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ABSTRACT

The present work studies, theoretically and experimentally, the fracture behavior of piezoelectric ceramics.
For an electrically insulating crack, the ratio of &/ plays an important role in the energy release rate,

where « is the ratio of the minor semi-axis, b, to the major semi-axis, a, of the ellipse, and f is the ratio of
the dielectric constant of the cavity to the effective dielectric constant of the material. There are three
limiting values in the energy release rate, respectively corresponding to a/f — 0 for an electrically

permeable crack, «/f — a finite nonzero value for general cases and a/f — o for an electrically

impermeable crack. For an electrically conductive crack, the applied electric field parallel to the crack drives
the crack to propagate. When electric yield occurs at a crack tip, the global energy release rate is the same as
that derived from linear fracture mechanics, while the local energy release rate shows a linear relationship
between the fracture toughness and the applied electric field. The experimental results illustrate that for
PZT-841 and PZT-4 ceramics, the degree of scattering of measured data was considerably enhanced by an
applied electric field. Either a positive or a negative electric field reduced the fracture toughness. The
experimental results also confirmed that there exist mechanical- and electrical-fracture toughness for PZT-4
ceramics and both are material properties. The mechanically- and electrically- critical energy release rates
are, respectively, 8.7(£1.1) and 223.7(+45.5) N/m.
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INTRODUCTION

Along with the application of piezoelectric materials in more and more sophisticated structures, their
mechanical reliability becomes increasingly important. Thus, many efforts have being made to study the
fracture behavior of those materials [1-23]. One of the most interesting aspects is about the effect of electric
field on the fracture behavior. Many experimental results are inconsistent or even contradicted, which makes
the study of fracture of piezoelectric ceramics more challenging. The present work briefly summarizes the
work done at the Hong Kong University of Science and Technology, on this topic.

TWO-DIMENSIONAL SOLUTION

Figure 1 shows schematically a crack of length 2a in an infinite piezoelectric medium under remotely



uniform electrical loads and in-plane and anti-plane mechanical loads. Using Stroh’s formalism [1-3], the
general two-dimensional solution can be written in the form
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elliptical cavity using the exact boundary conditions,
traction-free, surface charge-free and continuity of I [ I
electric potential, along the cavity surface. The results
depend greatly on the ratio of ¢/, where « is the ratio E; or Dy
of the minor semi-axis, b, to the major semi-axis, a, of Fig. 1 A crack in an infinite piezoelectric
the ellipse, and S is the ratio of the dielectric constant of medium under combined remote loadings.

the cavity to the effective dielectric constant of the
piezoelectric material. When the cavity shrinks into a slit
crack, there are three limiting cases, respectively corresponding to ¢/ — 0 for an electrically permeable

crack, o/ — a finite nonzero value for general cases and a/f — o for an electrically impermeable

crack. Only the two cases of electrically permeable and impermeable cracks are discussed in the present
paper. From these solutions, the energy release rate for the two cases can be expressed in terms of the

intensity factors at the crack tip
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where K = (K . K Ky K )T with the components being the stress intensity factors of the three modes, X,
K and Ky, and the electric displacement intensity factor, K ,, respectively. B is a Hermitian matrix,
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The upper left-hand block B; is a 3x3 matrix and the lower right-hand element Bi4 is scalar. For stable
materials, B has the following properties [1, 2]

B, =B, B, <0. (4)
Electrically permeable crack

The electrically permeable boundary conditions correspond to &/ f — 0 and lead to the intensity factors
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Equation (5) shows that the electric displacement intensity factor is completely induced by the piezoelectric
effect rather than by the applied electric loads. Then, substituting Eq. (5) into Eq. (2), we see that the energy
release rate is independent of the applied electric field either perpendicular or parallel to the crack. In other
words, the energy release rate has nothing to do with the applied electric fields.

