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STRUCTURAL MATERAL WITH 
PIEZOELECTRIC MATERAL PARTICLES 

BACKGROUND OF THE INVENTION 

0001 1. Field of the Invention 
0002. The invention relates to structural materials and 
methods used in the general areas of quality and nondestruc 
tive testing, structural health monitoring, and detection of 
forces. 
0003 2. Description of the Related Art 
0004 Ultrasonic testing and vibrational resonance tech 
niques are commonly used nondestructive techniques to test 
the integrity of polymer matrix composite structures and 
other structures. These techniques may be used to perform 
quality control tests at the time of manufacture, and/or struc 
tural health monitoring tests over the life of the structure. 
Piezoelectric transducers have been placed on such materials 
to both generate and receive ultrasonic and vibrational sig 
nals. 
0005 Ultrasonic testing techniques may employ longitu 
dinal, shear, or Surface waves. Defects existing in the struc 
ture may cause an irregularity in the ultrasonic signal, if the 
defect is located in an area probed by the ultrasonic signal. 
Defects in the structure may also alter its vibrational reso 
nance response, if the defects are located in an area that is 
probed by the vibrational signal introduced into the structure. 
0006 For nondestructive quality control testing, skilled 
and expensive technicians have been needed to properly per 
form ultrasonic scans. Such ultrasonic testing is often a time 
consuming operation that slows down production. Vibra 
tional resonance techniques have not been as commonly used, 
due to the expense and complexity of developing the neces 
sary experimental apparatus. The ultrasonic method in par 
ticular suffers from the drawback that it is directional. Thus 
only limited parts of the structure may be examined at any one 
time. Full characterization of a structure, especially a com 
plex structure, is a difficult, time-consuming, and expensive 
operation. 
0007 Inlarge structures, such as those used on aircraft and 
bridges, piezoelectric wafer active sensors have been utilized. 
Piezoelectric wafer active sensors are flat, rectangular sensors 
made of ceramic material. The sensors are bonded to the 
structure, and their response over time is examined as part of 
a structural health monitoring operation. One problem with 
piezoelectric wafer active sensors is that they must be bonded 
to the structure, and the bond is prone to break down over 
time. Another problem is that Such sensors do not easily 
conform to curved surfaces, and are easily broken. They may 
also produce unacceptable irregularities on aerodynamic Sur 
faces, or they may detract from the aesthetic appeal of other 
Structures. 

0008. From the foregoing it will be appreciated that 
improvements of this area of endeavor would be welcome. 

SUMMARY OF THE INVENTION 

0009. According to an aspect of the invention, a load 
bearing structural member is made of a continuous structural 
material with a plurality of piezoelectric material particles 
distributed in continuous structural material. 
0010. According to another aspect of the invention, a 
structure includes: a load-bearing structural member that 
includes a continuous structural material and a plurality of 
piezoelectric material particles distributed within the con 
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tinuous structural material; and at least one conductive pickup 
attached to the structural member and operatively coupled to 
the piezoelectric material particles. 
0011. According to yet another aspect of the invention, a 
method of evaluating structural soundness of a structural 
member includes the steps of placing at least one conductive 
pickup on the structural member, wherein the structural mem 
ber includes a continuous structural material and a plurality of 
piezoelectric material particles in the continuous structural 
material; exciting at least Some of the piezoelectric material 
particles; receiving electrical signals from the at least one 
conductive pickup, wherein the signals are at least in part 
caused by excitation of the piezoelectric material particles; 
and interpreting the signals to determine the structural sound 
ness of the structural member. 
0012. According to still another aspect of the invention, a 
method of detecting acceleration in a vehicle includes the 
steps of placing at least one conductive pickup on a structural 
member of the vehicle, wherein the structural member 
includes a continuous structural material, and a plurality of 
piezoelectric material particles in the continuous structural 
material; and receiving electrical signals from the at least one 
conductive pickup, wherein the signals are indicative of elec 
trical fields in the structural member caused by stresses 
induced in the structural member by acceleration of the 
vehicle. 
0013 To the accomplishment of the foregoing and related 
ends, the invention comprises the features hereinafter fully 
described and particularly pointed out in the claims. The 
following description and the annexed drawings set forth in 
detail certain illustrative embodiments of the invention. 
These embodiments are indicative, however, of but a few of 
the various ways in which the principles of the invention may 
be employed. Other objects, advantages and novel features of 
the invention will become apparent from the following 
detailed description of the invention when considered in con 
junction with the drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0014. In the annexed drawings, which are not necessarily 
to scale: 
0015 FIG. 1 is cross-sectional view of a structure inaccor 
dance with an embodiment of the present invention; and 
0016 FIG. 2 is a schematic of a structure in accordance 
with another embodiment of the present invention. 

