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Effect of additives on densification and 
deformation of tetragonal zirconia 
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The effect of additives (Bi203, Fe203) on densification and creep rates of tetragonal 
ZrO2-Y203 has been investigated. In 8i203-doped Y-TZP, a reactive liquid forms at 
temperatures above 800-900 ~ which leads to a strong enhancement of densification for 
concentrations of 1-2 mol % Bi203. However, during cooling from the processing temperature 
a strong, undesirable transformation of the tetragonal to the monoclinic phase occurs. The 
addition of 0.6-1.2 mol % Fe03/2 promotes densification without destabilizing the tetragonal 
phase. A concentration of 1.2 mol %, however, induces discontinuous grain growth, while this 
is not the case for 0.6 mol %. Creep rates of Y-TZP were enhanced by a factor of 4-6 by 
adding 0.6 mol % Fe03/2. 

1. In t roduct ion  
Ceramic superplasticity was demonstrated for the first 
time in 1986 by Wakai et al. [1], who obtained a large 
(170%) tensile strain at 1450 ~ using 3 tool % Y203- 
stabilized tetragonal zirconia polycrystals (3Y-TZP). 
Currently, elongations up to 800% have been ob- 
tained with this material [2]. Such large tensile ductil- 
ities offer the possibility to use superplastic forming 
(SPF) techniques for near-net shaping. Techniques 
such as extrusion [3, 4], bulging [5] and gas-pressure 
forming [6] have been successfully applied to both 
single-phase and composite ceramics. High strain 
rates at preferably low temperatures are prerequisites 
to make SPF of ceramics economically attractive. 

Two main routes are available to increase strain 
rates and/or lower forming temperatures: 
(i) decreasing the grain size towards the nanometre- 
regime (grain size below 100 nm) and (ii) using addi- 
tives, which lead to the formation of (eutectic) liquids 
at the SPF temperature. The first route can be 
accomplished by low-temperature sintering. For un- 
doped systems this requires the synthesis of nanocrys- 
talline powders composed of very soft agglomerates. 
Green bodies with high densities and small pore radii 
can be produced using such powders and this leads to 
good sinterability at very low temperatures, where 
grain growth is very slow [7, 8]. In the second route, 
transition metal oxides of the fourth row, such as 
MnO E9] and CuO [10], are being used, which lead to 
the formation of eutectic liquids at low temperatures. 
These liquids are present as thin (1-2 nm) films on the 
grain boundaries and lead to a substantial en- 
hancement of deformation rates. 

After the forming operation it would be advantage- 
ous in the second route to remove the liquid-forming 
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additive, because the presence of excess amorphous 
phases might deteriorate the room-temperature mech- 
anical properties. For instance, under certain condi- 
tions the presence of an intergranular amorphous 
phase leads to an increased wear rate of TZP [11]. 

Bi20 3 could fulfil these requirements: it forms a 
reactive liquid at temperatures above 900 ~ and its 
volatility can be used to remove it by a post-forming 
annealing treatment. However, it has been reported by 
Burggraaf and co-workers [12, 13], that in the case of 
cubic ZrOz-Y/O3, substantial amounts of the mono- 
clinic phase form when using Bi20 3 as a sintering 
additive. If a similar degree of transformation would 
take place in tetragonal ZrOz-Y/O3, this would con- 
siderably decrease the extent to which transformation 
toughening [14-1 can operate and is therefore quite 
undesirable. The suitability of Bi20 3 as a sintering aid 
to produce dense, fine-grained, fully tetragonal zir- 
conia will therefore be evaluated here in the first place. 
Special attention has been paid to the influence of 
BizO3-concentration, stabilizer type (yttrium, cerium) 
and different sintering schedules, on the phase content. 

F%O 3 is possibly another suitable candidate to 
enhance strain rates without introducing excess 
amorphous phase. Chen and Xue [15] demonstrated, 
in a survey of the effect of transition metals, that the 
addition of iron oxide enhances deformation rates of 
Y-TZP. It is also well known that Fe20 3 forms a solid 
solution with Z r O  2 at elevated temperatures [13, 16]. 
Verkerk et al. [13, 16] have observed that the addition 
of 0.5-2 mol% Fe/O 3 leads to a significant en- 
hancement of densification of cubic ZrO2-Y20 3. The 
capability of Fe20 3 as a solid solution additive to 
enhance sintering and deformation rates of Y-TZP 
was investigated in the present work. 
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2. Experimental procedure 
2.1. Powder synthesis and dispersion of 

additives 
Zirconia powders with either 5 at % yttrium (denoted 
ZY5) or 12 at % cerium (denoted ZCel2) have been 
synthesized by a gel-precipitation technique using me- 
tal chlorides as precursor chemicals. This technique is 
commonly referred to as the "chloride" method and is 
described in more detail elsewhere [17-19]. Three 
different ZY5 batches were used in this investigation: 
they are denoted ZY5(x), where x equals 1, 2 or 3. 
Batches ZY5(1) and ZCe12 were used for Bi20 3 dop- 
ing, while the other two batches were used for F%O 3 
doping. Calcination took place at 500-550 ~ (2 h) in 
static air. 

