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Abstract: The success of composites in automotive, aero-
space, and naval applications is mainly related to their
aptitude to be tailored to obtain a final product that per-
fectly fulfills the design requirements. However, during
both manufacturing processes and maintenance, some
flaws, like delaminations (which may escape simple vis-
ual inspection), may be induced in composite structures.
The presence of delaminations is of major concern for the
load-carrying capability of carbon fiber-reinforced poly-
mer panels. Indeed, delaminations can strongly affect the
structural strength and may grow under in-service loads,
leading sometimes to catastrophic failures. The aim of
this work is to explore the use of lock-in thermography for
the monitoring of delamination propagation in composite
structures when subjected to generic multiaxial loading
conditions. A stiffened composite panel with an embed-
ded skin delamination subjected to compressive loading
was taken as a benchmark to assess experimentally the
effectiveness of lock-in thermography for monitoring the
delamination propagation in situ during the compressive
mechanical test. The delamination size as a function of
the applied load, observed by lock-in thermography dur-
ing the execution of the compressive test, was used to vali-
date the results of preliminary numerical computations.
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1 Introduction

Carbon fiber-reinforced plastic (CFRP) composites are
nowadays largely used in the aeronautical industry to

manufacture primary and secondary aircraft parts. The
CFRP appeal is related to the possibility to minimize struc-
tural weight and, hence, fuel consumption, leading to a
significant reduction of costs and CO, emissions. Produc-
tion processes [1] involve several parameters; therefore,
a nonoptimized procedure could lead to final parts with
enclosed intrinsic defects, such as delaminations. This
type of defect could also be caused by low-energy impacts
due to either tools dropping during maintenance or debris
rising during aircraft takeoff and landing. Low-energy
impacts can cause barely visible damages, whereas severe
and complex delamination may be buried deep in the
thickness of the impacted structure. This makes compo-
nents more vulnerable to failure by buckling under a com-
bination of compression, shear, and in-plane bending [2].
In particular, buckling loads may be substantially com-
promised by the presence of damage (up to 30% in the
case of delamination [3, 4].

Big efforts have been dedicated to the development of
effective nondestructive evaluation (NDE) techniques for
the damage assessment and effective approaches for the
continuous monitoring of structural integrity [5, 6], espe-
cially for aircraft and spacecraft parts. The most used con-
ventional NDE [7, 8] techniques, such as ultrasonic C-scan,
X-ray [9], and eddy current, generally require structural
components of complex geometry to be disassembled
during the inspection, which can be a time-consuming
procedure. Hence, alternative approaches that can be
used for continuous and in situ monitoring of real struc-
tures have been introduced.

One of the oldest methods for in situ monitoring is
based on surface-bonded resistive foil strain gauges;
however, it has been demonstrated to be ineffective for
the monitoring of inner delamination. Generally, tech-
niques able to detect unseen damage, preferably in situ,
are regarded as structural health monitoring (SHM)
systems. In particular, techniques often based on acous-
tic emission, which detects elastic waves emitted in the
presence of damage growth under loading of the structure
[10, 11], can be easily integrated into composite structures
to create the so-called smart composite structures.

For SHM applications, embedded fiber optic sensors
are very promising [12-14] even if some issues related to
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the embedding of optical fibers still exist [15]. Some of the
limits of all the types of smart structures are related to the
need to locate sensors/actuators near the region where
damage occurs, due to the expected local and/or global
changes in strength and stiffness. In addition, the intro-
duction of sensors/actuators can induce a strong modifi-
cation in the original material characteristics.

In this work, an alternative approach to monitor the
damage evolution in composite structures under in-ser-
vice loading conditions is investigated. The attention is
focused on the unusual application, on composite struc-
tures subjected to a mechanical load, of a common NDE
technique, such as lock-in thermography [16, 17]. This
technique, based on thermal waves and recently pro-
moted as a certified method for nondestructive testing of
aeronautical components, is usually taken into account,
especially for its contactless aspect, fast testing, and suit-
ability for on-field applications. Indeed, pulsed phase
thermography, which is an alternative NDE approach
based on thermal waves, could be considered much more
effective than lock-in thermography especially for detect-
ing deep defects. However, for the application presented
in this paper, lock-in thermography has been considered
mainly because the investigated defect is not deep and
because the data analysis software needed for lock-in ther-
mography is generally provided by the thermal camera
manufacturer (FLIR®); thus, no time-consuming work is
required, only personnel training.

