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Abstract

An analvsis s presented of gram growth and
densification of yvttria-cena stabilhized et agonal
srcoma polyervstals (Y, Ce TZPs) usmyg  both
isothermal and non-isothermal techmgues The char
actertstics of Y, Ce TZ Py are compared to those of Y-
TZP und Co-TZP and the offect of mereasiig cora
concentration at constant vitria content 1s etaluated
Durng non isothermal sutermg hvo regunes are distin
sunsthied  below 900- 1000 C the neck area wmcreases
strongly by swface diffusion aceompamed by only
tery liutle densification and gram growth, m the
temperatine miterval 900-1000 C 1o 12007 C the
materials densifv 1o 95% 0 of the theoretreal density 1 1a
a gram bhowndary diffusion mechanmism and  gram
growth accelerates Dense materials with gram sizes
of O1S-020um can be prepared by wsothermal
suterny at THOO-1150 ¢

Y, Co TZP it vitrnon that segregates to the
grain boundaries at TISO-1400 € The vitrnnn
content of the grain boundaries m Y, Ce-TZP 15
mdependent of temperature and certa concentration
under the incestigated experimental conditions. Gram
growth m dense TZP s controlled by a solute drag
moechanisnt at elecated temperatres (1200 C),
this drag s nghest for Y TZP, ubsent for Ce TZP
and moderate for Y. Ceo TZP

I folgenden wird das Kormwachstum  und  die
Verdichtung von Yitrmmovyd und  Zerimovyd
stubilisiertem,  tetragonalem  polvkristallmen Zn
kenmovyd (Y, Co TZP) diskunert, die nut Hilfe
von isothernuschen und mehtsothernschien: Methoden
wntersucht wirden Die Mevkmale von Y, Ce TZ Py
werden nit denen von Y-TZP und Ce TZP verghehen
wnd dev Effekt emes zunelmenden Zerumiosrdge
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halts ber konstantem Y urnomoxyvdgehalt bestmmt
Wahrend des wehithernuschen Smierns lassen sich
swei Bereiche  unterscherden wnterhalb — von
O0-1000"C nanmt der Halsherewch auferund ron
Oberflachendiffusion stark zu, begleiet von gerimper
Verdichtung  und  Kovmwachstium, — wéilrend — un
Temperaturmtervall von 900-1000"C bus 1200 C dus
Matevial eine Dichte von 95 der theoretischen
Dichite erveicht, Dies wird durch Korngrenzen-
diffuston wnd  beschlewnigtes  Kormvwachstium 1er-
nrsacht Dichites Material nint emer Korngrofie ron
0150 20 g lafit sich durch isothermisches Smtern
her THOO-1150 C herstellen

I Y. CeTZP  segregiort  das  Yitrmm  be
HISO-1400 C an den Korngrenzen. Ber den em
gestellten experimentellen  Bedingungen 15t der
Yitruongehalt der Korngrenzen in ¥V, Ce-TZP
nunabhangte ton der Temperatur und der Zernm-
ovvdkonzentration.  Ber  erhohten  Temperaturen
(1200 C)wwrd das Kornwachstum me dichtent TZ P
durcl emen Losungsemtragmechamsnus bestimnng,
dieser Emrag st am starksten fiir 'Y TZP, et
vorhanden fur Ce-TZ P und miiftig fur Y, Ce-TZ P

On presente dtide de la cronssance de grams et de la
denstfication de polyeristany de zircone cériée et
vttrice (Y, Ce TZPs) par des traitements isothernies
el non sothermes. On analyse les caracteristiques de
Y, Ce TZPys en les comparant d celles de 'Y TZP ¢t
Ce TZP, amst que Fmfluence d'vune augmentation de
la concentration de cérnan d concentration d'vitrinm
fivée, Dany le cas du frittage non asotherme on
distingue deny végnmes en dessons de 900-1000 ¢
laire du col de frittage augmente nettement, par
diffusion de sut face accompagnée d'une densification
of d'une crossanee de gramms s réduiies, entre
O00-1000"C et 1200°C les matériany se densifient
jusqie'a 9520 de la denstte theorique par diffusion aus

1994 Elsevier Science Limited, England Printed 1n



) M M R Boutz, 4 J A4 Wmnubst, A. J. Burggrauf

joints de grains, tandis que la croissance des grains est
aceélérée On peut préparer des materiaus denses avec
des tailles de grams de 0150 20w par frittage
sotherme a 1H00-1150"C

Dans Y, Ce TZP cCest I'yitrivm qur s'égrege any
Jomts de grams a 1130-1400"C La tencur en vitrum
des jomts de grams dans Y, Ce TZ P est mdépendante
de a températur e et de la teneur en cérivam pour les cas
etdics La crowssance des grams dans TZP dense est
controlée par un mécamsme d'entrainement du solute
a haute temperature (- 12000 C); ce phénomeéne
dentratnement se manifeste surtout dans 'Y-TZ P, pay
di tont dans Ce TZP ot modérément dans Y, Ce
TZP.

I Introduction

Polycrystalline tetragonal zirconia ceramics repre-
sent a class of structural ceramics possessing high
strength and toughness ' Therr excellent mechanicul
properties are derived from the stress-induced
martensttic transformation ol the metastable tetra-
gonal to the monochnic phase.” In order to retain the
tetragonal phase at room temperature the grain size
must bhe kept below a critical value. This value
depends, among other lactors, on the concentration
and type of oxide (e.g Y,0,, CeQ),, Mg, Ca0, etc)
used to stabihize the tetragonal phase, butis typically
less than {-3;m. The most intensively studied
systems are ZrQ,-Y,0, and ZrQ,-Ce(),

Yttria doped tetragonal zirconia polyerystals (Y
TZPs) possess o maximum bending strength equal to
[SO0MPa at approximately Imol% Y,0, (3Y
TZP)and u maximum i lracture toughness equal to
9-12MPam' “at 2mol% Y,0, ™ Inadditlon, it 1s
well documented that grain growth 1in Y-TZP
ceramics 1s extremely sluggish both under static and
dynamic conditions.” = Near theoretical densities
with grain sizes in the submicron range can now
routinely be obtained using commercially available
powders Fine-gramned (0-3 ym) 3Y-TZP was the first
ceramic  material - showing  true  superplastic
behaviour, as demonstrated by Wakar ¢r a/ ' in
1986 However, the main deficiency of Y TZP
materials is the poor stability ol the tetragonal phase
m humid atmospheres at 100—400"C 1!

