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Abstract

Among novel non-destructive evaluation techniques for structural health
monitoring, the magnetostrictive (MS)-tagged fiber-reinforced composites
stands out as especially suitable due to: (a) distributed sensory properties,
(b) non-contact damage detection, and (¢) straightforward manufacturing
implementation. Experimental data and mathematical modeling of a
MS-tagged fiber reinforced composite beam under bending (flexural)
loading are presented. A brief review of the state of the art identifies
previous work on axially loaded MS composites, but finds no previous work
on bending. Description of bending beam design and fabrication is followed
by theoretical analysis and by the description of the experimental set-up and
equipment used. Several analysis models were used. Test data, with and
without applying magnetic bias field between loading cycles, is presented
and results are discussed. Numerical values for the stress and strain versus
magnetic flux density coefficients are given for both annealed and
non-annealed cases. Piezomagnetic cocfficients for the MS composite are
calculated. The correlation between the results developed in the present
paper for bending and previously published results for axial loading is found
to be within 10% after correction factors depending on the quantity of the

MS material.

{Some figures in this article are in colour only in the electronic version)

1. Introduction

In recent years, numerous civil engineering applications have
started to use composite materials. This increase in composite
materials usage raises the necessity for evaluating the in-
service performance of such composite structures.  The
evaluation of a composite structure is a wide area in which
engineers and researchers have proposed several in-service
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non-destructive evaluation (NDE) technologies. Conventional
NDE methods, initially developed for metallic structures, have
been shown 10 be less effective in menitoring composites
structures due to the micromechanical complexity of the
composite material. New NDE technologies are required.
The NDE technology analyzed in this paper is based on
the inspectability of the advanced composite by using the
magnetostrictive (MS) particle tagging technique. MS-lagged
composites permit: (a) distributed sensory properties, (b)
non-contict damage detection, and (¢) straightforward

manufacturing implementation.
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Figure 1. Magnetic flux in axial and thickness direction during axial
loading of MS tagged composite beams (White 1999).

1.1, State of the art

Terfenol-D is a magnetic anisotropy-compensated alloy
Th, Dy, _,Fe; which shows a strong MS behavior, The name
Terfenol-1 represents the composition of the material and the
original name of the Navy Laboratory at which the work
began.  Ter represents terbium, Fe from iron, nel Naval
Ordnance Laboratory and £ dysprosium. A MS material,
such as Terfenol-D, subjected to mechanical strain produces
a magnetic field. This phenomenon is known as the ‘converse
M3 effect’. Research in MS-tagged composites for structural
applications was started under the coordination of the US Army
Construction Engineering Research Laboratory (Quattrone
et al 1998). White and collaborators (White and Albers 1996,
White er af 1996, White and Brouwers 1998, Hommema
1999) did extensive work on measuring the converse MS
effect in MS-tagped composites under axial loading. White
(1999} reviewed the MS tagging methodology of composites
for structural heaith monitoring and gave an update on recent
results. An experiment in which MS-tagged composite beams
were subjected lo uniaxial tension in a testing machine was
presented. Neat resin beams tagged 2.24% by volume with
MS Terfenol-DD powder were used. The resulling magnelic
field was measured in both the axial and thickness directions
(figure 1) Trovillion e e (1999} studied the magnetic
characteristics of neat resin and glass-fiber-reinforced MS
composiles subjected to uxiul load. The fiber-reinforced
polymer composite (FRP) beams consisted of lour layers of
continuous strand glass mat fibers embedded in a polyester
resia.

The top lamina of the composite was impregnated with
Terfenol-D powder at a volume fraction of 2.24% for that
lamina. The beams were subjected to uniaxial loading under
load control at a rate of 0.02 kN s ', A gaussmeter probe
and a small integrated-circuit Hall-effect device were used to
measure the magnetic field response to subsequent loading and
unioading. As seen in figure 2, both measuring devices gave
similar results. Rearrangement of the magnetic dipole chains
of the MS molecules through application of a strong magnetic
field was performed by applying a magnetic field through the
thickness of the beam using a pair of magnets to apply a field
of 8300 G.

Armstrong (2000) presented a new model of non-linear
magneto-clastic behavior of MS particulate composites. The
analysis assumed a uniform external magnetic field that is
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Figure 2. Transverse magnetic flux density versus load: {«) neat
resin and (b) composite sample {Trovillion et al 1999).

opcrating on a large number of well-distributed ellipsoidai MS
particles encased in a elastic, nonmagnetic composite matrix.
Nersessian and Carman {2000} studied five different volume-
fraction particulate composites which were tested under two
different conditions: () constant magnetic field and varying
mechanical load and (b) constant mechanical load and varying
magnetic field. Results for the constant magnetic field tests
indicated that modulus increased with the volume fraction.
Increase of modulus with the applied magnetic field value was
also observed. The results presented for the constant load
indicated a strong dependence of strain output on applied pre-
Stress.

