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Experiments survey within consortium
partner ship.

This document presents a survey of the experimental methods used/developed
within the consortium partnership. The survey is a general overview of Acoustic
Emission, linear and nonlinear, and frequency response experimental acoustic NDT
methods.

Partners in the project use experimental devices with specific home made equipment :

Organization | Competenciesin manufacturing.
|ZFP Piezoelectric transducers
KULAK Adapter to generate surface wave
UNIV-BRIS Power amplifiers + impedance matching
UNEXE PZT contact transducers
DAKEL NDT measuring systems
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1. Acoustic Emission (AE)

Partners using AE : Cranfield - Dakel

Acoustic Emission (AE) is a naturaly occurring phenomenon from sudden and
typically local stress redistribution such as that caused by growing cracks. AE monitoring
involves receiving the acoustic signal emitted by a material, structure or machine in use
or under load. In this context, piezoelectric transducers are widely used sensors. Typical
characteristics provided by partners are :

Sensitivity :62 dB, Broadband : 100%, Low frequency < 1IMHz.

Monitoring for AE can be combined with test programs (programmed load cycles)
to interrogate structures for flaws. It is one of the most prominent methods for studying
dynamic processes which is also a natural phenomenon.

AE differs from the majority of NDT methods devised by actively inputting
signals of a specific type. Only receiving sensors are required.

2. M easur ements of linear char acteristics of waves

Partners using linear methods : CU, I1ZFP, UNEXE, ITASCR, KULAK, GIP-U,
UNIV-BRIS, UNOTT, VUB, NDT-E.

The NDT methods using linear acoustic lead generally to the determination of
propagating bulk-Lamb-Rayleigh waves characteristics : celerity, attenuation, wave

number.
Measured characteristics
Celerity Energy loss Mode conversion
(change in wave
number)
Technology piezoelectric/optic piezoelectric/optic piezoelectric/optic
Frequency range 100kHz-20MHZz/up to | 100kHz-20MHZz/upto | 100kHz-20MHZz/up to
300MHz 300MHz 300MHz
Procedure - Timeof flight - Timedomain - Spatially dependent
- Spectroscopy damping spectroscopy
- Spectroscopy
Particular equipment Sensor array or
displacement system
Standard configuration |- Reflection - Reflection - Transmission
- Transmission - Transmission
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Wave mode used with linear methods :

CU |IZFP |UNEXE |ITASCR |KULAK |GIP-U |UNIV- |UNOTT |VUB |NDT-E
BRIS
O © Longitudinal X X X X X X X
] g Shear X X X X
= E Rayleigh X X X X X
Lamb X

As known, linear methods have been shown to be less sensitive that nonlinear methods.
However, in most cases, the knowledge of linear acoustic parameters values is necessary
in nonlinear acoustics investigations.

3. Nonlinear methods

In this section, the main characteristics of nonlinear acoustics methods used by the
partners within the consortium are briefly presented. The experimental procedure involve
wave propagation or/and resonance.

3.1. Resonant method (KULAK- UNI.NA)

Consider a structure harmonically excited at one of its most energetic eigenmode
frequency (bending mode of lowest frequency, generaly), with increasing amplitude
input level U, by either contact nor non contact actuator(s).

Sample
. RN
Acgzt;gr Audio Accel eromet_er/Opti ca
Speaker (receiver)
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Frequency shift, harmonics and damping characteristics are analyzed as a function of the
resonance peak acceleration amplitude

> freguency

3.2. Wave interaction (KULAK, VUB, IZFP, ITASCR, GIP-U, UNI.NA)

Basically, the principle of wave interaction methods is to investigate the harmonic
content of a HF (high frequency) wave, the probe wave, propagating in a perturbed
media. The perturbation is created by a LF (low frequency) wave, the pump wave.

Wave interaction methods exploit parametric interaction and phase modulation
phenomena. This interaction is a signature of the nonlinear behavior of a material.
Various methods based on this principle are used by the partners in the consortium.
Differences between the various methods are mainly frequency discrepancies.

3.2.1. Resonant pump (KULAK, VUB, UNI.NA)

The method named Nonlinear Wave Modulation Spectroscopy (NWMS) is developed by
KULAK. Consider two initially harmonic waves; after propagation in the sample,
nonlinear wave mixing appears in frequency domain through side-bands f,-f; and f1+f>.

Before interaction After interaction

f, f; frfy fi+f,

»

Frequenc
equency Frequency
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Situation 1: Resonant pump + resonant probe +accelerometer

Two transducers are used as emitters: low frequency from 5 to 20 kHz, and high
frequency, from 70 to 120 kHz. These emitters deliver continuous sine waves. Reception
is ensured by an accelerometer
Accelerometer
(receiver)

]

Sample
f1 —» I:
LF transducer
(emitter)
f ? HF transducer
2 (emitter)

Situation 2: Resonant pump + propagating probe

The pump is a very low frequency excitation (vibrator, shaker). The frequency of the
pump is tuned on a resonance frequency of the sample. A tone burst delivered by a HF
transducer propagates back and forth in the length of the bar sample.

fa
_» I: Sample
|_| Shaker :
HF transducer bending mode
(emitter/receiver) excitation
i A
Crack detection Crack location

Situation 1 Yes No
Situation 2 Yes Possible
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3.2.2. Propagating pump (ITASCR, GIP-U)

Another approach used in the consortium is a phase modulation method. The
probe wave is a high frequency burst (around 10-20 MHz) which interacts with a low
frequency pulse. When the frequency ratio between the two waves is large enough (about
10), the high frequency wave is modulated in phase. Through a demodulation process, the
nonlinear effects can be evaluated. In this case, the probe wave (which is modulated) is
emitted and received by the same transducer. This one should be sensitive and also
narrow banded. In order for the pump wave to be efficient, the low frequency transducer
must be able to deliver a high particle velocity in the sample, thus requiring a strong
driving voltage. Measurements are performed by increasing the excitation amplitude step
by step, assuming a linear response of the excitation system (transducer and amplifier)
with the driving voltage.

¢ Sample > faetfie
- WAVALY
Q :l —»
—> <
f HF
LF transducer > HF transducer
(emitter) (emitter/receiver)

3.2.3. Harmonic generation (IZFP, GIP-U, UNI.NA)

Another simple idea to characterize nonlinear behavior of a material is to observe the
harmonics generation during the propagation of a high amplitude tone burst. Comparing
the amplitude of harmonics with the square of the amplitude of the fundamental wave is a
way to evaluate the nonlinear parameter of the sample. This method, sometimes referred
to as finite amplitude method, can be seen as a particular case of modulation in the sense
that the sent wave self interacts during propagation in the sample.

Before interaction After interaction
f, fy
21:l
X | N
Frequency Frequency
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The emitter central frequency is in the range 1-5 MHz (possibly lower). The receiver
must be sensitive to the second harmonic component of the transmitted wave. Thusit can
be a laser probe interferometer or a transducer with a centra frequency twice the
emitter’s one. Transducers used here must have low distortion factor. A strong driving
voltage is also necessary for the characterization of solids. And again measurements are
performed assuming a linear response of the excitation system (transducer and amplifier)
with the driving voltage.

f f+ 2f
_ > Sample >
Emitter
transducer

Receiver : transducer or
laser interferometer

3.3 Comments

1) NEWS methods can be used to have a time dependant tracking of nonlinear effects.
The key point would be to maintain the same coupling between the transducer and the
sample to obtain a quantitative relative evolution. Otherwise, the methods require
calibration procedures.

