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Abstract: Electrical impedance tomography (EIT) is being developed as promising non-intrusive
technology for damage detection in conductive fibre reinforced polymers (FRP) composites. This
work assessed EIT and one-step difference Gaussian-Newton algorithm to detect different
damages in CFRP laminates, including through-thickness holes and impact damage of different
severities. Two layup laminates were studied: quasi-isotropic [0/45/90/-45]s and unbalanced
[0/0/45/90/-45]s. Each laminate configuration was subjected to three levels of impact energy.
Through-thickness holes with diameters as small as 2 mm were detected. The LVI on unbalanced
specimens created elongated shaped damages, which were observed through EIT and ultrasonic
C-scan. Differently, the ultrasonic C-scan inspections revealed circular shaped damages on the
centre of the quasi-isotropic specimens, while EIT could not reveal a well-defined damage shape.
Yet, the presence of damage was observed in the centre of the specimens by EIT. Although EIT
overestimated the damaged area, it was highly sensitive to the imposed damages.
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1. Introduction

The performance of FRP composites is particularly affected by the presence of barely visible
impact damage, produced by low velocity impacts (LVI) (1). Several approaches for impact
damage detection and localization on composites are addressed in the literature. Although
various types of sensors have been already embedded in composite structures for damage
detection, like optical fibre-based and piezoelectric ones, their presence may affect the
mechanical performance of such structures (2). Alternatively, as electrical impedance
tomography (EIT) technique uses surface electrodes instead of invasive sensors, their use does
not affect the performance of composites (3). Electrodes are mounted on the boundary of an
electrically conductive composite, such as carbon fibre reinforced polymer (CFRP) composites
or composites with conductive particles modified matrices (4—7). Current is injected though a
pair of electrodes, and resultant voltages in the following pairs are measured (3). This allows to
construct tomographic images of the distribution of spatial electrical conductivity. Despite the
reduced spatial resolution, EIT can detect subtle conductivity variations when damages like
cracks or delaminations disrupt the conductive network (8). Yet, the EIT technology remains at
low TRL regarding monitoring of anisotropic materials such as composites, in contrast to
conductive anisotropic materials like metals.
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Algorithms for reconstruction of static electrical impedance tomography images may lead to
measurement errors, due to the higher sensitivity of EIT to changes in the boundary proximity
than within the sample. A slight error on electrode positioning may generate similar voltage
measurements to those of a severe inhomogeneity in the middle of a specimen. Alternatively,
algorithms for dynamic imaging reconstruction avoid this limitation of static EIT. In dynamic EIT
reconstruction, the conductivity image at time instant t, is determined by the difference of
voltage v, at t;, and of the prior measured voltage v; at time instant t; (9). Thus, the EIT voltage
difference, y, can be calculated resorting to Eq. (1) (10).

]; = [v2]i — [v4]; (1)

The medium conductivity is modelled using a finite element model, comprising ny elements,
which are represented by the vector of conductivity o € R™, The difference EIT can also be
obtained through the conductivity change vector, x, given by the difference of conductivity
distribution o3, at t;, and the conductivity distribution o;, at t;, as stated in Eq. 2 (10).

X = 0, —0q (2)

To obtain the boundary voltage data from the measured reference conductivity, and solve the
forward problem in the difference EIT methodology, the linear Eq. 3 is applied (10).

y=Jx+tn (3)
being J the Jacobian matrix and n the measurement noise.

This work used a one-step difference Gaussian-Newton (GN) algorithm to solve the inverse
problem of EIT and to construct the EIT images. The conductivity can be promptly calculated as
a linear matrix, facilitating real-time EIT image reconstruction. The one-step GN algorithm
searches for the minimized solution X, given by the minimized sum of quadratic norms, as
presented in Eq. 4 (10).

Iy = J2l5-1 + llx = %01l (4)
Zn Xx

where x? is the anticipated conductivity changes in the element, being null for difference EIT, 5,
is the covariance matrix of n and } is the projected image covariance.

A one-step linearized inverse solution is given in Eq. 5 (10).
£=JTWJ]+ 22R)"YTwy (5)

being W and R heuristically calculated, as presented in Eq. 6 and 7, respectively, R the
regularization matrix, and A the hyperparameter, calculated through Eq. 8.