DETAILED DESCRIPTION 

0017. A load-bearing structural member has a continuous 
structural material with piezoelectric material particles mixed 
in throughout. The structural material may be any of a variety 
of Suitable materials, such as polymer materials, composite 
materials, ceramic materials, or concrete. The piezoelectric 
material particles may be used for evaluating the soundness of 
the structural member, Such as in quality control, nondestruc 
tive testing, or structural health monitoring processes. The 
structural member may include one or more conductive pick 
ups used for receiving signals from the structural member. 
The signals may be induced by introducing ultrasonic signals 
or vibrational resonance signals into the structural member. 
The response from Such induced signals may be used for 
quality control purposes or structural health monitoring. The 
piezoelectric material particles may function to provide 
response signals from throughout the structural material, 
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enabling easier evaluation of the Soundness of the structural 
member. Piezomagnetic, magneto-strictive, or electro-stric 
tive material particles may also be distributed throughout the 
structural material of the structural member, which serve to 
amplify and otherwise enhance the signals from the piezo 
electric material particles. The piezoelectric, electro-strictive, 
magneto-strictive, and/or piezomagnetic material particles 
may allow the structural member to exhibit an electrical and/ 
or magnetic response to forces on the structural member, Such 
as accelerations. This may allow the structural member to 
function as a force sensor or an accelerometer. Signals 
induced by Such external forces or accelerations may be taken 
from the conductive pickups and used for various operations, 
for example, for arming a warhead of a missile or for trigger 
ing passenger safety features such as airbags in automobiles. 
0.018 FIG. 1 shows a structure 10, a missile that includes 
a load-bearing structural member 12. In the illustrated 
embodiment, the structural member 12 is a nose cone of a 
missile, but it will be appreciated that the structural member 
12 may be any of a wide variety of parts of any of a wide 
variety of structures. 
0019. The structural member 12 includes a continuous 
structural material 14 that has piezoelectric material particles 
16, and electro-strictive, magneto-strictive, and/or piezomag 
netic material particles, 18, mixed in throughout. The con 
tinuous structural material 14 may be any of a wide variety of 
structural materials, including polymer materials, composite 
materials, ceramics, and concrete. The structural material 14 
provides a continuous structure for the load-bearing required 
of the structural member 12. The structural material 14 may 
be a composite material that includes sheets or other arrays of 
fibers. A composite material that is the continuous structure 
material 14 has an epoxy resin that may be hardened or cured, 
which serves as a continuous portion. Alternatively, the struc 
tural material 14 may be a liquid or gel that is hardened or 
cured to form a solid or viscoelastic material. 
0020. The piezoelectric material particles 16 may be lead 
zirconate titanate (PZT) particles. Suitable PZT particle pow 
ders are available from Morgan Electro Ceramics of Fairfield, 
N.J. The piezoelectric material particles 16 may have suitable 
sizes, for example being micron size or nanometer sized. 
Suitable amounts of piezoelectric particles may be added to 
the structural member 12, based on desired load characteris 
tics, the material of the continuous structural material 14, and 
desired response characteristics, among other factors. Suit 
able weight fractions of the piezoelectric particles may range 
from on the order of 1 percent to as high as 40 percent of the 
material, depending on particle size, application, and the 
chemistry of the matrix material. 
0021. It will be appreciated that the volume of the piezo 
electric material particles 16 and the electro-strictive, mag 
neto-strictive, and/or piezomagnetic material particles 18 
may be chosen so as to provide Suitable signal strength with 
out unduly degrading the material properties of the structural 
member 12. 

