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Influence of Electric Poling on Fracture Toughness of
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Nearly fully dense PZT samples both with tetragonal and with morphotropic phase boundary compositions were
prepared by the conventional powder processing and sintering. A micro-indentation technique was used to evaluate
the dependence of fracture toughness on remanent polarization, crack length and the direction of crack pro-
pagation. The result shows that the toughness increases with the remanent polarization along the poling direction
and decreases in the transverse direction. The dependence of toughness on the remanent polarization is neither
symmetric nor linear but rather shown to he saturated quickly with the increase in remanent polariziion. R-curve
behaviors are observed in both poled and unpoled samples. Sequential SEM and XRD studies on annealed, poled,
ground, fractured and etched samples show that domain switching iz evident as a viable toughening mechanism
but might depend upen the rate of crack propagation. Gram bridging 1s also observed as one of the active toughen-

ing mechanisms.
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1. Introduction

s the applications of ferroelectric ceramics have in-
A creased substantially in recent years, frequent
mechnieal failure of the materials has led to increasing
concerns over the fracture mechanism of the ferroelectric
ceramic components. Understanding the mechanical pro-
pertieg of ferroelectric ceramics is often difficult because
their fracture process depends not only on the usual mi-
crostructure features such as grain size, porosity, flaw
distribution, elastic anisotropy, erystallographic phases,
but also on electric effects associated with domain struc-
tures and process under an applied stress. Particularly,
domain switching is of the most important significance
in understanding the unique feature of the fracture pro-
cess of ferroelectric ceramics such as PZT.

Compared with the studies on deformation from the
movement of twin houndaries, which may be traced back
to early 50's,” the experiments on the influence of twin-
ning (domain switching) on the fracture behavior were
much less conducted.” One of the important earlier ob-
servations regarding the fracture behavior of ferroelectric
materials was made in 1976 by Pohanka et al®
who found that the strength of polyerystalline barium ti-
tanate could be significantly different when measured in
a paraelectric state above its Curie point and in fer-
roelectric state at room temperature. They proposed that
the domain switching was responsible for the increased
fracture toughness in ferroelectric state below its Curie
point. The fracture of these ferroelectric materials as a
function of composition and grain size has been ex-
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amined later by them.” McHenry and Koepke” examined
the effeet of applied DC and AC fields of different fre-
quencies on the slow crack growth of PZT ceramics and
noted that the propensity of crack growth was enhanced
by the applied field. The anisotropy of fracture behavior
of the poled PZT samples was originally found by Oka-
zaki® in an indentation experiment and was analyzed
further by Pisarenko et al.” Further experiments on frac-
ture mechanism by domain switching were made by Meh-
ta and Virkar® They indicated that only the domains
oriented parallel to the direction of crack propagation
were available for switching their c-axis to the direction
perpendicular to the crack surface and contributed to the
increase in toughness. Domain switching has been at-
tributed as one of viable toughening mechanisms for an
R-curve behavior ohserved in PZT cearmics by Baik et al.”
The nonlinear deformation behavior of both hard apd
soft PZT has recently been reported by Cao and Evans.™
They indicated that the 90° domain switching respon-
sible for the nonlinear deformation could accur at as low
as 20~30 MPa in compression.

Although the domain switching has heen accepted as a
viable toughning mechnism in ferroelectric state, there
still remains many uncertainties regarding its ef-
fectiveness under various microstructural and poling con-
ditions in PZT since the domain switching is basically
different from the dilatant transformational toughening
mechanism. No volume change in the unit cell is as-
sociated with domain switching. In addition, the 90°
domains can be switched either mechanically or electr-
ically. The PZT components are used frequently after pol-
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ing. Its effect on mechanical behavior is still poarly un-
derstood. Moreover, microcracking has been also sug-
gested as another viable foughening process for fer-
roelectric-ferroelastic PZT materials by several authors,**”
However, its contribution to an overall toughness under
various poling conditions is still to be explained. In this
study, the electric poling is used to switch initially vari-
ous amounts of ferroelectric domains. Then, the mi-
croindentation technique is employed to investigate the
dependence of fracture toughness on remanent plar-
ization, polarization direction and crack length. In the
following paper,'” an analytical model will he presented
to account for the complex dependence of fracture tough-
ness on the remanent polarization that could be varied
by electric poling.

