DESIGN AND CONSTRUCTION OF SMART MATERIALS BASED ON
PIEZORESISTIVE SENSORS AND MULTILAYER ACTUATORS

FINAL PROGRESS REPORT

WALTER A. SCHULZE and WILLIAM B. CARLSON
April 26, 1996
U.S. Army Research Office
Grant Number DAAL03-92-G-0374

NEW YORK STATE COLLEGE OF CERAMICS
at ALFRED UNIVERSITY, ALFRED, NEW YORK

Approved for Public Release;
Distribution Unlimited

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




PTCR (positive temperature coefficient of resistance) barium titanate was the active
material for a ceramic sensor which employed piezoresistivity to detect changes in applied
stress. High purity, chemically prepared barium titanate was donor-doped at an optimum level
of 0.30 at% lanthanum to provide semiconductivity. A transition metal counterdopant was
added at a level of less than 0.10 at% in some cases, to enhance the PTCR effect. The donor
dopant and counterddpant were added to the powder through a special precipitation technique.
Tape-cast sheets of undoped and PTCR BaTiO3 were laminated to produce a three-layer
"trilaminate" - a sintered structure which has two semiconducting PTCR layers separated by an
insulating layer. The trilaminate was exposed to mechanical stress in a four-point bend
configuration (placing one semiconducting layer completely in tension, the other in
compression), and the resistivities for both stress states were measured concurrently as
functions of applied stress and temperature.

Piezoresistivity was found to be extremely sensitive to temperature, reaching a peak just
above the Curie temperature, T, . The piezoresistive effect, which was positive in
compression and negative under tensile stress, was dependent on the presence of a well-formed
grain boundary potential barrier, but the species of counterdopant had little impact. Formation
of (Ba,Sr)TiO3 solid solutions shifted the peak to lower temperatures (corresponding to the T,
shift), and reduced its magnitude. Broadening of the piezoresistivity peak is observed as the
thickness of the semiconducting layers of the trilaminate decreases.

The results were in semi-quantitative agreement with a potential barrier model for
PTCR BaTiO3. This model is based on the Heywang model of the grain boundary as a back-
to-back Schottkey barrier, in combination with Devonshire's thermodynamic phenomenology
which describes polarization in terms of electric field, mechanical stress, and temperature.
Original modifications to this combined model account for the non-linear electric field
dependence of polarization in the vicinity of the grain boundary, and the circular dependence

of field, polarization, and potential barrier height.




A smart material package consisting of piezoresistive sensors and a piezoelectric
actuator has been proposed. The proposed device has the advantage of requiring only a simple
resistor network as a control circuit and a DC voltage source. The piezoresistive sensor will
allow a mechanical stress to control the response of the actuator by controlling the amount of
power let through.

The responses of such a smart material package were analyzed using finite element
methods. Results of simplified analyses were compared to closed form solutions in order to
determine the degree of accuracy of the more complex models. Static and dynamic responses
of the package were simulated over a wide range of pressures. Results of the finite element
analysis of the piezoelectric effect matched the results of the closed form solutions within 1 %.
The enhanced compliant nature of the device was demonstrated under both static and dynamic
pressures. The developed algorithms can be used for analysis of packages having different
geometries or containing different materials.

The piezoresistive sensor proposed for use in this smart package is an 0-3
ceramic/polymer composite. Such a material has been shown to have order of magnitude
decreases in resistivity with applied pressures. A range of polymer systems having varying
flexibilities have been investigated for the insulating polymeric matrix. The use of carbon and
Fe304 particles have been investigated for use as the filler material. The amount of filler in
the composites has been studied to determine the optimum solids loading. The different
choices of filler and polymer have been investigated to determine which combination would
yield the composites with the most pronounced changes in resistivity, as well as have increased
reproducibility. Also, work has been done to minimize the volume of the sensor with respect
to the volume of the entire smart package. The actuator for the proposed package consists of a

commercially available PZT stack.




LIST OF PUBLICATIONS

J.S. Capurso, "Aspects of Piezoresistivity in Semiconducting Barium Titanate Ceramics,”
. Ph.D. Thesis, New York State College of Ceramics at Alfred University, Alfred, New York,
April, 1996.

J.S. Capurso and W.A. Schulze, "Piezoresistivity in PTCR Barium Titanate Ceramics: I,
Experimental Findings," submitted for publication in J. Am. Ceram. Soc.

J.S. Capurso and W.A. Schulze, "Piezoresistivity in PTCR Barium Titanate Ceramics: II,
Mathematical Modeling," submitted for publication in J. Am. Ceram. Soc.

W.A. Schulze and J.S. Capurso, "Ceramic Piezoresistive Sensors,” to be published in The
ISHM Journal of Microcircuits & Electronic Packaging

J.M. Frommelt, "Finite Element Analysis of a Piezoresistive-Piezoelectric Smart Material
Package,” M.S. Thesis, New York State College of Ceramics at Alfred University, Alfred,
New York, January, 1995.

J.S. Capurso, A.B. Alles, and W.A. Schulze, "Processing of Laminated Barium Titanate
Structures for Stress-Sensing Applications," J. Am. Ceram. Soc., 78 [9] 2476-80 (1995).

