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R-curve behaviour of PZT ceramics near the 
morphotropic phase boundary 
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The mechanical failure of PZT ceramics was characterized by measuring R-curves for 
compositions near and at the morphotropic phase boundary (MPB) where tetragonal and 
rhombohedral phases coexist in equal quantities. The R-curve behaviours (an increasing 
fracture toughness with crack extension) were identified by indentation-fracture testing and 
they were analysed to determine the key parameters. The fracture toughness of the PZT 
ceramics consisted of three different terms, representing particular microstructural processes in 
front of advancing cracks, that is, intrinsic cleavage, 90 ~ domain switching and microcracking. 
Their relative contributions to an overall crack-extension resistance varied with the length of 
the advancing crack and, more importantly, with the compositions of the PZT. In the 
compositional range where the tetragonal phase was dominant, the R-curves were determined 
by domain switching and microcracking. However, the compositional dependency of the 
fracture toughness was due to the microcracking mechanism. On the other hand, in regions 
rich in rhombohedral phases, the R-curves were essentially determined by domain switching in 
the crack-tip area. The R-curves characterized by the domain-switching mechanism were 
insensitive to the compositional variation near the MPB. Our results also demonstrated that R- 
curve analysis could be used to probe further into the microstructural responses of materials in 
front of advancing cracks and to quantify them particularly in systems like PZT where several 
different toughening processes compete with each other. 

1. I n t r o d u c t i o n  
The ferroelectric properties of polycrystalline PZT 
ceramics are highly sensitive to their compositions 
and microstructural characteristics [1, 2]. Specific 
applications require tailoring of their compositions, 
porosities, grain sizes, domain structures, etc. How- 
ever, optimization of the ferroelectric properties does 
not necessarily guarantee the optimum mechanical 
stability of PZT ceramics. They often conflict with 
each other. The aim of this study is to establish the 
relationship between the mechanical failure of PZT 
ceramics and their compositions and microstructural 
variables by analysing R-curves near the morphotro- 
pic phase boundary (MPB), where the ferroelectric 
properties (such as the coupling coefficient and the 
relative permittivity) are usually maximized. 

The solid solution system Pb(ZrxTi 1_x)O3 exhibits 
a number of crystal structures which depend on x in 
the phase diagram of PbZrO3-PbTiO 3 [3]. An ab- 
rupt structural change between tetragonal and 
rhombohedral phases occurs at the MPB, which is 
known to be close to x = 0.535 at room temperature 
for undoped PZT. Therefore, the MPB is a narrow 
region of x where tetragonal and rhombohedral 
phases coexist. It is a significant feature of the MPB 

that most of the ferroelectric properties change rapidly 
near the MPB and they often peak at the MPB. 
Hence, the compositions near the MPB have been 
heavily exploited in commercial applications. How- 
ever, Freiman et al. [4] demonstrated that the critical 
fracture toughness, K~c , of various commercial PZT 
components shows a distinct minimum at the MPB. 
The fracture- toughness data of Freiman et al. are 
reproduced in Fig. 1. A large decrease in Kic is evident 
near the MPB. However, the data are insufficient (in 
number) to determine whether the minimum in K m is 
coincident with the exact position of the MPB. It has 
been already established that the MPB varies signific- 
antly and that it depends on the types and amounts of 
the dopants which are added in commercial composi- 
tions [3]. These dopants are not specified in the data 
presented in Fig. 1, which makes Fig. 1 unsatisfactory 
for use in the compositional formulation of PZT 
ceramics with the optimum mechanical stability. 

Freiman et al. [4] argued that the minimum in the 
fracture toughness observed in PZT is due to a trade- 
off between the contributions from twinning (90 ~ do- 
main boundary motion) and from microcracking of 
grain-boundary facets with any residual tensile stress. 
Twinning is facilitated at the MPB, and it contributes 
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Figure 1 The fracture toughnesses of three different (0 ,  IN, A) 
commercial PZT ceramics as a function of the compositions. The 
minimum in the fracture toughness appears near the MPB. (The 
data are reproduced from Freiman et al. [4]). 

to the reduction of the crack-extension force. Away 
from the MPB, particularly towards the PbTiO 3 in 
the tetragonal phase field, the contribution of micro- 
cracking becomes increasingly important, while the 
twinning contribution diminishes. This explains the 
minimum in K~c, because the toughening due to twin- 
ning is less effective than that due to microcracking. 
On the other hand, Mehta and Virkar [5] have con- 
vincingly demonstrated that domain switching (twin- 
ning) in the crack-tip stress field is a viable toughening 
mechanism in fully tetragonal PZT ceramics. The 
samples they used for fracture-toughness testing were 
commercial PZT ceramics with x = 0.54; the MPB of 
the composition should be located x > 0.54 because of 
the presence of unspecified dopants. 