Bi20 3 (Merck, reinst) was introduced mainly by dry 
milling in this investigation. Zirconia powders were 
mixed with Bi20 3 powder in polyethylene flasks with 
PTFE (polytetrafluorethylene, teflon) marbles and put 
on a rolling bench during the night. The hard zirconia 
powder thus acts as a grinding medium for the much 
softer Bi20 3 powder. Concentrations of Bi20 3 ranged 
from 0.15-2.0 tool % for doping of ZY5 and a concen- 
tration of 2 mol % was used for doping of ZCe 12. The 
lowest dopant level of Bi2Oa (0.15 tool %) was also 
introduced by wet impregnation using solutions of 
Bi(NOa)3 in nitric acid. 

Fe203 was introduced to calcined ZY5 powders by 
a chemisorption technique using ironacetylacetonate 
(FeC15H2106, abbreviated to Fe(AcAc)3, Merck, 
> 98% pure). A certain amount (10 g) of powder was 

mixed by gentle stirring with a 11 solution of 
Fe(AcAc)3 (7 gl -~) in ethanol for 2-72 h. The max- 
imum solubility of Fe(AcAc) 3 in ethanol at 20 ~ was 
determined to be 25 g 1-1. The doped powder was 
retrieved by filtration, thoroughly washed with etha- 
nol to remove non-adsorbed Fe(AcAc)a, dried at 
120 ~ and finally calcined at 450 ~ for 30 rain. This 
chemisorption technique will be referred to below as 
the batch-acetylacetonate method [20]. The char- 
acteristics of ZY5 powders doped with 0.6 and 
1.2 tool % FeO1.5 were investigated. 

2.2. Green compac t  formation and sintering 
Green compacts were produced by cold isostatic com- 
paction in two steps: first at 80-100 MPa and finally 
at 400 MPa. Free sintering behaviour was analysed in 
detail by dilatometry using a Netzsch 402 E dilato- 
meter. Densities calculated from the green density and 
the observed linear shrinkage, corrected for weight 
loss and thermal expansion, were in good agreement 
with those measured by the Archimedes' technique. 
During non-isothermal experiments, samples were 
heated at 2 ~ rain - 1 to 1460 ~ immediately followed 
by cooling down at 4 ~ min-i  to room temperature. 
Isothermal experiments (heating rate 2~ -~, 
cooling rate 4~ -~) were performed at 1050~ 
(10 h) with Bi203-doped ZY5, at 950-1000 ~ (5-15 h) 
with Bi20 3 doped ZCel2 and at 1050-1110~ (15 h) 
with Fe=O3-doped ZY5. 

Separate sintering experiments were performed in 
a furnace at 675-1100 ~ (1 h) with 2 mol % Bi/O 3- 

doped ZY5 or in a tube furnace at 1150-1400 ~ for 
ZY5 doped with 0.6-1.2 tool % FeOa.5. 

2.3. Characterization techniques  
Nitrogen adsorption/desorption isotherms were ob- 
tained at 77 K using a Micromeritics ASAP 2400 
system. Specific surface areas were analysed by the 
BET method. No corrections for microporosity were 
necessary. Stabilizer (yttrium, cerium) content was 
measured by XRF using a Philips PW1410 
spectrometer. Dopant (iron, bismuth) concentrations 
after wet impregnation/chemisorption, were deter- 
mined by AAS. Powders were dissolved in concen- 
trated sulphuric acid for AAS analyses. Bulk densities 
were determined by the Archimedes' technique (in 
mercury). 

The phase compositionwas analysed by XRD using 
a Philips PW1370 diffractometer with CuK=-radi- 
ation. The volume fraction of the monoclinic phase, 
Vm, was estimated using the non-linear relationship 
proposed by Toraya et al. [21]. Unit-cell dimensions 
were determined by precision X-ray measurements 
using silicon as an internal standard. 

Grain sizes were determined by the lineal intercept 
technique from scanning electron micrographs 
(Hitachi $800 or Jeol JSM-35CF) of polished, ther- 
mally etched cuts using D = 1.56 L, where L is the 
average lineal intercept. 

