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Abstract @ Nondestructive testing is one of the most commonly used quality inspection methods for evaluating ship structures. However, accurate
evaluation is difficult because various composite materials, such as reinforcements, resin, and fiber-reinforced plastics (FRPs), are used in hulls, and
manufacturing quality differences are likely to exist owing to the fabrication environment and the skill level of workers. This possibility is especially
true for FRP ships because they are significantly thicker than other structures, such as automobiles and aircraft, and are mainly manufactured using
the hand lay-up method. Because the density of a material is a critical condition for ultrasonic inspection, in this study, a hull plate was selected
from a vessel manufactured using e-glass fiber, which is widely used in the manufacture of FRP vessels with the weight fraction of the glass content
generally considered. The most suitable ultrasonic testing conditions for the glass FRP hull plate were investigated using a pulse-echo ultrasonic
gauge. A-scans were performed with three probes (1.00, 2.25, and 5.00 MHz), and the results were compared with those of the hull plate thickness
measured using a Vernier caliper. It was found that when the probe frequency was higher, the eco-pulse velocity of the receiver had to be lowered

to obtain accurate measurement results, whereas fewer errors occurred at a relatively low probe frequency.
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1. M &

53+~ 2] (Composite Materials)i= A§2F2} 3] 7] 8} 347 of A
FATA FEZ B2 A4S i X 7KYoon, 2007) T
A HAE7L Fom RAo| % Aol 37, A2t
ok ol of d, A AN T AP Aute] MA AAEE
2] ARE-E 3 A tHOh, 2019).
FRP A8Fo] AA| 2 45 F(Laminate)= A A S w=
2] A 5731 A (Glass Fiber)e] =% H| & = 33 8(Ge, Glass
Content)°] 4539 F2]4 A&
o, gk F2A g At E w9 & dEFS wFch FRP A A
T3 Aol 3ol o]# 3t A= ISO(Intemational Organization
for Standardization) = #| ¥ ¥RF ol o8 AF2] FRP
T2AA TAANNE &3
T T GBAAE HAISEL ATHOh et al., 2014).
FRP Atz S, 7 (Steel)oltt &F1]E (Aluminium)
2 ARl el et FAResin) 52 AAAE
AFds Azt oju Zs}Ale]
T, AEY] A2 aga £A9 T T 22 4%
Aol BT 25 B FEF e A A ale] AT
o AAHEA FFES A Al B h(Kedari et al,, 2011). E3
8258 (Vaccum Infusion), 5% % (Hand Lay-up), Z~X2|0]-
A(Spray-up) 52 AZTH 2ol HAle] Skl wabA
5 AR Afo]7F & 4= ATH(Choai et al, 2013). o]2]gF Y
AAfe] 543 2Aehd 1E|ar Agate] S wd wheh 2
 Z Adk(Defect)o] A5 el 231 7Fs/do] glom o]z
8l 7] 3 (Porosity), §1-3-7H(Void), T ZH=2](Delamination) 52} 2
< Age A 294 45S ASAIZIMKim et al,
2014), Aglo] WS&+=E e 2o 727 A E3 A
sldtiar 4R vl it Abdelal, 2013). 53] Aure w23}

O o

h:)
Ao
155

=

T2 UE A FHEE &3] Wil A5
o] Ak gde wfg- Fastthal & 45 gl tH(Mouritz et al,
2000).

AAAAE] 7F 71824 Q1 W = shvbe vl gk HAMS
T FASAH, 53] H3FaAle] Bg A AwEal
o] ARG AH M7 AFEH7] W e o] ul$-
Tag AAE 3]

ZAAHNDT, Non-destructive Testing)oll = 4 2] E 3P HANITT,
Infrared Thermography Testing), "YAMIF3Z3AKRT, Radiography
Testing), o3 BAZIAKUT, Ultrasonic Testing) 53} 32 1
Hol ARR-E] 3 gt} shA|RE Mutolel= FREe] B, S5 7%
o] RE Qlste] nlmky] HAAPIH| R o] &3 HAMA ] ME
o] Brlssin, AATFR] A wel $% W(One side)ell
Ae] AAatgte] Zhsdlof st AS a#slS W 25 E

Qo+t

A7AAL % Pulse-Echo &3} BAto] 2 AM-HtMouritz et
al., 2000). Pulse-Echo 2S5} BMARS o] s Ay} Fialo] wojut
W % WE o] gate] A WEke] wido] golsly] wiitdl
FRP ATz A5 WFE sl 71 Agheirial
& AThFig. D).
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Fig. 1. Concept of Pulse-Echo Ultrasonics for Composite

