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Abstract

Ferroelastic domain switching in the vicinity of cracks in Soft-PZT was examined by X-ray microdiffraction. Preliminary

experiments under electrical and mechanical load proved the ability of the method to quantitatively characterize domain switching
in the process zone of cracks with sufficient local resolution. Using an in situ bending device the observation of domain switching
under load was possible. The width of the process zone at a growing crack, measured by microdiffraction can be correlated with the

increase of the crack resistance curve measured in fracture mechanical tests. The separation of mechanical and ferroelastic con-
tributions to the R-curves was performed by determining R-curves before and after unloading the samples. Residual stresses caused
by domain switching could not be detected. # 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The lifetime of ferroelastic based piezo-ceramic actors
is determined by crack propagation. Crack growth in
ferroelastic/ferroelectric materials is influenced by
domain switching, which is not considered by the com-
mon fracture mechanics. Similar to the stress induced
transformation toughening in zirconia, domain switch-
ing reduces the local stresses at the crack tip, i.e. it cau-
ses partial shielding of the crack tip. Domain switching,
like any other change in texture, and possibly associated
residual stresses can be detected in crystalline materials
by X-ray diffraction (XRD). Numerous papers deal
with ferroelectric domain switching under electric
fields1�5 or ferroelastic switching under mechanical
load.6 The aim of the present investigation is the quan-
titative characterization of the process zone size and the
amount of domain switching in a commercial tetragonal
Soft-PZT (PIC 151, PI Ceramics, Germany) using micro-
XRD techniques and fracture mechanical methods.

2. Experimental set-up

The microdiffraction system shown in Fig. 1 is equip-
ped with a rotating anode as a radiation source with a
maximum power of 18 kW, depending on the target
material and the focus size. Pinhole collimators with a
diameter of 0.05–0.8 mm and a 0.1 mm glass capillary
for higher primary intensities and reduced exposure
times determine the size of the primary beam. The sam-
ple on the xyz-stage can be observed and adjusted by a
video microscope and a focussed laser. The diffracted
intensity is counted by a two-dimensional position sen-
sitive area detector with an active entrance window of
115 mm diameter.
Since tetragonal PZT is polarized along the crystal-
lographic c-axis, only 90 and 180� switching can occur.
Reflections of (002) and (200) lattice plains are suitable
for the characterization of tetragonal 90� domain
switching. Fig. 2 shows a switching process from a unit
cell with the c-axis perpendicular to the sample surface
into a orientation parallel to the surface plain. The dif-
fraction pattern shows a loss of intensity of the (002)-
reflection whereas the (200)-intensity increases.
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The quantity �� which characterizes the amount of
90� domain switching is the change in the intensity ratio
I(002)/I(200):
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Residual stresses of 1st order are investigated using
the sin2(c)-method. The determination of stresses is
based on the measurement of strain components "’, as
a function of the measurement directions ’, and the
use of the X-ray elastic constants 1=2 s2 and s1:

"�; ¼ d�; � d0
� �

=d0 ¼
1
2 s2��sin

2 þ s1 �11 þ �22ð Þ

with d0=unstressed lattice spacing, df,c=measured lat-
tice spacing, "�, =strain,  =tilt angle between normal
on the lattice plane and normal on the sample surface,
�=direction of analyzed stress component ��, and
1=2 s2=(1+	)/E, s1=�	/E (E=Young’s modulus,
	=Poisson ratio).

