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2 < : Basalt fiber/epoxy compositeol]A] amino-silane coupling agent (n-(2-aminoethyl-3-
aminopropyl)trimethoxysilane)2 ©| 23t a3& U7] 913l single fiber composite(SFC)A1#H &
AHEte] ARHDAEE e ARSI Silane coupling agent®] E#H-E A&7 9
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salt fiber®} silane coupling agent7t2] AW 3}8+2a AFQ] siloxane bondingdll 7]1& +
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Abstract : Silane coupling agent effects in basalt fiber-epoxy systems were investigated
through measurement of the interfacial shear strength (IFSS) in single-fiber composite
(SFC) specimens using amino-silane (n-(2-aminoethyl-3-aminopropyl)trimethoxysilane).
Optimal conditions for silane treatment were standardized. Improvement in IFSS showed
14% under dry condition, whereas improvement showed 65% under wet condition after
1 hour boiling in water. Monitoring of acoustic emission ( AE) during straining of SFC
specimens established one-to-one correspondence between the number of AE events and
fiber breaks, based on the well-separated AE distribution for fiber breakage and matrix
cracking. In addition, AE method may be another technique that can measure interfacial
shear strength more easily than SFC method by filtering-out AE event coming from
epoxy matrix cracking.

Keywords . single fiber composites, interfacial shear strength, silane coupling agent,
basalt fiber, acoustic emission.
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MgO, 5% = T4Hox Urt. Basalt fibere=
Washington State University (US.A.)2] A%
Aol A A &E prototypeoil A M2EHJoH, & O
2 3uAEY F3L ot A" a9 A
& F7g o 15mo|g o, =3l winding £
geldly 583 AZxE 98m: g vaE 5
o2 A3t Basalt 9442 1250~1350°Co
Wl 2 -2 § (platinum-rhodium) E7pJolA] =
oFch AME 279 /A EE s drawing 4
elo] ulE} 2-4GPa2] HelolA wWsta, A/743
ZetaElolA g AMEH E-glass fiber2] £4
I} H)x3lH, Young’s modulus= ¢F 85GPac]
oh'7 A8 ARAFAREY FEL AHRHT
Ao ZHEH A

Silane coupling agent : Silane coupling agent
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coupling agent® Xz AL EE g2sky
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B FFAIA, o]F 40T IFL2E oA
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Table 1. Chemical Structure of Amino-silane Coupl-
ing Agent(AQ700)

Chemical
Name Structure
n-(2-aminoethyl-3 ~NHCH,CH,NH,
A0700" -amino proply) CH,
“\CH, CH,Si(OCH, ),

1) Petrarch rh System designation.

Ttem # Chemical

trimethoxysilane

enol-A3 2] diglycidylether7} 71z EXZ o]
2tt. Curing agentsql Jeffamine D400%}
D2000 (polyoxypropylenediamine)2 Texaco
Chemical Co.2 FE A FuItl. Fragmenta-
tion Al@L2 93 A9 flexibilityE Z33517] ¢
&jA] curing EFEA D400} D20002] Ath3
B & Wglsled ARt 289 3EHAERl P&
= o3 2o

H,NCH,-CH-(OCH,CH),-NH,
1 |
CH, CH,

o714 x= D4002] A& H#F 5.60]9, D2000
o} ALE: 33.1°|th. AJHMY casting2 Dow
Corning 3112 RTV encapsulant®} v} & AL
3}e] ThE silicone mouldoljA] AHEH ST}

APPYPE.

Single Basalt Fibers] U37Z= 3% : Basalt
fiberol AL mAleFe] FAE B3I E
o] g3t} 3L 3ty oH, fragmentation A1F™H
o) SFCAIMUo] Sl basalt fiber) Q#maz
ol9} H]5=F 37)Ql, gauge Z°]7F 2mm?l ba-
salt fiberd] QAREE T38l7] 915, 2mme)
Zo] #A o}lEA]| frameol 37HS] basalt fiber&
Zo}e]| ¥1 Scotch tape® TAHAIE, oFA
HAA 2 DdaetA AAH
(Fig. 1). =3, o8] o2 Zo|9 gauge Z°|9
Aol iy AFFEY FFES ¥V fstd 5,
10, 20, 28|31 100mmEE 7 AAEHH. ©f
E AW load cell9] &3] 100N AHEE 1

F2ld #1949 A1% 19954 149

Paper Frame

/

Epoxy EIJ

Adhesive ]
T
Frame —p —

Cut here —T— Gauge Length

ﬁ:
\\

Scotch Tapes

Fig. 1. Paper frame and attached fiber to measure
a single fiber tensile strength.

