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ABSTRACT1

Experimental data obtained from the study of magnetostrictive-tagged fiber
reinforced composites under bending (flexural) load is presented. A brief review of
the state of the art identifies previous work on axially loaded magnetostrictive
composites, but finds no previous work on bending. Description of bending
specimen design and fabrication is followed by the description of experimental set-
up and main equipment used. Test data, with and without annealing between
loading cycles, is presented and results are discussed. Correlation between the
bending results developed in the presented paper and previously published results
for axial loading is found satisfactory. Numerical values for the strain vs. magnetic
field coefficients are given for both annealed and non-annealed cases. The
usefulness of this method for structural health monitoring and further work are
finally discussed.

1. INTRODUCTION

1.1 STATE OF THE ART IN MAGNETOSTRICTIVE TAGGED
COMPOSITES FOR STRUCTURAL HEALTH MONITORING

White and collaborators (White and Albers and Quattrone, 1996; White and
Brouwers, 1998) did extensive work on magnetostrictive-tagged composites.  White
(1999) briefly reviews the magnetostrictive tagging of composites for structural
health monitoring and gives an update on recent results. A magnetostrictive (MS)
composite subjected to mechanical strain produces magnetic field. This
phenomenon is known as “indirect magnetostrictive effect”. White (1999) presented
results of an experiment where tagged composite specimens were subjected to
uniaxial tension in a testing machine (Figure 1). The magnetic field was measured
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in both the axial and thickness directions. Experimental data was measured on a
neat resin specimen tagged with 2.24% by volume magnetostrictive Terfenol-D
powders.

Trovillion et al. (1999) studied the magnetic characteristics of neat resin and
glass-fiber reinforced magnetostrictive
composites subjected to axial load. Fiber
reinforced composite specimens consisted
of 4 layers of continuous strand glass
fibers mat embedded in a polyester resin.
The top lamina of the composite was
impregnated with Terfenol-D powder at a
weight fraction of 15 % for that lamina.
The specimens were subjected to uniaxial
loading under load control at a rate of 0.02
kN/s. Gaussmeter probe and small
integrated circuit Hall effect devices were
used to measure the magnetic field (Figure
2). Magnetic annealing was performed
using permanent magnets with a field strength of 800 Gauss.

Krishna Murthy, Anjanappa, and Wang (1999) consider health monitoring
detection of delaminations in composite materials through the use of an excitation
coil and a sensing coil. The open-circuit voltage induced in the sensing coil is
proportional to the stress generated in the magnetostrictive layer by the presence of
the delamination.

(a)  (b)
Figure 2 Transverse (x-axis) magnetic flux density versus load: (a) neat resin;

(b) composite sample (Trovillion et al, 1999)

1.2 MAGNETIC RESPONSE COEFFICIENTS FOR MAGNETOSTRICTIVE
TAGGED COMPOSITES

Quattrone, Berman, and White (1998) studied the repeatability under cyclic loading
of the magnetostrictive response of MS tagged composites. The magnetic response
of Terfenol-D active tagged composites subjected to uniaxial tension was measured
under repeated loading and unloading. Two types of experiments were performed:
(a) without magnetic annealing between loading cycles (Figure 3a) and with
annealing (Figure 3b). These experimentally derived curves were used by the
present authors to identify average values of stress-magnetic field coefficients.

Figure 1 Magnetic flux in axial and
thickness direction during axial
loading of magnetostrictive tagged
composite specimens (White, 1999)



Figure 3 Calculation of stress/magnetic field coefficient from cyclic testing results:
(a) without annealing between cycles; (b) with annealing between cycles
(original figures from Quattrone, Berman, and White 1998; straight-line
processing by the present authors)

These coefficients express the magnetic field developed for a given axial stress
applied to the MS tagged neat-resin composite sample.Using the neat resin elastic
modulus, Eresin = 1.3 GPa, the stress-magnetic field coefficients can be used to
calculate the strain-magnetic field coefficients. The latter formulation is preferred
for portability to fiber reinforced composites of different elastic modulus. The
values deduced for stress vs. magnetic field and strain vs. magnetic field coefficients
are given in Table 1.