2.4. High-temperature  compression 
Compression tests were performed in air under con- 
stant load on cylindrical samples (height 13 ram, dia- 
meter 5 ram) using an Elatec hydraulic compression 
machine equipped with SiC pistons. Axial displace- 
ments were measured internally. More details concer- 
ning the configuration of this equipment are given 
elsewhere [22]. Samples were heated at 20 ~ min-1 
to the desired temperature (1200-1300~ equilib- 
rated for 15 min and compressed to 0.4-0.5 true strain. 
During heating and temperature equilibration, no 
load was applied to the specimens. Sapphire discs were 
used to avoid direct contact between sample and 
pistons. Samples of ZY5(2) undoped and doped with 
0.5 tool % FeO1.5 used for compression tests were 
sintered at 1150~ (15h) to 96%-97% relative 
density. 

3. Results 
3.1. Undoped powder characteristics 
The chemical composition and specific surface areas of 
the synthesized powders are given in Table I. The 
actual chemical composition is close to the desired 
composition for all powders. Specific surface areas 
range from 96-122 m 2 g-1 for the three investigated 
ZY5 batches and 82 m z g- 1 is found for ZCel2. The 
crystallite size is 7-8 nm for all three investigated ZY5 
batches and the variation in specific surface area is 
thus caused by a variation in the degree of aggrega- 
tion. The lower specific surface area of ZCel2 com- 
pared to the ZY5 powders is primarily due to the 
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TABLE I Chemical composition and specific surface areas of 
synthesized powders 

Powder Composition SBET 
batch code (m z g- 1 ) 

ZY5(1) ZY5.2 122 
ZY5(2) ZY5.0 109 
ZY5(3) ZY5,2 96 
ZCel2 ZCel 1.8 82 

larger crystallite size ( ~ 10 nm). Densities near 95% 
could be obtained during free sintering at 1150~ 
(10 h) with all investigated powders without sintering 
aids. 

3.2. Bi2Oa-doped TZP 
3.2.1. Non-isothermal sintering 
Fig. 1 shows the relative shrinkages as a function of 
temperature for undoped ZY5 and for Bi20 3 dopant 
levels of 0.15, 1 and 2mo1%. The characteristic 
temperatures and maximum shrinkage rates, 
[dL/(Ldt)]~, can be found in Table 1I. From this 
table and Fig. 1 one can see that the onset of sintering, 
To,~t, is delayed by introducing Bi203: in undoped 
ZY5, densification starts at 685 ~ while this temper- 
ature shifts to 970 ~ after the addition of 0.15 mol %. 
At higher dopant concentrations, the value of To,~et 
decreases again, but is still equal to 880~ for 
2 mol %. Once densification starts it proceeds at a 
much higher rate in the BizO3-doped materials. Den- 
sification is completed within a temperature interval 
(given by T~.d - Tenser), where T~,,a is the temperature 
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Figure 1 Relative shrinkage versus temperature during heating at 
2 ~ min - 1 of pure and Bi203-doped ZY5(1). Dopant levels (reel % 
Bi203): (Q) 0, (~)  0.15, (�9 1, (11) 2. 

TABLE II Characteristic data of non-isothermal sintering of pure 
and Bi2Oa-doped ZY5(1) 

Bi203 To .... T~,d Tm~x Ms - (dL/Ldt) .... 
(reel %) (~ (~ (~ (~ (10 -4 rain- 1) 

0 685 1320 1115 < 20 8 
0.15 970 1385 1175 < 20 19 
1.0 960 1240 1090 463 44 
1.5 920 1220 1055 461 30 
2.0 880 1215 1035 517 27 

at which densification ends) of 635 ~ for undoped 
ZY5, whereas for BizO3 concentrations of 1-2 reel % 
this interval narrows considerably to 280-335 ~ It 
can also be seen in Table II that the temperature at 
which the shrinkage rate is maximal, Tm, x, shifts from 
1115~ for undoped ZY5 to 1035~ for 2mo1% 
Bi203-doped ZY5. The maximum shrinkage rates of 
Bi203-doped materials are increased by a factor of 
2.4-5.5 compared to undoped ZY5. All samples reach 
96%-99% relative density at Ten d . 

For concentrations of 1-2 reel %, a considerable 
improvement of the sintering kinetics is observed (see 
Fig. 1). However, these concentrations lead to a strong 
destabilization of the tetragonal phase, as evinced by 
a sudden expansion of the samples during cooling 
caused by the transformation "burst" to the mono- 
clinic phase (see Fig. 2). This allowed the determina- 
tion of the M, temperatures as listed in Table II: 
M s increases from 460~ at 1.0-1.5 mol % BizO 3 to 
520~ at 2mo1% Bi20 3. XRD showed that the 
monoclinic volume content equals approximately 
65% in these materials. 

Small additions of Bi20 3 (0.15 reel%) retard the 
densification of Y-TZP to such an extent that it gives 
no effective improvement of the sintering behaviour. 
The sintering behaviour of 0.15 reel % Bi/O3-doped 
(added by dry milling) ZY5 could possibly be im- 
proved by a better degree of dispersion. Therefore, 
0.2 mol % Bi203 was added by wet impregnation. No 
improvement was found, however; the shrinkage ver- 
sus temperature curve was quite similar to that of the 
material doped with 0.15 reel % Bi20 3 added by dry 
milling. No Ms temperature was observed during 
cooling of the 0.15-0.2 reel % Bi20 3 samples. 