If any dilatational relaxation processes operate in 
front of or, on some occasions, behind the advancing 
crack (promoting an increase in the fracture tough- 
ness), R-curve behaviour would inevitably be observ- 
able [6]. The characteristics of R-curves (an increasing 
fracture toughness with crack extension) are sensitive 
to the micromechanics of the particular relaxation 
process at the crack-tip region. One of the most 
prominent examples can be found in partially stabil- 
ized zirconia (PSZ). Swain and Hannink [7] showed 
that a variety of microstructures could be produced by 
simply taking different thermal-processing routes us- 
ing polycrystalline zirconia stabilized with 9.5 mol % 
MgO and that the characteristics of the R-curves 
which were determined afterwards were dramatically 
dependent on the microstructures. For PSZ contain- 
ing tetragonal ZrO 2 precipitates which transform re- 
adily to monoclinic phases in a crack front, the R- 
curves quickly increased but saturated at high tough- 
ness values within 20-30 gm of the initial crack length. 
Whereas, for PSZ with a continuous m-ZrO 2 phase 
showing extensive microcracking and crack bran- 
ching, the R-curves increased slowly but continuously 
over a large crack extension up to a few hundred 
micrometres. Furthermore, in the case of potycrystal- 
line alumina, the R-curves continuously increased up 
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to crack lengths of a few millimetres; this behaviour 
is believed to originate from the bridging of unbroken 
ligaments of the grains in the crack wake [8]. 

Evidence of the R-curve behaviour in ferroelectric 
materials was, in fact, presented by Okazaki in 1984 
[9]. However, as pointed out in 1990 by Mehta and 
Virkar [5], Okazaki's interpretation of the observed 
dependency of the fracture toughness on the indenta- 
tion-crack sizes was incorrect. The parabolic depend- 
ency of K~c on the crack length, c, is not due to 
residual stress, but is probably due to an R-curve 
behaviour. A non-linear dependence of the logarithm 
fracture strength of the logarithm of the indentation 
load in PZT with x = 0.95 was also mistakenly inter- 
preted in terms of the residual stress in [4]. Pohanka 
and co-workers [10, 11] uncovered a strong correla- 
tion between K~c and the microstructural parameters 
(for example the grain size) in another commercially- 
important ferroelectric material, that is, BaTiO 3. 
Cook et al. [12] subsequently reinterpreted this cor- 
relation in terms of an R-curve behaviour. 

The special features that are found on examination 
of the R-curves of polycrystalline ceramics include the 
following features. Firstly, the dimensionality of the 
microstructural parameters which affect the crack-tip 
stress field can be identified because the critical crack 
size below which a rising K~c can be observed is 
believed to be directly related to the size of the toughe- 
ning zone in front of the crack tip. Secondly, it pro- 
vides us with asymtotic values of K~c at the higher end 
of the crack-size spectrum, which can be safely used 
for the evaluation of the effectiveness of particular 
compositional or microstructural variations in the 
fracture resistance. In this study, we characterized the 
R-curves for PZT ceramics as a function of composi- 
tions within a narrow compositional range which 
included the MPB. 

