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Domain Switching and Crack Propagation of BaTiOs;
Single Crystal in Different Environments
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The influence of a moist atmosphere on 90° domain switching under a sustained electric field, stress corrosion
cracking of an indentation crack in water and an aggressive solution, and the relation between penetrating
crack propagation and domain switching were studied using BaTiOs single crystal. The results indicate
that enlarging the domain switching zone and crack propagation could be facilitated by a moist atmosphere
or an aggressive solution due to the indentation residual stress. A moist atmosphere exerts remarkable influence
upon the polarization of BaTiO; single crystal under a sustained electric field, and the surface energy of
the ¢ domain was much lower than that of the ¢ domain. Domain switching ahead of a penetrating indentation
crack tip was an essential requirement for crack propagation under constant stress.
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1. Introduction

BaTiO; single crystal has been widely used because of
its special physical properties. However, the low fracture
toughness of BaTiO; single crystal has led to equipment
failure at very low stress.” PbZrix TixOs (PZT) ferro-
electric ceramics and BaTiOs could undergo stress corro-
sion cracking (SCC) under constant stress in a moist at-
mosphere, water, formamide and formaldehyde.””” On
the other hand, the delayed fracture of PZT ceramics in
a moist atmosphere under a sustained applied electric field
could occur due to SCC,”” which was attributed to large
stress concentration induced by domain switching caused
by the electric field, leading to unhomogenous strain.”"”
The delayed fracture under an electric field or stress in
a moist atmosphere could be attributed to the adsorption
of water molecules, which reduced the surface energy, re-
sulting in crack propagation.””"¥ Serviced in an electric
field, the failure of BaTiOs single crystal would be related
to both the environment and domain switching itself.
However, up until now, there have been no reports that
focus upon the influence of the environment on domain
switching under sustained stress and an electric field. In
addition, it is not clear if BaTiO; can undergo SCC, and
the relationship between crack propagation and domain

' Corresponding author: kwgao@yahoo.com

307

switching is also unclear.

The aim of this study is to investigate if SCC can occur
in BaTiOs single crystal under indentation residual stress
in a moist atmosphere; if water molecular absorption is
an influence upon domain switching in BaTiO; single crys-
tal under a sustained electric field; the relationship between
domain switching ahead of a penetrating crack tip and
crack propagation under constant stress; and the influence
of an aggressive solution on indentation crack propagation
and its surrounding domain switching.

2. Experimental procedure

BaTiO; single crystal, 5x5x1 mm’ in size, was poled
along [001] (out-of-plane) or [100] (in-plane) directions,
as shown in Fig. 1. Vickers indention was performed on
the polished (001) surface, and the indent diagonals were
aligned with [100] and [010] directions, respectively. The
applied load was 0.98 N or 1.96 N for 20s. The sample
surface and the domain structure were observed using a
differential interference contrast (DIC) device and polar-
ized light microscopy, respectively, and the observation
results are shown in Fig. 2.

The sample was placed in a moist atmosphere right after
the indentation test, and the propagation process of cracks
from the indent corners was recorded. After the cracks
arrested, the sample was immersed in water to determine



KEWEI GAO, XIANWU ZHAO, RUIMIN WANG, LIJIE QIAO, AND WUYANG CHU

door]
1010]
j\éx[mu] [
(a) /
Sy

o (b)

53

Fig. 1. BaTiO; single crystal (a) poled in-plane (b) or out-of-plane
(©)

Fig. 2. Vickers indent cracks on in-plane poled BaTiO; single
crystal

if the crack could propagate again. A polished surface of
BaTiO; single crystal was etched using 14% HCI+14%
HF+72% H,O (in volume percent) solution, and the in-
dentation crack propagation and 90° domain switching
zone enlargement due to etching were recorded.
Electrodes were attached to two side faces using silver
paint, and a sustained electron field was applied to the
sample along the [100] direction, as shown in Fig. 1b,
and the domain switching was in situ observation by
microscopy. Two copper plates were connected to the sam-
ple's two surfaces as electrodes when the electric field was
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Fig. 3. Schematic diagram of a constant loading device

applied along the [001] direction, as shown in Fig. lc,
and the domain switching on the sample surface could
be observed after the applied electric field was removed.

Fig. 3 shows how to apply a load to a sample. A bulk
WOL sample was used as a holder, and a BaTiO; sample
with a single-edge notch was inlaid on the notched end
of the WOL holder. A strain gauge was glued to the
BaTiO; sample to record the strain while the BaTiO; sam-
ple was loaded through bolt A.

