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Transformation toughened partially stabilized zirconia ceramics containing magnesia exhibit 
quite high fracture toughness (Kin ~> 8 MPa m l/z) at temperatures of up to 500* C. The observed 
temperature dependences of the toughness and the fracture strength are consistent with that 
of the transformation behaviour. The high toughness of these materials results in a significant 
reduction in the sensitivity of the flexure strength to crack size increases. Exposure of these 
materials at 1000°C for prolonged periods results in flexure strength changes associated 
with the generation of the monoclinic phase by tetragonal precipitate destabilization and 
eutectoid decomposition. However, when exposed at 500 ° C, neither the phase contents nor 
the flexure strength are altered for exposures of up to lO00h. 

1. I n t r o d u c t i o n  
Ceramics which exhibit high fracture toughness and 
strength levels from the stress induced phase trans- 
formation of  the tetragonal zirconia (or hafnia) phase 
are of  considerable interest for a variety of  structural 
applications involving tensile stresses. Such toughened 
ceramics include partially stabilized zirconias, fine- 
grained tetragonal zirconias, and other ceramics con- 
taining tetragonal zirconia as a second phase. Com- 
mercial transformation toughened zirconia ceramics 
typically use stabilizers of MgO, CaO, o r  Y 2 0 3  . The 
MgO or CaO partially stabilized zirconia (PSZ) con- 
sist of 40 to 60 pm cubic (c) grains containing a second 
phase of finely dispersed, submicrometre tetragonal (t) 
and monoclinic (m) ZrO 2 phase precipitates. On the 
other hand, the Y-doped zirconia microstructures 
typically contain < 5 pm grains which are predomi- 
nately the tetragonal (t) ZrO2 phase. 

The tetragonal phase which is present in both types 
of zirconia is generally metastable at temperatures 
well below 1000 ° C, which is the approximate tem- 
perature at which pure zirconia transforms to the 
monoclinic phase. This transformation of the tet- 
ragonal to the monoclinic phase is accompanied by a 
volume increase and a shear strain. Consequently, at 
room temperature, applied tensile stresses such as 
those in the vicinity of a crack tip are required to 
initiate the transformation of  the t to the m phase. The 
transformation in the zone surrounding the crack 
lowers the stress intensity at the crack tip such that a 
higher applied stress intensity Kla is required for frac- 
ture than the K~a required in the absence of  such a 
transformation zone. Several studies [1, 2] have shown 
that if one considers only the volume expansion or 

dilational component of the transformation strain 
(e T -~ 0.03) that the resulting critical fracture tough- 
ness, K1c, is 

K l c =  K~  + AVfECeT(rT) 1/2 (1) 

where KI~ is the toughness of the matrix in the absence 
of the transformation, A is a constant related to the 
stress state triggering the transformation, Vf is the 
volume fraction of  t-phase participating in the trans- 
formation, E c is the modulus of elasticity (E c for PSZ 
is ~ 200 GPa), and r T is the zone width. The zone size 

T is also related to the critical transformation stress, ao 
by 

T a¢ = K,c/(BrT) 1/2 (2) 

where B is a constant. 
The critical stress associated with the (t) to (m) 

transformation is primarily dictated by the nucleation 
characteristics which are not fully understood. Never- 
theless, a resonable estimate of a T can be obtained 
from the external strain energy change A UsE accom- 
panying the stress driven transformation which has 
the form, 

AUsE (AS t-m) (T Ms) T T = - = G e (3) 

where Tis the test temperature, AS t-m is the change in 
entropy and Ms is the temperature at which the trans- 
formation begins (upon cooling) in the absence of  an 
applied stress [3-5]. Since any transformation tough- 
ening requires that the overall AUsE > 0 at T > Ms 
for the stress driven transformation, rearrangement of  
Equation 3 yields 

a w = AS t ~ ' ( T -  Ms)/e T (4) 
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and ~rc T will equal zero when T = Ms and increase with 
increasing test temperature or decreasing Ms value. As 
shown previously this relationship is descriptive of the 
behaviour of at least the PSZ ceramics [4]. 