The macroscopic elastic constants E and 	 do not
consider the anisotropy of the crystals and the coupling
conditions between the crystallites. For reliable stress
measurement s1 and 1=2 s2 respectively E

XRD and 	XRD

can be determined experimentally or calculated on the
basis of the single crystal constants of elasticity.
The local resolution is mainly limited by the absorp-
tion and the grain size of the material. The irradiated
volume is defined by the spot size of the X-ray beam and
its penetration depth, while the number of crystallites or
domains is determined by the irradiated volume and the
grain size. Small spot sizes cause a dissolution of an
homogeneous diffraction cone into single reflections. The
remaining information can not be assumed as statistically
relevant any more. The local resolution can be improved
by rotations of the sample during the exposure. A rota-
tion of 180� with respect to the �-axis (which is perpen-
dicular to the sample surface) in combination with an
integration along the diffraction cone registered by the
area detector optimizes the grain statistics. For the
(002)/(200) reflections an aperture diameter of 0.1 mm
was the limit for the investigated Soft-PZT PIC 151 with
a grain size of 6 mm. Smaller grain sizes would permit a
higher local resolution, but the rise of R-curves and the
process zone size would decrease with the grain size.7

A special four point bending device was developed
(see Fig. 3) which allows free access of the X-ray beam
on the sample surface during a full 180�-rotation and
for a diffraction angle 2
 of 45�. Sample dimensions
were 25�4�3 mm with respect to the limited space
inside the microdiffraction system.
Stress intensity factors KI were calculated as follows
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and F=force, S1, S2=distance of the rollers, B=sample
width,W=sample height, a=crack length and �=a/W.
The crack tip position was determined with an optical
microscope. The accuracy of the determined crack tip

Fig. 1. Microdiffraction system (Bruker-axs), (1) rotating anode, (2)

collimator, (3) goniometer, (4) xyz-stage, (5) area detector, (6) video

camera, (7) laser.

Fig. 2. Switching process and effect on diffraction pattern.
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position was 5 mm, the accuracy of the load cell 1.5%.
The R-curves had a statistical error of 2.5%.

3. Results

3.1. Domain switching due to an electric field

The crystallites of the investigated Material PIC 151
have a tetragonal unit cell with the following para-
meters:

c=4.1048
0.0014 Å, a1=a2=4.0427
0.0017 Å,
�=
=�=90� and c/a=1.0154
0.0005

Similar to the common ‘‘butterfly curves’’ which show
the strain caused by domain switching processes as a
function of the applied electric field, the intensity ratio
I(002)/I(200) as a function of the electric field E also
should have a ‘‘butterfly-shape’’. Fig. 4 shows the XRD-
butterfly curve determined at the flat electrode surface
of a cylindrical sample (10 mm diameter, 1 mm thick-
ness). The changes in the intensity ratio are distinct, the
coercitive field Ec is about 7 kV/cm, taken from the
minima of the 1st and 50th cycle.
The results of the measurements on the free surface
adjacent to the electrode surfaces of a poled sample are
illustrated in Fig. 5. Here, due to the observation direc-
tion transverse to the applied electric field and the pol-
ing direction, the inverse intensity ratio I(200)/I(002)
has to be plotted to obtain a butterfly curve. An electric
field reverse to the poling direction was applied and
slowly increased (Fig. 5: , ), followed by long hold-
ing times and decreasing electric field ( , ).
Compared to the measurement on the electrode sur-
face (Fig. 4), the butterfly-shape in Fig. 5 is less distinct.
The intensity ratio shows smaller changes, i.e. less
domain switching processes occur. The coercitive field,
taken from the local minima, is apparently higher
(Ec=10 kV/cm) and a strong creep can be observed
during the holding times on both ‘‘wing tips’’ of this
butterfly-curve. Obviously domains at the sample sur-
face adjacent to the electrodes follow slowly the switch-
ing processes occurring mainly inside the sample and
are less affected by the electric field itself. Thus, the fol-
lowing investigations were performed at the electrode-
surfaces.