J. M. Frommelt, S. M. Pilgrim, W. B. Carlson, and W. A. Schulze, "Modeling of
Piezoresistively-Controlled Electromechanical Smart Material," J. Intell. Mater. Systems
Structures, 6 [5] 684 -90(1995).

J.S. Capurso and W.A. Schulze, "A Stress-Sensing Ceramic Device Based on PTCR Barium
Titanate," Proc. IEEE Intl. Symp. Appl. Ferroelectrics, 9 (1994) 731-34.

W. B. Carlson, S. M. Pilgrim, W. A. Schulze, Y. S. Kato, and J. M. Frommelt, "Flexi-
Distortional Piezoelectric Sensor Results," Proc. IEEE Intl. Symp. Appl. Ferroelectrics, 9
(1994) 770-71.

J.S. Capurso, A.B. Alles, and W.A. Schulze, "Piezoresistive Ceramic Sensor Based on
Barium Titanate," pp. 393-400 in Ceramic Transactions, vol. 43: Ferroic Materials: Design,
Preparation, and Characteristics, A.S. Bhalla, K.M. Nair, I.LK. Lloyd, H. Yanagida, and
D.A. Payne, eds., American Ceramic Society, Westerville, OH, 1994.




REPORT OF INVENTION

U.S. Patent Number 5,225,126: Piezoresistive Sensor; A.B. Alles and W.A. Schulze, Alfred
University, Alfred, New York, July 6, 1993.

LIST OF PARTICIPATING SCIENTIFIC PERSONNEL

Dr. Walter A. Schulze - principal investigator
Dr. William B. Carlson - principal investigator

Joseph S. Capurso - research assistant (earned Ph.D., Ceramics in 1996)

Jon M. Frommelt - research assistant (earned M.S., Ceramic Engineering in 1995)
Paul C. Huber - research assistant

Carl J. Carney - research assistant




SF 298 MASTER COPY

KEEP THIS COPY FOR REPRODUCTION PURPOSES

REPORT DOCUMENTATION PAGE o prove g8

Public reporting buraen for this collection of information 15 estimated to average 1 hour per response, (ncluding the time for reviewing instructions. searching existing data sources,
gathering and maintaining the data needed. and compieting and reviewing the collection of information. Send comment regarding this burden estimates or any other aspect of this
collection of information, inciuaing suggestions for reducing this burden. to Washington Heaaquarters Services. Directorate for mformation Operations ana Repons, 1215 Jetterson
Davis Highway, Suite 1204. Artington, VA 22202-4302. and to the Office of Management ana Budget. Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank)

Sy IR

3. REPORT.TYPE AND DATES COVERED

) | Aeoa2-29 Febay,

4. TITLE AND SUBTITLE

Design And Construction Of Smart Materials Based On
Piezoresistive Sensors And Multilayer Actuators

5. FUNDING NUMBERS

6. AUTHOR(S)

W.A. Schulze and W.B. Carison

DAALO3-926-0374

7. PERFORMING ORGANIZATION NAMES(S) AND ADDRESS(ES)

8. PERFORMING ORGANIZATION

REPORT NUMBER
New York State College of Ceramics
at Alfred University
Alfred, New York 14802
9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING

U.S. Army Research Office
P.O. Box 12211

Research Triangle Park, NC 27709-2211

AGENCY REPORT NUMBER

Apo QY748 F-ms-Sm

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.

12a. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for public release: distribution unlimited.

12 b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 words) R (positive temperature coefficient of resistance) barium titanate was the

active material for a ceramic sensor which employed piezoresistivity to detect changes in applied stress.
Tape-cast sheets of undoped and PTCR BaTiO, were laminated to produce a three-layer “trilaminate” - a
sintered structure which has two semiconducting PTCR layers separated by an insulating layer. The
trilaminate was exposed to mechanical stress in four-point bend (placing one semiconducting layer
completely in tension, the other in compression), and the resistivities for both stress states were
measured concurrently as functions of applied stress and temperature. The results were in semi-
quantitative agreement with a modified potential barrier model for PTCR BaTiOa, based on the Heywang
model and Devonshire's thermodynamic phenomenology. Original modifications to this combined model
account for non-linear polarization and the interdependence of field, polarization, and barrier height.

A smart material package consisting of piezoresistive sensors and a piezoelectric actuator has
been proposed, having the advantage of requiring only a simple resistor network as a control circuit and
a DC voltage source. The piezoresistive sensor will allow a mechanical stress to control the response of
the actuator by controlling the amount of power let through. The piezoresistive sensor proposed for use
in this smart package is an 0-3 ceramic/polymer composite. A range of polymer systems having varying
flexibilities have been investigated for the insulating polymeric matrix.

14. SUBJECT TERMS 15. NUMBER IFSPAGES

Piezoresistivity, PTCR, barium titanate, composites, smart materials

16. PRICE CODE

17. SECURITY CLASSIFICATION | 18. SECURITY CLASSIFICATION | 19. SECURITY CLASSIFICATION | 20. LIMITATION OF ABSTRACT
OR REPORT OF THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UL
NSN 7540-01-280-5500 DILC Quriamin & amvws motml T Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. 239-18




