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Structural health monitoring (SHM) of carbon fibre reinforced polymers (CFRP) provides a valuable way to assess
the condition of these materials, which possess desirable traits, but exhibit little elastic failure. Further com-
plications arise due to their multi component nature, which means they can fail in a variety of ways. High-fidelity
magnetostrictive SHM technology exhibits higher cost when utilising top-end materials that contain rare-earth
elements. At the expense of fidelity, cost can be reduced by using Fe-based ribbons and cheap transducers.
This reduction in accuracy can be overcome by coupling a detection array with the development of specific
detection schemes for each failure type to reduce signal complexity. In this work, we investigate the failure of
CFRP coupons in Mode 1 and 2 failure, using FeSiB ribbons as the actuator either bonded between the CFRP ply
or co-cured on the surface. During the measurement, a set of 4 pancake coils are used to measure the change in
inductance, as the CFRP fails, thus demonstrating that this magnetostrictive-coil set-up can be used to measure
cracks forming and propagating within the CFRP, hence it is a promising SHM system. For the first time, it is
demonstrated that there is a correlation between the induction signal and the elastic energy stored within the

CFRP coupon.

1. Introduction

Due to increasing demand in the aviation industry worldwide
coupled with the decreasing marginal fuel efficiency improvements
means that the relative carbon footprint of this industry is expected to
increase in the future [1]. Composite materials such as carbon fibre
reinforced polymers (CFRP) are an obvious route for light weighting
aerospace components. The Airbus A380 and Boeing 777 introduced in
1995/2005 have a structural mass of 20 % CFRP composites. Recent
models such as the Boeing 787 and Airbus A350 introduced in
2011/2015 have structural mass 50 % CFRP composite. Although
aerospace composites are now widely used commercially, it is not
normal for an entire airframe to be built from these materials [2].

Metallic materials being homogenous have high ductility and clear
fatigue characteristics. As a result, their crack propagation can be pre-
dicted reliably; CFRP materials are brittle because of their anisotropy
and large scattered properties [3]. Although CFRP materials have been
found to be more sensitive to impact damage, there is no clear under-
standing of the damage propagation mechanism. Due to this, parts
design follow a “no-growth” approach where structures are designed to
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avoid damage during normal operation [4]. Therefore, for primary
structures in FAR-25 and JAR-25 compliant aircraft, accidental damage
becomes the primary concern in damage tolerance design and mainte-
nance planning.

From the FAA Advisory on Composite Aircraft Structure [5], for any
joint, the failure at which would result in catastrophic loss of the aero-
plane, the limit load capacity must be addressed by one of the following
ways: 1) Disbonds greater than the maximum load must be prevented by
design features, 2) Testing of each individual production piece to
determine its critical limits, 3) Repeatable and reliable non-destructive
testing to ensure continued strength of the joint. It may be expected
that although current non-destructive testing cannot meet criteria (3),
the development of smart CFRP materials that enable structural health
monitoring (SHM) could be met [6-8].

Magnetostrictive sensors were previously investigated as a potential
SHM technology [9-13]. Recently, a damage detection system utilising a
sparse array of magnetostrictive actuators was developed in order to use
cost-efficient Fe-based materials in comparison to the higher sensitive,
more expensive rare-earth magnetostrictive materials [9]. Although
initial results were promising, the strain sensitivity resolution of the
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Fe-based system was an order of magnitude less sensitive than piezo-
electric sensors [14] and two orders less sensitive than Bragg gratings
[15,16], but were still a promising option, due to other advantages
including cost and easier attachment to the CFRP. Further other research
has used magnetostrictive patches as transducers to produce Lamb
waves within the CFRP composite to detect damage analogues to the
piezoelectric sensors [17,18]. Thus these magnetostrictive sensors have
to be further tested to understand their response to different failure
modes, before a final decision on whether they are suitable for SHM of
CFRP components can be made.