2. Experimental procedures 
The compositions selected for the present study 
were: (i)Pbo.94Sro.o6(ZrxTiz_x)O3, a typical hard 
PZT, with x varying between 0.50 and 0.60; and 
(ii) Pb(Mgl/3Nbz/3)o.zs(ZrxTiz_x)o.TsO 3, a typical 
P M N - P Z T  ceramic, with x between 0.38 and 0.54. 
The selection of the x-values in these two cases was 
based on the phase diagrams of PbZrO3-PbTiO 3 [3] 
and ofPb(Mgl/3Nb2/3)O3-PbZrO3 PbTiO3 [13], re- 
spectively, so that the MPB could be placed safely 
within the chosen compositional ranges. The proced- 
ures for the sample preparation have been reported 
elsewhere [14]. For P M N - P Z T  samples, magnesium 
niobate (MgNbzOs) powder was prepared first ac- 
cording to procedures proposed by Schwartz and 
Shrout [15] in order to prevent pyrochlore phase 
formation. Subsequent processing followed the pro- 
cedures described in [14]. About 3.0 mol % of excess 
PbO was added to all the compositions in order to 
compensate for PbO loss during calcination and 
sintering. Moreover, in order to minimize PbO loss 
during sintering, a PbO-rich atmosphere was main- 
tained by placing environmental powder (PbZrO3 



+ 10wt%ZrO2)  within a closed alumina crucible 
[16]. Final densities were determined by the Archi- 
medes technique following the relevant ASTM stand- 
ard [17]; and the grain sizes were measured by the 
linear intercept method. 

The crystalline phases, and their lattice constants, 
were determined by X-ray diffraction (XRD) of the 
powdered samples made from the sintered pellets. The 
relative amount of each of the tetragonal (T) and 
rhombohedral (R) phases, was determined by 
measuring the integrated intensities of the correspond- 
ing XRD peaks, T ( 2 0 0 ) +  T(002) and R(200), re- 
spectively. These overlapping peaks were separated 
using a multiple-peak separation program (Rigaku, 
Japan) before the integration. The percentage of each 
phase was calculated using the following equation. 
For instance, for the R-phase, 

R - phase percentage 

IR(2 00~ 100 
IT(2 0 07 + /Y(0 0 2) q- /R(2 0 0) 

where the I represents the integrated intensities of the 
corresponding XRD peaks. The difference in their 
structural factors was assumed to be negligible. The 
lattice constants were determined by using a lattice- 
constant refinement program (Rigaku, Japan). 

Some of the samples were selected for Vickers in- 
dentation and subsequent uniaxial four-point-bending 
tests. The dimensions of the bending bars were 3 x 4 
x 25 mm 3. After machining, they were polished and 

annealed at 1100 ~ for 30 min to eliminate surface 
flaws and residual stresses prior to the testing. The 
edges of the specimens were rounded. Some of the 
specimens were electrically poled in the direction 
parallel or perpendicular to the crack-advancing plane 
[5, 9, 183. An electric field of 2.5 kV ram-1 was applied 
for 3 min at 100 ~ in a dielectric oil. The specimens 
were indented at the centre of their tensile faces with a 
Vickers diamond pyramid. The indentation loads 
were varied from 5 to 200 N. All the indentations were 
made in air with a steady loading rate that required 
15 s to produce a lull load and the full load was 
applied for another 10 s. Care was taken to orient one 
set of radial cracks in a normal direction to the tensile 
axis. A drop of silicon oil was placed at the indentation 
site immediately after the indentation to minimize 
fatigue effects 1-183. Uniaxial bending tests were per- 
formed in a four-point-bending fixture with a 7 mm 
inner span and a 23;.5 mm outer span. The bending 
strength was calculated from the following equation: 

3F(11 -- 12) 
S -- 2bt2  (1) 

where F was the maximum load required to break the 
specimen, 11 = 23.5 mm, 12 = 7 mm, b = 4 m m  and 
r = 3 mm. The strength data were taken only from 
samples which failed at the indentation sites. 

3. ReSults 
Table 1 summarizes the phases identified, the densities 
and the grain sizes of the PZT and the P M N  PZT 

TABLE I Microstructural characteristics of the Sr-PZT 
(Pbo.94Sro.06(Zr~Ti 1_x)O3) and the PMN-PZT (Pb(Mgu3 
Nb2/3)o.25 (ZrxTil-x)O.TsO3) ceramics prepared for the mechanical 
testing 

Specimen x Phases b Density Grain 
(kg m- z) size 

(.m) 

