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2 of: ddH BHAE) Fibre Bragg Grating (FBG)olg} E219& FHFAME AT B4
Azede] ARNARAES} v 17| F& ZABIK T FBGAAM = v & AFA A b
3 7=} oFFARt A AA FEo Ao PP A 91, BEYAE Uil MY vz FEF
& Avh ARG e Weibull #3298 BAF AMelg F3ld F3sich. @4/ S48 0|
A sa) 71 72e] FeFA Hrh= acoustic emission (AE) 33} doje] E4e) o8] +& 5 UK
ot FBG Axe A7 3A)e] o asizde o) o AEyle &W3h=t 58 AHold,
AEE IAWE Avshs AW} 2 v4H9E S35l 48 Ad e 2o 0.

ABSTRACT : Interfacial shear strength (IFSS) of a model composite was quantitatively evalu-
ated and the microsoopic failure mechanism was investigated by employing the single-fiber
composites (SFC) (or fragmentation test) and an embedded fibre-optic sensor called Fibre
Bragg Grating (FBG). FBG sensor can be directly embedded into composites and hardly af-
fected by environmental noise although it has a poorer sensitivity than the traditional
piezoelectric acoustic emission (AE) sensor. The reliability of IFSS data could be improved by
statistical treatment using Weibull distribution. Quantitative evaluation of microfailure mech-
anism of the SFC could partially be accomplished by utilizing AE measurement and data
analysis. FBG sensor can be considered to be effective in measuring the micro-strain due to
external disturbance such as resin curing, whereas AE can be effective in detecting the
micro-deformation by elastic wave propagating through the solid inside.

Keywords: single fiber composites, fiber-optic semsor, Fibre Bragg Grating (FBG) sensor,
acoustic emission, fragmentation test.
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24 A& Nippon CarbonAl #E< Nicalone]a}
= 4EYEE Zc HEFHEe) 13.6 i/ SiC A
o}, vj=9] TextronAle] A& SCS-62h= AEH
< Ze W@ Aol 137 imn?) SiIC ARKE AH-3
t}. A& Nicalon Fiber Si 58.3, C 304, O
111%, 2 9 71gt J¥oz FAH o, &
Efd 500 filament& Zt= ¥d9] A& AN
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Figure 1. The structure and measurement principle
of Fiber Bragg Grating (FBG) sensor.
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Single Fiber Strengthe| %X : & 7¢] 13.6 tm¢l
SiC el A18E 5719 gauge Zo|dlA ZFRHY
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100 mm% 2, F7e] 137 gl SiC Afe] A|lHE
AP} oy Loz A 10, 20 ¥ 40 mme) 37}
A gauge ZolZ FA3A ). A HL gauge Zo|&
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SiC Fiber
-D=137 uym

Table 1. Characteristics of Fiber Bragg Grat-
ing (FBG) Sensor

index sample
grating type FBG-1534.5-70-0.1
grating number STL-181-2
center wavelength (nm) 1534.09
FWHM (nm) 0.12
peak reflectivity (%) 75
fiber type SMF-28
fiber pigtails (m) 3

2t paper framed] F7to] H{47l =8 13§
F, Afe 4 BE dEA A2 ARNNA A=
Gt} o] AR = A2oA 12417059 Az
o Aol AR L vAEge] e A= 73
¥ #3dv)ioz A3 AFBEE 10 NoJ
load celle] %% Liloyd InstrumentA}le] vhzAl ¥
71 (UTM Model LR-5K)& AMg-3l 4391,
crosshead speed+= 0.5 mm/mino] ¢t}

Triple Fiber Composites (TFC) AJBle| H|=: &
A7 AHEE A& Fig. 29 Yehd A o] =
A7} % 1 mm, 228]1 gauge length7} 25 mm¢l
dumbbell® 2] AJ#Eolrt}. Dumbbell® 9] silicon
moldell 37 o] 13.6 me} 137.6 anQ F 714 SiC
Afrst BARE A, Jeffamine 7349}
agtelo] fAstE AFAE B F, 80 CAA 2
AlZd 23 120 CAA 14283t A 3ele], FBG
AXZE WgE BE/E E83tn, SiIC Hv= 33

