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Abstract: Hollow glass microsphere (HGM) is an inorganic filler. Although it is used in rubber composites as a light-
weight filler, it reduces the mechanical properties of the rubber composites. Therefore, various researches for improving
the mechanical properties of HGM-rubber composites have been suggested and carried out. One of the methods is the
use of silane coupling agents. A silane coupling agent has two functional groups with different reactivity, and can form
chemical bonds between the organic material and the inorganic filler. Various types of the coupling agent exist depending
on the functional groups. In this study, the surface of HGM was modified with various silane coupling agents. The surface
modified HGMs were then investigated with FTIR and SEM. Additionally, rheological, mechanical, and morphological
properties of the rubber composite with surface modified HGM were investigated. We found that the surface modified
HGM showed better mechanical properties and compatibility with the rubber composite. Hence, it was concluded that
the interfacial properties of the HGM-rubber composite were increased as a result of the compatibility and dispersibility
of the system.
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ol §2l%& A (hollow glass microsphere, HGM)= 73 &
shg BA o= thfet a7 g Ao A gEr?

HGM2 o] Rl S35 2k 32499 vlo]aE A7)
o THHE a2ty BEAYAOIE #(soda-lime-
borosilicate glass)g T30 gk wlAl 7] FxA| 9] §F F
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Eout, 7o) W) 34 HGME] 4 (shell) 327} =0}
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A Fibdo] £ ot} ek S ZMESE I
2 37 F4 AHAES A HEEE
AX B4 9 7t 5498 Az gt
o Ut (kneader) H 2741, HGM YA nhEE A7)
£ A3l os HGMe] o] 7R = 7357 LA 5t
At o)FA] R’

JFe] RAEde] AFAHoR IS T A= At
oF FHA Atele] A SHF 9 A viEY 2 ] A
Aot A FHFE 2HsAY, Mol 4] ¢S 7
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afxich. L A3 S8 71 Al EAke] 2 o] Fox] 7]AA
EA4o] aiinkt Ak ASHA = 7 e A= e v
718 7K AgE(Sipel 71t SRR g £ v EA]
(methoxy)t} &2 (ethoxy)2t -2 &=A](alkoxy group)”]
o thE gt & IRt A%E she 7] #E7IR o F
oA 714 Aset 7714 S ok (bridge) 9T
ok A&k AEEA ] E=A7]E R,-SiH(OR) 2 WEREH,
ORL 7}pE-ajHH3-© 2 R-Si-(OH); 725 P45t 4

Zay, A|4338 A43, 20193

A g deksr)eh @3t WS Fal T RAES ¥4
Fho B3k A miER A W SAl ] e AT

o 7] SR 33 AL TUAA TIAA 58S
P a3 A AZSYAE 2 W) A%E 9=
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- wjERAete] AH SAE NAAAA 7IAE 54 Z 7t
I EAS IR Aol Zjteted S delvtel W AR
o] H]s:3k HGM®| FHS 47 e 7154718 7kl A&
AEHAZ NAANZT A ASHA AFE IFA7]9
Tt T, 71548714 e 29 N vA = dEFs 9
ofstitt. o]l gk Apolxl& &Rty 15t FTIR 34
(Fourier transform infrared spectroscopy)= ©]-83te] Lyby
<l HGM} 39 7R HGMe| 723 574 Ajo]E HlaLst
Hom, FAHAFA R 7 (scanning electron microscope, SEM)
< oo B9 725 AvEgt e85 19 J)EE HGM
< I B3R of A8ttt Axd T S3AE SEMS
olgste] W FxE AuHITh E3 FHEAY B 71AF
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(crush strength=16000 psi, True density=0.46 g/cc, Average
diameter=20 um), A2+ FAZGAN= bis[3-(triethoxysilylpropyl)
tetrasulfide] (TESPT, Aldrich), 3-glycidoxypropyl triethoxy-
silane(GPTMS, Shinetsu), mercaptopropyl trimethoxysilane
(MPTMS, Shinetsu), 3-3-aminopropyl triethoxysilane(APTES,
Shinetsu). Table 1] AF&-¥ A& AZPA Q] sleh124S
Yepd it &= o] E 2 21| gk(dichloromethane, 99.5%
absolute, AldrichyS 74| {lo] AME-sIATE 225 vigtol A1
3k 9 37 F-(natural rubber, NR)= SVR 3L(Phuoc Hoa
Rubber, HIEY), 43 225 (butadiene rubber, BR)x= KBR 01
(FZ Afrstet, tigRls), FeAEE Akstold, LEokd
A gl g 58 ok -85 ARSI

