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Abstract—In this paper, optical and mechanical excitation
thermography were used to investigate basalt fiber reinforced
polymer (BFRP), carbon fiber reinforced polymer (CFRP) and
basalt-carbon fiber hybrid specimens subjected to impact loading.
Interestingly, two different hybrid structures including sandwich-
like and intercalated stacking sequence were used. Pulsed phase
thermography (PPT), principal component thermography (PCT)
and partial least squares thermography (PLST) were used to
process the thermographic data. X-ray computed tomography
(CT) was used for validation. In addition, signal-to-noise ratio
(SNR) analysis was used as a means of quantitatively comparing
the thermographic results. Of particular interest, the depth
information linked to Loadings in PLST was estimated for the
first time. Finally, a reference was provided for taking advantage
of different hybrids in view of special industrial applications.

Index Terms—Infrared thermography, Nondestructive testing,
Hybrid composite, SNR analysis.

I. INTRODUCTION

UALITY control (QC) is playing an increasingly impor-

tant role for modern industrial production. This enhances
the need of advanced image inspection techniques [1]-[4].
Image inspection includes a wide group of analytical tech-
niques used in science and industry to evaluate the properties
of materials, components, or systems preventing potential
damages after manufacturing or in service [5], [6]. During
the manufacturing and applications of composite materials,
besides employing advanced manufacturing techniques to raise
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the production rate, the utilization of reliable and cost-effective
condition monitoring, fault diagnosis, nondestructive testing
(NDT), and structural health monitoring is very important [7].
In this direction, the inspection of post-impact damages of
industrial aerospace composite materials via image inspection
techniques is becoming more and more common [8]-[10].

The infrared thermography (IRT) technique is based on the
recording of images after or while thermally stimulating the
inspected component and is gaining increasing attention in
the recent years due to its fast inspection rate, contactless
nature, spatial resolution and acquisition rate improvements
of infrared cameras. In addition, the development of advanced
image processing techniques plays an important role in its
exponential increment [11]-[13]. IRT can be used to assess
and predict the structural integrity beneath the surface by mea-
suring the distribution of infrared radiation and converting the
measurements into a temperature scale [14]. Among the whole
set of experimental set-ups, optical excitation thermography
has been applied due to its ability to retrieve quantitative
information concerning the defects. In addition, mechanical
excitation thermography is also attracting increasing attention
due to the powerful excitation approach [15].

Given the high specific strength and stiffness, carbon fiber
reinforced polymer composites (CFRP) are often used in the
aerospace industry. However, their toughness is considerably
low, therefore the impact damage resistance is not very high.
Impact damage is one of the most important threats for the
aerospace industry. Impact loading may occur during the pro-
cess of manufacturing, assembly, maintenance, and operation.
Impact damage can greatly affect the residual mechanical
properties of CFRP even if the damage is barely visible at the
surface [16]. One solution is represented by fiber hybridization
(usually with high strain to failure fibers). In this regard, glass
fiber is the best option mainly because it is inexpensive. Basalt
fibers can be considered as an interesting alternative to glass
fibers taking into account the mechanical properties and the
environmental benefits [17]. This type of fiber, obtained from
basalt rocks, has been demonstrated to be effective for the
reinforcement of polymeric matrices [18].

An in-depth study of impact damage in hybrid composites
composed of basalt and carbon fibers has not been well doc-
umented yet in the open literature centred on thermographic
inspection. In this paper, optical and mechanical excitation
thermography were used to inspect basalt fiber reinforced
polymer laminate (BFRP), CFRP and basalt-carbon fiber
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hybrid specimens. Interestingly, two different hybrid struc-
tures including sandwich-like and intercalated (i.e., alternating
sequence of basalt and carbon fabrics) were used. Pulsed
phase thermography (PPT), partial least squares thermography
(PLST) and principal component thermography (PCT) tech-
niques were also used to process the raw thermographic data.
X-ray computed tomography (CT) was used for validation. In
addition, signal-to-noise ratio (SNR) analysis was used as a
means of quantitatively comparing the thermographic results.
Of particular interest, the depth information linked to Loadings
in PLST was estimated for the first time. Finally, a reference
was provided for taking advantage of different hybrids in view
of special industrial applications.

