
REPORT DOCUMENTATION PAGE 
Form Approved 

OMB NO. 0704-0188 

Puhlic Report.ii" burden lor this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, 
-athenn» and maintaining the data needed, and completing and reviewing the collection of information.  Send comment regarding this burden estimates or any other aspect of this collection 
Of information, including suggestions for reducing this burden, to Washington Headquarters Services. Directorate for information Operations and Reports. 1215 Jefferson Davis Highway. 
Suite 1204. Arlington, VA 222(12-4302. and to the Office of Management and Budget. Paperwork Reduction Project (0704-0188.) Washington. DC 20503. 

AGENCY l*SE ONLY ( Leave Blank) 2.  REPORT DATE 
14 June 2000 

4. TITLE AND SUBTITLE 
The effect of electric fields on the subcritical crack propagation in selected 
dielectric glasses and ceramics 

6.  AUTHOR(S) 
Jian-Ku Shang 

7.  PERFORMING ORGANIZATION NAME(S) AND  ADDRESS(ES) 
Department of Materials Science and Engineering 
University of Illinois at Urbana-Champaign, Urbana, IL 61801 

9.  SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

U.S. Army Research Office 
P.O. Box 12211 
Research Trianale Park. NC 27709-2211 

3.  REPORT TYPE AND DATES COVERED 
Final, 12Aug96-31 Dec 99 

5.  FUNDING NUMBERS 
DAAH04-96-1-0373 

8.  PERFORMING ORGANIZATION 
REPORT NUMBER 

10.  SPONSORING / MONITORING 
AGENCY REPORT NUMBER 

ftfUi   3^o¥C.^-/y)s 
11.  SUPPLEMENTARY NOTES 

The views, opinions and/or findings contained in this report are those of the author(s) and should not be construed as an 
official Department of the Army position, policy or decision, unless so designated by other documentation. 

12 a.   DISTRIBUTION / AVAILABILITY STATEMENT 

Approved for public release: distribution unlimited. 

12 b.   DISTRIBUTION CODE 

13.  ABSTRACT (Maximum 200 words) 

Effects of electrical fields on cracking behavior of ceramics were examined in four different ceramics, 
namely, glass, magnesium oxide (MgO), lead zirconate titanate (PZT) and lead lanthanum zirconate titanate 
(PLZT). When the electrical field was non-orthogonal to the crack plane, deflection of microcracks occurred. 
The deflection angle was as high as 90 degrees from the original crack-plane, depending on the relative 
orientation of the electrical field to the crack plane. In piezoelectric ceramics, crack growth was observed 
under both DC and AC electric fields. The crack growth under AC electric fields was a strong function of the 
mean electrical field. Micromechanisms of cracking were examined by a new in-situ transmission electron 
microscopy technique, developed for observations of electric-field induced cracking in ferroelectric ceramics. 
With this technique, cracking of the domain boundary under both static and alternating electric field was 
directly observed for the first time in PMN-PT crystals and in a commercial EC65 PZT ceramic. 
Domain alignments and switching were also directly imaged near crack-like flaws. 

14.  SUBJECT TERMS 
Electric field, crack growth, fracture, in-situ TEM, piezoelectric, ceramics, crack deflection 

17.  SECURITY CLASSIFICATION 
OR REPORT 

UNCLASSIFIED       

18. SECURITY CLASSIFICATION 
ON THIS PAGE 

UNCLASSIFIED 

19.  SECURITY CLASSIFICATION 
■OF ABSTRACT 

UNCLASSIFIED 

15.  NUMBER OF PAGES 
11 

16.  PRICE CODE 

20.  LIMITATION OF ABSTRACT 

UL 

NSN 7540-01-280-5500 Standard Form 298 (Rev.2-89) 
Prescribed by ANSI Std. 239-18 

298-102 

20001124 019 KSGQUALn? EISEST Jäü'ÜSD 4 



FINAL PROGRESS REPORT 

Statement of the problem studied 

The extreme hardness and thermal resistance of ceramics have made interesting 
materials for a wide range of Army structures. However, the high susceptibility of 
ceramics to cracking has limited their widespread use. The purpose of our research was to 
examine effects of electric fields on crack propagation in ceramics and to seek 
mechanistic understanding of the cracking process under the influence of the electric 
field, so that crack propagation in ceramic materials and structures may be ultimately 
controlled or prevented. 