HGM E™ JHE 3. A AZYAE THFEZ 500 mL
HIA 0.5, 1, 2 g4 FUgt & Sul2 tFZ 2| ek(dichloro-
methane)s YA F FUT T 214 200 pmeE 307
s AR o] ehgE A AEYAE 500 mL
Hlo]7 o] A &8 T HGMS 10 g¥ Yol T thA] A2
A1 200 rppm .2 30i7F FLEHA WRAF T 1 & wRb]
o] EE 70°C7H] &8 iR AR tEREHES &
A8 SN -, SRTFE 13], &F SR = T 13]
AHE sted EEjHoR A%E HEES BT AAsKATh
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Table 1. Silane Coupling Agent Type
Siane coupling agent name Grade Company Structure
CHO, OC:Hg
Bis[3-(triethoxysilylpropy!)tetrasulfide] Si-69 Aldrich \Si /\\/\SN\Si/ 3
TESPT CszO"’/ \ ~O0CHs
CoH:0 OCHg
OC,Hs
3-Glycidoxypropyl triethoxysilane . czl-lso—Ji Q
GPTMS KBE 403 Shinetsu lw
0
OCH;4
3-3-Aminopropy! triethoxysilane . J
MPTMS KBM 803 Shinetsu /\\\/__,-— i——OCH,
SH |
OCH,
OC,H;
Mercaptopropyl trimethoxysilane KBE 903 Shinetsu C,HO—Si
APTES T DRy TSy
NH,
CyHs
Table 2. Rubber Compounding Table (unit: phr)
Material Name Non_Filler Ref HGM TESPT GPTMS MPTMS APTES
NR 60
BR 40
HGM - 10
SCA - - 05 10 20 05 10 20 05 1.0 20 05 1.0 20
Modification SCA - - 05 10 20 05 10 20 05 1.0 20 05 1.0 2.0
ZnO 5
St/a 1
BHT 1
PEG#4000 1
Sulfur 1.5
MBTS 1.0
TMTM 0.5
2% 70°C Ax 20X 3A7E St AxE AR F e HigH 342 Figure 1] YERASITE

< X3Pt

0T SEA| uiEL NRA BRS 2H =9
7H& 8 Wl %] Yt(bench kneader, Daesung scientific, PBV-
03)= 100°C, 427+ EdE 3 § SAAE ¥l 22 2=
=i stk 2§ 94 E(Daejung roll mill
EFHE 71 ZXAE ¥o] 100°C, 727 wig
S WP} vigHE-S Table 20 YERARICH 2% &3¢
Aol o]F2 gt AZPA|9} 22 o]FoE STt 1E|aL

QT =zx o]

T =

05 AH M=, 957 AIF-E ODR(oscillating disk
theometer, Zwick, model 4308y ©|-8-3l] A% 7twA|7HS
grelEiitt. 7k 7 160 °ColA] Aozl Htf) ESZHE
AAATE 1 & sk ZHHP 152-SY, F8)E o83t
IF A EE AT

BN, A8 AZYA S AFsle] 39 /1EE HGM 9AF
E9] 42 93lo] FTIR(Jasco FTIR 6200) 2 SEM(Jeol,
model JSM-6100) £41-8 AA]3FS T FTIR #412 3H9-1
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step Mixing ») Kneader — Rubber, Filler, Additve
-I[T.I:er:q:.:r:: 100%
l Rall = Crosshinking agent
Temperature ; 100
Thevee = 7 min
2step CDR ») Optimum temperature setting

L

3step  Vulcanization Press — Heat, Pressure

»

Dptisreas Lermperature ; 160°T

L'n:.'.-'\lf:..r' |'|Ir:¢! '..‘?JII.' 100 min
Rubber Composite

Figure 1. General rubber compounding process.

efe] HGM 0.05 g& ATR Ze|2g FHo] FHEate] 29
EQS Sk =gk uige o] 71A1A =42 UTM
(universal testing machine, SGU-IMO 321714 )8 ARE-
&te] g2l 500 mm/miné] L= QIE B A=
£ S5t i Algel dig Baas AAtsidoh 283

ODRE ASTM 20840] 228101 71542 sjotalsirt.
an  EE

HGM ZE™ J§&E U2 EM. FTIR §4 dH[1: HGM9| %
Holl Ak AFPAE A= A=A E ER1s17] 28l FTIR
< olgste] AT 1 AFE Figure 29 YERAAT.