Quattrone er al (1998) studied, the magnetic response
repeatability of MS tagged composites under cyclic loading.
Terfenol-D  active-tagged composites were  subjected o
uniaxial tension and the magnetic response in the axial
direction under repeated louding and unloading was measured.
Two types of experiments were performed: without applying
a4 magnetic bias field between loading cycles {figure 3(a))
and with applying a magnetic bias field between cycles
(figure 3(5)).

Krishnamurthy ef al (1999} consider health-monitoring
detection of delaminations in composite materials using an

935



V Giiurgiutiu ez al

(a)

0.15

0.1

B;, Axial Magnetic Flox (Gauss)

TT T T T

o
[
&
o
- -]
&
X

Gy, Axial Stress (MPa)

Slope 140710 mG/MPa

B, Axial Magnetic Flux (Gauss)

Al NN
o 2 4 5 g 10 12
Oy, Axial Stress (MPa)}

Figure 3, Stress/magnetic magnetic flux density for cyclic testing
results: {a} without applying magnetic bias field between cycles and
(h) with magnetic bias field applied between cycles (Quattrone er al
1998).

excitation coil and a sensing cotl. The open-circuit voltage
induced in the sensing coil is proportional to the stress
generated in the MS layer by the presence of the delamination.

No previous experimental work on MS-tagged woven
composites under bending could be found in the literature.
In the present investigation, we performed studies of stress—
strain and magnetic flux density response of a woven
tagged composite subjected to a bending load. Several
two-dimensional simulation models for strain and stress
prediction in the composite were investigated. The analysis
was performed under iwo scparate assumptions regarding
woven contposites modeling: () balanced-orthotropic (BO)
equivalent layers and (b) orthotropic cross-ply equivalent
layers. The experimental investigation consisted of loading
and unloading a simply supported MS-tagged composite beam
using several centrally placed weights. The resulting strain
and magnetic flux density were measured. Based on the
experimental and analysis data, piezomagnetic stress and strain
coeflicients under bending loading were calculated. The
piezomagnetic stress and strain coefficients determined in this
paper for an MS-tagged composite under bending can be used
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Table 1. Dimensions of the MS composite heam.

Characteristics Dimension {mm}

Span (L) 6{4).0
Width (w) 100.0
Thickness (i) 6.50
Thickness of the lamina 0.929
Force given
by the weights
Corgrosile : ]
Material Phate
L h

[

Y

Figore 4, Schematic of the beam loading system.,

Figure 5. Schematic of a generic laminate,

in indusiry as reference data for the design of novel NDE
devices based on MS-tagged composites.

2. Manufacturing of the magnetostrictive composite
beam '

An MS-tagged composite beam was fabricated by combining
seven layers of a woven glass roving 36 oz/sq.yd, fabric and an
Atlac 58005 urethane-modified vinyl ester resin. The beam
was [000 mm long, and had a 100 mm by 6.5 mm cross section.
MS Terfenol-D tagging powder was used in the two outer
laminae in the middle 500 mm of the span. Of the 1000 g of
resin used, 250 g had the MS powder. The resin was cured with
19 MEKP (methyl ethyl ketone peroxide) at room temperature
for approximately 90 min. The target weight fraction of the
glass fibers in the composite was wy = 30%. The weight
fraction of MS Terfenol-D tagging was 15%. The dimensions
of the beam are presented in table 1.

3. Analysis of magnetostrictive composite

The analytical work performed on the MS-tagged woven
composite beam consisted of a micromechanical analysis and
a lamination analysis. In the lamination analysis one BO
and several cross-ply models were used. Convergence of the
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Figure 6. Comparison of the two lay-up models used in the
analysis: (a) BO and {b) cross-ply.

predicted strain and stress values versus number of plies in
the lamination model was also studied. A schematic of the
loading system and how the load is applied to the beam is
given in figure 4. The beam was simply supported at its ends,
with 2 kg weights placed at its center.

3.1. Micromechanics analysis

Since a woven layer has fibers in two directions, warp and
fill, the analysis of a woven composite layer cannot be directly
performed using the classical tamination theory (CLT), which
assumes lamina fibers are aligned in just one direction {Jones
i999). To translate woven fabric micromechanics properties
for use with CLT, the equivalence principle needs to be
applied. Tsai (1992) suggested that the predictions of elastic
constants and strengths of woven composites could be made
using classical micro- and macromechanics with appropriate
empirical correction factors. One approach is to replace
& woven composite layer with two equivalent conventionai
layers representing the fill and the warp of the original fabric.
The micromechanics stiffness and strength formulae are then
applied to the equivalent plies. One shortcoming of this
approach is that the sequence order of the 0° and 90° plies
may significantly affect the results.