II. Experimental and Results

1. Sample preparation and characterization

Because the mechanical and ferroelectric properties
are known to be closely related with the porosity of the
samples,” fully dense PZT samples were prepared by a-
dopting the cyclic oxygen sintering.'? Two different PZT
compositions were chosen: Ph(ZrTis) eslNbg e (#4852),
and Pb{Zir,Tiu)heeNbgO:(#5248). The purities of all
starting powders, Ph0O, ZrQ,, TiO, and Nb,O; exceeded
99.5%. 200-g batches were weighed, mixed and milled in
ethyl alcohol for 24 hours with Zr(, balls as grinding
media. Then the mixture was dried and calcined at
860°C for 4 h. The calcined powders were crushed and
wet milled again. After sieving and drying, the powders
were presssed isostatically at 200 MPa. Sintering was
performed in an oxygen atmosphere following the tem-
perature-time profile shown in Fig. 1. Sintered samples
of the size 30:x40x 8 mm® were ithen cut into various
test specimens. Some Sr-doped Pb(Zr,Ti;)0; samples
described previously” were also employed for the ex-
periment.
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Fig. 1. Temperature-time profile used for sintering PZT
samples.
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Fig. 2 shows XRD results confirming that #4852 is
tetragonal while #5248 is in MPB region. Fig. 3 shows
the microstructure #4852, which confirmed that the sam-
ple was almogt fully dense with negligible porosites.

2. Electric poling and remanent polarization

The sintered samples were cut into a size of 8x8x 30
mm®, ground, and polished gradually to 1 pm diamond
paste on three surfaces. The polished samples were an-
nealed at 600°C for 12 hr to eliminate the surface resi-
dual stress. T'wo opposite surfaces were pasted with silv-
er electrodes and fired. The electroded samples were plac-
ed in a silicon oil hath at 115~120°C and poled for 10
minutes under electric fields of 0, 5, 10, 15, 20, and 25
KViem. The remanent polarization of the poled samples
was estimated by obtaining P-E hysteresis curves
measured by the standard Sawyer and Tower circuit
technique"™ using thin samples cut in a size of 5x 7x%0.3
mm?®,

The relation between the remanent polarization and
the poling field strength is shown in Fig. 4. Higher re-
manent polarization was observed in #5248, the MPB

=
=
'}
g
4(
Farg (200)R
5 ] #5248
c
4
E Taans™]
a (002)T
o
= J[ \lbf oo #4852
an J
[ Yy ! ) ; | A«
20.00 3000 4000 50,00 60.00 70.00
Two theta

Fig. 2. KRD patierns of the samples showing tetragonal
and MPB phases for #4852 and #5248, respectively.

Fig. 3. Microstructure of #4852 sintered in cyclic oxygen at-
mosphere.
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composition. Although, the polarization did not saturate
up to 30 KV/em in the thin samples, the electric poling
for the samples for mechanical testing was limited helow
25 KV/em because higher poling voltage could induce ex-
tensive microcrack formation and even breakdown in the
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Fig. 4. Remanent polarization as a function of electric pol-
ing field strength.
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Fig. 5. An example of well developed indentation crack and
the geometry used for toughness measurement.
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thick specimens.

3. Measurement of fraciure toughness by in-
dentation method

Direct crack length measurement in the standard
Vicker's indentation test provides a simple quantitative
estimation of fracture toughness as well ag a qualitative
R-curve estimation in a controlled crack propagation direc-
tion.™® A series of indentation leads (0.3, 0.5, 1.0, 3.0, 5.0,
10.0, 15.625 N) were applied to make different crack
lengths on each samples poled differently. A standard
loading condition was employed and extra 10 seconds
were given hefore unloading. Among five to ten in-
dentation points for each load level, only the in-
dentation points with the well developed ecrack pattern,
as shown in Fig. 5, were used to caleulate the toughness
parallel and perpendicular to the poling direction. The
crack length was measured immediately after unloading
under an optical microscope with a fixed amplification (x
500). The fracture toughness, I was calculated using
the equation