A fES A &2 HGMS! Ref HGMS H|E3le] 7]
43719 2 1 JfAE HGMeA HGME] 54 3321
Si-0-Si 2~Ed|% 9] (stretching peak)E 1060-1002 cm™'of| 4
geleh 4 ek &gk 9 /HEE Si-0-Sie] 7= WA o]
Ref HGMXET HoJH-S &R1E 4= =), ol& A9 H
A& 4o Fro vleEgithes Hlo-HH 2 E 9] W= (Beer-
Lambert’s law)l]*1* 2]A8}e] g AZA|2] L=A]7] (alkoxy
group)2t HGM2] Ael=7](Si-OH)He] 71413 whe-8 &
3] ASAF A sl7] wlitell vt S7tskal 3=e] |
Aol Yozl Aoz AtEt) Eg Ref HGMS A 2] gt
TESPT, GPTMS, MPTMS, APTESI|A] A2 #AZHA|<] &
7 =91 CH; vt 2E#A 3= (asymmetric stretching
peak)7} 2982 cm™, CH, H|th3 ZE# A 3 = (asymmetric
stretching peak)’} 2938 cm™, CH; W13 WY 33 (symmetric
bending peak)”} 1394 cm”, CH, W& ¥ 3] 3 (symmetric
bending peak)7} 1445 cm™ellA] UEbSTE £9 i op&
HGM®| 2 725 vlwd 23, 77] 242190 HGM®] &
Holl A AELGA] 54 2] C-H 9=25 IR = 3
o] HGM®] 1ol Ak AZHA7F spsh o7 At qict

Zay, A|4338 A43, 20193
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Figure 2. Surface modification reaction characteristics (FTIR).
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WA, 329 deiol] zto]7F ASATE. Ref HGM®] 735 uf
1 BH AHES By, ¥ /o] Hel wet AR ®
A A E eIt ol ¥4 )2 HkS 5 HGMS] A
7)ot At AS-A o dFA7IE] TeEel v o'
F9 eel] Bishrt A Zlom ddtdEnt A ASIGA
o] 7¥pEs] W AxE AT ASYA-HGMS] AH
£ 2 Aol REEE F e Aehs7)9

o =
= T

=)

=

3 ]
T7F Bers WA SN Figure 3(e)¢h 3(H=
HGM 1l ¥H37dS #0171 #lsll NaOHS ©]-8-s}o] 319]

o

Ris

&

hul

FU%
[

Ao Z FPo|=EAI7IE
7l FE ST & F
SEM olm|x]olt}, 1 A%

A7) E S7M7IA &

% (hydroxylated HGM) A2}=
WHoE xHe NES F9

T2 FeE YERAIA T
ore ¥ 72 E HGM(Figure 3(c)
o} 3d)Eth ¥ Axl FEE Bk o33k AN ¥He I

2o HEE PYAL S ATk AR, Wi o)

(e, mo

pul



Figure 3. SEM image of surface modification reaction with TESPT:
(a) Ref HGM x500; (b) Ref HGM x1000; (c) surface modification
HGM with TESPT x500; (d) surface modification HGM with
TESPT x1000; (e) surface modification hydroxylated HGM with
TESPT x500; (f) surface modification hydroxylated HGM with
TESPT x1000. Scale bar indicates 10 um.

=2 o370t} Figure 3(e)¢ 3(HIA, HGMe] F2-a o
Z X P& gelE = Y o] /RS vheow 4
AH4] 7= (crush strengthy’} <Fall A 7171 Aoz F4 ),

A e RAFae A TS F= A= FA
Aol vlEHA 2 sty JAS E 4 o) vy L ¥
& ZHA| e} 7EAF] AH EAL AAA, AH HEAS
ZRANFIA] ko AhEFoZ AX HHS H|EHA ] 4
=ofe] IERIebe] A EAS MNAAIA IEA-FAA 7]

dEAES STPIRIEM ojA Y w1 JiEE HOME 713
HAES A7 whEol AHEA o] i e A MEY

29ke] FoARgo] e Zog dAdtEn) AT v R
o] Frrt AW 28]y BAAAZA L] IS A=
T T Utk mepx 7 AFox e sle|EEAI7E B2
HGMU 219l Ref HGM3 A& AZHAZ 1HS /MEg
HGMRHS: AR&-313AT

2 SEA M0 mME S v %9 7/fE¥ HGM

Figure 4. SEM images of rubber composite with surface modified
HGM with various silane coupling agent: (a) no filler; (b)
Ref HGM; (c) TESPT; (d) GPTMS; (e) MPTMS; (f) APTES. Scale
bar indicates 100 um.