2) For wave interaction methods,

a) the samples used to test the methods often have parallel flat sizes: thisis well suited
for methods requiring wave collinear propagation (phase modulation and finite amplitude
methods). Furthermore, wave modulation is a linearly growing process with propagation
distance : NDT investigations becomes easier with thicker samples, compared with
wavelength in the material.

b) various waveforms are used by the partnership within the consortium (see table). these
methods are adaptable with adopting suitable excitation (optimized waveform) according
to defect types (delamination, crack, fatigue, corrosion...). This could lead to keep an
optimum sensitivity of the testing device to the structure degradation.
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ITASCR UNIV- KULAK | IZFP | GIP-U | VUB |UNI.
BRIS NA
c Pulse X X X X
g Tone burst X X X X X
g | Continuous X X X X X
= | Arbitrary X X X X

4. Frequency Response M ethod

The technique is mainly based upon the analysis of experimentally evaluated Frequency
Response Functions (FRFs) of the structure; this complex function of the frequency (defined as

HO(f) = zv_g; where Sy and Sy« represent respectively the cross-spectrum between the output
and the input signal and the auto-spectrum of the input signal), containin fact all theinformation
regarding the dynamic behaviour of the structure.

In particular, the algorithm compares the amplitude of the on-line acquired FRF with a reference
one referred to the healthy structure; as a general rule, it can be stated that when the damage
occurs to a structure it leads to variations in stiffness, damping and sometimes mass and as a
conseguence to variations in the FRFs amplitudes.
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An example of FRF’ s modification when damage occurs

Following the previous considerations, the general procedure consist of a set of action that can be

resumed as follow:

- one or more actuators (generally piezoelectric in this application) are used to produce a
vibrational field (generally with a swept-sine driving signal) on the structure

Confidential s o



- at some points on the structure, where sensors are positioned, the FRFs of the healthy
structures are acquired. These functions are saved and utilised as reference since they
characterise the structural integrity of the monitored structure;

- insubsequent instants, at the same points, the acquisition of the FRFs is repeated,;

- these new FRFs are compared with the referred ones. A Damage Index (DI) based on the
mesasured differences is calculated;

- if the DI exceeds a threshold value, this indicates that a damage has occurred close to the
sensor that provided the highest index.

In this approach the calculated Dls are the averages of the differences between integer and
damaged structure's FRFs. Two DIs expressions have generally been considered:

>|Ft,~FD (Fli—FDiJ
S -

i=1 n

where Fl; and FD; are respectively the n values of the healthy and damaged structure's FRFs (n
depends from the chosen sampling frequency and frequency bandwidth of acquisition). The
above expressions are itemised in the following paragraphs as “First DI Expression” and “ Second
DI Expression” respectively.

Both DI’s expressions return values bigger then zero if any variation in the structural dynamic
behaviour occurs, and they will return zero values if a complete repetitiveness of the experimental
measures is obtained.

Damage/ Crack detection Corrosion Delamination
Method sengtivity

Detection YES YES POSSIBLE

Location POSSIBLE POSSIBLE POSSIBLE

This Index value is generally function of damage extension and sometimes give good
informations relative to the damage location.

30

E5mm M@10nm O15mm
O20mm MW30mm E40mm
25 [ 60 mm

20

A B c D E
Sensors

An exarmple of index sensitivity (Y axe) as function of damage extension (X axe)
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An example of index sensitivity (Y axe) as function of sensor/damage relative locations(X axe)
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1) INTRODUCTION

This draft report gives a market survey of commercially available ultrasonic transducers
and equipment relevant to non-destructive testing in the aircraft industry, particular
emphasis is given to those suited for non linear acoustic applications,

together with facilities and technology available within the consortium.

The report includes a literature study of transducers in development (emerging
technologies), and identifying relevant properties, such as acoustic impedance, operating
frequency, efficiency, coupling and other factors which may prove significant for this
project.

I mportant transducer parameters are represented graphically in order to make a selection
when the modelling and experimentation of the acoustic non-linear properties have been
determined from WP1 and WP2.

The study has concentrated on contact transducers only, either surface contact with the
aircraft component or embedded within it.

Non contact methods such as air and optical, which includes buried optical fibres, has not
been included as these are being researched by others within the consortium.

The next stages in the development program are discussed, and the conclusions made at
the September meeting as to how we will proceed are given.

2) MARKET SURVEY OF COMMERCIALLY
AVAILIABLE TRANSDUCERSAND EQUIPMENT

A short survey was conducted to obtain a broad view of current testing equipment,
methods and procedures. The survey included a request for comments on improvements
to the existing techniques.

The preliminary short survey asked the following three questions:-
1. What equipment is currently used in your company for ultrasonic testing of
aircraft components? (manufacturer and model number)

2. What European or national standards are used in your company for ultrasonic
testing of aircraft components?

3. What other ultrasonic testing procedures do you think should be used in the
aircraft industry?
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The collected repliesto thefirst question.

Inspection Instruments suppliers list:-

Sonatest (330)

Staveley (Sonic 137, Bondmaster 1000)

Krautkramer Branson (USD 10 & 15X, USN50 & 52, DME DL)
R/D Tech

IRT ScanMaster (LS-200)

Zetec (Sondicator S9)

Each manufactures products in the above list was examined, and information on their
range of transducers and accessories collected.

A faceto face interview was conducted with a representative from the Stavely company.
Additional information provided:-

Current ultrasonic testing of aging aircraft:-

a) Ultrasonic shear wave pulse-echo of metallic fittings (2-15MHz)
b) Ultrasonic low-frequency bond testing of honeycomb composites

(10-50KH2z)

¢) Ultrasonic high frequency bond testing solid laminate composites (100-
300KHz)

d) Ultrasonic longitudinal wave pulse-echo solid laminate composites (0.5-
10MH?z)

e) Ultrasonic air-coupled through-transmission techniques (25-400 KHz)

The collected repliesto the second question.
Aircraft Industry Standards:-

1) Mainly specific to each model of airplane (B-737, A-310, ATR)
2) Satisfy the requirements of the FAA

3) Auviation Authority (eg Airworthiness Notices)

4) US Military Standard: MIL-STD-2154

5) Indraft; European Standard prEN12668-1
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The collected repliesto thethird question.
Suggestions for new testing procedures:-
1) Current testing requires a pre-knowledge of the location, nature and
orientation of a suspected defect. It would be an advantage to be able to
detect a defect anywhere and at any orientation.

2) A need to perform testing for precursors of fatigue damage.
(slow growth of cracks).

3) Testing of thin metallic stack-ups (involving lamb / shear wave crack
detection).

4) Testing through multiple layers in a stack-up.

5) To be able to detect hidden cracks in complex shaped parts.

This survey provided a general introduction to the Industry. It is apparent that there are
few uniform testing procedures or standards across all makes of aircraft (except general
airworthiness). Ultrasonic testing is predominately transmission and reflection methods.

The only commercially available instrument specifically designed for NEWS applications
that | could find was the RITEC SNAP SYSTEM, RAM 5000 (Ritec Inc USA).

Versatile Computer Controlled Ultrasonic System:-

* High power RF tone burst outputsas high as 5 kilowatts for
frequenciesup to 7 MHz.

* A phase-sensitive superheterodyne receiver providesthe ability
to extract otherwise undetectable signalsfrom the noise.

» Characterize materials by measuring nonlinear properties.

Confidential s s



» Examine harmonic frequencies for increased sensitivity in
material evaluation.

» Two gated amplifiersprovide a variety of nonlinear
measurements such as beam mixing with the nonlinear
generation of sum and difference frequencies.

* Unique design with three direct digital synthesizers provides
complete flexibility in measurements.

Various limitations to this equipment are sited in the following paper:-
A TIME-RESOLVED METHOD FOR NONLINEAR
ACOUSTIC MEASUREMENT by Steven D Holland
PhD dissertation Cornell University USA, May 2002

Cross-talk (signal leakage): from other parts of the system

Noisy analog electronics: analog front-end SNR no better than 40 dB. Broadband noise
carries through all stages. The SNR isimproved by the narrowband detection and
filtering. Other stages have serious noise problems, but the front-end noise dominates.

Inefficient performance: Because the superheterodyne receiver can only
measure one point in the cross-correlation per trigger, more than 100 triggers are required
per frequency.

