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1. Introduction 

Additive manufacturing (AM) significantly 
attracts attention from worldwide manufacturing 
industries. Especially recent progress of the 
metal-based AM technologies exemplified by 
powder bed fusion (PBF) method promotes that the 
usages of the AM shift from fabrication of 
prototypes to manufacturing of industrial products. 
This trend simultaneously draws manufacturer’s 
attention to the reliability of AM products. To 
ensure the strength and lifetime performance of AM 
products is therefore one of the most crucial issues. 

Our previous study showed that the velocity 
of the longitudinal wave decreased on the defective 
specimen fabricated by PBF method. 1) However, 
longitudinal wave is not sensitive to layer defects 
near the surface, frequently observed in AM 
products. Moreover, imaging is crucial for 
evaluating where and how large the defects are. In 
these respects, surface acoustic wave (SAW) is 
more advantageous than longitudinal waves. 

Thus, we develop a method for evaluating 
AM products using imaging of laser excited SAW. 
The performance of the method is discussed as the 
in-process monitoring for AM. 

 
2. Concept of in-process evaluation system 

The final goal of this study is to develop 
in-process monitoring technology using laser 
ultrasonic methods for the PBF equipment.  
Figure 1 shows our concept.  PBF method uses 
galvanometer scanners for scanning a processing 
laser beam.  This composition is well compatible 
with the laser ultrasonic method because the 
acoustic- excitation laser can be applied with the 
shared optical path. 

The laser beam is 2-dimensionally scanned to 
excite SAW, the surface vibration is detected by the 

laser interferometer, and the 2-dimensional field of 
surface vibration is obtained.  

The acoustic field propagating from the 
detection point as the point sound source is imaged 
by mapping the instantaneous signal of the 
2-dimensional field, based on the reciprocity 
𝐮𝐮(𝐫𝐫E; 𝐫𝐫D, 𝑡𝑡) = 𝐮𝐮(𝐫𝐫D; 𝐫𝐫E, 𝑡𝑡) of sound wave excitation 
and detection, where 𝐮𝐮(𝐫𝐫E; 𝐫𝐫D, 𝑡𝑡) is displacement 
waveform excited at 𝐫𝐫E and detected at 𝐫𝐫D2) 

 
Fig.1  Concept of in-process evaluation system 

combined into PBF equipment. 
 

3. Experimental setup 
Figure 2 shows the experimental setup to 

verify the concept. The second harmonic wave of a 
Nd:YAG pulse laser (λ:532nm) was used to 
generate acoustic waves. The pulse width was 4-6 
ns, and the energy of one pulse was about 1 mJ.  
The laser beam was focused by a convex lens so 
that the spot diameter was less than 1mm on the 
sample. The laser beam was 2-dimensionally 
scanned by the mirror driven by 2 mechanical 
2-axies rotary stage. The acoustic wave was 
detected by a laser Doppler interferometer at a fixed 
position on the sample. 

Two samples fabricated with different 
PBF-process conditions were prepared, hereafter 
called sample A and sample B. The scanned area on 
the samples was 2.3 × 1.9 mm2, and the number 
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in a cylindrical rod, expected from literature values 
of density and elastic constants to be 4320 m/s for 
tungsten[3], and n is the mode number. In our 
simulations we choose L=50 nm. We find f1= 41.2 
GHz from the simulations, in good agreement with 
43.2 GHz calculated from Eq. (2). 

In the case of grooves of pitch p being 
present on the input side, it has been observed that 
resonances are introduced that depend on surface 
acoustic waves, for example at a frequency[1] 

          SAW
g

vf
p

 ,            (3) 

where vSAW is the surface wave velocity, similar to 
the Rayleigh wave velocity 2468 m/s for tungsten.  

We choose p = 40 nm corresponding to fg= 
61.7 GHz for both the input and output-groove 
cases. For the no-groove case (red line in Fig. 2), 
peaks at integral multiples of about 40 GHz are 
observed, similar to that expected from the 
estimated value of f1. For the the input-groove case 
(blue line), a smaller series of peaks is again 
observed, this time at integral multiples of about 60 
GHz, the first peak similar to that expected from the 
estimated value of fg.  A particularly strong peak 
appears in the input-groove case at f = 120 GHz. 
This frequency corresponds to n=3 for the 
longitudinal resonance and also to a surface-wave 
resonance, and the result is to enhance  by a factor 
>10 to a value =21. For the output-groove case 
(green line), we obtain a spectrum very similar to 
the no-groove case, Peaks at integral multiples of 
about 40 GHz are observed, and they are not 
enhanced. We find that the spectrum does not 
depend on pitch of grooves. 