3.2. Domain switching and plastic strain: mechanical
loading

The measurement of domain switching under
mechanical load (Figs. 6–8) was determined using a
four-point bending device, which allows to investigate
the tensile surface by XRD-experiments under load. The
load was increased stepwise using a high loading speed,

the intensity ratio was measured 15 min after the desired
load was adjusted.
The ferroelastic domain switching due to mechanical
stress also resulted in distinct changes in the intensity
ratio above a critical stress level of 15 MPa for domain
switching (see Figs. 6 and 7). Increasing the mechanical
loading up to 40 MPa reduced the intensity ratio I(200)/
I(002) to about 66% of the initial value. Surprisingly,
the percentage of domain switching was similar for an
unpoled sample and a sample poled perpendicular to
the tensile loading stress, although the poling direction
of the poled sample should increase the potential of
domain switching processes.
The ‘‘plastic’’ strains (due to domain switching
occurring during the loading experiment) and the chan-
ges in the intensity ratio show a linear dependence (see
Fig. 8). The experiment was carried out as above with
the four-point bending device and strain measurements
(through a strain gauge) at the tensile surface. The
plastic strain can be estimated as

"plast ¼ "obs � �=E

using E=60 GPa.
The slope m of the regression line found in Fig. 8 is 1/

m=(�3.3
0.2) 10�3.
Thus, the local plastic strains can be estimated by

"plast ¼ 1=m ��:

Fig. 3. Bending device, (1) pre-load screw, (2) piezo stack, (3) load

cell, (4) lower and (5) upper bearing with magnets, (6) bending bar, (7)

leaf spring.
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3.3. Crack growth resistance

The samples were ground, polished and notched, the
notch being finally sharpened using the razor blade
method. Although the resulting notch radius was only
about 0.015 mm, nearly the complete R-curve had been
anticipated by the process zone of the notch (see the
initial stress intensity factors in Fig. 9). Therefore the
samples had to be additionally precracked and tempered
for 24 h at 310 �C (which is 50 �C above TCurie).
Fig. 10 shows the R-curves of five unpoled samples,
the initial value is 0.49 MPa m1/2, the R-curve reaches a
plateau value of 0.88 MPa m1/2 after a crack propaga-
tion of 400 mm.

Some samples were poled at electric fields of 30 kV/
cm. The poling direction is perpendicular to the tensile
stress to increase the potential of domain switching
processes. Surprisingly, the poling had no strengthening
effect on the R-curves, see Fig. 11.
After recording the R-curves some samples were
completely unloaded and relaxed for 24 h. The samples
were loaded again and new R-curves recorded (Fig. 12).
The new initial values (0.53 MPa m1/2) are only slightly
higher than the first values. The rise distance is 200 mm
and shorter than the first rise.
The time-consuming microdiffraction experiments
under load (see below) were carried out at 50% of KIR
to avoid subcritical crack growth. Thus, additional

Fig. 5. Butterfly curve taken from the surface adjacent to the electrodes with holding times and time dependent change in the electric field.

Fig. 4. Butterfly curve determined at the electrode surface, virgin curve (^),1st cycle (&) and 50th cycle (~).
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continued R-curves after 15 h (the typical time needed
for the XRD-measurements) at 50% of KIR were recor-
ded. Fig. 13 shows, that the new KIR start values are
about 72% of the plateau values and indicates, that the
domains partially switch back during the XRD-analysis
period.

3.4. Micro-XRD characterization of the process zone

The measurement of the domain switching in the
vicinity of the cracks were conducted with poled and
unpoled samples. As the poling did not significantly
influence the process zone, only the results of the unpoled

samples will be shown here. Measurements were carried
out using CuKa radiation (45 kV/100 mA) and a 0.1 mm
glass capillary under 180� �-rotation in This results in
circle shaped spots with a diameter 0.28 mm. The spots
covered a area of 1.5�2.0 mm and had a distance of
0.1 mm to each other, so 336 overlapping spots covered
the measurement area. The measurement time was 15 h.
The samples were measured at three states:

1. precracked,
2. with crack partially unloaded to 50% of KIc to
avoid subcritical crack growth,

3. unloaded.

Fig. 6. Intensity ratio as a function of tensile stresses (unpoled sample).