K. =0.0726PC-# (1}

where P ig the indentation load and C is the crack size
defined in Fig. 5. Fig. 6 shows the plot of fracture tough-
ness of unpoled samples as a function of crack size. The
result shows that the unpoled PZT exhibits a rising
crack growth resistance (R-curve} behavior and the
toughness in MPB (#5248) is obviously lower than that
in tetragonal phase (#4852), which is in agreement with
the most of the previous chservations.*”

Fig. 7 shows the chanpe in fracture toughnesses of pol-
ed #4852 as a function of the crack size for different pol-
ing field strengths, (a) in the parallel and (b} in the pre-
pendicular to the poling direction. Rising R-curves are
found in both direactions of the poled samples even
though the data seatter appreciably due to the nature of
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Fig. 8. Fracture toughness of unpoled samples as a function
of crack size.
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Fig. 7. Fracture toughness of #4852 as a function of crack size for various poling field strength applied, (a) parallel, and (b) per-

pendicular to the erack propagation direction.
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Fig. 8. Fracture toughness of #5248 poled at 2 KV/mm as a
function of crack size.

indentation measurement. Along the poling direction,
the R-curves become steeper and fast rising with higher
maximwn toughness values as the field strength in-
creages. Whereas, in the transverse direction, the tough-
ness decreases with increasing poling field strength and
R-curves become shallower. The R-curve shown in the
transverse direction at high field strength can be ori-
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Fig. 9. SEM photograph of crack tip showing discontinuous
crack extension after forming mierocrack in front of crack
tip.

ginated from aother toughening mechanisms such as
grain-bridging. Fig. 8 shows the R-curve behaviors of
#5248 unpoled and poled at 2.0 KV/mm in parallel and
perpendicular to the crack propagation direction.

After converting the poling voltage to remanent po-
larization using the relationship shown in Fig. 4, the
maximum increase or decrease in fracture toughness
(corresponding to an infinite crack size, Aa— oo}, which
was estimated under the maximum indentation load for
well developed cracks, is obtained as a function of re-
manent polarization as shown in Fig. 9. Two major
characteristics are found: one is that the toughness was
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Fig. 10. SEM photograph of crack tip showing diseon-
tinuous crack extension after forming microcrack in front of
crack tip.

FIg. 11. An evidence of grain hridging site in unpoled #4852

(har=2 pum).

eagily saturated with the remanent polarization; the oth-
er that the increase in toughness along the poling field
was larger than the decrease in the trangverse directior.
The non-symmetry of the change in toughness in the two
directions can be also found elsewhere ®

4. SEM observation of cruck propagation
Fig. 10 demonstrates that the intergranular crack pro-
pagates discontinuously by forming a microcrack ahead
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Fig. 12. Microstructural evidenees of grain bridging sites in
poled #4852. The direction of crack propagation is, a) paral-
lel, and b) perpendicular to the poling field.

of the main crack tip. The discontinuous nature of crack
extension was aiso ohserved in the tiansgranular mode
of fracture with a Sr-doped PZT of which the grain size
was about 5~6 um,

The evidence or grain bridging was observed unex-
pectedly in both unpoled and poled samples. Fig. 11 is
the SEM rphotograph taken with an unpoled sample.
Some grains along the crack path remained unbroken
even after the crack tip extended several grains ahead
(about 5~10 fm). Grain bridging was also observed in
poled samples both for the cracks propagating parallel
and perpendicular to the poling field as shown in Fig. 12.
The evidence of grain bridging in Fig. 12(b) explains the
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R-curve in the transverse direction at high field strength
shown in Fig. 7(b).

