
Numerical analysis of laser ultrasound propagation excited by mid-IR light 

source in CFRP 

 

Kanae OGUCHI
1
, Manabu ENOKI

1
 

Hisashi YAMAWAKI
2
, Hideki HATANO

2
, and Makoto WATANABE

2
 

1
Department of Materials Engineering, School of Engineering, The University of Tokyo, 7-3-1 Hongo, 

Bunkyo-ku, Tokyo 113-8656 Japan 
2
Optical & Electronic Materials Unit, National Institute for Materials Science (NIMS), Namiki 

1-1,Tsukuba, 305-0044, Japan 

e-mail oguchi@material.t.u-tokyo.ac.jp 

 

Abstract 

 Optical parametric oscillator (OPO) which generates a mid-IR light was developed, to build an accurate 

and efficiency LUT system for CFRP using a mid-IR light [1][2]. To develop the practical system, effects 

of the various factors such as laser parameters, optical depth and propagation tendency in CFRP should be 

taken into account. In the present study, laser ultrasound propagation simulations were carried out in 

CFRP laminate, by considering the optical depth of the material and laser irradiation conditions, and the 

relationship between these parameters and the excited ultrasound intensity were analyzed. 
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1. Introduction 

CFRP are used as structure materials of aircraft for their light weight, high strength and rigidity, 

and effective on-line quality inspection method is demanded. LUT is the one of the best choice for 

NDT for CFRP, because it is a compact, contactless and robust method. Current LUT technology for 

CFRP uses a pulsed CO2 TEA laser for ultrasound generation, but a smaller lightweight solid state 

light source is more desirable. Recent research has presented that the irradiation of the laser light 

with the wavelength in the vicinity of 3.2µm can excite the ultrasound wave effectively in CFRP for 

the appropriate value of optical depth [3]. To the best of our knowledge there are no commercial 

solid state mid-IR lasers that are sufficiently mature to achieve desired specification for LUT. At 

NIMS, OPO is being developed to generate mid-IR light suitable for applying LUT to diagnose 

CFRP [1][2]. To develop the practical system, the enough knowledge about the effect of the laser 

irradiation parameters on the ultrasound propagation behavior in CFRP is essential. In the present 

study, laser ultrasound propagation simulations were carried out in epoxy resin which is a common 

CFRP matrix material by considering the optical depth of the material and laser irradiation 

conditions. In addition, CFRP laminate consist of 7 ply layers is modeled using the physical 

properties of unidirectional CFRP (UD-CFRP). As a result, the calculated ultrasound waveforms 

agreed well with that in an experimental data. Then the relation of the laser irradiation parameters to 

the excited ultrasound intensity was analyzed using the present model.  

 

2. Calculation conditions 

The computer simulation of ultrasound propagation in a thin plate after the pulsed laser irradiation 

was performed. Figure 1 shows the geometry of the simulations. The length and thick ness of the 

specimen is 10 and 1 mm respectively. To improve the computational efficiency, symmetric 

boundary condition is imposed on the side surface. In the model, the surface of the specimen is  

M
or

e 
in

fo
 a

bo
ut

 th
is

 a
rt

ic
le

: 
ht

tp
://

w
w

w
.n

dt
.n

et
/?

id
=

20
79

6



 

  

 

 

 

 

 

 

 

 

 

 

 

 

irradiated with laser. According to the Bouguer-Lambert-Beer low, heat source from laser irradiation 

is described as q=β(1-R)I0exp(-zβ-1
)f(x,y)g(t), where β is optical depth, R is optical reflectance of the 

specimen, I0 is the incident laser power density, f(x,y) and g(t) are the spatial and temporal 

distribution of laser pulse. Since the time scale in heat diffusion is two order magnitudes bigger than 

that in ultrasound propagation, we neglect the heat diffusion and assumed the temperature 

distribution proportional to the heat distribution. Figure 2 shows the temperature distribution in a 

depth direction with β =10, 20, 50 and 100 µm. The β=20 and 100 µm correspond to the CO2 laser 

and mid-IR light source respectively. In a figure, heated region generated with mid-IR light source 

has a larger thickness in a depth direction than that with CO2 laser. In this study the target materials 

are epoxy resin and CFRP laminate. As a physical properties of the epoxy resin, density of 1200 

kg/m
3
, Young modulus of 3.1 GPa, Poisson ratio of 0.34 and thermal expansion coefficient of 

6.2×10
-5

 K
-1

 is used. CFRP laminate was modeled using the physical properties of UD-CFRP. Figure 

3 shows the photograph and the stacking sequence of the layup. A model incorporates all 7 ply layers 

at appropriate location in the laminate using corresponding rotated matrices of UD-CFRP. The 

physical properties of UD-CFRP are listed in Table 1. Pulse power density and pulse diameter is 10 

mJ and 1 mm respectively. 