0022. The structural member 12 may also optionally 
include the electro-strictive, magneto-strictive, and/or piezo 
magnetic material particles 18. The piezomagnetic material 
particles 18 may be made of Suitable magnetostrictive mate 
rials, such as a magnetostrictive alloy or magnetite (i.e. iron 
oxide). One suitable material is Terfenol-D, available in pow 
der from ETREMA Products, Inc., of Ames, Iowa. The 
weight fraction of piezomagnetic material will be in the same 
range as given above for piezoelectric material. Likewise, if 

Jul. 31, 2008 

both piezoelectric and some combination of electro-strictive, 
magneto-strictive, and/or piezomagnetic particles are used in 
combination, then the combined weight fraction of the net 
particle mixture will be in the same range as listed above for 
piezoelectric particles. 
0023 The structural member 12 has one or more conduc 
tive materials, electrodes, or pickups 20. Various electrodes or 
pickups 20 may be located at various locations on the Surface 
of or within the structural member 12. The electrodes or 
pickups 20 may be made of suitable conductive material. Such 
as conductive metal foil, metallized fibers such as aluminized 
glass fiber, or conductive paint, for example silver paint. The 
pickups 20 may be used both for applying electrical fields to 
the structural member 12 in order to excite or drive the piezo 
electric material particles 16 or pickup response signals from 
driving of the piezoelectric material particles 16. 
0024. Some of the pickups 20 may be used to create elec 