Although with proper processing, PSZ ceramics can 
exhibit high critical strength and toughness at tem- 
peratures of 500 ° C and below, several questions arise 
as to their behaviour at low stresses and after, for 
prolonged periods of exposure of elevated tem- 
peratures. For example, limited studies [6] suggest that 
for certain stress regimes PSZ ceramics may be subject 
to slow crack growth and thus, strength degradation. 
In addition, at temperatures above 500°C, time- 
dependent ageing effects [7-10] can reduce the con- 
centration of the (t) phase involved in the stress- 
induced transformation leading to significant losses in 
both strength and toughness. Because the 'long-term 
mechanical reliability at elevated temperature can be a 
key requirement for application of ceramic materials 
such as in engine components, it is essential that any 
changes in mechanical properties be well understood. 
This paper reports the results of recent studies aimed 
at examining the critical fracture strength and tough- 
ness, and the fatigue-ageing properties of two types of 
commercial MgO-PSZ ceramics. 

2. Experimental procedure 
Two commercial Mg-PSZ ceramics (Nilcra Ceramics, 
St Charles, "Illinois, USA) designated TS-PSZ (a 
moderately high toughness thermal shock grade) and a 
MS-PSZ (a high toughness, high fracture strength 
grade) were chosen for testing. These materials were 
obtained in the form of circular discs 100 mm diameter 
and 7.6mm thick. Rectangular bend specimens 
(25.4mm x 2.82mm x 2.5mm)were then machined 
from the discs for subsequent mechanical property 
studies. The tensile surface of each sample was polished 
to a 0.25#m finish to minimize any surface com- 
pressive stresses which can be introduced by the 
t -* m transformation brought about by the stresses 
generated by more severe finish operations. The edges 
were bevelled using a 6 #m diamond wheel to elim- 
inate edge defect/cracks. 

Critical fracture strengths were obtained in four- 
point flexure (6.35mm x 19.05mm inner to outer 
spans) at a stressing rate of 345 MPa sec 1 in air over 
the temperature range 22 to 1000 ° C. Critical fracture 
toughness values were derived from the fracture 
strength and final crack sizes of flexure specimen con- 
taining at least 0.93 N Vicker's indents in the maxi- 
mum stress region of the tensile surface [11]. Note that 
this method requires that fracture initiates from one of 
the indent cracks normal to the tensile axis. The val- 
idity of these results was verified by Kic values obtained 
at 22°C with the applied moment double cantilever 
beam technique. 

The fatigue-ageing behaviour was determined using 
an interrupted fatigue (IF) technique in which the 
four-point bend strength, at, was measured as a func- 
tion of time, t, temperature, T, and applied stress, Cqa. 
This method has several advantages over conventional 
static fatigue testing. First, since time is a controllable 
quantity, problems associated with an unpredictable 
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fatigue life (as in the case of static fatigue) are avoided. 
In the present study, this feature allowed for periodic 
examination of test specimens so that changes in both 
phase composition and transformation characteristics 
could be ascertained. A second advantage is that 
processes responsible for both strength degradation 
and strength enhancement can be readily distinguished 
[121. 

Interrupted fatigue studies involving both materials 
were conducted at temperatures of 500 and 1000°C 
for exposure times ranging from 1 to 1000h. Some 
data were established using specimens that were not 
subjected to an applied stress (i.e. oqa = 0); however, 
most tests were performed with O'ia equal to approxi- 
mately 55% of the fast fracture strength, af, value 
measured at the same T for a hold time of 0.5 h. For 
each test condition, ~rf was determined at temperature 
by fracturing several samples. 