Figure 3 shows the acoustic-amplitude fields 
for the 3 cases at 82 GHz. For the no-groove case 
(Fig. 3(a)) and input-groove case (Fig. 3(b)), the 
waves propagate as spherical waves emanating 
from the output end of the pillar, and surface waves 
are strongly excited. In the output-groove case (Fig. 
3(c)), surface waves decay by radiation of 
longitudinal waves, giving a strong amplitude 
perpendicular to the vacuum-solid surface. We thus 
find that in this output-groove case the grooves act 

on the transmitted waves as sound radiators, and 
thereby modify the wave patterns in the far-field.  
4. Conclusion 

In conclusion we have considered the case of 
extraordinary acoustic transmission in a 
solid-to-solid system consisting of a cylindrical 
pillar connecting two solid half spaces. We show 
that concentric grooves installed on the input 
surface can dramatically improve the transmission 
efficiency . Considerably enhanced values of 
>20 can be obtained by tuning the surface-wave 
resonance to a Fabry-Perot longitudinal resonance 
of the pillar. In addition, we find that the use of 
concentric grooves on the output side modifies the 
the transmitted acoustic waves in the far field but 
not the transmission efficiency. We hope that in 
future this work will be verified in experiment 
using the techniques of picosecond ultrasonics. 
References 
1. Y. Zhou et al., Phys. Rev. Lett. 104, 164301 

(2010) 
2. J. J. Park et al., Phys. Rev. Lett. 110, 244302 

(2013) 
3. D. E. Gray ed.,”American Institude og Physics 

Handbook” , 3rd ed., McGraw-Hill (1982) 
 

 
Fig. 2  Transmission efficiency spectra. 

 
Fig. 3  Acoustic fields for the 3 cases at 82 GHz. (a) 

No grooves, (b) input grooves, (c) output grooves. 
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of excitation points was 11 × 11. 

 
Fig. 2  Evaluation system setup for AM samples using 

laser ultrasonic method. 
 

 
4. Experimental Results and discussions 

Figure 3 shows sample of detected 
waveforms of imaging area on samples A and B. It 
was found that SAW on sample B had lower 
velocity and lower frequency than that on sample A. 
Then, complex discrete wavelet transform and the 
inversed transform were applied to the waveform of 
each point, and the monochromatic waves of 4MHz 
and 8MHz were extracted.  

 
Fig. 3  Samples of waveforms detected  

at the center of images in Fig. 4. 
 
In Fig. 4., the waves were imaged at time 

𝑡𝑡 = 0.8µs as a sound field generated from the 
detection point near the top left corner, showing the 
arc-shape wave fronts. Clear differences were found 
in the wave fronts on the sample A (Figs. 4(a) and 
4(c)) and sample B (Figs. 4(b) and 4(d)). The wave 
front on sample A was relatively smooth and show 
continuous curves as compared with those on 
sample B. These characteristics were more 
noticeable at 8MHz than at 4MHz. This result 
shows that the sample B has more scattering sites 
than the sample A, suggesting that the sample B is 
more defective than sample A. 

 

 
Fig. 4  Images of displacement at 0.8 µs: 

(a) Sample A at 4 MHz, (b) sample B at 4 MHz, 
(c) sample A at 8 MHz, and (d) sample B at 8 MHz. 

 
To examine the relation between internal 

structure and the propagation of SAW, cross 
sectional images of samples A and B were observed 
(Fig. 5). Sample A was dense and homogeneous, in 
contrast sample B contained the delaminations and 
powders remaining with insufficient melting. This 
defective structure of sample B well explains the 
disturbances of wave propagations in Fig. 4(d). 
 

 
Fig. 5  Cross sectional images of samples A and B. 

 
5. Conclusions 

The imaging of SAW field of AM samples 
using laser ultrasonic method was conducted for 
developing in-process monitoring techniques for 
PBF equipment. The imaging and wavelet 
transform analysis revealed that the disturbance and 
lower velocity of the SAW propagation were caused 
by the delaminations in AM samples. 
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