Laminate.
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(Reflection) 2 & I}(Transmission) = ©] Eo} Q&= A|7tz} WEAL
v}o] &3k 42 (Echo-Pulse Velocity)S +4]8}o] AL 9] F
7, A HX]Q]r A7) F& "etskes FAF Wgolth

wgha] BhEzlol| A WA A 7)= Sh(Pulse)2} REAFTH(Echo-Pulse)
Atelo] F4A4l 208 A8 dAste slo] wlg- Fast
), o= AR =817 540l vl§- FEH olth o 7)A
WhAbslo] 53 o)k 253t AARA UlFelA 2188t
el £9S dshm, A1) 2ol HARAY] Ei(p,
Density)9} ¥4 A 4=(E, Modulus of Elasticity)oll ]3] 27 ®t}h
(Han et al., 2011).

o= E
P

E : Modulus of Elasticity (kg f/mm?)
p : Density (Kg/m?®)
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Table 1. Echo-Pulse Velocity and Acoustic Impedance in Materials

Materials Steel Glycerin Air Plastic

Density

(g/cm®) 7.85

1.26 0.0012 1.18

Echo-pulse
Velocity
(m/s)

5,900 2,496 330 2,670

Acoustic
Impedance

(10%gf/m?s)

46.02 242 4x10* 3.22

2 Fogst £A7] SF Se) G

A RE GFRP A% B9 AFd A L] ALEH]
= A= deudy feds 3 A= AstdH
(Reinforcement Form) 18] 1l A &4 Sol ulg} 2 Z=2o]
YA A8t e] S HE Gert Wstslh] Wi, A =
< Pulse-Echo &3 ©4S flalA= GFRP AAHAA %=1
S WFEA] o 3} GFRP AA| 7329 AA EA4E 1
He A 9E2 Fog B9 arej s ook gtk

3. GFRP M| 2[E2| Pulse—Echo
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Fig. 2. GFRP Hull Plate of 16m Power Yacht.
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4(F1g 3)9‘ A7 0]"’:] H o] 7z
= g7
WA} 3}©] *E'Z‘O] 253k %ﬂﬂg} %M%‘ w)7}A] wkAbe} 42
o WslE At o FEA2] T35 M= Greene(2014)
7} FH&3 Y= 050 MHz~10MHz B9 Woll A 1.00 MHz,
225MHz, 500 MHz Al &F &FAE AREsSlaL, WALt
S-3F £2S ASTM EA94(ASTM E494-10, 2010)ll A A| A] &} 3L
189 Z# 8 (Plastic) T4 SAHS 913 HkA}
2670msS 715 WARSEe] £ HHos A
FsA7Ie BAS 71 9skol T, Pulse-Echo
3 §d71 2+ "= Dakotarle] CMX DL+S AF8-31S91
Abeke o}g)] Table 29} Zt}.

R
dlo

0

I

n -

Table 2. Specifications of Pulse-Echo Ultrasonic Gauge (Dakota
Ultrasonics CMX DL+)

Item Value
Thickness 0.63 mm~ 1,219.20 mm
Resolution 0.01 mm

Display A-Scan, B-Scan

1.00 MHz ~ 10.00 MHz
1,372 m/s ~ 12,903 m/s

Probe Frequency

Echo-Pulse Velocity

3.2 GFRP M| Qo MMMEA L} HAA 24
GFRP A& 3o] AYAHAAE 7|wto =7 A2l sk HAA 2] &
A AHE= olg Table 37 2T}

Table 3. Material Design Specifications of GFRP Hull Plate

Item Value
Fabric Type CSM
Glass Fiber Ugr \Xféiht 450 g/m?
. Type Polyester
Resin - -
Specific Gravity 1.13
Glass Content 40 %
Design Specimen Laminate Stack CSM x 16ply
Thickness 11.84 mm
Fig. 32 ASHdA AEHT ASdoln 54 S4&
A Ul 2 SAHAML, #2, #3, #4)S Hola . Fee
H% 23 mo] AeH A ol 4d T4 ZAE 9
ol el AR Agsda 24 Z94el A SHE
i Table 49} o] AFEA 11.84 mme}t tha o7} =

12.89 mm(H - zHE gl = AchEFig. 4).

Fig. 3. Measurement Points on the GFRP Hull Plate for
Ultrasonic Testing.

Point #3

Fig. 4. Thickness Measurement of GFRP Test Specimens using

Vemier calipers.

A 9] Frel RSt F % U8 Ge Table 301141 Geol
algate 40 %olH ol i%ﬁr gt 20 M M S 23
©F YR 2s) S e A4 Ak A= 0%
2 AAEe] Qo AEA AFslS 5] FRP A5 3L
AZEolv A48 Foll wet 1 xpolzh A7) wiEol
B Ao Bt A gx2 Ful4e) wala S8
%9 ghe] AR B4 slstel MEAFig 5T o83
o] A HAA Ul ] & Ges A3)l ol AALT
& THASTM D792-07, 2007).