W =oi¥,! (6)
R =0yt (7)
1= Z_: (8)

where g, is the average amplitude of n and oy is the initial conductivity change.

This work explored EIT technique with one-step difference GN algorithm to detect different
damages in CFRP laminates, namely through-thickness holes, and impact damage of different
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severities. Two layup configurations were produced and evaluated: a quasi-isotropic
configuration, believed to present a more isotropic-like behaviour and an unbalanced
configuration, believed to present a more anisotropic-like behaviour. Each laminate
configuration was subjected to three levels of impact energy drilled with fully through-thickness
holes. Ultrasonic C-scan inspections were undertaken for comparison and validation of EIT.

2. Materials and Experimental Techniques

2.1. CFRP Laminates

CFRP laminates were made of epoxy, composed of Biresin® CR83 resin and CH83-6 hardener
(Sika AG, Switzerland) mixed in a proportion of 100/30 wt%, respectively, and unidirectional
carbon fibre fabric, 350UT (Toray Industries, Inc., Japan), with an areal weight of 340 g/m2. The
laminates were produced with two different layup configurations: a quasi-isotropic laminate
with 8 layers, [0/45/90/ 45]s, and an unbalanced laminate with 10 layers, [0/0/45/90/ 45]s.

The CFRP plates, measuring about 500 mm x 700 mm, were manufactured by vacuum assisted
resin infusion (VARI). The laminates were initially left to cure at room temperature, under
vacuum, for approximately 40 hours and then, post cured at 70 °C for around 8 hours at ambient
pressure. The cured composite plates were cut into specimens of approximately 150 x 100 mm,
according to ASTM D7136 standard, for impact testing.

2.3. Production of damage in the CFRP plates

Through-thickness holes were drilled on the CFRP specimens. The locations of the two through-
thickness holes are represented by the red dots A and B in Figure 1. Hole A was firstly created
having an initial 2 mm diameter, being later expanded to 4.5 and 6 mm. With hole A having a 6
mm diameter, hole B was then drilled following the same diameter increments as hole A. EIT
imaging was recorded between each drilling step for diameter increase.
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Figure 1. Red dots A and B indicate the location of the through-thickness holes

A drop-weight impact testing setup was used to produce impact damages. Distinct degrees of
damage severity (unnoticed damage, barely visible damage, and severe damage) were enforced
in the laminates. Different impact energies had to be employed on the distinct laminates to
generate damages of equivalent severity, since the different layup configurations result in
distinctive impact resistance. The quasi-isotropic and the unbalanced specimens were exposed
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to impact energies of 20.0, 30.0 and 49.5 J and 15.0, 30.0 and 49.5 J, respectively. Each condition
was replicated in three specimens. Drop-weight impact testing was conducted on the Fractovis
Plus equipment from CEAST, with a 20 mm diameter hemispheric head impactor, with a mass of
5.045 kg. The vertical position of the impactor was adjusted between 305 and 1000 mm,
producing the different levels of impact energy. Tests were conducted according to ASTM D7136
standard.

2.4. Damage Inspection

Each specimen, of 150 mm x 100 mm, had sixteen electrodes applied on its boundary for EIT
analysis. The location of the electrodes is schematically represented by the blue circles in Figure
1 and it can be seen in Figure 2 (b) and (c). The EIT equipment, developed at Stratosphere
company, comprised a power supply (XPH 35-4D Dual DC —Sorensen), a digital multimeter (2100
— Keithley) and a type-k thermocouple (see Figure 2 (a)). It was used the adjacent current
injection method, where current is injected in one pair of adjacent electrodes and resultant
voltages on all following adjacent electrodes pairs are measured. The inverse EIT problem was
solved with one-step difference GN algorithm for image reconstruction. A A of 1 was utilized for
image reconstruction. Each specimen was analysed prior to damage creation to serve as
reference baseline for EIT image reconstruction.

