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Effect of stress-induced phase 
transformation on the properties of 
polycrystalline zirconia containing 
metastable tetragonal phase 

T. K. GUPTA,  F. F. LANGE* ,  J. H. B E C H T O L D  
Westinghouse Research and Development Center, Pittsburgh, Pennsy/vania 15235, USA 

Polycrystalline zirconia containing a high content of metastable tetragonal phase shows 
high strength ( "~ 700 MPa), high fracture toughness (Kc = 6 to 9 MN m -3/2 ) and small 
grain size ( <  0.3/~m). The strength and grain size remain nearly constant over a wide 
range of tetragonal phase content (100 to 30%). At a low concentration of tetragonal 
phase <30%, there is a rapid decrease in strength accompanied by a rapid increase in 
grain size. These results are explained by means of a stress-induced phase transformation 
in the metastable tetragonal phase. 

1. Introduction 
The existence of a relatively tough partially stabil- 
ized zirconia ceramic, consisting of a dispersion of 
metastable tetragonal Z r Q  inclusions within large 
grains of stabilized cubic Z r Q ,  has recently been 
reported [1]. Analogous to the case of TRIP 
steels, it has been suggested that the toughness of 
this polyphase zirconia ceramic is derived from the 
observed stress-induced tetragonal/monolithic 
transformation that occurs during crack extension 
[1]. More recently, Gupta e t  al. [2] have reported 
the fabrication of a dense, fine-grained, poly- 
crystalline zirconia ceramic containing up to 98% 
of the metastable tetragonal phase. Small additions 
of Y2 03 were used to retain the metastable phase. 
They have shown that (a) the retention of the 
metastable tetragonal phase is critically dependent 
on the sintering conditions, (b) when the mono- 
clinic phase is present, it first appears on the 
surface of sintered bodies, (c) a stress-induced 
tetragonal/monoclinic transformation occurs 
during fracture, and (d) high strength appears 
when the tetragonal phase content is high, and low 
strength when the monoclinic phase content is 
high. 

This paper is concerned with reporting the 
toughness and strength of sintered materials con- 
taining the metastable, tetragonal phase. Theor- 
etical arguments are presented to indicate the 
relationship between fracture toughness, strength 
and the volume content of the metastable phase. 
Toughness and strength data are discussed in 
relation to predicted behaviour and in terms of 
the observed grain size effect, which appears to be 
a critical factor governing the retention of the 
metastable phase. 

2. Relationship of stress-induced phase 
transformation to fracture toughness 
and strength 

For the case of metastable austenitic materials that 
undergo a stress-induced martensitic transform- 
ation, it has been suggested that the phase trans- 
formation in front of a crack is equivalent to a 
non-elastic deformation, and as such, is capable of 
absorbing energy that would have otherwise been 
available for crack extension [3]. Another reason 
for energy absorption can also be given for the 
case of stress-induced phase transformation during 
crack extension in brittle materials. Due to the 
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volume change that occurs during phase transform- 
ation, stress-induced transformation can be 
accompanied by the formation of a small crack 
within or in the vicinity of  the transformed par- 
ticle. The formation of many small cracks in front 
of a larger crack would greatly increase the 
amount of  surface area formed per unit extension 
of the larger crack and thus, in effect, greatly 
increase the energy absorbed during crack exten- 
sion. Whatever mechanism one chooses, it is 
sufficient to assume for the following analysis that 
a certain amount of energy, Uo, is absorbed per 
unit volume of stress-induced, transformed 
material. 

The condition of crack extension can be 
obtained by determining the energy changes that 
would occur during crack extension and-then 
invoking Griffith's thermodynamic criterion that 
the free energy change during crack extension 
must be ~<0. This condition can be easily deter- 
mined for the case of a slit crack of length, c, 
located within a sheet of material of  unit thickness, 
T. 

The energy changes that must be determined 
for a unit crack extension dc are the net work 
dUw done by the applied tensile stress e, the 
energy absorbed dU s during the creation of new 
surface area, and the energy absorbed dUp by the 
volume of material at the crack front that under- 
goes the stress-induced phase transformation. 

As first shown by Griffith [4] for the same 
crack configuration examined here, the net work 
Uw and the energy Us absorbed to form 
new surfaces per unit crack extension dc are 
dUw = 2no2cTdc/E and dUs = 23'Tdc, respect- 
ively, where 3' = the surface energy per unit area, 
and E = the elastic modulus. Following similar 
arguments first proposed by Antolovich [3] for 
determining the energy absorbed by phase trans- 
formation at the crack front in TRIP steels, it can 
be shown that; 

dUp = UofDTdc,  (1) 

where U0 = the energy absorbed per unit volume 
of stress-induced transformed material, and f =  
the volume fraction of the metastable phase within 
the material; D is one dimension of the volume of 
material undergoing transformation at the crack 
front for the critical condition, and dc, the unit 

crack extension, is the other dimension of this 
volume. 

