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Abstract 

A ternary partially stabilised zirconia alloy has been 
developed by doping IO.8 mol% Mg-PSZ with 1.25 
mol% CeOz. This material has a microstructure that 
has oblate spheroidal precipitates that have twice the 
diameter and aspect ratio of those in Mg-PSZ. 
These precipitates, by enhancing toughening mechan- 
isms other than the usual transformation toughening 
mechanism allow a considerable increment to toughen- 
ing at elevated temperatures, despite transformation 
toughening not being operative at these tempera- 
tures. There is a measurable toughening at high 
temperature that cannot be attributed to transfor- 
mation toughening. However, more work is required in 
the processing to reduce the porosity of the material. 

1 Introduction 

Optimally aged partially stabilised zirconia alloys 
at room temperature consist of a dispersion of 
metastable tetragonal precipitates in a cubic matrix. 
These precipitates transform to the monoclinic 
phase when some of the constraint imposed by the 
matrix is relieved by, for example, the nearby 
propagation of a crack. This transformation is 
accompanied by a 4% volume increase; the expan- 
sion of the precipitate absorbs some of the energy 
normally used in driving the crack and thus shields 
the crack tip from the crack driving force. Toughen- 
ing of the material by this mechanism is known as 
transformation toughening.’ 

A significant limiting factor with this toughening 
mechanism is that an increase in the temperature 
of the material serves to stabilise the tetragonal 
phase, thus reducing the propensity for the precipi- 
tates to undergo a stress-induced transformation 
to the monoclinic phase. 2,3 This limits the service 
temperature of partially stabilised zirconias. In order 
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to circumvent this problem, an attempt has been 
made to utilise other potential toughening mechan- 
isms that are temperature insensitive to improve the 
high temperature toughness of PSZ-type materials, 
while retaining the transformation mechanism at low 
temperatures. 

2 Background 

With a view to retaining the transformation mechan- 
ism at room temperature, but tailoring the precipi- 
tate morphology in such a way as to enable other 
toughening mechanisms to become operative at high 
temperatures, we embarked on the development of 
an alloy that would incorporate precipitates having a 
morphology that would allow both of these aspects. 

Toughening mechanisms other than transforma- 
tion toughening that may benefit the toughness of 
PSZ-type materials at high temperature are crack 
deflection, particle pullout and crack bridging. 
Although particle pullout is a bridging mechanism, 
we will use the term to differentiate it from bridging 
where the bridge itself finally ruptures. 

Crack deflection4 serves to increase toughness by 
deflecting the crack out of its propagating plane, 
thereby increasing fracture surface area and, as the 
crack driving force and the crack direction no longer 
coincide, results in the decrease of the crack driving 
force. Faber & Evans4 have proposed that increasing 
the aspect ratio of rod-shaped inclusions from 1 to 
12 would serve to increment the toughness by 50%; 
their model is independent of particle size. 

Crack bridging as used in our case5,6 is a result of 
thermal expansion mismatch resulting in regions 
of residual compressive stress that result in these 
areas remaining intact following the passage of a 
crack, bridging the crack and serving to reduce 
the crack driving force until the bridge fails. 

Particle pullout’ utilises the frictional sliding energy 
loss that results from a particle being pulled out of 
the surrounding material in order to reduce the 
crack driving force; this continues until one side of 
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the particle slides out of the surrounding material. It 
would obviously be desirable to have longer particles 
in order to maximise this contribution; however, it 
should be noted that very long particles would fail as 
opposed to frictionally sliding as the frictional force 
would be greater than the strength of the particle. 

By carrying out calculations of potential toughen- 
ing increments by the various mechanisms that 
would be operative at high temperature (crack 
bridging, particle pullout and crack deflection), it 
was determined that the ideal microstructure would 
be one in which the precipitates were large and had 
a high aspect ratio. To this end the calculation of 
precipitate morphologies by the minimisation of the 
elastic strain energy was carried out. 

It is known that the metastable tetragonal precip 
itate’s size is determined by solute content; in an 
attempt to maximise the solute in the precipitate, it 
was decided to use CeO, which has a high solubility 
in tetragonal zirconia. The precipitate, by having a 
higher solute content than Mg-PSZ, should remain 
tetragonal to a larger size than were there little solute 
present in the precipitate, as is the case for Mg-PSZ. 