II. MATERIALS

Concerning the materials used in this work, the plain weave
basalt (BAS 220.1270.P) and carbon (CC160) fabrics have a
fiber areal weight of 220 g/m? and 160 g/m?, respectively.
Bi-component epoxy resin (EC157+W152 MR) was selected
as the polymeric matrix. The specimens were manufactured
by a Resin Transfer Moulding (RTM) system and were cured
for 12 h at room temperature and 4 h at 70 °C. All of
the specimens have thirteen layers with similar overall fiber
volume fraction of 0.32, the thickness of 3.5 mm and the
dimension of 180 mm x 60 mm.

0.81 mm 0.27 mm

1.82 mm 3.4+£1.5 mm

[ Basalt
[ carbon

0.26 mm
0.81 mm

BCs BCa
Fig. 1. Schematic diagram of basalt-carbon fiber hybrid structures.

The hybrid specimen (BCs) was stacked as a sandwich
structure with seven carbon fiber layers (core) and three
basalt fiber layers (skins) for each side. The hybrid specimen
(BCa) has seven basalt fiber layers and six carbon fiber layers
alternatively stacked, keeping basalt plies as outer layers on
both sides. Fig. 1 shows the schematic diagram of the hybrid
structures. Non-hybrid BFRP (B) and CFRP (C) specimens
were also manufactured for comparative purposes. A falling
dart impact machine (CEAST 9350) was used for low-velocity
impact testing. All of the specimens were tested at 12.5
J by keeping constant the indenter mass (6.929 kg) with
a hemispherical impact head (12.7 mm of diameter). The
circular specimen holder has an external diameter of 60 mm
and inner diameter of 40 mm [19].
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Fig. 2. Photographs of the impact regions: back side.
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Fig 2 shows the photographs of the impact regions from
the rear side. CFRP specimen shows penetration of the dart
through the thickness with splitting due to their brittle nature
(Fig. 2b). On the contrary, BFRP specimen shows delamina-
tion without back surface splitting. BCs and BCa show an
intermediate damage pattern with respect to BFRP and CFRP
specimens. In particular, a bulge is present on the surface of
BCa. At least, this is true after a visual inspection.

III. METHODOLOGY
A. Optical Excitation Thermography

Optical excitation thermography includes pulsed thermogra-
phy (PT) and lock-in thermography (LT) experimental set-ups
among others.

In PT, photographic flashes or high-energy lamps are used
to generate a heat pulse on the specimen surface. The heat
transmits itself through the specimen, by diffusion, and then
returns to the specimen surface. As time elapses, the surface
temperature decreases uniformly for a specimen without inter-
nal flaws. On the contrary, subsurface discontinuities can be
thought of as resistances to heat flow that change the diffusion
rate and produce abnormal temperature patterns at the surface.
If these patterns are large enough, then they can be detected
with an IR camera and only a few mK as AT is needed for
the detection of thermal imprints using modern thermographic
imaging equipment [20].

The Fourier equation for the propagation of a Dirac heat
pulse in a semi-infinite isotropic solid by conduction is [21]:

Q 2’
e~
Vkpeymt 4ot

where, Q[J/m?] is the energy absorbed by the surface and
Ty[K] is the initial temperature.

The Dirac heat pulse consists of periodic waves at all
frequencies and amplitudes. A photographic flash provides an
approximately square-shaped heat pulse, which can be consid-
ered as a convenient approximation. Therefore, the signal can
be decomposed by periodic waves at several frequencies. The
shorter the pulse, the broader the range of frequencies.

LT, derived from photothermal radiometry, is also known
as modulated thermography. In the LT configuration, the
absorption of modulated optical heating leads to a temperature
modulation, which transmits itself through the specimen as a
thermal wave. When the thermal wave is reflected by the defect
boundary, the superposition to the original thermal wave will
lead to the transformation of the response signal amplitude
and phase on the surface. These signals are simultaneously
recorded by the IR camera. Sinusoidal waves are typically used
in LT, which has the following advantages: 1) frequency and
shape of the response are preserved, and 2) only the amplitude
and phase delay of the wave may change [20].