Another approach is to replace the balanced woven
composite layer by an orthotropic layer with averaged
properties. For a woven composite having fibers aligned with
the loading axes, this hypothesis yields BO behavior. In
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Figure 7. Convergence of results on the beam surface under
maximum load condition (Fa, = 389 N,

Mo = —88,29 Nm m™") as predicted by various models and
measured by experiment for: {a) strain resulis and (b) stress resulis.

our analysis, both approaches were taken. In either case, a
conventional micromechanics analysis (Jones 1999) was first
applied to determine the basic MS composite propertics from
the properties of its constituents (table 2).

The fiber volume fraction vy is calculated as (Malik 1993,
p 81, equation (2.3))

vy =

(1

w
Hos
I

For the values given in table 2, the fiber volume fraction values
yield vy = 0.16.

Following Jones (1999}, we calculated the basic moduli
of elasticity in the material axes as

Ey=E =F v+ Eq-Um + Eng - Uys

Ey=FEr=[(E)" o+ (Ex) " vm + (Ems) ' omsl ™
(2)

The ply Poisson’s ratio was calculated as

Vizg = U5 W+ U« Uy + UMS - UMS.

(3)

Shear modulus for the fiber, mutrix and Terfenol-D phases were
defined as

Go= - Lt G =

- TR "+ vy) @
G.:JPES__
M (1 vs)
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Table 2. Mechanical properties of the constituents of the MS woven composite beam.

Mechanical properties Value
Young’s madulus of the fiber, E* 72.4 GPa
Young’s modulus of the matrix, £,° 3.25 GPu
Young's modulus for the Terfenol-D, Eyg” 30 GPa
Poisson ratio of the fiber, v 0.2
Poisson ratio of the matrix, vy* 0.3
Fiber density, po¢* 254 gec it
Matrix density, p* 118 gecc'®
Terfenol-D density, pys* 925gcc'®
Thermal expansion coefficient for the fiber, o® 5 x pm/m/>C
Thermal expansion coefficient for the matrix, o ? 3.0 am/m/°C
Thermal expansion coefficient for the Terfenol-D, gpms®  21.5 am/m/ C
Fiber weight fraction, wy 30%
Terfenol-D powder  Average particle size 225 pum
(outer layers only)  Particle size range 145 um
Volume fraction 2.24%

& Malik (1993).
" Butler (1988).
¢ De Laicheisserie (1993).

In accordance with Jones (1999), the shear modulus for the
plies was calculated as

Gy G - Gus

Gy =
Vi - G - OMs + Uy - Gr - Gug + oms -+ G - Gy

. {5)

The MS Terfenol-D volume fraction and Poisson’s ratio were
tms = 2.24% and vyg = 0.3 for the plies with Terfenol-D,
and zero for the other plies.

3.2. Lamination analysis

The elastic behavior of multidirectionat plies can be described
in terms of the stiffness matrix, the compliance matrix, and
a set of engineering constants (Jones 1999}, The goal is to
determine the strain—stress distribution in the material. The
planc-stress stiffness matrix [ @] of an orthotropic composite
ply is

£, _vnEy 0
I—vizew9 1—vi2u
_ Vi Eo E
[01=| eds & 0 (6)
0 0 G

where E| and £> are given by equalion (2) and v, is given
by (3). The composite is assumed to consist of a lay-up of
multiple plies. The lay-up schematic for generic composite
is presented in figure 5 where (x, y) coordinale axes are the
loading axes.

Using the transformation matrix [7'], one computes the
stiffness matrix 1n the loading axes:

[Q1=[71"1Q1-1117". (7)

Knowing the stiffness matrix of each ply, one calculates the
[A] [B]. and [ D] matrices for the composite laminate:

(A= 1@l (z —z 1) (8)
k

(8] =

b=
1
>

> 0L (2 - ‘ji)} 9)
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[D]=1- [Z@H (g - zz_.}]. (10)
k
Hence, we write the general solution:
-l ) o
{c} (8] [£] {M}

where {N] is the force vector, { M} is the moment vector, {"}
is the mid-surface strain vector, and {« } is the curvature vector.
Using equation (9), the loading-axes strain at the top and the
bottom of each ply is calculated as

{gtopk,,} = {eo} + zz— - {x}
(12)

{Zbot,_, } = {eo} + 2 - 1xch
Using the loading-axes strains, the malerial-axes strains for the
top and bottom of each ply are calculated:

) =17t " (7} (13)

Consequently, the stresses in the longitudinal (L) and
transversal (T) directions at the top and bottom of each ply
are

{olup,‘ ], = [Q]k”l ’ {Etopk,ll (14)

' {Ebou |}-

{Ubottomk_]} = [Q— (15)

The above analysis does not include thermal elfcets since the
beam was cured and tested at room temperature,

3.3. Balanced-orthotropic and cross-ply models

The BO model, presented in figure 6(a), uses the assumption
that a balanced woven composite can be represented by a
composite having averaged propertics. Hsing the longitudinal
and transverse moduli of a uni-directional fiber composite
layer, the averaged properties are given by

E\=E;=; - (E+En). (16)
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Figure 8. View of the assembly of magnetic sensor and protective
carved wood fixture.
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Figure 9. General view of the experimental set-up.