The total energy change during a unit of crack 
extension is; 

dU = --dUw + dUs + dUp (2) 

or 

d U -  
-- 2fro 2 cTdc 

+ 23"Tdc + UofDTdc.  (3) 
E 

Using Griffith's criterion for crack extension; 

d U --  27ro 2 c T  
- -  <.0 - + 2 7 T +  UofDT,  (4) 
de E 

one obtains the critical applied stress, ac, required 
to cause crack extension; 

Oc [(27 + U o f D ) E l l n  = ] (5) 

The factor in this equation representing the critical 
strain energy release rate Gc or the fracture energy 
is 

Gc = 27 + UofD. 

Relating the critical strain energy release rate to 
the critical stress intensity factor Ke; 

Kc = (GEE)  1/2 = [(23' + UofD)E] 1 / 2  (6) 

Both Gc and K e are measures of the material's 
fracture toughness. 

As shown above, the term UofD, which is the 
energy dissipated at the crack front by the phase 
transformation, strongly suggests that a stress- 
induced phase transformation could increase the 
fracture toughness and strength of a ceramic 
material. The significance of this term on tough- 
ness and strength depends on the energy dissipated 
(U0) by the transformation per unit volume of  the 
metastable phase, the volume fraction (30 of the 
metastable phase, and the dimensions (expressed 
by D) of the material that is affected by the highly 
localized stress field at the crack front. 

3. Experimental procedures 
Discs and small rectangular billets were fabricated 
to contain different ratios of  tetragonal to mono- 
clinic phases by a technique previously described 
[2]. Phase determinations were made on as- 
sintered surfaces by X-ray diffraction.* Strength 

*Powder samples could not be examined since pulverizing 
phase. 

caused the tetragonal phase to transform to the monoclinic 
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T A B L E I Estimate of fracture toughness by indentation* 

Specimen d (O/a) H 0 (H/~E) ~ 
no. (m) (GN m- 2 ) Hx/a 

(GN -~ m 3/2) 

Kc ~ (H/OE)O. 4 Kc % Tetragona] 

Hx/a (MNm-3/2) As-sintered Polished 
(dimensionless) 

68 1.38 X 10 -4 1.31 12.1 5.04 
66 1.41 X 10 .4 1.99 11.6 5.11 
52 1.40 X 10 -4 1.66 11.7 5.10 
59 1.43 X 10 -4 2.39 11.2 5.18 
11 1.37 X 10 .4 1.74 12.3 5.00 
21 1.42 X 10 -4 1.29 11.4 5.18 
60 1.40 • 10 -4 1.31 11.7 5.10 

0.0457 9.07 17 88 
0.0363 7.11 14 > 79 
0.0400 7.84 88 > 88 
0.0314 6.07 97 > 92 
0.0386 7.71 46 > 85 
0.0457 8.82 14 > 86 
0.0457 8.96 82 > 87 

*Note: Load=50kg,  E ~ 1 4 5 G N m  -2 

data were obtained using disc specimens (1.9 cm 
diameter and ~ 0 . 1 5  cm thick) which were placed 
in symmetrical biaxial flexure [5].  Fracture 

toughness was determined on polished specimens 
by an indentat ion technique with the Vickers 
indenter. From a measurement of  hardness H, 
indentat ion crack length C and the indentat ion 

impression radius a, the value o f  Ke was determined 
by using the calibration curve developed by  Evans 
and Charles [ 11 ] .  

4. Results 
4 .1 .  F r a c t u r e  t o u g h n e s s  
Fracture toughness data for several specimens as 
determined by an indentation technique are shown 
in Table I. The value of  the stress intensity factor 
Kc ranges between 6 and 9 M N m  -3/2. These 
values were obtained by first estimating the quan- 
t i ty  ~b [H/r 0.4/Hx/a by using E ~ 145 GN m-2 

and r ~ 3, E and r being the Young's modulus and 
the constraint factor [11] respectively, and know- 
ing the values of  a and H from experimental 
measurements. The dimensionless parameter 
Kc~[H/r ~ was then obtained from the 
calibration curve [11 ] by using the experimentally 
obtained values of  c/a. The ratio o f  the two quan- 
tities yielded the magnitude o f  K~. All the exper- 
imentally obtained and calculated parameters are 
shown in Table I. The table also contains the 
amount of  tetragonal phase present in the speci- 
mens which were subjected to fracture toughness 
measurement. As seen in the table, these specimens 
contained initially a varying amount of  tetragonal 
phase as determined from the X-ray analysis o f  the 
"as-sintered" surface, but  the "polished" surface 
on which the fracture toughness measurement was 
made showed the tetragonal phase as the major 
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Figure ] Strength and grain size as a function of density in 
ZrO 2 ceramics. 

