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A pulsed laser illuminates a target zone that causes rapid thermoelastic expansion, generating broadband high-
frequency ultrasonic wave (photoacoustic wave, PA wave). We developed a PA microscopy (PAM) with a
confocal area of laser and ultrasonic wave for applications in nondestructive testing (NDT). The synthetic
aperture focusing technique (SAFT) is applied in the PAM for the three-dimensional (3D) imaging of interior
flaws. Here, we report proof-of-concept experiments for the NDT of a subsurface flaw in a thin laminar material.
Graphical abstract (a) shows a specimen of carbon-fiber-reinforced plastic (CFRP) with an artificial delamina-
tion. Here, it should be noted that the group velocity varies directionally due to the strong anisotropy of the
CFRP specimen (see Graphical abstract (b)). By considering the group velocity distribution in the SAFT, the
shape and location of the subsurface delamination were accurately estimated as shown in Graphical abstract (c).
Coating the surface of the CFRP specimen with a light-absorbent material improved the amplitude of the PA
wave. This finding showed that the signal-to-noise ratio of the waves scattered from the flaws can be improved.

1. Introduction

Carbon-fiber-reinforced plastic (CFRP) is a composite material of
laminated sheets (prepregs) of carbon fibers and epoxy resin. Therefore,
CFRPs exhibit a wide variety of composite forms with specific proper-
ties [1]. The flaws that occur in-service include matrix micro-cracks,
delamination, fiber breakage and fiber-matrix debonding. The char-
acteristics of these flaws are different from those encountered in other
homogeneous materials. Various nondestructive testing (NDT) methods
have been proposed and developed for assessing internal damages in
CFRP laminates [2,3]. Ultrasonic testing (UT) is one of the promising
methods for investigating interior flaws because the superior pene-
trating power of ultrasonic waves with frequencies ranging from hun-
dreds of kHz to several tens of MHz can detect substantial flaws in CFRP
[4]. In the pulse-echo configuration of UT, the ultrasonic wave is ex-
cited and received with a single transducer. However, the detection of
subsurface flaws is sometimes challenging because the trailing signal
from the surface interferes with the scattered signal from the flaws
[5,6].

Lasers have been used for the NDT of composite materials for the
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last few decades [7]. The interaction of the material under test with
pulsed lasers is known to generate thermoelastic waves (photoacoustic
waves) or photomechanical waves (laser-induced stress waves), de-
pending on the intensity of the irradiating laser. These photo-
mechanical waves are generated by the ablation of the material. Al-
though these ablations have a significant effect on the target material,
several laser UT methods using photomechanical waves have been re-
ported [8,9]. Photoacoustic (PA) waves are smaller than photo-
mechanical waves and are used for the evaluation of interior flaws in
fully-optical systems using an interferometer [10]. In the medical field,
PA waves have been actively studied, and photoacoustic microscopy
(PAM) [11] has been developed as a tool for PA imaging. In PAM, a
laser illuminates the target zone first, then the generated PA wave is
detected using an ultrasonic transducer.

In this study, PA is applied to the flaw imaging of CFRP. Here, we
develop an original PAM for NDT. The PAM employs a confocal ar-
rangement [12] of optical lenses and ultrasonic transducers to max-
imize the intensity of the PA wave. The generation of the PA wave
depends on the optical and thermal characteristics of the target mate-
rial. Unlike imaging for human inspection, light cannot penetrate the
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deep portion of CFRP. In this study, first the light-absorption coefficient
and Griineisen parameter of the CFRP were investigated. The result
shows that a PA wave is mainly generated at the surface of the CFRP.
Therefore, we adjusted the PAM so that both optical and ultrasonic
waves are focused on the surface of the CFRP. Utilizing the spread of
the PA wave from the laser irradiation point, we propose a flaw imaging
method based on the synthetic aperture focusing technique (SAFT)
[13,14]. Here it is necessary to carefully consider a direction-dependent
group velocity [15,16] in the SAFT due to the strong anisotropy of the
CFRP. To verify the performance of the proposed method, a subsurface
delamination embedded in a CFRP was prepared, and the three-di-
mensional (3D) shape reconstructions of the delamination was dis-
cussed.