Lock-in thermography is nowadays commonly used
to check the integrity of structures after an impact and
a fatigue testing campaign. In the frame of the present
work, this NDE technique has been used on an ad hoc
manufactured delaminated stiffened composite panel,
simultaneously to the application of a compression load,
to track the evolution of the artificial delamination. With
the depth of the defect known, the lock-in test has allowed
monitoring of the size and shape of the defect in a very fast
way (almost 30 s).

The applied compressive load was increased in dis-
crete steps in order to carry out, between consecutive
steps, a complete lock-in test to search for any modifica-
tion of the artificial embedded delamination size until the
failure of the panel.

By means of the obtained phase images, the realistic
evolution of delamination with the onset of the delamina-
tion buckling and growth phenomena was observed. The
obtained experimental results have been used for compar-
isons with numerical finite element-based tool outputs.

In this work, expertise from research centers, academy,
and industry has been shared to gain novel information
on the propagation of delamination in composites and to
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suggest a useful NDE methodology able to provide data on
the delamination growth phenomenon to be used for the
validation of sophisticated numerical models.

In Section 2, the chosen delaminated stiffened panel
configuration and the numerical results on delamina-
tion growth under compressive loading conditions are
introduced, and in Section 3, the experiments performed
are described and the infrared thermography results are
assessed.

2 Benchmark configuration and
finite element method model
predictions

The delaminated stiffened composite panel configura-
tion, shown in Figure 1, was adopted as benchmark for the
experimental activities on the monitoring of delamination
growth under compression load described in the next
section. The stacking sequence [(+45°/0°/90°/-45°).]; was
used to manufacture the panel skin and the two L flanges
used to create the T stringers. Furthermore, an embedded
circular delamination was artificially created by means of
a Teflon disk with a diameter of 40 mm, placed within the
skin plies before curing. As mentioned previously, delami-
nations, which may arise as a consequence of manufac-
turing defects or due to low-velocity impacts, may grow
under service loads, leading to a premature structural
collapse. Indeed, under compression load, the delami-
nated layers can buckle following several buckling shapes
(see Figure 2), which cause a consistent loss of structural
strength.

It is well known, from the fracture mechanics of com-
posites, that strain energy release rate rules the propaga-
tion of delaminations. For each fracture mode (opening
mode I, forward shear mode II, and parallel shear mode
III), a critical strain energy release rate, representative of
the material toughness, can be defined.

Once these critical values of strain energy release
rate for the basic fracture modes are known, from ad hoc
experiments, it is possible to predict mixed mode delami-
nation propagation in laminates by means of suitable cri-
teria such as the power law criterion:

a ﬁ Y
i + i + h = Ele (1)
GI(Z GH(Z GHI(
The satisfaction of relation (1) is assumed to be the
necessary condition for delamination growth.
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Figure1 Tested panel configuration with position of the artificial delamination.

The delamination growth phenomenon is usually
modeled in numerical finite element codes by means of
interface fracture elements, which use the virtual crack
closure technique (VCCT) to calculate, along the delami-
nation front, the strain energy release rate to be intro-
duced in Eq. (1). According to the VCCT, the strain energy
released by a crack growing from size a to a+Aa is equal

Figure 2 Possible delamination buckling shapes.

to the amount of work required to close the same crack
from a+Aa to a [18, 19]. Improved versions of the VCCT are
being developed that can take into account the complex
contact phenomena between sublaminates, the nonregu-
lar delamination fronts, and the dependence of strain
energy release rate from the mesh size and the time incre-
ment [20-24]

The finite element model was adopted to simulate the
compressive behavior of the delaminated stiffened panel
under consideration and implemented in ABAQUS™,
using eight-node solid elements in the delaminated region
with interface fracture elements at the delamination front.
The rest of the panel was modeled by eight-node shell ele-
ments. The connections between solid and shell elements
were performed by contact elements based on multipoint
constraint (MPC) kinematic relations. The same approach
was used to create shell-to-shell connections between the
skin and the stringer feet. The resulting finite element
method (FEM)-based model is shown in Figure 3.
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Figure 3 FEM model of the stiffened panel with the embedded
artificial delamination at the lower left side.