The aspect ratio of the precipitates is controlled 
by a combination of elastic anisotropy and the lattice 
parameter mismatch,8 or ‘tetragonality parameter’: 

I, = 
(a, - a,> 
k - a,> (1) 

where a, is the cubic lattice parameter, and a, is 
the smaller and c, is the larger of the tetragonal 
lattice parameters. 

As zirconia has low elastic anisotropy,’ it is the 
tetragonality parameter that dominates, and calcu- 
lations show that a very low tetragonality param- 
eter results in a high aspect ratio. For the system 
under investigation, the calculations based on the 
elastic constants at 1400°C given by Kandil et al., and 
from lattice parameters derived from using Guinier 
XRD, an equilibrium aspect ratio of 7.7 is obtained; 
this is almost twice that obtained for Mg-PSZ. 

3 Experimental 

Powders in the ratio 1.25 mol% CeO,, 10.8 mol% 
MgO and ZrO,, to which was added 0.25 mol% 
SrO were attritter milled in a binder-isopropanol 
mixture for 6 h, thence spray-dried. This material is 
hereinafter referred to as 1.25 CM-PSZ. The result- 
ing powder was then pressed into bars uniaxially 
at 30 MPa and the bars were then isostatically 
pressed at 200 MPa. These bars were then fired in 
an electric furnace at 1700°C for 2 h and cooled at 
500Wh to room temperature. Subsequent to this, 
the bars were aged for varying periods at 1400°C in 
order to allow precipitate growth and coarsening. 

Mechanical testing was undertaken using an 
Instron 1122 with a crosshead speed of 0.1 pm/min 
for strength testing and 0.05 I_c.m/min for toughness 
testing. A three-point rig with a span of 3 cm was 
employed for all testing, this rig was placed inside 
a furnace designed for high temperature testing 
when the high temperature (600°C) testing was 
carried out. Toughness testing was carried out in 
accordance with ASTM E399/83” for plane strain 
toughness testing; indentation toughness was carried 
out in accordance with the method of Anstis.” 

For strength testing, bars were machined to about 
40 X 4 X 2 mm; the tensile surface was polished 
to a mirror finish in order to remove the compres- 
sive zone as a result of grinding-induced surface 
transformation of the precipitates to monoclinic. 
The edges were chamfered to prevent cracks from 
propagating from the corners, which would give a 
false indication of the strength. Toughness testing 
was carried out using bars of the approximate 
dimension 40 X 8 X 4 mm, into which were cut 
notches 170 pm wide of various depths, in order to 
do single-edge, notched bend (SENB) testing. In 
order to remove the compressive zone at the notch 
tip, the bars were annealed at 1000°C for 20 min. 

Scanning electron microscopy (SEM) was carried 
out in a Hitachi SF450 by observing the carbon 
coated fracture surfaces. Cracks propagating from 
the corners of Vickers indents on the polished sur- 
faces of the sample aged 16 h were etched in HF 
for 4 min; the sample was then carbon coated for 
observation in the SEM. Transmission electron 
microscopy (TEM) was carried out using a Philips 
EM420 microscope, thin foils prepared by cutting a 
5 mm diameter sample, thence thinning to 80 pm 
and then dimple grinding to 25 pm. Samples were 
then ion beam milled to perforation and given a 
light carbon coat. Precipitates were observed near 
the <OOl>, direction, the precipitate habit plane. 
Energy dispersive spectra (EDS) analysis was carried 
out in order to determine approximate solute content 
within the precipitates; no correction for absorption 
was carried out. The transformable tetragonal phase 
fraction was determined by the ratio of the areas 
under the ( 1 1 1 } cubicjtetragonal and monoclinic 
X-ray peaks.12 

4 Results and Discussion 

4.1 Microstructural investigation 
Observation of precipitates, and the measurement 
of precipitate diameter and aspect ratio has been 
documented elsewhere,13 but the results are given 
in Table 1; additionally, we have added the solute 
content of the precipitates and the transformable 
tetragonal phase percentage. 
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Table 1. Comparison of various microstructural details of materials with regard to ageing time 

Ageing time 
(h) 

MgO in 
precipitate. 