Table 1 Stress vs. magnetic field and strain vs. magnetic field coefficients for MS
tagged neat-resin composite

Symbol, value, unitsVariable Without annealing With annealing
stress-magnetic field

coefficient cσ not annealed = 10.5 Gauss/MPa cσ annealed = 14.0 Gauss/MPa

strain-magnetic field
coefficient cε not annealed = 13.65 Gauss/(m/m) cε annealed = 18.2 Gauss/(m/m)

2. MAGNETOSTRICTIVE TAGGED COMPOSITE BENDING SPECIMEN
Previous investigations (White et al., 1996, 1998, 1999; Quattrone et al., 1998)

have used axially loaded magnetostrictive tagged composite specimens. The present
investigation set forth in a previously unexplored direction, i.e., investigation of
bending (flexural) response of magnetostrictive-tagged composite. Bending beam
specimens were fabricated and tested.

A bending beam specimen was designed at the University of South Carolina.
The specimen was designed as representative of the type of fiber reinforced
polymeric (FRP) composite materials used in construction engineering applications.
The specimen was intended for portability and hands-on experimental
demonstration of magnetostrictive-tagged composite properties. The design process
(see Giurgiutiu et al., 1999 for details) used the strain vs. magnetic field coefficients
(Table 1) to estimate the specimen dimensions that would produce optimal response
under certain loading conditions. For assumed Young’s modulus E11 = 8 GPa and
flexural strength: SF = 150 MPa, a specimen design of 1000 mm (39.37 in) long;
100 mm (3.937 in) wide, and 6.5 mm (0.2657 in) thick was utilized. The specimen



was fabricated by Reichhold Chemicals (Research Triangle Park, N.C.) from a glass
fiber combination of 5x4 fiber and fill woven roving 36 oz./sq.yd., 8 layers, with
Atlac 580-05 Urethane-modified Vinyl Ester resin. The resin to glass ratio was
~1:1. MEKP accelerator (~1%) produced a room-temperature cure in ~90 minutes.
MS powder was used only in the two outside layers and only in the mid 500 mm
(~20 in) of the 1000 mm span, with 25% weight fraction. After fabrication, the
specimen was trimmed with a band saw.

3. EXPERIMENTAL SET-UP
Figure 5 gives a general view of the experimental set-up. A list of equipment

used in the experiment is given in Table 2. This equipment permitted the
simultaneous measurement of
beam deflection, mechanical
strains, and magnetic response of
the magnetostrictive (MS) tagged
beam. Data flow through the data
acquisition and processing
modules is presented
schematically in Figure 4. The
MS-tagged composite beam was
supported on concrete blocks
(~500 mm equivalent span) and
loaded gradually with an
incremental number of clay bricks (~2 kgf = 19.6 N each). Strain gages were placed
each of the upper and bottom surfaces of the specimen mid-span section and were
connected in half bridge configuration to the strain indicator. The magnetic field
produced from the magnetostrictive particles was collected via the Gaussmeter. A
special fixture had to be constructed to ensure proper and repetitive alignment of the
Gaussmeter probe with respect to the composite surface.

Lakeshore
Gaussmeter

Strain
Indicator

NI SCXI Unit

LVDT Displacement
Transducer

Magnetostrictive
Composite Beam

Gaussmeter
Probe

Figure 5 General view of the experiment set-up
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Figure 4 Schematic of the experiment and
the data flow



Table 2 List of the equipment used during the magnetostrictive-tagged composite
beam experiment

Name Model Manufacturer
Strain Gages CEA-06-125UT-120 Measurement Group, Inc.
Strain Indicator P-3500 Measurement Group, Inc.
Gaussmeter Model 450 Lakeshore Cryotonics, Inc.
LVDT displacement
transducer B-50 Solartron Co.

SCXI amplifier unit SCXI-1000 National Instruments Co.

LabView NI Professional Measurement
Suite National Instruments Co.

PCMCIA card DAQcard-AI-16E-4 16 channel National Instruments Co.
Composite material Reichold Chemicals
Permanent Magnets 6”x4”x1” Ceramic 8 Magnet Adams Magnetic Products Co.
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 are given in Figure 6. Initial
trials proved that the strain gauge and LVDT electromagnetic fields do not
influence the Gaussmeter reading of the magnetostrictively induced magnetic field.

The experimental data was collected via a National Instruments SCXI unit and
data acquisition card in a PC. After proper calibration of all system components,
data was collected using a program written in LabView specifically for this
application. Magnetic field, strain, and deflection data was acquired using this
software and the processed in Microsoft Excel.