R
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Figure 2. (a) EIT equipment; (b) specimens with 16 boundary electrodes being analysed and (c) detailed of a
boundary electrode

Non-destructive ultrasonic C-scan inspections were performed on impacted specimens to
provide a comparison and validate the EIT images. The ultrasonic C-scan inspections were
carried out in an Omni Scan Sx — Olympus, using a 0.5 MHz M2008 probe. A two-axis encoder,
with 1.0 mm and 3mm resolution in the axis along the specimens length and width, respectively,
was used.

3. Results and discussion

Figure 3 and Figure 4 show the EIT reconstruction images of the quasi-isotropic and unbalanced
specimen, respectively, with drilled holes A and B with progressive larger diameters. A decrease
of electrical conductivity (darker blue) is observable in the bottom area of Figure 3 and Figure 4
(a), (b) and (c), showing larger and darker blue areas as the holes diameters are increased.
Similarly, the production and diameter increase of hole B induced larger and darker blue areas
in the top of Figure 3 and Figure 4 (d), (e) and (f). The created damages induced an electrical
interference in the region close to the boundary electrodes. Nevertheless, the employed EIT
method was sensitive to the presence of the smallest 2 mm diameter through-thickness hole.
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Figure 3. EIT images of a drilled quasi-isotropic specimen with through-thickness holes A and B having different
diameters: (a) A: 2 mm, B: non-existent; (b) A: 4.5 mm, B: non-existent; (c) A: 6 mm, B: non-existent; (d) A: 6 mm, B:
2mm; (e) A: 6 mm, B: 4.5 mm; (f) A: 6 mm, B: 6 mm. The green dots indicate the locations of the electrodes
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Figure 4. EIT images of a drilled unbalanced specimen with through-thickness holes A and B having different
diameters: (a) A: 2 mm, B: non-existent; (b) A: 4.5 mm, B: non-existent; (c) A: 6 mm, B: non-existent; (d) A: 6 mm, B:
2mm; (e) A: 6 mm, B: 4.5 mm; (f) A: 6 mm, B: 6 mm. The green dots indicate the locations of the electrodes
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The impact events produced different damage shapes on the two laminates of different
configuration. Contrary to the expectations, the quasi-isotropic specimens revealed an increase
of electrical conductivity in the central region of the specimens, with undefined shape of damage
(top of Figure 5). Contrarily, the unbalanced laminates (top of Figure 6) showed elongated
“peanut” shaped damages (11), where a decrease of electrical conductivity can be seen. The
ultrasonic inspections (bottom of Figure 5 and 6) verified the damage shapes created in the
impacted laminates, where the EIT of unbalanced laminates overestimates the delamination
areas in about 1.4 to 2 times.

It was expected that EIT would locate damage with improved accuracy in the quasi-isotropic
laminate. Yet, the opposite was verified, which might be explained by the higher number of
layers at 0°, yielding an improved path for electrical conduction in the unbalanced specimens.
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Figure 5. (top) EIT images and (bottom) ultrasonic C-scan inspection images of quasi-isotropic specimens damaged
by Impacts of different energies: (left) 20.0J, (middle) 30.0 J, and (right) 49.5 J
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Figure 6. (top) EIT images and (bottom) ultrasonic C-scan inspection images of unbalanced specimens damaged by
Impacts of different energies: (left) 15.0J, (middle) 30.0 J, and (right) 49.5 J

4. Conclusions

EIT with a one-step GN algorithm was evaluated for damage detection in CFRP composites.
Different damage types were produced in the CFRP laminates: through-thickness holes and
impact damage produced by impact testing with three levels of impact energy. CFRP plates with
two distinct layup configurations (a quasi-isotropic and an unbalanced configuration) were
manufactured by VARI process.

EIT was sensitive to through-thickness holes as little as 2 mm and showed progressively larger
areas of decreased electrical conductivity, as the holes diameter increased.

The impacts on unbalanced specimens resulted on elongated shaped damages, “peanut” shape-
like damage, which were observable by both EIT and ultrasonic C-scan inspections. The
ultrasonic C-scan inspections revealed circular shaped damages in the impacted quasi-isotropic
specimens, while the EIT images could not reveal a defined damage shape. Yet changes of
electrical conductivity are visible in the specimens centre. Generally, the EIT technique
overestimate the damaged area.
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