(MgO in IO.8 
mol% Mg-PSZ) 

1 11.3 XL 0.7 
(10.1) f 1.0 

4 11.8 zk 1.1 
(59) _+ 0.7 

8 7.4 + 0.5 
(3.0) f 0.6 

16 3.8 + 0.9 
(0.8) _+ 0.4 

Precipitate 
diameter 

(km) 

Precipitate 
aspect ratio 

Transformable 
tetragonal 

C%) 

0.167 4.39 2.3 

0.274 6.10 4.3 

0.371 6.30 5.2 

0.482 8.18 8.9 

It should be noted that the Ce02 concentration 
is remarkably stable at 1.3% in both the matrix and 
the precipitates for all ageing times. Additionally, 
the CeO, serves to reduce the diffusion of the MgO 
from the precipitates, which allows the precipitates 
to grow to a larger size before they have insufficient 
solute to remain tetragonal. 

Comparing data for 9.4 mol% Mg-PSZ with those 
presented in Table 1, the diameter of precipitates 
in Mg-PSZ is about 0.2 pm and the aspect ratio is 
approximately 5 : 1; this illustrates the improvement 
in these morphological factors, which should result 
in improved high temperature toughness.141’5 

4.2 Mechanical properties 
The strength, although low in comparison to that 
for Mg-PSZ, shows an incremental increase with 
increasing ageing time to 4 h at room temperature, 
whereafter the strength reduces (see Fig. 1). Although 
the strength would be expected to reach a maximum 
after 16 h ageing (with Mg-PSZ, peak strength and 
toughness both coincide with peak ageing), the 
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Fig. 1. Graph of strength versus ageing time. For all graphs, 
circles represent room temperature values, whereas squares 

represent measurements conducted at 600°C. 

strengths of the samples aged for 4 h and 16 h do 
fall within experimental error. The samples tested at 
600°C show a small rise with increasing ageing time 
to 16 h, whereafter the strength degrades. This degra- 
dation in strength of the materials aged for 32 h is 
due to the large (approximately 30%) monoclinic 
phase content in this overaged material. A feature 
worthy of comment is that the strength of material 
aged for 16 h tested at 600°C is very close to that 
of as-fired material tested at room temperature. 

Toughness testing of these materials proved very 
interesting (see Fig. 2), firstly in that the toughness 
calculated by the indent method proved to be an 
underestimate of the true toughness measured. The 
materials show a considerable increment to tough- 
ness with increasing ageing time, both at room 
temperature and at 600°C. It should be noted that 
tests conducted at 800°C of samples aged for 4 h and 
16 h gave the same toughness values as for 600°C 
(in other words, about 4.4 MPadm). Swain et al.’ 
have shown that for conventional Mg-PSZ, there is 
only about a 5% increment to toughening at 600°C 
whereas our peak-aged material shows an increment 
of about 60%. Furthermore, the data given by Swain 
et al. show that the toughness for peak-aged Mg- 
PSZ at 600°C is less than that for as-fired material 
at room temperature. With regard to the decrease in 
toughness with increasing temperature, it is interest- 
ing that the toughness of eutectoid-aged Mg-PSZ 
decreases by about 50% when the testing tempera- 
ture is increased to 6OO”C, whereas the decrease 
for 1.25 CM-PSZ is only about 33%. It should 
also be noted in Fig. 2(a) that the toughness of 
peak-aged 1.25 CM-PSZ at 600°C is measurably 
greater than that for as-fired material tested at 
room temperature. This would suggest that the 
proposed, non-transformation-based toughening 
mechanisms are at work. In order to validate this, 
it was decided to carry out an SEM evaluation. 

4.3 SEM study 
As fractography alone does not give an accurate 
indication of mechanisms, such as crack bridging 
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Fig. 2. (a) Graph of toughness versus ageing time, measured ‘by SENB. The toughness of peak-aged CM-PSZ tested at 600°C is 
measurably greater than that of as-fired CM-PSZ tested at room temperature. (b) Graph of toughness versus ageing time for 
samples tested at room temperature by measuring the diagonal cracks emanating from a Vickers indent. Note that the toughness 

values obtained are an underestimate of the values obtained by using SENB. 