Electrically impermeable crack

An electrically impermeable crack ignores the electric field within the crack. Thus, the intensity factors are
given by
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Equations (2) and (6) show that the remote mechanical loads, o|;, 0,, and o, , as well as the electrical load,

D7, determine the energy release rate, while the applied electric field parallel to the crack contributes

nothing to the energy release rate. Furthermore, we can easily see that the applied electric field perpendicular
to the crack impedes the crack propagation because B,, is negative as given in Eq. (4).

CONDUCTING CRACK
If the crack is electrically conducting, the boundary conditions along crack faces are traction-free and
constant electric potential. For simplicity, it is assumed that there are no net electric charges on the crack

faces and the constant electric potential on the crack faces is zero. Then, the intensity factors take the form
of

K, =Nmoc3, K,=mo,, K,=moc;, K, =mE. (7)

The energy release rate is expressed in terms of the intensity factors

K,
i[PQ-‘ -PQ'|| K,
J = (KII K, Ky _KEI) 4 Ky > (8)
_ KEI
where i =+/—1, and
Ly, L, Ly L, 4, A, A A,
Q- Ly Ly Ly Ly . P= Ay Ay Ay Ay 9)
Ly Ly, Ly Ly Ay Ay, Ay A4y
Ay Ap Ay Ay Ly Ly, Ly Ly

Equation (8) shows that only the electric field parallel to the crack affects the crack propagation. We
explicitly demonstrate this result with a mode IIl conductive crack. When the poling direction of a
transversely isotropic piezoelectric medium is perpendicular to the crack, the anti-plane deformation
decoupled from the in-plane deformation and the intensity factors for a mode III conductive crack are given

by
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Consequently, the energy release rate for the mode III conductive crack is
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Equation (11) shows clearly that the applied electric field parallel to the crack drives the crack to propagate.
POLARAZATION SATURATION MODEL

For an electrically impermeable crack, Gao et al. [4] proposed a strip polarization model to examine the
electrical yielding effect on the fracture behavior of electrically insulating cracks. In this model,
piezoelectric ceramics are treated as mechanically brittle and electrically ductile materials. The electrical
saturation is analogous to the classical Dugdale model. To emphasize the physical insight, Gao et al. [4]
considered a simplified piezoelectric material to make the derivation process straightforward. In the present
work, the complete governing equations are used. The local intensity factors are the sum of the intensity
factors induced by the applied field and the saturation zone

K'=K*“+K"“, (12)

where the applied intensity factor vector K“ is given in Eq. (6) and the intensity factor vector K¢ caused by
the polarization zone takes the form of
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As aresult, the local energy release rate is given by
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Because the polarization zone shields the crack tip electrically and completely, the local electrical
displacement intensity factor is zero. The applied electric field contributes to the local energy release rate via
the piezoelectric effect. The local energy release rate, as a failure criterion, yields a linear relationship
between the applied mechanical load and electric field. But the global energy release rate is the same as that
from linear fracture mechanics, which predicts that either a positive or negative electric field impedes the
crack propagation.

EXPERIMENTAL RESULTS

Fracture test

Compact Tension (CT) tests and Indentation Fracture (IF) tests were carried out on PZT-841 ceramics under
an applied electric field. The material is poled PZT-841 with an average grain size of 4-5 um. The

composition of PZT-841 is near, but in the tetragonal side of the morphotropic phase boundary. In the CT
tests, the notch on each sample was cut using a diamond saw with a 0.2 mm-thick blade and the notch tip



was further sharpened with a wire saw of 0.05 mm in diameter. The
poling direction was perpendicular to the notch. About 10 samples
were tested at each level of the electric fields, except that 33
samples were tested at the electric field of 15 kV/cm to study the
distribution of fracture toughness. The energy release rate was
calculated by the finite element method and then converted into the
mode [ stress intensity factor. In the IF tests, the load was 49.0 N
and the electric field of 4 kV/cm was applied either parallel or
antiparallel to the poling direction of the sample. Under each level
of the electric fields, about 10 indentations were performed. Only
the fracture behavior of the cracks perpendicular to the poling
direction is reported in this paper. Figures 2(a) and 2(b) show the
variation of Kjc with the applied electric field obtained from the CT
and IF tests, respectively. Under purely mechanical loading, the