Sr-PZT50 0.50 T 74.0 6.5 
Sr-PZT51 a 0.51 T 73.6 5.6 
Sr-PZT52 0.52 T + R 74.5 6.0 
Sr-PZT53 0.53 T + R 74.5 6.3 
Sr-PZT54" 0.54 T + R 74.8 8.0 
Sr-PZT55" 0.55 T + R 76.2 6.0 
Sr-PZT57 0.57 R 75.2 7.1 
Sr-PZT60 a 0.60 R 76.3 10.9 

PMN-PZT38" 0.38 T 74.8 3.8 
PMN-PZT40 0.40 T+ R 75.0 3.3 
PMN-PZT42 0.42 T + R 75.5 3.6 
PMN-PZT44 0.44 T + R 75.1 3.2 
PMN-PZT46 a 0.46 T + R 76.0 3.9 
PMN-PZT48 0.48 T + R 77.6 5.1 
PMN-PZT50 0.50 T + R 78.0 4.2 
PMN-PZT52 0.52 R 76.1 3.7 
PMN-PZT54 a 0.54 R 76.8 4.8 

a Specimens for indentation-strength measurements. 
b R = rhombohedral phases and T = tetragonal phases. 
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Figure 2 XRD data for the PMN-PZT ceramics, showing the 
phase changes from the tetragonal phase to the rhombohedral 
phase as the composition changed from x = 0.38 to 0.54. 

ceramics prepared for mechanical testing. The vari- 
ations in the final densities and in the grain sizes are 
insignificant in comparison to the phase change ob- 
served. The fractional amount of each phase within 
the MPB region where the T- and R-phases coexist 
was determined from the XRD patterns illustrated in 
Fig. 2, after separating the overlapping T(200), 
Y(0 0 2) and R(2 0 0) peaks, as demonstrated in Fig. 3. 
The MPB regions where the two phases are coexistent 
were in the composition range x = 0.51-0.57 for the 
SrO-doped PZT (Sr-PZT), and in the range x 
= 0.40 0.50 for the P M N - P Z T  ceramics. As shown 

in Fig. 4, the exact MPB where the two phases are in 
equal quantities appeared at x = 0.554 for S r -PZT  
and at x = 0.46 for P M N - P Z T .  Apparently, the dop- 
ing of 0.06 tool % SrO induced a significant shifting of 
the MPB towards the R-phase field, while the doping 
of 25 mol % of P M N  in the PZT shifted the MPB 
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Figure 3 The fractional amounts of the tetragonal and the rhombo- 
hedral phases determined by integrating the separated {2 0 0} XRD 
peaks. 
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(upper curve) and rhembohedral (lower curve) phases for Sr-PZT 
ceramics near the MPB. 
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Figure 4 The percentage fraction of the tetragonal and the rhombo- 
hedral phase near the MPB for: (a) Sr PZT, and (b) PMN PZT. 

towards the T-phase field significantly. It is also inter- 
esting to note that, contrary to the suggestion by 
Nomura and co-workers [-19], a simple lever rule 
cannot be applied to determine the phase quantity 
within the MPB region, particularly for Sr-PZT cer- 
amics. Unit-cell distortions of the T-phase (c/a) and 
the R-phase (90~ were determined, and they are 
plotted in Fig. 5. 

Fig. 6 a is plot of the fracture strength, CYm, versus 
the indentation load, P, for some of the samples in 
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Figure 6 Plots of the fracture strength as a function of the indenta- 
tion load for: (a) the  Sr-PZT ceramics, ( I )  Sr-PZT51, (A) 
Sr-PZT54, (~1) SR-PZT55, and (O) Sr-PZT60; and (b) the  
PMN-PZT ceramics ( I )  PMN PZT38, (A) PMN-PZT54, and 
(0)  PMN-PZT46. 