Space bar

SiC Fiber
D=13.6um

Figure 2. Dimension of the dogbone-shaped dual fiber composites specimen with an embedded fiber-optic sensor.
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g3, IFSS (7)2}e] A= ol o} 2.
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A Al 714 HolHE ¥u HEZCZA njA o}
T 7]l i B} F&{F olslE Tz s
t}. Fig. 3& ol2 @ BEE B4 A5 $9
AZA G ALGE 3 FA Y NQE BHAET
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Zooz J|EY ABAYINE AHE F Yoz
B3 3gtele] A H oz A 2AF AFAHIE A}
2319t} Al¥rldlE= crosshead speed& A|oj¥ &
Ae FA7 o, $¥E FA4sA &x otk A
AAA HAE tolg Aoz HANEEF Art
WYz g Hoh JEE FHE HH AH
strain gauge® FA3NL, BHRKE FHERE
(SiC )= BHstA vl w50 o, HAF
Hoz AE AME FH3Ped dARE AE
15mme| AE AlA ol A8 gauge Zo] tj &
o] AU Aol "l

2323 2 optical spectrum analyzer& Y] &%
Bragg wavelength 32 38 9747 BH
T Al E g8319on, AE dojHe £33 £4
9l "]= Physical AcousticsA} AlE<Q] AEDSP
32/16 A3 (model MISTRAS 2001)& H|&
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Figure 3. Schematic diagram of the instrumentation for tensile testing using micro-composite specimens including

FBG, AE, and strain gauge sensors.

9} 2EZQ HolHE 05% 7tHoE glojEomA
AN x=ER PCol 1@ 4 9lonl, Bragg
wavelength®} ~Eg|¢l =+ Bragg wavelength$}
AE RMS voltage Alo]o] Ao H¥e] 2y %
HolBH & ma Hzlsle 4& 4 glrh o] optical
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Aok 4~5zx0] A dojEE g F U o
2ol71x 3}l

AEE 34 W 3AHAYE 2EHQA U7} F
23 BEE o LAk SYHE 2, B A7
MAR el o8 B¥AR Fo A7t BgEAY
Af-71A Ade] ek 3¢ A Bl 23
7Fe® 2719 A E 2. aAE Anses o
A= Aol @) Wshs v4 ¥9je & 5 glon
2 AHe] #Hd 23Hg 9+ (piezoelectric) 4141
o3 ArjHdsz 33" £ Uk o|FA 23Y AE
AEE AR 11X WRAA BAH uA
Yoy A E tE oy iRt dF ¥
g+ Atk ojAL FHAME g8 AE 349
=7 A 10 mE v)$ e W T}y
HEoltth ol e a2y e ozt e
E 2% 3 PolEd sFsAol ¥ AL 9nd)
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o] dlolE) EAe] B9 AFso} ek,

a8 8 o

SIC Mol QIRZTol Chft EAE 24 9 2N
Ol FAl 71X|9) M. ) REo] Alete] Mse A
L= gauge Hold o&3l=d], o] HH B &
Ak flawe] Bgo] Mol dolut Srld) &3}
HEZeltt. SiC MA= Algte He2A4 o7} op
o, 8 Asht B0 SASh= flaw w2 Q37
%7} A3lE= 73 %e BAr). Table 29} Table 32
A7l 13.6 ime}t 137 i) SIC Awe) 2
gauge Zold WE AFREe} AL HAFE
dlolgiolt). JAAREE F AS 25 Yo B¥s
Holzd], ol 3 /e HeudA oz BE¥o)
EAShe defectsl, 249 & HHs7e 27y
ol 719 Aoz Algdd. a8l1, gauge Zo)
7t o] e ARR=e} Ho ANgo) ZA%
& BAFYE, ol MR B BgdsA =
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Table 2. Tensile Strength and Elongation of the
SiC Fiber with Diameter 13.6 1an at Various Gauge
Lengths