averaged Kjcs are 1.12i0.05MPa\/% and 1.01i0.06MPa\/E,

respectively, from the two methods. The mean value of Kjc is
reduced by either a positive or a negative applied electric field in
both types of testing. In the CT tests, the negative field of 7.5

kV/cm reduces the averaged Kic by 0.25 MPa~/m , while the same
strength positive field reduces the averaged Kjc by 0.10 MPaJm .
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2 Effect of an electric field
on the fracture toughness.

Similarly, in the IF tests, a reduction of 0.21 MPaJm or 0.10 MPax/m results from the application of a

negative or positive field of 4 kV/cm. These facts indicate that a negative field has a stronger influence on
the averaged K¢ than a positive field does. Applying a positive electric field of 15 kV/cm reduces further the

averaged Kjc to 0.92+0.14 MPa\/Z in the CT tests, resulting in a relative reduction of 18%.

Conducting crack

CT samples used in this study were made from poled PZT-4
piezoelectric ceramics and the poling direction was parallel to the
notch. A 0.25 mm wide notch in every sample was cut and its tip
was sharpened further by a wire saw of radius 0.1 mm. Silver paint
was filled into the notch to make it function as an electrode. Thus,
the crack becomes electrically conducting. Two loading types were
applied in this study. One is purely mechanical loading and the
other is purely electric loading. In the electric loading tests, a static
voltage was applied to a sample at the electrodes and increased until
the sample was failed. All tests were carried out at room
temperature and 30 samples were tested for each loading type. It
was observed that electrical breakdown was usually accompanied
by fracture. The fracture surfaces are flat for samples fractured
under mechanical loads. A critical voltage causes dielectric
breakdown tunnel and rough fracture surfaces. The finite element
method was used to calculate the energy release rate for the given
samples. The critical energy release rate under mechanical loading
was calculated from the fracture load and the corresponding
ligament, as shown in Fig. 3(a). The mean of the mechanical critical
energy release rate is G, =8.7+0.4 N/m. It is clearly seen that the

linear regression of the plot is very close to a horizontal line,
indicating that the critical energy release rate is a material constant
independent on the sample ligament. Similarly, the critical energy
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release rate under electric loading was calculated from the critical voltage and the ligament. Figure 3(b)
presents the electrical critical energy release rate versus sample ligament. The linear regression of the plot is
also almost a horizontal line. This fact, in analogy with the mechanical loading situation, means that the



electrical critical energy release rate is a material property with the value G..=223.7+17.0 N/m for PZT-4

ceramics. The significance of the existence of G,. is that it enables fracture mechanics concepts to be used

in understanding dielectric failure, and it provides a useful material property for designers of electronic and
electromechanical devices.

CONCLUDING REMARKS

The linear theoretical results show that the electric field has different effects on the energy release rate for
different types of cracks. The energy release rate is independent of the applied electric field for electrically
permeable cracks. The applied electric field perpendicular to an impermeable crack impedes the crack to
propagate, while the applied electric field parallel to a conducting crack drives the crack to propagate.
However, the strip polarization saturation model, when electrical yield occurs in front of the crack tip,
predicts that the propagation of an impermeable crack is driven by a perpendicular positive electric field and
impeded by a perpendicular negative electric field.

The experimental results of both compact tension tests and indentation fracture tests show that either a
positive or negative electric field perpendicular to the electrically insulating crack always assists the applied
mechanical loads to fracture the sample. For electrically conductive cracks, there is a critical energy release
rate under purely electrical loading, just like the case under purely mechanical loading. In terms of the
energy release rate, however, the electrical fracture toughness is about 25 times higher than the mechanical
fracture toughness.
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