2. Photoacousitc (PA) waves in CFRP
2.1. Unidirectional CFRP specimen

In this paper, the Cartesian coordinate x = (x, y, z) is denoted by
subscripted variables (xi, %, x3). The indicial notation is used to re-
present vectors and tensors, and their mathematical operations. A
carbon-epoxy composite plate comprising carbon fibers (Toray
Industries, T800S) and epoxy resin (Toray Industries, #2592) was used
as a specimen to investigate SAFT imaging. As shown in Fig. 1(a) and
(b), the plate has a [9034] lay up using 16 prepreg sheets. That is, the
specimen is plastic unidirectionally reinforced with carbon fibers. The
composite laminate was cured in an autoclave at a temperature of
130 °C and a pressure of 0.5 MPa. The unidirectional CFRP (UD-CFRP)
gives a total thickness of approximately 2 mm. The diameter of the
carbon fibers was approximately 6 um, as shown in Fig. 1(c), with the
orientation of the fiber along the x, axis. The volume density was about
1600 kg/m?>. An artificial delamination was embedded in the UD-CFRP
specimen. To form the delamination, the fluoride resin sheet between
the 4th and 5th plies was removed after curing. The size of the dela-
mination was 10 mm X 29 mm.

2.2. Generation of PA waves

The profile of the generated PA signal can be determined by a
pulsed laser. For efficient coupling of thermal energy with acoustic
waves, the pulse duration must be shorter than the thermal relaxation
time. The differences in the light-absorption coefficient u and the
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Fig. 1. (a) Unidirectional CFRP specimen with artificial delamination, (b) pic-
ture of the specimen, and (c) scanning electron microscope image of the spe-
cimen.
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Griineisen parameter I' of materials modulate the amplitudes of the PA
signal, but the signal profiles are not modulated. The Griineisen para-
meter (dimensionless) is expressed as
akK
Cpp

r=
(€]
where C, is the principal heat capacity at constant pressure, a is the
volumetric thermal expansion coefficient, K is the bulk modulus, and p
is the density. The Griineisen parameter I of the CFRP and water [17]
are listed in Table 1. The Griineisen parameter for the CFRP was cal-
culated with the rule of mixtures for unidirectionally reinforced com-
posite materials[18]. The light-absorption coefficient of water is ap-
proximately 0.45x 10~2 cm ~ ! for laser light at a wavelength of 532 nm
[19]. By contrast, CFRP is a bad transparent material for the 532-nm
laser light. We estimate the light-absorption coefficient to be approxi-
mately 200 cm ™" for the 532-nm laser light [10]. The thermoelastic
stress in the light absorbent material has an exponential profile in the x;
axis [20] given by

(2

where F is the fluence of the laser. A schematic image of the stress
distribution is shown in Fig. 2. The stress distribution in Eq. (2) acts as a
source of the stress waves propagating in both — x; and + x3 axes. As
can be seen in Table 1, the Griineisen parameter for the CFRP is ap-
proximately 2.5 times larger than that of water. The optical absorption
coefficients of the CFRP and water are widely different. Considering
these parameters, we can assume that the PA wave is generated mainly
at the surface of the CFRP specimen. Based on this assumption, we
adjusted the microscope so that both optical and acoustical beams are
focused on the surface of the CFRP specimen.

p(x3) = TuFexp(—pux;)

2.3. Wave velocity

It is important to consider group velocity when dealing with ani-
sotropic media. The group velocity for a propagation direction n can be
obtained using the following equation.

o

1
8 = —Cjudidine, (a=P, 81, S2)
v

3
where c is the material stiffness tensor, d is the polarization vector, and
v® is the phase velocity of three different types of waves. Einstein’s
summation convention was applied in Eq. (3). There are waves with
mostly longitudinal polarization and two shear waves with mostly
transverse polarizations in a general anisotropic material. The long-
itudinal wave type is referred to as pressure (P) and the other two shear
waves are called shear 1, 2 (S1, S2).