Cena-doped tetragonal zirconia polyerystal (Ce-
TZP) materials, on the other hand, display u
considerably improved stability ol the tetragonal
phase'? and possess a higher fracture toughness' '
compared to Y-TZP However, grain sizes in Ce
TZP are generally i excess of [ um after free
sintering'® due to 1ts high grain boundary mobility,
making 1t a priorr less attractive for hot forging
processes Indeed, no superplastic elongations have
been obtained so far with Ce-TZP, due to strain

hardening caused by extensive dynamic grain
growth.'® Finally, the bending strength of Ce-TZP 1s
generally lower thun that of Y-TZP materials "4

[t 1s therelore anucipated that using both yttria
and ceria as stabihzers for tetragonal zirconia will
lead to a material with low grain boundary mobility,
improved chemical stability and good mechanical
properties. The improved stability of yttna—cera
stubthized tetragonal zirconia polycrystals (Y, Ce-
TZPs) has indeed been reported by severul
authors' "™ and s investigated in more detail
elsewhere * Limited work has been done so [ar on
mechanical properties of Y,Ce-TZP, but the results
seem promising. Hirano & Inada®' reported a
strength of 1000 MPa for 2:5Y,4Ce TZP, while a
toughness equal to 8MPam'"? is reported by the
present authors elsewhere!” for a similar compo
sitton Prelimmary work performed in this group'”
confirmed that Y, Ce-TZP has a much lower grain
boundary mobility than Ce TZP, especially at high
temperatures (14007C)

In this paper an analysis 1s presented of grain
growth and densification of Y, Ce-TZP using both
isothermal and non isothermal techniques. The
charactenstics o' Y, Ce-TZP are compared Lo those
of Y TZP and Ce-TZP and the eflect ol increasing
ceria concentration at constant yttria concentration
15 evaluated. Segregation of solute cations to the
grain boundaries has been analysed and the role of
the segregated layer during grain growth as dis
cussed Segregation of solute cations to the gramn
boundarnes and externul surfaces has been observed
in pure Y TZP"*? and Ce-TZP doped with ahova
lent elements.** This segregation layer 1s believed to
hinder grain growth by means of a solute drag
mechanmism.” In pure Y-TZP ytirium segregates
strongly (o the [ree surfaces already at 1000"C,*?
while no segregation ol cerium (o the grain
boundaries has been observed in 12Ce-TZP.*}

An eflort has been made to produce powders with
good sinterabihty, which allow densification at low
temperatures (L1O0-1500 C). In this way very fine-
gramed microstructures can be obtained, which are
lavourable among other [actors, lor superplastic
forming processes, because of their enhanced
duchility’® and higher strain rates?® compared to
therr coarser-grained counterparts

2 Experimental Procedure

2.1 Powder synthesis

Zirconia powders with different amounts of yttrium
and cerium (see Table 1) have been synthesized by o
gel-precipitation technique using metal chlorides as
precursor chemicals (hence (he name ‘chlornde-
method’ to be used hereaflter) The precursor
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Table 1. Composition and theorencal densities of investipated

powders
Code 210, Yo, CeQ), I
(el ) (molt o) (ol n) (g omt)

VAR 9 " - 606
ZY 0?2 LN 6 N 607
ZYd¢e? 04 4 N 6 0Y
ZYdCed 9 1 4 ol
ZYACeh i) 4 6 !
ZYACe8 hh 4 ¥ b6
— 1?2 62

70l b

solution is added dropwise to an excess ofa 25wty
ammonia solution and the pH 1s mamtamed above
[1 At this high pH the hydroxides ol zirconium,
yttrium and cerium precipitate instantaneously at
high nucleation rates In this way the different
components mix on an atomie scale The obtained
pelis then thoroughly washed with water;ammonia
mixtutes 1o remove Cl™ 1ons. Hydrolysis and
washing procedures were carried out in a baffed
reactor vessel equipped with a dispersion or high
energy dise turbine manulactured lollowing the
design ol van de Graal ¢r al’ After the
waterammoma washing steps, the free water is
removed by washing with ethanol The replacement
ol water by ethunol lowers the capillary forces acting
on the gel during drying significantly Furthermore,
ethoxy groups attach to the surlace ol the hydroxide
particles and prevent to a large extent the formation
ol strong interparticle bonds during calcination
The final product alter calcination at S00-550 C s a
nanocrystallime powder (crystallite sizes 8-10nn)
with a low degree ol agglomeration More experi
mental details concerming the synthesis method and
powder properties can be found in Rel 28 This
synthesis method has been reported first by Haberko
m 1979.7 Van de Graal ¢r al *" designed u batled
vessel reactor espectally suitable for this svathess
method

2.2 Green compact formation and sintering

Ciicen compacts were prepared by cold 1sostatic
pressing  of the synthesized powders, frst  at
100-200 MPa and finally at 400 MPa. Samples used
lor pramn size analysis were heated during non-
isothermal runs with 2 Cimimn in a Vectstar tube
furnace (in arr) to a lemperature 1 the range
700 1400 C. mmmediately followed by cooling
down ITsothermal experiments were conducted at
FOO-1400 ¢ for  2-15h  (heating/cooling  rate
2 C min). Dise shaped specunens (height S-10nm,
diameter  10-15mm) were used during non
sothermal expernments with maximum (empera
tures ol 700-1150 C  All other experiments were
performed  with  cylindrical  specimens  (herght
I1-18 mm. diameter 8-9 mm)

Free sintering behaviour has been analysed tn
detail by means of dilatometry using a Netzsch 402 E
dilatometer  Densities were calculated from  (he
green density and the observed linear shrinkage of
the specimens, corrected for thermal expansion and
werght loss (die to removal of absorbed water) of the
specimens, using:

T 1) = (I - [‘Am‘ym‘,])p“ - n
| | (AL/Ly), , — AT (
| | — AT 1

whete p,, 18 the green density, Amiim,, the relative
weight loss, (AL/L,)y, the relative shrinkage at a
given temperature T and time . ¥ the thermal
expansion coeflicient and AT the temperature
difference (with respect to room temperature) Good
agreement was found between final densities cal
culated in this way with those measured by
Archimedes’ technmique. Durning non isothermal
experiments samples were heated with 2 C/min o
1450 C, while 1sothermal experiments were perfor
med at TOO- 1150 C for [5h theating rate 2 C/min,
cooling rate S C-mun)

2.3 Characterization of the porous (ex(ure
Nitrogen adsorption-desorption 1sotherms  were
obtained at 77 K using a Micromenitics ASAP 2400
system Specific surlace areas were analvsed by the
BET method The ¢ plot method* has been used (o
mspect (1 microporosity (pores having widths less
than 2nm) was present. Mesopore size distributions
were caleulated followng the method developed by
Barctteral (the BJIH method) assuming a cylindrical
pore model ' Bulk densihies were measured by
Archimedes” techimique (in Hg) Relative densities
were caleulated on the basis ol the theoretical
densities as hsted in Table |