constituent irrespective of  the original surface 
conditions. The difference in bulk and surface 
structure was also observed previously [2].  

4.2. Strength versus densi ty 
The biaxial flexure strength of  incompletely dense 
materials is illustrated in Fig. 1. The tetragonal 
content  of  these materials was />  97%. As shown, 
the strength increases with increasing density as 
commonly observed for conventional ceramics. 

4.3. Strength versus tetragonal phase 
content :  dense materials 

The biaxial tensile strength as a function of  the 
metastable tetragonal phase con ten t t  is illustrated 
in Fig. 2. As previously reported [2],  the phase 
content of  each material was controlled by the 
sintering conditions. The density of  all materials 
indicated in Fig. 2 was 5.6+-0.1 g c m  -3. The 
scatter is the observed range o f  four strength 
determinations for each material. 

t l t  should be emphasized that the phase content was determined by X-ray diffraction of the materials'surfaces. Other 
work shows that the ratio of the tetragonal to monoclinic phases is much greater within the material than on its surface [2 ]. 
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Figure 2 Strength versus tetragonal phase content in 
ZrO 2 ceramics. 

Several important observations can be made 
from the data presented in Fig. 2. First, when the 
ZrO2 specimens contain a large amount of  mono- 
clinic phase (~90%) ,  the strength is very poor 
( <  100 MPa). Second, as the metastable tetragonal 
content is increased to ~30%,  there is a rapid 
increase in strength. Finally, a constant high 
strength (600 to 700 MPa) is maintained when the 
apparent tetragonal content is between 30 and 
100%. 

A network of  surface cracks was observed in 
materials containing < 3 0 %  of  the tetragonal 
phase. The formation of  cracks during the cooling 
o f  unstabilized ZrO2 ceramics is usually attributed 
to the tetragonal to monoclinic phase transform- 
ation. 
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Figure 4 Grain size versus tetragonal phase content in 
ZrO2 ceramics. 

4 .4 .  Mic ros t ruc tu ra l  o b s e r v a t i o n s  
As illustrated by the two micrographs in Fig. 3, 
the fracture surface topography shows that the 
grains are equiaxed and that fracture is inter- 
granular regardless of  the tetragonal phase content. 

The grain size o f  all the materials examined was 
< 1/am. During densification, the average grain size 
increased from ~0.2/~m for materials with a 
density of  4.0 gcm -3 to ~ 0.25 #m for densities of  
5 . 6 g c m  -3 (see Fig. 1). Once a density of  5.6g 
cm -3 was achieved, grain size remained nearly 
constant to a tetragonal content of  ~ 30%. Signifi- 
cant grain growth occurred only when the sintering 
conditions led to materials containing ~<30% of 
the tetragonal phase, as illustrated in Fig. 4. 

The strength o f  dense materials is plotted as a 
function of  grain size in Fig. 5, illustrating that a 
critical grain size exists in order ( ~ 0 . 3 2 # m )  to 
obtain a high strength material. Materials with a 
grain size > 0.32/am contained substantial amounts 

Figure 3 Scanning electron micrograph of PSZ ceramics containing (a) 97% tetragonal phase and (b) 13% tetragonal 
phase. The balance is the monoclinic phase in each case. 
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Figure 5 Strength versus grain size in ZrO 2 ceramics. 

of the monoclinic phase, which resulted in large 
surface cracks and poor strengths. 

5. Discussion 
5.1. Fracture toughness 
Evans and Charles [11] claim that the indentation 
technique enables fracture toughness data to be 
obtained within an accuracy of 10 to 30%. To 
resolve this uncertainty, fracture toughness was 
also obtained on two pre-cracked, double-beam 
cantilever [9] specimens (0.1 cm x 1.5 cm x 
3.0cm) containing >80% tetragonal phase. The 
average K e value obtained by this technique was 
6.4 MN m-3/2. Thus the two measurements agreed 
within experimental error. 

