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Abstract

Peryv e gramed (02 ), dense Y TZP cerannes
hate been produced by free sutevmg at 1HO'C The
siperplastie deforinanon of these materials 8 studied
e compression at low temperatures ¢ HOO -1300°C)
A sigmficant enhancement o witial Stram yares was
observed compared 1o a coarser-gramed (04 g )
commercidhy avalable marerial  Tosol, Japan ).
Dopmg witle small amonnts of Fe, O led to a further
cuhancement of stram rate: Deformation oceurred via
mterface reaction controtled gram bowndury stidimg
Priov to deformation a contmuons glassy silicate film
was obserced at the gram boundaries The apphea
hiltry of witerface redaction controlled  solution-
precipitation creepinodels is discussed  The absence of
a steadv state divme deformation at low stresses 1y
attiibuted to desettmy of the silicate plm

Sehr fembkornige (0 2 po ), dichee Y-TZP Keramiken
wurden ber 11SO°Cogesmtert. Die superplastisehe
Verfornmmg dieser Mateviahen winde ber wedrigen
Termperanen ( THOO=1300"C ) Kompression unter
sicht  Ey cewgte sieh eme deathele Erhohung der
dufangsdeln aten nn Vergleweh i grobhormgem
(O ), komnerzicll evhalthehem Material ¢ Tosoh,
Japan ) Die Dotierimg nnt germgen Mengen Feo, (),
ctgab eme wertere Stewgerune der Dehmrate Die
Verformamg crfolgre nuttels Korngrenzenglemny
hontrothert durch die Grenz flachenreak tion Vs de
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erformmge honute em kontunaerlhicher, glasartiger
Sthkatpln an den Korngrenzen beobachtet werden

Die Amwendbarkowr con duwrel die Grenzflachen

redh on honnrotherten Losings Krieclhmodellen wio d
diskutierr e thwesenhent stetigen Verformmng be
medrigen Spamimgen lafft siel anf die Nicht

henetzung des Silikartfilms zurnck fuln en

Nous atons fabigue des coranugues de Y TZ P denses
of de talle de prams (rés e (0 2 ann ) par frittage
naturel a 1IN0 C o Nows avons ctudie la déformation
supcrplustique de ces materany. e compression, d
hasse dempératie ((HOO=1300 C) - Nows arvons
comstate une augmentation sensible du tany de
deétormation mitial par rapport au matérian disponthle
dems le commerce, dont la talle de grams est plus grande
(04, Tosoh, Japan) Un dopage aivec de faibles
qranités de Fe, Oy provoque dealenent une augiment

anon i tany de déformanon La déformation se
produtt par e glissentent aux jomts deo gras,
controlé par la réaction a Funerface Avani deforn-
atton, nous avons prconstater la présence d'un il
contund de sitheate amorphe an jomts de grams Nous
discustons la pevimence des modéles o le fluage esi
contraleé par un processus de solution précipuation
Pinterface  Nous atthrihuons Tabsence d'état stat

ot e lors de déformations a faibles contramtes ai
démotlage du frlme de siheate

[ Introduction

The potential ol fne gramed ceramics 1o exhibil
large ductihties at elevated temperatures was
alteadv noticed in 1980 from compression lests
petformed on magnesia ' Therealter, a tensile stramn
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above [00% was reported for a f-spodumene
glass—cerarmc malterial containig some hguid
phase © However, the large (170%) tensile strain of
Imol%s Y,0, doped tetragonal zirconia poly-
crystals (3Y TZP) obtained at 1450°C, as reporled
by Wakar ez al.” in 1986, 1s generully regarded as the
first convineing evidence for the occurrence of
superplasticity m ceramic materials. Since then a
considerable amount ol research has been perfor-
med Lo mvestigate the How characteristics of Y-TZP
as a4 model matenal; both in tension and n
compression The most important results can be
found in recent reviews **° [t has become clear that a
very fine grain size (— 1 pm) leads (o the occurrence
of micrograin or structural superplasticity  at
elevated temperatures in ceramic matenals, pro
vided no excessive dynamue gram growth oceurs.
This 1s similar to the How behaviour ol superplastic
alloys with o gram size smaller than 10 um