5218 7] (Universal Testing Machine: Lloyd
Instruments Ltd)& o] &3l QFEEE 1mm/
min2 &y, basalt fiber?] FHFJARZE
lognormal #E& o]&3te] A3, AHH
AREY FE FEI TAAD #%E A7) S8 &
Ag-oll 40~507] =& AlFect. =3, AF
g 9z e SFCAAQ engineering 8 -89
AL A7) 9180 load cello] 5kNE AHE3}e]
Imm/ming JF&EE=Z ZF3IH).

Silane ¥2R SFC Al@9) Az : 78 4y 4
& silane coupling agent®] &9 dip coat-
ingd GARE oAFA A FIAA Hfet 5
A7t ARARREE FFshe Aotk Towel
NE ARENY FEAge EFYE glolirl st
o HHEE steel frameolr] Z}Z WEZ coat-
ingA1F{th. Silanex{2] T A& (eF 20C) A
pH7AEY Fgdor 24 H=2 A
hydrolysis A7l %, FE& gl 1&E &<
coatingatyth.! A2l® 4452 dog-bone HE)
2} silicone mouldol|A] | ZEA] =X 2 YA A
ZEYct. Fig. 2014 HE dlel 22 dog-bone
FelE 7R, linch®] gauge A& 7He
SFCAH& A7195led 80°ColA 3AHERt pre-
cureA)7) 3 thA] 130 C ol A 2A1ZF < posteure
AR ABEL 429 29 FEolA 3P Fet
YP3slAzl Fofl ZH3IATt

AHAL7AS (Interfacial Shear Strength © IF-
S8) ¢ 24 : IFSS& T5t7] $8te] single fiber

o
T
A=
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Fig. 2. Dimension of dog-bone-shaped single fiber
composite(SFC) specimen.
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Fig. 3. Graphic representation of the evolution of
failures and the corresponding stress profiles in the
embedded fiber during SFC test.
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T3t
H

)

Iogr‘,

2§ 2 o

108

&2 lognormal BXE o] &sled zgHo] AW
A}E g Fopet

Wk HAAZFE7L lognormal B u, 9}
lognormal #H&} oy 2 £3¥H o] aL, critical as-
pect ratio (CAR) W3 lognormal i u,%
lognormal ®|a} 6,2 22X o, AHAG
BE9 H pq9 BA} gy EF lognormalB T2

D83t 2o] o} Yrkn LAY
H3=py-py- In(2) (3)
632=012+022 (4)

297, AEuz}
tgom Fojzin

T9] I variancegre

Mean=exp(u+d*/2) (5)

Variance= {exp(2u+6®)} {exp(c®)-1}  (6)

Dog-bone #Ejo] AJHo| T3 5= ¢
QAZe] 5”6}71 S,
A & 2o

Z1

B Af7t
ALSE AelA g9

d5te] o A=A 9] fAHE &
7R ARaEzZEe 72 Ao 57499
SFCAHEZRE, S8 SA3HA Yozt =
BT BFAXE F817] s, Foj= 2007 o)
&g Adnh. a8, —‘?}ZHE—J AHADH o
HRlE % F, 343 oF, silane coupling
agent?] AINE H7I81Y] 46}01 SFC A#He&
100CY #e 8ol 1A < S Ao,
A2l A 1A1ZE Ft WAl HyYs ARG A
AADZEE ARAIY 4 ¢ 5U3 wgler =
Baich.

Infrared spectroscopy®t SEM : IR spectra:=
Nicolex 5DX FT-IR spectrometerolA] 7|25
tt. 2559 KBr 2% (J. T. Baker Chemical
Co)2o2 wWEolA KBr pelletso] €29 silane
£ %A coatingduth. o8 pellet &Efe} spec-
trat S3EE ALgtd 7125t AA silane
2 internal reflection attachment (IRA)E& A}

4+ background

|3t EAH9 o, scansg]
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9} samplesell tha) 2+ 2002 ARAFY . A=t
Fu]7 & Hitachi S-5703 ETEC U-1 Autosc-
ang ARZEIRoT BHE HRHELS 30 nmo] F
A7t =A goldE2 FH-E coatingAlZict.