Performing the CLT analysis yields the BO matrices:

[Alro
6.596 x 107 7.291 x 10° 0
= [7.291 x 10°  6.596 x 107 0 :| (Nm™hy
0 0 9.668 x 100
(17)
M 3638 x 10712 2274 % 10713
{Blgo=| —2274 % 107" —9.00 x [0 V¥ 0] (N
L 0 0 0
(18)
r244.47 25897 0
[Pleo = | 25.897 190.99 0 } (N m). (19)
L0 0 34.346

In the cross-ply analysis (figure 6(5)), cach woven composite
layer is approximaied by a couple of unidirectional cross-ply
tayers. The cross-ply layer can be either 0°/90° or 90°/0°,
Since the choice between 0°/90°and 90°/)° directly affects
the accuracy of the results on the beam surfaces, we initially
considered both cases in our analysis. It was found that
90°/0° produced smull stresses at the specimen surfaces due
to the transverse orientation of the fibers in the outer layers.
Hence, the 90°/0° case was discarded, and the 0°/90° was
retained for subsequent analysis. Additionally, the number
of layers was gradually increased from 14 o 28 and 56, und
a convergence study was performed. During this convergence
study, as the number of layers was doubled, the thickness of
the layer was correspondingly halved, such that the overall
thickness of the beam was maintained. The 28- and 56-ply
models were obtained by subsequent subdivision of the 0°/90°
layers and application of symmetry principles. The ply angle
distributions for the 14-, 28- and 56-ply models are presented
in table 3.

Table 3. Lay-up of the composite models for the 14, 28 and 56
model.

Number of layers  Lay-up

14 [(0/90): /015
28 [(0/90)715
56 [(0/90) 1415

The A, B and D maltrices for the 56-ply model were

r6.22 x 107 7.29 x 10° 0
[A] =] 7.29 % 10° 597 x 1 0 ]
L 0 0 9.67 x 10°
(Nm™') (20)
ro=72.14 —3.98 x 1071 0
|B]=| —3.98 x 107} 72,14 0 }
L 0 0 9.09 x 107
(N) (21)
m224.47 2590 0
D] =1 2590 211 0 ] (N m) 22)
L 0 0 3435

3.4. Convergence analysis

The convergence of the strain and stress distribution for various
models was studied. Attention was focused on the longitudinal
stress and strain under maximum load conditions (F,, =
58.9 N, Myax = —8.83 x 10° N m). The strain values
predicted on the top and bottom surfaces were compared with
the experimental value measured during the tests. The study
shows that the largest strain value was predicted by the BO
model. This value is also very close to the experimental value
(1347 pe versus 1333 pe). The convergence of the strain
distribution for the cross-ply models is apparent as the models
becoming more refined, i.e. strain distribution is getting closer
to the experimental data as the number of plies employed in
the model is increased.

The predicted stress values are also shown in table 4.
The stress distribution for the cross-ply models is substantially
different from the stress distribution for the 7-ply BO model,
i.e. the stresses predicted by the 14-, 28-, and 56-ply models
are larger than the stresses predicied by the 7-ply BO model.
Convergence of the strain and siress results in a graphical
form is shown in figure 7. It can be appreciated that the
BO model estimates strain well, but grossly underestimates
the stress. The cross-ply models show definite convergence
tendencies for both strains and stresses. It could be estimated
that, by further increasing the number of layers in the model,
convergence towards an asymptotic value of around 20 MPa
would be obtained.

4. Experimentation of the magnetostrictive
composite beam

The experimental results mentioned in table 4 of the
previous section were obtained during a carefuily conducted
experiment.  In this section, the equipment used in the
experiment, the cxperimental set-up, the testing procedure, and
the main results are presented.

939



V Giurgiutiu ef af

Table 4. Comparison of the longitudinal strain and stress on the beam surface under maximum load condition (Fp,, = 58.9 N,

Myax = —8.83 % 10® N 'm) as predicted by various models and measured by experiment.
7-ply 14-ply  28-ply 56-ply
RO 0°/90°  0%90°  Q°/9¢"
model  model  model model  Experiment
Strain (pe) 1347 1191 1259 1296 1333
Stress (MPa) 1272 18.01 19.06 19.63 N/A

Strain
Indicator

Strain —
|_Gages

LvDT
Displacement SCX1 Unit DAQ PC
Transducer

ml\.'lagnetic

Figure 10, Schematic of the experiment and data flow.

e rod of the |
@R Displacement
fTransducer |

Figure 11. Position of the gaussmeter probe, strain gauge, and
displacement transducer.