The other major difficulty faced by the aerospace industry to achieve
SHM is the location and placement of these sensors on the CFRP
component. Several placement methods have been investigated in the
past such as placing the sensors between plies during layup [19-25], ply
cut-out embedding [26,27] and interlacing sensors with reinforcement
[23]. Embedding sensors between plies is considered as a flaw, since it
creates discontinuities within the CFRP coupon, but there is no evidence
that the initial damage was caused by the sensor embedding procedure
under static and fatigue loading [19,27,28]. In this work two types of
magnetostrictive actuator embedding have been investigated, including
on the surface and between the 8th and 9th ply, as previous work [11]
has found no visible voids around embedded magnetostrictive ribbons.

Interlaminar fracture is one of the major failures observed in CFRP
materials. This failure occurs as a result of debonding/delamination
between the plies. These damages can lead to catastrophic failure since
the damage is not visible to visual inspection unlike impact damage.
Interlaminar delamination leads to loss of strength of the material and
stiffness [29,30]. There are three interlaminar fracture types that may
occur in CFRP that correspond to the three principal axes: here termed
Mode 1 (Opening), Mode 2 (In-plane shear), and Mode 3 (Out-of-plane
shear) fracture [31,32]. Crack initiation occurs when critical stresses are
reached within the component, followed by crack propagation along the
crack path. The transient strain evolution at any particular point in a
CFRP panel is a function of both the force experienced as well as the
physical characteristics of the sample under load (e.g elastic tensors).
SHM uses actuators and sensors to measure this strain field within the
CFRP, thus the strain field experienced at each sensor can be expressed
as a function of time, f(t), where t is time.

The material’s stress response before and leading up to crack initi-
ation and growth can be treated as a single event; as the effective range
of each sensor is finite and the crack grows as a function of t, each sensor
experiences the onset of this event at different periods e.
g&f(t),f(t+n1),f(t+n2) and so on. For the magnetostrictive SHM, this is
measured as a change in the inductance response from the magneto-
strictive actuator. Understanding and interpreting magnetostrictive
sensor data responses with respect to different applied stresses will
provide context for the development of damage detection schemas,
whether through machine learning algorithms or as rules of thumb and
is therefore the objective of this work.

2. Design of experiment

In order to investigate the effect of different CFRP failure mecha-
nisms on the response of the magnetostrictive sensors, a design of
experiment was carried out (Table 1). For each failure mode (Mode 1
and Mode 2), 12 samples were fabricated, this included two control
samples, which contained no magnetostrictive ribbons, five samples
with the magnetostrictive ribbons bonded between two of the ply and
five samples with the magnetostrictive ribbons co-cured on the surface.
This allowed for any statistical variation to be observed, and the main
trends within the measurement to be identified. This allows us to be
confident in the reliability of our measurements, even though the
sensitivity of the magnetostrictive actuator-sensor is lower than other
SHM systems.
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Table 1
Experimental design of the actuator/sensor study performed.
Type of failure Actuator placement Number of
samples
Mode 1 No actuator/ribbons 2

Fe;5Si7B15 ribbons between 5
8th and 9th ply

(Inter laminar fracture due to
matrix failure under tensile

loading) FeygSiyB;s ribbons over the 5
top surface of CFRP
Mode 2 No actuator/ribbons 2

(Inter laminar fracture due to
matrix failure under shear
loading)

Fe,gSizBys ribbons between 5
8th and 9th ply

Fe;gSiyB;s ribbons over the 5
top surface of CFRP

3. Methodology
3.1. Synthesis

For the experiment, twill weave carbon fibre prepreg VTC 401 sup-
plied by SHD Composites Ltd [33] with a ply thickness of 0.28 mm was
used. The CFRP laminates were made up of 16 plies to achieve the
required thickness for fracture testing. Using a release film, an initial
delamination of 50 mm was initiated between 8th and the 9th ply. The
laminates were fabricated on a flat plate mould of 400 mm x 450 mm.
The laminates dimensions were 330 mm x 330 mm. FeSiB ribbons were
co-cured along with the laminates either on their top or between 8th and
9th ply. The laminates were maintained in a vacuum of —29 mm/Hg.
After vacuum bagging the laminate was placed inside an autoclave. The
curing cycle was initiated with an initial ramp till 60 °C was reached
with a ramp rate of 3 °C/min. Then the temperature was held at 60 °C
for 60 min, before being ramped up till 120 °C with a rate of 3 °C/min. It
was then allowed to dwell at 120 °C for 60 min. After which the lami-
nate was allowed to cool down to room temperature.