The large tensile ductihities of this class of ceramie
matertals offer the excitng possibility to use
superplastic forming techniques to fabricate com-
plex shapes with good dimensional control. A
variety ol superplastic formmg techniques” ™ have
now been successtully applied to both single-phase
and composite ceramics To make superplastic
forming economically attractive high strain rates at
prelerably low temperatures are required

The high temperature delormation behaviour of
cetamies 1s generally charactenized m (erms of the
phenomenological Aow law
a

f=dexp(- /R T)d”

(h
where ¢ is the (axal) stram rate, 4 a numencal
constant, a the applied stress, # the stress exponent,
O the appurent activation energy, d the grain size, p
the grain size exponent and RT has 1its usual
meaning The mechanisms operating during supet
plastic flow are 1dentified by determination of the
values [or the creep parameters n, p and () logether
with microstructural observations, such as grain
morphology and dislocation substructures

The research on Y-TZP matenals has almost
exclusively been focused on commetcially available
materials (mainly supplied by Tosoh Co or Danchi
Nippon Kigenso Kagaku Kogyo Co.. Japan). These
commercial materials can be sintered as recerved
to (neuarly) full density at temperatures starting from
[400' C, leading to a mmimum grain size of (03 i,
Only by hot pressing® or elaborate collodal pro-
cessing' can the sintering temperature be lowered
to 1250~ 1300"C', resulting 1n a decrease of the grain
stze to 021025 um

In this paper it will be shown that, by using an
ultrafine powder prepared by a wet chemical
method, the sintering can be lowered to 1150 C for

Y-TZP. In this way a reduction of the mean grain
size to 021 ym by normal free sintering has been
realized. The reproducibility of the used synthesis
method is such that this result can be obtained in a
routine like way with all powder batches. It has been
investigaled whether use of 'Y TZP matenals
[abricated via this route allows a lowering ol the
superplastic forming temperature (defined as the
minimum temperature required for obtaining strain
rates — 1075 " under 20 MPa) or alternatively a
reduction of forming tunes due Lo an Iincrease in
stran rates, compuared to commercially avatluble
materials  Furthermore, 1t has been examined
whether the deformation rates of these materials can
be further enhanced by adding a small amount of
Fe,0, as a solid selution additive

The results of compression tests performed on
these materials are described here and compared
with earher results obtained by Nauer & Curry'' on
Tosoh matenals. The gram boundary chemistry has
been found to have a strong mmpact on the
macroscopic deformation behaviour. Grain bound-
aries of Y-TZP belfore and alter superplastic
compression have been intensively studied using X
ray photoelectron spectroscopy (XPS), impedance
spectroscopy (IS), scanning Auger microscopy
(SAM) and transmission electron  microscopy
(TEM). The muain results of this grain boundary
analysis, which are ol 1mportance - order to
understand the superplastic low charactenstics, are
given here. The (ull anulysis will be reported
elsewhere '

2 Experimental Procedure

Nanocrystalline (crystallite size 8 nm) zirconia
powders doped with 2 6 mol% Y,0, were prepared
by a pel precipitation technique, using metal
chlondes as precursor chemicals. This so-called
chlonde method yields very sinter-reactive powders
with a low degree of agglomeration Details ol this
synthesis method can be found elsewhere.'® Three
‘chiornde’ powder batches (codenames Chly, where
is 1, 2 or 3) were nvestigated, differing only n
residual impurity content (as analysed by Hameless
AAS). The impurity content of these Chl powder
batches and of a Imol% yuna-stabilized Tosoh
powder (codename TS3/2') 1s given 1n Table 1. A
part of powder batch Chl3 has been doped with
06mol% FeO, , A chemisorption technique utiliz-
ing iron acetylacetonate (FeC,  H,,0,) was employed
(0 obtain a homogeneous dispersion of iron. Details
of this procedure have been described in Ref 15.
Green compacts were prepured by cold isostatic
compaction n two steps (100 MPa, followed by
400 MPa) Dilatometry {(Netzsch 402E dilatometer)
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Table L. Impurity content (wi”o) ol the powder hatches

Powder Nu, () Fe,0, ALO, Si0),
Chil 0004 0003 030 0062
ChI? 0006 0001 032 023
C'hld 0010 0002 0RO 0o
TS3

000K 0010 (005 0006

“Supplier’s analysrs

wis used to compare the densification kinetics of the
chlonde powders with those supplied by Tosoh.
Chlonde samples lor compression tests all recerved a
final sintering treatment mairat 1150 Clor 12-15h
(heating, and cooling rate 120 C/h). followed by
machining Specimens ol Chll and Chl2 were first
presintered at T100°C for 12h.