Harmonic distortion: The frequency synthesizer uses 8 bit digital synthesis and
generates harmonics internally at -40 to -50 dB. These harmonics are then amplified
along with the fundamental and during measurement are indistinguishable from
harmonic generation within the sample.
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3) SURVEY OF TRANSDUCERSAND TECHNOLOGY
USED WITHIN THE CONSORTIUM

A detailed survey was conducted within the consortium to ascertain the transducers,
equipment and facilities that exists and in particular to determine those suitable for the
NEWS technique. A complete list of the transducers and equipment are given in the
appendix, these will be discussed at the September meeting.

A summary of the working frequency ranges are given below:-

CONSORTIUM TRANSDUCER FREQUENCY RANGE
D sensor & actuator
- actuators
PYDF
[ DAREL [
M PMN-PT
o I R mE O
b5
o rm
PIT stack
 — . - — 7 o
o
[ RILAK .
o [ TIASCR ™
e e
1 1 1 1 1 ]
100Hz 1KHz 10KHz 100KHz 1MH:z 10MHz 100MHz

FREQUENCY RANGE

COUPLING:-

|ZFP = oil

Cranfield Uni = epoxy, gel
ITASCR = gel

KULAK = gel, air wax

IACSIC = air, solid contact

GIP-U =gel, water

Bristol = epoxy

Exeter = Mortar

VUB = epoxy, stinger

DAKEL = epoxy, gel, solid contact
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4) LITERATURE STUDY OF TRANSDUCERSIN

DEVELOPMENT

Transducers for sensors and actuators can broadly be categorised in to the following

groups:-

1) Piezoelectric
a) Piezoelectric ceramic
b) Piezoelectric Composites
c) Piezoelectric Polymers

2) Electrostrictive
3) Magnetostrictive
a) Normal magnetostrictive materials
b) Giant Magnetostrictive Materials (GMM)
a) Magnetic Shaped Memory Materials (MSM)
4) Electromagnetic
a) Moving magnet / moving coil
b) Electromagnetic acoustic transducers (EMAT)
5) Capacitive
6) Inductive
7) Resstive
a) Sliding contact
b) Compression
c) Magneto-resistive
d) Piezo-resistive
8) Quantum

9) Optical
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PIEZOELECTRIC

PIEZOELECTRIC CERAMIC

Examples of piezoelectric materials are Lead Zirconate Titanate (PZT), Lead
Metaniobate (LM), Lead Titanate (PT), Lanthanum Gallium Silicon Oxide (LGYS),
Lithium Tantalate (LTA), Barium Titanate (BT) and Ammonium Dihydrogen Phosphate
(ADP).

» strain is proportional to electric field (linear)
* hasto be “poled” in manufacture
* large hysteresis

The good linearity properties makes these materials ideal for non-linear acoustic
applications. They can be subdivided into two groups for applications involving sensors
and actuators.

HARD
 Low dielectric loss
* High mechanical Q
* Sensitivity low
* Coupling factor low
» Suited for actuators and power transmitters

SOFT
» Low mechanical Q
* Sensitivity high
* Larger displacements
* Coupling factor high
» Suited for sensor applications

New piezoelectric materials are continuously being developed, one recent example is the
Langasite series of crystals made from Lanthium and Gallium. These are currently used
in microelectronic devices, but are likely to find applications in a broad range of sensors.

Immersion Use Contact

Material (Yt) Use(YT) Disadvantages Advantages
Week Trans & Rec. not .
Quartz Poor Poor much used Inexpensive and rugged

Lithium . Good to excellent bandwidth, rugged and can

Niobate Good Excellent Expensive operate to very high temp
Lithium Sulfate Excellent - Dissolvesin Water None
| PzT-4 | Excdlet | Good | Narrow Band | Good penetration & inexpensive
| PzT5A | Excelent | Excelent | Narrow Band | Good penetration & inexpensive

Zinc Oxide Excellent Aboveé(opgﬂng\z/g)nly & Good bandwidth & operable to GHz frequencies
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.ﬁ?;ql;n; Excellent Excellent Very Narrow Bandwith Excellent penetration & inexpensive
Lead Excellent Excellent Expensive Good bandwidth & sensitivity
metaniobate
PVDF | Excdlent | Good Poor Trans. Excellent bandwidth & inexpensive

Source (NDTnet Sept 1996 vol1 No.09, PVDF and array transducers, Robert A Day.)

PIEZOELECTRIC ACTUATORS

Piezoelectric ceramics are ideally suited as sensors, however their use as actuators are
[imited. The physical movement that can be generated is in the order of a few tens of
nanometers, when operating over their normal voltage range.

To obtain greater movement (up to 0.5mm) ceramic elements can be stacked. The
picture below shows some stacked actuators from the PI-Polytech group.

E The induced-strain displacement vs.
= applied voltage for typical piezoelectric
2 actuators:

< Pl P-245.70 PZT stack, 99-mm long
% (Giurgiutiu et al., 1997);

8

=

a

k-]

o

200 ¥ 9 200 400 800 W00

Applied \Vbitage, -Vin, (V)

The maximum frequency of operation of a piezoelectric actuator is limited by:-
a) Dynamic forcesin the ceramic and load

b) Maximum driving voltage
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c) System phase and amplitude response

Thick ceramics will support high dynamic forces, and will be able to be driven at high
voltage, however the system response will be low.

Thin ceramics will provide a higher frequency response, however they will not be able to
tolerate high dynamic forces, or high driving voltages.

A piezoelectric ceramic will not be able to sustain tensile forces. Actuators are often
provided with a mechanical pre-compressive load.

PIEZOELECTRIC COMPOSITES

alectrode,

o

Piezoelectric composites consist of an array of
piezoelectric ceramic rods or fibres aligned in
one direction within a polymer matrix.
They can also be fabricated by mixing a
powdered ceramic with a polymer, and aligned
by electrical poling.

ceramic palymer
rads matrix Source:- Sensor Technology Ltd

The advantages of these composites over the pure ceramic are:-

1) Lower density givesrise to lower acoustic impedance, thereby improving the
acoustic matching to low density materials.

2) Large thickness coupling factor due to the decoupling nature of the polymer in the
planar direction.

3) Lower relative permittivity gives higher voltage constants.

4) By varying the ceramic / polymer ratio it is possible to optimise specific
constants, such as acoustic impedance.

5) Can control discrete areas, or individual rods of the composite, for specific
applications, such as electronic focusing.

6) Ceramic powder-polymer mixes can produce flexible transducers, or applied as a
paint.
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PIEZOELECTRIC POLYMERS

A piezoelectric polymer is a plastic material with groups of molecules linked as orderly
crystallites that exhibit a piezoelectric effect. As polymers, these materials can be easily
formed in various shapes, their properties can be engineered and they can

potentially be integrated with micro-electro-mechanical-system (MEMS) sensorsto
produce smart actuators. The most commonly used today is Polyvinylidene Fluoride
(PVDF) and its copolymers with Trifluoroethylene and Tetrafluroethylene.

PVDF properties.-

* Low electromechanical coupling (14%)

 Low acoustic impedance (4 to 5 MRayls)

* Greater dampening

» Short pulses can be generated

* Limited to low power applications

* High sensitivity

» Wide band applications (typically 1Hz to 1GHz)

» Manufactured to very thin size (less than 10 microns)
* Requires high voltages

|Characteristics of Piezodectric Ceramics, Polymers and Composites
Lead

Physical Zirkonae ||-2d [lLead Polyviylidenefluoride  |1-3

: Titanate ||Metaniobate .
Property Titanate PVDF (Copolymere) Composite

PT PbNb206
PZT-5

Acoustic
Impedance Z [10 33,7 33 20,5 39 9
exp 6 kg/mas]
Resonant
Frequency f <25 <20 <30 160 -10 (55 - 2) <10
[MHZ]
Coupling
Coefficient
(thickness mode) 0,45 0,51 0,30 0,2(0,3) 0,6
kt
Coupling
Coefficient 0,58 <0,01 <01 0,12 (k31) ~0,1
(radial mode) kp
Relative
Didlectricity er 1700 215 300 10 450
Maximum
Temperature [°C] 365 350 570 80 100

Source:- Piezoelectric materials for ultrasonic probes M. Lach, M. Plaite, A. Ries
NDTnet Sept 1996 Vol1l No09.
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ELECTROSTRICTIVE

Examples of this material are Quartz, Rochelle Salt, Tourmaline, Lead Magnesium
Niobate-Lead Titanate (PMN-PT) and Lead Nickel Niobate-Lead Titanate (PNN-PT).