3.2. Sample preparation

The samples were cut into 150 x 25 mm as per ASTM D5528 [34]
and ASTM D 7909 [35] for Mode 1 and 2 tests using a tile cutter. Hasp
and staples were adhesively bonded to the pre-cracked edge of the
sample for Mode 1 test samples. The lateral sides of the laminates were
painted to get a clear view of the crack propagation during testing. The
sample was marked with 1 mm scale to keep a track of the crack growth.
Schematics for the sample preparation are shown in Fig. 1(a) and (b).

3.3. Sensors and data acquisition system

An air cored pancake copper coil was used as a sensor to detect the
change in inductance. A set of copper coils of diameter 0.224 mm were
wound with 70 turns around a M3 washer in a clockwise direction.
Similar pancake coils have been used for measuring inductance (L) of
magnetostrictive actuators previously [36,37]. From [9], it was deter-
mined that these sensors had a sensitivity limit of 0.01 pStrain. A data
acquisition system was developed based on a
resistance-inductance-capacitance (RLC) circuit, which was used to
measure the change in inductance of the magnetostrictive actuator. The
RLC circuit can be described by the following equation:

q = Qe cos(apt + ) @
Where q is the charge on the capacitor plates, is the exponential decrease

of the oscillations amplitude, wp = - [% - (R)z] is the damped fre-

quency, where L is the inductance, C is the capacitance and R is the
resistance. For these measurements, the capacitor is chosen so that the

system stays in an underdamped state, i.e. R < /4. Thus with the
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Fig. 1. (a) Schematic representation Mode 1 sample with dimensions (b) Schematic representation Mode 2 sample with dimensions.

resistance and the capacitance known for the circuit, any difference in
the measured output will be due to a change in inductance in the coil.
The design and development of the sensors and data acquisition system
have been discussed extensively in the previous publication [9]. This
includes how the capacitor in the RLC circuit was chosen, along with
reducing the noise on the data compared to the inductance signal
measured, this maximising the signal to noise (SNR) ratio.

3.4. Sensor position

To get more meaningful data for analysis the sensors were main-
tained in the same position for Mode 1 and Mode 2 testing exactly on top
of the actuator. The first sensor (S1) was placed at 30 mm from the
sample with the initial crack (right edge in Fig. 1). The second sensor
(S2) was placed at 60 mm, the third sensor (S3) was placed at 90 mm
and the fourth sensor (S4) was placed at 120 mm from the sample end
with the initial crack.

4. Mechanical testing

The Mode 1 and Mode 2 fracture tests were carried out in a Houns-
field universal testing machine (UTM). The test coupons along with the
attached inductive sensors were connected to the data acquisition

Arduino data
acqusition system

Laptop to record
data

system. To find the crack position at any instantaneous moment of time a
Canon 80D camera was used to record the crack propagation during
testing. Fig. 2 shows the schematic representation of the test along with
the data acquisition process. The testing methodologies for Mode 1 and
Mode 2 fracture tests were as follows:

1) For Mode 1 fracture tests as per ASTM D 5528 the Double Cantilever
Beam (DCB) test method was used. A load cell of 100 kN was used to
apply a tensile load on the CFRP coupon at the rate of 2 mm/min.
The data from the sensors were recorded using the Arduino based
data acquisition system. The data from the video camera was used to
record the crack propagation and to correlate the sensor data with
the crack length and the load data from the UTM.

2) For Mode 2 Fracture testing (End Notch Flexure) test method has
been used as per ASTM D 7909. The sample was fixed to a three-point
bending fixture in the UTM. A load cell of 10 kN was used to apply a
bending load to the laminate at a loading rate of 2 mm/min. The data
from the sensors was recorded using the Arduino based data acqui-
sition system. Similar to Mode 1 tests, a camera was used to record
the crack propagation data.