The characteristics of sintering ZCel2 with 2 reel % 
Bi20 3 were also determined. This allows one to deter- 
mine if the strong destabilization of the t-phase as 
observed for the Y-TZP/Bi20 3 system also takes place 
for other rare-earth stabilizers. The relative shrinkages 
during heating to 1460~ of ZCel2 undoped and 
doped with 2 reel % Bi20 a are shown in Fig. 3. The 
effect of Bi20 a on densification of ZCel2 is, for the 
largest part, similar to the effect on ZY5. Densification 

0 200 400 600 800 1000 1200 1400 

~"- Ms 

e "  

L , , I i , , I , , J L , i , I , , , I , , , I , , , 

0 200 400 600 800 1000 1200 1400 
Temperature (~ 

Figure 2 Example of the cooling part of a dilatometer curve ob- 
tained with Bi203-doped ZY5. The sudden expansion of the sample 
allows the determination of the M s temperature. 
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Figure 3 Relative shrinkage versus temperature during heating at 
2 ~ rain- ~ of (a) pure and (b) 2 tool % Bi203-doped ZCel2. 

is first delayed at 90 ~ but above 840 ~ it proceeds 
at a much faster rate in the doped material. The shift 
of Tma x is rather large: it decreases from 1071~ 
to 941 ~ Compared to the ZY5/Bi/O 3 system, the 
initial delay is less and the shift of the shrinkage 
curve towards lower temperatures is larger for 
ZCel2/Bi203: Remarkably, the 2 tool % Bi20 3 doped 
material begins to swell above 1070~ at 1460~ a 
total linear swelling of 1.95% (corrected for thermal 
expansion) is observed. The final density is only 81% 
of the theoretical one at this temperature. 

The most important observation com~s from the 
cooling curve of the 2 tool% Bi203-doped ZCel2 
material heated to 1460 ~ where no M s temperature 
could be observed. This indicates that the t-phase has 
not become unstable during this sintering schedule. 
XRD analysis confirmed that the material is 100% 
tetragonal. Swelling of the 2mo1% Bi/O3-doped 
ZCel2 material could be avoided by heating only to 
1110 ~ (and immediately cooling). However, this led 
to destabilization of the t-phase as evinced by an M, 
transition observed at 156 ~ 

3.2.2. Isothermal sintering 
Relative shrinkages as a function of time at 1050 ~ 
are shown in Fig. 4 for ZY5 undoped and doped with 
1-2 mol % BizO3. The undoped material reaches only 
72% theoretical density after 10 h, while the Bi/O3- 
doped materials reach relative densities above 90%. 
The cooling curves of the Bi203-doped materials sin- 
tered at 1050~ showed no M s temperatures, like 
those found after non-isothermal sintering. However, 
XRD analysis showed that 80% of the t-phase had 
transformed to the monoclinic one after this sintering 
schedule. Furthermore, diffraction peaks of an un- 
identified phase were detected in the Bi203-doped 
materials. 

The drastic change of the microstructure of Y-TZP 
caused by the addition of Bi20 3 can be seen in the 
micrographs of Fig. 5a and b. Fig. 5a shows the micro- 
structure of undoped ZY5, consisting of equiaxed 
grains of the t-phase. Fig. 5b shows the microstructure 
of 1.5 mol% Bi/O3-doped ZY5 after sintering at 
1100 ~ Elongated and plate-like grains are observed 
of the monoclinic phase (Vm = 80%). This observation 
is in agreement with the findings of Winnubst et al. 
[23], who observed elongated monoclinic grains in 
2.3 mol % Bi/O3-doped cubic ZY17. 
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Figure 4 Relative shrinkage as a function of time during isothermal 
sintering at 1050 ~ of pure and Bi203-doped ZY5(1). Dopant levels 
(mol % Bi203): (0 )  0, (D) 1, (�9 1.5, (11) 2. 

The 0.15 mol % BizO3-doped ZY5 was sintered at 
1150 and 1200 ~ (10 h), resulting in relative densities 
of only 61% and 70%, respectively. Although such 
small concentrations have been found not to desta- 
bilize the t-phase, they do lead to a severe decrease of 
the sinterability of Y-TZP. 

Isothermal sintering experiments were performed at 
950-1000~ with 2 mol % Bi203-doped ZCel2. At 
1000 ~ a relative density of 95% was obtained after 
50 min. No M s temperatures were observed in the 
cooling parts of these dilatometer runs, but again 
XRD analysis showed that most of the t-phase 
( > 90%) had transformed to the monoclinic one. An 
unidentified phase was also detected after isothermal 
sintering. 