All testing was conducted in a specially designed 
flexure test system (FTS) (based on a similar system 
originally developed by N. J. Tighe of the National 
Bureau of Standards) capable of holding up to three 
bend samples. The general layout of the FTS is shown 
in Fig. 1. The test frame contains the hardware for 
applying mechanical forces to each of three samples 
which are supported by A1203 four-point bend fix- 
tures. The loads are generated by pneumatically 
driven air cylinders located at the top of the support 
frame. These loads are transmitted into the hot zone 
of the furnace through (A1203) rods. Each of the 
bottom three A1203 rods is also attached to a toad cell 
which monitors the applied force as a function of time. 
Water-cooled adapters connect the aluminium oxide 
rams to both the load cells and the air cylinders. The 
computer monitors the load on each specimen and 
provides necessary adjustments in the air pressure (via 
the electropneumatic transducer) such that the desired 
stress level is maintained. Following the designated 
exposure time, the samples are fractured using a pre- 
scribed loading rate (345MPasec -~ in the present 
study). 

Several techniques were used to characterize the 
as-received materials and tested IF samples. For 
example, the microstructures were examined using 
both standard ceramographic methods and scanning 
electron microscopy (SEM). The volume fractions of 
the cubic (c), tetragonal (t), and monoclinic (m) phases 
were determined from X-ray diffraction and laser 
Raman spectroscopy studies. 

The thermal expansion of the MS and TS ceramics 
was determined using a dual rod dilatometer (Dila- 
tronic II, Theta Industries, Inc., Port Washington, 
New York). The reference standard consisted of an 
NBS single crystal A1203. In order to establish the Ms 
temperature in the as-received materials, the dita- 
tometer was modified so that temperatures as low as 
- 190 ° C could be achieved [4]. Finally, the expansion- 
contraction characteristics were also measured for 
selected IF samples. The resulting data (per cent 
elongation plotted against temperature) were used to 
examine changes in the ( t ) ~  (m) transformation 
characteristics arising from the high-temperature 
exposure. 
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Figure 1 General schematic of flexure test system. 
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3. Results a n d  d i s c u s s i o n  
3.1. Critical fracture toughness and strength 
The microstructures of the TS and MS-PSZ ceramics 
generally consisted of approximately 50#m grains 
containing fine (< 0.1 x ~< 0.4/~m) (t) precipitates 
(Fig. 2). The larger grain-boundary precipitates (poss- 
ibly monoclinic) were characteristic of both materials. 
Although not shown in this figure, considerable 
porosity was also observed in both microstructures. 
Finally, microprobe studies indicated that the two 
PSZ ceramics contained MgO and HfO2 at concen- 
trations of 8.4 and 1.0 mol %0, respectively. 

X-ray analysis of the polished surfaces of the 
as-received MS- and TS-PSZ materials revealed 
monoclinic ZrO2 contents of 7 and 15%, respectively. 
The calculations were based on equations given by 
Porter and Heuer [13]. Unfortunately, the volume frac- 

tions for the (c) and (t) phases could not be determined 
using this technique because of overlapping of the 
cubic (1 1 1) and tetragonal (1 0 1) peaks. However, 
additional laser Raman spectrographic studies 
provided independent estimates of the ratio of tetrag- 
onal to the monoclinic plus tetragonal content. These 
numbers were then used in conjunction with the X-ray 
data to yield the approximate phase analysis: 

TS-PSZ: 25 to 28% tetragonal, 15% monoclinic, 

~< 55% cubic 

MS-PSZ: 35 to 39% tetragonal, 7% monoclinic, 

~< 56% cubic 

The temperature dependence of the critical fracture 
toughness of the TS- and MS-PSZ ceramics is 

Figure 2 Typical microstructure of both PSZ ceramics consists of large (~ 50/~m) grained cubic matrix (a) with fine intergranular and coarser 
intragranular precipitates (b). Etched microstructure obtained with 20% HF solution. 
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Figure 3 The critical fracture toughness of  each PSZ ceramic 
decreases with increasing temperature. Toughness values of  
/> 8 MPa m 1/2 are maintained within a temperature range of 22 to 
500 ° C. 

illustrated in Fig. 3. Both materials exhibit a decrease 
in toughness with increasing test temperature and the 
MS-PSZ exhibits higher K~c values in the lower tem- 
perature region. However, below 500 ° C, both of these 
materials exhibit Km values of 8 MPa m ~/2 or greater. 