Fourier’s law for a periodic thermal wave propagating
through a semi-infinite homogeneous material can be ex-
pressed as [22]:

T(z,t) =To + ) (1)

2
T(z,t) = Toe(_z/“)cos(g — wt) (2)
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where, Ty[°C] is the initial temperature change, w =
2nflrad/s] is the modulation frequency, f[Hz| is the fre-
quency, A[m] is the thermal wavelength: A = 27y, and p[m]
is the thermal diffusion length, which determines the rate of
decay of the thermal wave as it penetrates through a material:

2.« o
REN T T T )

The amplitude and the phase delay can be calculated from
the Fourier transform as detailed in section III-C1.
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Fig. 3. Optical excitation thermography configurations: (a) schematic set-up
for PT using flashes, (b) schematic set-up for LT and PT using lamps, (c)
experimental set-up for PT using flashes, (d) experimental set-up for LT and
PT using lamps.

Fig. 3a shows the schematic set-up for photographic flash
modality, while the modulated lamp modality is shown in Fig.
3b. Figs. 3c and 3d show the real experimental set-ups. Two
Balcar FX 60 (6.4 KJ, 2 ms duration) producing optical flashes
were used in this configuration, while two ’"OMNLUX PAR64’
(1000 W, 5 s duration) halogen lamps were employed for
lockin thermography inspection. A mid-wave IR camera ‘Flir
Phoenix’ with the frame rate of ~55 fps and the NETD of
25 mK was used. The cooling times were set at 10 s and 20
s for flashes and halogen lamps modalities, respectively. The
camera spatial resolution is 640x512 pixels (25 pum x 25um
of detector size) and a 50 mm lens was employed to provide
a field of view (FOV) of 18.2° (horizontal) x 14.6° (vertical).
Hence, from a distance of 50 cm between the camera and the
specimens, the FOV in cm is 16.0 (horizontal) x 12.8 (vertical),
which corresponds to 40 pixels/cm.

B. Mechanical Excitation Thermography

Vibrothermography (VT) uses mechanical waves to stim-
ulate internal defects without heating the surface as in op-
tical excitation thermography. Photothermal radiometry can be
considered as the predecessor of optical thermography; VT
should be the successor of optoacoustics or photoacoustics
phenomena in which microphones or piezoceramics in contact
with the specimen and a lock-in amplifier were used to detect

http://dx.doi.org/10.1109/T11.2017.2744179

the thermal wave signature from a defect. In VT, ultrasonic
waves travel through a specimen, in which an internal defect
results in a complex combination of absorption, scattering,
beam spreading and dispersion of the waves. The waves
generate heat which subsequently travels by conduction in
all directions [20]. An IR camera faces the surfaces of the
specimen to capture the defect signature at the surface.

Specimen

I

IR camera Fulsesignal Ultrasonic
(=] -4————— Defec l- transducer
Lockin signal (15-50 kHz)

(b)

Fig. 4. VT configuration, (a) schematic set-up, (b) experimental set-up.

Fig. 4 shows the VT set-up. The previous IR camera with
the same frame rate equal to ~55 fps was used. The transducer
was pressed (200 Pa) against the specimen and two periods of
0.2 Hz (10 s) lock-in ultrasonic waves were delivered.

C. Image Processing and Analysis

In this paper, recursive median filter (RMF) and cold
image subtraction (CIS) [23] were performed prior to the
application of pulsed phase thermography (PPT), principal
component thermography (PCT) and the partial least squares
thermography (PLST) technique in PT regime, while RMF
was applied prior to the application of phase transform in LT.

1) PPT: Discrete Fourier transform (DFT) can be used
to extract amplitude and phase information from LT and
PT data. The most important characteristic of phase and
amplitude transform is that they provide the possibility to
obtain quantitative results in a straightforward manner. A
relationship exists between the depth z of a defect and the
thermal diffusion length . Physico-mathematical expressions
have been proposed, such as [24]:

o
T fo

where, f;, is known as the blind frequency - the frequency
at which a given defect has enough (phase or amplitude)
contrast to be detected, while C7 is calculated after a series
of experiments.