T

= -~
TS ——

¢ - ¥
Test‘gpecime@_#jl_

Fig. 5. Specific Gravity Measurement for GFRP Test

Specimens using Hydrometer.
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A X Nx0.1
=T h ©)

A, : Mass of one Sheet of Reinforcement/Unit Area
N : Number of Plies in the Test Specimen

p, © Test Specimen Density

h : Thickness of the Test Specimen

GFRP 1Z39] Pulse-Echo 223 B4 918 vl A
7 S99 Aol A TR vl el AALHE Geg ARl e
Table 49} Z3teh. fre]AFAdshAl 5% ¥& Ge G4 BAHA
Al A E 40 %9} 2FFe] QA Zh= 37.40 %(B I AHE
= At

Table 4. Information of Thickness, Glass Content and Specific

Gravity of Test Specimen

Thickness i}prz(\:;fti; Ge
Point #1 12.23mm 1.51 38.99%
Point #2 12.27mm 1.49 39.38%
Point #3 13.25mm 1.50 36.22%
Point #4 13.80mm 1.49 35.02%
Mean 12.89mm 1.50 37.40%
3.3 FRP 4| 2[&2o| _’E%E} et AakE
16 m & GFRP 41 xﬂ ool ZARA A 2t AAA =
Al A 9 T77ﬂ A% Tela FeAH = HlE
GeE #413}91aL, Pulse-Echo Z& 3 B4 ol]-g-3sfe] 7}
%9‘17901]/‘14 A-Scan &9 BEE A
Fig. 6. Pulse-Echo Ultrasonic Testing (2.25 MHz Probe).
oA A Aol wet 28 B AN, ¢

A E9qH e 7=

To8 A F

B<21(1.00 MHz, 2.25 MHz,

S sk £AY] £ S99 R

500 MH2)E AF&3le] &3 43 2670
Aol FAE B3 54 7
431 th(Fig. 6). Fig 72 Al £F BEAZEH 42 594
#1142 A-scan A3E =2 3}5)

-
olr
ot
u9
=
N
-

* 1.00MHz Vernier Calipers
A225MHz  ------ Recommended Echo-Pulse Velocity by ASTM E 494
= 5.00MHz

Thickness (mm)

2516 2600 2670 2800 3000
Echo-Pulse Velocity (m/s)

24002424

Frequency : 1.00MHz Frequency :2.25MHz Frequency : 5.00MHz

Fig. 7. Echo-Pulse Velocity Determination for Hull Plate

at Point #1.
T34 1.00 MHz B5219] 75 7] WAbERe] 53F £
(2670m/s)°ﬂ’\1 10 m/s 4 Zﬂf\li’i% u] REALTR] FaF &
< 3,000ms®E A8k A Hyo] AR 54 7
(12 23 mm)et LA ES &1 4 ATk T35 2.25 MHz9}h
500MHz ©&5A2 wAste] Fdgh WHom d AHAY
A-Scan WHALST}F S8F &322 717} 2516 mis2} 2,424 mis2 EHQ1
HA S993 #lolA 42 5F £H02 AAHE A TFH
GE32LE o] &3t S04 #, #3, #oll A ZH7E A-Scans A

A&t om™ 1 A= Fig 8, Fig 9, Fig. 103} 2t}

253 B3 wyo] A 54 A9E vudt 439 5
A #1elA B 53 &8 7]F A-Scan 2 APH = 0.01 mm
~0.37 mm= i}o]gg};}. 07‘(]. HJ_(;,]h O]H]—Z—] o7 Xﬂl}ﬂ%
FRP A T2 X532 ©U S (Single-ply) 2 AIF717F 0.74 mm
(Ge=40% 7<=, 1SO 12215, 2008)91 # & #fdtrhd ZE 3|

& 7besitta sk ©, 5904 #42 A7(Fig 10) T
1 MHz &&219] =4 ZA3}(14.17 mm) £3F 037 mmeE 24 S
e B4Y 5L Uy Ao w AnHm, ool
(Outlien 2 FA= o] &5 FAof A= A3t

G52t Fabg wiskel wAbal S35 &9 Abolo] AAE
A4317] 918k GFRP A €te] ¥ A& Fig 117
ol Fgste] Atk S99 #1 71+ AL 53 &