Fig. 4. Delayed propagation of unloaded indentation cracks in
a moist atmosphere and deionized water
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3. Results

3.1 Delayed propagation of an indentation crack under
indentation residual stress in a moist

3.1.1 Atmosphere and water

An unloaded indent with four cracks, A, B, C and D,
emanating from the indent corners is shown in Fig. 4a.
The four cracks propagated to A;, B;, C; and D, re-
spectively, after being kept in a moist atmosphere with
a relative humidity of 20% for 40 h and then arrested,
as shown in Fig. 4b. 45° domain bands could be seen,
and crack A propagated across the domain band ab. When
the sample was immersed in deionized water for another
40 h, the cracks propagated to A,, B,, C; and D», re-
spectively, as shown in Fig. 4c. After that, the cracks did
not propagate further.

3.2 Domain switching of BaTiQO; single crystal under a
sustained applied electric field in a meoist

3.2.1 Atmosphere
Two identical samples poled out-of-plane along the [001]

direction were put into air (2% RH) and a moist atmos-
phere (92% RH), respectively. A 100 V/mm electric field
along the [100] direction was applied to both samples and
maintained for 24 h. No domain switching occurred on
either sample surface. The applied electric field was then
increased to 120 V/mm for another 24 h, and still no do-
main switching occurred on either sample. Another 20
V/mm was then added to the applied electric field for 24
h, and this operation was repeated. When the applied elec-
tric field reached 224 V/mm, c-a domain switching oc-
curred, but only to the sample in air (2% RH). The
non-switching sample in the moist atmosphere was trans-
ferred to the air and a 224 V/mm electric field was applied.
After 24 h, all ¢ domains switched to a domains.

An indent A on the sample surface poled along the [001]
direction is shown in Fig. 5a, with a magnified image in
the bottom right corner. Cracks along the indent A corners
were isotropy, which revealed that the observed surface
of the sample in Fig. 5a was dominated by the ¢ domain.
A sustained electric field of 224 V/mm was applied to
the sample in air (2% RH) for 2 h, and some ¢ domains

Fig. 5. c-a domain switching on the sample out-of-plane poled along the [001] direction in air with 2% RH under the applied

electric field £ =224 V/mm along the [100] direction
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Table 1. Critical electric field for complete domain switching
in dry or moist atmospheres during 24 hours

92% RH 70% RH 2% RH
¢ domain to ¢ domain 300V/mm 250V/mm  224V/mm
a domain to ¢ domain 150V/mm 210V/mm

transferred to a domains, as shown in Fig. 5b, in which
the bright line corresponds to a domains. a domains ini-
tiated from two sides, moved to the center, and gradually
became wider. The sample was kept in air for a further
12 h, as shown in Fig. 5c, and many a domains appeared.
After a further 10 h, the surface was full of ¢ domains,
indicated by a new indent B, shown in Fig. 5d, with typical
anisotropy cracks along the indent corners. The magnified
image in the bottom right corner of Fig. 5d is indent A,
which illustrates that the cracks propagated, compared
with indent A in Fig. Sa.

If the sample poled along the [001] direction was put
into a moist atmosphere with 92% RH, it was only after
the applied electric field was increased to 300 V/mm that
all ¢ domains switched to a domains. If the relative humid-
ity of the moist atmosphere was 70%, the applied electric
field for the complete switching was 250 V/mm. So, the
critical applied electric field for all ¢ domains to transfer
to a domains on the sample surface poled along the [001]
direction increased with the relative humidity of the atmos-
phere, as listed in Table 1.

Two of the same samples poled along the [100] direction
were applied with an electric field along the [001] direction
and put into air (2% RH) or a moist atmosphere (92%
RH), respectively. The applied electric field started at 100
V/mm, and 10 V/mm were added every 24 h. When the
applied electric field increased to 150 V/mm for 24 h,
the domain switching from ¢ domain to ¢ domain finished
in the 92% RH moist atmosphere, while in air, the critical
electric field was 210 V/mm. For the in-plane poled sam-
ple, the critical electric fields for a-¢c domain switching
in atmospheres with various relative humidities are also
listed in Table 1.

3.3 The relationship between domain switching and crack
propagation

As shown in Fig. 3, a single-edge notched sample was
installed on a bulk WOL holder and in situ observed dur-
ing loading. When the applied stress was 7 MPa, there
was no change to the notch tip. When the applied stress
increased to 20 MPa, a lot of domain switching bands
appeared ahead of the notch tip. When the applied stress
was increased to 32 MPa, the number of domain switching
bands increased without any cracks initiating. After the
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Fig. 6. Domain switching ahead of the notch tip after cracks
initiated

applied stress was increased to 47 MPa, the domain
switching zone continually enlarged. At the same time,
two penetrated cracks, AB and OP, initiated from the notch
tip, as shown in Fig. 6.