Video camera to track
crack propagation

PC connected to tensile
testing machine

Fig. 2. Schematic representation of the experimental setup.
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5. Results

For each measurement, there are three data sets, all measured as a
function of time. These are the sensor measurement of the change in
inductance (L) of the magnetostrictive actuator measured by the Ardu-
ino based data acquisition system, the load vs. time data is obtained from
the UTM and the crack length vs. time data from the video camera. Thus
as the common reference for all of these is time, each data set is plotted
against time, along with the normalised inductance and the rate of
change of inductance (dL/dt). The required data from the datasets were
interpolated to enable the correlation of each dataset to discrete time
steps, through a general function f(t) where t is time. Using this way of
analysis, the crack position and the applied load at a particular time can
be determined.

5.1. Mode 1 - interlaminar fracture due to matrix failure under tensile
loading

Fig. 3a shows the graphical representation of the data for Mode 1
sample with the ribbon attached on top and Fig. 3b for the Mode 1 data
for the ribbon embedded within the CFRP coupon. Fig. 3a(I) shows the
data load vs time data obtained from the UTM. Fig. 3a(II) exhibits the
raw inductance data obtained from the Arduino based data acquisition
system, which is then normalised to the value at t = O for the data shown
in Fig. 3a(Ill). To help with analysis, the rate of change of inductance
(dL/dt) is plotted in Fig. 3a(IV). Fig. 3a(V) shows the crack length vs time
data obtained from the video camera. Three vertical lines are also be
observed in Fig. 3a, to divide the data into four sectors, which corre-
spond to the sensor positions such as sensor 2, sensor 3 and sensor 4 and
have been extrapolated from the crack length data, which can be seen in
Fig. 3a(V).

During the initial phase of the test, a drop in the normalised induc-
tance (cf. Fig. 3a(II)) can be observed. The normalised inductance value
drops from 1 to 0.2 at ~250 s. This occurs because of shape deformation
of the laminate during the initial loading. This can also be confirmed
with the load vs time data (cf. Fig. 3a(I)). In the first sector of the load vs
time plot, the applied load increases and reaches the maximum value
before delamination. This load creates a deformation in the sample prior
to delamination. This can also be reconfirmed with the crack length vs
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time plot (cf. Fig. 3a(V)), where no crack propagation is observed. When
the sample reaches the maximum load bearing limit a drop in load is
observed due to energy release, which results in delamination and crack
growth. This is a common trend observed in Mode 1 fracture testing of
CFRP materials.

When the crack approaches sensor 2, which is placed at 60 mm, the
normalised inductance value starts decreasing from 1 to 0.2 over the
time span of 300-690 s. While the normalised inductance values of
sensor 3 and sensor 4 remain unchanged until the crack crosses sensor 2.
When the crack propagates past sensor 2, the normalised inductance
starts to decrease in sensor 3 indicating damage occurrence over that
particular area. When the crack propagates furthermore towards sensor
4, the normalised inductance value gradually starts decreasing. After the
crack coincides with the sensor position the normalised inductance
drops to its minimal value after which it remains constant.

The rate of inductance change (dL/dt) can also be used as an aid to
analyse crack propagation behaviour and is shown in Fig. 3a(IV). The
minima of the (dL/dt) plots are representative of where the normalised
inductance in Fig. 3a(Ill) drops to zero and hence where the crack has
propagated past that particular sensor. The sensor positions are indi-
cated in Fig. 3a as a function of the crack length obtained from the
recorded video; these lines are in good agreement with the minimum
values of the normalised inductance shown in Fig. 3a(IIl), validating our
analysis. Additionally, the minima positions in Fig. 3a(IV) are also in
agreement with the sensor positions. This is also confirmed from the
recorded crack propagation footage.