2.4 Grain size determination
Grain sizes (< 100 nm) were determined by X ray
line broadening measurements using a Philips PW
1370 difiractometer with Cuk, radiation For this
purpose the specimens were ground after sintering
and annealed at SO0 C lor Y0 min in an attemplt to
remove restidual stresses due to grinding Step scans
were laken over the range ol 26 from 26 (o 33 1n
steps ol 0015 (26) At each step the intensity was
measured durmg ten seconds. The specimen was
rotated aronnd the vertical axis to further improve
counting statistics

Thiee diffraction peaks appear 1in the measured
2O range: the (1) refection of the tetragonal phase
and the (-1 1 Hyand (L11) refections of the monochinie
phase. The Inewidths observed in this investigation
caused an overlap of the two monoclinie reflections
with the (111 reflection ol the tetragonal phase,
resulting in a poor resolution ol the peaks even [or



92 M. A R Boutz, 4. J A. Winnubst, 4 J. Burggrad/

the samples heated o the highest temperature A
pattern-fitting techmque based on the model devel-
oped by Schreiner & Jenkins ** was therelore used to
resolve the overlapping peaks The gruin size D was
calculated from the pattern resolved (111) peak of
the tetragonal phase using the Scherrer equution.

094 »
B,cos6

f},,, being the width of the peak at half maximum
intensity corrected lor the Kx,/Ka, doublet and
instrumental broadening, ¢+ the wavelength ol the
radiation used (Cuk’)) and © the Bragg ungle

Grain sizes - 100nm were determined by the
hineal intercept technmique from SEM micrographs
(Hitachi S800 or Jeol JSM 35CF) of polished,
thermally etched cuts using D =156 L, where L is
the average hneal intercept.*’

Dy, = ()

2.5 X-Ray photoelectron spectroscopy (XPS)

The chemical composition of the gram boundaries
has been analysed by means of XPS on mtergranular
lracture surfaces Fracturing necessarily took place
outside the UHV system ol the XPS equipment
Measurements were performed using a Kratos
XSAM BOO apparatus Both Mgk, and AlKX,
radiation have been used o generale photo-
electrons. The Zr 3d, Y 3, Ce 3d and Si 2p lines have
been used tor quantification. To correct lor charging,
(+ 3-5¢V)the binding energy of the Zr 3d, , ine has
been fxed at 182:2¢V. Mote experimental details
can be found elsewhere 47

3 Resulis
3.1 Non-isothermal experiments

2.1.1 Nowasothermal gram growth and densification
Grain sizes during non-isothermal sintering up to

1150 C are shown 1 Fig. 1 as a function of

temperature for three different Y,Ce-TZPs The
grain size evolution during non isothermal sintering
ol pute Z TZP (composition ZYS58) hus been
analysed by Theunissen ef al * and 1s also shown n
Fig. | for reasons ol comparison. All powders have
an mitial crystallite size of 8-9nm (surlace areas
ranged from 95 to 125m?/g). The shape ol the curves
strongly suggest that tlwo grain growth regimes can
be disunguished  Up o 1000'C the grain size
increases only very slowly to 20- 30 nm, while above
this temperature gramn growth clearly accelerates.
The increase of density with temperature is shown
in Fig. 2. Up to 1000"C the densities are very similar,
above this temperature densification of ZYS8 s
somewhat faster 1t can be seen that above [000°'C,
where grain growth accelerates, relative densities of
only 60% are observed. Upon heating from 1000 to
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Fig. I. Grain sizes, oblained by XRLB as a lunchon of
temperature during heating with 2'Crmin Data for ZYS 8 [rom
Rel 9 @, 2YdCe2 () ZYOCe [T, ZYdCed, A, ZYH 4.

1200°C the density further increases Lo 95% for all
compositions The densification behaviour 1s analy
sed in more detail in Sections 31 3 and 3.2.1

Additional grain growth data during heating up
to 1400 € are shown in Fig Vlior ZYS5 und ZY4Ce.
Above 1200 'C the matenals have essentially reached
their final density (porosity is below $%). It can be
seen rom Figs 1-3 that up to 1150°C both
densithication and grain growth are somewhat
faster in Y-TZP than in Y,Ce-TZP. Above
F150-1200 C grain growth in pure Y TZP is slower
than in Y,Ce TZP These hAndings are further
suppotled by 1sothermal experiments as described n
Section 32.2

Gram growth kinetics are normally analysed
under 1isothermal conditions by measuring the grain
size as u function of time, in accordance with
classical grain growth theories as  developed,
amongst others, by Brook' for non-densifying

100

—_ ’
o L
— Bu H

-
'«Z' //H“«‘”
i ’,\” ]
Iy /
m) [XIW} 3’
§ /" - @
4/_/«4
d40)
o (=TT 1EH) 1100 [T

T ST e @ b e I“': l

Fig. 2. Relative densily as o function ol temperature duning
heating with 2'C/min Grain sizes 1 Fig. | A, ZYSK, O,
ZY6Ced, O], ZYACed
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Fig. 3. Gramsize as a tuncuon ol temperature for ZY 4Ce 2 and

Z2Y 58 duning heating with 2 C iin Note that ar 122000C both

malertalyare 95 o dense The data for the composition ZY 9 8
were laken from Rel 9 @, ZYACe2, ) ZYSK

systems. The general gramn growth equation for
isothermal conditions 15

D" - D= ki ()

where D is the instantaneous graan size, Dy, the mitial
gran size i a particular graun growth regime, 1 time,
A a kietic constant and n1s the so-called gram
growth exponenl The gram growth exponent cun
have o value between | and 4 depending on the rate-
imiting step duting gram boundary migration.*®
Activation energies can be obtaied from an
Arrhenius plot with griam growth data recorded at a
mimimum of three temperatures. It can be shown (see
the Appendix), that i the case of heating with o
constant rate /i the general gram growth equation
(ransforms (o
R ()
D - Dy = I_\/'ngT e\p( - R%T) (4)

where A 1sa constant, the value ol which depends on
the rate limiting step durimg gram growth, () 1s the
apparent activation cnergy and RT has its usual
meaning  Although egns (3) and (4 are strictly
speaking only vahd for non densitying systems, it
has been found by the present authors as well us by
others? ** that even in highly porous systems grain
growth can be adequately described by these
equations 1t 1s clear, however. that the apparent
activation energy cannot be attributed o gram
boundary migration only, but must certainly be
influenced by the densification process
Equation (4) can be rearranged to:

k.R Q
—,—) - ()
b RT

By plotting the left hund side ol egn (5) versus(1/T)a

strmght e should be obtained, the slope being
equal to (= Q/R). Linear regression by the least

In(D" = D) —In(T) = In (

squares method using eqn (5) has been performed to
determine which » value provides the best fit The
value of the apparent activation energy 1s calculuted
rom the slope of the best-fit curve.