Acoustic emission (AE) Al¥ : AE £417]
(Physical Acoustic Co.)E o] &3l E4:314) A
AR ABFA7 & AHESI 1S RUHstHEA &
A5t t}. Piezoelectric transducer& SFCA]H 2]
Zol AAAZ R, ABAe]l B A%
SFC A|HoA e} dfabHe] 9 Adte] ¥
& HgPdo] Batg Jn & Tt BEEA
. Al#3 sensor 7He] T[] EYJ& WA
9)8le] Dow Corning®] 11313 & grease coup-
ling medium& 2.2 SFC AJ#H 2ol gFA coating
Frl. AE:= 150KHze] 3%X3 AE sensor
(model R15)e] 93] &A= o™ signale 100
-300 kHz¢] bandpass filter& 7}*]+& preampli-
fier (model 1220A)¢] 98] 40dB2 ZZEx| 1,
main amplifierdl4]= 40dBE Z %3ty AA7}
60dB7} SA &tk F2& N7l g trigger
threshold= 40dBZ 3yt o|2EE 42 AE
amplitude, AE energy5< &3 A7+ vz g
2 AR

a

A3 9 33

Basalt fiber2 U3ZE £¥9} SFC A9
Interlayer 2 Failure Mechanism. Table 2
9} 38 o7 FE9 thE gauge HolA{9] ba-
salt fibers} FHJNAZE 35S lognormal £¥
g o] g3t} 73 Aolt}. Table 2+ 57149 th
£ gauge Zo|9] 0]x]2]¥ basalt fibers2HE &
AN YRAAALFE FES BAF 0 U A=
Ao Yo EXE 7K GES & MY A
o A= Q2 BEH defects®}, SHH th
£ HRETY Badyd 7] Wl RAer
Azt a8]1l, gauge Zol7t FaFd] wet
AR Eel AN g VS B A,

F2 A199 A1s 19959 14

Table 2. Tensile Strength of Untreated Basalt Fi-
bers Coated with Various Gauge Lengths

Gauge No.of Diame- . Tensile
) Elongation
Length Speci- ter %) Strength
(mm) men (¢m) ? (MPa)

2 43 156 5.53(1.46) 2018(340)"
5 44 15.3 3.88(0.83) 1977(247)
10 47 155 3.16(0.53) 1922(228)
20 48 15.4  2.57(0.49) 1833(316)

100 46 15.2  1.34(0.44) 1179(368)

" Standard deviation.

Table 3. Tensile Strength of Basalt Fibers Coated
with Various A0700 Amino-Silane Concentrations

. Tensile
A0700 Number of Diameter

Conc.(%)  Specimen (pm) Strength

(MPa)

0 43 156  2018(340)D

0.1 48 15.4 2035(401)
0.5 41 15.5 2038(398)
1.0 44 15.5 2041(411)
5.0 48 15.5 2029(406)

Y Standard deviation.
* Gauge length | 2mm.

ol g9 HFHo| randomdtA EA43t= flaws
o} 71¢18l7] WjEe g AzbgEit). weF unimodal
th Aol bimodal BA-& AMESCIE, RAE &
F= o] gauge Zololx 2 FEl9] bimodali-
tyg R9E F& UL Aot o, tE-EY Al
A Gols 5 flawel handlingSol 7]1Q1%E

B flawe] $714] & 89 defectsol] 719
3} strength £&°] 130t &8iA 7] Wi
o|t}.1

Table 3& silane coupling agent®] oz 7}%]
=% o A] basalt fibere] QAL EE BoFrh
gauge Z°|7l 2mmolA F3H, o3 FEE A
2]% basalt fibero] AFFES ZES wiHzd
basalt fiberd] Q1AZ}T 2] 3} wlwale] YA 2
e 2oy SAE #AHA BH 2 Wt
glglth. 8FA| 59t basalt fiber9]ol] 2] ¥ silane
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Fig. 4. SEM photographs of basalt fibers :
treated (5wt%, 1min).
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Fig. 5. Diagrammatic engineering sress-strain plots
for the epoxies specimens with four different formu-
la of curing agents.

coupling agent®] gF& Zo| basaltd§ol] EHY
SHAl &35t flawso] i3t healing €82 3
% 9lg Rolen Azhan.

Fig. 4. silane x2}¥ basalt fiber ¥
Lol g BelE HAENAEE F3H
ARZlEolt. 0.5wt% 9] +&dS
Hid g3 AElE Bo{Fn o B &
=21 5wt% ol A= coating WL lump#

i:l i

pu)
]
o
Mo o, off

shit Qovd, of HHZ B HRE AFAel 3
AR S AAEE FAtel ARAVREE 7
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[
3um

Spm

untreated, (b) A0700 treated (0.5wt%, 1min), and (¢) A0700

a2AIZ1A 8 Aol

Fig. 55 ARE& ¥ %& dog-bone?] Heng!
Al#@e) AslA 2] kS Peld engineering -
HMEe ado|th. I & 4 A%o| epoxies

a%l by epoxies c9 d Bt} At o2 o rigid,
brittledl 1 & BAHEL X ZHe ol uiy

A4EE Yepd fa4S
73344 D20009) A&l ¢
X—I;ﬂ 1%} o

S7H7171 $18iA
S Wol ¥
BF Bt vlad 7] NS
o} a, bo} A AHF 7]UF ¢
nen,
Yo7l Zfoltt. 2-olAl 7] 7
73 a, bol T8 B89 =S 217 3.25GPa
9} 1.21GPag 2ol Fal ¢, d9
24MPag 11MPa®] AtiX oz 2o HEg 7zt
HoFglrh. 2 A3l epoxyE AMESIY] A
HE Xﬂ”—*}ﬁ}ﬁt}. 3 9] basalt fiber9) w3
AAlgo] 4-5%0]BER AHo] utyjgo| glo] FE
9 FHTE 7S Y WY g
fiber 204 4-5uf o]44& 7HA= AlHol W=
817 wfZolth.