3.3. Fe203-doped Y-TZP 
3.3. 1. Chemisorption of Fe (AcAc) 3 on 

tetragonal zirconia 
In order to be able to dope zirconia powders with a 
well-defined amount of Fe20 3 via the batch-acetylace- 
tonate method, the adsorption kinetics of FetAcAc)3 
on to the zirconia powder surface were determined 
first. The increase in iron-concentration with time at 
20 ~ of batch ZY5(3) is shown in Fig. 6. The adsorp- 
tion of Fe(AcAc)3 on zirconia from ethanol at 20 ~ is 
very slow: after 24 h a concentration of 0.55 mol % 
FeO1.5 (equivalent to 0.05 m tool m -1) is reached. To 
obtain a concentration of 1.2 tool % FeOx. 5 requlres 
72 h adsorption time. In terms of monolayer cover- 
ages, 15% of a monolayer is covered after 24 h and 
34% after 72 h by Fe(AcAc)3 , assuming the area 
occupied by one Fe(AcAc)3 molecule equals 0.5 nm 2 
[24]. The adsorption mechanism of acetylacetonates 
on to oxide surfaces and ways to increase the mono- 
layer coverages of Fe(AcAc)3 on zirconia surfaces will 
be discussed in Section 4.2. 

3.3.2. Solid solution formation 
The solubility of iron in tetragonal ZrO 2 is equal to 
3 tool % as stated by Kiminami [16] (no experimental 
details were given by this author); Hughes and Badwal 
[25] showed that iron is distributed homogeneously 
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Figure 5 Microstructure after sintering at 1100 ~ of (a) pure ZY5(1) and (b) 1.5 mol % Bi2Oa-doped ZY5(1). 
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Figure 6 Increase with time of the ~/dsorbed amount of iron on to 
ZY5(3) at 20 ~ 

within Y-TZP grains after annealing at 1200 ~ In 
order to identify the mechanism of solid solution 
formation of Fe203 with tetragonal ZrOz-Y203 and 
to determine theoretical densities, lattice parameters 
were determined of ZY5(3) samples doped 
with 0, 0.6 and 1.2 mol % FeO1. 5. Samples were heat 
treated at 1200 ~ (5 h) after sintering to full density 
at 1150~ (10 h) in order to diminish crystallite size 
broadening and promote dissolution of iron. The 
cooling rate was 240 ~ h -  1. Lattice parameters, unit- 
cell volumes and theoretical densities of ZY5 doped 
with 0 and 0.6 tool % FeO1.5 are given ~in Table III. 
Lattice parameters of 1.2 mol % FeOx.5-doped ZY5 
could not be determined with acceptable accuracy, 

5 3 7 8  

TABLE III Unit-cell data of pure and 0.6 mol % FeO1.5-doped 
ZY5 

Composition a (nm) c (nm) V(nm3) Pth 
(gcm- 3) 

ZY5 0.50995 0.51771 0.1346317 6.06 
ZY5-0.6 Fe 0.51050 0.51793 0.1349779 6.05 

because of poor peak resolution caused by broaden- 
ing. It can be seen in Table III, that the unit-cell 
volume increases slightly by incorporation of 
0.6 mol % Fe 3 + . On the basis of the unit-cell volumes 
given in Table III, the theoretical density of 1.2 mol % 
FeO1.5-doped ZY5 was calculated to be equal to 
6.02 gcm -3 assuming (i) Vegard's law (A V / V  o = ~C,  

where Vo is the volume of undoped ZY5, C is the mole 
fraction of solute, i.e. FeO1. 5 here, and ~ is Vegard's 
slope) holds, and (ii) all the iron has dissolved. 

3.3.3. Sintering and grain growth of 
Fe203-doped Y- TZP 

The relative shrinkages during non-isothermal 
sintering of ZY5(3) doped with 0, 0.6 and 1.2 tool % 
FeO1. 5 are shown in Fig. 7 as a function of temper- 
ature. Green densities of undoped and Fe203-doped 
ZY5 were all equal to 45%. With increasing iron 
concentration, the shrinkage curves are seen progress- 
ively to displace towards lower temperatures. The 
temperature at which the maximum shrinkage rate 
is observed, is lowered by 100~ upon addition of 
1.2mo1% FeO1. 5 compared to undoped ZY5. All 
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Figure 7 Relative shrinkage versus temperature during non-isother- 
mal sintering of (0 )  pure and iron-doped ZY5(3). Investigated 
dopant levels are (C]) 0.6 and (m) 1.2 mol % FeO1. 5. 

three materials are > 95% dense after non-isothermal 
sintering. 