Similarly, Fig. 3b represents the data of Mode 1 failure with the
magnetostrictive actuator located between 8th and 9th ply of the CFRP
coupon (i.e. in its centre), with the same data represented within the 5
graphs. On visual comparison of Fig. 3b with Fig. 3a, it can be observed
that the data follows the same trend as expected. But on comparing the
inductance data (¢f. Fig. 3b(II)) and the normalised inductance (cf.
Fig. 3b(Ill)) of the CFRP coupon with actuator in the middle with
inductance (cf. Fig. 3b(II)) and the normalised inductance for the actu-
ator on top (cf. Fig. 3a(Ill)), it can be observed that, for the CFRP coupon
with actuator in the middle (cf. Fig. 3b) the data has a smaller SNR
compared to the data for the actuator on top. In the case of the CFRP
coupon with the actuator embedded on top, the sensors are directly in
contact with the actuator, which results in a stronger magnetic
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Fig. 3. a) Data for a composite coupon in Mode 1 failure setup (Ribbon on top layer); b) Data for a composite coupon in Mode 1 failure setup (Ribbon in middle).
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interaction between the sensor and actuator and therefore a large signal
compared to the noise. In the case of CFRP coupon where the actuator is
sandwiched between 8th and 9th ply of the CFRP coupon, the magnetic
interaction between the actuator and sensors are weaker due to the
2.24 mm thick CFRP composite between them, thus the signal measured
is smaller, and hence the noise on the data noticeably larger.

Due to this weaker magnetic interaction between the sensor and the
actuator the degree of change in inductance observed is smaller when
compared to the data with actuator on top configuration, leading to the
smaller SNR. It is suspected that the metallic parts of the UTM tensile
testing fixture could contribute to the noise in the sensor data to some
extent. Although there is a smaller change in inductance and a signifi-
cant amount of noise in the inductance data (cf. Fig. 3b(II)) and nor-
malised inductance data (cf. Fig. 3b(III)), the change in inductance trend
can still be observed to be similar to that of the results observed with
actuator on top configuration. In the normalised inductance plot (cf.
Fig. 3b(IlI)) a large drop in normalised inductance value for sensor 1 can
be observed when compared to sensor 2,3,4 in the first sector. This drop
in normalised inductance is as result of initial loading and shape
deformation occurring in the sample, which can also be correlated to the
increase in load which can be observed at the first sector of load vs time
plot (cf. Fig. 3b(1)). In the second sector of the normalised inductance
plot a drop in inductance can be observed in the sensor 2 from 0.9 to 0.1.
Similar behaviour for sensor 3 is observed in the third sector. Although
sensor 4 does not have the large drop in normalised inductance as would
be expected, there is a sudden drop in normalised inductance after
1600 s representing complete fracture. By comparing the change in
normalised inductance data from the Mode 1 fracture tests, with the
actuator configurations embedding on top of the coupon vs. the actuator
sandwiched between the plies it can be inferred that actuator on top of
the coupon generates clearer results due to a larger SNR. While, placing
the actuator between the plies gave a smaller SNR, plus it would seem
that the rate of crack propagation or delamination is increased due to the
ribbon being between the layers [25].

5.2. Mode 2 fracture - (inter laminar fracture due to matrix failure under
shear loading)

The data obtained from our Mode 2 tests are plotted using the same
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strategy as in the previous section and are shown in Fig. 4a (Actuator on
top-layer) and 4b (Actuator in mid-layer). The major difference in the
Mode 2 plots when compared to the Mode 1 plots is the three vertical
lines dividing the plot into four quadrants. In Fig. 3, the plots were
divided with respect to the sensor position. Similar method of analysis
cannot be applied to Mode 2 since the coupons experienced catastrophic
failure when the crack length reached 75 mm. Therefore, a different
approach has been applied to divide the plot in four quadrants
depending upon the damage occurring in the sample by combining the
data obtained from the video camera and from the Arduino based data
acquisition system. The first quadrant represents the initial loading
where the coupon experiences only the bending stress, with no crack
growth. In this region a large drop in inductance can be observed. In the
second quadrant the crack propagation initiates, and the change in
inductance remains almost constant. The third quadrant represents
faster crack growth and multiple delaminations occurring in the stress
concentrated region. These multiple delaminations cause a minor
change in inductance when compared to the change in inductance
observed in the crack growth region (quadrant 2). The fourth quadrant
represents fracture, where a maximum change in inductance is
observed.