tric fields to drive the piezoelectric material particles 16, 
while other of the pickups 20 may be used to receive signals 
from the excitation of the piezoelectric material particles 16. 
Alternatively, the same pickup or pickups 20 may be used 
both for creating the fields, and for being monitored to exam 
ine the response of the structural member 12 to the induced 
fields. The excitation signal used to drive the piezoelectric 
material particles 16, for example, for quality control struc 
tural health monitoring, may be a periodic signal having a 
Suitable frequency. Ultrasonic testing frequencies are typi 
cally in the range of several hundred kilohertz, to as high as 
hundreds of thousands of megahertz, with higher frequencies 
giving shorter wavelengths that enable the detection of 
smaller defect sizes. Vibrational resonance frequencies for 
structures typically range from the order of one to thousands 
of hertz, depending on the size of the structure and the vibra 
tional harmonics that are excited. The electric field set up by 
the signal through the electrodes or pickups 20 causes stresses 
within the structural member 12, due to the forces generated 
by the electric field within the piezoelectric material particles 
16. The piezomagnetic, electro-strictive, and/or magneto 
strictive material particles 18 may amplify this effect and 
induce stresses of their own into the structural member 12. 
0025 Interpretation of response signals received at the 
same or another of the electrodes or pickups 20 may be used 
to characterize the mechanical Soundness of the structural 
member 12. A simple example of interpretation of output 
signals would be to compare the output signal with previously 
obtained signals from known structurally sound parts or 
numerous examples presumed to be structurally sound. In 
ultrasonic testing this procedure is typically known as “pro 
ducing a standard or reference. Output results that are similar 
to known or presumed Sound parts would indicate a lack of 
structural defects. It would be expected that deviations in 
output signals from that of a sound part would indicate some 
sort of structural defect in a part, and the particular defects 
might be identified by further development of the reference 
standard. In addition, comparison may be made of output 
signals from the same structural member 12, taken at different 
times over the service life of the structural member. Devel 
opment of a structural defect, even an internal structural 
defect, would be expected to cause deviation in output signal. 
Detection of these output signal deviations could be used to 
diagnose structural problems, even before the appearance of 
external indicators such as cracks. 
0026. It will be appreciated that more complicated inter 
pretation of output signals may be performed. For example, 
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different types of signals may correspond to different types 
and/or locations of structural defects. Various correlations 
may be used to link various types of defects with various types 
of output signals. Such correlations may be based on exami 
nation of previous defective structures and/or may be based 
on theoretical or other predictive interpretations. Ultrasonic 
and vibrational testing methods based on the general 
approach of developing a reference standard have been used 
Successfully in the past to test structural integrity, using con 
ventional discrete external sensors. PMC (polymer matrix 
composite) fiber reinforcement disbands and delaminations 
have been detected using vibrational resonance techniques, 
while smaller, more localized defects have been detected 
ultrasonically using longitudinal, shear, Surface, or interfacial 
wave modes. It will be appreciated that placement of the 
piezoelectric material particles 16 substantially uniformly 
mixed throughout the structural member 12 advantageously 
allows for examination of structural health of the entire struc 
tural member 12 (or a substantial part thereof) substantially 
simultaneously. The individual piezoelectric material par 
ticles 16 in essence act as Small signal generating devices, 
placed throughout the structural member 12. Rather than 
directing a single signal along a single direction within a 
structural member, as occurs when conventional discrete 
ultrasonic signal generation and reception sensors are used 
(such as piezoelectric transducers, thermoelastic or ablative 
laser generation, interferometeric or optical vibrational or 
ultrasonic reception, capacitance transducers, electromag 
netic acoustic transducers, etc.), signals are induced Volu 
metrically throughout the structural member 12. This advan 
tageously may allow detection of defects in complex and 
difficult to characterize shapes because there are no “dead 
spots” inside the structure that cannot be readily reached, a 
problem which commonly occurs when using conventional 
discrete ultrasonic signal generation and reception sensors. 
Furthermore, because the methods described herein provide a 
Volumetric source of vibrational and/or ultrasonic energy, 
signal interpretation for complex structures is also enhanced 
because signals can be received and analyzed before the 
arrival of spurious (i.e. back wall and side wall) echoes. The 
problem of spurious echoes often renders ultrasonic inspec 
tion of complex parts impossible when conventional genera 
tion and reception sensors are used. 
0027. The pickups 20 may have any of a wide variety of 
Suitable configurations. As noted above, there may be only a 
single conductive electrode or pickup 20. Alternatively, there 
may be multiple pickups 20, for example being overlapped on 
opposite major faces of the structural member 12. It will be 
appreciated that a wide variety of ways of sending input 
signals and receiving output signals may be suitably accom 
plished. For example, output signals may be taken from dif 
ferent of the pickup 20 at different locations, to better char 
acterize the structural health or soundness of the structural 
member 12. This is similar to what is commonly done today 
using conventional discrete signal generation and reception 
sensors. Similar or different signals may be inputat individual 
of the multiple pickups or electrodes 20. In this manner either 
longitudinal, shear, Surface, or interfacial waves may gener 
ated and received inside structural members, depending on 
the types of defects that are of interest. 
0028. It will be appreciated that the pickups 20 may be 
connected to Suitable devices for generating and receiving 
signals. Among the Suitable devices that the pickups or elec 