If we examine the relationships of toughness to the 
parameters discussed in Section 1 and refer to 
Equations 1 to 3, we can derive the following relation: 

Klc = K~[1 + AB~/2VfE~(eT)2/AS(T- M~)](5) 

for the critical fracture toughness of  the PSZ ceramics. 
This indicates that K m will increase as Vf increases and 
M~ approaches T where T > Ms. Note that the other 
parameters are equivalent for the two PSZ ceramics 
studied here. At a T o f 2 2  ° C, the MS-PSZ should have 
a somewhat higher K~c value than the TS-PSZ based 
solely on the higher Vf level of  the tetragonal content 
in the MS-PSZ. However, this assumes that the M~ 
temperatures of the two materials are equivalent. The 
thermal expansion data indeed showed that the M~ is 
- 50 _+ 5 ° C for the stable tetragonal phase (i.e. that 
present in both of these materials at 22 ° C). Therefore, 
the differences in toughness values at low tem- 
peratures are due to differences in Vf and not differ- 
ences in the M s temperatures which reflect differences 
in the ease of  transforming the tetragonal phase [4]. 

The decrease in K~c with increase in test tem- 
perature, however, is a result of the increase in the 
( T -  Ms) term in Equation 5. In other words, it 
becomes increasingly more difficult to transform the 
tetragonal phase as T is increased (i.e. the tetragonal 
phase is the more thermodynamically stable phase at 
elevated temperatures). At T />  800 ° C, no, or very 
little, stress-induced transformation toughening 
o c c u r s .  

Looking at the critical fracture strengths of these 
materials (Fig. 4), we see that the strength decreases 
with increasing temperature in a manner comparable 
to that of the toughness. Thus the toughness is the 
dominant term in the observed strength. 
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Figure 4 The fracture strength of partially stabilized ZrO 2 ceramics 
is quite insensitive to surface damage. At ~< 500 ° C, the four-point 
flexure strengths of MS and TS grades of  PSZ (Ktc /> 12 MPa m t/2 
at 22 ° C) are not substantially lowered when high load (4.6 and 
9.1 kg) Vicker's indents are introduced in the tensile surfaces. In this 
temperature range, the PSZ ceramics exhibit transformation tough- 
ening (K~c ~> 8 MPa m ~/2 at ~ 500 ° C). At >/800 ° C the strengths 
are lowered approximately two-fold consistent with the absence of 
transformation toughening (Klc ~ 3 MPaml/2). Indent load (kg): 
(11, n)  0; (O, O) 4.6; (zx, A) 9.1. (11, O, zx) MS grade; fin, e ,  A) TS 
grade. 

The high toughness of these PSZ materials is per- 
haps best reflected by the very small degradation in 
fracture strength when large initial indents and 
(>  400 #m) flaws were purposely introduced with the 
0.93 N Vicker's indents at loads up to 0.93 N. As seen 
in Fig. 4, the fracture strength of these indented PSZ 
samples is only slightly degraded as compared to that 
for the as-polished samples containing only natural 
flaws (e.g. pores, cracks) over the temperature range in 
which substantial transformation toughening occurs. 
Conventional ceramics such as commercial sintered 
alumina ceramics which have a fracture toughness of 
approximately 3 .5MPam m exhibit at least a 2 to 
2.5-fold decrease in fracture strength (0% for unin- 
dented samples is ~ 630 MPa) when similar indent 
loads are used to introduce cracks. Furthermore, 
sapphire (single crystal e-A1203) which has a lower K1c 

(~  1.8 MPa m ~/2) exhibits a three-fold loss in strength 
(at is 650 MPa as polished and annealed) with only a 
0.02 N Vicker's indent. 