Summary of the most important results 

A. Effects of electric fields on crack propagation 

Effects of electrical fields on cracking behavior of ceramics were examined in 
four different oxides, namely, glass, magnesium oxide (MgO), lead zirconate titanate 
(PZT) and lead lanthanum zirconate titanate (PLZT). Our efforts were focussed on two 
significant aspects of the field-influenced crack growth, namely field-induced crack 
deflection and field-induced cracking of PZT and PLZT. Deflection of microcracks 
occurred when the electrical field was non-orthogonal to the crack plane. The deflection 
angle was as high as 90 degrees from the original crack-plane, depending on the relative 
orientation of the electrical field to the crack plane. Under both DC and AC electric 
fields, crack growth was observed in piezoelectric ceramics. The crack growth under AC 
electric fields was a strong function of the mean electrical field. 

1. Deflection of microcracks by electrical field 

In ceramics, microcracks oriented perpendicular to tensile stress axis are most 
dangerous in triggering catastrophic failures. In this study, the potential use of electric 
field in diverting crack away from the original crack plane (assumed plane of the 
maximum tensile stress) was explored in PZT and PLZT ceramics. The role of electric 
field in deflecting microcracks was examined by applying electric fields parallel, 
perpendicular, and inclined to the crack plane. 

a). Perpendicular Field 

When the electric field was perpendicular to the crack plane, the crack extends in 
a self-similar manner by propagating ahead on the original crack-plane, as shown in Fig. 
1. The crack growth was stable up to very long length and crack speed was apparently 
independent of the crack length. 

If the specimen is poled along the direction perpendicular to the applied AC 
electric field, the original crack forked to two branches, with each branch lying 45 



degrees from the original plane (Fig. 2). Crack growth was much slower after the fork 
developed. 
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Fig. I Crack growth in PZT under a perpendicular electric field of 12 kV/cm. 

Fig. 2 Crack deflection in poled PZT under a perpendicular field of 14 kV/cm. 



b). Parallel Field 

In the virgin state, a parallel field had no effect on the original indentation crack. 
After the specimen was poled along the crack orientation, a parallel field extended the 
original crack for a small distance and then turned the crack into a fork. The deflected 
crack branches propagated along a plane 70-80 degress away from the original crack 
plane (Fig. 3). Both branches came to arrest after some distances. 
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Fig. 3 Crack deflection in poled PZT under a parallel field of 14 kV/cm. 

c) Inclined Field 

When the crack plane was inclined to the electric field, crack was deflected away 
from the original crack plane. As shown in Fig. 4, crack in PLZT preferred to extend on 
the plane perpendicular to the applied electric field. After deflection, the crack grew at 
nearly the same rate as that for the crack extending under a perpendicular field. 

In the poled PZT specimen, when the applied field was perpendicular to the 
poling direction, but inclined 45 degrees to the crack plane, crack grew a small distance 
along the original crack plane, and then turned nearly 90 degrees (Fig. 5). 
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Fig. 4 Crack deflection in PLZT under an inclined field of 18 kV/cm. 
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Fig. 5 Crack deflection in poled PZT under an inclined field of 14 kV/cm. 



2. Crack growth in PLZT under DC and AC electric fields 

DC electric field and sinusoidal AC fields of various amplitudes and mean levels 
were applied to mechanically precracked PLZT beams and crack growth rates were 
obtained from precracked specimens. As shown in Fig. 6, under AC electric field, the 
mechanical precrack began to grow when the peak field strength reached 8.5 kV/cm and 
continued its growth as long as comparable or higher field strength was maintained. The 
crack eventually grew very close to the end of the specimen and caused specimen 
fracture. 

Before testing. 

Emax=8.48kV/cm, SO min. 

I   8.66 kV/cm, 20 min. 

8.84 kV/cm, 20 min. 

9.01 kV/cm, 20 min. 

9.19 kV/cm, 15 min. 

9.37kV/cm, 12 min. 

Fig. 6. Crack growth in PLZT under AC electric fields. 