For the UD-CFRP, it is appropriate to assume a composite laminate
structure as a homogenous body because the wavelength is much
greater than the diameter of a carbon fiber. However, the wave velocity
and its directional dependence vary due to the fiber orientation and
volume fraction. In this study, the two-scale homogenization method
[21], based on the asymptotic expansion of field variables, was used to
obtain the homogenized elastic constants for the UD-CFRP specimen.
The calculated homogenized elastic constants are given as:

ci1 €z 61133 O 0 0
Cr1i22 €222 €22 O 0 0
cn133 €22 e O 0 0

0 0 0 C1212 0 0

0 0 0 0 C1313 0
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Table 1
Griineisen parameters for the CFRP and water [17].
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Specific heat at constant pressure [J/kg/K]  Bulk modulus [GPa]

Coefficient of thermal expansion x 107> [1/K]

Density [kg/m®]  Griineisen parameter

4.1
21

1545
997

0.27
0.11
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Water (25°C) 4177 2.2
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Pressure p(x;)
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Fig. 2. Generation of thermoelastic stress when a pulsed laser is absorbed in
materials.

For a given direction n, the phase velocity v* and the corresponding
polarization vector d can be obtained by solving an eigenvalue problem
based on the Christoffel equation [22]. Using the obtained values v* and
d, and the given values ¢ and n, we can calculate the group velocity for
the UD-CFRP specimen The calculated group velocity g = (g, &,, g;) of
the P wave is plotted in Fig. 3. In Fig. 3, the P wave in the x axis
propagates at a significantly high velocity, whereas the P wave in the x
axis propagates at a lower velocity. This difference is related to the
microstructure of CFRP, such that the P wave propagation is faster in
the direction of the fiber alignment (x;) and slower in directions where
the wave interacts with the fiber and the matrix (4 and x;). Conversely,
the P wave propagates with the same velocity in the x;—x; plane. Ac-
cordingly, the specimen has the property of transversely isotropic ma-
terial.

glon =3 1[km/s]

SR

-15 -10 -5 0 5 10 15

g [km/s]

4 5
[km/s]

Fig. 3. Group velocity of the P wave in the UD-CFRP specimen.
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3. Imaging algorithm using photoacoustic microscopy
3.1. Photoacoustic microscopy (PAM)

An original PAM system for CFRP imaging is illustrated in Fig. 4.
This system is based on an acoustic-resolution PAM [12]. The genera-
tion of laser light is driven by a compact Q-switched Nd:YAG laser
operating at approximately 0.6 mJ pulse energy and 100-Hz pulse re-
petition rates (Nano L90-100, Litron). The laser emits 4-ns long pulses
at a wavelength of 532 nm. The laser emission is controlled by an ex-
ternal trigger signal output from a scanner controller. As shown in
Fig. 5, the light at the fiber output end is collimated and reshaped using
an axicon lens (83-781, Edmund Optics) to form a ring pattern. The
ring-shaped light is then focused onto the target using a reflecting prism
(OPL-PAM/532-CL-00, OPTO-LINE). The generated PA waves are de-
tected using an ultrasound transducer (V214-BB-RM, Olympus) located
at the center of the prism. In practice, an acoustic lens was attached to
the transducer element to focus the ultrasonic beam. The center fre-
quency and the diameter of the transducer are 50 MHz and 6 mm, re-
spectively. As described in the previous section, the foci of the laser
excitation and ultrasonic detection are set to the same distance in order
to maximize the intensity of the generated PA waves. The measured
signal is amplified and digitized using a data acquisition (DAQ) board at
a sampling rate of 500 MS/s. A two-dimensional (2D) raster scan is
implemented by translating the microscope unit. During the scan, the
microscope unit moves in the x; and X, axes, while the distance between
the prism lens and the specimen is kept constant. At each position, the
branched optical signal is recorded using a photodetector (DET10A/M,
Thorlabs) to correct for any uncertainty in the laser intensity and jitter.