lge::;; sz;;in diameter tensile strength elongation
() (MPa) (%)
(mm) (ea)
2 35 133(2.1)  3498(1212)°  4.5(1.9)°
5 43 13.6(2.4) 3299(847) 2.5(0.7)
10 34 14.0(1.8) 3175(1052) 2.3(0.9)
20 39 135(2.3) 2666(707) 1.4(0.3)
100 40 13.6(1.9) 2108(617) 0.9(0.2)
@ Standard deviation.

Table 3. Characteristics of Fiber Bragg Grating
sensor

lge 2:5; spI:;rZin diameter tensile strength elongation
(pm) (MPa) (%)
(mm)  (ea)
10 32 137.0(0.2)*  3740(590.4)°  4.1(0.3)°
20 35 1369(0.3)  3613(453.3)  4.4(0.5)
40 27 137.1(0.3)  2180(516.7)  2.6(0.6)
¢ Standard deviation.

Table 4. Statistical Distribution Parameters for
the Single Fiber Strength in the SiC Fiber (d=
13.6 tam)

gauge normal  lognormal Weibull
1(emni1u)1 mean g p, M 5 VY:;:H S:;leeter s:;ier
(MPa) ™ (MPa) ~ par par

(MPa)  (a) i
2 3498 1212 3786 1161 3795 4145 3.69
5 3299 847 3306 898 3300 3630 428
10 3175 1052 3182 722 3171 3510 338
20 2666 707 2668 698 2664 2940 483
100 2171 617 2109 614 2070 2276 4.00

Table 4+ 443 Ho] 13.6 amg! SiC AF< 9
- @ A=) BAREHATLES Al 7R dE Hy
o] BANEE ol&dtd Yehlch 7|4 BAA
g e Hd#7dxd ¥ normal, lognormal,
Weibull £¥&o] AM-59ic}h. Fig. 45 AR3A0
13.6 1! SiC 9] 39, Weibull ¥ & 0] &3}
o Z} gauge Zold] W& B & EAT 2Yo|t)
Gauge o7} F718+E ARAE B¥7} 43
3, =57t 7Bk %S & 5 Uk
Table 59 Fig. 5& H#2 Ba8x @€ &5

676

- 2mm
5 6 ~— S5mm
E{s — 20mm
e 5 —o— 100mm
g2 x
E s
284
-
M
33
¢ 2F
g 2
1
I'--
0 188ssesi
0 1000 2000 3000 4000 5000 6000 7000 8000

STRENGTH (MPs)
Figure 4. Weibull distributions for the 13.6 um SiC
fiber strength at various gauge lengths.

Table 5. Mechanical Properties of the Neat Epoxy
Specimens with Various Curing Agents

No. of . strain at
curing agent  specimen tenslgz\ds;:;ngth nz(()}d;:;s breakage
(ea) (%)

mPDA 4 84.2(70)°  252(04)° 55(0.8)°
D4op? 6 41.4(3.8) 200002) 88(26)
D400+ D2000% 6 35.8(6.6) 1.76(0.2)  405(3.8)
D400+ D2000% 6 24.6(1.9) 1.56(0.2)  66.6(5.2)

¢ Standard deviation.

— mPDA : brittle resin.

— D400, D2000 : modified and flexible resin.
— 1) D400=3¢g

~ 2) D400:D2000=28g:0.2g.

— 3) D400: D2000=25g:0.5¢.