The flaw diameters, d, for the fracture of the 
as-polished samples without indent cracks, estimated 
for semi-circular surface cracks (K1c = YarC~/2 
where Y is approximately 1.6 and Cr = d/2), are 
approximately 440, 335 and 240 #m for tests at 22, 500 
and 800 ° C, respectively. On the other hand, the 
measured final total surface flaw lengths after frac- 
turing the PSZ ceramics samples containing the indent 
cracks at 22, 500 and 1000 ° C increase to 600, 500 and 
440#m, respectively. This increased flaw size is 
responsible for the minor loss in the strength of 
indented samples for T < 800°C. However, these 
toughened materials show excellent outstanding 
ability to withstand strength degradation in these 
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Figure 5 TS PSZ ceramic exhibits changes in fracture 
strength at 1000°C and increase in room temperature 
monoclinic content  when subjected to a stress of  173 MPa  
at 1000 ° C with increase in time of exposure. The unstressed 
material does not  undergo changes in strength at 1000°C 
and exhibits only a small increase in monoclinic content 
with increase in exposure time. 

cases where further flaw generation surface damage 
can occur. 

3.2. Ageing effects on the high temperature 
fracture strength and phase content of 
PSZ behaviour at 1000 ° C 

3.2. 1. B e h a v i o u r  at 1000 ° C 
The fracture strengths retained at 1000° C for the TS 
grade PSZ after various exposure times in the IF tests 
at 1000 ° C are shown in Fig. 5. Note first that when the 
applied stress during the exposure is 172 MPa (~ 55% 
~r) that there is a maximum in the retained strength 
with increasing exposure time. This maximum is 
absent in the unstressed TS-PSZ. However, both the 
stressed and unstressed MS-PSZ ceramic exhibit a 
similar maximum in the retained fracture strength at 
1000°C with increase in exposure time at 1000°C 
(Fig. 6). 

These observed maxima in the retained fracture 
strengths are accompanied by a large increase in the 
room-temperature monoclinic phase contents of the 
tensile surface after testing (Figs 5 and 6). On the other 
hand, no or very little increase in such monoclinic 
contents is detected when the retained fracture 
strength at 1000°C is unaltered with exposure time, 
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unstressed TS PSZ data in Fig. 5. These increases in 
monoclinic phase-content after testing at 1000°C are 
not a result of transformation toughening during the 
test. As shown in Fig. 3, neither PSZ ceramic exhibits 
transformation toughening at 800 ° C or above. Simply 
annealing unstressed samples at 1000°C without 
fracturing them results in an increase in room tem- 
perature monoclinic phase content (to 30% mono- 
clinic phase). Thus ageing effects similar to those 
observed after ageing at 1100 ° C [7-9] are suspected to 
be influencing the strengths and phase contents. 

The studies of Hannink and co-workers [7-10] show 
that ageing at 1100°C yields monoclinic phase grains 
and MgO by the eutectoid decomposition of cubic 
ZrO2. This reaction generally initiates at the cubic 
phase grain boundaries and propagates into the grain 
interiors consuming the cubic grain and the precipi- 
tates present within them. The thermal expansion 

"anisotropy of the monoclinic grains and the expansion 
mismatch with the cubic phase eventually promote 
microcracking at extended ageing times. 

The second change observed by these same authors 
[7-9] was the loss of coherency of the tetragonal 
precipitate-cubic matrix interface due to MgO segre- 
gation and delta-phase (Mg2Zr50~2) formation. This 
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Figure 6 M S - P S Z  ceramic exhibits a max imum in fracture 
strength at 1000°C and an increase in room temperature 
monoclinic content when held at 1000 ° C. Similar changes 
in both retained fracture strength and monoclinic content 
occur with increase in exposure time when samples are 
subjected to applied stresses of  (A, e )  0 and (@, II) 
172 MPa. 
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process  destabi l izes  a po r t i on  o f  the t e t ragona l  phase  
precipi ta tes  and  yields some precip i ta tes  which have a 
higher  mar tens i te  s tar t  t empera tu re  (Ms). This process  
is ind ica ted  in our  s tudy  by the thermal  expans ion  
behav iour  o f  the stressed (and unstressed)  TS-PSZ  
samples  after  the I F  tests at  1000 °C.  The  thermal  
expans ion  behav iours  o f  these TS-PSZ samples  
exhibi t  an add i t iona l  hysteresis  loop  within the tem- 
pera tu re  range 22 to 700°C due to the convers ion  o f  
a po r t ion  o f  the or iginal ly  stable prec ip i ta tes  to the 
des tabi l ized form resul t ing in an increase in m o n o -  
clinic phase  con ten t  at  22 ° C. Thus  such mater ia l s  after  
exposure  exhibi t  three types o f  t e t r agona l  phase:  those 
with Ms < 22 °C,  those  wi th  22°C < M s < 700 °C,  
and  those  with Ms > 1000 ° C. 