Fig. 7. Intensity ratio as a function of tensile stresses (poled sample).
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The domain switching �� due to the separate pro-
cesses, crack propagation, partially and complete
unloading are then derived from two differences
between the appropriate states. Negative ��-values
indicate a 90� switching of domains with the c-axis per-
pendicular to the surface into an orientation with the c-
axis parallel to the surface.
Fig. 14 shows the domain switching caused by crack
propagation plus the unloading to 50% of KIc (average
of five unpoled samples). The corresponding R-curves
of these samples are presented above. The most intense
switching processes can be observed 200 mm behind the
crack tip. Immediately behind the crack tip already a
reorientation of domains due to the beginning contact
of the partially unloaded contact occurred. This effect is
more pronounced in Fig. 15.

In Fig. 16 the reorientation process caused by the
complete unloading is illustrated. The strongest domain
switching can be observed at the ligament at half the
crack length. Domains with in-plane c-axis switch back
into an orientation with the c-axis perpendicular to the
surface.
Distinct remanent domain switching is presented in
Fig. 16. The strongest switching processes concentrate
to the middle section of the crack path. For the poled
samples no stronger domain switching could be
observed.
The process zone height h (transverse to the ligament)
was calculated from the data presented in Fig. 14,
observed 200 mm behind the crack tip (y=0.7 mm),
where the most intense switching processes could be
detected. The measured distribution of �� actually is a

Fig. 8. Change in intensity ratio �� as a function of plastic strain (unpoled sample).

Fig. 9. Initial stress intensity factor of a notched specimen and R-curve after additionally pre-cracking and annealing of the sample.
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convolution of spot size, the distribution of the X-ray
intensity in the primary beam (a Gaussian distribution
was assumed) and the true distribution of the domain
switching ���. Fig. 17 shows, that the difference
between measured distribution �� and deconvoluted
distribution of ��� is negligible. The ‘‘true’’ process zone
height h in Fig. 17 can be calculated to 0.29
0.05 mm
and refers to the observed R-curve rise (Fig. 10), the
crack tip speed (10�6–10�7 m/s) and the sample dimen-
sions.
Residual stresses were measured with a pinhole colli-
mator of 0.3 mm. The measurement of each stress
component took 2 h. Table 1 contains the residual stress
of sample U-Da-2 in x-direction parallel to the tensile

stress and the preferred switching direction. No sig-
nificant residual stresses could be detected.
Five more samples were analyzed in the area of the
crack tip. As above, no residual stresses could be found.

4. Discussion and conclusions

The present studies are able to correlate domain
switching processes and R-curve behavior. Experiments
with a complete or partial unloading during evaluation
of the R-curves show a loss in crack growth resistance.
This can be explained by the partial degradation of the
shielding effects to reverse domain switching processes.

Fig. 10. R-curves of five unpoled samples.

Fig. 11. R-curve of four poled samples and an unpoled sample (fat line).
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The rise of the R-curves is mainly based on ferroelastic
domain switching processes. This can be concluded
from Fig. 12, as other contributions to the crack growth
resistance like micro-cracking, bridging or crack tip
deflection are not reversible. The absence of strength-
ening effects by poling was not expected and is in con-
tradiction to other studies. The observed �i-values
indicate that the domain switching processes are not
even saturated for unpoled samples. Thus, an additional
poling may not significantly increase the reservoir of
domain switching processes and therefore also does not
have a contribution to the R-curve behavior.

According to Evans9 the rise of the crack growth
resistance due to transformation toughening in ZrO2-
ceramics can be described as

�G ¼ Vf

ðh
�h

�UC
I dx ¼ 2Vf e

T�ch:

where �UI
C is called the interaction energy, h the pro-

cess zone height, Vf the transformed volume portion, e
T

the transformation volume change and �C the critical
transformation stress. The plastic strain by transforma-
tion toughening is described by (Vf e

T). An analogous

Fig. 12. Continued R-curves after complete unloading.