The compressive load was applied along the y direc-
tion (see Figure 3), and the compression behavior of the
panel in the delaminated area was evaluated in detail. In
Figure 4, the delamination buckling is shown as a contour
plot of the out-of-plane displacements, whereas in Figure
5, the delamination growth phenomenon is represented
at different load levels of the geometrically nonlinear
analysis.

In Figure 5 the buckling shape change is shown
compared to the perimeter of the initial circular embed-
ded delamination, which is highlighted by a red circle.
In Figure 5A, representing the deformation obtained by
loading the structure up to 300 kN, the delamination
buckling phenomenon is clearly noticeable. In Figure
5B, the deformation reaches the boundary of the delami-
nated area for a compressive load of 450 kN. By increasing
the load (up to 500 kN in Figure 5C and up to 600 kN in
Figure 5D), the deformation of the buckled sublaminate
extends beyond the initial delaminated area, indicating
a marked propagation of the delamination. Due to the
presence of £45 oriented plies in the composite laminate,

Figure 4

View of the delamination buckling.
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the delamination growth is characterized by an elliptical
shape whose major axis has a direction not exactly per-
pendicular to the applied compression loading direction.

3 NDE experimental results

Before the compression test was started, the panel was
nondestructively inspected by means of a standard lock-in
test.

The lock-in test is performed by heating the speci-
men with a modulated light while the thermal camera
acquires the surface temperature variations. In this work,
the reflection mode has been adopted, and the modulated
halogen lamp and the thermal camera were positioned on
the same side of the panel (see Figure 6).

The thermal energy delivered into the material propa-
gates as thermal wave within it is partially reflected. The
reflected wave interferes with the incoming one, produc-
ing an oscillating interference pattern that can be meas-
ured in terms of amplitude (representative of the amount
of thermal energy transmitted to the material) and phase
(phase delay between the delivered and the reflected
thermal waves). The application of this method is based
on the use of simple relations among the thermal diffu-
sion length u, the thermal diffusivity coefficient ;, and the
wave frequency f=w /27, such as:

< ©)

Indeed, the thermal diffusion length u is representa-
tive of the maximum depth at which effective amplitude
images (representative of the material integrity and homo-
geneity status) can be taken. Effective phase images (rep-
resentative of the homogeneity status and, eventually,
of the depth of defects) can be taken up to about double
the thermal diffusion length. For instance, the following
relation, providing the maximum depth at which effective
phase images can be taken, holds:

p=1.8u 3

Adopting Eq. (3), the diffusivity of a panel with known
thickness can be easily calculated. In the present paper,
the thermal diffusivity of the panel was evaluated by
adopting a metal patch in contact with the rear side of the
panel. The metal patch was used to determine the highest
stimulation frequency that penetrates the composite panel
by obtaining a phase image of the metal patch with an
appreciable phase contrast Ap between the homogeneous
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Figure 5 Evolution of the buckling of the delaminations during compression loading.

and the inhomogeneous regions. The phase contrast can
be expressed by:

(%)

where ¢, and ¢, are the phase values of the homogeneous
and the inhomogeneous area, respectively.

Figure 6 Setup for the nondestructive lock-in thermography tests.

Because the frequency was selected to provide p to
be equal to the thickness of the composite panel L, the
thermal diffusivity of the panel was obtained from Egs. (2)
and (3) as:

L 2
a=nf [EJ (5)

By this approach, the depth of defects embedded
in CFRP panels can be evaluated once the diffusivity is
known simply by tuning f.

The adopted lock-in procedure allowed us to detect
the Teflon disk (located under the third ply with respect
to the observed skin side) and to measure its diameter
without the application of any compressive load.

With the stimulation frequency of 0.3 Hz, the best
phase contrast was obtained. Thus, the real initial delami-
nation diameter was easily measured on the phase map
and was found to be 41 mm.