These materials would not be suitable as sensors in NEWS applications due to their non
linear characteristics. They are liable to generate unwanted harmonics which will mask

the harmonics and overtones that we wish to measure in the material under tes.

e strain is proportional to square of electric field (non-linear)

* No “polling” in manufacture
* low hysteresis (2 to 3%)

A comparison of the properties of Piezoelectric and Electrostrictive materials.

at low field)

. s Hard Soft
rMatartal Eectrostrictive Piezoelectric Piezoelectric
Sensitivity - 't;ﬁ?;;éif;%cmc Low High
Max. Field 4 MV m 1 MV m- 0.3 MV m™

Max. Frequency MNo lhimit 100 kHz 20 kHz
Ternperature Very Low High Medium
Stability
Max. Temp 700 °C 200 °C 100 *C
Hysteresis Very low Low Medium
Ageing Very Low Low Medium
Accuracy Very high High Medium
Reproducibility Very high High Medium
Creep Very low Low Medium
Linearity Very low (Quadratic High High

source: - Ecertec Ltd
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MAGNETOSTRICTIVE MATERIALS

Magnetodtrictive materials convert magnetic energy to mechanical energy and vice versa
As a magnetodtrictive material is magnetized, it strains; that is it exhibits achangein
length per unit length. Conversely, if an external force produces astrainin a
magnetogtrictive material, the material's magnetic state will change. This bi-directional
coupling between the magnetic and mechanical states of a magnetostrictive material
provides a transduction capability that is used for both actuation and sensing devices.
Magnetodtriction is an inherent material property that will not degrade with time.

Advantages.-

* Operate at higher temperatures than piezoelectric & electrogtricive materials
* Tolerate higher strains than piezoelectric & electrogtricive materials

* Driven with low impedance amplifiers,

* Transducer driving voltages low.

* Low cost

Disadvantages:-

* Low efficiency

* Limited frequency response (DC to 30KHz).
» Electrical impedance of devices are Inductive.
* Non-linearity

* Transducers produce magnetic fields

* Not easily embedded in composite structures

GIANT MAGNETOSTRICTIVE MATERIALS (GMM)

Giant Magnetostrictive Materials (GMM) exhibit large changes in strain, typically over
1000 p L/L. Examples of these materials are Terfenol-D and Metglass, which have
become commercially available since the mid 1980's.

MAGNETICALLY SHAPED MEMORY MATERIALS (M SM)

Magnetic shape memory (MSM) alloys are smart materials which can undergo very large
reversible deformations in an applied magnetic field, they can function both as sensors
and as actuators.

At the moment, the largest magnetic field induced deformations have been reported by Dr
Andres Ayuela and co-workers at the Helsinki University of Technology in the Ni-Mn-
Gaalloys (Heusler alloys) where strains up to 6 % are obtained in afield of 0.6 T.

[ron Nickel Terfenol-D | Ni-Mn-Ga

Magnetostriction % -0.0014 -0.0050 0.16t00.24 | 0.3

Confidential s s



Density gms/cnm*3 7.86 8.9 9.21 8.2

Y oungs Modulus GPa 210 210 29 7.7
Compressive Strength MPa 700 700
Tensile Strength MPa 275 317 28 unavailable
Poisson’' s Ratio 0.29 0.29

Acoustic Impedance MRayl | 45 50 16 (approx) | 8 (approx)

HYBRID MAGNETOSTRICTIVE —PIEZOELECTRIC
TRANSDUCERS

Because magnetostrictive materials are inductive and piezoelectric elements are
capacitive, it is advantageous to combine both types of materials in the same device so
that a resonant electric circuit is formed. When driven at resonance, such devices behave
like a purely resistive load, this greatly simplifies amplifier design.

Preload Rod Piston

| AA R . S
| y | |
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ig T A -
oy iR =T s =T

|H||||“ ||||”|||I| _?_F-f_}_;_f;:’_;_;}_}

L g F 8 d &y
3 A
[/ ‘ !

Pieroclectric Magnetostrictive
Component Compenent

Source:-

On magnetogtrictive materials and their use in smart material transducers
Marcelo J. Dapino, Department of Mechanical Engineering

The Ohio State University, Robinson Laboratory, Columbus, USA
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Summary of the properties of Piezoelectric, Electrostrictive,
Piezoe ectric polymer and Magnetostrictive materials.

TRANSDUCER ACTIVE ELEMENT verses ACOUSTIC IMFEDANCE

] Magnetostrictive [ Electrostrictive

Fe Iron PMN Lead Magnesium Niobhate
Ni Nickel Si0, Quartz
Terf Terfenol-D RS Rochelle Salt

TM Tourmaline
[] Piezoelectric Polymer

PVDF Polyvinylidene Fluoride
E AP Electroactive Polymers

Heus Heuser alloys

B Piezoelectric Ceramic

PZT Lead Zirconate Titanate
LM Lead Metaniohate

PT Lead Titanate

LN Lithium Niobhate

LS Lithium Sulfate

LTA Lithium Tantalate

ZO  Zince Oxide

BrT Barium Titanate

BiT Bismuth Titanate

AIN Aluminium Nitride
NBT Sodium Bismuth Titanate
- ADP Ammonium Dihydrogen Phosphate
E - Lang Langasite (LGS, LGN, LGT)

W lamy L N
[PVDF] (e [0 e Y e B e (] [N
| EAP |
[ PET composin | =
R 1 . 1 . 1 . 1 . ]
5 10 15 20 25 30 35 40 45 20

ACOUSTIC IMPEDANCE MRayls

TRANSDUCER ACTIVE ELEMENT verses COUPLING COEFFICIENT ( thickness mode )

[0 Magnetostrictive
Terf Terfenol-D

[] Piezoelectric Polymer
FPVDF Polyvinylidene Fluoride

Il Piezoelectric Ceramic

PZT Lead Zirconate Titanate

LM Lead Metaniobate

PT Lead Titanate

LN Lithium Niohate

LS Lithium Sulfate

LTA Lithium Tantalate

BrT Barium Titanate

BiT Bismuth Titanate

Lang Langasite (LGS, LGN,LGT)

[1 Electrostrictive

Si0y Quartz
RS Rochelle Salt

hard
2 ]

S I I i S
o] [evDF] B RS

1 1 1 1 1 1 1 1 i I
0 10 20 30 40 50 60 70 80 90 100

COUPLING COEFFICIENT ( % )
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H. Oersted

p— 500 oo 1500 1000 1500 X . )
Strain vs. electric field behavior of
aits i induced strain materials currently
:rr,,.ﬂ-" TERFENOL available (Giurgiutiu et al., 1995);

PZT has good linearity but large
hysteresis

PMN has low hysteresis but poor
linearity

Sirjgle CrydLl
2 PZN-4 %P new <001> oriented
rhombohedral crystals of
PZN-PT and PMN-PT compared
to current piezoelectric ceramics
(Park and Shrout, 1997).

