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ABSTRACT

This study experimentally visualized Lamb waves propagating in a film-inserted cross-ply laminate
and applied a topology-optimization-based damage identification method to the experimental results to
discuss its feasibility. In this method, delamination was estimated as a distribution of damage parameters
that reproduced the experimentally visualized Lamb wave propagation in an inverse analysis model. The
damage parameters were set to the internal residual strength variables controlling the traction of cohesive
elements. When maximum amplitudes were evaluated in the objective function of the topology
optimization problem, the present method successfully identified the complex shape of the film-inserted
region by utilizing standing waves propagating perpendicular to the surface fiber orientation in the
delaminated area. Conversely, the present method did not identify the film-inserted area by evaluating
only the maximum amplitudes of the Lamb waves propagating parallel to the surface fiber orientation.
Therefore, the numerical experiments were performed to discuss the ultrasonic features evaluated in the
objective function, and the delaminated region was successfully estimated by evaluating whole time of
the Lamb wave signal at each node even when the Lamb waves propagated parallel to the surface fiber
orientation. These results demonstrate that the present method can quantitatively evaluate delamination
by incorporating the ultrasonic features highly sensitive to delamination into the objective function.

1 INTRODUCTION

Quantitative ultrasonic non-destructive evaluation is essential to ensure the reliability of composite
structures during long-term operation. Identifying delamination generated in carbon-fiber-reinforced
plastic (CFRP) laminates subjected to out-of-plane impact is particularly important because
delamination significantly reduces the residual compressive strength of composite structures. Ultrasonic
C-scan inspection has been generally applied to delamination inspection; however, the C-scan system
requires inspection targets to be immersed in water and time-consuming mechanical scanning over a
wide area. Therefore, previous studies [1,2] developed a laser scanning system to visualize ultrasonic
waves and detected delamination more easily and quickly than the C-scan. Nonetheless, visualized
ultrasonic waves in thin CFRP laminates included various Lamb wave modes [3] generated by unknown
damage and medium boundaries, which resulted in difficulties in interpreting the visualized waves and
evaluating delamination sizes and shapes. To overcome the difficulties, numerous studies [4] have
incorporated signal processing, feature extraction, and inverse analysis techniques into the ultrasonic
imaging system, and this system still needs to be further improved to evaluate delamination
quantitatively and reliably.
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Topology optimization [5] is promising for an inverse analysis to quantitatively assess complex
damage sizes and shapes in composite structures because it can estimate a distribution of materials.
Niemann et al. [6] used topology optimization and evaluation of the natural frequencies to estimate out-
of-plain impact-induced delamination. However, the global vibration characteristics did not have
enough information to identify the sizes and shapes of local delamination with high accuracy.
Conversely, the visualized ultrasonic wave propagation contains rich data in two-dimensional space and
one-dimensional time domains. The authors [7,8] proposed a damage identification method by
introducing topology optimization into the ultrasonic visualization system and successfully identified
penetrated small cracks in metal plates in actual inspections. However, the proposed method was still
not applied to delamination evaluation in CFRP laminates.

Therefore, this study experimentally visualized Lamb wave propagation in a delaminated CFRP
laminate and applied the topology-optimization-based damage identification method to the experimental
results, and its feasibility was discussed. In the present method, delamination was simulated by cohesive
elements, and damage parameters, i.e., design variables in the topology optimization problem, were set
to the internal residual strength variables controlling the traction of the cohesive elements. A film-
inserted area in a cross-ply laminate was estimated as the distribution of the damage parameters, and
appropriate ultrasonic features to be evaluated in the objective function were discussed to identify
delamination with an unknown location.

2 EXPERIMENTS
2.1 Materials and measurements

A cross-ply laminate with a stacking sequence of [04/904]s was prepared to be inspected. The material
used was a CFRP (T700SC/2592, Toray), and the laminate dimensions were 160 mm x 160 mm x 2

mm. Two layers of polyimide films (Kapton®, DuPont) with dimensions of 10 mm x 10 mm x 0.03 mm
were inserted in the center of one 0/90° interface to introduce artificial delamination. The C-scan image
(Figure 1a) exhibited the film-inserted area. This artificial delamination was the identification target of
the present method.