3.2. Synthetic aperture focusing technique (SAFT)

Time-domain SAFT has been applied in ultrasonic NDE because it is
capable of improving lateral resolution in the target area[13]. The basic
theory of the SAFT for isotropic materials was well summarized by
Nikolov [14]. In this section, a 3D SAFT for anisotropic materials is
proposed and its concept is shown below. The position vector
x = (%, %, x3) is defined in the Cartesian coordinates. From previous
investigations, the PA wave generates on a CFRP surface. Therefore, we
formulate the SAFT under the assumption that the spot size of the laser
irradiation is infinitesimal. The position vector o" indicates the laser
irradiation point as shown in Fig. 6. Now, we consider a target voxel of
the image reconstruction, which is located at position x?. The time of
the PA wave generation is defined as t = 0. When the PA wave reaches
xP and be backscattered, the scattered wave is detected after a time f,
(the round-trip interval between the surface and the target voxel).

2

tp(0") = BG? — o)l

ef = oD(xf — o)

()

where g(x? — 0") is the group velocity in the direction from o" toward
xP, which was shown in Eq. (3). Assuming that PA wave is a pulse & (t)
and the target is a point scatter, the scattered wave shows a scaled and
delayed pulse. In this research, the scattered wave is received by ul-
trasonic transducer at the same position 0" as the laser irradiation
point. The signal can be expressed as
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Fig. 4. Flow diagram of the PAM system.
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Fig. 6. Wave velocity distribution and intensity of the PA wave in the SAFT.

hy(t, 0") = c,6(t — 1) = cp5(t

2
- —— = 6P = o = o)
|g(xp _ O")| i i i i (6)
where ¢, is the backscattering coefficient, The received signal at the
transducer position 0" contains scattered waves from various points,

and becomes
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P
h(t, 0% = Y hy(t, o)
p )

where P is the total number of target voxel. Using the received signal h,
the reconstructed image H at the target voxel is calculated as a sum over
all the receiving points n in this SAFT:

N
H(x?) = ) w(o™, x")h(ty, 0"

n ®
where N is the total number of laser irradiation points. In Eq. (8), w
shows the beam intensity factor. Since the spread of the PA wave covers
a specific area beneath of the laser irradiation point, we assume the
intensity of the PA wave. Here we can express the beam intensity factor
as the following Gaussian function

d? ]
(do/2)? 9)
where d, is the beam width, and d is the distance between x? and the
beam central axis (see Fig. 6).

w(o", xP) = exp[—

4. Results of PA imaging
4.1. Intensity of the PA wave and its frequency properties

Intensities of the generated PA waves were verified using two types
of permanent marker inks painted on the surface of the CFRP specimen
(as shown in Fig. 7(a)), denoted as points A and C to represent the areas
coated with white and black ink, respectively. An imperceptible PA
wave is generated at point A, where the white ink is applied, as shown
in Fig. 8(a). Conversely, a high-intensity PA wave is detected at point C,

Oil-based ink(white)

canning arca

\
Oil-based ink(blac

30mm

(a) ()

Fig. 7. (a) Photograph of the CFRP specimen on which permanent marker inks
were painted. Points A, B and C are in the area of white ink-coated, non-coated,
and black ink-coated areas, respectively. (b) Scanning area for the SAFT ima-
ging.
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Fig. 8. A-scan images obtained at (a) points A, (b) B, and (c) C.

coated with permanent black ink, as shown in Fig. 8(c). At point B in
the non-coated area shown in Fig. 8(b), we can see a small PA wave.
The difference in the amplitude results from the optical and thermal
characteristics of the black and white inks.

Next, we checked the validity of the group velocity, as shown in
Fig. 3. The delamination is located between the fourth and fifth plies of
the specimen. The depth of the delamination is approximately 0.5 mm.
Since the group velocity in the x; axis is 3.1 km/s, the round-trip time of
the PA wave from the delamination is estimated as 0.33us (= 2x 0.5
[mm]/3.1 [km/s]). The estimated round-trip time showed good
agreement with the time interval in Fig. 8(c).