Uniasial compression took place i air at
FTOO-1300 C under stresses 1n the range 16
120 MPa Tests were terminaled at true strams of
05 to avoid non umasial siresses and  friction
conditions, Axial displacements were measured
internally durimg the tests Specimen lemperatures
were monitored by a thermocouple located in the
immediate vicinity ol the deforming specimens
Sapphire disks were used to avord direct contact
between specimen and Si1C pistons Constant stress
experiments  were  performed  on  rectangular
(7 « 7 « 21 mm)specimens using an Instron testing
machime  Specimens were heated at 1000°C h, ol
l[owed by heating at 1500 C'h to the desied end
temperature Usimyg such high heating rates prevents
nucrostructural changes lrom occurring duning
heatmg Addional constant load experniments were
perlormed on eylindrical samples (height 13mm. diam
eler Smm) using an Elatee hvdraulic compression
machine This machine 1s connected (o o Eurotherm
FICS [l controller and a computer equipped with
(the Emrotherm soltware package ESP (version 322
m a master-slave configuration A cascade control
svstem  (master  load. slave. hydraulic pressure)
enables the pertormance of constant load experi
ments The response ol the hydraulic system was oo
slow to perform constant stress experiments Spect-
mens compressed in the Elutec machine were heated
at 12000 C h to the desired end temperature At the
end ol all compresston tests the load was quickly
removed and samples were cooled down naturally.

Compression of materials Chll, Chl2 and TS3:2
was performed with the Instton machine, while the
pure and ron doped Chl3 material wus manly
compressed in the Elatee machine Comparable
tesults were obtamed with both machines durning
creep tests performed on the ChlY matenial, indicat
v, that adentical testing conditions could be
imposed with both machines The most important
characteristics of samples used for compression tests
are piven in Table 2

Table 2. Sintering treatment and characieristics of materials
used for compression (ests

Material Smitermy treatiment  Relatne  Gram
density AYANS

(") (i)

Chlt, Chl? 1150 ¢ 12 h 97 021
ChIY, ChlY + Fe 1150 ¢ I5h Y6-97 015

TSy 1450 ¢, 2D W 0400

The load and displacement readings were conver
ted 1nto true stress and stramn rate data. Stress
exponents were deduced [rom strain rates under
various stresses using egn (1) or from individuul
stress jumps using

n=log d,/ia 0,0, (2)

where ¢1s the stramn rate at fow stress a, and ¢, 1s the
stramn rate at fow stress a,. The values from both
techmiques were in good agreement with each other
A single specimen was often used for stram rale
determinations  under  several increasing How
stresses

Denstties wete measurted by the Archimedes
technique (in Hy). Grain sizes (d) were determined
by the lineal intercept technigue [rom SEM (Hitachi
SK8O0) micrographs ol pohished, thermally etched
cuts using d =1 56 L, where L s the averape lineal
Iintercept

Details of the expenmmental procedute to charae-
terize grain boundaries of the Chl materials nsing
XPS. SAM., IS und TEM are given in Rel. 12

3 Results

).1 Undoped Y-TZP

S LD Swtermg kmeties

The relative shrinkage during heating at 120°C/h to
1450 C, as measured by dilatometry, of a Chl
(Myreen = A0 and a TS p, . = 2% ) compact can
be seen in Fig 1 A significant difference 1in
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Fig. I. Relative shrinkage as a tunction of temperature during
heatmg at 120 Ch ol g Chl (pn =45%0) und  TSY
(Pireen = 22%0) compact
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sinterabthity is found: whereas the TS3 sample only
starts densilfying above 950°C, the Chl specimen
densifies already starting from 500°C. The max-
imum shrinkage rate equals 3« 10745 for both
specimens (equivalent to a densification rate of
54%g/min)andis situated at 1150°C and 1230 C for
the Chl and the TS} specimen, respectively. Final
densities equal 97 -98° 4 o1 both maternials after this
sintering schedule. The densification of all three
mvestigated Chl matenials was similar.

