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The crack propagation and domain switching process around the indentation on the surface of barium titanate
single crystal under the external electric field was investigated by atomic force microscope and polarized light
microscope. The evolutions of domain switching and crack propagation were in-situ observed when a 90°a — ¢
domain wall moved across the indentation which was driven by external electric field. The results show that
the incompatible strain induced by domain switching in the residual stress zone around the indentation is the
driving force of the anisotropic crack propagation. The crack propagation results in the changes of the fine

domain stripes around the crack tip.
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1. Introduction

As a class of the most important function mate-
rials, ferroelectrics have wide applications in electro-
mechanical devices, such as micro-positioner, sensors,
and detectors. However, they have a major disadvan-
tage of brittleness. The ferroelectric devices tend to
degrade after longtime working under electrical and
mechanical loads due to the nucleation and growth
of cracks. It is important to study the degradation
mechanism in ferroelectrics to improve their reliabil-
ity. The mechanical and fracture behaviors of fer-
roelectrics were considered to related to the domain
switching. In recent years, much effort has been ded-
icated to a clear understanding of the crack growth
and the domain switching around crack tips in ferro-
electrics under mechanical or electric field! =13/ For
example, using Vickers indentation method*4—19 it
has been revealed that the crack growth is distinctly
anisotropic in the direction either parallel or perpen-
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dicular to the poling direction, which is much shorter
in the former case. Although, the correlation between
the crack and the domain switching is important to
reveal the fracture mechanism, it is far from clear up
to now, where a high-resolution technique can be very
useful to in-situ observe the physical processes in mi-
croscopic scale.

Scanning force microscopy (SFM) is a powerful,
non-destructive technique with great potentials to
image and control the domain structures in ferro-
electric materials in the nanometer scale. Over the
past few years significant progress has been made in
high-resolution visualization of ferroelectric domains
in bulk crystals and polycrystalline films by means of
SFM[29-27] But little result focused on the relation of
dynamic domain behavior with crack. In this article,
the crack growth and the domain switching around
Vickers indentation on the surface of barium titanate
single crystal under an external electric field were in-
situ studied by atomic force microscope (AFM) ond
polarized light microscope (PLM).

2. Experimental

Commercial tetragonal BaTiOj3 single crysta
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Fig. 2 Indentation cracks and domain switching zones characterized by AFM: (a) morphology of the indentation
with 25 g load; (b) wirelike a domain stripes around the indentation; (¢) section analysis of the 90° a-c

domain wall

the size of 5 mmx2 mmx1 mm was provided by the
Institute of Physics, Chinese Academy of Sciences.
The sample was polarized along [001] direction at
room temperature, so that only “out-of plane” ori-
entated ¢ domains survive in (001) surface. For in-
vestigation, the (001) surface was mechanical polished
by diamond abrasive. Electrodes were connected to
two side faces and copper wires were attached using
silver paint, as shown schematically in Fig. 1(a). The
pre-cracks were initiated by Vickers indentation on
the (001) polished surface. The load was 25 g with
a dwell time of 20 s. The diagonal directions of the
indentation are along the [100] and [010], as shown
in Fig. 1(b). The commercial AFM (Veeco Dimen-
sion 3100, Nanoscope III) and PLM (Olympus BX60)
were used to characterize the surface morphology and
the domain configuration, before and after an exter-
nal electric field was applied by a high voltage DC
power source along the [010] direction. In the AFM
measurement, the contact mode was used.

3. Results and Discussion

The whole observed surface is ¢ domian, whose po-
larization vector directs out of plane, so the indenta-
tion on the surface is isotropic and the cracks with al-
most the same length emanated from each indent cor-

ner, as shown in Fig. 2(a). At the same time, the do-
main stripes induced by indentation cracks were also
observed. It can be seen from Fig. 2(a) and Fig. 2(b)
some ¢ domains switched to a domains and formed
wirelike domain stripes between two corners of the
indentation. The direction of domain stripes was per-
pendicular to the crack tips, as shown in Fig. 2(a) and
Fig. 2(b). Fig. 2(c) shows that the height of the wire-
like domain wall was about 6 nm through the section
analysis. Since the theoretical value of a 90° a-c do-
main wall in tetragonal BaTiOj is 0.6°, the measured
topological inclination angle, # of about 0.55° gave
a proof of the orientation of these wirelike domain
stripes. Therefore, the dark wirelike domain stripes
were a domains induced by the stress of indentation.
The electric field was gradually increased along the
[010] direction until ¢ domain began to switching to a
domain. Then, remained this sustained electric load
unchanged. Under the sustained electric load, a long
straight 90° a-c¢ domain wall perpendicular to the elec-
tric field direction appeared and moved forward, that
is, ¢ domains switched to a domains. The a-c¢ domain
wall moved across the indentation. The velocity
domain wall movement was about 1.4x10™% r
Fig. 3 shows that the crack propagation aroun
indentation during the a-c domain wall traverse
indentation. In Fig. 3, the dark zones are a do
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Fig. 3 PLM observation of the changes of indentation cracks during the 90° a-c¢ domain wall traversed the
indentation: (a) original, (b) 5 min, (¢) 15 min, (d) 20 min, (e) 25 min, (f) 30 min, (g) 35 min, (h) 50 min,