< Table 2%} Figure 10 Wehd viele} 39S Sl vt
g A

3k § AES Alzete] Thdet 548 vl 24
REZX| HW@SEM): ¥¥ /2" HGMS 15 &34

N X0

SEMS: o83t Sttt 2 A= Figure
AT} Figure 4(a)2] 7% FHA7F Eoj7HA] @ FolH,
4by= EHNALRA kS Ref HGMS H7F8F 1% 234,
4(c)~4(fy= ZFZF TESPT, GPTMS, MPTMS, APTESE 39
NAE HGMS 718k 1% B3| olt}, Figure 4(b)~4(f)ol
A 7 el HGMS ER1E 7 AT AT, 4(c4(H4]
739 HGM YAk} - v ER 27} 735t AFS ol& Ao
2 HOIARE 4(b)e] A9 2HA] Ut ol= FH JHEE
HGMo| 33 /MAEA] & HGMET Aoz 159lo]
A 40l =] A mjEYE W H2H o] =
7] Wzl olejgh Axrt JEpgthaL e T

ODR(Oscillating Disk Rheometer) &8 Z1}: 3tH 7|
A HGME 35 530l 28 A] 7k S4¢0 vA= 9
T Golrr] 918 ODRE =7g3te] 2 A& Table 39

o Hg A vhER2ske] 484 W B 23] )
4
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Table 3. ODR Results of Surface Modified HGM with Various
Silane Coupling Agent

Sample name t°1.0 t°9.0 MH-ML
(min) (min) (N'm)
TESPT 1.29 3.75 0.779
GPTMS 1.28 1.66 0.757
MPTMS 1.18 1.64 0.740
APTES 0.65 1.13 0.688

HERHATH ML(moment lowesty 7Hd ¥ B4 7hs
1)5}3. MH(moment highestye 78 2 B3 kS 20|l
th. MH-ML(4) Hd E3A HA E3E W 3oz 3
7ol 7h UE B SR ek e Akge] HER @ol o] &
H3 Yok 2 F TESPT/F 78 %<& MH-MLE UERNS
=, ol TESPT A& 7|&FA 24 W HEZgo|=
(tetrasulfide)’} Gol| 2J&l = v}o] = (monosulfide) & TIA
To] =(disulfide)® EalElo] 12} 3 ATS FA st 4
Ao} s M EY A7) FoARe-S AT AoE ke
o GPTMSS] 73-9- 2+ W EAlske ollEA]7]19] 7fghke-
2 Y B> HGM#AE] Aoz M-S /AAAIz e,
71ERA S} e S =4 F2S RIS Wil
7t B0 JES Fo] MH-ML#e] =4 U2 o= %
ladl=

15 SgHel 7IAM S "I HGMe| 11 Jide] 2
- E5EAL 71714 B0l miX= FEE Fotry] S5 Al
HE A z35ho] A7 E(tensile strength)2} 91 E 7} = (tear
strengthys =731 th 2 235 Figure 59} Figure 60l Z}
7} YERQITh. B8 Table 49} Table 59 7H2he] 55 o
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S Fakete] 7kl Eakdel dE§S Tl olE WH|EA
o Zo] ot = MR AEA o] 7iAE HGM 21 v
Eg27ke] J5zgo] S7HES] witelt). B FxA e}

= Ao Sol sield W 1 3 &
AR A e FrEe] $88F A4S gAY B
Zdasrt yehdtl o] 74 HGMe| A 54d¢] 71K s o
a1ete] AFgAdo] FUkE I Al SEE ThE EAlel &
AAA 7IAA B90] S7HE AeE wekEn). SRRk, Al
AZHA ] 71548710 wet =L} 197wl 2fe) 7}
UATE. AR, BE FHA0] A FErt ARDFE 71AH

Zay, A|4338 A43, 20193

80
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Silane coupling agent content (phr)

Figure 5. Tensile strength for surface modified HGM with various
silane coupling agents (TESPT, GPTMS, MPTMS, and APTES) as
a function of silane coupling agent content.