Fig. 13. Original and continued R-curve after 15 h hold time with 50% load.
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estimate for ferroelastic domain switching can be
derived as followed:

�G ¼ 2"pl�ch;

where "pl is the plastic strain caused by domain switching.
The relationship

GI ¼ K2I 1� 	
2

� �
=E

leads to

�KI ¼ KIi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

E�G

ð1� 	2ÞK2Ii

s
� 1

" #
;

KIi ¼ initial value of the R-curveð Þ:

The plastic strain can be estimated from the correlation
between the domain switching and plastic strain (see
above) based on the strongest domain switching occurring

Fig. 14. Domain switching at the surface of unpoled samples caused by crack propagation plus partially unloading to 50% KIc (average of five

unpoled samples, crack path shown as an arrow).

Fig. 15. Reorientation of domains at the surface of unpoled samples caused by unloading from 50% KIc to zero load (average of five samples, crack

path shown as an arrow).
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0.2 mm behind the crack tip. Here the plastic strain is
about 6.5�10�4. The critical stress for domain switching
could be obtained from the experiments under load to be
15–20MPa. The process zone height h is 0.29mm,Young’s
modulus E=60000MPa and Poisson’s ratio 	=0.3. Using
these values a rise of the R-curve can be calculated to be
�KI,calc=0.35
0.09MPam

1/2 which is in good agreement
with�KI,obs=0.39
0.03 MPa m

1/2 (Fig. 10).
The relationship l�5 h between rise distance of the R-
curves l and process zone height h found in ZrO2-cera-
mics can not be found for the investigated ferroelastic
material, as the rise distance is 400 mm and the process
zone height is about 300 mm.

5. Summary

Microdiffraction analysis and fracture mechanical
studies of Soft-PZT ‘‘PIC 151’’ were carried out and
permitted a quantitative assessment of the size of the
process zone, the inelastic strain due to domain switch-
ing and the associated stress. The development of an in
situ bending device allowed the direct combination of
microdiffraction and fracture mechanical experiments.
The R-curve behavior of the investigated material is
strongly influenced by the ferroelastic character. The
distinct rise of the R-Curve is mainly based on domain
switching processes. The tensile loading stresses cause
domains oriented perpendicular to the stress to switch
into a parallel orientation. This reduces the acting stress
intensity and thus partially shields the crack tip. The rise
of the R-curves could be calculated from the process
zone height and the domain switching processes �� with
sufficient consistency to the observed values. No resi-
dual stresses caused by domain switching could be
proved. Since the ferroelastic domain switching is not

Fig. 16. Remanent domain switching at the surface of unloaded unpoled samples caused by crack propagation and complete unloading (average of

five samples, crack path shown as an arrow).

Fig. 17. ��-Distributions transverse to the ligament (x-distribution at

y=0.7 mm in Fig. 14), (*) observed, - - - - Fit, —deconvoluted dis-
tribution ���.

Table 1

Residual stresses of sample U-Da2 in MPa, crack starts at x=0,

y=0.2 mm and ends at y=0.8 mm (marked by bold numbers)

x-Direction

y-Direction �0.6 mm �0.3 mm 0 mm 0.3 mm 0.6 mm

0.2 mm �3
7 �7
8 9
3 4
4 �4
4

0.5 mm �2
5 4
4 0
4 �4
4 �2
7

0.8 mm �4
7 1
3 1
5 �7
5 �1
5

1.1 mm �11
7 4
3 5
4 �2
6 1
4

1.4 mm 2
4 0
5 �1
3 �4
4 0
5
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irreversible the shielding effect of domain switching on
the process zone degrades partially if the sample is
unloaded. As a consequence the plateau value of the
R-curve can only be reached after running through the
R-curve once again. As the process zone is not com-
pletely degraded after unloading, the rise distance is
distinctly shorter.
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