agplomerate
apparent vieldimg strength (£)), indicating that at the
pressure agglomerates begmn to hagment The
vielding strengths Tor S 1 and S 2 are less than
JOMPua, or may be lower The second intersections
are their apparent fragmentation stiength (F))

100)
w IH

& ")

®
D0 20 %0 an
Presure(Mi )
(&)
100
5
E o5
o \,
=
P21 ‘e
0 ———— '
O 10 200 300 400 5K
Presuuie M)
(b)

Fig. 19. Calculated agplomerate contents in (o) 600 C calained
YSZ and (h) 750 ¢ calamed Y TZP powder compacts S 2 asa
function ol forminp, pressure
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From Figs [4 and 151t s known that at 100 MPa
there were no apglomerates present - powder
compacts S I, so the apparent [lragmentation
strengths ol agelomerates were nol higher than
[O0MPua, as verthed by the pore size distithbution
results shown i Frg 5 The lfragmentation strength
of agglomerates fot powder S 2 were around
200 MPa, as confirmed by the pressure dependence
ol the agplomerate contents shown in Fig 19,

Mictopraphie observations (Figs 16 and 17)
revealed that uniform compacts could be achieved
only when the forming pressure were higher than the
apparent frapmentation strength, ot wiich all
secondary pores were removed

There were two yielding pressures for powder S 3
The Arst one al lower pressure indicates the
beminning of agelomerate rearrangement but no
rapmentation takes pluce and the second one 18 the
apparent vieldimg pomnt for agglomerate ragment
atton The strength pomt for the total fragmentation
ol agglomerates o powder S 3 was bevond the
pressute limit used, which means that the apparent
fragmentation strength was larger thun the pressure
upper limit ot SO0 MPa used

4.3 Agglomerate effective strength

Effccuve strength of agglomerates 18 the (rue
stiength of agglomerates. At the apparent vielding,
pressure the effective stress on agglomerates was
equal to or a hittle larger than the bridgimg strength
between primary particles within agglomerates
However, at or a httle larger than the vielding
pressure, agglomerates do not fragment completely
and secondary pores are stull present in the
compacts This s caused by mereased loading area
between particles and therefore decreased eflective
stress with mcereased densily, as the effective stress
acting on the compacts can be roughly expressed as
follows

a.=Fip (8)

where Pand a,,, are the apparent (external) pressure
and eflective stress and p s the relative density Fora
compact containing agglomerates, both secondary
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and primary pores will decrease compact densities
and increase the effective stress The local effective
stress were dependent on the local microstructure,
however, egn (8) 1s qualitatively apphicable for stress
analvsis With the elimmation of secondary and
primary pores i compacts during compaction at a
certain external pressure. the eflective stress acting
on the compacts would increase and therelore
liigher external pressure 15 needed to compensate
this decrease in effective stress and to keep the
eflective stress equal to or a httle larger than the
mtrmsic bridgimg strength within agglomerates [or
lurther denstheation As the pressure increased 1o u
certamn value when all secondary pores were
removed. agglomerates were totally fragmented, the
pressure s the apparent fragmentation strength (P))
of agglomerates

According to egn (8), assummg the mtrisic
bridging strength withim agglomerates 1s a,, which
15 thought to be related to compaction pressure
and or density, the appatent vielding strength P,
and [ragmentation pressure P, can be written as

{9
and
(1

whete a,, and o are the intimsic stiength of
agelomerates at yielding and fragmentation points,
The detected values of apparent strength P and P,
and the caleulated valuesof g, and a | for differently
processed powders are shown m Tuable 1 As lor
apparent strength, the values ol £ are much higher
than tor spray dried alinmina,'’ whose apparent
vielding strength was mamly determined by the
properties of binders '

S Summary

Agglomerate strength ol superfine coprecipitated
zirconia powder was characterized with the deter-
mination of pore size distributions ol compacts and
the compaction behaviours (1e compaction density

Table 1. Intersection densihes apparent and mtnimsic strenpth ol agglomerates in YSZ and
Y T/P powders

Povwdder

S

Intersection density ("o) d, 27
d, L}

Apparent strength (MPa) P, 29
P, 90

Intrinsie strenpth (MPa) a, 1OS
a 247

“Only P, s used

Y I7P VYS/

A AN S A S
26 42 22 24 46
42 50 9 41 42
32 170 6 Y 175
18 » 500 N) 140 500
m 400 73 100 370

440 1000 210 216 1000
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versts pressute logarithm relations). The compae
ton behaviour ol powders i the pressure range ol
[0 500 MPa shows that there were two strength
points lor chatactetizing the agplomerate strength
one at lower pressure was the apparent vielding
strength at which agelomerates began to break
down and another one of Tugher pressure was (he
apparent  laagmientauon steength whereall
ieelomerates were fragmented  The mtninsie ayg
Aomerite strength was caleulated accordimg 1o the
ippatent strength  The pore size distitbution
neastrement and the nucrograph observation
restlts ol the compadts supported the conclusion

The magmitude ol the agglomerate strength
specially the fragmentation strength was strongly
telated 1o the poswder processimyg history at least o
Dienncally processed superfiime powders For supel
e zoconta powders prepared by the coprecipit
tron method, the ethanel washimge or altisonie
[sperston ol the copreaprtates mav resultm solt o
e hard agelomerates which vield ot about
IS SOMPaandcan befragmented completels at not
higher than 100 0 250 MPa while agelomerates
prepared by sprav divimg the dilute coprecipitate
stispenston vields hard agelomerates which can nol
be Tragmented completels even it SO0 M
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