trodes 20 may be coupled to are signal generators, spectrum 
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analyzers, signal amplifiers and filters, pulse generators, and/ 
or oscilloscopes. The specific details of a particular electron 
ics array that might be used to generate and receive nonde 
structive testing signals, using the methods claimed here (i.e. 
the use of piezoelectric, piezomagnetic, electro-strictive, or 
magneto-strictive particles distributed throughout the struc 
tural material), would be quite similar to those that are already 
in common use today for the application of conventional 
signal generation and reception sensors. In the design and 
configuration of the driving and receiving electronics used for 
nondestructive testing and structural health monitoring pur 
poses, the over arching goal is typically to maximize the 
overall signal to noise ratio (SNR). Likewise, it is to be 
understood that the particular mixture of piezoelectric, piezo 
magnetic, electro-strictive, and/or magneto-strictive particles 
that is used in any given specific application, will be chosen in 
such away as to maximize the resultant SNR. The appropriate 
particle mixture may be chosen either based on experimental 
data, and/or analytical results. 
0029. The structural member 12 may also be monitored 
passively, without use of a specific electrical input signal. 
Forces on the structural member 12, Such as stresses or accel 
erations, will produce forces within the continuous structural 
material 14. These will stress the piezoelectric material par 
ticles 16 and the piezomagnetic material particles 18, which 
will in turn create electric and magnetic fields. These fields 
may be detectable in output signals at the pickups or elec 
trodes 20. These passive output signals may be used to deter 
mine accelerations or other events that produce forces within 
the structural member 12. Thus, the structural member 12 
may be used itself as a sensor for sensing accelerations or 
other force-producing events. For example, the structural 
member 12 may function as a built in stress and/or strain 
indicator. Information received from monitoring of the output 
signals may be reported directly or may be used for triggering 
other functions. Similarly, the signals so generated could be 
used to detect impact events, for example a foreign object 
such as a bird striking the surface of an aircraft while in flight. 
0030. It will be appreciated that use of a structural material 
as an accelerometer for use as an arming device may be useful 
in other contexts, for example, in detonating warhead of a 
missile after penetration of an outer part of a target structure. 
0031 One example of such triggering is illustrated in FIG. 
2 where an output from a structural member 42 of a missile 40 
is used to trigger an arming circuit 44 of the missile 40. This 
is used to arm a warhead 46 of the missile 40. The arming 
circuit 44 may be configured to act only when a signal is 
received from the structural member 42 indicating an accel 
eration corresponding to launch of the missile 40. Thus, the 
need for a separate accelerometer on a missile or other device 
may be dispensed with altogether. 
0032. Prior to measuring output from the structural mem 
ber 12, the piezoelectric material particles 16 must be poled. 
This is done by subjecting the structural material 12 to a 
constant Voltage of sufficient strength, at an elevated tempera 
ture, for a suitably long period of time. This poling aligns the 
piezoelectric material particles 16 (and the electro-strictive, 
magneto-strictive, and/or piezomagnetic material particles, 
18 if present) such that there is similarity of orientation of the 
poles of the piezoelectric material particles. This allows 
achievement of similar responsiveness from different struc 
tural material samples. 
0033 Testing of several samples of structural members 
may be used to develop a baseline measurement for compari 
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son of future similar structural members. It will be appreci 
ated that the output response may be a function of many 
parameters, including configuration of the structural member 
12, the type of material deployed as the continuous structural 
material 14, the material, size, and Volume percentage of the 
piezoelectric material particles 16 and the piezomagnetic 
magnetic material particles 18, the location and configuration 
of the conductive electrodes or pickups 20, and the charac 
teristics of the input signal. 
0034. The structural materials and methods described 
above may be used in a variety of different structures, from 
Small conformal structures to very large structures. One 
advantage of the materials and methods is the ability to char 
acterize structural soundness in a nondirectional manner, over 
essentially an entire structural member. Another advantage is 
a configuration that allows for essentially continuous moni 
toring of structural health throughout an entire structural 
member. A further advantage is the ability to have a built in 
way for evaluating health of a structural member without 
compromising uniform material properties within the struc 
tural member, and without having to apply external genera 
tion and reception sensors on the aerodynamic Surfaces of 
aircraft. 
0035 Although the invention has been shown and 
described with respect to a certain embodiment or embodi 
ments, it is obvious that equivalent alterations and modifica 
tions will occur to others skilled in the art upon the reading 
and understanding of this specification and the annexed draw 
ings. In particular regard to the various functions performed 
by the above described elements (components, assemblies, 
devices, compositions, etc.), the terms (including a reference 
to a “means') used to describe such elements are intended to 
correspond, unless otherwise indicated, to any element which 
performs the specified function of the described element (i.e., 
that is functionally equivalent), even though not structurally 
equivalent to the disclosed structure which performs the func 
tion in the herein illustrated exemplary embodiment or 
embodiments of the invention. In addition, while a particular 
feature of the invention may have been described above with 
respect to only one or more of several illustrated embodi 
ments, such feature may be combined with one or more other 
features of the other embodiments, as may be desired and 
advantageous for any given or particular application. 
What is claimed is: 
1. A structure comprising: 
a load-bearing structural member that includes a continu 