4.1, Experimental set-up

Many different pieces of equipment were used to achicve the
stmultaneous megsurements of beam deflection, mechanical
strains, and magnetic response of the MS-tagged composite.
The equipment list is presented in table 5.

The beam was instrumented with strain gauges in the mid-
span section on the upper and lower surfaces. The resulting
magnetic flux density was measured with the gaussmeter.
A special fixture had to be constructed to ensure consistent
alignment of the gaussmeter probe with the composite surface
and 0 mechanically protect it. The tip of the gaussmeter
probe is made of ceramic and covers the magnetic sensor,
Considering how fragile the gaussmeter probe is and on the
advice from Lakeshore Cryotonics, the protective wood fixture
shown in figure 8 was designed and fabricated. The distance
from the tip of the sensor to the upper surface of the beum
was 2 mm. The open area was covered with clear tape,
The sensor rod was attached to the wood lixture using Pro
Seal Blue RTV Silicone made by Pacer Technology (Rancho
Cucamonga, CA). The overall configuration of the experiment
is shown in figure 9.

Data flow of the simulltaneously measured beam
deflection, mechanical strains, and magnetic response of the
MS-tagged composite bean through the data acquisition and
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Figure 12. Schematic of the position of the magnets during
magnetic bias field application.

processing modules is presented schematically in figure 10.
The strain gauges placed on both the upper and lower surfaces
of the beam at the mid-span position were connected in a half
bridge configuration to the strain indicator. The magnetic flux
density produced by the MS particles was measured by the
gaussmeter.

For correlation purposes, the mid-span displacement was
also measured. An LVDT displacement transducer and a non-
magnetic (aluminum and brass) clamping fixture were used.
Details of the mid-span instrumentation showing the strain
gauges, displacement transducer, and gaussmeter probe are
giveninfigure 11. Initial trials showed that the strain gauge and
LVDT electromagnetic fields did not influence the gaussmeter
reading of the induced magnetic field.

4.2. Testing procedure for MS composite beam bending
experiment

The MS-tagged composite beam, supported on conerete hlocks
(500 mm equivalent span), was loaded gradually with 2 kg
weights. In order to avoid excessive strain in the composite
material, the number of loading weights was limited to three.
The test procedure wus as follows: gradually load the beam,
acquire data and repeat until all the weights were on the
beam. Next, reverse the procedure under gradual unloading.
The strain gauges were connected to a strain indicator, which
provided the actual strain valuc at the top and bottom surfuces.
At the same time, the displacements were measured with an
LVDT. Hence, the relationship between loads, displacements
and strains could be established. Simultancously, the magnetic
field developed by the MS active tagging particles was detected
using the gaussmeter. The gaussmeter provided the value of
the magnetic flux density read by the probe on the surface of
the MS-tagged composite material. The data was collected
using National Instruments LabView software and associated
hardware consisting of a SCXI signal-conditioning module,
and a Gateway computer. The information was processed
using National Instruments LabView software. The data
collection was developed for simultaneous on-line operation
with the strain gawges, displacement transducer and the
gaussmeter. At each loading step, complete data collection
was performed.
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Table 5. List of the cquipment used in the MS composite beam experiment.

Name Model Manufacturer

Strain gauges CEA-06-125UT-120 Measurement Group, Inc.
Strain indicator P-3500 Measurement Group, Inc.
Gaussmeter Meodel 450 Lakeshore Cryotonics, Inc.
LVDT displacement transducer  B-50 Solartron Company

SCXI amplifier unit SCXI-1000 National Instruments Company
LabView NI Profcssional Measurcment Suitc National Instruments Company
PCMCIA card DAQcard-Al-16E-4 16 channel National Instruments Company

Composite material
Permanent magnets
Gateway computer

6" x 4" x 1” Ceramic 8 Magnet
G6-200

Reichhold Chemicals
Adams Magnetic Products
Gateway Inc.
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Figure 14. Experimental magnetic flux density results versus strain
cycles measured on the hottom surface of MS-tagged composite
beams: (a) ten cycles superposition and {£) mean and standard
deviation. Note: a magnetic bias ficld was applicd between cycles.

Strain € [microstrain]

Figure 13. Magnetic flux densily response to bending strain
measured on the hottom surface of MS-tagged composite heams:
(er) superpased 10 consecutive cycles and (#) mean values of
magnetic flux density and standard deviation versus strain for the

oo . the initial response under load was enhanced. We used a pair of
beam. Note: no magnetic bias ficld was applicd between cycles. i p v p

permanent magnets (Adams Magnetic Products, Garland, TX)
generating a magnetic flux density of 740 G. The magnetic bias
field was applied with the beam in the no-load position. The
application of the bias magnetic field between cycles took, on
average, 1.5 min. The positioning of the magnets is presented
in figure 12.