4
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[ By Ultrasonic Testing
By Vernier Calipsers
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12,31 12.32
.27
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Probe Frequency (MHz)
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[ By Ultrasonic Testing
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= |
LE/13.80
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0
1.00 225 5.00
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Fig. 8. A-Scan Results with Each Probe at Point #2. Fig. 10. A-Scan Results with Each Probe at Point #4.
"r |:| By Ultrasonic Testing aoﬂ ‘o/]ﬁ]— _Zr—“—q—‘}V: BE:] Z_IL %‘1’] ﬁ]q] 1‘/] A Scall 4—21'7]' 039N
By Vernier Calipsers OSZ%E H]E_Z:‘, 75:}@}?} ‘é‘;géjq'% E—“Q_i/%] 7]% 1?1-34—
P RN A e SEle NEAS AT 5 QAT 9 7 Fus
= ol oA wkabel S3F 42 W 9)(2,424 mis ~ 3,000 mis) = A
£ B8 72 2 (Table 4, p=1.5)2 L2]3}o] ASTM E494
? 3
¢ o ) ) ) ol A AABFIL QlE(Table 1) 22 A (p=126)3} Za}~E
s Ll 2 5 2 ~ _ }
= g g 3 =1.18)¢] whAlg} S3F £3(2,496 m/s, 2,670 mis)I H] L SPM
sl & & & .
2 o wad gelAe W Saa 98e & 5 Ak
2t _ 5
Y] F3hEt HolAW A4 wabve] % £ 7
o Zdhe whlE FEe Bolal &S 1T & qUlen,
1.00 225 5.00 - - B . _
Probe Frequency (MHz) O]’C %1‘5%%}'-‘34 v‘q’xo}‘j"]’ 3’4’%94 é?—‘?‘a 94 7_7:]] oﬂ E}E} 715:11‘31 751‘ ?_]
Fig. 9. A-Scan Results with Each Probe at Point #3. ANQS & = ol upEhA] A FHE %S THE
I Point#2 [ |Point#3 [ | Point#4 — — _ By Vemier Calipers
Mean Value : 0.39% Mean Value : 0.48% Mean Value : 0.52%
? 1 ? t \0.94% f f \ 0.51%
0.45% 0.08% ! 0.08% i ]
1380 7 Toaim i S 0.40% - T[T Tek —# — e
12.27 — — —T—- —_ = — —T — - = - — —|— +-= —| — — — — —Point#2
s N 3 8 ©
& B o o o
B [ [ = =
E é’ % g % T :Measured Thickness
§ S 3 J N by Ultrasonic Testing
5 5 5 3 3
6 O O o O C : Ehco-PulseVelocity
1.00 2.25 5.00
Probe Frequency (MHz)
Fig. 11. Comparative Analysis of the Thickness Detection Error Rate of Each Point.
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Bt AA Qe 2e% G4 99 @

37.4%)%1 GFRP XA 2]#2] Pulse-Echo %3 &S $3
AR WAL 53 SEe 952 o HE t5d) Zol

48 4= A TH(Table 5).

Table 5. The Most Appropriate Echo-Pulse Velocity by Each
Probe

Probe Frequency Echo-Pulse Velocity

1.00 MHz 3,000 mvs

2.25 MHz 2,516 /s

5.00 MHz 2,424 s
4. 28 A 0¥

E o Aqtol A= GFRP A4F AA] 2]39] Pulse-Echo & <3}
st A4A gz As AAsH] fste, g5t

Aq-Add FgEake] 259 FakTh gobdeE ARt
o] wiAbat 53 S92 FaajAk Aetek 54 AaE o
< 7 AR gEAe Foke st e 54 oAb
Zrol8l ot 1.00MHz & w7} 7 ZFQkaL 21t 225 MH,
500MHz =02 A2 A4S BTl o] FRPETH Foi4
o8 5% A9daTE 2 FEAANAE 15 259E A
&staL glow &I Abgal, e riek 22 FRP Hhe] A4
= AR nFvE ARgeta Sl Ae addnd
gl dxeta & ¢ o

Zb Fope Wk wE A whabyl 53 S22 1.00 MHz

erE2}ol| A 3,000 mds, 2.25 MHz2} 5.00 MHzS] 4%
2,24ms2 SAHEHSY. ol= FRP AA
S v)gel wgh Aol 7k YAA N, tid Auke] & Gert
37.04 %= AWFAQl 425=9] FRP A A|Fx0]7] wjfof], X
GFEAFe] Fok wskel wiAbake] &3k &
A

2]
% E]
FHaAE 8t HAS F47 29 FRP &

= 4
& v A7) wiel Akl mE B £Ad |
7] AT Sol BasiH, &5 ook ddd FUATE
e o Aolr)

Z 7|
2 AFE USE AYoR sdmAFATe] AYS wol
FqE 7] 29T AFY (NRF-2017R1D1A3B03032051)3} AH] 24
A7) A DS whe o T(20006978, IoT 2 Al 7]§F B=
X1 348 fxd ES 7= el 20200 S A
Adoz TN FAEGN LTANE)] AdS

wol g ¢loln, ofo] A= Fh
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