E p Crystal| . .
z " {2a%PT PMN Linearity can be improved
" ) by the addition of lead titanate
— Cargmics, PAT-5H (S' nglecrystal form)

b Cargmics, P PT
~1—— Cargmics, PAT-8

('] 1%

Flectric Field (kVicm)

Specific energy output capabilities of a selection of commercially available induced
strain actuators:-

Confidential s 1
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Source:-

ACTUATORS AND SMART STRUCTURES by Giurgiutiu, Victor
Department of Mechanical Engineering, University of South Carolina, Columbia, USA,
ENCY CLOPEDIA OF VIBRATIONS Academic Press Sept 2000
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ELECTROMAGNETIC

MOVING MAGNET /MOVING COIL

Example from CSA Engineering Inc

Frequency response 20 to 1000Hz
Force output 45N

The disadvantages of this type of actuator are :-

a) Force not constant over stroke

b) Linearity poor (better than most alternatives)
¢) Normally one directional (spring retainer)

d) High induction (large back emf’s)

€) Long electrical time constants

f) Low frequency operation

g) Stray magnetic fields

The main advantage is their ability to produce high forces over alarge stroke distance.

It is possible to improve the linearity by including a feedback control system. If these are
to be used in the NEWS system a smart transducer should be considered, where a small
microprocessor will apply the necessary corrections.

From Motran Industries Inc (USA) the following information and data sheets for a new
type of inertial force actuator are given:-
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The inertial transducer relies on the action and reaction of internally produced
electromagnetic forceson coils. The reaction force and the spring force, resulting from
the displacement of the internal mass, work together to produce the resulting axial force
on the housing of the unit following well known formulas, creating a magnification of the
magnetic force when the forcing frequency is above the resonance frequency. A typical
force vs. frequency response is shown in figure above.

In order for thistype of transducer to produce a force which closely follows the input
current it is necessary to avoid modulation of the magnetic field as aresult of the field
produced by the coils. Thisis obtained by using a plurality of coils, which produce
closely linked opposing fluxes, not only avoiding flux modulation, but also providing a
strong reduction in inductance. The figure below shows the result of a unit with two
coils. A smooth, distortion free motion of the mass is obtained by the use of flexures.
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To understand transducer action the following must be considered:-

Force rating for maximum continuous power at room temperature.
Force per ampere to be independent of stroke, current and frequency.
Operating amplitude and total shaft amplitude.

Operating frequency range.

Internal spring constant and no-load resonance frequency.
Mechanical impedance.

Coil resistance

Electrical time constant.

Maximum distortion.

Linearity vs. stroke or frequency.

Duty Cycles.

Environmental conditions, high and low temperature, chemical resistance.
Dimensions.

weight

Mounting features.

Stray magnetic field.

If these actuators are to be used in NEWS applications the dynamic performance will

need to be considered in addition to the static performance.

Moving magnet / moving coil transducers can also be used as sensors.
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ELECRTOMAGNETIC ACOUSTIC TRANSDUCERS (EMAT)

An EMAT consists of amagnet and a coil of wire and relies on electro-magnetic acoustic
interaction for elastic wave generation. Using Lorentz forces and magnetostriction, the
EMAT and the metal test surface interact and generate an acoustic wave within the
material. The material being inspected is its own transducer, eliminating the need for
liquid couplant.

Technology Comparison
Piezoelectric UT EMAT UT

EMAT Coil
Circuit

=< Lorentz Force

' ' Magnetic Field

Source:- Innerspec Technologies inc

Advantages:-

1) Does not require couplant (dry inspection).

2) Not affected by surface conditions

3) Narrow or wide band, high frequency

4) Can generate many different wave modes (eg. horizontally polarized shear )

Disadvantages:-
1) Low efficiency
2) High sensitivity to lift-off variations

3) Requires intense magnetic fields
4) Test material must be an electrical conductor
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EMAT swould not be suitable for embedded sensorsin aircraft components, due to the
heavy and bulky magnets required. However they could find application in external
ground inspections.

For non-conductive composite materials, athin metal foil can be glued to the surface, or a

thin metal foil or mesh embedded near the surface of the material. Thereby allowing the
generation and propagation of sound waves into the bulk of the composite material.

Connection to pre-amplifier
and transmitter unit

et / gt e e
IR

Perspex Support for
permanent magnet and coil

Permanent magnet
&

and coil support ;’ ; L
y A M H H

* Coil protection layer
Permanent magnet

Source:- New EMAT Probes useful for various Applications D. Lingenberg, R. Meler,
Erlangen NDTnet March 1998 vol 3 No.3
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CAPACITIVE

Acoustic sensors based on measuring the capacitance between two plate electrodes, and
acoustic transmitters based on electrogtatic repulsion / attraction are currently being
developed, that are suitable for embedding into composite materials.
Microelectromechanical Systems (MEMS) capacitive transducers are a new series of
devices that can be manufactured in large quantities at low cost.

ALUMHUMTOP

SILICOM NITRIDE ELECTROGDE
MEMBRANE /

SUPPORT [BOTTOM ELECTRDOE)

Silicon sensors resemble tiny drums with a thin, ultra-sensitive nitride membrane that
vibrates to send and receive ultrasound. The membrane and the underlying silicon
substrate form the top and bottom plates of a capacitor. Changes in the voltage on the
capacitor displaces the nitride membrane, and displacements of the membrane cause
detectable changes in capacitance.

Source:- Sensant Corp USA

Advantages.-
. Low cost

. High degree of reliability

. Consistent performance

. Broad Band

. 110 dB dynamic range

. Frequency range 200KHz to 5MHz

. Unidirectional radiator

. Low acoustic coupling to support structure

. Small size, thin (less than 1mm)
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Disadvantages:-
. Needs supporting electronics

. High voltages required ( 100 Volts)

. Low transmission power

RESISTIVE

Sliding Contact

The potentiometer is the simplest form of sliding contact transducer, these are only used
for very low frequency sensing of movement. They are noisy and subject to alimited life
time due to wear.

It is possible that carbon fibres in sliding contact may be adapted as sensors, no research
as been found to date on this application.

Compression

The earliest telephone microphones were based on electrical resistance changes as carbon
granules are compressed, these were very inefficient, noisy and had a slow response (low
frequency), acoustic sensors based on this are rarely used today.

Investigations at Cranfield University have been made into the electrical properties of
the carbon fibres used in composite materials when they are subject to fatigue damage. It
isunlikely that there is sufficient changes in electrical resistance at small strainsto be
able to adapt the carbon fibres as acoustic sensors.

Strain gauges based on the change of resistance in a thin metal foil have found
numerous applications in monitoring strain values in structures under load.

They are low cost, have good linearity, but require additional electronicsto provide
amplification. They are seldom used at frequencies above 5KHz.

M agneto-resistive
In magneto resistive devices the resistance of a conducting material is a function of the
direction and magnitude of an applied magnetic field, they are mainly used for linear

position sensors, switches and data recording heads, they are rarely used as acoustic
Sensors.
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Piezo-resistive

Piezoresistive sensors are made from semiconductor materials, usually silicon, with
boron asthe trace impurity for the P-type material and arsenic as the trace impurity for N-
type material. Piezoresistive sensors change resistance when pressure is applied.
Compared to piezoelectric materials, piezoresistive materials have very high
sensitivity and better low frequency response.

Successful acoustic transducers incorporating piezoelectric materials have been
constructed operating at frequencies up to 300KHz. However their main use isin strain
gauges.

For Aeronews applications dual purpose sensing of strain and acoustic testing may be an
advantage. The devices are cheap, light weight, small and can be embedded into the
composite aircraft structures without undue effect on structural integrity.

QUANTUM

Electron Quantum Tunnelling

Electron tunnelling occurs when electrons cross a narrow energy barrier. For the sensor
illustrated below, this barrier is caused by maintaining two metallic electrodes a small
distance apart. The membrane and tip are held roughly 10 Angstroms apart when the
Sensor is operating properly.