Relative shrinkages during isothermal sintering at 
1160~ are shown as a function of time in Fig. 8 
for ZY5(3) doped with 0-1.2mo1% FeOl.s. The 
sintering time is reduced from > 10 h for undoped Y- 
TZP (gfl,al = 93%) to less than 5 h for 0.6-1.2 mol % 
FeO1. 5 doped Y-TZP (Ofinal= 95%). 

Grain sizes after non-isothermal sintering and 
isothermal sintering at 1160 ~ are given in Table IV 
for all three investigated ZY5(3) materials. It can be 
concluded from these data that the addition of 
0.6 mol % FeOI5 does not affect grain growth in ZY5, 
while a concentration of 1.2 tool % strongly promotes 
grain growth at 1160~ The microstructure of the 

-0.12 

1.2 tool % doped material after sintering at 1160 ~ is 
shown in Fig. 9. While the grain size is very uniform in 
undoped and 0.6 tool % doped ZY5, the grain size is 
very non-uniform for 1.2 tool % FeO1.5. The micro- 
structure in Fig. 9 shows that discontinuous grain 
growth takes place in the 1.2 tool % doped material, 
making it unsuitable for superplastic deformation. 
Moreover, severe fracturing occurred frequently dur- 
ing cooling of this material after different sintering 
schedules, which was not the result of the tetragonal- 
to-monoclinic phase transformation, because in all 
iron-doped materials only diffraction peaks of the 
tetragonal phase could be detected. 

3. 3. 4. High- temperature compression 
Strain rates as a function of applied stress at 1200 ~ 
are shown in Fig. 10 for ZY5(2) undoped and doped 
with 0.5mo1% FeO~.s. The grain size equals 

0.15 gm for both materials (sintered at 1150~ 
The strain rates of a commercially available (Tosoh 
Co., Japan) Y-TZP material (grain size 0.40 gm) are 
also shown in this figure for comparison. This material 
(codename TS2/1) has been tested by Nauer and Carry 
[26] at 1350 ~ and the strain rates were recalculated 
to 1200 ~ using 590 kJ tool- 1 for the creep activation 
energy, as determined by these authors. The strain rate 
shows a similar stress dependence in all three mater- 
ials. Strain rates of ZY5 (2) are increased by a factor 30 
compared to the commercial TS2/1 material, while 
addition of 0.5 tool % FeO1. 5 leads to a further in- 
crease by a factor of 4 6 for the ZY5(2) material. For 
stresses above 20 MPa, strain rates larger than 
10 -4 s- ~ are observed with the iron-doped material. 
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Figure 8 Relative shrinkage as a function of time during isothermal 
sintering at 1160~ of (0 )  pure and iron-doped ZY5(3): (C]) 
0.6 tool %, (Q) 1.2 tool % FeO1.5. 

TABLE IV Grain sizes after non-isothermal (1460~ and 
isothermal sintering (1160 ~ h) of pure and iron-doped ZY5(3) 

Composition Grain size (l~m) 

1460 ~ h 1160 ~ h 

ZY5 0.52 0.19 
ZY5-0.6 Fe 0.58 0.18 
ZY5-1.2 Fe 0.57 0.55 a 

a Including discontinuous grains. 
Figure 9 Microstructure of 1.2 mol % FeO1. 5 doped ZY5(3) after 
isothermal sintering at 1160 ~ (15 h). 
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Figure I0 Strain rate as a function of applied stress during com- 
pression at 1200~ of (Z]) pure ZY5(2), (Q) 0.5 mol % FeO1. 5 
doped ZY5(2) and ( , )  a commercial 2Y-TZP material (code TS2/1 
[26]). 

The creep behaviour of the pure and iron-doped 
ZY5 materials is described in more detail elsewhere 
[27]. 

4. Discussion 
4.1. Bi203-doped TZP 
The addition of 1-2 mol % Bi20 3 has been shown to 
lead to a strong enhancement of densification rates of 
both ZY5 and ZCel2. This can be explained in terms 
of a liquid-phase sintering mechanism operating in the 
BizO3-doped materials. Liquid-phase sintering can be 
divided into three stages [28-30]: (1) an initial stage, 
in which the liquid phase is being formed and den- 
sification takes place by particle rearrangement under 
the influence of capillary pressures, (2) an intermedi- 
ate stage, where solution-reprecipitation leads to fur- 
ther densification, and (3) a final stage, where a solid 
skeleton forms and densification slows down drasti- 
cally. The latter phenomenon is only important if 
large volume fractions of a liquid phase are present. 
The volume fractions liquid, V,q, in the Bi203-doped 
materials under investigation equal approximately 
3%-6%(calculated from Vii  q = V s --~ 0.1 Vs, where V s 
is the volume fraction of solid Bi203 and 0.1 Vs the 
volume increase upon melting) and therefore re- 
arrangement and solution-reprecipitation are the 
most important steps that need to be considered here. 
The linear shrinkage induced by particle rearrange- 
ment is usually assumed to be directly proportional to 
the volume fraction liquid [-28]. It can be estimated 
that this (linear) shrinkage equals a maximum 11% for 
a 6 vol % liquid containing material with a green 
density of 47% (assuming that the relative density 
increases from 47% as observed in the green state to 
65%, corresponding with the maximum density of a 
random close-packed three-dimensional array of 
spheres). This rearrangement is promoted by high 
surface tension of the liquid, low interparticle friction, 
small particle size and some solubility of the solid in 
the liquid [30]. Particle rearrangement will certainly 
take place in the systems investigated here, but to 
what extent is not clear. The solution-reprecipitation 