(a) mPDA

. (b) D400 : D2000 = 3y : bg
() D400 : D2000 = 2.7g : 0.3
(4) D400 ¢ D2000 = 2.5 : 0.5

=)

STRESS (MPa)
]

®
» ©
©

[ I
s 10 15 Y e o . 1

STRAIN (%)
Figure 5. Engineering stress-strain plots for neat
epoxy specimens using four different formula of cur-
ing agents.

oNFA] AJHo] F2Ale HFE st AN
¥, 4o FA3A #F 2o bdE d3y 541
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€Y-¥Y J4E B9F3 Ut oL T 2 4
Yol AMR-E = mjEY 2 AY 2L A& 5 U
g, A8 FA7} 1 mm A=A ¥s] £7¢ SiC
At FEF7 AREEE, FHARTE dXde] &
BA4o] aFErt WEY2E Yol IF A g
FopA Ay =Fd AW Hddo] SR, Hlu
A @ilgel E (D)9 ATE A =Pz 3}y
A& AFEAT (d)e & d4&AE strain
hardening& Ro] F4¢it}.

SiC M7/olEA SRR A Bz} AlH
a. Table 62 df=x70] 13.6 inQ SiC AR/
A ZA EfAEe] FYuld iy Weibull A2}
ARAGYEE BZh 4 (5)d Yehd Kelly-
Tysonld] g AFAFL=S} YASNDHAlE 2
2 dYstd APADREE d3led, 4 (6)9 1
Ehd Drzal#]& Weibull 28 o]8-3}, 3Atu|d)
) § scale ¥4, a9} shape W, & 7 F, 9
£ 2 (6)d ddtd ARAGATE U

Drzal?jdjx] ¢ ARAAIAEE  26.8 MPa,
Kelly-Tyson4] & %8 7& ARALZEE 235
MPao|t}. &714, 2 AHozREle] A4
= Drzaldd|A T3 AAADRE7t Kelly-Tyson
Aoz 3 Agu Gt v & AL & F Ue
b, o]AL FA39 gg Tz g3l 7 %
Huo BAAE 2 I E 2 WEolga
agh

Fig. 62 A&7 A AEE SiC Af//AFA
Efge] DFC A|lEg AZAEH ¥, H/EY
g "@A4E ReFe AR, (a)e P fle
deoli, (b)= Wde] e AdHlelt). Fig. 6(a)
AMe AR sdg AT F gloy, HRPo] E
Table 6. Weibull Distribution Parameters for the

Aspect Ratio and IFSS in the SiC Fiber (d=13.6
2#m)/Epoxy Composite

aspect scale shape

diameter ratio - o IFS (MPa)
parameter” parameter’ ————————
(jm) (I./d) (a) (9 Dl Kelly-Tyson®
136 879 97.8 36 26.8 235

4.5 Weibull parameters for the aspect ratio.
¢ Drzal equation : r=0y/(2-@}- I'[1-1/8).
4 Kelly- Tyson equation : r=(g; - /(2 - 7).

Felol Al22@ A4s 19983 79

A&z Fig. 6(b)dlMe Afe Hasd gg F9d
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Figure 10. AE data acquired during the tensile test-
ing using TFC specimens : (a) cumulative AE hits ver-
sus time and (b) signal amplitude versus time.
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Figure 11. Distribution analysis of AE signals:(a) a
cross-plot of amplitude versus duration and (b) AE hits
versus amplitude.
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Figure 12. AE data acquired during 200-350 seconds
by the tensile test : (a) cumulative AE hits versus time
and (b) signal amplitude versus time.
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Figure 13. Distribution analysis of AE signals
acquired from 0-263 seconds period of Fig. 12:(a) a
cross-plot of amplitude versus duration and (b) AE hits
versus amplitude.
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Figure 15. An AE signal acquired during the first
period of tensile test at 262.7 seconds: (a) waveform
and (b) power spectrum.
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Figure 16. An AE signal acquired during the second
period of tensile test at 342.16 seconds : (a) waveform
and (b) power spectrum.
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