ous structural material, and a plurality of piezoelectric 
material particles distributed within the continuous 
structural material; and 

at least one conductive pickup attached to the structural 
member and operatively coupled to the piezoelectric 
material particles. 

2. The structure of claim 1, wherein the piezoelectric mate 
rial particles are distributed substantially uniformly through 
out the continuous structural material. 

3. The structure of claim 1, wherein the continuous struc 
tural material includes a polymer material. 

4. The structure of claim 1, wherein the continuous struc 
tural material includes a composite material. 
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5. The structure of claim 1, wherein the continuous struc 
tural material includes a ceramic material. 

6. The structure of claim 1, wherein the continuous struc 
tural material includes concrete. 

7. The structure of claim 1, wherein the structural member 
also includes a plurality of piezomagnetic, electro-strictive, 
and/or magneto-strictive material particles distributed within 
the continuous structural material. 

8. The structure of claim 1, wherein the at least one con 
ductive pickup includes multiple conductive pickups placed 
at different respective locations on the structural member. 

9. The structure of claim 1, wherein the at least one con 
ductive pickup includes a conductive foil pickup. 

10. The structure of claim 1, wherein the at least one 
conductive pickup includes a conductive paint pickup. 

11. The structure of claim 1, wherein the at least one 
conductive pickup is on a surface of the structural member. 

12. A method of evaluating structural soundness of a struc 
tural member, the method comprising: 

placing at least one conductive pickup on the structural 
member, wherein the structural member includes a con 
tinuous structural material and a plurality of piezoelec 
tric material particles in the continuous structural mate 
rial; 

exciting at least Some of the piezoelectric material par 
ticles; 

receiving electrical signals from the at least one conductive 
pickup, wherein the signals are at least in part caused by 
excitation of the piezoelectric material particles; and 

interpreting the signals to determine the structural sound 
ness of the structural member. 

13. The method of claim 12, wherein the exciting includes 
Subjecting the structural member to an ultrasonic signal. 

14. The method of claim 12, wherein the exciting includes 
Subjecting the structural member to a vibrational resonance 
signal. 

15. The method of claim 12, wherein the interpreting 
includes comparing the signals to signals obtained from 
evaluating other similar structural members. 

16. The method of claim 12, wherein the exciting includes 
enhancing excitement of the piezoelectric material particles 
through a plurality of piezomagnetic, electro-strictive, and/or 
magneto-strictive material particles that are also in the con 
tinuous structural material. 

17. A method of detecting acceleration in a vehicle, the 
method comprising: 

placing at least one conductive pickup on a structural mem 
ber of the vehicle, wherein the structural member 
includes a continuous structural material, and a plurality 
of piezoelectric, piezomagnetic, magneto-strictive, and/ 
or electro-strictive material particles in the continuous 
structural material; and 

receiving electrical signals from the at least one conductive 
pickup, wherein the signals are indicative of electrical 
fields in the structural member caused by stresses 
induced in the structural member by acceleration of the 
vehicle. 

18. The method of claim 17, wherein the detecting accel 
eration is used to control arming of a weapon. 
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