The relationship between crack growth rate and electric-field strength is shown in 
Fig. 7 at different minimum to maximum field ratios (Emin/Emax). As the field ratio or the 
mean level of the AC field increases, the threshold electric field increases, but the range 
of the field strengths within which stable crack growth may be obtained becomes smaller. 
Distinct differences in fracture mechanisms were noted at different eelctric-field ratios. 
Fracture mechanism under completely reversed AC electric field (EmJEmaK = -1) was 
transgranular, similar to the fracture mechansm under mechanical loading. However, 
crack growth turned mixed intergranular and transgranular at the field ratio of zero, and 
was predominantly intergranular at the field ratio of 0.2 and 1.0 (DC field). 
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Fig. 7. Crack velocity as a function of the maximum field under DC and AC fields. 

B. Micromechanisms of cracking under electric fields 

While the first half of our work had clearly shown that crack growth behavior in 
ceramics could be greatly modified by the application of an electric field, the 
micromechanism of the field-induced cracking remained elusive. In addressing this 
problem, we came up with a new experimental technique, which allowed direct in-situ 
observations of the micromechanisms of field-induced cracking to be made for the first 
time in a transmission electron microscope. We have used this new technique to obtain 
direct evidence of domain-boundary cracking, domain alignment and domain switching 
near crack-like flaws in piezoelectric crystals and ceramics. 



1.   Domain-boundary Cracking 

Figure 8(a)-(d) are photomicrographs taken from an in-situ TEM study of the 
field-induced cracking in PMN-PT piezoelectric crystal. It shows the response of a small 
defect, a fine pore of -0.22x0.15 urn2 in size (Figure 8(a) and (c)), to an applied 
alternating field along the marked direction. When an alternating electric field of 
25kV/cm was applied to the specimen for 20 cycles, microcracks were developed, as 
illustrated in Figure 8(b) and (d). According to the electron diffraction analysis, the 
microcrack followed the {110} domain boundary of the crystal. 

Figure 8. Effects of a cyclic electric field on microcrack initiation in single crystal 
0.66PMN-0.34PT specimen, (a) and (c) E = 0; and (b) and (d) E = ±25kV/cm 
for 20 cycles. 

2.   Domain Alignment around Crack-like Flaw 

Figure 9 (a)-(c) were taken from an in-situ TEM study of the field-induced 
cracking in EC65 PZT ceramic, proving direct evidence of domain alignment near a 
crack-like flaw. Figure 9a shows the original domain structure of the annealed (depoled) 
specimen. Randomly oriented nano-domains with short range tweed features were 
observed. Diffraction analysis indicated these tweed features were along {110} plane, as 
noted by the plane trace line in the figure. Upon the application of a static field of 



+4.0MV/m, nano-domains were forced to align along another {110} plane and the long 
range tweed structure emerged, as shown in Figure 9b. Release of the field could not 
resume the original domain structure. The reversion of the static field moved the tweed 
structure farther, as shown in Figure 9c. 

Figure 9. Electric-field-induced domain alignment and microcrack within a single grain: 
(a) domain structure at original annealed state; (b) electric field +4.0 MV/m; 
(c) electric field -4.0 MV/m. 

3. Domain Switching at Crack Tip 

Figure 10(a)-(d) were TEM images obtained from an in-situ TEM study of a fine- 
grained Mn-doped PZT ceramic, showing domain switching at the tip of a preexisting 



crack in a complete electric cycle. Domain switching was seen as changes in the domain 
contrast or movement/disappearance of the domain walls. The microcrack was 
intergranular and just at the tip of it there was a grain with well-defined domains, 
indicated by a triangle in Figure 10a. Upon the application of the electric field, changes 
of the domain width in this grain were observed, as shown in Figure 10b. The contrast of 
these domains faded away (see Figure 10c) as the electric field reversed its polarity. 
Figure lOd shows that as the field was released, the domain configurations resumed to the 
state before the application of the electric field. 

Figure 1 O.Domain switching at the crack tip in a complete electric cycle in PZT ceramic 
doped with 1% Mn: (a) electric field 0; (b) electric field +4.0 MV/m; (c) 
electric field -4.0 MV/m; (d) electric field released. 
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