4.3. Applving magnetic bias field hetween cycles

In some of the experiments, a strong magnetic field that aligns
the magnetic moment of each individual domain of the MS-
tagging particles was applied between loading cycles. Thus,
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4.4. Results for the experiments without applying a bias
magnetic field between cvcles

First, experiments were conducted without applying a bias
magnetic field between cycles. When these experiments were
performed and the data was acquired, the beam had not been
subjected to a bias magnetic field for more than two days. Thus,
the results are indicative of the response of a field-deployed
MS-tagged composite material. Ten loading—unloading cycles
were performed of the strain and displacement data. Linearity
and repeatability versus the force data was observed. The
strain hysteresis was less than 2%. This is acceptable and falls
within the accuracy of the data acquisition card and National
Instruments amplifier.

The magnetic flux density response of the beam is
presented in table 6. The zero load reading was subtracted
from the other values in order to eliminate the influence of the
environmental magnetic field. The ten cycles considered in
the experiment show the reproducibility of the magnetic flux
resuits.

It was noticed that some difference in magnetic fux
density readings resulted between cycles, though the strain and
displacement readings were almost identical. This difference
between cycles in magnetic flux density readings could be
due to hysteresis in the MS material. Tt could also reflect
experimental error, since the magnitude of the stress-induced
magnetic flux density is rather small, of the order of milligauss,
and hence fluctuations in the environmental magnetism may
mmpact these readings.

The relationship between magnetic flux density and
strain is presented in figure {3. Figure [3(a) shows the
raw data of magnetic flux density versus strain obtained
during the 1en cycles. It can be seen that the relationship
between strain and magnetic flux density is consistent and
repeatable.  One can also see that the magnetic flux has a
small hysteresis. This phenomenon is present because of
changes in the microscopic magnetic status of the tagging
particles {White and Brouwers 1998). The small difference
between readings in different cycles illustrates the deviation
expected from the use of general-purpose magnetic flux density
measurement equipment.  Figure 13(b) presents the mean
values of the experimental results. These observations indicate
that non-annealed MS-tagged composites in bending present
satisfactory repeatability and small hysteresis. White and
Brouwers (1998) made similar observations for axially loaded
beams and axially measured magnetic fields.

4.5. Results with a bias magnetic upplied between loading
cycles

In these experiments, a bias magnetic ficld was applied
between loading cycles.  Again, ten loading—unloading
cycles were conducted. Displacement, strain and magnetic
ficld levels were collected and analyzed, The strain and
displacement results showed a very good repeatability with
less than 1.7% standard deviation. The experimental magnetic
ficld data are given in table 7. The 10 cycles show that
the measurements are repeatable and consistent.  As in the
experiment conducted without applying a bias magnetic field
between cycles, the small difference between readings in
different cycles illustrates the deviation to be expected from
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Figure 15, Schematic of the coordinate system used in magnetic
flux measurements.

the usc of general-purpose magnetic flux density measurement
equipment.

The plot of magnetic flux density versus strain is given
in figure 14. It can be seen that, on the increasing branch of
the curve, the magnetic ficld response is almost linear. The
maximum magnetic flux values are about double the values
obtained without applying a bias magnetic field between cycles
{32 mG versus 16 mG, respectively). This proves that applying
a bias magnetic field between cycles increases the initial MS
response. The increasing branch also shows a slight negative
curvature, i.e. the marginal response per unit load becomes
less pronounced as the load increases. On the decreasing
branch of the curve, significant hysteresis is present and the
marginal response is very small. These observations indicate
that MS-tagged composites possess a higher initial response,
but also a very pronounced hysteresis. Mean average and
standard deviation of the magnetic flux density calculated using
statistical methods are plotted in figure 14(b).

5. Effective piezomagnetic coefficients of the
magnetostrictive composite

For monolithic MS Terfenol-D material, the piezomagnetic
coefficients, es;, and d5, are well known and available {rom
standard references (Butler 1983, De Lacheisserie 1993).
These coefficients comrelate the magnetic flux density, B;, with
the strain, ¢, and stress, o;. The directions of the stress
and magnetic flux density are using the coordinate system
presented in figure 15.

For MS-tagged composites, such simple relationships
cannot be directly established, since the composite contains
three separate phases {fiber, resin, and MS-tagging powder)
of which only one is MS. However, effective piezomagnetic
coefficients can be established to allow a macroscale
relationship between the recorded magnetic flux density and
the strain and stress in the tagged composite. To this purpose,
we have calculated both the e5, and the d5, coefficients, as
shown in the following sections. The e3; coefficient was
calculated becanse it can be determined directly from the
measured strain and magnetic flux. The & coefficient was
calculated in order to facilitate comparison with the 5, data
reported in the literature for axially loaded MS composite
beams. It should be noted that the dv; coefficient cannot be
determined directly from experimental data alone, since no
simple device exist to directly measure the stress inside an
composite beam in bending. We determined the o5, coeflicient
using the stress predicted by the lamination analysis, and the
magnetic flux densily measured during the experiments.
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Table 6. Magnetic flux density results for the not-annealed beam.