Al temperatures below 1000°C the best fit 1s
obtained for a »# value ol 3 to 4 the difference in
correlation coetcient bemg oo small to allow
further discrimination The corresponding activ-
ation energies are rather low and are typically equal
to 90+ 16k) mol (n=13) and 1304 3 kJ/mol
(n=4dy for all compositions The diflerences
correlation coeflicients of the different # values are
rather small in the temperature range 1000- 1150
but the duta are best represented by #=2-1 The
apparent  activation  energies  are  typically
295 + o5klimol (n=2)and 375 £ 8OK)h:mol (1= 3)
for the investigated Y Ce-TZPs
312 Porons  textral  cvolution  during  non
wothermal simtering
It has already been shown that densification and
gram prowth of the different Y, Ce-TZPs 15 quite
simtlar up to [000°C Therefore, the porous textural
evolution ol only one composition (ZY6Ce2)
his  been  studied. In Fig 4 the nitrogen
adsorption.desorption 1sotherms ol a green com
pact and ol compacts heated to 800 and 1000°C
respectively are shown. All the isotherms are of type
IV according o the BDDT (Brunauer, Deming,
Demmig and Teller) classification,'”™ which s
characteristic of mesoporous systems The shape ol
the hystereses gradually changes ftom type E to type
A. following the classification of de Boer ** This
indicates ™ that the pore shape changes lrom tubula
captllaries with wide purts ol vartous widths in the
preen compact to purely cylhindrical at 10000 C
Figure S shows a 7 plot ol the green compact, where
the adsorbed volume (STP) 1s plotted versus the
statistical thickness of the adsorbed multillayer This
 plot has been constructed from the adsorption
isotherm of the green compact given in Fig 4 using
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Fig. 4. N, sorption 1sotherms ol ZY6Ce? compaclts, in the
preen stale (@) and after heating with 2°Cimun 1o (24) 80O and
() 10060
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Fig. 5. Representative € plot ol a preen compact of ZY6Ce2, ay
caleulated trom the adsorption sotherm shown in Fig d

the appropriate standard isotherm ol a non-porous
solid given by Lecloux & Pirard.’ The standard
isotherm is selected taking mto account the Cgey
value (= 107 1n the case of ZY6Ce2 in the green
state) and consequently the adsorbate-adsorbent
interaction. The shape of the -plot of Fig 5 1s
representative ol a mesoporous solid showing filling
of pores due to capillary condensation. The lTineat
branch ol the r-plot goes through zero. demonstrat-
ing the absence ol microporosity The surfuce aren
(5,) calculated from the slope of the linear branch of
the r-plot* 1s 1dentical to the BET surface area. No
microporosity corrections of the Syep values are
therelore necessary. Figure 6 shows the pore size
distributions (PSDs)—as calculated from the ad
sorption branch—for a green compact and after
heating to 800-900'C. It is clear that the PSD 1s
hbecoming sharper and the pores are coarsening
during sintering; the most [requently observed pore
radius increases lrom 4 4 nmon the green compact to
[3-5nm after heating to 900'C Pore sizes calculated
from the adsorption branch of the hysteresis are
representative ol the ‘wide bodies’ of the pores, while
pote sizes caleulated from the desorption branch
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Fig. 6. Pore size distributions ol ZY6Ce2 in the green slate ()
and alter heating to (@) 80O and (A) YO ' as caleulated [rom
the adsorption branch ol N, sorption 1sotherms

represent the pores” entrances. PSDs calculated from
the desorption branch are generally sharper and are
often used in ceramic technology, but the ‘wide
hodies’ determine the sinterabihty of a material

Normally, grain growth 1s considered to occur
only in the last stage ol sintering, where porosity 1s
less than 10% This investigation as well as those of
others '™ 4" has shown that grain growth occurs at
high values of porosity In the low temperature {LT)
regime, Le. below 1000° C, the porosity 1s decreasing
[rom S5 n the green compact to 35-40% al
[000°C To have a better understanding of grain
growth m such porous materials, one would like to
know how the amount ol neck urea (and thus the
amount of solid-sohd nterface) increases with
temperature. For this purpose the fraction of
the geometrical surface area (Sgeo), which s
not accessible to nitrogen {(Saeo = Saet)/Saeol 18
culeulated The geometrical surface area can be cal-
culuted from the crystallite sizes determined from
XRLB assuming (1) the crystallites have spherical
morphology and (1) no closed porosity is present *!
With these assumptions {(S,eo — Swe)/Sceo] 19
identical with the total (fractional) neck area per
Lram Syeck ' Seen The neck area has been found Lo
merease with temperature from 30% at 800°'C to
90% at T100°C At that stage the density equals
80-85% m Y, Ce-TZP and some closed porosity is
present. The fractional neck area 1s therefore 1n
reality somewhat lower than 90% at 1100"C

To identily the relative importance of neck
growth and densification during sintering, {(Sgeo —
Saet)/Soro) is plotted as a function of relative
density in Fig 7. The variation of the specific surface
area alone with density is also shown in this
diagram. Clearly, two regimes can again be distingu-
ished- a steep increase ol the neck area with only very
hitle densification followed by a strong increase of
relotive density accompanied by further moderate
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Fig. 7. The [rachon ol the peometnical surlace area nol
accessible 10 N, (@), respectively the BET surlace area ((0))
versus relative densily,
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neck growth. The transition temperature 1s situated
between 900 and 1000"C This diagram s considered
to be strong evidence that surface diffusion 1s the
dominant mass transport below 900~ 1000 C in these
nanostructured materials

VLS Kmetic analvsis of non asothermal sintermg
In the remainmg part of the analysis presented here
attention will be focused on the composition series
ZY4Cerv with v = 2-8mol® e, 1n order to evaluate the
effect of mcreasing ceria concentration at constant
vitria content The sintermg kmeties of the end
members ol this composition series (v = 2 and &)
have been analysed on the basis of mitial stage
sintering models

The general equation for isothermal initial stage
sintering 18 4’

d ' (‘) [ m
GIAL L) = I\(,e.\p( _ ﬁ) (AL L))" (6)

where AL L, 1s relative shrinkage, £ 1s tme. K, a
numerical constant, i the sintering exponent and
the other symbols have therr usual meaning Values
ol K, und m have been tabulated for different
sintering mechanisms and geometries.? For a two-
sphere geometty m x| an the case ol volume
diffuston and m 2 2 1 the case of gram boundary
dilfusion

Young & Cutler*! have shown that in the case ol
heatmg with o constant rate egn (6) can be
reformulated mto an integral form as follows