Figure 1b shows a photograph of the laser Doppler vibrometer (LDV) scanning system to visualize
Lamb wave propagation. In this system, five-period 200-kHz sinusoidal waves multiplied by a Hanning
window were created by a multi-functional generator (WF1974, NF Corporation). The waves were
amplified through a high-speed bipolar amplifier (BA4825, NF Corporation) and were excited by a
piezoelectric transducer (PW B0.2K20N, Japan Probe) in contact with the laminate. At a 200-kHz
resonance frequency of the transducer, the waves propagated as only fundamental Lamb modes (S0 and
A0 modes) in the laminate used in this study. The inspection area on the laminate was scanned by LDV
(PSV-500-M, Polytec), and the out-of-plane velocity at each illuminated point was measured on the
Doppler effect. The measured waves were bandpass-filtered from 50 to 400 kHz and were collected on
a computer using a data acquisition board (PCI-6110, National Instruments). The out-of-plane
displacement was calculated by integrating the out-of-plane velocity. The video of Lamb waves
propagating through the laminate was obtained by plotting the amplitude of the out-of-plane
displacement on a contour map in the order of the measurement time.

Figure 1c shows a schematic diagram of measurement conditions. A 50 mm x 50 mm region on the
surface nearer the film-inserted interface was scanned with a scan spacing of 0.5 mm (101 x 101 points).
Two visualized Lamb wave propagation in the parallel (incident angle 8 = 0°) and perpendicular (6 =
90°) directions to the surface fiber orientation were measured to discuss the identification results at
different incident angles to the delamination. The transducer was fixed 40 mm away from the center of
the film-inserted area. The measurement time was 100 us. To improve the signal-to-noise ratio of the
LDV, the inspection area was painted white, and the ultrasonic signals measured ten times at each
scanned point were averaged.
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Figure 1: Materials and measurements of the experiment: (a) the C-scan image of film-inserted cross-
ply laminate, (b) photograph of laser Doppler vibrometer scanning system, and (c) laser scanning area
and fixed transducer position at 0° and 90° incident angles.

2.2 Measurement results

Figure 2 shows the snapshots of the visualized Lamb wave propagation in the film-inserted laminate.
Although the incident SO and A0 mode waves were observed, this study focused on the A0 mode because
the out-of-plane displacement of the SO mode was small. The phase delay of the A0 mode was observed
in the film-inserted area (the shapshots at 57 us). This is because the entire laminate [04/90.]s was
divided into two sub-laminates [04]+ and [90s/04] by the delamination, and the AO mode velocity in the
delaminated area (e.g., [04]r) differed from the one in the intact area (e.g., [04/904]s) owing to the
dispersive nature of Lamb waves. Moreover, the A0 mode waves were repeatedly reflected at the
delamination edges and remained as standing waves in the delaminated region even after passing
through the delaminated area (the snapshots at 67 us). The reflections were required for the A0 modes
in the sub-laminates to pass through the delamination edge aligning their phases [9]. These phenomena
were observed regardless of the incidence angles.

Maximum-amplitude maps exhibited characteristic distributions owing to delamination [2,10,11].
Therefore, the maps, as shown in Figure 3, were obtained by extracting the maximum-amplitude values
from the visualized wave propagation results at each scanned point in a 20 mm x 20 mm area (inside
the dashed square in the snapshots at 67 ps). The maximum-amplitude values were high in the film-
inserted area regardless of the incident angles. The film-inserted area was characterized by the high-
amplitude area in the case of 8 = 90°, whereas the intact area exhibited as high amplitude as the
delaminated one in the case of &= 0°, resulting in not identifying the delamination sizes and shapes.

Out-of-plane
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Figure 2: Experimentally visualized Lamb wave propagation (out-of-plane displacement) on the film-
inserted cross-ply laminate.



Kazuki Ryuzono, Shigeki Yashiro, Sota Onodera, Nobuyuki Toyama and Tomonaga Okabe

Normalized amplitude [-]
(|
i

=

20 mm

IRl

(a) 90 deg (b) 0 deg

Figure 3: Maximum amplitude maps of the experimentally visualized Lamb wave propagation (out-of-
plane displacement) on the film-inserted cross-ply laminate.

3 DELAMINATION IDENTIFICATION APPROACH
3.1 Formulation

The topology-optimization-based damage identification method combined with the ultrasonic
visualization estimates damage as a distribution of damage parameters that reproduces visualized
ultrasonic wave propagation in an inverse analysis model. In this section, the topology optimization
problem including the damage parameters and objective function is set to estimate delamination.

In the inverse model used in this study, delamination is simulated by one-parameter cohesive
elements [12]. The traction T; of the cohesive element i is expressed as follows:

T-m(s-)zir A" form=n;tb (1)
| 1 1_5 A 1 15

where A is the relative displacement, and the superscripts n, t and b indicate the deformation modes I, 11
and I11. 7™M and A™ are the strength and critical relative displacement. s; is the internal residual strength
variable. The initial value sini (0.9) and 0 represent intact and perfectly delaminated. Therefore, in the
present method, the internal residual strength variable s; of the cohesive element i in the design domain
D is adopted as the damage parameter as follows:

0 forieQ,
s,; forieD\Q,

ni

S. =

i )
where Qq and D \ Qg are the delaminated and intact regions, respectively. The damage parameter s; takes
a continuous value from 0 to si, and indicates the severity of delamination.