 Strain Gage

Gaussmeter
Probe

Displacement
Transducer

Clamp
Fixture

Figure 6 Gaussmeter probe, strain gage, and displacement transducer on the
magnetostrictive composite beam

4. RESULTS
Results presented in this section refer to two separate experiments: (a) without

magnetic annealing between cycles; and (b) with magnetic annealing between
cycles. The magnetic response of the specimen without annealing between cycles is
lower in amplitude, but has very small hysteresis and linearity. The response with
annealing between loading cycles is of higher amplitude, but has very pronounced
hysteresis. The experiments without annealing between cycles are more
representative of situation that would actually be encountered in practice. The
experiments with annealing were conducted for academic purposes in order to



determine an upper bound on the magnetic response under load that might be
expected from the magnetostrictive (MS) composite specimen. Both experiments
were conducted in a similar fashion. The specimen MS composite beam was simply
supported on two concrete blocks and was gradually loaded with 3 bricks. The
loading sequence, quantified in terms of number of applied bricks, was: 0, 1, 2, 3, 2,
1, 0. Displacement, strain, and magnetic field data was taken for each load level.
Ten loading cycles were performed. In the first experiment, no magnetic annealing
was applied between cycles. In the second experiment, magnetic annealing (740
Gauss for 1.5 minutes, on average) was applied between each cycle using a pair of
strong permanent magnets.

4.1 RESULTS FOR THE EXPERIMENT WITHOUT ANNEALING
BETWEEN CYCLES

The displacement and strain data obtained from performing the experiment without
annealing between cycles is presented in Figure 7. (Numerical values justifying
these plots are tabulated by Giurgiutiu et al., 1999). As expected, both displacement
and strain display good linear relationship with the applied load. Good repeatability
of the reading during loading and unloading is observed. Both these observations
validate the experiment and gives confidence in the results. In fact, using the
equivalent Young’s modulus E = 8 GPa, the thickness t = 6.5 mm, the width b =
100 mm,  and the span L = 500 mm, in the formulae

24
t

EI
PL ⋅=ε ,    

EI
PL

48

3

=δ ,     where   
12

3btI = , (1)

yields the theoretical predictions of strain and displacement plotted with dash lines
in Figure 7.
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Figure 7 Linear dependency of mechanical quantities with applied load:
(a) strain vs. force; (b) displacement vs. force. Theoretical predictions
(dash line) is obtained with Equation (1).

The magnetic field response of the specimen during loading is given in Figure 8a.
At the time of performing the experiment and acquiring data, the specimen had not
been annealed for more than a couple of days. Thus, the results are indicative of the
response of a field-deployed MS-tagged composite material. The small difference
between readings in different cycles illustrates the type of spread to be expected
from the use of general-purpose magnetic measurements equipment. Mean value



plots and standard deviation error bars of the magnetic field response are presented
in Figure 8b. It can be seen that the magnetic field response is linear with a slight
positive curvature, i.e., the response per unit load is more pronounced at higher
loads. Of interest is also the small value of hysteresis displayed by these
measurements.
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Figure 8 Magnetic field vs. applied force for specimen without annealing between
cycles: (a) original data for the 10 cycles; (b) mean value and standard
deviation

These observations indicate that non-annealed MS-tagged composites in bending
present satisfactory repeatability and small hysteresis. Similar observations were
made by White and Brouwers (1998) for axially loaded specimens and axially
measured magnetic field.

(a)

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

16.00

0 500 1000 1500
Strain [microstrain]

M
ag

ne
tic

 F
ie

ld
 B

 [m
G

]

cycle 1
cycle 2
cycle 3
cycle 4
cycle 5
cycle 6
cycle 7
cycle 8
cycle 9
cycle 10

 (b)

0

2

4

6

8

10

12

14

16

0 500 1000
Strain e [m icros train]

M
ag

ne
tic

 F
ie

ld
  B

 [m
G

]

Magnetic  Field vs .
Strain of  the Spec imen
w ithout annealing

Figure 9 Magnetic field vs. strain for specimen without annealing between cycles:
(a) original data for the 10 cycles; (b) mean value and standard deviation

Using the strain vs. applied force data of Figure 7a and the magnetic field vs.
applied force data of Figure 8a, the magnetic field vs. strain relationship was
deduced (Figure 9a). Statistical processing of data in Figure 9a yielded the mean
and standard deviation data presented in Figure 9b. From this data, a value of the
strain-magnetic field coefficient for not annealed MS-tagged FRP composites in
bending could be determined. The obtained value was cε_not_annealed=120.3 mG/%, is
comparable with the 136.5 mG/% value obtained from processing axial tension data
(Table 1).