It has been observed that C; = 1 for amplitude transform,
while reported values for phase transform are in the range
of 1.5 to 2, with C; = 1.82 typically adopted for similar
cases such as the present [25]. Therefore, the phase is more
useful than the amplitude because it can retrieve the deeper
information.

2=Cpu=Cr - 4)
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In addition, the phase ¢, is less affected than raw and
amplitude data by environmental reflections, emissivity varia-
tions, non-uniform heating, surface geometry, and orientation.
These phase characteristics are very attractive not only for
qualitative inspections but also for quantitative characterization
of materials [20]. More information regarding PPT can be
found in [26].

2) PLST: Based on a statistical correlation method known
as partial least squares regression (PLSR), PLST computes
loading P and score 7" vectors that are correlated to the pre-
dicted block Y (as in maximum redundancy analysis), while
describing a large amount of the variation in the predictor
matrix X (as in principal component regression). The matrix
X corresponds to the surface temperature matrix obtained
during the PT inspection, while Y is defined by the observation
time during which the thermal images were captured. The
PLS model is achieved by decomposing X and Y into a
combination of loadings P and ) (formed by orthogonal
vectors), scores 1" and U (the projections of the loading vectors
associated with the singular values) and residuals £ and F'.
Mathematically, the PLS model is expressed as:

X=TP +F (5)
Y =UQ +F (6)

In order to perform the decomposition of the thermal
sequence matrix (which in fact is a regression), it is necessary
to select the appropriate number of PLS components. More
information regarding PLST can be found in [27].

3) PCT: This technique extracts both the image features
and reduces undesirable signals. It relies on singular value
decomposition, which is a factorization method to extract
spatial and temporal data from a matrix in a compact man-
ner by projecting original data onto a system of orthogonal
components known as empirical orthogonal functions (EOF).
The first EOF will represent the most important characteristic
variability of the data; the second EOF will contain the second
most important variability, and so on. Usually, original data
can be represented with only a few EOFs. Typically, an
infrared sequence of 1000 images can be replaced by 10 or
fewer EOF. For a large amount of frames and pixels, more
EOFs are preferred. More information regarding the PCT
technique can be found in [28].

4) SNR: This data analysis method is proposed herein as a
means to evaluate and compare the sensitivity of the applied
processing techniques. The SNR is expressed in decibels (dB)
following the 20 log rule often used in imaging applications,
as follows:

— S,

S
SNRZQO'lOglo | 24— Pa
OSa

| )

where Sy represents the intensity of signals, .S, represents the
intensity of sound areas, and og, is the standard deviation
representing noise variability.

SNR values provide important information about the sensi-
tivity of each technique when comparing the detectability of
similar features or defects.

http://dx.doi.org/10.1109/TI1.2017.2744179
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Fig. 5. CT slices of the four specimens at different depths as indicated.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

Fig. 5 shows the 100 pm-resolution CT slices, which were
used to validate the thermographic results. In BFRP specimen,
Region B is the clearest at a depth of 0.6 mm (Fig. 5a), while
region C appears at a depth of 0.8 mm (Fig. 5e). Regions
B and C disappear at a depth of 1.2 mm (Fig. 5i), while
region D appears from this depth. Side-view slices Figs. 6a
and 6b show the clearer positions of regions B, C and D.
In the CFRP specimen, specific delamination appears at the
depths of 0.5 mm and 1.7 mm. Fig. 6¢ shows the side-view
slice linked to the cutting line in Fig. 5b. In the slices of
the hybrid specimens, BCs shows a decreasing delamination
extension along with the depth. However, it shows a sharply
decreasing delaminated area at a depth of 1.7 mm (Fig. 5g),
which is located at the middle depth (carbon fiber fabric core).
The delamination positions in BCs are deeper than those in
BCa as shown in Figs. 6d and 6e.

i f
Delamina@on:

Delamina

Splitting

(a) B (e) BCa-

(b) B

() C

(d) BCs

Fig. 6. CT slices (side-view) linked to the cutting lines (marked in yellow)
in : (a) Fig. 5a, (b) Fig. Se, (¢), Fig. 5b, (d) Fig. 5g, (e) Fig. 5d.