4.2. SAFT Imaging of subsurface delamination in the CFRP

This section demonstrates 3D SAFT imaging in the CFRP specimen.
As shown in Fig. 7(b), the raster scan is performed in an area
30 mm x 20 mm. In 2D raster scanning, the microscope unit is trans-
lated at 0.05 mm pitch with a constant moving speed. Since the laser is
irradiated with 100-Hz pulse repetition rates, the moving speed of
microscope is 5 mm/s (thetotal scanning time is approximately 58 min).
The minimum wavelength of the PA wave at a frequency 50 MHz is
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Delamination

(b)

(©)

Fig. 9. Results of SAFT imaging for a scanning pitch of 0.05 mm; (a) 3D and (b)
cross-sectional images of the CFRP specimen, (c) close-up image of the dela-
mination.

about 0.06 mm, thus the scanning pitch is approximately the same as
the wavelength. In each point, only one shot of laser is performed,
therefore signal average processing is not introduced. The 3D images in
the CFRP specimen, as shown in Fig. 9 were obtained using the soft-
ware, KURUMI [23]. The spatial resolution along the x; and x, axes are
both 0.05 mm, while the step along the x; axis is 0.005 mm. The beam
width d, in the SAFT is set to 0.2 mm. The reconstructed value H (x)
over a threshold is plotted in Fig. 9. In this case, H (x) was normalized
by the maximum value in the reconstruction area. Here we selected 0.4
as the threshold value. The color and brightness indicate the depth of
the scatterer and the intensity of the scattered wave, respectively. In
Fig. 9(a), the location and shape of the delamination and bottom sur-
face were reconstructed with high accuracy. The cross-sectional view of
the delamination is shown in Fig. 9(b). It was observed that the depth of
the delamination was correctly estimated. A close-up image of the de-
lamination is illustrated in Fig. 9(c). Horizontal stripes corresponding to
the orientation of the carbon fibers can be observed along the x, axis in
Fig. 9(c). Fig. 10 shows 3D images in the CFRP specimen with a scan-
ning pitch of 0.2 mm (the moving speed of microscope is 20 mm/s, and
the total scanning time is approximately 6 min.). The other conditions
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Delamination

(b)

Fig. 10. Results of SAFT imaging for a scanning pitch of 0.2 mm; (a) 3D and (b)
cross-sectional images of the CFRP specimen, (c) close-up image of the dela-
mination.

in the SAFT are the same, as in Fig. 9. Although the scanning pitch in
Fig. 10 is four times larger than that in Fig. 9, the location and shape of
the delamination can be reconstructed clearly.

From these results, it was observed that the SAFT images obtained
using PAM show the accurate location of the delamination. Our method
offers vertical high-resolution images because of the wide frequency
band of the PA waves generated by the pulsed-laser irradiation. It is
capable of improving lateral resolution in the focal zone using the SAFT
algorithm. Furthermore, the shape of the delamination under the black
permanent ink was clearly reconstructed. When a strong optical ab-
sorber, such as black ink, lies on the specimen, the amplitude of the
wave scattered from the delamination increase in intensity relative to
the amplitude of the signal reflected from the non-coated CFRP surface.
A light absorbent coating on the specimen surface improves the signal-
to-noise (S/N) ratio of the waves scattered from the flaw.

5. Summary

We proposed a 3D SAFT imaging method for nondestructive testing
using PAM. In the PAM, a confocal area of light and ultrasonic wave
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was designed, and a 532-nm wavelength laser, with 4-ns pulse duration,
was irradiated at the top surface of the specimen. PA waves in the ul-
trasonic range were received using an immersion transducer on the
same side. In the SAFT, a three-directionally varying group velocity in
the unidirectional CFRP specimen was considered. The SAFT imaging
using PAM showed the exact location and shape of delaminations. Our
method offers vertical high-resolution images because of the wide fre-
quency band of the acoustic wave generated by the pulsed-laser irra-
diation. It is capable of keeping the lateral resolution in the focal zone
using a SAFT algorithm in the case of rough scanning pitch. It should be
noted that the intensity of the generated ultrasonic waves is affected by
the optical properties of the target material. By coating a light absor-
bent material on the surface, a strong ultrasonic wave can be generated
from the surface of the CFRP into the interior of the sample in order to
improve the S/N ratio of the signal scattered from the flaw. Our future
work will include a determination of appropriate parameters while
performing the SAFT imaging. We will also apply an air-coupled
transducer as detector for non-contact NDT.
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