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Analysis of Defect Signals Inside Glass Fiber Reinforced Polymer
Through Deconvolution of Terahertz Wave

Heon-Su Kim*, Dong-Woon Park*, Sang-Il Kim*, Jong-Min Lee**, Hak-Sung Kim#-#+ T

ABSTRACT: Analysis of defect signals inside glass fiber reinforced polymer (GFRP) was conducted through
deconvolution of terahertz (THz) wave. The GFRP specimen with internal defects was manufactured and the THz
signal was measured through the reflection mode of the Terahertz Time-Domain Spectroscopy (THz-TDS) system. For
deconvolution of the measured THz signal, the peak position of the THz signal was amplified through Normalized
Cross Correlation (NCC) of the incident and detected THz signals. The position and intensity of the amplified peak
were extracted as impulse, and the extracted signal of the impulse position was removed from the THz original signal.
By repeating the process, the critical impulses, which represent boundary of the specimen, were derived. The
deconvolution process was verified by confirming that the original THz signal without noise can be restored through
the convolution of the critical impulses and the incident signal. From the derived critical impulses, the thickness of
the internal defect in the GFRP was calculated through the detection time of impulses within 15 pm accuracy.

Z S EE|E2(TH)E] RS S8 FadF S84 Wi 29 Az 24 78S Asksich 29
o] tXH 3l GG B3 E A H-S AZ5F L, Terahertz Time-Domain Spectroscopy (THz-TDS) A] 28] €] Ht
AR EE E3)] THz A 35 A3 U AHZAHS Y3l THz YA A5 e} & 415 9] Normalized Cross Correlation
(CO) AN 534 THe A2 1 91212 SRhack, 358 21191 $121 9 471 YL 21310 TH
U 228 AL 2121 AT A, BT AT WHASLN ARl AARE ek The
HE A2 F8 JPAE =E5 78 dEL9 Ve A -4 d”é A& F3f =ol=7F A7 E THz U4l
5] Bglo] ZPsat AL FATOLA OAULH 24 AZAAG. ATAoE Fa JBAES] U LS
&3l 15 um oy €] @Q’Ei el SEA R Aol FA o] 7kt

Key Words: 1]} 1] 4 AH(Non-destructive evaluation), || 2}3]| 2 = (Terahertz), &3}A)] & (Composite materials), 2 g}
(Defect), T} A HZ4 (Deconvolution)

Received 25 November 2021, received in revised form 14 December 2021, accepted 3 January 2022

*Department of Mechanical Convergence Engineering, Hanyang University, Seoul 04763, Korea
**Software LAB, SEMES, Hwaseong, Korea
***|nstitute of Nanoscience and Technology, Hanyang University, Seoul 04763, Korea
Corresponding author (E-mail: kima@hanyang.ackr)



Analysis of Defect Signals Inside Glass Fiber Reinforced Polymer Through Deconvolution of Terahertz Wave 9

1. M E

e A zEs S99 Abolol 2] A7t el
7 A e e Ay AL Qe o] 2 18f vE=A] 7]
T A=, FE7], AR 9 AE= 50 Fofol| A gt
 A=zoleH1]. sHAE, REldf SR Wil Aol
st =z o 71 A A =S A S| A skAI7] 719, AL
Eo A @ AddE 8k A SR R
2% dEste A2 WS sa% wA= dFE L 9
o} SEANE Ui itoll sk Ak HEo] o, Al
= st WS A AlEs 9 ol AR
glths Dol SARIT:. ololl, Aol &4 7FshA] edal
Wit A2 dAeke 251h XA 59 Hlah ] AR o)
o] ARg-sFaL Qleh(2,3]. ZFoll= QlAlof Fafsi H
o] Wi §lo] 371 FolAl HAF 7FeRt THz 233 71s= &
A SR W Aee HEske A7 A E S
t}[4-6].

TH 154 27080 G2 F i ge] A4 g
L §HA, Qi sk o] k. TH2 MAIRES §
Ao £ gl HeHol A REALE =
THz 4155 A& = o, Uil Aol EAstd 2
o] i 2 v o A WhALE] = THz A S e &5 ot
(Fig. 1). Z¢ 75‘,7413101%1 HIALE]= THz A= 3 A &29] 2}

ol7} EAst7] ol HE AlIZHEY Apol7E EASHH, HEE =
Azl v3 A& 7]%2§ Aol $1A 9 A7) £40]
7hesteH7]. shAIRE Aol tiet RS LAl Q= ARl

obd A5, A §1A 9 A7)0 wet &%= THz 4l
O] fr3o] thFsHA el o THz Al &wks 7HA]aL 2
e Bl A7) 2k ol AT 249 HeL A
SPAI71 = gRlo]m, A& o] A2 Yok QAT weba,
THz A5 B4 Al & o 424Q) 37} WRslo, THz 2
EAB2NE AR AAUS Jehh QuA G52
FEstua e

THz A3 2HE] JHA TFLE L)) 9
o] A H 2 A (deconvolution)o]| I Q 3}t T
I (convolution) 2] Bt w4 o], tAJTL &

o] Bike] B fo} IE ThE T go] WA o]
3 5, ko] ol Aistel A2 WS ToH: A

o

U X
P e
o for

_‘L
)
N > rlo
ot

oi m oox 1o

off
o

-

THz Wave 7
N = Dretecred Signal

1™ peak
4 1 pesk
foA 3 peak
3 penk

THz Amp

Reflector i
lme (ps)