step is still responsible for a large part of the den- 
sification in the BizO3-doped TZPs, because total 
linear shrinkages exceed 20%. 

The presence of BizO 3 in the investigated TZPs 
during sintering led to enhanced grain growth. The 
increase in grain size was, however, insufficient to 
account for the observed destabilization of the 
t-phase. This destabilization can possibly be explained 
by the formation of Bi203-Y20 3 or BizO3-CeO 2 
liquids: the dissolution of yttria or ceria into this 
liquid will lead to a strong decrease of the thermodyn- 
amic stability of the t-phase. The published binary 
phase diagrams [31] Show that these liquids will form 
above 800-900 ~ These liquidus tempe}atures coin- 
cide with the onset of sintering in the BizO3-doped 
TZPs during the non-isothermal runs. (Diffraction 
peaks of BizO3 were no longer detected above 800 ~ 
in 2 mol% BizO3 doped ZY5.) During isothermal 
sintering at 950-1050~ unidentified crystalline 
phases are forming; it is reasonable to assume that 
these consist of BizO3-YzO3/CeO2 (-ZrO2) solid 
solutions leading to a further destabilization of the  
t-phase if yttrium or cerium have a larger solubility in 
these phases than zirconium. 

Because of the large degree of transformation to the 
monoclinic phase after free sintering, the deformation 
behaviour of Bi203-doped Y-TZP has not been in- 
vestigated. 

4.2. Fe203-doped Y-TZP 
4.2.1. Adsorption of Fe (AcAc) 3 on to zirconia 
The adsorption of acetylacetonates on to the surfaces 
of metaloxides takes place by reaction of hydroxyl 
groups with the AcAc group as has been shown by van 
Hengstum et aI. [32] according to the reaction 

/ O H  / O x  N 

M + Fe(AcAc)3 --} M Fe(AcAc) + 2 HAcAc 

\oH No/ 
(1) 

This process produces two HAcAc molecules, which 
can also adsorb on to the oxide surface. Furthermore, 
using ethanol as a solvent will lead to the adsorption 
of ethoxy groups on the surface of zirconia [33]. The 
adsorption of acetylacetone and ethanol inhibits fur- 
ther adsorption of the metal acetylacetonate. A frac- 
tional monolayer coverage of only 0.34 by Fe(AcAc)3 
has been found after 72 h adsorption at 20 ~ corres- 
ponding with a 1.2 mol % FeO1.5 dopant level for the 
used ZY5 powder batch. (It should be noted that the 
starting concentration of Fe(AcAc)3 in solution dur- 
ing adsorption corresponds with six times the mono- 
layer capacity of the 10 g ZY5(3) powder,) 

A concentration of 0.6 mol % FeOl.s can be ad- 
equately added to the high surface area ( > 96 m 2 g- 1 ) 
powders used here via the batch-acetylacetonate 
method, even though the coverages in terms of frac- 
tions of a monolayer are low (0.15 after 24 h). How- 
ever, for powders with much lower surface areas 
( < 50 m 2 g- 1 ) the monolayer coverage should exceed 
the maximum value observed here (0.34) to reach the 
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required 0.6 tool % concentrations. This requires a 
modification of the doping method used. 

Adsorption of metal acetylacetonates M(AcAc), on 
oxides has been intensively studied to prepare sup- 
ported oxidic catalysts [20, 32, 34]. From these data 
two main possibilities emerge to increase the mono- 
layer coverage: (1) to use an apolar solvent such as 
toluene, which does not adsorb readily on the oxide 
surface, or (2)to remove the reaction products 
(HAcAc) together with the unused reactant by carrying 
out continuous adsorption experiments, where a fresh 
solution of M(AcAc), is led continuously over the 
adsorbent until the concentration at the inlet and 
outlet are identical. The last possibility has the draw- 
back that large quantities of solvent and M(AcAc), are 
needed. A less sophisticated method, which does not 
yield monolayers, but gives a satisfactory dispersion is 
wet impregnation, where the solvent is removed after 
adsorption by evaporation [13, 16]. 