Fig. 7 shows the PCT results from the PT configuration
using the flashes set-up. The BFRP specimen has the largest
delaminated area among all of the specimens (Fig. 7a), while
the CFRP specimen has the smallest delaminated area. The
BCs specimen (Fig. 7¢) possesses a similar behaviour to that of
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Splitting

(d) BCa

(a) B (b) C (c) BCs
Fig. 7. PCT results of PT: EOF 4 in all cases.

the BFRP specimen. The BCa specimen with a bulge (Fig. 7d)
shows a similar delaminated area as that of the BCs specimen,
although slightly less extensive. This phenomenon coincides
with the CT results presented in Fig. 5. The BCs specimen

Thermogram from frame =1

Thermogram from frame =1
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(a) BCs: linked to Fig. 7¢ (b) BCa: linked to Fig. 7d
Fig. 8. SNR analysis for the BCs and BCa specimens in PCT (white lines).

20 40 60 80 100 120

shows a larger SNR value than the BCa specimen as shown
in Fig. 8, which is linked to Figs. 7c and 7d. This indicates
that the position of delamination in BCa specimen is deeper
than that in the BCs specimen, which can be validated by the
CT results. Of particular interest, cross-shaped defects A and
E were detected in the BFRP and BCs specimens. In addition,
regions B, C and D have different thermal signatures, as shown
in Fig. 7a. This indicates that B, C and D are located at
different depths, which can also be validated by the CT results.

Splitting
i

Delamination Delamination Delamination
(a) B (b) C (c) BCs (d) BCa
Fig. 9. PCT results of VT: (a) EOF 3, (b) EOF 3, (c) EOF 4, (d) EOF 3.

Fig. 9 shows the PCT results of VI. BFRP and BCs
specimens show clearer delaminated areas than CFRP and BCa
specimens. Cross-shaped defects A and E were inspected more
clearly in Figs. 9a and 9c. Contrary to the PT result (Fig. 7a),
regions B, C and D show similar contrast. This seems to be
due to the fact that heat is generated internally, at the defect
interfaces, contrary to optical stimulation in which heat travels
from the surface to the defect providing additional information

http://dx.doi.org/10.1109/TI1.2017.2744179

about the defect depth (Fig. 9a). The delamination in the BCa
specimen was also detected, but is not as evident as in the PT
results. VT results show an improved contrast, although PT
can provide additional information about the relative depth of
the defects.

Delamination
Delamination

Delamination

(b) C: 1st

Delamination
[
Bulge /

Splitting; -3

Delarnin st

(f) C: 2nd

(h) BCa: 2nd

Delamination
Bulge I[
L

Delamination

(i) B: 3rd

(j) C: 3rd

(k) BCs: 3rd (1) BCa: 3rd

Fig. 10. PLST results of the four specimens for different loadings as indicated.

PLST, which can provide images along with the increase
of depth, was used to process the PT data. Fig. 10 shows the
PLST results. Halogen lamps were used since they can detect
deeper depths than flashes. Fig. 11a shows the bar graphs of

Damaged areas obtained from PLST
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20 :
L
.
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Loading

(b) SNR curves: PLST
Fig. 11. Damaged areas and SNR curves obtained from PLST.

damaged areas obtained from PLST. The delaminated area in
the BFRP specimen decreases along with the increase of depth.
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This result is reasonable, since BFRP has better toughness. The
absorbed energy E, created the delamination, but not splitting.
Usually the delaminations are located near the back surface
[29]. Of interest, region B is not present in Figs. 10e and 10i.
This indicates that region B is the nearest to the back surface
and region D is located deepest (near the impacted surface).
The delaminated area in the BCa specimen decreases along
with the increase of depth. However, BCs shows a different
reaction after the impact in the middle of the depth axis (Fig.
10g). This result should be viewed taking into account that
the sandwich-like cores consist of carbon fiber fabrics.