Whi le  even the as-received TS mate r ia l  exhibits  a 
small  hysteresis  in the 22 ° C < T < 700 ° C range,  the 

hysteresis  s t ra in  assoc ia ted  with  these uns table  pre- 
cipi tates  increases wi th  increase in exposure  t imes up 
to 336 h at  1000 ° C. No te  tha t  the TS-PSZ  ceramic  is 
or ig inal ly  aged at  a b o u t  l l 0 0 ° C  to develop  such 
destabi l ized precip i ta tes  and  improve  its the rmal  
shock resistance as pa r t  o f  the fabr ica t ion  process.  The 
TS-PSZ  ceramics  f rom the I F  tests a t  1000°C then 
show an increase in des tabi l ized  precip i ta tes  with 

increasing exposure  time. Yet  these prec ip i ta tes  will 
exist in the t e t r agona l  phase  at  1000°C as they are 
fully conver ted  to the t e t r agona l  phase  at  650 to 
750 ° C. 

However ,  add i t iona l  thermal  expans ion  da t a  for  the 
I F  test samples  o f  the stressed TS-PSZ  show a hys- 
teresis loop  represent ing a monocl in ic  phase  which is 

still present  at  i> 1000 ° C. This phase  has  an Ms tem- 
pera tu re  o f  app rox ima te ly  800 ° C. This represents  the 

t r ans fo rma t ion  o f  monocl in ic  phase  which exists at  
the 1000°C test t empera ture .  W e  can now use the 
thermal  expans ion  da t a  and  the r o o m  tempera tu re  
ZrO2 phase  contents  ob ta ined  f rom X-ray  diffract ion 
in con junc t ion  with ca lcula ted  l inear  t r ans fo rma t ion  
strains to de te rmine  the relat ive a moun t s  of  the s table 
and  destabi l ized precip i ta tes  and  the high t empera tu re  
monocl in ic  phase.  

The thermal  expans ion  d a t a  p rov ide  the hysteresis 
s train associa ted  with each hysteresis loop due to each 
t r ans fo rma t ion  occurr ing  over  different  t empera tu re  
ranges. This can then be c o m p a r e d  to the l inear  hys- 
teresis s t ra in  (eh) expected for  the conten t  o f  mono-  
clinic and  stable t e t r agona l  phase  detected at  22°C  
based  on eh which is the p roduc t  o f  the vo lume frac- 
t ion o f  the pa r t i cu la r  phase  and eV/3. The c o m p a r a b l e  
s train associa ted  with the des tabi l ized  precipi ta tes ,  
Ms "-~ 300°C and  Af ~ 700 ° C, is ob ta ined  f rom the 
the rmal  expans ion  da ta  in the 22 to 1000°C range.  
The s t ra in  associa ted  with the s table te t ragonal  pre- 
cipitates,  Ms < 22 ° C, can be ob ta ined  by low tem- 
pera tu re  expans ion  d a t a  and  by using the volume 
f rac t ion o f  the te t ragona l  phase  at  22°C  and  e v. The 
difference between the l inear  hysteresis s t ra in  ob ta ined  
f rom the p roduc t  o f  the to ta l  monocl in ic  content  at  
22°C times eT/3 and  the measured  l inear  hysteresis 
s train for  the t r ans fo rma t ion  occurr ing  between 22 
and 700°C determines  the hysteresis  s t ra in  for  and  
thus vo lume f rac t ion of, the monocl in ic  phase  which 

exists at  1000 ° C. These results  are  shown in Table  I 
for  the as-received M S  and TS-PSZ  ceramics and  the 
stressed and unst ressed TS-PSZ  af ter  the 1000°C I F  
tests. 