The Chl specimen reached 96-98%, ol the
theoretical density (6:06 g/cm?) alter 1sothermal
sintermg at [150°C during 10h (heating rate
120°C/h) By contrast, TS3 sumples only reached
T3 alter the same heat treatment

312 Compression 1ests
Stram rates are shown as a function of true strain m
Fig 2 for all three investigated Chl materials during,
compression at 1250-1300"C under a constant stress
of J0MPa (with stress jumps 20=16 MPa and
20=24 MPu (o determine the stress exponent, the
tesult of which will be mentioned later) The most
important observation ol Fig. 2 1s that no steady
stale 18 observed, simee the stram rate 18 decreasing
continuously for all three materials. A similar
behaviour has been observed at 1100 and 1200 C
under constant stresses ol 20-40 MPa. During,
compression at [2000C under higher stresses (X0),
120 MPua) the strain rate remains essentially const
ant. This apparent work hardening cannot he
expliined on the basts of grain growth (see Section
31 3), butis related to changes in the grain boundary
chemistry as will be discussed in Section 4.4

In the remaining part ol this section attention will
be locused on the Aow behaviour of materials Chll
and ChI2 and it will be compared to that of the
commercial matertal TS3:2

[mtial stram rates (at strams < 0-03) of Chll and
ChI2 under 20 MPa are shown i Fig. 3 as a function

ol nverse temperature Steady-state stran rates of

material TSY,2 are also inserted in this hgure At
1300 C the Chl maternals deform imitially at strain
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Fig. 2. Strain rates as a functhion of true stram at 1300°C (O,

Chil, @, ChlYand 1250 ¢C (1)), Ch12) during compression under

A constant stress of 20 MPa (interrupled by stress jumps 20=2 16
and 20=24 MPa to determine the stress exponent)
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Fig. 3. Termperature dependence ol strann rates under 20 MPa

ol (@) Chll and (12) Ch12 (prain size 02 pm) and () TS

(pram size O0d pm) Strann rates of the Chl matenals are at strains
< 003, while those of TS3/2 are steadv stale values,'”

rates S0 times laster thun observed lor the TS3/2
material The apparent activation energies at
20 MPu as determined rom the slope ol these curves
equal 580 4 20" 596 + 13 and 540 + d2kJ/mol
for TS3/2, Chll and Chl2, respectively. The tempera-
ture dependence of the deformation rate 1s thus
similar for all three materials

Figure dllustrates the variation ol stram rate with
stress observed during compression under stresses
increasing lrom 20 to 120 MPa at 12000 C ol a Chll
and Chl2 specimen. Slightly higher strain rates are
observed Tor material Chl2, which has a higher
impurity content than Chll (see Table 1). A stress of
S0-60 MPu 1s required to obtain strain rates larger
than 107%s " at this temperature The stiess
exponent calculated from the slope of these curves
equals 22-23 for both matenals Sudden stress
jumps petformed at LI C (20 =40 MPa, not
shownyand 1300 C (16-20-24 MPa, see Fig. 2) yield
identical values (2 1-22) for the stress exponent.

113 Aicrostructural obsertations

Examunaton of the microstructure by SEM after
delormation reveals that the grains remain equiaxed
at true strains o 0-50 at all investigated tempera-
tures  This observation already shows that grain
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Fig. 4. Stress dependence ol the straun rate ol a (@) Chll and

(¢<11) Chl2 specimen at 1200°C during compression  under

increasing, stresses of 20-120MPa Strain rates observed

immediately alter completion ol a siress jump have been used
here
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houndary shiding 1s the dominant low mechanism.'*
Although the final deformation temperature was
always situated above the sintering temperature
(1150 C). the grain size remained quite stable even at
the hrghest delormation temperature (1300 C) For
instance, under 20MPa at 1300°C (Chll, 8O min,
1= 05) the gram size increased lrom the intial value
ol 021 pm 10 0226 m and at 1250 € (ChI2, 350 mm,
e =05 1t mereased o 024 um No significant
diflerence has been lound between samples that were
compressed and those which were subjected to the
same heal treatment without being compressed

Alter the forging treatment all Chl samples
showed an increase i density to 98-99 394 Samples
which were subjected to the same heat treatment but
not compressed, showed no or very hittle increase in
density Residual porostty can thus be removed by
the formimg operation sell