Table I. The data were only taken from samples which 
failed at an indentation site. A distinctive feature of the 
data is that all the curves approach a plateau at lower 
values of the indentation load. This is a definitive 
demonstration of R-curve behaviour [ 12]. Interesting- 
ly, the asymptotic values of (3" m for the lower values of 
P are almost identical. This indicates that the flexural 
strength of the material does not change greatly when 
its composition and phases vary. On the other hand, 
the critical indentation load, P*, below which R-curve 
behaviours are observable changes significantly as the 
composition moves away from MPB toward the T- 
phase field, At the higher limit of P, log %, becomes 
linearly dependent on log P, with a slope of - 1/3. 
This suggests that O'm P1/3 is asymptotically ap- 
proaching a constant value and that the asympotic 
values of the fracture toughness which are independ- 
ent of P (or c), can be obtained from linear indentation 
fracture mechanics [20] according to the analysis in 
the next section. 
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4. R-curve analysis 
Cook et al. [12] proposed a closed-form solution of an 
apparent fracture toughness as a function of the in- 
dentation load from a simple extension of the 
indentation-fracture mechanics [20]. This solution 
has also been shown to be reasonably applicable to 
analysis of the indentation-fracture testing results of 
various ceramic materials, including BaTiO3. The 
proposed equation of the fracture strength as a func- 
tion of the indentation load is 

Cy m = cyr[p,/( P + p , ) ]1 /3  (2) 

where cy r denotes the asymptotic value of %, in the 
limit of small cracks. Then, the critical fracture tough- 
ness over the entire range of P can be obtained from 
an equation given by Chantikul et al. in [20]; that is, 

K c = 0 . 8 8  ( o "  m p U 3 ) 3 / 4  (3) 

It is thus possible to define the R-curve function Ko(P) 
by combining Equations 2 and 3 so that 

K~ = K 2 [ P / ( P  + p,)31/4 (4) 

where Ky  represents the upper limit of the toughness 
in the high- P region. Hence, the value of Ky  may be 
calculated directly from 

Ky = 0.88 @/4 (p , ) , /4  (5) 

using values of (~f and P* determined from Equation 
2. The solid lines in Fig. 6 represent least-squares fits 
(using Equation 2) to the experimental data with two 
adjusting parameters,, (~r and P*. The fitting is surpris- 
ingly good. The resulting R-curves computed using 
Equation 4 are shown in Fig. 7. The cut-off values for 
K~ at the low-P end of the curves were adopted as 
0 . 6M P a m 1/2 for Sr PZT and 0 .5MPam 1/2 for 
PMN-PZT.  These values were determined from spe- 
cimens which were electrically poled perpendicular to 
the crack plane (see the discussion in Section 5). If Ko 
represents an intrinsic cleavage-fracture toughness 
which is insensitive to x or P, then K~ can be defined 
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Figure 7 R-curves determined by the indentation-fracture testing 
and presented as a function of the indentation load for: (a) Sr-PZT, 
and (b) PMN-PZT. 

as 

K~(P) = K o + Kt,(P ) (6) 

where K~(P) denotes all the microstructural contribu- 
tions to the fracture toughness. Now, the remaining 
task is to define K, (P)  in terms of the microstructural 
parameters of the relevant toughening processes. 

Table II summarizes the values of key parameters 
which were determined. For each P*, a critical crack 
length, c*, can also be estimated; and this might be 
correlated to a zone size for the relevant toughening 
process. Estimated values of c*, and their normalized 
values with respect to average grain sizes, are also 
included in Table lI. 

5. Discussion 
It has been shown that the indentation-strength test 
data could be reasonably described by the R-curve 
model proposed by Cook et al. [12]. The major 
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TABLE II Indentation-fracture parameters of PZT ceramics 

Composition ~f (M Pa) P* (N) K~ (M Pa m 1/2) c* (gm) c*/d) 

Sr-PZT51 67 61 1.82 203 36 
Sr-PZT54 77 16 1.43 97 12 
Sr-PZT55 75 8 1.21 69 12 
Sr-PZT60 76 9 1.24 73 7 

PMN-PZT38 67 31 1.54 129 39 
PMN-PZT46 81 5 1.13 47 12 
PMN-PZT54 84 6 1.21 51 11 

criticism of this model was that it has often been 
impossible to obtain a in slope of - 1 / 3  at large 
indentation loads in the plot of log ~m against log P, 
particularly in large-grained alumina [21] and whis- 
ker-toughened ceramic composites [22]. However, al- 
ternative power-law descriptions do not adequately fit 
all the data over a wide indentation-load spectrum for 
a single value of the power-law exponent. A justifica- 
tion for adopting the model proposed by Cook et aI. 
[12] for PZT ceramics lies in the fact that typically the 
dimension of the toughening zone influencing increas- 
ing values of K~ is limited to within about 30 grains (at 
most) in front of the crack tip (see Table II). 