Gold-coated
membrane

Deflection Electrode s

Tip
The sensor is constructed with roughly 1 micron of separation between the membrane
and tip. To pull the membrane close enough to enable tunnelling currents, an electrostatic
forceis created by applying alarge voltage(100's of Volts) between the membrane and
the deflection electrodes. An external circuit controls this "deflection voltage" to maintain
aconstant tunnelling current. For this sensor, atunnelling current of approximately 1 nA
occurs when the separation distance is about 10 Angstroms and 175 mV is applied
between the membrane and tip.
Since this system balances the forces on the membrane to keep the current (and therefore
separation distance) constant, the measurement of external forces on the membrane can
be made by measuring the force the controller applies to balance these external forces.
Acoustic sensing is by sound waves forcing the membrane to move.

Source:- Stanford University USA.
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Russian commercial device.

These devices are extremely sensitive to any movement (sound vibration), however the
frequency response at present is low.

OPTICAL

Fabry-Perot polymer film ultrasound transducer

Thisisacontact optical acoustic transducer. A polymer film such as PET (polyethyene
terephthalate) is placed in contact with the test material and forms the sensing element.
The thickness of the polymer film depends on the bandwidth required (typically 25-50pum
for bandwidths in the tens of MHz range). Light reflects off the top and bottom surface
acting as an interferometer. Assuming the elastic limits of the polymer sensing film are
not exceeded, external acoustic pressure is linearly converted to a change in the optical
thickness of the film. This causes changesto the reflected light beams intensity, which is
measured. Asiillustrated in the diagram below.

Polymer film
-k
laser | |
light ' |
)i )
I
T ile
2ol -
e dL : — Acoustic
! - wave

!
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Ref:- Guide to Fabry-Perot ultrasound detection
University College London, medical laser & endoscopy group

These transducers are extremely sensitive, linearity better than 10%, dynamic range
better than 60Db, frequency responses to 25MHz and is capable of providing good
acoustic matching to the material under test, since this depends only upon the acoustic
material of the sensing film, which can be made to a specific application.

For NEWS applications these may be suitable for a ground surface contact testing.
The laser, supporting electronics and costs would limit their use in embedded systems.

Other aspects of optical transducers currently being researched by members of the
consortium consist of embedded optical fibre interferometers and distant non-contact
laser acoustic generators/ interferometers.
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5) SELECTION CRITERIA FOR SENSORS

Performance Piezo- Piezo- Piezo- Electro- Magneto- | EMAT cap res quant
Parameter Electric electric Electric strictive strictive
ceramic composite polymer
Frequency High Mod High Mod Low Mod Mod Low Low
range <500MHz | <10MHz <1GHz <50MHz <30KHz <100MHz | <5MHz <10KHz <20Hz
Dynamic Mod mod high Mod mod mod High low Mod
range <70dB <60dB <110dB
Sensitivity high high high high high mod high low high
Linearity high high high low low mod mod low unknown
Hysteresis Mod Mod Low Low Mod Low low high unknown
8-15% 1-4% 10%
Ability to be High High High High Low Low Mod High Mod
embedded in
composite
Size Low Low Low Low Mod High Mod Low High
Weight Low Low Low Low Mod High Mod Low Mod
Cost Low Low Low Low Mod | High |High | Low High
Operating High Mod Low Mod High Low Low Low Low
temperature 365C 100C 80C 380C
6) SELECTION CRITERIA FOR ACTUATORS
Performance | Piezo- Electro- | Magneto- | Electromagnet | EMAT capacitive
parameter electric | strictive | strictive coil
Linear Low Low Moderate | High Low Low
Displacement | <100um | <65um | <1mm >10mm
Linear High High Moderate | Moderate Low Low
Force <20KN <9KN <1KN <500N
Frequency Moderate | Low Moderate | Low High High
Range <50KHz | <1KHz | <30KHz | <1KHz >100MHZ | >55MHz
Dynamic Moderate | Moderate | Moderate | Moderate Moderate | High
Range <70dB <60dB <110dB
Linearity High Low Low High Moderate | Moderate
Hysteress Moderate | Low Moderate | Low Low Low
8-15% 1-4% 10%

Operating High High High Low Low Low
Temperature | 365C 380C
Weight Low Low Moderate | High High Moderate
Size Low Low Moderate | High High Moderate
Cost Low Low Moderate | High High High
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7) GENERAL REQUIREMENTSFOR NEWS

Nonlinear elastic wave spectroscopy (NEWS) methods are new techniques to
determine damage in materials. Within this technique various methods can be used:-

Nonlinear Resonant Ultrasound Spectroscopy (NRUS); involves the study of the
nonlinear response of asingle, or agroup of, resonant modes within the

material. Resonance frequency shifts, harmonics and damping characteristics are
analyzed as a function of the resonance peak acceleration amplitude.

Non-linear Wave M odulation Spectroscopy (NWMS)

This method consists of exciting a sample with continuous waves of two separate
frequencies simultaneously, and inspecting the harmonics of the two waves, and their
sum and difference frequencies (sidebands).

NWMS has an advantage over measurements of harmonic generation because
interference from non-linearity in the equipment can be easily rejected. If the signal
generation circuitry, amplification circuitry, and transducers for the two excitation
frequencies are separated, nonlinear mixing in the excitation signal is eliminated.

If NWMS is used properly, non-linearity in the excitation equipment becomes irrelevant
and the components of the sound wave at f1+ f2and f1- f2 can only

come from non-linearity in the sample under test.

There are many potential sources of non-linearity when testing components, only one of
which isthe sample. The signal generator which creates the excitations bursts

generates harmonics internally. The high power amplifiers can generate

harmonics. The transducers or coupling can generate harmonics too. algorithmic
interference can create phantom non-linearity. In order to ensure that the measured non-
linearity comes only from the sample and not from one of these other sources, each of the
above interference sources must be analyzed and rejected.

In general the interference from one of these sources is difficult or impossible to
calculate in advance. Non-linearity in the transducer couplant, for example, will
depend on how much couplant was used and exactly how the transducer was
placed on the sample. Non-linearity in the equipment will be a function of all of
the settings, including frequency. In order to reject these interference sources,
their amplitudes must be measured and found to be orders of magnitude smaller
than the phenomena being measured. With current equipment, interference
phenomena are generally of the same order, or slightly smaller, than the
nonlinear acoustic phenomena.

Measurement of mixing is much less sensitive to non-linearity in the equipment and
transducers because the two probe frequencies can be kept separate until they reach the
sample being tested. Furthermore, one of the probe frequencies can be fixed while the
other isvaried. This means that a narrowband transducer can be used for the fixed probe.
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Narrowband transducers are much more efficient, so the signal amplitude will be higher,
making the non-linearity proportionally easier to detect.

REF:- A TIME-RESOLVED METHOD FOR NONLINEAR ACOUSTIC MEASUREMENT PhD thesis Stephen D. Holland
Cornell University USA May 2002 and RITEC company

8) ADAPTING SENSORS AND ACTUATORSFOR NEWS

When testing composite materials with the NEWS and other ultrasonic techniques the
following must be considered:-

Attenuation: Loss of actuator signal

Dynamic range: Level of signal needed

Anisotropy: Different wave velocity in different directions,

Acoustic impedance: Acoustic matching, efficient transfer of energy
Wave mode: Layered structures (lamb), solid surface (Rayleigh)
Wavetype: Pulse, sweep, single frequency, modulation

Heterogeneity: mode conversions, reflections and refractions.