In the phase image, which is shown in Figure 7, the
disk is highlighted by a blue dot; it can be noted that the
Teflon disk appears to be not perfectly circular, with a very



490 —— C.Toscano etal.: Lock-in thermography to monitor delamination growth in composite

DE GRUYTER

Figure 7 Phase image taken at 0.3 Hz stimulation frequency. A magnification of the embedded delamination can be seen on the right side

with highlighting of the missed lower left part (blue arrow).

small missing portion in the right side as indicated by the
blue arrow. This imperfection, likely to be ascribed to a
possible crimp of the disk during the panel skin prepara-
tion, does not seem to have influenced the experimental
results in terms of delamination growth.

The optimal parameters found with this preliminary
lock-in inspection and used for all the next tests are sum-
marized in Table 1.

After the preliminary lock-in thermography test, the
stiffened panel was properly constrained in the MTS (Eden
Prairie, MN, USA) servohydraulic fixture (see Figure 6),
and a compression loading was gradually applied in 13
steps up to the panel failure.

At each step, corresponding to a certain load level, the
progressive compression was paused to perform a lock-in
test aimed to the monitoring of the delamination size and
shape variations. The first phase image was taken at 100
kN and the last at 600 kN just before the panel failure.

Some of the phase images obtained for increas-
ing values of the compression load are shown in Figure
8. In the phase map obtained at 315 kN, the onset of the
delamination buckling can be appreciated thanks to the
presence of the two lighter horizontal lines symmetri-
cally placed in the central part of the embedded delami-
nation. At 473 kN the delamination buckling reached the
perimeter of the embedded delamination as numerically
predicted (see Figure 5B). With increasing compression

Table1 Lock-in test parameters.

Parameter Value
Halogen lamp stimulation frequency (Hz) 0.3
Frequency rate (thermal camera) (Hz) 111
Integration time (thermal camera) (us) 1205
Acquired frames 1110

load, the delamination propagated in the horizontal direc-
tion as shown in Figure 8 at 523 and 600 kN. These last
delamination configurations show a growth in agreement,
respectively, with the numerical predictions represented
in Figure 5C and D. This cross-comparison between exper-
imental data and numerical results shows how the pro-
posed NDE approach can be effectively adopted to obtain
useful experimental data on delamination growth, which
can endorse the validation of refined numerical models.

Indeed, the propagation becomes appreciable only at
473 kN. The horizontal delamination diameter at 523 kN is
almost 49 mm, and it increases to about 54 mm at 600 kN.

The application of lock-in thermography during the
test has allowed the monitoring of not only the delamina-
tion-related phenomena but also the onset of the global
skin buckling in the stiffened panel. In fact, by compar-
ing the phase images shown in Figure 8 for different
load values with the one obtained without any loading
(Figure 7), it can be noticed that the deformation of the
panel surrounding the Teflon disk can also be obtained.
It is worth noting that by means of the phase images, any
displacement in the out-of-plane direction is represented
by different colors, which correspond to different phase
values. Comparing the phase images shown in Figures 7
and 8, the surface of the panel seems to first (before
523 kN) move out of plane far from the infrared camera,
whereas it moves in the opposite direction for increased
values of the compressive load.

4 Conclusions

In this paper, an alternative approach to monitor the
delamination evolution in composite structures is
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Figure 8 Phase images obtained at increasing compression loads. The buckling deformation and its propagation can be appreciated. The

scale is referred to the phase angle expressed in degrees.

investigated. Indeed, lock-in thermography has been unu-
sually used during the execution of a mechanical test to
monitor the delamination evolution under real loading
conditions.

A CFRP stiffened composite panel with an artificial
embedded delamination was used as a benchmark to
verify the effectiveness of the proposed NDE approach.
The panel was subjected to a compression test by using
a servohydraulic MTS machine, and the delamination
growth was monitored by performing lock-in thermogra-
phy tests at intermediate load steps without unloading
the panel. The application of the compressive load during
the mechanical test was paused 13 times to allow the NDE
inspections.

The delamination buckling and growth were observed,
quantifying the load levels triggering these phenomena. In
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