 

3. Results and discussions 

First of all, the comparison between calculated results and experimental data is conducted to 

examine the validity of the models. As a comparison, ultrasound normal displacement waveform at 

epicenter excited by mid-IR light source in epoxy resin and CFRP laminate is shown in Figure 4 and  

Fig. 1 Geometry of the simulations.  Fig. 2 Temperature distribution in a 

depth direction.  

Fig. 3 Modeling of the CFRP laminate.  

Table 1 Physical properties of UD-CFRP.  



 

5. Note that there is a difference in specimen thickness between these results. In Fig. 4, the 

longitudinal wave largely displaced to the outward direction is observed, after the reflection of 

longitudinal wave shear wave arrive. In spite of the difference in specimen thickness, the calculated 

waveform in a simulation results are close agreement with experimental data. In Figure 5 (b), the 

disordered wave form is observed in an experimental data which isn’t found in simulated wave foam 

(a). The disordered wave foam seems to arise from wave reflection at inter laminar region, and has a 

high frequency components. To reproduce this waveform, finer special and temporal mesh is 

necessary in a simulation. Figure 6 present the displacement distribution in the (a) epoxy resin and 

(b) CFRP laminate respectively. The region where the displacement is large corresponds to the dark 

color region. As shown in a figure, the strong longitudinal wave appears and propagates to the 

back-surface in both cases. Since the epoxy resin is an acoustic isotropy material, the displacement 

distribution is relatively simple. Contrary in the case of CFRP laminate the displacement distribution 

is complicated, due to the wave reflection occurred at inter laminar region. These results establish a 

level of confidence in a present model, thus simulations that examine the effects of irradiation 

parameters such as optical depth and pulse duration time on an ultrasonic propagation behavior is 

executed. 

The simulation with β=10,20,50 and 100 µm, while other parameters set to take a constant values 

was performed. Figure 7 shows the normal displacement wave form at epicenter in CFRP laminate. 

In a figure the amplitude and time width of longitudinal wave increase with increasing optical depth. 

(b) 4 mm thick epoxy 

Fig. 4 Normal displacement wave form at epicenter in epoxy resin obtained by (a) simulation and (b) 

experiment.  

(a) 1 mm thick epoxy 

(a) 1 mm thick CFRP laminate 

Fig. 5 Normal displacement wave form at epicenter in CFRP laminate obtained by (a) simulation and (b) 

experiment.  

(b) 2 mm thick CFRP laminate 



 

The results show the mid-IR light can excite the stronger ultrasound in CFRP efficiently than other 

light sources. Then the simulation with pulse duration time, t0 of 10,20,30 and 40 ns was carried out. 

As shown in a figure 8, the amplitude of longitudinal wave decrease with increasing pulse duration 

time, though the time width of longitudinal wave didn’t change so much. The reason why the time 

width remain unchanged is the pulse duration time is sufficiently smaller than the time scale of 

ultrasound propagation. 

 

4. Conclusion 

Laser ultrasound propagation excited by mid-IR light in CFRP matrix resin and CFRP laminate was 

simulated, and the calculated result agreed well with the experimental data. Irradiation of the mid-IR 

light can cause the strong longitudinal wave which is suitable for LUT in a CFRP. The results of 

simulations that examine the effects of the optical depth and pulse duration time on the ultrasound 

waveform denote the following characteristics. The increase of the optical depth increases the 

amplitude and time width of longitudinal wave, and the decrease of pulse duration time increases the 

amplitude of longitudinal wave but doesn’t change the time width of longitudinal wave so much. 
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Fig. 6 Displacement distribution in (a) epoxy resin and (b) CFRP laminate. 

Fig. 7 Normal displacement wave form in 

CFRP laminate with β=10,20,50 and 100 µm. 

Fig. 8 Normal displacement wave form in 

CFRP laminate with t0=10,20,30 and 40 ns. 