(j) 60 min

and the bright zones are ¢ domains. The blue ar-
row points to the movement of 90° a-c¢ domain do-
main wall. Moved near to the indentation, the domain
wall was hampered and a small bowl-shaped zone ap-
peared, as shown in Fig. 3(b) and Fig. 3(c). Then,
two cracks, OA and OB, appeared and propagated
towards of a domain zone and the bowl-shaped zone
became bigger, as shown in Fig. 3(d), Fig. 3(e) and
Fig. 3(f). It can be seen from Fig. 3(h) and Fig. 3(i),
the cracks stopped propagating and the bowl-shaped
domain zone remained when the a-c domain wall tra-
versed completely the indentation.

The details of domain switching and crack propa-
gation in the bowl-shaped zone can not be examined
by PLM, so we carried out the profound observation
using AFM, as shown in Fig. 4 and Fig. 5. The dark
zones are a domains and the bright zones are ¢ do-
mains in Fig. 4 and Fig. 5. In agreement with the
PLM results, the 90° a-c¢ domain wall was hampered
when it moved near to the indentation, and a small
bowl-shaped domain zone and a crack OA appeared
at a coner of the indentation, as shown in Fig. 4(b).
With the movement of the 90° a-c¢ domain wall, the
crack OA propagated to OA’ and a new crack OB ap-
peared, as shown in Fig. 4(c). It can be seen from
Fig. 4(e), when the 90° a-c¢ domain wall moved grad-
ually, the crack OB propagated to OB’ and two short
cracks (OC and OD) grew a bit and connected each

other, because the internal stress around the inden-
tation was smaller, which was relaxed by the former
crack propagation (OA and OB). Finally, the bowl-
shaped zone remained on one side of the indentation,
as shown in Fig. 4(f). For PLM observation, the bowl-
shaped zone looks like ¢ domain, but in fact some
fine domain stripes are exist around the crack. Fig. 5
shows that the changes of the fine domain stripes with
the crack propagation. When the 90° a-c¢ domain
wall traversed completely the indentation, the domain
stripes in the bowl-shaped zone did not change.

In the past researches, the external electric field
was usually applied at the same time or before
the indentation!'*~'8/ The indentation cracks are
isotropic or anisotropic on the surface with different
polarization states. On the surface of a domains,
the indentation cracks are anisotropic, ones are par-
allel to the poling direction which are much shorter
than those perpendicular to the poling direction. On
the surface of ¢ domains, the isotropic cracks at four
corners are also short with almost the same length.
In our experiment, a dynamic evolution from the
isotropic crack to anisotropic cracks was in-situ ob-
served, as well the domain switching details a
the indentation. In literatures, there are re:
stresses correlated to the crystal orientation a
the indentation*+2%2%  The anisotropy of the i
tation crack can be explained by the residual



Bing JIANG et al.: Acta Metall. Sin. (Engl. Lett.), 2013, 26(6), 772-776.

(a) Original (b) 15min

(d) 35min (e) 50min

Fig. 4 AFM images of the crack propagation and domain switching when the 90° a-c¢ domain wall traversed the
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indentation: (a) original, (b) 15 min, (¢) 25 min, (d) 35 min, (e) 50 min, (f) 60 min
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Fig. 5 Details of the domain stripes around a crack when the 90° a-c¢ domain wall traversed the indentation:

(a) 25 min, (b) 35 min, (¢) 50 min, (¢) 60 min

around the indentation. In fact, the movement of the
90° a-c domain wall is a polarization process from c¢
domains to a domains. The 90° a-c domain wall is
hampered by residual stress zone and begin to bend

(b) 35min
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along the edge of residual stress zone, when it 1
near to the indentation. The incompatible stra
duced by 90° a-c¢ domain switching on the be
position of domain wall results in the crack g
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gated to outside of the residual stress zone. At this
moment, the residual stress is relaxed by the crack
propagation (OA and OB) on one side of the inden-
tation. Therefore, the cracks on the other side of in-
dentation hardly propagate (OC and OD). Moreover,
the crack propagation also lead to the incompatible
strain, resulting in the changes of the fine domain
stripes around the crack tip.