(4 

(4 

Fig. 3. (a) Fracture surface of as-fired material fractured at room temperature. Note the high apparent pore density 
exhibited by the preferred cleavage direction of the material. Both inter- and intra-granular fracture are evident. (b) Fracture surface 
of as-fired material fractured at 600°C. Notice the similarity of the fracture surface as compared with the material tested at room 
temperature. (c) Surface of diamond-sawn region of sample shown in (b). Note that the porosity is not as high as that for a 

fracture surface. 
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due to any bridges already having failed, it was fracture surfaces (see Fig. 3(c)) resulting from 
decided also to study the cracks emanating from a the nature of the fracture. 
Vickers indent in the aged 16 h sample in order to Samples aged for 1, 4, and 16 h exhibit predom- 
ascertain whether such processes were occurring. inantly intra-granular fracture, and considerable 

Samples were found to have a grain size of 1540 crack-precipitate interaction is in evidence (see 
pm; the porosity was approximately 5% as measured Figs 4, 5 & 6). This interaction clearly contributes 
by the comparison of measured and theoretical to the enhanced toughness at high temperatures. 
densities. The porosity was evenly distributed Material aged for 32 h, having very large regions 
throughout the material. of grain boundary, monoclinic phase present, has 

It is interesting to note that the as-fired material predominantly intergranular fracture, which con- 
exhibits cleavage-type fracture, with the preferred tributes to the reduced strength and toughness evi- 
cleavage direction coinciding with that of the dent in this material (see Fig. 7). 
highest pore density. This is evident at both room The observation of cracks emanating from the cor- 
and high temperatures (see Fig. 3), the true porosity ners of Vickers indents (see Fig. 8) provides evidence 
of the bulk is not as high as is evident with the of crack deflection, precipitate pullout and crack 

(a) (b) 

Fig. 4. (a) Fracture surface of material aged for 1 h fractured at room temperature. Note that there is considerable crack-precipitate 
interaction; the textured effect on the fracture surface is due to deflection of the crack about the precipitate. Some of the exposed 
precipitates could also be a result of crack bridging and pullout. Precipitates in the material aged for 1 h have 
approximately the same morphology as those in peak-aged Mg-PSZ. (b) Fracture surface of aged for 1 h material fractured at 
600°C. Note that some of the fracture appears to have occurred inter-granularly, but that for intra-granular fracture, there is 
considerable crack-precipitate interaction. (c) Higher magnification micrograph of part of the region in (b), showing evidence of 

crack-precipitate interaction. 



83( 

(a) 

D. G. Jensen 

Fig. 5. (a) Fracture surface of material aged for 4 h fractured 
at room temperature. Most of the fracture is intra-granular, 
with some inter-granular fracture occurring. (b) Fracture 
surface of material aged 4 h fractured at 600°C. The fracture 
is primarily intra-granular. (c) Higher magnification micro- 
graph of part of the region in (b). Note considerable crack- 
precipitate interaction; it is this type of interaction that 
accounts for the improved high temperature fracture tough- 

ness of this material. 

Fig. 6. Fracture surface of material aged for 16 h fractured 
at 600°C. Note the considerable extent of crack-precipitate 
interaction. Clearly, crack deflection has occurred, but it is 
difficult to say whether precipitate pullout has occurred, and 

impossible to tell whether crack bridging has occurred. 

Fig. 7. Fracture surface of material aged for 32 h fractured at 
room temperature. Note that although there is some crack- 
precipitate interaction present, the fracture is predominantly 
inter-granular, and that there are regions of grain boundary 
monoclinic phase (A) through which the crack has preferen- 

tially propagated. 

bridging. With regard to crack bridging, both elastic 
and plastic bridging elements are in evidence. These 
mechanisms, as previously discussed, are all tempera- 
ture insensitive toughening mechanisms, and as such 
could be expected to contribute to the enhanced high 
temperature toughness evident in this material. 

Another feature that is worthy of comment is that 
of the apparent morphology of many of the pre- 
cipitates in Fig. 8. Although it appears that many of 
the precipitates have a kinked morphology, TEM 
observations point to these precipitates being the 
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Ilt of precipitates that have nucleated and gr own 
a rafted manner, having grown together.13.’ I4 In 
ail, however, the precipitates have been show n to 
iate from an assumed oblate spheroid shape. , but 
to the extent as it appears in the SEM ima .ges. 

lonclusions 

(1) The high-temperature toughness shows a 
considerable increase with increasing ageing 
time giving promise to PSZ-type ceramics that 
may be used for high-temperature applica- 
tions. The toughening increment at room 

temperature is similar to that for eutectoid- 
aged Mg-PSZ. 

(2) Improved processing is required to reduce the 
porosity in order to improve the strength of 
the material. 

(3) Sub-eutectoid ageing should improve the incre- 
ment to transformation toughening in the 
same way as for Mg-PSZ. 
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