10 Grain boundary characterization

Ciramn boundaries i the Chil and Chl2 materals
betore and after compression were characterized by
TEM. XPS, SAM and IS, After sintering at 1150 Ca
thin (9 10A) continuous laver of an amorphous
phase wias obseived by TEM ulong the grain
hboundaries. XPS and SAM measurements showed
that this phase was highly enriched m yttrium
Sthcon was detected by XPS and the binding enerpy
mdicated that it was present as a stheate Although
powder buatch ChL2 contains thiee times as much
sthicon as bateh Chl comparable silicon concentra
frons were observed at the pram boundaries
Detected silicon concentrations were quile low
(St Zr ratios less than 0-0%) Other main impurihies
detected were Al'" and F . Alter compressive
delormation some gram boundaries were no longer
covered by the amorphous phase us observed by
TEM Which racton of the pramn boundaries 1s
‘clean’” has not been delermimed  XPS pave direct
prool and IS nduect prool that the average
concentrations of impurities and yitrum at the gram
boundaries decreased alter compressive delorm
ation. This decrease became stronger with increasimg
eSS

1.2 Compression ol Fe,O -doped Y-TZP

Strain rates as a o lunction o apphed  stress
(20 100 MPa), as evaluated from constant  load
experiments, are shown i Fig. Sat 1200 and 1300 ¢
lor the undoped ChlY matetial and at 1200 C (or
O6mol”s Fe), ., doped Chl} An enhancement n
straim rate by a lactor of -6 compared to the
undoped material 15 observed at 1200°C upon
addition ofiron At 20 MPa strain rates ol 10 4g7!
ate observed for this material, while 107571 g
1cached under 70 MPa

The stress exponent caleuluted from the slope of
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Fig. 5 Stress dependence of the sirain rate of the undoped Chl

matetalat 1200 C () and 100 ¢ (@) und lor F¢Q, ., dopant

lesel of Oamol®e ar 1200 C () under constant load Strin

tates observed ummediately alter completion of a stress jump
have been used here

the curves in Fig. Sequals I7- 1 8 for undoped Chl?3
and 2 2 tor the iron doped Chld material The stress
exponent calculuted from the individual stress
jumps at 1200-1300 C (20 T00MPa, Fig Sand l6-
24 MPa, Fig. 2) of undoped Chl3 equals 2:2-23
The stress dependence of the strain rate thus remains
unchanged by the addition of 1ron

4 Discussion

4.1 Deformation map

Recently, Nuauer & Cuarrv'™ proposed a gram size
versus stress deformation map tor 2Y TZP (batch
TS2at 1350 C This deformation map is considered
valid Tor Y TZP matenals with a relatively high
impurity content ¢+ 300 ppm), the deformation
behaviour ol purer matenials bemg markedly
different ' Considering the impurity contents of the
Chlmaterals (Table 1) the deformation map should
also apply tor these materials The exact positions of
the boundaries between the various deformation
mechanisms  however, depend on the nature and
amount ol residual mmpurities, as will be discussed
later. The deformation map has been recalculated
for 1200 Cand is shown in Fig. 6 The values of the
creep paramelters, as given i Rel 14, are mserted in

(1N}
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. .
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(AN L L
! 10y (IR [N

Dlte Wl

Fig. 6. Deformation map as proposed by Nauer & Carry!’ and
recaleulated here for 1200 ¢
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the different fields. It can be seen that the experi-
mental conditions (20-120MPa at 0-2 um) ol the
tests performed with the Chl materials are situated in
the mterlace reaction contiolled field Indeed, the
creep parameter values determined here (=2,
¢ = 540-596 kJ/mol)are in good agreement with the
creep parameters of Nauer & Carry for nterface
reaction control This suggests thut creep of the Chl
materials s iterface reaction controlled under the
ivestigated experimental conditions A discussion
of the character of the interface reaction will be given
in Section 4 3,