These values of K~ are higher than those of 
most other structural ceramics and substantially 
higher than that of partially stabilized zirconia 
containing no metastable phase (Table II). This 
latter value was estimated roughly from the re- 
ported values of fracture surface energy 7i and the 
Young's modulus E for a partially stabilized 

T A B L E I I Fracture toughness  o f various materials 

Materials K c (MN m -  3/2 ) References 

ZrO 2 6 - 9  Present s tudy 
(metastable phase) 
ZrO 2 1.1 6 
(PSZ-stable phase) 
Si3N 4 4 . 8 - 5 . 8  9 
SiC 3.4 10 
B4C 6.0 11 
AI 2 O 3 4.5 Unpubl ished data 
Sapphire 2.1 11 
(single crystal) 
Spinel 1.3 11 
(single crystal) 
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zirconia containing a stable monoclinic phase [6]. 
The Ke value for the partially stabilized zirconia 
containing the monoclinic phase is estimated to be 

1.1MN m -3n from the literature, whereas the 
observed Kc values for ZrO2 containing the meta- 
stable tetragonal phase is between 6 and 9MN 
m -3n. Since evidence has been obtained from 
these same materials that the tetragonal to mono- 
clinic transformation occurs in the vicinity of the 
crack during fracture [2], it is reasonable to 
suggest that the stress-induced transformation is 
responsible for the material's high fracture tough- 
ness as outlined by the theoretical arguments in 
Section 2. However, an attempt to determine the 
fracture toughness of zirconia specimens contain- 
ing a varying amount of tetragonal phase was not 
realized in the present study, since the bulk struc- 
ture of the specimen on which the measurement 
was made contained high amounts of tetragonal 
phase, irrespective of surface conditions (Table I). 
In other words, specimens could not be prepared 
containing varying amounts of tetragonal phase 
which could verify the prediction of the theory. 
Further work is necessary in this area. 

5.2. S t rength  
Unlike fracture toughness, strength values were 
found to be controlled by the outer surface con- 
ditions of the specimens, and a correlation was 
observed with the amount of tetragonal/mono- 
clinic ratio on the outer surface. As shown in 
Fig. 2, as the amount of metastable tetragonal 
phase is increased from 0 to 30% there is a dra- 
matic increase in strength, in agreement with the 
prediction in Equation 5. However, the most sig- 
nificant observation of the present study is that 
the strength remained constant to a high value of 
" 6 0 0  to 700MPa wEen the tetragonal content 
was increased from 30 to 100%. This is not 
apparent from the theory. This inconsistency 
might be resolved by assuming that the stress- 
induced transformation zone (D) is changed with 
higher content of apparent tetragonal phase. 
Further work is necessary in this area. In spite of 
this difference between experimental observation 
and the theoretical argument it is clear from the 
data that the presence of metastable tetragonal 
phase has a significant influence on overall 
strength. However, this beneficial effect of tetra- 
gonal phase on strength is absent when the 
material is incompletely dense (Fig. 1). The strength 
values are then governed by porosities, as is ob- 
served in conventional ceramics. 



The contribution of stress-induced phase trans- 
formation to high strength can be inferred from 
the strength versus grain size data presented in 
Fig. 5. At low strength ( < 2 0 0  MPa) the primary 
phase is monoclinic [2], so there is little contri- 
bution to strength from phase transformation, and 
therefore the strength shows an increase with 
decreasing grain size from ~ 0.42 to ~ 0.34/am, as 
is common with conventional ceramics. At high 
strength ( >  600 MPa) where the primary phase is 
tetragonal [2], there is again a slight increase in 
strength with decrease in grain size from ~ 0.30 to 
~0.24/~m, in accordance with the behaviour in 
conventional ceramics. The most significant obser- 
vation in the present study is the rapid increase in 
strength, from 200 to 600MPa, for a modest 
decrease in grain size from ~ 0.34 to~0.30/Jm.  In 
view of the strength versus grain size behaviour at 
high and low strengths, this three-fold increase in 
strength in a narrow grain size range cannot be 
attributed to the small grain size alone. It is con- 
cluded that the rapid discontinuous increase in 
strength from 200 to 600 MPa is due to the rapidly 
increasing contribution of stress4nduced phase 
transformation to strength in the narrow grain size 
region between 0.34 and 0.30/lm. This grain size 
region appears to be very critical for the stability 
of  the tetragonal phase as discussed in the next 
section. 