¢
LT =K ) _ = 7
(ALeLoh T "'“"[ <m+|mr} )

where K, 15 o numernical constant and the other
symbols have the same meuaning as previously
defined. 1t follows [rom egn (7) that the slope of o
plot of In [(ALL): T} versus (1;T) s equal to
(— Q. tm+ 1)R). The value for the apparent activ
ation energy can then be calculated assuming a
certain sintering mechanmsm with its characteristic m
value to be dominant  Alternatively, m can be
determmed  using  either  1sothermal o1 non
isothermal techniques as will be demonstrated now.
Integration ol egn (6) leads to

: m : ‘ (ﬂ) ‘ )
(AL:L)"*" = I\(,exp( - R_T)’ (8)

By analysmg the tme dependence of the relative
shrinkage under 1sothermal conditions one can thus
determine the m value. Alternatively, m can be
determined by perlorming experiments with differ
ent constant heating rates (CHR). It has been shown
by Woolfrey & Bannister** that for CHR exper
ments the following relation holds between the

rltal

relative shrinkage at u particular temperature
(ALL,}, and the heating rate fi*

In fs

lll(AL/‘L(,'r = - (”’ + I)

+Ink, (9)
where K, 15 0 numerical constant. Equation (9)
shows that g double logarithmice plot ol relative
shrinkage at o specific temperature versus heating
rate gives o straight hine ol slope | — 10 + 1)) All
the techniques mentioned above have been apphed
to analyse the sintering behaviour ol Y, Ce TZP

In Fig 8 In (AL, L,) T} has been plotted versus
(I Tyduring heating with 2' C/min for ZY4Ce2 The
mcrease 1 relative density with (1°7)1s also shown
i this hgure The correspondimg diagram  of
ZYdCe8 15 very similar to the one shown in Fig, ¥
For both compositions two linear parts can be
recogiized one atlow and one at high temperatures
Two parallel-concurrent mechanisms are seen (o
operale The low temperatue (LT) mechanism s
domimant between 600-800 €', while the high
temperature (HT) mechanism s domimant above
900 C At temperatures above TISO-1170°C the
curves deviate strongly from linearity, because the
assumptions underlyig egns (5)-(6) are no longer
vahid at the observed shrinkage values,

From anisothermal sinterimg experiment conduc
ted at 1045 C with ZY4CeR 1t has been determined
that moequals 35+ 01 using egn (7) tor relative
shrinkages of 8:5-15"0 This shrinkage interval is, in
lact, partly situated in the second stage of sintering,
The mgh sinterabihty ol the investigated TZPs
makes 1t quite difficult to charactenize the first stage
ol smtermg during asothermal experiments at
temperatures of 1000 C or more, even at very high
heating rates CHR experiments with heating rates
ol 2,10 and 20 C’min have therefore also been
performed with this composiion and m Fig 9
ielative shrinkages at 920-1040 C (1 3-7-4%) are

-k - [T

h

'
r

O v I 0 1o I [
AT oo

Fig. 8. The relative density ( ). respectively the natural

logarithm ol [(AL: L, T] | ) versus (he nverse ol

temperature during heanng with 2 Cimin ol ZY4C'e, as
measured by dilatometry
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1y !

Hieahing ate |4 fmir

Fig. 9. The relanve shrnkage of ZY4Ce® a1 o parhicular

temperature (AL/Lg) versus heatung rate, as measured by

dilatometry for heating rates of 2, 10 and 20 C.nun @, 920 C,
A 900 C o 1000 C lOTodo

plotted versus heating rate double logarithmically.
Anaverage nmvalue of 47 + 1 7 has been determined
from the slope ol these plots using eqn (9). The m
value determined from the 1sothermal experiment
(35) is within the 68% confidence interval of the
("HR value The m values determined here (3:5—4-7)
are considerably higher than the ones predicted
from grain boundary (m x 2) and volume diffusion
(m 3 1} two-sphere models A possible explanation
[or these high m values will be given in Section 4

An m value ol 4 has been taken as typical for the
HT sintening regime. Due (o the very small
shrinkages (0 1-1 1) observed in the LT regime 1t
has been lound impossible to determine 1ts charae
teristic m value Consequently, the apparent activ
ation energy lor densiication can only be calculated
ltom the slope ol the hinear part of the curve shown
i Fig. 8 belonging to the HT mechanism  The
activation energies (using m = 4) are 540k J/mol and
655kJimol for ZY4Ce2 and ZY4Ce8 respectively
These results are in good agreement with the results
of Wang & Rap,*” who determined ¢ to be equal (o
615+ ROkJ/mol lor 228Y-TZP

1.2 Isothermal experiments

320 Isothermal smitering

In this section the mimimum temperature required to
obtain densities 2 95% with the different nves-
tigated compositions is sought. This temperature
should preferably be below 1200°C to obtuain very
fine-grained microstructures, since grain growth in
Y,Ce TZP accelerates above this temperature, as
has been shown in Fig. 3. In Fig [0 the increase in
relative density with time at 105 and [167'C 18
shown for three compositions ZYS5, ZY4Ce2 and
ZY4CeR At 105 C densificution proceeds slowly:
alter 15h95-96"% 1s reached for the Y, Ce-TZPs and
92% for ZY S, At L167"C densification s much faster
and densities near 95% are obtuined after only

100

1107 .

LT}

[NEREEN

- Bo

0 2 diy L) o) 100

tne [ron|

Fig. 10. Relative density as o funcnion ol time during free
sintering at PIOS und (167 C ol (@) ZYS, (h) ZYJCe8 and (©)
ZYACeY Heating rate 2°C mim measured by dilutometry

200 min for all three compositions Separate sinter
mg experiments performed i a tube furnace at
FTOO=1150 C confirmed the results obtained with
the dilatometer and showed very little difference 1n
end densities for the four mvestigated ZY4Cen
(v = 2-8) compositions. At 1100 C the final density
ol ZY 515 generally lower than those of ZY4Cen, at
[150°C all densities are quite similar. Sintering
experiments perlormed with other powder batches,
having the same chemical composition as studied
here, show that the sinterg results presented in Fig.
[0 are reproducible. Gram sizes after isothermal
sintering are reported in Section 322,

Based on the authors” experience with different
batches of ZYS, ZY4Cev and also ZCel 2, 11 cun be
concluded that the sintering behaviour at such low
temperatures (LTOO=1150"CY) of the nanostructured
powders produced by the chlonde method s
controlled predomimantly by the degree ol ag
glomeration and to 4 much lesser extent by the
composition, provided no exaggerated grain growth
oceurs, as lor instance in ZCeY '