Magnetic flux densily, B (mG)

Force Average  Standard
F(N) Cyclel Cycle2 Cycle3 Cycled Cycled Cycle Cycle7 Cycle8 Cycle9 Cyclel) value deviation %

0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0] 0
1962 473 4.79 5.67 557 5.39 5.25 541 136 3.88 3.92 4,79 0.16
3024 948 9.96 10.68 10.64 992 10.39 8.96 8.96 7.98 7.73 9.56 397
58.86  16.60 16.53 16.63 16.05 16.74 16.37 16.85 15.15 15.02 14.43 16.03 5.05
39.24 1227 11.08 10.96 10.65 11.41 10,23 11.11 0.26 8.15 #.86 10.39 1£.54
19.62 662 5.85 6.31 5.94 6.79 53 6.14 4.07 3.49 2.69 331 2523

0 0.87 1.6 0.62 .81 0.3% 0.29 1.09 0.81 1.06 0.89 .86 3837

Table 7. Experimental magnetic flux density results for the annealed beam,
Magnetic flux density B (mG)

Force Average Standard
Fi{N) Cyclel Cycle2 Cycled Cycle4 Cycle5 Cycle6 Cycle7 Cycle8 Cycle9  Cycleld) value deviation %

0 0.05 (.00 1.6 0736 -025 005 —-0.05 0.47 0.33 0.64 03 0
19.62 11.03 5.18 9,98 8.42 11.92 16.18 14,99 17.10 14.88 15.29 12.80 24.37
3924 23388 20.63 50.45 16.45 20.43 24.14 22.89 255 22.64 23.02 21.99 11.09
5886 32.59 28.19 29.18 26.75 29.05 32.5 3123 33.91 30.65 30.37 31.43 7.85
3924 3379 28.69 29.38 26.37 28.81 32,93 31.54 34.94 30.56 3013 30.71 8.04

1962 32384 27.57 27.63 2583 30.02 33.88 3342 35.11 30.87 3036 30.75 9.46

0 36.34 30.27 29.95 20.33 24.03 2949 29.72 30.06 26.20 2529 28.17 14.73

Table 8. Summary of MS cocfficicnts for MS-tagged composites, as determined in this paper and by previous investigators (see Note).

Bending load
{present investigation)

Characteristic

Axial load
(Quattrone et al 1996)

With magnetic field
bias between cycles

With magnetic ficld
bias between cycles

Composite type Woven Waoven Neat resin Neat resin
Chained No No Yes Yes
Measured B field direction Transverse Transverse Axial Axial
Piezomagnetic stress cocfficient ey =137 = 107 ey = 24.5 x 107 X X
(N Am™Y)
Piczomagnetic  Raw data dy=102x 107" dy =156x10 "
strain Compensated for  dy, =33.7x 10 " doy =515 x 107" dy =40 % 107" dyy = 140 x 014
cocfficient MS volume
mA™ fraction

Note: The wensile data were published by Quattrone ef al (1998). The bending results were obtained in the present investigation
and were first published by Giurgintiv et al (1999a, 1999b). The piezomagnetic coeflicients were calculated by the authors of
the present paper from the data published in the references cited above.

5.1, Piezomagnetic coefficients

According to De Lacheisseric (1993), the piezomagnetic stress
coefficient, &3, defines the relationship between the applied
strain, £, and the resulting flux density, Bs, in the form

By =e31 - €. (23)
We calculated the piezomagnetic stress coefficient, e5y, using
the plot of the average values of the experimentally determined
Bsi—&) curves. The determined ea; values were entered in
table 8.

Likewise, according to De Lacheisserie (1993), the
piezomagnetic stress coetficient, ds, defines the relationship
between the applied strain, oy, and the resulting flux density,
B3, in the form

33 ———d3] “((T. (24)

We calculated the piezomagnetic stress coeffictent, 3|, using
the plot of the average values of the experimentally determined
magnetic flux density, Ba, and the calculated stress, oy.
The wse of calculated stress in this determination needs a
little explanation. No experimental device exists for directly
measuring stress.  In ouwr investigation, we used several
lamination models (7-ply through 56-ply), and compared their
predicted stress with experimentally measured values (table 3).
This showed that the 56-ply model was the most adequate.
Consequently, we used the stress predicted by the 56-ply model
in the determination of the ¢3; coefficient.

5.2. Comparison with other investigators

The present authors used the experimentally derived curves
reported by other investigators (Quattirone er al 1998)
to identify average values of stress-magnetic flux density
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coefficients (figure 3). These coefficients express the magnetic
flux density developed when a given axial stress is applied to
the MS-tagged neat resin composite beam (please recall that the
piezomagnetic stress coefficient defines magnetic flux density
per unit strain, and vice versa). The values of these coefficients
were entered in the last two columns of table 8.