Finally, when the values ofKc = 6.4MNm -3/2 
and o =  650MPa are substituted into the stress 
intensity relation for surface flaws [7], 

Kc = 1.1 o % / ~ ,  (7) 

one estimates that the smallest flaw size responsible 
for the fracture of  the materials examined above 
is ~ 25/~m, that is a value several orders of magni- 
tude larger than the average grain size of these 
materials. Thus it can be concluded that the grains 
within the material are n o t  the incipient flaws 
responsible for fracture, and that the usual fracture 
mechanics expressions do not predict the observed 
strength-grain size effect. 

5.3. Critical grain size 
The data in Fig. 5 illustrate that a significant 
strength degradation occurs when the average grain 
size exceeds ~0.30/~m. Since these same low 
strength materials show surface cracks and are 
largely monoclinic, it can be assumed that the 

surface cracks were caused by the tetragonal/ 
monoclinic transformation which occurred during 
cooling from the fabrication temperature. Thus 
it appears that the retention of the metastable 
tetragonal phase, or conversely, the formation 
of the surface cracks due to the tetragonal/ 
monoclinic transformation, is strongly influenced 
by grain size. 

The concept of a critical grain size* for the 
stability of the metastable phase in a solid matrix 
can be viewed from a mechanistic standpoint. 
Consider a single grain of tetragonal material 
embedded within a matrix of the same material. 
If  the matrix constrains the particle from in- 
creasing its volume at and below the transformation 
temperature, then the tetragonal structure will 
persist. If, on the other hand, a crack were to form 
adjacent to the particle, much (or all) of the 
matrix constraint would be released and the 
tetragonal/monoclinic transformation would be 
observed. With this view, the conditions required 
to retain the metastable tetragonal phase are 
the same as the conditions to prevent crack 
extension. 

The conditions required to extend a crack 
within the highly localized stress field associated 
with an embedded particle have been previously 
presented [8] for the case where the stresses arise 
from the differential thermal expansion of the 
particle and the matrix materials. For the present 
case, the stresses arise from the constraints exerted 

by the matrix to prevent the volume change of 
the particle by phase transformation. If it is 
assumed that all dilations are isotropic, (or the 
tensor describing the dilations are the same for 
both cases) it can be shown that the stress distri- 
butions are identical for both cases and thus 
the previous analysis will apply to the present case. 

The principal result obtained by examining the 
energetics of crack extension adjacent to (or 
within) an embedded particle is that the condition 
for crack extension not only depends on the 
maximum stress (am) associated with the particle, 
but also depends on the particle size (d) which 
determines the amount of stored strain energy. 
This result can be summarized by an equation 
that states that crack extension can only occur 
when 

oZm d > constant. (8) 

*The concept of a critical particle size for the stability of the metastable phase in the powder form has been discussed 
by Garvie [12] from a thermodynamic standpoint. 
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The constant on the RHS of this equation contains 
the fracture energy and elastic properties of the 
material and a factor that includes the size of the 
pre-existing crack (or flaw) at the particle-matrix 
interface. 

The importance of this result as it applies to the 
present case is that it predicts a critical particle 
size (de) (or grain size) below which crack ex- 
tension cannot occur, namely 

constant 
de = o f  (9) 

Thus, if the retention of the metastable tetragonal 
phase depends on the constraint of the surrounding 
matrix and crack extension is the mechanism 
which releases this constraint, it can be concluded 
that the retention of the metastable tetragonal 
structure within a polycrystalline ZrO2 body will 
depend on the grain size. This conclusion is 
qualitatively consistent with observations. 

6. Summary and conclusions 
It is shown that the partially stabilized zirconia 
ceramics containing a metastable tetragonal phase 
in the range of ~ 100 to 30% show high strength 
and high fracture toughness. The strength values 
were observed in the neighbourhood of 700MPa 
and the fracture toughness (Ke) was estimated to 
be ~ 6  to 9MNm -3/2. The grain size remained 
constant at a value of about "~0.25/2m up to a 
tetragonal content of "~70%, followed by a 
slow increase between the tetragonal content of 
~ 7 0  to 30%. In the range of ~ 2 0  to 10% of the 

tetragonal phase, there was a major change in 
both strength and grain size. There was a steep 
decline in strength to ~100MPa,  accompanied 
by a steep increase in grain size to > 0.3/~m. The 
mode of fracture was, however, always inter- 
granular, irrespective of the amount of phases 
present. From the data presented in this paper, 

it is concluded that the metastable phase, due 
to its ability to undergo stress-induced phase 
transformation, contributes to high strength and 
high fracture toughness in partially stabilized 
zirconia. It is also concluded that there is a critical 
grain size of ~ 0.32/~m below which the metastable 
phase is stable. 
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