The propagation process of crack OP in Fig. 6 is shown
in Fig. 7. There was a bright domain switching area ahead
of the crack tip, shown in Fig. 7a, b and c, which dis-
appeared after 19 min, as shown in Fig. 7d, e and f. It
is noted that a domain switching band existed at the crack
tip during the whole crack propagation process, and moved
ahead with crack propagation. For example, the domain
switching band at position DE in Fig. 7d moved to position
FG in Fig. 7e, accompanied by crack propagating after
7 min, and the domain switching at position HI in Fig.
71 moved to position JK in Fig. 7j after 1.4h. New domain
switching bands nucleated at the rear of crack OP after
the domain switching band at the crack tip moved forward
with crack tip propagation. Some domain switching bands
at the rear of the crack disappeared when the crack propa-
gated, such as the band at position DE in Fig. 7d, which
disappeared in Fig. 7i after 4h.

After the crack in Fig. 6 arrested, increasing the applied
stress to 60 MPa again induced crack propagation to posi-
tion a, as shown in Fig. 8a. Keeping the stress for 41h,
the crack did not propagate, but a very thin domain switch-
ing band ed appeared ahead of domain switching band
ab, as shown in Fig. 8b. The domain switching band ed
continually enlarged and reached the crack tip after 151h.
At the same time, the crack propagated from position a
to position ¢, as shown in Fig. 8c. A new domain switching
band "fg" nucleated ahead of the crack tip at 167h, as
shown in Fig. 8d. This domain switching band became
wider and disappeared at 223h when the crack propagated
from position ¢ to position h, as shown in Fig. 7e and
1.

CORROSION SCIENCE AND TECHNOLOGY Vol.7, No.6, 2008



DOMAIN SWITCHING AND CRACK PROPAGATION OF BATIO; SINGLE CRYSTAL IN DIFFERENT ENVIRONMENTS

Fig. 7. Crack propagation accompanied by domain switching

Fig. 8. SCC crack propagation induced by the initiation and growth of domain switching bands

CORROSION SCIENCE AND TECHNOLOGY Vol.7, No.6, 2008 31



KEWEI GAO, XIANWU ZHAO, RUIMIN WANG, LIJIE QIAO, AND WUYANG CHU

3.4 The effect of etching on the indent crack and the
domain switching zone around the indent

Half of the sample in-plane poled along the [100] direc-
tion was immersed in HCIH+HF solution for 20s, and then
eight indents were performed on each half part of the sam-
ple, as shown in Fig. 9a. The length of every crack along
the indent corner was measured, and then the whole sam-
ple was immersed in the solution for 20s again, as shown
in Fig. 9b. Changes in the length of the cracks were de-
termined, and it was found that the average length of the
cracks on the non-immersed part of the sample was X1
=140+ 17 um, which increased to X3 =216+ 12 um af-
ter immersion, while the length value of X2 =211+26
um for the cracks on the pre-immersed part of the sample
increased to 221+ 13 um after further immersion. The
measured results are listed in Table 2, which indicates that
the aggressive solution could induce the indent crack on
the surface with a domains propagating 50% in length,

Fig. 9. Eight indents on non-immersed or immersed parts of
the sample (indent 8 and 16 were out of the image) (a), and
the whole sample was immersed in the solution after indentation
(b). PQ is the boundary between the non-immersed and immersed
part
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Table 2. Average length of cracks in various immersed conditions,
um

. Indented after Immersed Immersed
As indented . . .
immersed after indented twice
140 + 17 211 + 26 216 £ 12 221 + 13

and there was no difference if the sample was pre-im-
mersed or not.

An indent crack shown in Fig. 10a was immersed in
the solution for 3s, resulting in the enlargement of the
domain switching zone and crack propagation, as shown
in Fig. 10b. The 90° domain switching zone enlarged to
D'OE!, and the crack propagated from position A and B
to position A' and B'. However, the crack tip which propa-
gated along the domain switching zone did not reach the
domain switching zone tips D' and E'. Following im-
mersion for a further 10s, the domain switching zone en-
larged again, especially the lower part of the zone from
OFG to O'F'G, as shown in Fig. 10c. Immersion for a
further 10s saw no remarkable changes in the domain
switching zone and crack, as shown in Fig. 10d. Similar
measurements were carried out using another twelve sam-
ples, and the results indicated that the average length of
cracks increased with immersion time and reached satu-
ration values after 15s, as shown in Fig. 11.