Fig. 1. Schematic of defect inspection through THz system
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specimens with internal defect (100, 235, 375, 505 pm)
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Table 1. Comparison of the defect sizes derived from the time
differences of the peak points and the critical impulses

Peak points Critical Impulse
Defect size
Calculation Error Calculation Error
(um)
(um) (um) (um) (um)
100 121.9 21.9 114.7 14.7
235 215.1 -19.9 222.3 -12.7
370 380.0 10 380.0 10
505 494.7 -10.3 501.9 -3.1
Sfo] 0 QUASUS & AAWCRIE vhiE
L Q50] HAES YR RS 4 vl & o A
4ol B4o] hsdict. ATHOR, 70 YUAEL 59
AT 2718 AL A3 15 pm 03 oWz 2T 2719 A
Aro] Hs st & ShIseich
4.7 =

2 xg
w8

7)ol WE THz A 32 245197, NCCE £3) TH
RECEEREE S EEET)
FEoha, AUBRNY 55

e wrEste] Qs

N
[> o

o|N f

(S

ol

ol

2,

olX

f

1,
e ot B Hu e

i)

A3 wmo] 27t AAE ANEY
2 lsteirt. ol B9 NCCE £t ¢
Azsteon, 258 2o QUszRY
15 um o] A =17 Alle] 7Ksk 412 215 NCC
= A 3-8 THz A58 0 ohj 2t 2 87
5o AAp|sh 24 apgel = A gE 5 glon], E o 4

5 Hajo] 7Kgt ek w3, A%
A AR BF, A% 2% Sol et gt 2HE
ghe S Fo=A taFe AlHo] that 2% Hajol 7
Stk AT o R AURAL B 2R YUAES

sgoRy Yojo] ABRTEE 2T BHo| 1537

fo
9'_11
K
iy
)
2
ro
>,
fot
e

iy

7] ol AlEe] A=A e 2A =l 2 Aoz i
5

ut)
i)

REFERENCES

10.

. Palanikumar, K., Prakash, S., and Shanmugam, K., “Evaluation

of Delamination in Drilling GFRP Composites,” Materials and
Manufacturing Processes, Vol. 23, No. 8, 2008, pp. 858-864.

. Yang, R.S.H., Braden, D.R,, Zhang, G.M., and Harvey, D.M.,

“An Automated Ultrasonic Inspection Approach for Flip Chip
Solder Joint Assessment,” Microelectronics Reliability, Vol. 52,
No. 12, 2012, pp. 2995-3001.

. Wang, E, and Feng, W., “Void Detection in TSVs with X-ray

Image Multithreshold Segmentation and Artificial Neural Net-
works,” IEEE Transactions on Components, Packaging and Man-
ufacturing Technology, Vol. 4, No. 7, 2014, pp. 1245-1250.

. Kim, D.H,, Ryu, C.H,, Park, S.H., and Kim, H.S., “Nondestruc-

tive Evaluation of Hidden Damages in Glass Fiber Reinforced
Plastic by Using the Terahertz Spectroscopy,” International Jour-
nal of Precision Engineering and Manufacturing-Green Technol-
ogy, Vol. 4, No. 2, 2017, pp. 211-219.

. Ryu, C.H,, Park, SH., Kim, D.H,, Jhang, K.Y, and Kim, H.S.,,

“Nondestructive Evaluation of Hidden Multi-delamination in a
Glass-fiber-reinforced Plastic Composite Using Terahertz Spec-
troscopy, Composite Structures, Vol. 156, 2016, pp. 338-347.

. Kim, H.S,, Park, D.W,, Kim, S.I., and Kim, H.S., “Detection of

Fine Delamination in Glass Fiber Reinforced Polymer Analyz-
ing Full Width Half Maximum of Superimposed Terahertz Sig-
nal, Composites Research, Vol. 34, No. 3, 2021, pp. 143-147.

. Park, D.W,, Oh, G.H., Kim, D.J., and Kim, H.S., “In-situ Thick-

ness Measurement of Epoxy Molding Compound in Semicon-
ductor Package Products Using a Terahertz-Time of Flight
System,” NDT & E International, Vol. 105, 2019, pp. 11-18.

. Gust, N., and Kuehnicke, E., “Deconvolution of Ultrasonic Sig-

nals in Time Domain,” 2010 IEEE International Ultrasonics
Symposium, IEEE, 2010.

. Dong, J., Jackson, ].B., Melis, M., Giovanacci, D., Walker, G.,

Locquet, A., Bowen, J., and Citrin, D., “Terahertz Frequency-
wavelet Domain Deconvolution for Stratigraphic and Subsur-
face Investigation of Art Painting,” Optics Express, Vol. 24, No.
23, 2016, pp. 26972-26985.

Chen, Y., Huang, S., and Pickwell-MacPherson, E., “Frequency-
wavelet Domain Deconvolution for Terahertz Reflection Imag-
ing and Spectroscopy,” Optics Express, Vol. 18, No. 2, 2010,
pp. 1177-1190.