As discussed in Section 1, microcracking and twin- 
ning (domain switching) have been identified as the 
dominant toughening mechanisms in PZT ceramics 
near the MPB [4, 5, 10, 11]. The relative contributions 
of each process to the toughness should vary as the 
composition or as the microstructure changes. How- 
ever, the contributions to the crack-tip stress relaxa- 
tion are additive, and thus 

K~t(P) = KM(P) + KD(P) (7) 

where KM represents the toughness due to micro- 
cracking and K D is the toughness due to domain 
switching. Combining Equations 6 and 7 gives 

Kc(P) = Ko + KM(P) + KD(P). (8) 

In order to interpret the R-curves shown in Fig. 7, it is 
necessary to separate each term in Equation 8 for a 
given composition. Our approach was to measure the 
fracture toughnesses of each of the samples which 
were electrically polarized in the direction perpendic- 
ular to the crack plane. By first electrically orienting 
the 90~ in the direction of the tensile axis in 
front of the crack tip it was possible to eliminate a 
potential contribution to the domain switching [5, 
23]. Fig. 8 compares the toughness values determined 
by the indentation technique for the poled and un- 
poled samples as a function of the compositions. The 
toughness decreased monotonically as the composi- 
tion approached the MPB from the T-phase field. It 
reached a minimum at the MPB, and it remained 
almost constant as the fraction of the R-phase in- 
creased. The difference between the two phases repre- 
sents the asymptotic value of toughness due to domain 
switching, K D. It is interesting to note that KD(P ) is 
essentially independent of the compositional change 
near the MPB. Now, assume that the contribution 
from the microcracking, KM, in the R-phase field is 
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Figure 8 The asymptotic values of the fracture toughness which 
consists of three different terms; the intrinsic cleavage K o, the 
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negligible due to the fact that the residual stresses 
produced by a rhombohedral distortion are much 
smaller than those produced by a tetragonal distor- 
tion (see Fig. 5). Then the constant values of the 
toughness determined by an indentation test using the 
samples poled perpendicular to the crack planes can 



be adopted as K 0, the intrinsic cleavage fracture 
toughness, which is also independent of the composi- 
tional change near the MPB. Hence, it becomes clear 
that the major component of the fracture toughness 
which is dependent on the compositional changes near 
the MPB is the contribution due to microcracking, 
KM(P ). As shown in Fig. 8, Ku(P)  can be determined 
by substracting K o and KD from Kc. The increase in 
the fracture toughness as the compositions move from 
the MPB towards the T-phase field is due to the fact 
that K M depends strongly on the compositions of the 
PZT ceramics. 

Hutchinson [24] analysed the microcracking beha- 
viour in brittle materials and showed that 
K M ~ EOh ~/2, where E is the modulus, 0 is the misfit 
strain caused by microcracks and h is the micro- 
cracking zone size under a steady-state-crack-growth 
condition. Supposing that h scales with c*, then 

KM = B ( p x ( c / a -  1)(c*) 1/2 (9) 

where B is a proportionality constant, and gh- is the 
fraction of the T-phase which is present. Using the 
data in Fig. 4, and Fig. 5, and Table II, K M was plotted 
in Fig. 9 for the compositions within the T-phase field. 
More data are needed to test the validity of Equation 
9 properly. However, thelinearity between K M and 
q~T(c/a - 1)(c*) 1/2 is quite good. From the slope of the 
line shown in Fig. 9, the estimated value of B is 
2.86 GPa. 

The implication of our analysis on the R-curve 
characteristics of PZT ceramics near the MPB is 
summarized schematically in Fig. 10. The R-curve of 
Ko rises faster than that of KM in the small-crack 
region. This implies that, in the limit of small cracks 
where the crack extension behaviour of natural flaws 
can be assimilated, the twinning at the crack front is 
the dominant mechanism in the resistance to crack 
extension; whereas, the microcracking will play an 
increasingly important role as the crack grows. How- 
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Figure 9 The microcracking contribution to the toughness plotted 
as a function of the parameter defined in Equation 9. B is estimated 
from the slope of the dashed line. 
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Figure 10 Schematic R-curves obserVed in PZT ceramics near the 
MPB. 

ever, the microcracking contribution to the fracture 
toughness is significant only in the T-phase field. 