Fig. 11b shows the SNR values obtained from PLST. The
regions B and C show a peak value both at Loading 02, which
provides an indication of the corresponding depth linked to
Loading 2 in the BFRP specimen. The depth linked to Loading
2 in CFRP is ~0.7 mm where the regions B and C both
show the clearest contrast in the CT results. The SNR value of
region D increase along with the depth, which indicates that
the depth linked to Loading 3 in BFRP is > 1.2 mm linked
to the CT slice Fig. 5i. The SNR value of delamination in
BCs specimen decreases along with the depth, while the SNR
value of delamination in BCa specimen shows a peak value
at Loading 2. This phenomenon indicates that the position of
delamination in BCa is deeper than the one in BCs, which can
be validated the CT results.

The PLST technique can link the loadings with the increase
of the depths and the depths linked to Loadings can be
estimated by SNR analysis. However, CT slices are needed
for depth estimation and it cannot provide depth values by
thermal physics. This explains why PPT and LT were also
used in this paper; indeed, they can take advantage of phase
transform to estimate the depth of defects. Specifically, the
thermal diffusivity « is a parameter of particular interest for
calculating the depth by phase transform according to Eq. 4,
and can be expressed as follows according to Eq. 1:

a=— ®)
PCp
where, ¢,[J/kgK] is the specific heat at constant pressure,
plkg/m?] is the density, and k[W/mK] is the thermal con-
ductivity.
For composite materials, o can be calculated by [30]:
N

Qcomposite = Z(Wf ' amaterial)N &)
1
where, N is the number of constituent materials in the
composite, and Wy is the fiber weight fraction.

Eq. 9 is linked to the fact that the o parameter is composed
of physical quantities, but not of pseudo-physical quantities, in
a similar manner as the C), parameter. Therefore, taking into
account the Buckingham theorem, it is possible to sum each
layer for its volume fraction and mass fraction, respectively.
This enables the final o and volume parameters to be obtained.
Table I shows the thermal diffusivity o« calculated according
to Eq. 9, while Table II shows the relationship between
modulated frequencies f;, and depth z according to Eq. 4.

Fig. 12 shows the PPT phase results. It is possible to see
how PPT displays a phase image similar to those obtained

http://dx.doi.org/10.1109/TI1.2017.2744179

TABLE I
CALCULATED THERMAL DIFFUSIVITY .
Specimen B C B-C
Thermal diffusivity o [10~"m?/s] | 0.88 2.08 1.43
TABLE II
RELATIONSHIP BETWEEN MODULATED FREQUENCY f,, AND DEPTH 2.
Modulated frequency fo[Hz] | 02 01 0065 005 002 001
B 068 096 119 136 215 305
Depth z[mm)] c 105 148 184 209 331 468
B-C 087 123 152 174 275 388

Delamination
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: |
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|

Splitting

(j) C: 1.84 mm (k) BCs: 1.52 mm (1) BCa: 1.52 mm

(i) B: 1.19 mm
Fig. 12. PPT phase results with depths retrieval.

using the PLST image processing (images along with the
depth). In the BFRP specimen, region B has the greatest
contrast at the depth of 0.68 mm and becomes blurry beyond
a depth of 1.19 mm (Fig. 12i), while region C is better
detected at the depth of 0.96 mm (Fig. 12e). Region D appears
between the depths of 0.68 mm and 1.19 mm. These defect
discrimination features provide a clear indication of the defects
depths. In the CFRP specimen, specific delaminated areas
appear at the depths of 1.05 mm and 1.48 mm. An increasing
damage is shown along with the depth. Fig. 13 presents
phase images obtained from LT that show similar damaged
areas as the PT phase images in Fig. 12. Additionally, lower
modulation frequencies were also employed in LT to probe
deeper as seen in the bottom images in Fig. 13.

Fig. 14a shows an estimation of the damaged areas obtained
from PPT and LT phase results. In the hybrid specimens,
BCa shows a decrease in the delamination area along with
the depth. However, BCs shows a particular reaction after the
impact loading at the depth of 1.52 mm, as shown in Fig.
12k. This result coincides with the corresponding PLST results
(Fig. 10g). The SNR analysis in Fig. 15 shows the coincidence
more clearly. This phenomenon is caused by the sandwich-like
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Fig. 13. LT phase results with depths retrieval.

structure (carbon fiber fabric core).