Frequency: Dispersion, resonance, harmonics and overtones

Boundaries: distinguishing between defect induced and intrinsic boundaries.
Distortion: Transducer linearity important in NEWS applications

When using surface contact transducers to test composite materials the following must be
considered:-

Configuration: Positioning of sensors and actuators over the material structure
Non invasive: Transducers do not damage material under test

Cost: Economics, low cost more transducers

Survivability: Not damaged by mechanical or thermal shock

Reliability: Functional reliability,

Stability: Aging of transducer characteristics

Calibration: calibrating facility against known external standards

Signal conditioning: Gain and dynamic range setting, filtering, A/D conversion
Computation: Local signal processing requirements

Data acquisition rates: single transducers or arrays, movement speed over surface

When embedding transducers in to composite materials the following additional factors
must be considered:-

Configuration: Positioning of sensors and actuators within the composite structure
Structural integrity: Transducers do not compromise safety

Size and shape: small, thin, shape does instigate internal defects

Robustness: Must be able to work in harsh environments

Weight: Total aircraft weight as low as possible

Redundancy: Introduction of extratransducers in event of failure
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Power: Sensor and actuator power supply requirements, power distribution grid
Connectivity: dataflow, transducer addressing

Fabrication and Integration: simple assembly, use existing structures
Multi-purpose use: Sensors used also as strain gauges, impact or ice detection
Data sampling rates: Measurement update rates for analysis

Calibration: Self calibrating against internal standard

Testing: Self functional checking, flagging in event of failure

For NEWS applications the following additions must be included:-

Nonlinear Resonant Ultrasound Spectroscopy (NRUS)
d) A high powered actuator providing a single pure frequency (no distortion)
€) Actuator may be required to transmit at different fixed frequencies
f) Broad band, low distortion (linear) sensors

Non-linear Wave M odulation Spectroscopy (NWMS)
a) Two actuators providing different frequencies at high power
b) Broad band, low distortion (linear) sensors

9) COUPLING OF TRANSDUCERSTO TEST MATERIAL

This report only considers transducers that are in physical contact or very near contact (as
in the case of EMAT’s) with the material under test.

Embedded transducers will be in permanent bonded contact, and are considered as part of
the composite material making up the aircraft structure. Surface contacting transducers
for periodic inspection will be brought into contact with a composite materials surface
and may involve an intermediary coupling medium, such as air, water, gel, rubber or
solid ceramic. This coupling medium is likely to be critical in NEWS applications since
they will introduce signal losses and non-linear (distortion) effects.

Acoustic impedance matching between transducer and composite material is essential in
reducing signal loss. This is often achieved by introducing single or multi-layer shaped
materials between transducer and the test material. These techniques can produce a
frequency dependence, which limits band width. They may also introduce non linear
effects. In order to reduce these problems the transducers active element should ideally be
as close in value to the acoustic impedance of the material under test, and the coupling
medium as thin as possible to minimize non-linear effects.
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10) CURRENT TECHNIQUESIN SURFACE SCANNING
OF LARGE AIRCRAFT COMPONENTS

The current techniques and equipment for manual and automatically testing large aircraft
structures is reproduced here copied from the following paper:-

Evaluation of Scanners for C-Scan Imaging for Nondestructive Inspection of Aircraft
Author: John H. Gieske, Sandia National Laboratories. NDTnet November 1997 vol 2

No.11

Functionality: Manual random motion in X and Y
directions or lock one axis and linear motion in the other
axis. The sensor is attached to a gimbal that is hand held
against the surface of the part to be scanned.
Attachment: Rubber suction cup feet and/or tape
Companies. Matee/SONIX, Infometrics, Sierra Matrix,
Physical Acoustics, Nuson, ABB Amdata, DuPont.

Functionality: Stepping motor control in X and Y

directions with one axis as a step axis and the other
asalinear fast scan axis. Tilting arm is spring
loaded to keep the sensor firmly against the surface
to be scanned. The sensor is attached to a gimbal
and kept perpendicular to the surface.

Attachment: Three rubber suction cup feet with
independent hand vacuum pumps.

Companies. DuPont/CaData

Functionality: Manual random motion in radial and
angular directions, either axis can be locked. The
sensor is attached to a hand held gimbals and held
firmly against the surface to be scanned.
Attachment: Rubber suction cup feet with
independent hand or AC vacuum pump.

Companies. Krautkramer Branson, Tecrad, Systems
Research Laboratories (Tilting arm replaced by
articulated arm).
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Functionality: Step in X direction and manual or automated
scanin’Y direction. Step axis consisting of a carriage holding
therigid Y axis arm cantilevered over the area of interest. X
axis guide can berigid or flexible and of long length. For
some designs, sections can be butted together for automated
scans of extremely long distances. X axis carriage is attached
mechanically to the guide or held in place with magnetic
wheels on a steel flexible track. Sensor holder isin a gimbals
and spring or hydraulically loaded against the scanning
surface.

Attachment: Rubber suction cup feet with hand or AC
vacuum pump.

Compnanies SAIC. ABB Amdata. Tecrad.

Functionality: Automated oscillating linear motion of
multiple sensorsinthe Y axisand manual to or fro motion
inthe X axis.

Attachment: Scanner carriage is hand held to the surface to
be scanned.

Companies. McDonnell Douglas.

Functionality: Step or fast motorized motionin X or Y
directions. Sensor holder is fixed to motorized Y bridge
and spring loaded against the surface to be scanned.
Attachment Rubber suction cup feet with AC vacuum
pump.

Companies. Panametrics, Xactex
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Functionality: X-Y digitizing by acoustic triangulation system
or LED Video system. Hands-free random manual motion in X
or Y directions. Sensor holder is held in the hand and the high
frequency acoustic source or LED is attached to the holder. A
pair of microphones attached to abar is placed in front of the
areato be scanned or the video camera is placed above the area
to be scanned.

Attachment: Microphones are on a bar that is attached by
rubber suction cup feet to the surface to be scanned.
Companies. SE Systems, Inc.(acoustic), Sonomatic Inc.(LED)

8-inch square array
in vacuum blanket

Functionality: Electronic switching between small
transducer elements of the 2-D sguare transducer array
arranged in a flexible rubber sheet.

Attachment: Suction to the surface with a vacuum
blanket and AC pump.

Companies. Failure Analysis Associates.

All these techniques can be adapted for NEWS application by the addition or
modification of the surface contacting transducers.
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11) SURFACE CONTACT and EMBEDDED
TRANSDUCERS (SMART LAYERYS)

The NEWS system can be realized by having transducers permanently embedded within

the composite material making up the aircraft structure, the sensors and actuators can be

either activated independently whilst the aircraft isin flight, or used in-conjunction with

surface testing probes, when the aircraft is undergoing periodic ground tests.
Techniques involving this principle are outlined from the following paper:-

Non-destructive Inspection of Smart Materials

Gerhard Mook, Juergen Pohl, Fritz Michel, Thomas Benziger

Institute of Materials Engineering and Materials Testing (IWW)

The Otto-von-Guericke-University, Magdeburg, Germany.
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Adaption to the NEWS system,
would involve either of the
following:-

1) high power transmission
using one transducer and
sensing the harmonics
and overtones produced
by non linearity.

2) Two lower powered
transmitters, sending two
separate frequencies, and
measuring the sum and
difference components
generated by non linearity.

The following paper describes how transducers can be embedded into panels and small
components to make smart structures for use in air craft production.

Demands and Challenges for Structural Health Monitoring

Fu-Kuo Chang, Dept. of Aeronautics and Astronautics

Stanford University

The First Australia Structural Health Monitoring Workshop

Nov. 25-26, 2002

2 FLEXIBLE PRINTED-CIRCUIT BOARD TECHNIQUE

printed
circuit

SENSOT
actuator

T A A1 O

carbon tibar
r prepreg

dielectric material

——SMART Layer

, 7

Confidential s st




v

Actuator Spectrogram

Frequency (kHz)

150
Time | Jsec)

7

Sensors

,,,,,,,,,,

.

*Damage size
*Damage type

delamination

actuator se

Se Spectrogram
(baseline)
I~
: -
-
>3
=
@
=
-2
.
[
40
150
Time { Jsec)
15¢
Scatter Spectrogram
)
z
=
=
gg
[
-
g
nsor =
o
40

Composite Plate

150

Time ( sec)

PZT-embedded Sensor Washer
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11

Adaptation to the
NEWS system.

Two actuators would

be used, transmitting

two different frequencies.
The spectrum of the sum
and difference products
due to non linear properties
in a defective composite
material will then be
displayed or analysed by
computer.