ARE WA= Ftl silane 9] 27]9]
%2 alkoxy silanes?] =3}2} &3l 9] Yo
uol, 2 izl A

Fa ¢, d& Y7l

o

AT
= -

silanes 2]
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oligomerel] thdt SR HAE ZAPL Zo|th
3, ASHA ZtagkEge] Axde FRthE
doAUA Hof 7|X]ell A & JTHA e A
g AR E YA E Aol

Fig. 6-& &9 amino-silane A07009] ¥ T} &
Areo] Az zAo w2 FT-IR spectrag BoF
1 itk £ silane A0700S 130 ColA{g} 170°C
ol Ae] Z+zk AN HAZRAE VIR Fol| &
Astatt. 4 silane A07000] Z3|5l= me-
thoxy?] (-OCH,)ol sig3l= 107432 1197cm™
AA2l band7t Fadhs Ftl AMEE Ad F
peak”7} 10283 1131em™o 4] v]thdy Si-O-Si A
Z Aol YA HAYsHA et o] 22 silane
9] &3& Jeh i Uch. ofoll 44§38t silanol”]

a 1074

1197

AMINE
1600

1z

¢ IMINE
1660 SiOH
\ 930
7
1 L 1 1 L 1 L
4600 3000 1800 1000 600

WAVENUMBERS (cm™)

Fig. 6. FT-IR spectra of (a) neat A0700, and
A0700 films after two different drying temperature
at (b) 130°C, or (c) 170°C for 3 hours, respectively.

Zaof A19YW A13 199549 1Y

[Am—

50 pm

Fig. 7. Birefringence patterns at fiber breaks in
SFC specimen as a function of strain.

(SiOH)o| AZLEY} Z7)3te] we}, oF 930cm™
oA AgstA FadteRE B 5 Utk 2B
2, SiOH peake] th¥ Si-0-Sig] #1719 v7} &
7¥3HA @ Aolth. 130°ColA HZF Foll: free
amine©] °F 1600cm™ol 4] YER}H, 170°CY A%
9] Ao 1660cm oA imine?} peak7} i1-20j|
A19] silane?] 4t3}oll 71¢151e) BAE Q).

Fig. 78 Q1 3-& 713 ol SFC A A A & 4= ]
v EZ - o5 H3e) Al E B T3 U}, o P
Bol v E o FA) 2 gk 5o 1 SFC A] A ol tf 3}
A, A7 BAE W, 22 9FYE 9] cracke]
ARo] kol +AEA FA4H. o] crack Al
Holl 7HliXe ATl 23] /ATt FAll
5424 2okl E2IH Yeie matrixelA]e] A
o) 7]9ldte FAIX AR BRENA FH
gagn). Qo] FUigel et AlHoA{e
debondinge] #HZ|e A& A BAHE HFHE
9t Z+x e =V HE @ FUth. B2Ee] Y4
€ debonding ©]Hell A7) LW ) B
g AagH 3, debonding o] F9 vhFH &
ol 7118 Zeltt. AlHe] S FAF wet
cracke] A, YAEY (&) oldelA A&EH
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Table 4. Effect of Silane Concentration on IFSS
in Basalt Fiber/Epoxy SFC Specimens under Dry
and Wet Conditions

Conc. IFSS(dry) IFSS(wet)®
(%) (MPa) (MPa)
untreated 41.2(13.0) 24.4( 8.0)
0.1 45.7(11.6) 37.1(10.7)
0.5 47.1(13.7) 40.0(11.5)
1.0 44.2(11.8) 35.2(12.4)
5.0 42.3(10.2) 30.4(10.8)

* standard deviation in parentheses.
a:after 1 hour boiling in water.
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Fig. 8. Improvement% in IFSS under dry and wet
conditions for the amino-silane treated fibers com-
pared with IFSS of untreated fibers.
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Fig. 9. FT-IR spectra of (a) neat 929 resin and
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Fig. 10. (a) AE amplitude and (b) AE energy in
dual (98xm and 15um) basalt fibers embedded
epoxy composites as a function of measuring time
(sec).
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specimens with two different diameter fibers, 98 m
and 15p¢m.
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