4.2 RESULTS FOR THE EXPERIMENT WITH ANNEALING BETWEEN
CYCLES

The 10-cycle displacement and strain data recorded during the experiment with
annealing between cycles was similar to that for the experiment without annealing,
and hence not worth presenting here. (Full details of the data can be found in
Giurgiutiu et al., 1999). The magnetic field response with annealing between cycles
is presented in Figure 10a. As in the previous experiment, the small difference
between readings in different cycles illustrates the spread to be expected from the
use of general-purpose magnetic measurements equipment.
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Figure 10 Magnetic field vs. force for specimen with annealing between cycles: (a)
original data for the 10 cycles; (b) mean value and standard deviation

Mean value plots and standard deviation error bars of the magnetic field response
are presented in Figure 10b. It can be seen that, on the increasing branch of the
curve, the magnetic field response is linear with 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, the marginal response is very small, and
significant hysteresis is present. These observations indicate that annealed MS-
tagged composites in bending present higher initial response, but very pronounced
hysteresis. Similar observations were made by White and Brouwers (1998) for
axially loaded MS-tagged composite specimens and axially measured magnetic
field.
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Figure 11 Magnetic field vs. strain for specimen with annealing between cycles:
(a) original data for the 10 cycles; (b) mean value and standard deviation.



Using the recorded strain-applied force data and the magnetic field-applied force
data (Figure 10a), the magnetic field-strain relationship was developed (Figure 11a).
Then, statistical processing of data in Figure 11a yielded the mean and standard
deviation plot presented in Figure 11b. From this plot, a value of the strain-
magnetic field coefficient for annealed MS-tagged FRP composites in bending
could be determined. The obtained value was cε_annealed=225 mG/%, is 23.6% higher
than the 182 mG/% value obtained from processing axial tension data for specimens
with annealing between cycles (Table 1).

5. CONCLUSIONS
This paper has presented experimental data obtained from the study of

magnetostrictive-tagged fiber reinforced composites under bending (flexural) load.
A brief review of the state of the art revealed that no previous work on bending of
magnetostrictive-tagged composites has been published yet. A magnetostrictive-
tagged composite bending specimen was designed, fabricated, and tested.
Description of the experimental set up and of the main equipment was presented.
Test data was obtained with and without annealing between loading cycles. The
results were processed and presented in terms of magnetic response vs. strain. For
tests without annealing between cycles, the results showed linearity and low
hysteresis. For tests with annealing between cycles, increased response but
pronounced hysteresis were observed. Numerical values for the strain vs. magnetic
field coefficients were calculated for both annealed and non-annealed experiments.
Comparison of present bending results with previously published results for axial
loading was performed. It was found that, for tests without annealing, .the
coefficients for bending and axial load were comparable (120.3 mG/% for bending
vs. 136.5 mG/% for axial load). For tests with annealing, the coefficient for bending
derived in the present-work was found to be 24% higher than that for axial load as
derived from previous work (225 mG/% for bending vs. 182 mG/% for axial load).

This paper has proved that the strain vs. magnetic field coefficient for
magnetostrictive-tagged composites is portable from neat-resin composite to fiber
reinforced composites and can be used as a “master” design coefficient. This
concept, not previously reported in literature, resolves a major issue related to the
design of magnetostrictive-tagged composites with various fiber reinforcement
architecture which share a common design criteria base on strain or deflection
constraints. Further work needs to be performed to identify the variation of strain
vs. magnetic field coefficient with magnetostrictive tagging density. On this line,
one has to verify whether the saturation phenomenon previously reported in neat-
resin magnetostrictive-tagged composites, also appears in fiber-reinforced
composites, and to find tagging density values at which it becomes present.

This paper also showed the concept that magnetostrictive tagging can be applied
sparsely, i.e., only in critical places. In our specimen, magnetostrictive tagging was
applied only in the outer layer and only in the mid-span region. This concept allows
tailoring of the magnetostrictive tagging and results in considerable cost saving and
improved application efficiency.
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