Dynamic finite element analysis of wave propagation is performed in the inverse analysis model, and
the optimization problem is defined as the minimization of the sum of the squared error between the
estimated ultrasonic feature Urem(S) and the target one Utarger, as follows:

: M 2
msm f(s)= Z(U FEM, j (s) _Utarget,j ) 3)
j=1
subjectto 0<s; <s;,; fori=1---N (4)

where M and N are the number of the nodes j and cohesive elements i in the design domain D,
respectively.

In the abovementioned procedure, the optimal damage parameter s* is estimated. The damage
parameter s is updated by sequential quadratic programming, and the gradient of the objective function
is calculated by the forward finite difference method. To reduce computational costs, the upper limit of
the optimization step k is set to 30. The initial value of the damage parameter s° is set to Sini.
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3.2 Inverse analysis model

Figure 4 shows the inverse analysis model. The model of dimensions 80 mm x 80 mm x 2 mm was
discretized using eight-node hexahedral solid elements of dimensions 1 x 1 x 0.25 mm. The stacking
sequence was [04/904]s, and a 0/90° interface adhered by cohesive elements [12] to simulate
delamination. The model included 51200 solid elements, 6400 cohesive elements and 65610 nodes. The
properties [13,14] of the CFRP and cohesive elements used in this model are listed in Table 1. A five-
period 200-kHz sinusoidal-wave load multiplied by a Hanning window was applied in the through-
thickness direction to a 10 mm radius region of the fixed transducer position in the experiments. All
remaining boundaries were free edges. The time step for the dynamic finite element analysis was 0.01
us, which satisfied the Courant condition. The design domain D for the topology optimization was a 20
mm x 20 mm area in the center of the inverse analysis model. All damage parameters of the cohesive
elements in the other regions were fixed at Sini.

The Lamb wave propagation analysis was performed with s; = 0 and Sini in the central 10 mm x 10
mm (10 x 10 elements) and remaining regions in the design domain, respectively. Figure 5 shows the
numerical results of the visualized wave propagation obtained by plotting the out-of-plane displacement
at the nodes on the inspected surface as shown in Figure 4. Regardless of the incidence angles, the phase
delay and standing waves of the AO mode were observed in the delaminated region. The high-amplitude
region in the maximum-amplitude map at 8 = 90° (Figure 6a) characterized the delaminated area,
whereas the delaminated region was not identified at &= 0° (Figure 6b). These numerical results were
consistent with the measurement results (Figures 2 and 3). Therefore, the maximum-amplitude maps
were adopted as the ultrasonic feature Urem(S) and Utarger in the objective function in this study.
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Interface with 90°
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Figure 4: Inverse analysis model with cohesive elements for a cross-ply laminate.
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Table 1: Properties of CFRP (T700SC/2592) laminate and cohesive elements [13,14].

Material properties of CFRP (T700SC/2592) laminate

Longitudinal Young’s modulus [GPa] 132
Transverse Young’s modulus [GPa] 9.85
In-plane shear modulus [GPa] 5.25
Out-of-plane shear modulus [GPa] 3.80
In-plane Poisson’s ratio [-] 0.25
Out-of-plane Poisson’s ratio [-] 0.38
Density [g/cm?] 1.80
Properties for cohesive elements
In-plane tensile strength (Mode 1) [MPa] 85.9
In-plane shear strength (Mode 11) [MPa] 60.0
Out-of-plane shear strength (Mode 111) [MPa] 60.0
Critical energy release rate (Mode 1) [kJ/m2] 0.244
Critical energy release rate (Mode 1) [kJ/m2] 1.06
Critical energy release rate (Mode I11) [kJ/m2] 1.06
Out-of-plane
Phase delay Standing waves Phase delay =~ Standing waves  displacement [nm]
’ 30
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Figure 5: Numerical results of Lamb wave propagation (out-of-plane displacement) on the inverse
analysis model.
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Figure 6: Maximum amplitude map of Lamb wave propagation (out-of-plane displacement) on the
inverse analysis model.
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4 RESULTS AND DISCUSSION
4.1 Delamination identification results

Figure 7 shows the optimal damage parameter distribution s and maximum-amplitude map Urem(s")
compared to the target. In the case of 8= 90°, the damage parameters in the film-inserted region were
much smaller than that in the intact region, and the estimated maximum-amplitude map Urem(s”) well
reproduced the Urrger. These results demonstrate that the present method is applicable to identifying the
complex delamination shape by utilizing the standing waves propagating at &= 90°. Conversely, in the
case of 8= 0°, the damage parameters in the intact area of the target were also small, and the film-
inserted area was not identified. The Urem(s”) did not agree as well with the Usarger, as compared to 6=
90°. Figure 8 shows the change in the objective function during the optimization process. The objective
function was not closer to zero for 6 = 0° compared to 8 = 90°. This result shows that the estimated
damage parameter distribution in the case of &= 0° was one of the local optimal solutions. Comparing
the maximum-amplitude maps for the initial and optimized damage parameters, s’ and s”, there was no
significant change for & = 0°, although the high-amplitude area changed significantly for 8 = 90°.
Therefore, the maximum-amplitude map for &= 0° did not change significantly even if the delamination
distribution changed, i.e., the sensitivity of the objective function was low for 8= 0°.