3.2.2 Isothermal gram growth
By low-temperature sintering—as described in the
previous section—the authors have tried to imit
gramn growth. The mmimum temperatute to reach
+95% relative density has been lound equal to
HOO0°C for Y, Ce-TZP, the minimum attainable
grain size bemng equal to O 15pum (reached alter
200min at this temperature) for these matenals.
Figure [l shows this microstructure for ZY4Ce2
Grain sizes after 1sothermal heat treatment at
F150=14007C are piven in Table 2 tor ZYS, ZY4Cen
and ZCel2 All samples had densities of 95-99%, 1t
can be seen that after [150"C/10h all compositions
have an identical grain size (0-2pum) At higher
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big 10 SEM microeraph ol Z2Y4CeY sintered al 1100 €
durmye 200min
temperatures. however. the differences in gramn

prowth rates hbecome appreciable, A 1400 C gramn
sizes 1 Z€el 2 are m the micron range, while the
gram size e ZYS atter 1400 C:3h remarns only
0 3pm, pramn sizes ol Y, Ce TZP are mtermediate
between ZY S and ZCe ! 2. but still in the submicron
range Increasing the certa concentration in ZY4Cen
twith v = 2-8) does not aflect gram growth within
the mvestigated concentration and  temperature
range

3.3 Grain boundary segregation

It hirs been demonstiated in the previous section that
gramgrowth of Y. Ce- TZP at 1400 Cisintermediate
between Y TZP and Ce TZP, the largest gram sizes
bemng observed lor [2Ce TZP. At much lower
femperatures, e 1ES0 Conoappreciable differences
were lound, Therefore the segregation of vitrium
and cerum to the gram boundaries has been
analvsed with XPS afier heat treatments in arr ol

Table 2. Giram wizes (pm) alter wothermal heat rreatmentsy

Composttionr L0 C o 1200 C 200 1400 ¢ 3 h

021

VAR 020 030
ZNAC? 021 023 06
/ZYdCed 021 nd 062
ZYdC ¢ 021 nd 0ol
ZY AR an 04 (} 6
70¢1? 0IR 10

023

nd Not determimed

Table Y. ¢ omposition of the grain boundary region as analysed
by XPS

Bulk composition Gram houndary composition

1IN0 ClOh 1400 C 't h

AR AN 7YYl

ZY A ZY9 2 el ZY 79?2
ZY4Ced ZYT6Cedn ZYT8Ce7
ZY 40 PANE [T 7Y 75 el
ZY A 2Y 690 |

ZYt e 70

[150 € (10h) and 1400°C (3h) The possible
presence ol stheon at the gram boundaries has also
been examined

The composition of the grain boundary regions as
determined by XPS are given in Table Yfor ZY S and
ZY4Cer (v =2 %) at 150 C and 1400 . The
inlormation depths in the XPS analysis are 5-6 nm,
for Zr. Y and O and Inm for Ce In Y.Ce-TZP very
hittle sepregation ol cerrum has been observed, while
yttrium was enriched by a factor ol ~ 2 with respect
to the bulk composition at both temperatures Table
Valso shows that the yttrmum ennichment of the gram
boundaries in ZYS, as studied by XPS, 15 shightly
higher m this material than in ZY4Cev  Gram
boundaties in ZY'S have been analysed i greater
detarl with XPS, SAM and TEM und the results are
fully described 1in Ret 34 The most important
observations are that alter sintering at TIS0°C a
contimuous Alm ol an amorphous silicate phase with
a thickness — 10 A s present al the gram boundaries
(TEM)and that the Y Zr ratio i the first - 2nm 1s
as high as 0 32 (SAM) In Y, Ce-TZP nosilicon could
be detected with XPS

In oxudes the most important driving forces for
segregation ol solute cations to the lree surfaces or
gram bounduaries are (1) stram energy relasation and
() electrostatic charge compensation.*” The stram
energy arises from the size mismateh between the
solute and host catton The 1onic tadn® ™ and misht
values ¢ (=(Ry — Ry) Ry, where Ry 1s the 1onie
radrus ol the solute cation and Ry the onic radius of
Zr* "y ol the cations present in the zirconia ceramues
studied here are given i Table 4 As can be seen in
this table. the mushit mereases in the order Cett,
YO Tos well documented?? that certum can

Table 4. Tonw radn and musht values of the eations present in
the stndied zirconia ceramies

lon lonn ;,nhu\“ Y I
h
Zr 0 84 -
y! L1019 02
! 097 016
(! | 143 06

"Taken from Ref d7
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Table 5. Binding enerpies (BE) of the photocleciron lines in the
Ce W regron 48, when cerium s in a mixed oxidation state

lon BE i, , BE td,, Remark
(el (el

Cet” BRD | 900 6 Main hines
K88 d W07 | Satelhtes
LEL 916 5 Satellites

Ce'r R8O K99 7 Main lines
KR53 901 K Sutelhites

be in the tnvalent state alter sintering n air at
elevated lemperatures A large driving loree for
segregation 1s expected for trivalent cerium because
of the considerable size mismatceh (Table 4) and the
charge difference between Ce'™ and Zr** There-
fore, the oxidation state of certum in YCe TZP has
been studied by means of XPS. For this purpose, the
Ce 3d spectra of ZY4Ce2 and ZY4Ce® huve been
recorded after sintering i air at 1150 and 1400 C

The binding energies (BEs) of the main and
satellite lines tn the Ce 3 region have recently been
reported for CeQ, und Ce, 0, by Paparazzo ¢f al **
and are given in Table 5. The presence of two shake
up satellite pairs of the Ce 3d doublet for Ce? * and
one shake-up satellite pair for Ce** with intensities
approaching those of the main hnes makes the
quantitative analysis ol the [raction ol trivalent
cerium quite comphicated Nevertheless, an attempt
has been made to determime this [raction by
deconvolution ol the Ce Y region, yielding the
conttibutions of the photoelectron lines of Ce? * and
Ce't to the observed intensity profile,

Only n the case of ZY4Ce8 was the signal-to
noise rabio sufficient to allow deconvolution of the
Ce 3d 1egion. Deconvolution has been performed
with the software package supphed by Kratos to the
Kratos XSAM 800 apparatus. The [ollowing proce-
dure has been used: (1) Gaussian line profiles were
assumed, (1) the binding energies ol Table 5 were
used as starting values und a BE interval of leV,
centred around the BEs of Table § for each line, was

allowed during mintmization, (i) the upper himit of

the Tull width at halt maximum (FWHM) was set at
JeV for each line and (1v) the FWHM of each line

Intensity [a u]

Binding Enerqgy [ev]

(1)

belonging to either Ce** and Ce’* should have the
same value.

Deconvolution of the Ce 3d region performed in
this way demonstrated that the [raction of trivalent
cerium at the grain boundaries of YCe-TZP equals
approximately S0-55% independent ol tempera-
ture Figure 12 shows the Ce 3d spectrum of the
[racture surface of ZY4Ce8 after deconvolution. the
vatious photoelectron peaks of both cerium species
are indicated.