PZT-embedded Sensor Washer

The above sensor described in this paper, isa PZT transducer embedded into a washer
that is used in the assembly of aircraft structures. Again this can be adapted to the NEWS
technique by including athird PZT transducer. Two for transmission one for receiving.
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In the following paper there is described how sensors can be embedded in an aircraft
component. Since the component is thin, Lamb waves are used to perform the test.

Kesder S.S,, Spearing, SM. and C. Soutis. “Damage Detection in Composite Materials using Lamb Wave
Methods.” Proceedings of the American Society for Composites, 9-12 September 2001, Blacksburg, VA.

For adaption to the NEWS technique, a three transducer arrangement is used. Two
actuators, transmitting two different frequencies and one sensor.

12) EXAMPLESOF SMART SENSORSIN
DEVELOPMENT

Strictly, materials that have just have transducer active elements embedded within them
are called smart materials.

If the transducer’ s active element has additional electronics, such as a microprocessor,
and communication can be established (usually digitally) between the active element and
aremote device (eg, datalogger and display) the transducer will be termed a smart sensor
or asmart actuator.

Examples of such devices are illustrated below:-
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AIRCRAFT SMART SENSOR
Source:- TenXsyslInc

Radio link for data, induction
loop for power.

Induction loop for power and data
communication.

Source:- Applied Research on Remotely-Queried Embedded Microsensors

Donald Krantz(1), John Belk(2), Paul J. Biermann(s), Joel Dubow(s), Lee W. Gause(s),
Ramesh Harjani(s), Susan Mantell(s), Dennis Polla(e), Philip Troyk(7)

1 MTS Systems Corporation, 2 The Boeing Company, s Applied Physics Laboratory of Johns Hopkins University,
aUniversity of Utah, s Naval Research Laboratory, s University of Minnesota, 7 Illinois Ingtitute of Technology
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13) USING EXISTING SMART SENSORS and
ACTUATORS

Smart aircraft structures containing sensors and actuators that can be used in conjunction
with computer control systems are being developed to control flight surfaces, reduce
engine noise and vibration. They are also being used to reduce turbulence induced panel
skin vibrations, which in time causes fatigue of critical aircraft parts. The NEWS
technique could be made to utilise these existing devices.

Piezoelectric actuator
arrangement on aircraft flexible
tail.

Source:-

Robert W. Moses
Aeroelasticity Branch

NASA Langley Research Center

Presented at SPIE’s 4n Annual Symposium
on Smart Structures and Materials, Industrial
and Commercial Applications of Smart
Structures

Technologies, Conference 3044, March 4-6,
1997, San Diego, CA.

Two of the main problems with embedded smart sensors are :-

1) How do we get signals from the sensor to the acquisition, processing and
recording apparatus?
2) How do we get power to the sensors?

For a ground inspection system with sensors only embedded in the composite material,
power requirements may be lower as the high power actuators can be supplied externally
in amoving contact probe.

For in flight health monitoring, both actuators and sensors will need to be powered.

possible ways to power the transducers:-

1) lHluminate with Radio waves or Radar, convert this RF power to DC supply

2) Supply power through embedded cables

3) Supply power through embedded structure (eg, use existing carbon fibre layers)
4) Apply an alternating magnetic field (induction loop)

5) Use vibration to generate power

6) The sensor itself provides power (piezoelectric generation)

7) Thermal power
Confidential



possible ways to connect the sensors to the data acquisition instrumentation:-
1) Embed wires

2) Route signals through embedded structure (eg, use existing carbon fibre layers)
3) Radio links (eg, Bluetooth or WI-FI).

14) THE NEXT STAGE OF DEVELOPMENT

The next stage of development are outlined in WP 4.1, 4.2 and 4.3 with some feed back
into WP 3.2.

Work Package 4 (Integrated design of measurement and control system for NEWS
techniques) can be considered in three parts:-

1) HARDWARE and SOFTWARE DESIGN
2) ASSEMBLY OF NEWS PROTOTY PE
3) CONTROL and DATA COMMUNICATION

The part WP4.1 involves first defining clearly, and with agreement from all the partners,
what will be the requirements of the NEWS system.

The following suggestions were made concerning the development of the NEWS
measurement and control system.
Initial system:-

1) To develop amanually operated instrument, consisting of two actuators and one
sensor. These placed in direct contact with the test specimen.

2) The sensors and actuators each comprising of transducers connected to supporting
electronics that will forma SMART (or intelligent) device.

3) The SMART sensors and actuators will communicate digitally over a parallel data
bus linked to aL AP top PC, for control, recording and display.
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Design philosophy:-

1) Aniterative design, each transducer connected to compatible modular electronics
that is networked together. The system being expanded using these modules as
basic building blocks.

2) A flexible, versatile design, that can be extended to produce arrays, or to form
a widely distributed network of SMART transducers.

SCHEMATIC OF INITIAL SYSTEM DESIGN

LAPTOPPC
keyhoard, screen, mouse

parallel digital data bus
NN WO WM
MiCroproce ssor mMicroprocessor microprocessor
A 4 b 4 N
N h 4 A 4
Interface Interface Interface
Electronics + Momary Electronics + Memory Electronics + Memary
Analogue to Digital Digital to Analogue Digital to Analogue

Converter Converter Converter

p Y s 4

analog power power
pre-amps amp amp

A
[SENsSOR] ACTUATOR ACTUATOR

Enabling Technology:-

PIC chip microprocessors, and possibly FPGA, or a combination of the two.
Communicating digitally, and providing computational and control functions.

Initial Design Parameters:-
1) 12 hit accuracy D/A and A/D conversion, with provision to extend to 16 hits.

2) Conversion speeds 5, 10 and 20 MHz, with provision for higher rates.
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3) Each SMART transducer sending or receiving instructions or datato and from the
parallel data bus, under the control of the LAP TOP PC.

4) Each SMART transducer being capable of storing data and performing digital
processing on that data (for example FFT, normalising or data compression).

5) Each SMART transducer being able to set or control the analogue pre-amplifier or
power amplifier circuitry. (analogue pre-conditioning)

6) Each SMART transducer able to calibrate and test its associated transducer and
front end electronics.

7) Each SMART transducer to include a Transducer Electronics Data Sheet (TEDS).
Evolution of the system:-
A bottom up design strategy, developing first a smple two actuator one sensor system.
Then expanding the design by the addition of more modules, to finally produce a
complete NEWS tegting system. In addition the design will include the capability to
interface directly with non contact air coupled and optical transducers.
The design will incorporate provision for other network connection topologies, such as
linear, ring or hypercube connections between the SMART transducers.

Concurrent investigations:-

To investigate the problems associated with using radio communication links, addressing
concerns about interference with other air craft systems.

To investigate data rates required for the communications link.

To investigate the availability of A/D and D/A convertersthat operate at frequencies up
to 500 MHz.

To investigate SMART sensor standards and conformity (e.g., IEEE1451.2).
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15) CONCLUSIONS

The conclusions drawn from this report and the September meeting are that we keep the
transducer design options open and start the development of the electronics and software
for aSMART transducer system. The design produced with sufficient flexibility to be
able to incorporate any transducer type.

It was considered that we need to sample or source acoustic signals with at least 12 bit
accuracy (74dB dynamic range) or higher for NEWS applications, with the general
frequency range of transducers being from DC to 20MHz. With a provision to extend the
range up to 500MHz.

Theinitial system will be a simple manually operated instrument, consisting of two
actuators and one sensor. These to be placed in direct contact with atest specimen.

Each transducer will be connected to supporting electronics that will form a SMART (or
intelligent) device, with its own microprocessor that will communicate over a parallel
control and data bus. This buswill be linked to a LAP top PC, for recording and display.
Different transducers can be substituted, and the number of them expanded during the
development program, as we get a clearer understanding of the requirements of the
NEWS testing techniques.
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