These da t a  indicate  tha t  bo th  the eutec to id  

TAB L E I Linear transformation strains for various PSZ samples 

Linear MS grade TS grade PSZ 
transformation PSZ As-received After IF test at 1000°C 
strain As-received 

~r I = 55% Gf ala = 0% crr 

t = 24h t = 168h t = 1000h t = 24h t = 336h 

(A) Thermal expansion results 
e h (%) for 

(1) M~ < 22°C >0.l* >0.1" 0.09* 0 0 
(2)M~ > 22°C but 0.07 0.16 0.29 0.50 0.27 0.45 0.45 

< 500 ° C 

(B) Calculated 
e h - Vf(e'r/3) 
e "r = 3% 

(3) for Ms < 22°C 
Vf = t-phase 0.37 0.27 ~< 0.05 0 0 < 0.05 0 
fraction 
e h (%) 0.37 0.27 ~< 0.05 0 0 < 0.05 0 

(4) for Ms > 22°C 
Vf = m-phase 0.07 0.15 0.39 0.70 0.85 0.40 0.45 
fraction 
e h (%) 0.07 0.15 0.39 0.70 0.85 0.40 0.45 

(5) Vf of m-phase 
at 1000°C from 

eh4 -- eh2t -- -- 0.10 0.20 0.58 -- -- 
eT/3 

*For tetragonal precipitates with M S < 22°C, lower temperature limitation of dilatometer (-190°C) is not sufficient to reach Mf 
temperature where all precipitates are converted to monoclinic (m) phase. Thus E h is underestimated. 
t eh 4 and ehz obtained from steps (A2) and (B4). 
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Figure 7 Thermal  expansion curves of  T S - P S Z  illustrate changes in 
hysteresis due to tetragonal ~.~ monoclinic t ransformation for 
samples held at 1000 ° C at an  applied stress of  172 MPa  for various 
exposure times. The increase in the hysteresis at temperatures 
between 22 and approximately 700 ° C is due to the destabilization 
of  the tetragonal precipitates with increasing duration of  1000°C 
exposure. After the 1008h exposure there is a decrease in the 
hysteresis associated with this intermediate temperature trans- 
formation. 

decomposition reaction and delta-phase formation 
coupled with destabilization of the precipitates are acti- 
vated during the 1000°C IF tests of the TS-PSZ. As seen 
in Fig. 5, these processes result in very high room tem- 
perature monoclinic contents at exposure times/> 24 h 
in the stressed TS material. The results in Table I show 
that this increase in monoclinic phase content with 
exposure time is associated with a continuous increase 
in  the high temperature monoctinic phase brought 
about by the eutectoid reaction with exposure time. In 
addition, there is an initial increase in the destabilized 
precipitate content which then decreases for exposure 
times > 336 h, most likely due to its consumption by 
the continued eutectoid reaction as observed by others 
[7-9]. The similarities in the large increase in mono- 
clinic content in the MS-PSZ after the IF test at 
1000°C (Fig. 6), are indicative of  comparable phase 
reactions and changes in this material. 

However, the unstressed TS-PSZ IF tests at 1000 ° C 
result in only a modest increase in the destabilized 
precipitate content and not the large increase in mono- 
clinic phase associated with the eutectoid decom- 
position detected in the previous results. The reasons 
for this lack in the formation of the high temperature 
monoclinic in the unstressed TS-PSZ are not clear. 
However, it is clear that when this occurs that the 
1000°C retained strengths remain constant with 
increasing exposure time. Thus the increase in destabil- 
ized precipitates observed in the unstressed TS-PSZ 
test has little, if any, influence on the strength retained 
at 1000°C. On the other hand, the generation of  
destabilized precipitates does alter the mechanical 
properties obtained at room temperature [7-9]. 