Since (1) no effect of Increasing ceria concentration
on grain growth in ZY4Ce v has been observed and
(i) the grain boundaries are not enriched n cerium,
but show identical enrichment in ytrium, it 1s
concluded that the migration ol the segregation
laver of yttrium along with the moving grain
boundary s the rate-limiting step during gram
growth in Y,Ce-TZP. This pomt s further
elaborated n Section 4

4 Discussion

4.1 Sintering and concurrent grain growth

During heating with 2 C/min final densities - 95%,
are obtamed at 1200 C with all nvestigated
compositions, Below this temperature densification
and grain growth are occurring simultaneously Two
regimes can be distinguished here (Section 3.1) a LT
regime ul temperatures below 900-1000'C und a HT
tegime between 9001000 and 1200"C. In the LT
regime only a very hmited grain growth and
densification 1s observed. but important structural
changes are nevettheless taking place. The neck area
increases strongly from 12°41n the green compact to
50-65% at Q00O- 1000 C (see Fig 7) Simultaneously,
pore coarsening 1s laking place Since the neck area
increases strongly with only hittle densihication
surfuce difusion is the dominant muss transport
mechanism (evaporation—condensation processes
are very unhkely at these low temperatures). In a
two sphere model no densification can occur with
surface diffusion. Lange” however, proposed
recently that in real powder compacts some densific

Binding Energy [eV]
(b)

Fig. 12. Deconvoluted Cedd spectrum measured on the Iracture surface of ZY4Ce8 (anncaled at 1400"C). A @, main lines
(Cedd, , and Celd, ), A salelline lines, AA, Ce't, @0, Cet!t
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atton may occur it diffusion distances are short. as in
the nanostructured materials studied here. Below
[O00°C o grain growth exponent 1= 3-4 best
fitted the data for all vestigated compositions
Greskovich & Lay ' reported similar grain growth
kinetics in very porous alumima compacts at 1470 .
They indicated that 1f surface diffusion predomi
nates and grain boundary migration s rapid
compared to neck growth, a grann growth law with
=315 obeved Such a griin growth mechanisim
could well be operating m the LT regime in the TZPs
studied here. considermg the observed i values (3 4)
and the fact that surface diffusion was found (o be
the dominant mass transport mechanism

Inthe HT regime (1000- 1200 C) grain growth and
densihication accelerate clearly (see Figs | and 2)
Gram growth m Y TZP s shightly laster than in
Y.Ce TZP, but this must be correlated with the
faster densification ol Y TZP leading 1o a larper
taction ol solid solid mterfaces Undisturbed gram
growth (n = 2) 15 most ikely occurnmg at this stage
Considening  the  relatively  low  temperatures
(HO0-1150 ) of this denstheation repime and the
very fine particle size (+ 100nm), grain boundary
diffusion 1s considered (o be the dommant mass
transport mechamsm  Analvsis of the sintering
kinetics of Y. Ce TZP i this regime (Section 31 3)
showed that the trme-dependence ol relative shrink
age was much weaker (e gh me valuesy than
expected on the basis ol gram boundary (and
volume) diffuston two sphere models (see Section
VI3 A similar time dependence as observed here
has been teported by Duran eral " who performed
isothermal simtering experiments at 960-1065 ¢
with E1-TZP This weak time dependence 1s most
likely due to reorgamzation ol the particle stackmg,
induced by local particle coordimation finctuations
as explained by Veringa ™' This leads (o opening of
larger pores and microcracks (il the amplitude ol the
Auctuations s larger than a cntical value), which are
only slowly removed during progiessive sintering

[t s interesting Lo note that the microstructure
development of nanostructured titania during non
isothermal sintening s quite sumilar 1o that of
snconta teported here Hahn er al ™7 also observed
two regimes o TiQ, below 900 C gram growth
proceeds very slowly and surface diffusion s the
dommant mass transport mechanism. above 900 '
gram growth 1s very fast

4.2 Grain growth in the dense state, relation with
solute drag

Asalready ilustrated, gram growth during sintering,
15 influenced significantly by the densification
process tsell. Differences i grain boundary mo-
bilities with composition are thus easier to recognize
- non densifying systems as described in Section

3.2.2 1t has been [ound that the differences in grain
growth of Y TZP, Ce TZP und Y.Ce-TZP are
insignificant at 1150 ¢ and only become important
at higher temperatures (2 1200°C). At 1400 'C Ce-
TZP clearly has the highest grain boundary mo-
bility, Y TZP the lowest and Y. Ce-TZP 1s intermedi-
ate between these (wo

Winnubsteral " were the first to suggest that grain
growth m ZrO,-Y, 0 1s controlled by a solute drag
mechanism In Section 3.3 1t has been shown that
hboth in ¥ TZP and Y, Ce-TZP 1t 1s vttrium that
segregates to the gram boundaries with the highest
segregation levels obseived in Y TZP This s in
pood agicement with the XPS analysis of Theunis
sen ef al *7 ol segregation to the free surfaces of Y
TZP and Y.Ce TZP 1t has lurthermore been
observed that the level of yirrium segregation was
notvery sensithive (o femperature in the investigated
range (L1150 1400 ). the Y Zi atomie ratio being
equal to ~ 0 I (enrichiment tactor ~2) at the gran
boundaries as measured by XPS SAM meusure
ments pave an Y Zr atomie tatio of ~ 03 (enrich
ment factor ~6) ™ 1t can now be caleulated that the
mlormation depth of the SAM analvsis 1s equal to
(the thickness of the segregation layer. while the XPS
analysis has an imformation depth that extends into
the bulk of the prams with nomimal chemical
composttion. For o tull discusston ol yitrium
segrepation in Y TZP the reader s referied to Rel
W As mentioned before no segregation of cerium to
the gram boundaries has been observed m 12Ce
Tzp !

In section 33 1t has been demonstiated that
SO S55% of the certum cations are in the trivalent
state at the gramn boundaries of YCe TZP after
sintermng i ai at 1IN0 1400 ¢ The mushit (o1 Ce!
i zitconia 1s quite high (see Table d4). but no
significant segregation of cerrum has been observed
The reduction of Ce* (o Ce' ™ m cera duning heat
(reatments i ar takes place at temperatures below
1400 ¢ only il traces of silica are present
Theretore, 1t s anticipated that cerrum 1s only
trivalent at the gram boundaries of YCe TZP where
stheas s present (be it in concentrations below the
detection hinut of XPS) and remams in its highest
ovidation state in the gram tertor This s
supported by the impedance analysis ol' Y TZP and
YCe TZP (sintered in air) performed by Hernandez
et al ™ who observed that the bulk conductivity of
Y TZP did not increase when codoping with ceria
Such an increase ol the bulk conductivity should
have been observed 1l cerium was trivalent in the
pram o nterior ol an ome conductor ke Y TZP.
sinee this would have led to an increase ol the oxygen
vacaney concentration according to

ey + 0, 220, +V, + 10,1
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Although differences in segregation of the stabi
lizers are quile significant comparing Y-TZP, Y, Ce-
TZP and Ce-TZP, differences in grain growth only
appear clearly at 1400°C. Examination of the
microstructures alter 1150°C/10h, showed no
evidence for pinning ol the grain boundaries by
residual pores It s therefore proposed that at
[150'C, bemng a very low temperature lor gram
growth in dense TZP, grain boundary velocities ate
so low, that the segregation layer exerts no drag on
the moving boundary At higher temperatures the
prain boundary velocity sncreases and the segre-
gated layer starts exerting a drag on the boundary
This drag 1s maximum in Y-TZP, absent in Ce TZP
and intermediate between these m two in Y. Ce TZP,
explaining the differences in grain growth observed
at higher temperatures