From the normalised inductance plot in Fig. 4a(Ill), it can be
observed that when the sample is subjected to stress there is a drop in
inductance, which can be observed across all four sensors. From the
normalised inductance plot in Fig. 4a(Ill), when stress is applied to the
sample a gradual drop in inductance is observed due to the initial
bending of the sample. As the crack propagates the inductance remains
constant. When fracture occurs a sudden increase in inductance is
observed and the inductance value is restored to the initial value. As in
the previous section, the derivative of Fig. 4a(Ill) is used to analyse the
change in inductance and how it correlates to crack growth and failure
in Mode 2 failure in end-notch failure tests and by extension, samples
experiencing a similar class of failure.

From Fig. 4a(IV), the (dL/dt) values increases from -0.02-0, which
tracks the decrease in normalised inductance in Fig. 4a(IlI) well. In
contrast to the fluctuations in the normalised inductance in Quadrant 2,
the derivative function shows low levels of fluctuations (cf. Fig. 4a(IV);
from this data we hypothesise the fluctuations are attributed to varia-
tions in the distance of the sensor from nearby ferrous materials (i.e. Due
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to sample slip and/or nearby crosshead or other equipment movement).
The complex behaviour happening is in contrast to the more simplistic
normalised inductance behaviour in the Mode 1 tests (cf. Fig. 3a(Ill)) —
this is attributed to the influence of shear on the energy stored in the
sample and is discussed further in a later section.

In Quadrant 3, the sample undergoes debonding and multiple
delamination before failure. The derivative curve in Fig. 4a(IV) fluctu-
ates between -0.01 and 0.01 in contrast to the near-linear behaviour
exhibited in Quadrant 2. These spikes are attributed to localised regions
of stress (possibly due to inhomogeneous curing or some activation
energy threshold being overcome) that build up to minor slip and
delamination events that occur repeatedly before sample failure. A rapid
irreversible spike in inductance is observed in Quadrant 4, which we
correlated with sample failure and can be used to conclude that per-
manent damage has occurred within the sample.

Unlike the Mode 1 tests (cf. Fig. 3a(II)), it is impossible to determine
the crack location with respect to each sensor position (cf. Fig. 4a(IIl)).
From the video recordings, the crack length only passes by sensor 1,
however all four sensors show very similar behaviour to each other that
is almost indistinguishable. Analysis of the normalised inductance’s
derivative also shows no clear distinguishing features from each sensor
readout. From this, we infer that it is likely that Mode 2 failure imposes
strain across the entire coupon cross-section, in comparison to Mode 1
deformation, which has more localised stress regions. This agrees with
[38].

From the observed data it can be concluded that the actuator in the
middle setup does not work as well when compared to the actuator on
top setup. Similar to the results observed in Mode 1, the actuator on top
configuration gave the larger change in inductance with a larger SNR.
Unlike Mode 1, the crack propagation could not be easily tracked in
Mode 2 fracture mechanics. But the change in inductance can be used to
interpret the delamination, debonding, and fracture events occurring in
the coupon. This is further analysed in the section below.

6. Discussion - mechanics of failure

The results of both Mode 1 and Mode 2 failure tests are presented in
Sections 4.1 and 4.2, which clearly show the differences in the measured
inductance behaviour for each failure type. The challenge of SHM is not
only in the determination of failure position (which can be demonstrated
for Mode 1 samples from the normalised inductance derivative), but also
in determining the type of failure experienced. Increased understanding
of the failure mechanism is essential as this will aid in the construction of
detection strategies that can be used to parse inductance results on-the-
fly during essential operations that will enable SHM. In order to look
into this, in the next section we present a mathematical model of the
energy stored within the sample and compare it to our experimental
inductance values.