In the SNR analysis, PPT and LT show similar values and
trends (Figs. 14b and 14c). In BFRP, region B shows a peak
value at a frequency of 0.1 Hz, while regions C and D show a
peak value at frequencies of 0.065 Hz and 0.05 Hz in PPT and
LT, respectively. This phenomenon indicates that regions C and
D are at a deeper depth than region B, which can be validated
by the CT results. BCs shows a peak SNR value at the depths
of 1.52 mm and 1.74 mm in PPT and LT, respectively. This
may link to the sandwich-like structure (carbon fiber fabric
core) which is in agreement with the analysis of damaged
areas. BCa also shows a peak SNR value at the depths of
1.52 mm and 1.74 mm in PT. This may indicate that the
depth of delamination in BCa corresponds to the frequency
of maximum SNR, which is consistent with the PLST and CT
results.

PPT and LT show similar SNR trends. However, larger
differential values may exist when defects are deeper (e.g.,
region D in BFRP in 14b) or when intra-laminar defects
play a main role (e.g., BCa in Fig. 14c). Therefore, the SNR
analysis for CFRP is more complex since the damage is mostly
intra-laminar, which results in the inaccuracy of SNR analysis
compared with the other specimens whose damages are mostly
inter-laminar. Therefore, the SNR analysis for CFRP is not
discussed in this paper.

Fig. 16 shows the maximum damaged areas and SNR values
obtained from different thermographic techniques. Although
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the largest damaged areas were observed with the PCT tech-
nique (with the exception of BCS), its SNR values are lower
than those calculated for PLST, PPT and LT. PLST can detect
larger damaged areas than PPT and LT. Figs. 130 and 13p
show less information because 3.88 mm is beyond the depth
for these types of specimens. VT is more complex than optical
excitation thermography since the excitation occurs inside the
specimen. BCa shows complex SNR values for the analysis
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since the structure is intercalated. A finite element analysis
should contribute to the understanding of thermal behavior of
basalt-carbon hybrid laminates [31].

V. CONCLUSIONS

Both optical and mechanical excitation thermography are
useful imaging techniques for impact damage in BFRP, CFRP
and basalt-carbon fiber hybrid composites. If compared to the
100 pm-resolution CT technique which was used to validate
the thermographic results, IRT has the abilities to provide clear
images and additional information. The depth information can
be calculated by thermal physics in PPT and LT. SNR can be a
means of quantitatively comparing the thermographic results.
Of particular interest, the depth information linked to Loadings
in PLST was estimated for the first time. However, this method
needs a reference technique such as CT.

Absorbed energy I, was more easily converted into delami-
nation in BFRP thanks to its lower interlaminar shear strength.
On the contrary, E, created back surface splitting in CFRP
due to its inherent limited ductility. Hybridization with basalt
fibers improved the toughness of carbon-based laminates to
a different extent depending on the stacking sequence. The
basalt-carbon fiber hybrid specimen (BCs) with sandwich-
like structure shows a pronounced delaminated area similar to
that observed in the BFRP specimen, while the basalt-carbon
fiber hybrid specimen (BCa) with alternately stacked structure
shows characteristics much more similar to those of the CFRP
specimen. Summarizing, a more extensive delaminated area
was detected in the BCs specimen than in the BCa specimen.
This is because delaminations are probably more numerous
in the BCa specimen, but less extensive due to the multiple
basalt-carbon interfaces. In addition, the delamination in BCa
is at a deeper location than that in BCs.

This study provides a reference for taking advantage of
different basalt-carbon fiber hybrid structures for specific in-
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dustrial applications. In particular, it confirmed the possibility
of detecting damage at different depths. This is of particular
interest with a view to correlating the damage and its extension
with the residual properties of composite laminates. A simu-
lation using the finite element method (FEM) may contribute
to the further understanding of sandwich-like and alternating
stacked structural characteristics subjected to known velocities
of impact [31].
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