32
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® GPTMS |
‘E 301 4 mpPTMs
E # APTES
_ > .
= 47 /‘ u
< - A ®
g 26 - // ‘-\._‘.‘_ ,
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E 24 - .".. /‘ ] . ik
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Silane coupling agent content (phr)

Figure 6. Tear strength or surface modified HGM with various
silane coupling agents (TESPT, GPTMS, MPTMS, and APTES) as
a function of silane coupling agent content.

E/4o] Hashe AS B

TESPT= &4+ Wl EAllsle Bl EaHd 9to] = (tetrasulfide)7+
I wjE 2} A hgale] vt 540l ¢S Fo] F
Ao} 1 F mjEZ 27 ] AT AL-S F7AF 7] Wil th
2 A3 AZYA uv] =2 7148 B3-S et st
Hoh3P S TESPTE 3 B4 Wl 709 A15S 7KL
Ao 7 ATaFETN 7] ARE HHoZ QlEA tE A
S AZHYARG § £ WSS B Zoz AZE)
GPTMSS 2 ¥HW /29 HGMS H7Fsh 1% B3] 7
$-, TESPTS} v A2 HGMS] -3-371¢] A8 sl
A IAIA 71AIE BA ghol S8 Aoz wkE
T} GPTMSZ 241 Wl 3709] clEA1719} 17H€] o] ZAIH
(epoxy-ringyS 7F A AZYAR of| ZA] 25 7R
& W3S E3) poly(ethylene oxide)(PEO)S & A 3ht}. o]
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Table 4. Tensile Strength Values by Surface Modification of
HGM
(unit: kgf/cm?)

phr

Samples 0 0.5 1 2
TESPT 60.34 74.89 65.91
GPTMS ol 72.49 70.23 66.98
MPTMS 62.98 68.05 59.41
APTES 5247 57.72 5121

Table 5. Tear Strength Values by Surface Modification of
HGM

(unit: N/mm)
Samples phr— 0.5 1 2
TESPT 26.77 30.55 27.55
GPTMS 2927 274 26.81
MPTMS 21.09 21.62 27.64 2423
APTES 24.55 27.12 23.64
PEO= WH-AJo] =0} HGM 39| Aelsr|e) 42 Fe
2 -Si0-0-CH,CH,E BA3te] A wjEZg 2 W] T34 <]
S v o= wdEr A, 0.5 phr o] 7HAsst

= ARS Ui, ol wieh AHaado] Wojzt W
A AZYA} T BGAS kRSN W et

Y

MPTMSCS.E % 7Z¥E HGMS 713 315 B39 7
% TEPSPTY GPTMSETI= O UA] Q3A7F -8 7]
2 EAS JERITHES] 1 phr). o]& #2 U EA8k= 370
o] W] EA]7)¢} Wke] W EFHEZ](-SH)Q] H& vkeAR 3
Folo] 95251 Aol Ao 7 wekEnt Y HEfEss
T 7k ¥ A] BipAdsol =g A3l 7l ARE e
A171aLB T MPTMS7He] 217153 (self condensation).©
S-S FAs] S8 7RIS Al A AlEE &
AbElo] 7141 B0l et Ao wekEnt, SRRk, 9
o] TV 739 FHA AEe] 3 eF e Wellshe 2
HzeS P45 = MPTMSZH E]2-4ll(thiol-ene) HH3-2
2 RS-SRS Aot ANl dofjut 71A1F E40]
ad Ao g FATE T2 APTESZ X9 7H2E HGMS
A7ret 5 B3A)e] -, TESPTS} GPTMS, MPTMSS}
2ol 9 NEE HGMS 7Feh A EeA| oA -3t
N7} g Sotol W 71AIE BA PaAEe] AU
o= APTES Zte] opu|=7|(-NH,)e] o= 7 &5
AE D71SAA 71A1A B3-S A AT SR, thE
AETA e} vlaste] iAo R vk 7A1H EAS Hile

| &2 FeAoR IF-FHA
At o] £4] ¢7] witolth

=

A REE ST ATE A Sl riRE @l e 573

HGMSE] 9 7id B3} 35 534 U] 48 A H3}=
L= W3k A3, FTIRS F3 HGM %Wl HGM
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