The vahdity of the deformation map 18 supported
by the results ol various other researchers Wakar &
Nagono'® observed a transition from diffusion
control to interface reaction control at 1450°C and
stresses below SOMPa, when the grain size was
lowered from 14 to O0:55um. Hwang & Chen'”
petformed compression tests at T100-1250°C" 1
the stress range SO-800 MPa on a 2Y-TZP material
with a grain size equal to O 21 gm. At 1175 C they
determined the stiess exponent to be equal to 16 1
the stress range 150-700 MPa and the gruin size
exponent (o = [00MPa) was 27 This clemly
indicates grain boundary diffusion control, although
part of their stress range 1s situated in the interface
reaction field i the deformation map shown in Fig
6. Amana ¢ al'? observed a (ransiton lrom
interface reaction to grain boundary diffusion
control above TO0MPa at 1300°C i a 3Y-TZP
material (¢ = 060 pm). This value ol the transition
stress 1s shightly lower than the one predicted by the
delormation map. It s furthermore worth mention-
ing that a transition rom grain boundary diffusion
to lattice diffusion control has recently been
observed”! for 12Ce TZP at 1250°C 1l the gram size
becomes larger than 2 ym.in good agreement with
the deformation map.

Interface reaction controlled and gramn boundary
diffusion controlled grain boundary shding are
acting in series and the observed straim rate & can be
written as:*!

i = 1, + gy (3

where ¢, and i, are the strain rate for respectively
the interface reaction controlled and the grain
boundary diffusion controlled mechanism. The
slowest process deternunes the deformation rate 1t
has been shown [rom experiments that stramn
rates of 'Y TZP are much more sensitive to the
impurity content in the interface reaction controlled
than 1n the grain boundury diffusion controlled
field' 7 (the reasons lor this phenomenon are not yel
clear) Higher strain rates are observed lor more
impure materisls The transition [rom interfoce
reaction to grain boundary diffusion control 1s
therefore influenced by the residual impurity content

and this transition will occur at lower stresses for
more impure materials The nature and amount of
impurities will thus not influence the general form ol
the deformation map of ‘impure” Y-TZP proposed
by Nuuer & Carry. but will influence the exact
positions ol the boundaries between the different
fields.

4.2 Strain rate enhancement of Chl in comparison
with TS3 materials

The grain size exponent p equals | for the TS3Y/2
materialin the interface reaction control ield 17 If
the strain rates of the Tosoh material are recal-
culated (using egn (1) with p = 1) for the same grain
size (-2 yrm) as the Chl material, an increase in mitial
strain rate by a factor 25 is sull found for the chlornide
(Chlt, Chl2y matenals compared (0 the TSJ3,2
material. 1t should be noted that strain rates ol
second Tosoh material (TSY1') with a higher
Al,Q, impurity content were faster by a factor of §
compared to the TS3/2 matenal for un denticul
grain size, Clearly, the grain size 18 not the only lfactor
responsible for the observed differences in strain
rates This difference can arise from the different
amounts ol mpurities i the starting powders (see
Table 1) as well as from the difference in sintering
temperature ol the nvestigated materials. 1t s
believed that in matenals sintered at [150 C (as is
the case for the Chl materials) the segregation ol
impurities to the griun boundaries 1s much stronger
than in materials sintered at higher temperatures
(1400-1450 C, as1s the case for the Tosoh materials)
Evidence for this hypothesis can be lound in the
work of Badwal & Hughes,* who used XPS and IS
to characterize the gram bounduary network in cubic
ZrO,-Y ,0, and observed that an impurity silicate
phase, wetting the gramn boundaries at low tempera

tures, starts to dewet and migrate to the external
surfuce between 1350 and 1450°C  Furthermore,
Chen ¢ al ** Tound by IS that the gram boundary
resistivity per unit surface area of the grain
boundaries (R, ) of the Chl matenals heat treated at
temperalures above [150'C decreases continuously
with temperature, indicatimg a decrease of the
impurity concentrations at the gramm boundaries.

4.3 Character of the interface reaction,
pressure—solution creep

It has been shown for the Chl materials as well as for
the TS3/2 material' that deformation is mterface
reaction controlled 1n the low stress regime (the
width of which depending on grain size, lemperature
and 1impurity content), characterized by a stress
exponent equal to 2 The grain size exponent equals
[ this regime "7 A similar a?/d dependence of
the strain rale has also been observed by Cannon er
al.** for alumina The character of the interface



Low temperatioe superplastie flow of Y TZ P polvervstals 109

reaction and the role of the glassy intergranular ilm
during creep will now be discussed in greater detail