4.2.2. Solid solution formation 
It has furthermore been observed (Section 3.2.2) that 
the unit-cell volume of the tetragonal phase (after a 
heat treatment at 1200~ increases slightly when 
adding 0.6 mol % Fe 3+ . This is in agreement with the 
results obtained by Karas et  al. [35] with 0.5 tool % 
iron-doped 3Y-TZP. The ionic radii of Zr 4+ and Fe 3 + 
(in eight-fold coordination) are, respectively, 0.084 and 
0.078 nm [36]. The increase in unit-cell volume by 
incorporation of the smaller Fe 3+ ions indicates an 
interstitial rather than a substitutional solid solution 
formation mechanism 

2Fe20 3 ~ 4 F e i '  + 3V~'~' + 600 (2) 

Karas et al. observed that for higher iron concen- 
trations (1-2 mol %) the unit-cell volume decreases 
again. This suggests that up to 0.6 mol % Fe 3 + can be 
incorporated interstitially, while at higher concen- 
trations iron substitutes for zirconium. Verkerk et  al. 

[13] observed a decrease of the unit-cell volume of 
cubic ZrOz-Y20 3 with FezOa-doping (0.5-2 mol %) 
after sintering at 1200 ~ indicating a substitutional 
solid solution formation mechanism. 

The interstitial incorporation of trivalent iron in 
zirconia has been clearly demonstrated by Hoffmann 
and Fischer [37]. They found that in 2-9mo1% 
Fe2Oa-doped cubic ZrO2-CaO 30%-35% of the iron 
atoms were at interstitial positions. 

4.2.31 Enhancement of sintering and creep 
by Fe203 additions 

Chen and Xue [15] performed a survey of the enhan- 
cing effect of transition metal oxides of the fourth row 
on sintering and creep rates of 2Y-TZP. They argued 
that the addition of transition metals could lead to a 
lowering of the eutectic point which is situated at 
1350~ in the Y203-A1203-SiO2 (aluminium and 
silicon are present as impurities in all zirconia ceram- 
ics) ternary phase diagram. This would allow sintering 
and creep to take place at lower temperatures in 
Y-TZP doped with transition metal oxides. 

However, it has been observed [-38] that an 
amorphous silicate phase is already present at the 
grain boundaries as a thin ( < 1 nm) film in the Y-TZP 
ceramics studied here after sintering at 1150~ i.e. 
200 ~ below the reported eutectic temperature. This 
film is thus already liquid-like at 1150~ and any 
additional effect of iron on sintering and creep of these 
materials is therefore not as straightforward as sugges- 
ted by Chen and Xue. Iron doping might, however, 
cause an increase in the solubility of zirconium into 
the silicate film, which would lead to an increased 
diffusion flux of zirconium through it and thus pro- 
mote densification and creep. Alternatively, iron dop- 
ing could lead to an increased volume fraction of the 
liquid phase, which would favour rearrangement pro- 
cesses (see Section 4.1) during sintering, resulting in 
higher densification rates. 

The enhancement of creep rates of Y-TZP by small 
(0.6 tool %) additions of FeOt,5 observed here, has 
also been reported by Karas et al. for 3Y-TZP (grain 
size 0.2 ~tm). Their strain rates are, however, more than 
two orders of magnitude lower than observed for the 
materials in this investigation. A mechanistic study of 
creep of undoped and iron-doped Y-TZP is presented 
elsewhere [27]. 

5. C o n c l u s i o n s  
1. Addition of 1-2 mol % BizO3 leads to a strong 

enhancement of sintering of both Y-TZP and Ce-TZP. 
The sintering temperature of these materials can be 
lowered from 1150~ to 1050~ or 1000~ for, re- 
spectively, Y-TZP and Ce-TZP. 

2. Concentrations of 1-2 mol% Bi20 3 cause a 
strong transformation of the tetragonal to the mono- 
clinic phase. The extent of transformation depends on 
the followed sintering schedule and the stabilizer 
(yttrium, cerium) type. Isothermal experiments at 
950-1050 ~ lead to nucleation of unidentified second 
phases. 

3. Addition of 0.6-1.2mo1% FeO1. S to Y-TZP 
enhances densification significantly. Grain growth is 
unaffected by adding 0.6 mol % iron, but 1.2 tool % 
FeO1.5 induces discontinuous grain growth during 
isothermal sintering at 1160 ~ 

4. Addition of 0.6 mol % FeO1. s to Y-TZP leads to 
an enhancement of creep rates by a factor of 4-6. 
Superplastic forming under 70 MPa with strain rates 
of 10 -3 s -z is possible with this material. 

5. Diffusion through the intergranular amorphous 
film is most probably the dominant diffusion path. 
The presence of iron might enhance the solubility of 
zirconium in it, enhancing the diffusion flux of Zr 4 + 
through this film. Alternatively, iron doping could 
increase the volume fraction of liquid phase at the 
processing temperatures. Both processes would lead 
to an increase of densification and creep rates, as has 
been observed. 
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