Table 8 shows that the raw piezomagnetic strain
coefficients obtained in our composite experiments secms to
be about 4-10 times lower then those published by Quattrone
et al (1998) for neat resin tension beams. The reasons for this
difference arce:

(1) The stress distribution was different, i.c. bending versus
axial, The axial stress distribution is uniform in the cross
section, while the bending distribution is linearly varying
from maximum positive to negative values. Hence, only
a small portion of the composite {outer fibers) is actually
loaded to the maximuin stress. Thus, for the same stress
values in the outer fibers, a tensile beam will produce
much more magnetism than a bending beam. Since the
gaussmeter probe was measuring the overall response, it
results that its readings are expected to be lower in the
bending beam than in the tensile beam.

{2) Quattrone et al (1998), by performing tensile experiments,
measured the magnetic flux density, B3, parallel to the
applied stress, o3. Inour bending experiments, the applied
load generated stress in the oy, which is perpendicular 1o
the direction of the measured B,

(33 In the tensile net-resin beams used by the previous
investigators, the Terfenol-D particles were dispersed
throughout the neat resin body, whereas in our composite
bending experiments an important portion of the beam was
occupied by the reinforcing fibers. Hence, the Terfenol-
D particles could only be dispersed in the 81% volume
allocated to resin. Additionally, Terfenol-rich resin was
applied only in the outer layers of the composite lay-up. In
essence, this means that, in our composite bending beams,
the Terfenol volume ratio was {).68%, whereas in neat resin
tensile beams it was 2.24%, which is 3.3 times higher.

When the difference in MS-tagging volume fraction was
compensated for, the values of piezomagoetic strain
coeflicients measured by us in bending without bias magnetic
field apphed between cycles became comparable with those
measured by Quattrone er af (1998) under axial loading
and similar conditions. This shows convergence of the
two investigations and increased confidence in the industrial
application potential of this technology.

6. Conclasions

This paper has presented theoretical and experimental data
resulting from the study of a MS-tugged fiber-reinforced
composite beam under bending. A brief review of the state
of the art revealed that there has been no previously published
work on the magnetic response of a4 MS-tagged composite
under & bending load, which emphasizes the importance of this
investigation for the advancement of the state of the art in this
ficld. A MS-tagged composite bending beam was designed,
fabricated, and tested. An analysis procedure of laminate
woven composites was applied to predict the state of stress and
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strain in a simple supported composite beam. Convergence of
results was studied using an increasing number of layers from
7 to 56. The main equipment, experimental set-up and testing
procedure have been described. Test data was obtained with
and without applying a bias magnetic field between loading
cycles. The results were processed and presented in terms of
magnetic response versus measured strain and versus predicted
stress. For tests without applying a bias magnetic field between
cycles, the results showed linearity and low hysteresis. For
tests with applying a bias magnetic field between cycles, an
increase in initial response and a very pronounced hysteresis
were both observed.

The piezomagnetic stress coefficient, e3;, was calculated
using measured magnetic flux versus measured strain. The
piezomagnetic strain coefficient, 3, was also calculated
using the measured magnetic flux density and the stress
predicted by a 56-ply model with 0/90 cross-ply layers.
Comparison between the present bending results and the
previously published results for axial loading was performed.

This investigation has shown that a clear relationship can
be established between the magnetic flux density measured at
the surface of a MS-tagged composite and the stress state inside
the beam. Previous investigators had proved this relationship
for axial loading. In this paper, for the first time, MS-tagged
composite results under bending loading are presented. Both
axial results (presented by previous investigators) and bending
results (presented in this paper} indicate a good consistency
and repeatability of the magnetic fiux response resulting from
loading and unloading of the MS-tagged composite,

The impact of using MS-tagged composites for in-service
NDE of composite structures could be very significant. Unlike
conventional strain measuring methods that use strain gauges,
which are permanently applied on the structure and wired to the
measuring equipment, the MS-tagging method can be used by
simple surface scanning using a traveling magnetic flux gauge.
This opens up the opportunity for measuring stress patterns in
large structures in order to identify stress distributions and ‘hot
spots’.

At present, the MS-tagging NDE methodology is still
in its infancy. Considerable work needs to be done before
large-scale industrial implementation is possibie.  Further
research work needs to cover: (a) development of portable,
hand-held equipment for magnetic flux measurement of large
structural areas using surface scanning techniques, (b) further
characterization of the magnetic response of MS-tagged
composites of various tagging densities and distributions,
and {¢) evuluation of long-term behavior under various
environmental conditions. The piezomagnetic stress and
strain coefficients determined in this paper for MS-tagged
composites under bending can be used in industry as reference
data for the design of novel NDE devices based on the MS
effect in MS-tagged composites.
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