5 Conclusions

(0) Nanostructured Y-TZP and Y,Ce TZP
powders produced by the chloride-method
can be pressureless denstfied at low tlempera
tures (11OO= 1150 C) to densities ~95% with
average grain sizes ol 0 15-0 20 ym

(b) During non-isothermal sintering of these
matertals two regimes are distinguished one
below 900-1000 C, in which the neck areu
increases strongly with only little densification
and one at temperatures from 900-1000 to
1200 C. where the largest patt ol densific
ation occurs At low temperatutes surface
diffusion 18 the dominant mass transport
mechanmism  Above 1000°C densthcation
occurs most hikely via grain boundary
diffuston and 1s retarded by reorganization
processes

(¢)  Gram growth during non isothermal sinter
ing can be similarly divided mto two regimes.
Below 900-1000" C neck [ormation via the
surface difuston 1s rate miting (v = 3), while
above this temperature the neck area has
mcreased to - 60% and undisturbed gram
growth (n = 2) ocenrs for all investigated
compositions

(d) Segregation ol vttrium to the grain bound-
aries 18 observed at 1150-1400°C in both Y
TZP and Y, Ce-TZP, the highest segregation
levels being observed for Y-TZP No signifi-
cant segregation ol cerium has been found
Y,Ce TZP. In Y-TZP the enrtichment lactor
equals 16 i the first [-2nm ol the gram
boundary region as found by SAM.

()  Normal grain growth occurs at 1150-1200C
in dense TZP and very little differences with
composttion ate observed. At higher temper

atures grain growth s controlled by a
solute drag mechanism This drag 18 highest
for Y TZP, absent for 12Ce TZP and moder-
ate for Y,Ce TZP. Increasing the ceria
concentration at constant yttria content has
no effect on grann growth and yttria segreg-
ation within the nvestigated composition
series (ZY4Cev, with v = 2-8).
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Appendix

A general gram growth equation will be derived here
for the case ol heating with a constant rate f The
terminology used and basic formulas are 1n ac-
cordance with Ref 35. The central assumption for
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analysing gramn growth kinetics 1s that the growth

rate is directly proportional to the average rate v ol

grain boundary migration The average rate  can be
written as a mobility (M loree (F) product. The
sturting equation 1s therefore equal tor

)
L—i£~r=/\1F (Al
ds

The driving force for gram boundary migration s
usually taken to be inversely proportional to the
gramn size
— I\v
D
The various parameters that charactenize the rate
limiting step are thus meluded i the mobility term.
The migration of the boundary can be controlled

F (A2)

by (a) the boundary itself or (b) the migration of
pores attached to the boundary In the case of

boundary control the mobility ol the boundary (A1)
niust be inserted 1 egn (Al)

r=AM,F (A1)
In the case of pore control egn (A1) may be written
as
M
= F( ——“) A4
t N (A4)

where Al 1s the pore mobihity and N the number of

pores attached to the boundary.
To evaluate gramn growth kineties from A and
eqn (Ad) two further assumptions are necessary:

(1) the average pore size is related to the average
grain size by r~ D,

(2) the number of pores N 18 mversely propor-
tonal to the square of gramn size (N ~ 1/D7).

In Table 3 of Rel 35 the expressions for the
mobilities are given for the various possible mech-
anmisms. From this table, the above mentioned
assumptions and egqns (A 3-(Ad), it 1s clear that the
[orce-mobility product can be written as the
quotient of a function of temperature g(T) and one
ol gramn size f(D)

(D)

/(D)

(A5)

The function g(T) can be written for each mechan
IS 1 as

\l_‘) \
0 (Ty=K, | = Ab
g(T) (r) (A6)
where D, s the chemical diffusion coefficient [or
mass transport mechanism ¢ The function /(D) can
be written ay-

f(Dy=D""" (A7)
Inserting eqn (A5) into (Al) and integrating gives:

[HD)ydD = fg(T)dr (A%)

During heating with a constant rate ff temperature
and time are coupled by

T=T,+ [ (A9)

where T, 15 the starting temperature (room temperu-
tute 1 the present measurements). Instead of
integrating the right-hand side of (A8) in time, as in
the case ol constant temperalure, one now has to
Inteprate in temperature
* o, T
gdT)di = ‘ U0 g
o 10 JTo “
Inserting eqn (6) and the relationship D=
D,expt—Q/RT) Lo eqn (A 10} yields.

_— . | -
gdT) . KD, (__(‘i)." |
J fo /‘ d T ) /‘ J T'n(cxp R’T ',“ T>d T (AI l’

The mtegral from T =0to T = T, ol the [unction

(A10)

24 T) s vanishingly small and the mtegral from

IF'=T, to T=T m eqn (All) can therefore be
replaced by the integral from T=0to T=T The
mtegralin egn (A L) can then be solved analytically,
but this leads to the following inconvenient poly
nomial expression

The terms with & 1 in egqn (A12) cannot be
neglected for realistic values of the activation energy
Q (order-of-magnitude (0" kJ/mol) and the nvesti
gated temperature range (up to 1423K). The
solution of integral (A1) can, however, be well
approximated by:

I,' g ' ! ” b
¢ )') .. RT ( Q

- s —expl - = 3

I, (exp( RT): rydr 0 exp‘ RT (AL3)

The vahdity of this approximation can easily be
recogmzed by differentiation of the right-hand side
of egn (AL3), remembering that R/Q « 1. The
vahdity has also been checked by numerically
integrating egn (A1) and comparing the outcome
with that ol egn (A13)

The lelt-hand side ol egn (8) remains unchanged
wrt the isothermal case and must be integrated from
D, to D. The final equation to analyse grain growth
kinetics during heating with a constant rate f 18
therefore equal to,

KRT 0
[)" —_ [,(") = —Wt‘xp( - ﬁ')

where K, is a constant, RT has its usual meaning and
¢ 15 the apparent activation energy

(Al4)