4. Conclusions

The crack propagation and domain switching
around the indentation under an external electric field
were in-situ investigated using PLM and AFM. The
wirelike 90° a—c domain stripes were observed around
the four corners of the indentation. Under the exter-
nal electric field, ¢ domains switched to a domains
through the movement of a long straight 90° a-c do-
main wall perpendicular to the electric field direction.
When the 90° a-c domain wall traversed the indenta-
tion, the domain wall was hampered by the residual
stress around the indentation. The driving force of
the crack propagation was the incompatible strain in-
duced by domain switching on the bending position
of 90° a-c¢ domain wall at the edge of the residual
stress zone. The changes of fine domain stripes were
induced by the crack propagation.

Acknowledgements

This work was financially supported by the Na-
tional Natural Science Foundation of China (Nos.
51072021, 51202067, 51172069 and 50972032), Ph.D. Pro-
grams Foundation of Ministry of Education of China
(No. 20110036110006) and the Fundamental Research
Funds for the Central Universities (Nos. 11ZG02 and
12QN15).

REFERENCES

[1] A. Kolleck, G.A. Schneider and F.A. Meschke, Acta
Mater. 48 (2000) 4099.

[2] S. Pojprapai, J.IL. Jones, T. Vodenitcharova, J.V.
Bernier and M. Hoffman, Scr. Mater. 64 (2011) 1.

[3] W. Li and C.M. Landis, Eng. Fract. Mech. 78 (2011)
1505.

[4] C. Leach, N.K. Ali and D.A. Hall, Ceram. Int. 37

Bing JIANG et al.: Acta Metall. Sin. (Engl. Lett.), 2013, 26(6), 772-776.

(2011) 2185.

P. Neumeister, H. Kessler and H. Balke, Acta Mater.
58 (2010) 2577.

S. Pojprapai, J. Russell, H. Man, J.L.. Jones, J. E.
Daniels and M. Hoffman, Acta Mater. 57 (2009) 3932.
Y. Zhang, J. Li and D. Fang, J. Mech. Phys. Solid.
61 (2013) 114.

B. Jiang, Y. Bai, J.L. Cao, Y.J. Su, S.Q. Shi, W.Y.
Chu and L.J. Qiao, J. Appl. Phys. 103 (2008) 116102.
Y. Jiang and D. Fang, Scr. Mater. 57 (2007) 735.

Y. Jiang and D. Fang, Mater. Lett. 61 (2007) 5047.

] T.Y. Zhang and C.F. Gao, Theor. Appl. Fract. Mech.

41 (2004) 339

Y.W. Li and F.X. Li, Ser. Mater. 67 (2012) 601.

B. Jiang, X. Xing and Z. Guo, Acta Metall. Sin. 47
(2011) 605. (in Chinese)

G.A. Schneider and V. Heyer, J. Eur. Ceram. Soc.
19 (1999) 1299.

F. Fang and W. Yang, Mater. Lett. 57 (2002) 198.
S.Y. Cheng, N.J. Ho and H.Y. Lu, J. Am. Ceram.
Soc. 91 (2008) 3721.

F. Fang, Y. H. Li and W. Yang, Ferroelectrics 322
(2005) 11.

D. Liu, M. Chelf and K.W. White, Acta Mater. 54
(2006) 4525.

X. Sun, Y.J. Su, K.W. Gao, L..Q. Guo, L..J. Qiao, W.Y.
Chu and T.Y. Zhang, J. Am. Ceram. Soc. 94 (2011)
4299.

A. Gruverman and S.V. Kalinin, J. Mater. Sci. 41
(2006) 107.

V.V. Shvartsman, A.L. Kholkin, C. Verdier, Z. Yong
and D.C. Lupascu, J. Eur. Ceram. Soc. 25 (2005)
2559.

A. Gruverman, D. Wu and J.F. Scott, Phys.
Lett. 100 (2008) 097601.

B.J. Rodriguez, A. Gruverman, A.l. Kingon, R.J. Ne-
manich and J.S. Cross, J. Appl. Phys. 95 (2004)
1958.

F. Wang, Y.J. Su, J.Y. He, L.J. Qiao and W.Y. Chu,
Scr. Mater. 54 (2006) 201.

B.J. Rodriguez, A. Gruverman, A.l. Kingon, R.J. Ne-
manich and J.S. Cross, Appl. Phys. A 80 (2005) 99.
D.Y. He, L.J. Qiao and A.A. Volinsky, J. Appl. Phys.
110 (2011) 074104.

D.Y. He, L.J. Qiao, A.A. Volinsky, Y. Bai, M. Wu and
W.Y. Chu, Appl. Phys. Lett. 98 (2011) 062905.
G.A. Schneider, T. Scholz, J. Munoz-Saldana and
M.V. Swain, Appl. Phys. Lett. 86 (2005) 192903.
C.W. Rademaker and C.L. Hu, J. Electron. Pack. 125
(2003) 506.

Rev.