IIl. Discussion

Unidirectional compression test'™ has already in-
dicated that domain switching can eccur under a stress
as low as 20 MPa for soft PZT. During the indentation
test, a high tensile stress field was developed in the vi-
cinity of erack tip. It has heen shown in our caleulation
that the mean stress above the yielding stress of 20 MPa
for unpoled samples could include a frontal zone size of a-
bout 182 ym in radius where the 80" domain switching
would inevitably happen.'” These switched 90° domains
produced an inelastic strain in the frontal zone. As the
crack grew, the strains would leave behind the growing
crack tip exerting an additional crack closing force on
the cracked surface, and the B-curve behavior inevitably
appeared.

The XRD pattern taken from the indentation fracture
surface shows that I(002)/I(200) was greater than that
from the pristine surface. This indicates that mmore
domains aligned with their c-axis perpendicular to the
fractured surface during crack extension. From this
mechanism, the poling induced fracture anisotropy can
be partly explained. In the poled samples, the domains a-
vailable for switching increase with the remanent po-
larization along the poling direction and decrease in the
transverse direction. During fracture, the increased
domains can switch back with their ¢ axis perpendicular
to the fracture surface contributing to the increased
toughness. As a result of the domain switching by poling
and fracture, the toughness increases in the poling direc-
tion and decreases in the transverse direction as the re-
manent polariztaion increases.

The mechnism of domain switching at the advancing
crack tip explains some part of the experiment, but fails
to explain the easy saturation of the fracture toughness
with remanent polarization in both directions. This pec-
uliar result may be explained from the change in the
vielding stress for domain switching by the pelarization
field around crack tip. As the remanent polarization in-
creases, on one hand, the inelagtic strain from the 90°
domain switching increases or decreases with the po-
larization by adjusting the amount of 90° domaing paral-
lel to the crack surface in the two directions. On the oth-
er hand, the remanent polarization exerts an opposite ef-
fect on the yielding stress for the domain switching in
the frontal zone. For example, along the poling direction
there are more domains available for switching with the
increase in remanent polarization, but any switch of the
dipoles in this direction will undergo an increased resis-
tance, ie, the increased vielding stress, due to the in-
crease in electric potentials exerted by the surrounding
polarization field. Thus the frontal zone size of domain
switching characterized by wake height will become
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smaller. The density of the switchable 90° domains and
the size of the process zone would compensate each other
above a certain remanent polarization. This seems to be
the reasan for the ohserved toughness saturation above a
certain remanent polarization as shown in Fig. 9. In the
transverse direction, the situation is just reversed. As
the remanent polarization increases, the switchable
domains are decreased, but the switch is made easier
with the increase in remanent polarization because any
switch of the dipoles inside these domains will decrease
their electric potentials, Thus, the yielding stress is de-
creased by the remanent polarization and the frontal
zone size becomes larger, making the total switchahle
domains tend to be in a stable amount. Therefore, the
fracture toughness in the transverse direction will not de-
crease monotonically with the remanent polarization but
rather saturate above a certain remanent polarization.

In this mechanism, the role of the polarization field
must be considered. As it has been well recognized that
the electric field is much more efficient in switching the
domains than the mechanjeal stress,” the role of the po-
larization field surrounding the frontal zone of domain
switching cannot be neglected in discussing the influence
of electric poling on the fracture toughness of fer-
roelectricferroelastic materials such as PZT ceramics.
Consideration of only the mechanical stress and gtrain
around the crack tip would be inadequate to explain the
observed nonlinear dependence between the change in
fracture toughness and remanent polarization.

IV. Conclusions

1) The ferroelectric-ferroelastic PAT ceramic meterials
exhibited a rising crack growth resistance (R-Curve)
behavior both in the poled and unpoled, as well as in the
tetragonal and MPB phases.

2) The increase and decrease in toughness in parallel
and perpendicular to the poling field, respectively, were
not linearly dependent on the remanent polalization.
They varied abruptly and saturated quickly at relatively
low remanent polarization. The behavior could not besex-
plained properly by simple domain switching mechanism
in the frontal zone of advancing crack. The effect of po-
larization field created by electric poling on yield stress
for domain switching has to be taken into consideration
to explain the nonlinear dependence.

3) Grain bridging is also found to be one of the active
mode of toughening mechanizms both in poled and un-
poled state.
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