These results and those for the MS and the stressed 
TS-PSZ ceramics reveal that the initial increase in 
retained strengths noted in Figs 5 and 6 must be due 

to the appearance of  the high temperature monoclinic 
phase (and MgO) as a second phase. With further 
increase in this monoclinic phase content, exposure 
time > 168 h, the retained strengths are representative 
of a monoclinic phase matrix at 1000°C and not a 
cubic phase matrix. The retained strengths then 
decrease in the high monoclinic phase matrix materials 
at these longer exposure times in these TS and MS 
samples. The microcracking in these latter materials 
observed here and by others [7-9] can also contribute 
to further loss in retained strengths with the longer 
exposure times. 

3 .2 .2  B e h a v i o u r  at  5 0 0  ° C 
The results of the IF tests at 500 ° C for the TS-PSZ 
stressed at 55% of  the critical fracture stress at this 
same temperature are depicted in Fig. 8. The retained 
fracture strengths and the tensile surface room tem- 
perature monoclinic phase content after testing 
remain constant with increasing time of exposure. The 
PSZ ceramics are apparently quite stable at 500 ° C, 
unlike their behaviour at 1000 ° C. 

However, one sees that the monoclinic phase con- 
tents after the 500 ° C IF tests are considerably higher 
than in the as-received TS material, ,,~ 33% and 15%, 
respectively. This higher monoclinic content after test- 
ing is a result of the stress-induced transformation 
which occurs during fracture at 500 ° C. This is noted 
in the high critical fracture toughness (8 MPa m ~/2) of  
this material in the as-received condition at 500°C 
(Fig. 3). The fact that the 500°C exposures with a 
relatively high applied stress after 1000 h do not alter 
the amount  of  the monoclinic phase resulting from the 
stress-induced transformation during fracture, further 
attests to the stability of the properties and phases of 
these materials at 500 ° C. 

4 .  C o n c l u s i o n s  
The two high tetragonal phase content PSZ ceramics 
considered here represent materials with exceptionally 
high fracture toughness, fracture strengths and surface 
damage resistance over the temperature range of 22 ° C 
to at least 500 ° C. The critical fracture toughness 
decreases with increasing test temperature but is 
/> 8 M P a m  ~/2 temperatures of  ~< 500 ° C. The tem- 
perature dependence of the toughness is consistent 
with the thermodynamics of the stress-induced tet- 
ragonal to monoclinic phase transformation. Thus the 
toughness increases as the term (T - Ms) decreases 
where T is the test temperature and Ms is the tem- 
perature at which the tetragonal to monoclinic trans- 
formation initiates on cooling. 

The phase contents are altered by increase in the 
time the samples were subjected to 1000°C with and 
without an applied stress. With short exposure times 
(~< 168h), both the TS and MS grades of the PSZ 
exhibit an increase in monoclinic phase due to the 
formation of unstable precipitates (M s is increased to 

300°C from - 5 0  ° C) as a result of MgO segre- 
gation and delta phase Mg2ZrsO~2 generation. In the 
MS- and stressed TS-PSZ ceramics, this is accom- 
panied by ever increasing generation of  monoclinic 
phase which is stable at 1000 ° C. The samples which 
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Figure 8 Even when subjected to an applied stress of  
248 MPa at 500 ° C, the T S - P S Z  does not  exhibit changes 
in strengths retained at 500°C or in room temperature 
monoclinic content. 

exhibit the latter phase formation are subject to 
changes in the fracture strengths retained at 1000°C 
after the 1000 ° C exposures for times of up to 1008 h. 
The TS-PSZ aged at 1000°C with no applied stress 
exhibits only the generation of unstable precipitates 
and thus shows no change in retained fracture 
strength with increase in exposure time. The mech- 
anical properties of these materials can thus be altered 
with long-term exposures at 1000 ° C. 

However, the fracture strengths at 500°C and the 
phase contents are not altered by exposure to an 
applied stress at 500°C for times of up to 1000 h. At 
this temperature the materials exhibit considerable 
transformation toughening. Thus the materials have 
excellent potential for structural applications to tem- 
peratures of at least 500 ° C. 
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