In the previous study [11], when an entire laminate was divided into two sub-laminates by
delamination, standing waves with high amplitudes were generated in the sub-laminate with a smaller
flexural stiffness in the wave propagation direction than the other sub-laminate. This phenomenon was
observed particularly when the sub-laminates above and below the delamination had considerably
different flexural stiffnesses. Therefore, the standing waves with high amplitudes were generated in the
sub-laminate [04]r in the &= 90° direction and were utilized to identify the film-inserted area in this
study. Conversely, the flexural stiffness of the sub-laminate [04]7 in the = 0° direction was not so small
that the standing waves exhibit high amplitudes enough to characterize the delamination. This resulted
in misidentifying the delamination for & = 0°. Based on the above discussion, incorporating other
ultrasonic features enough sensitive to the delamination into the objective function is required to
guantitatively evaluate the delamination regardless of the incidence angles.
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Figure 7: Optimal solutions of the damage parameter s* and maximum amplitude distribution Urem(s")
compared to the target delamination and target data Utarget.
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Figure 8: Optimization history of (a) the objective function, and the maximum amplitude maps Urem(s¥)
for optimization steps k = 0 and 30 at the incident angles (b) 90° and (c) 0°.

4.2 Discussion of the objective function

The dispersion nature of Lamb waves (e.g., velocity, wavenumber, etc.) is considered appropriate as
the ultrasonic features to be evaluated in the objective function because the A0 mode phase was delayed
in the delaminated region as shown in Figure 2. Therefore, in this section, the delamination was
estimated by evaluating all signals of the visualized Lamb wave propagation that included all effects
related to the dispersion nature. For simplicity, the numerical experiment was performed in this section.
The target delamination was the central 10 mm x 10 mm (10 x 10 elements) region in the design domain,
and the target ultrasonic features Usarger Were Set to the numerical results obtained by the dynamic finite
element analysis.

The objective function was set to the sum of the squared error between all the out-of-plane
displacements calculated in the estimated and target damage parameter distributions. Figure 9 shows the
optimal solution s* compared to the target. In the case of @ = 0°, the damage parameters in the
delaminated region were smaller than that in the intact region, and the delaminated region was
successfully identified. This result suggests that the present method can estimate delamination even at
6= 0° if the ultrasonic features other than maximum amplitudes are extracted and incorporated into the
objective function. Conversely, unlike the identification results in Section 4.1, the target delamination
was not identified at &= 90°, which resulted from the complex optimization problem due to too much
data to be evaluated. Therefore, improving the sensitivity of the objective function by investigating
ultrasonic features sensitive to delamination and combining some of them appropriately is important to
apply the present method to identifying delamination regardless of incidence angles.
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Figure 9: Optimal solutions of the damage parameter s* using all waveforms of out-of-plane
displacement at each node in design domain as the objective function.

5 CONCLUDING REMARKS

In this study, the topology-optimization-based damage identification method combined with the
ultrasonic visualization was applied to quantitatively evaluating the film-inserted region in the cross-ply
laminate to investigate the feasibility of the method. In the present method, the damage parameters were
set to the internal residual strength valuables governing the traction of the cohesive elements. The
damage parameter distribution was optimized by mathematical programming so that the experimentally
visualized Lamb wave propagation was reproduced in the inverse analysis model. When the maximum
amplitudes were adopted as the ultrasonic feature to be evaluated in the objective function, the complex
shape of the film-inserted area was successfully identified by utilizing the standing waves with high
amplitudes in the delaminated region at & = 90°. This result demonstrates that the present method can
evaluate delamination quantitatively based on Lamb wave propagation mechanisms. Conversely, the
film-inserted area was not identified at &= 0° because the maximum amplitudes were not sensitive to
delamination.

The target delamination was successfully estimated at 8= 0° by evaluating all waveforms included
in the visualized Lamb wave propagation as the objective function. This result shows that delamination
can be identified regardless of the incidence angles by incorporating ultrasonic features related to the
Lamb wave dispersive nature, such as velocity and wavenumber, into the objective function. In future
work, clarifying ultrasonic features sensitive to delamination and setting the objective function
appropriately based on the findings are required.
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