6.1. Mode 1 failure

The strains in a beam in pure bending vary linearly from the neutral
surface regardless of the shape of the stress strain curve of the material.
The longitudinal strains in a beam are accompanied by transverse strains
(normal in the y and z directions) due to the effects of the Poisson’s ratio.
There are accompanying transverse stresses because the beams are free
to deform laterally. The longitudinal elements in a beam in pure bending
are in a state of uniaxial stress. The strain-curvature relationship for such
an ideal beam is ex = —k y where y is the distance from the central point
and k is the curvature. However, the CFRP coupon in the Mode 1 setup
can be thought of as two attached beams that are being pulled apart,
where the CFRP coupon is only strained once the bond has failed. In
Mode 1 fracture, when a tensile load is applied at the pre-cracked end of
the laminate, delamination occurs as a result of matrix failure and the
crack grows perpendicular to the direction of the applied load. In Mode
2 fracture when a bending load is applied to the laminate, the surface on
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which the load is applied experiences a compressive loading and the
lower part of the laminate experiences a tensile loading. To better un-
derstand the data taken in our experiments, we calculate the strain en-
ergy release rate of the system for both Mode 1 and Mode 2 fractures.

The FeSiB actuators used here are amorphous and possess no grains
for magnetic domain wall pinning, which leads to soft magnetic
behaviour. As such, to simplify matters, we assume that the actuators
experience reversible magnetisation. The isotropic form of the rela-
tionship between the magnetostriction (A(t, x)) and magnetisation (M(t,
x)) can be written as [39]:

30 A

Aty x) = 3 WMZ(t,x) (2

Where J is the saturation magnetostriction and M; is the saturation
magnetisation. The change in inductance, AL for the sensor coil is pro-
portional to:

1) The internal magnetic field strength, H,

2) The number of coil turns, N.

As no current is passed through the coils, H = 0 and the number of
turns are kept constant for all sensors, we therefore expect AL ~ AM.

AL—Lyin
Lnax —Lmin

Thus normalising AL as ( ) provides a reasonable estimate of A

M/M; in the form of ALyom = %T":’ + Coffsee Where Copee is an offset
constant dependent on the remanent magnetisation.

Rearranging Eq. 2, we find that the magnetostriction can be written
as:

)]

showing the quadratic relationship between the normalised magneto-
striction and the normalised magnetisation.

Next, the strain release rate in an end-notched flexure for both modes
can be evaluated. The Mode 1 testing is written as [40]:

1+0.64 (ﬁ>
C))
2 3
1+1.92 <h) +1.22 (ﬂ) +0.39 (’—)

Similar, the strain energy release rate for Mode II testing can be
written as [41]:

9a*P? | E\ ()
GH—=_— __|14+02(—(- 5
u 16E1W2]’l3 + (Gm) (d) ( )

where P is the applied load, § is displacement, 2h is height, G is inter-
laminar shear toughness, E is elastic modulus, a is crack length and w is
the width of the sample.

The material properties required for the calculation input are ob-
tained from the material datasheet and are tabulated in Table 2. The

V3 ERS
T2 @

K

Table 2

VTC401® datasheet values [33]. *The shear modulus was not given in the
datasheet and was approximated from knowledge of Poisson’s ratio and the
elastic modulus.

Measurement Value Units
Compressive strength 631 MPa
Tensile strength 573 MPa
Tensile modulus 52.7 Gpa
Poisson ratio 0.053 -
DMA Tg 150 C
Flexural strength 863 MPa
Flexural modulus 51.7 GPa
Inter shear strength 74 MPa
Shear strength 74.6 MPa
Shear modulus* 25.23 GPa
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shear modulus was not given and was approximated from knowledge of
Poisson’s ratio and the elastic modulus, assuming that the twill-weave
CFRP coupons behave isotopically. Utilising Mathematica 11.0 [42],
we interpolated the experimental data to determine the strain release
rate, G(II). These results are shown in Fig. 5a alongside the experimental
crack length data determined from the video recording. The work done
to deform the CFRP coupons is evaluated from the datafileas W=F x X
where F is the force in Newtons and X is the height traversed. The total
energy released over a given time interval may be obtained by taking the
integration of the interpolated function of Eq. 4: Egygein = fg f X Acrackdt
at each time interval, n, where A is the crack area. The time-resolution of
the camera used in this work was not suitable to evaluate crack propa-
gation mechanics before failure. As a result, the crack area is obtained by
the function Arqcx = @ x agz Where ag is a fitting parameter obtained by
evaluating [j f X Acrackdt = W(n) where n is the time just before failure
at which the force is maximum. For the Mode 1 test sample, n =
1472and ag; = 0.0072m, which corresponds well to the crack tip width.
For the Mode 2 test sample, n = 479 and az = 0.066m, which corre-
sponds well to the measured crack width of 0.05 m. A visual comparison
of the samples just after failure confirms that the crack tip width is much
larger in Mode 2 failure. The energy stored within the sample during the

evaluation process is evaluated as:
AE = W — Egyyain (6)

For our installed magnetostrictive actuator/sensor setup to
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accurately pick up changes in strain, we would therefore expect
\/A-E ~ AL.