An amorphous phase 1y present at the gramn
boundaries as a continuous Alm having a thickness
less than [ nm or | 5-2nm in the Chl and the TS3”
materials, respechively  This film 15 presumably
liquid-like at the temperature of deformation and 1s
able (o support moderate normal stresses *° Tt has
been reported m the literature that the addition of up
to Swit®a ol sithicate plasses” ™ ** or different amounts
ol ALOyor SIO, (up to 2 Swivy ol each) enhanced
the strain rates, but did not change the stress
exponent. which remained equal to 2 In the cited
mvestigations an amorphous phase was present as u
thin 1 2nm hlm at the grain bounduaries and the
excess amotphous phase was located at tniple points
In the present authors’ experiments with the Chi?d
material 1t has also been observed that addition of
Fe,, enhanced the strain rate without changmg
the stress exponent. The eflect of Fe,O, additions
onsiterig and creep ol Y TZP s discussed in more
detail elsewhere '

The hiquid like Alm present i virtually all TZPs
might  allow  creep o oceur via o solution -
precipitation mechanism - Permanent strtain would
be provided by switching ol neighbouning prams
durmg gram boundary shding. while Tocal strams
durmg  the switching event are  accomodaled
by a dissolution-diffuston-precipitation process at
the gramn boundanies  Theoretical models ol
solutton-precipitation creep (also relerred to as
‘pressure solution creep’ in earth science hiterature)
have been developed by several authors 7Y
Diffusion through the hgquid phase o1 dissolution-
erowth of the crystal, 1e anterlace reactions.
can be rate hmitimg - To develop models for the
mterluce reaction controlled case, 1t has been
Jssumed that dissolution or growth ofa crystal man
under supersaturated solution s analogous to the
interface reactions occurnmg  durmg solution

precipitation creep M To the best of the authors’

knowledge all models developed so tar have
dssumed  that growth or dissolution s hinearly
propottional  to the  driving toree  Duning
solutton-precipitation creep this drniving  loree
comes, ina Arstapprosimation, from the gradient in
the normal tractions along an mterface. The
eradient equals 2002 d M where Q18 the molecular
volume and the other symbols have their previously
defined meaming Models assuming hinear crystal
growth as the mterfuce reaction therefore all lead to
astressexponent equal to | lor the interface reaction
contiolled case

However, avuiluble crystal growth theories show
that crystal growth rates are only linearly propor
tonal to the driving force 1l the crystal lace s
growing above the so-called roughening tempera

ture or 1l a sprral growth mechanism s operating on
a flat face at high values of supersaturation ** Al
small values of supersaturation the crystal growth
rate is proportional to the square of the driving force
for spiral growth us denived by Burton, Cabrera &
Frunk (cited in Rel” 39 A this crystal growth
mechanisim would be rate initing during solution-
precipitation creep, mcorporation of the vahd
crvstal growth law into the existing theories for
solution  -precipitation creep leads (o a o7/d de
pendence ol the stram tate This s indeed the
dependence observed for Y TZP i the interface
teaction control held

For a sprral growth mechanism the growth rate s
directly proportional 1o the saturation concent
tation ol the liquid*® (at a constant value of the
driving forcey It precipitation via sprral growth 1s
tute himitmg durmg solution-precipitation creep,
stran rates will scale with the solubihty ol the sohid
m the hquid. The composition ol the amotrphous
phase m Y TZP will determine the solubility of
zirconta in it and higher solubilities should then lead
to higher strain rates It has indeed heen observed
tecently’™® for Y TZP doped with two types of
sthicate glasses that the stram rate in the interlace
reactioncontrol tield is proportional to the solubility
ol zinconiy mto these silicate plasses