The effects of the microstructural characteristics on 
the fracture toughness of PZT ceramics can be re- 
assessed on the basis of our analysis. For instance, the 
change in the grain size would affect each term in 
Equation 8 differently. Firstly, K o should not be 
influenced by the grain size as long as the change in 
the grain size does not induce the change in the mode 
of fracture from intergranular to transgranular, or vice 
versa. Secondly, KD would be insensitive to the grain 
size as long as the grain size is greater than the domain 
size. The dilatational strain caused by 90 ~ domain 
switching is proportional to the size of twins, which is 
believed to be essentially constant above a critical 
grain size; for instance, this is about 10 pm in the case 
of BaTiO 3 [25]. No attempt has been made to quan- 
tify the critical grain size in PZT ceramics. Recent 
TEM studies [26] of undoped PZT with MPB com- 
positions showed that the average width of the 90 ~ 
domains was of the order of 0.1 gm. It is thus expected 
that the average twin size is invariant as long as the 
grain size is in the order of a few micrometers. How- 
ever, in fine-grained PZT ceramics, the domain struc- 
ture would be affected by the grain size, and K D would 
be influenced by the variation in the grain size. Finally, 
K~ will certainly be the term that should be affected 
by the change in the grain size. The increase in K c with 
increasing grain size has been observed in BaTiO3 
[10]. According to Equation 9, it is consistent with 
our model. The size and population of the mirocracks 
should influence c*, the critical crack size, which is 
related to the microcracking zone size. 

The results shown in Fig. 8 are inconsistent with the 
results of Freiman et al. [4, 10] that are shown in 
Fig. 1, particularly in the R-phase field. Freiman et al. 
reported that the toughness increased from the min- 
imum at the MPB as the composition shifted toward 
R-phase field. A stress-induced phase transformation 
from the R-phase to the T-phase was suggested as a 
possible cause of this increase. We could not observe 
such an increase in the R-phase field. This discrepancy 
might originate from the difference in the nominal 
compositions employed in the experiment, and further 
study is necessary for clarification. A quantitative 
XRD study on fracture planes of the specimens rich in 
R-phases may help resolve the issue. 
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6. Conclusions 
Indentation-fracture testing for 6 mol % SrO-doped 
PZT ceramics, Pb0.9~Sro.o6(ZrxTil_~)O3, and 25 
m o l %  PMN-doped PZT ceramics, Pb(Mgl/3 

Nb2/a)o.zs(ZrxTil_x)o.vsO 3, was used to investigate 
the R-curve behaviours as a function of x near the 
MTB. The most important findings from this invest- 
igation are as follows. 

1. The MPBs in which both rhombohedral and 
tetragonal phases coexist were in the range, 
x = 0.51-0.57 for S r - P Z T  and x = 0.40 0.50 for 
P M N - P Z T ,  and the exact MPBs where they exist in 
equal fractions were at x = 0.554 for S r -PZT  and at x 
= 0.46 for P M N - P Z T .  

2. Strong R-curve behaviours were observed with 
different critical indentation loads (or crack lengths) 
depending on the composition, x; this suggests that 
the toughening mechanism varies with the composi- 
tions near the MPB. 

3. The analysis of the R-curves supplemented with 
the indentation toughness results of electrically poled 
specimens showed that 90 ~ domain switching (twin- 
ning) was primarily responsible for the R-curve beha- 
viour in the compositional region rich in the R-phase, 
but it was insensitive to the compositional variation 
within the region. 

4. On the other hand, both microcracking and 
twinning caused R-curve behaviours in the region rich 
in T-phases. In particular, the toughness due to micro- 
cracking was strongly dependent on the compos- 
itional variation near the MPB. 

5. The asymptotic values of the toughness for larger 
indentation loads (or crack lengths) were a minimum 
at the MPB, as previously reported. However, in 
contrast to the results in 4, these values remained 
constant at the minimum as the composition moved 
away from the MPB toward the R-phase field. 
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