From the calculated strain energy release rate data and crack prop-
agation data, the strain energy increases due to the bending stress in the
initial phase. As the crack propagates and the CFRP coupon loses its
strength, the strain energy starts decreasing, which reflects the failure of
the CFRP coupon. When the coupon approaches failure, the energy
required for crack propagation decreases, and the total energy in the
sample exceeds representing failure. Fig. 5a and b shows the energy
change vs time data for both Mode 1 and 2. It can be observed that the
energy change vs. time data can be compared with the normalized
inductance data in Fig. 3a(III). From the graph, it can be observed that
the normalized inductance values almost drop to 0 at around 200 s,
when compared with the calculated magnetostrictive data, where the
magnetostriction values dropped and reached a minimum level in a
similar time. From this it can be concluded that the calculated values are
in accordance with the experimental values.

Shear stress also plays an important role in Mode 2 fracture test.
When the laminate is strained, due to the shear force acting along the pre
crack the laminate starts to delaminate. The crack propagates much
faster when compared to Mode 1. When the crack reaches the point
where the load is applied due to high stress concentration over that area
due to the bending stress and the shear force, multiple debonding and
delamination occur. The laminate experiences a catastrophic failure.
These correspond to the regions 1, 2, and 3 shown in Fig. 4 and are in
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Fig. 5. a) Strain energy release rate vs. time for Mode 1, b) Strain energy release rate vs. time for Mode 2, ¢) Energy change vs. time for Mode 1, d) Energy change vs.
Time for Mode 2, e) Inductance response normalised across all four sensors for Mode 1, f) Inductance response normalised across all four sensors for Mode 2.
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agreement with our energy analysis. For comparison, we show the
inductance response normalised across all four sensors for Mode 1 and
Mode 2 in Fig. 5e and f. The results are thus in good agreement with the
data.

The mathematical models of the strain evolution in the CFRP cou-
pons can thus be built into smart magnetostrictive detection schemes
(using signal processing strategies) to characterise and differentiate
between the types of failure that is occurring in CFRP coupons.

7. Conclusions

The main goal of the study was to investigate the effectiveness of the
magnetostrictive based structural health monitoring system [9] in
detecting Mode 1 and Mode 2 delamination in CFRP coupons. The
research also investigated the efficacy of actuator placement between
plies and its implications on the data obtained from the sensor and data
acquisition system. From this research, the results have indicated that
crack propagation can be easily monitored with the change in induc-
tance in the case of Mode 1 fracture. Once the coupon is strained a drop
in inductance is observed in the sensors. This drop in inductance can be
correlated to the crack position. A drop in inductance from a specific
sensor represents the crack propagation in the vicinity of the sensor. The
findings also suggest in general that the actuator placement between the
plies is not the best option since it had a lower SNR compared to the
actuator on top configuration. In case of Mode 2 fracture, using the
change in inductance along with data analysis, the type of damage
occurring to the CFRP coupon has been established. Similar to the Mode
1, embedding the actuator on top of the coupon provides a larger SNR
compared to placing the actuator between the plies. The major limita-
tion in case of Mode 2 fracture is that the crack propagation cannot be
easily interpreted with the change in inductance data due to its complex
bending and shear component involvement. In spite of this limitation
the normalised inductance data and dL/dt data have shown the events
that happen in the coupon such as loading, crack growth, multiple
delamination, and fracture. The other significant finding in this study is
that the strain energy release can be correlated to the change in induc-
tance occurring in the sensor. This will lead to the development of
magnetostrictive SHM systems along with signal processing strategies
which aid to understand the damage occurring in composite structures.
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