The macroscopie low behaviour of Y TZP i the
iterluce reaction control Aeld thus seems to fit well
with precipitation controlled solution-precipitation
creep with spral growth as the crvstal growth
mechanism However, in the case ol superplastic ¥
TZP. the hquid Alm has a thickness of only a few
nanometers and a spial growth mechanism s
therefore most unhkely because of geometrical
teasons, TEM  observations have indeed never
revealed such spiral structures to exist at the grain
boundaries 1t s also questionable 1l the available
crystal growth theories formulated tor solution
growth can be directly applied to precipitation of
growth units out of a hquid Alm ol only several
nanometers at gramn bounduaries under deviatory
fensile stresses. 11 crystal prowth rates i such o
constrained hquid film would be proportional to the
squate of the driving force without requining a spiral
structure. this would lead to a model for interface
reaction controlled solution-precipitation creep n
pood agreement, both microscopically and macro-
scopically, with superplastic creep ol fine grained
Y TZP in the low stress regime However, such
crystal growth mechamsm sall has to be established
Most experimental studies ol solution -precipita
ton creep have been petformed on materials
hke NaC1M M KCland sucrose,'™ which have o
high solubility in the hiquid phase (water) The
observed stress exponents are equal to | these
cases and diffusion through the hiquid phase s
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considered to be rate himiting during creep ol
these matenals.’? Creep studies of ceramics with
an mntentionally  ‘added’ intergranular  hiquid
phuse!"2 729 % Ghow that interfuce reactions are
rate ltmiting and observed stress exponents are near
2. The solubility ol the studied ceramies in the
various hquid phases (stheate melts, contaming
various cations) has in general not been imvestigated,
but must be quite low, considering the chemical
inertness ol most technical ceramics. The solubihty
of the sohd in the liguid phase thus seems to be u key
parameter during solution-precipitation creep.

The structure ol the Auid contaiming grain
boundary of materials with a high solubility i the
hquid phase 1s very much different from the one
observed in ceramies A dynamically  stable,
island—channel network with a thickness of 500 nm
15 Tor instance observed at the grain boundaries of
NaCl (gram size 100=-275 um)* delormed 1n the
presence of water, while the lquid phase in ceramics
15 present as u very thin film of a lew nanometets.

Future theoretical modelling of creep of ceramics
with an ntergranular iquid phase should also pay
attention to the fact that the physical properties
(viscosity, diffusivity) ol a iquid m the form ol a
[-2nm Alm will certainly deviate from its bulk
vidlues

4.4 Dewetting of glassy phase during compressive
deformation

The apparent work hardening observed tor Chl
matertals (see Fig 2) cannot be explamed by grain
growth (see Section 3 1.3) and 1s attributed to
progressive dewetting ol the gram boundary silicate
fAlm during compressive deformation Clarke’® has
formulated a force bulunce lor a thin intergranular
hgquid film. Without applying an external pressure,
the equilibrium thickness 15 determined by the
balance between attractive van der Waals forees and
a repulsive force, finding 1ts origin m a epitaxial
orientation of the SiQ, tetrahedra with the grain
surfaces Inserting the appropriate numerical values
[or the diflerent parameters in Clarke™s force balance
shows that a compressive stress of 40MPa s
required to remove a hquid silicate ilm at elevated
temperatures from ZrQ,-hquid-ZrQ, gram bound
aries. Considering the large number of simplications
i Clarke’s theory, this value 15 1in good agreement
with the mimmmum stress of 20 MPu, where dewetting
was observed 1n this investigation

5 Conclusions

(a) Using nanocrystalline powders produced by

the chloride method allows fabrication of

dense Y-TZP ceramics with an average grain

size of 0-20um by free sintering at 1150°C
(10 h).

(b) Imuial strain rates ol these Chl materials
during compressive deformation are enhan-
ced by a fuctor of 50 compared to a coarser-
grained (0-40 um) commercially available
(Tosoh Co., Jupan) Y-TZP material. This
enhancement lactor decreases with increas-
ing impurity content of the commercial
material

(¢) Under the investigated experimental con-
ditions (1TOO=1300"C, 16-20MPa) deform-
ation of these Chl matenals occurs via inter-
face reaction controlled gramm boundary
sliding, 1n good agreement with the deforma-
tion map proposed by Nauer & Carry

(d) The observed a*/d dependence of the strain
rate n the interface reaction control feld can
be predicted from solution-precipitution
creep models, 1f the rate limiting step is
precipitation occurring via a mechanism lor
which the growth rate depends on the square
of the driving lorce. However, available
crystal growth theories developed for growth
from a bulk mother phase do not provide a
non hinear mechanism which seems likely for
precipitation from a hquid contained in a
[-2nm thick itergranular Alm.

(¢) Additon of O-6mol% FeQ, . leads o u
lurther enhancement ol the strain rates ol Y -
TZP by a fuctor of 4-6, while the stress
exponent remains identical to 2 A 1200 €
sttam rates of 107 s are obtained at o =
70 MPa with this material
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