Fig. 10. Indent crack morphologies after immersion for different
times
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Fig. 11. Variation in average crack length versus immersion time

4. Discussion

4.1 The delayed propagation of indent cracks under
indentation residual stress in a moist

4.1.1 Atmosphere And Water

Just after an indent crack is unloaded, the stress intensity
factor of the crack tip is equal to the fracture toughness
of the material, Kjc, and the drive energy for crack prop-
agation is equal to the resistance. When the crack surfaces
adsorb water molecules, the surface energy , will de-
crease to scc, resulting in the resistance to crack prop-
agation reducing from 2 » to 2 »’scc. The crack prop-
agation energy induced by residual stress is:

G, = (=V)K]

Y 2)
where v is Possion's rate. For a brittle BaTiOs single crys-
tal, according to Griffith theory, the critical condition for
crack propagation is:

(1-v)K;
2y=G, =—~—
T Y 3)
dJPY
Since X =00117 P ,9) for an unloaded indent crack,

_(A-v)K; 00117*°(1-v*)d*P
Y c )

2y

where ¢y is the initial length of the indent crack. When
the surface energy decreases from 2 » to 2 scc due to
adsorbtion, the crack will propagate from ¢y to ¢, then
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0.0117*(1-v*)d*P
2 =
j/SCC C3 (5)

By combining Egs. (4) and (5), then

3
Vscc _ Co

y < (6)

Substituting the data in Fig. 4 to Eq. (6), therefore

Vscclhumid air) _, o ZsceOvater) _, o,
p - ™

The result indicates that the surface energy of the sample
in water is lower than that in air. Similarly in etching,

Vsce (HCD) _ 0.27
Y ®)

4.2 The effect of a moist atmosphere on the domain
switching of a Batio; single crystal under

4.2.1 A sustained electric field

Fig. 12 schematically illustrates the domain switching
process from ¢ domain to a domain. AG corresponds to
the observed surface, and the poling direction is indicated
by arrows. The original poling direction of the sample was

[001]. After an electric field along [100] was applied, a

domain along [100] direction appeared, such as @, &
area in Fig. 12, while 8 & and { were ¢ domain. The
a-c domain boundary was 90°, inclined by 45° to the sam-
ple surface. a-c domain switching caused a reduction of
(1.01-1)/1 = 1% in height, so position C in Fig. 12 is lower
than position D as 1% CD, i.e., «DCE =arctan (0.01)
=0.6". Due to this difference, lines AB, CD and EF were
bright observed by the differential interference contrast
method, and lines BC, DE and FG were dark. In fact,
sub-domains existed on A, B and C domain walls in order
to achieve the lowest domain wall energy.'”

The influence of a moist atmosphere on domain switch-
ing under a sustained electric field can be related to water

oy £ ., B ¢ b g F g

oAV AVA

o B bl 3 3 ¢

Fig. 12. Schematic diagram of c-a domain switching
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molecular adsorption. ¢ domain surface adsorbs more wa-
ter molecules than a domain because of water molecular
polarity. Assuming AW is the energy necessary for an unit
area poled in a vacuum, the work for the sample totally
poled in a vacuum was EP, )= AWV, where E is the ap-
plied electric field strength, Py the saturated polarization
strength, and V' the volume of domain switch. After the
water molecules were adsorbed on the sample surface, the
changes in surface energy before and after the sample was
poled are:

a=>c: 200 VeSS T2 —Va)S: =2(Vag — Va)(=S, +85)

coa: 2(Va —Va)S 20 = Ve)S2 =2V — 728, = S,)

Then, the work done by the electric field will be,

E! PV =AWV +2(y% —75)(=S, +5,)
E! PV =AWV +2(rY —75)(S, = S,)

Therefore,

(E;

c—a

- E:Ac )R I/swilching

4(S1 _Sz)
~(300-150)x10° x0.21x10x10™"
4x(10-2)x107°

(Vaa = Vaa) =

=9.8(J/m?)

where P;=021 ¢/, §; = 2x5 mm’, V= 1x2x5 mm’, in
which P; was calculated based on each atom's position

in a tetragonal crystal lattice of a BaTiOs single crystal:

1 1 1 1 1 1
Ba: (0,0,0), Ti: (2, 2, 2+0.0135), OF (2, 2, 2 +0.0250),

1 1
OIl: (2, 0, 2- 0.0150), a=0.3392 nm, ¢=0.4036 nm.

4.3 The relationship between domain switching and crack
propagation

Figs. 7 and 8 indicate that domain switching bands form
ahead of the crack tip, which will induce crack propagation
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when the bands grow and move close to the crack. So,
domain switching is a necessary condition for crack pro-
pagation.

5. Conclusions

(1) In a moist atmosphere or water, indentation residual
stress can induce the delayed propagation of an unloaded
indent crack in a BaTiO; single crystal.

(2) A moist atmosphere has a remarkable influence upon
the domain switching in a BaTiO; single crystal under
a sustained electric field, which could be attributed to sur-
face energy reduction by water molecule adsorption.

(3) For an in-plane poled BaTiOs single crystal, etching
using HCIH+HF solution before or after indentation could
induce the indent crack to elongate 50% and the domain
switching zone to enlarge upon the sample surface.

(4) A stress corrosion crack propagates when domain
switching occurs ahead of the crack tip, i.e., domain
switching is a necessary condition for stress corrosion
crack propagation.
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