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Abstract
Project Code : RTA3880008
Project Title : Study of Phase Behavior of Liguid Crystalfine Polymer Mixtures
Investigators : Professor Sauvarop Bualek-Limcharoen et al.
Department of Chemistry, Faculty of Science, Mahidol University

E-mail : scsbhl@mahidol.ac.th

Project Period : October 1995 — September 1999
Objective : To investigate the phase behavior of mixtures of tiquid crystaliine polymers (LCP)
and commodity polymers. Chemical medification and compatibilizers are used to
improve interfacial adhesion and enhance the properties of the blends.
Methodology : 1) Lyotropic liquid crystalline polymers (LLCP, aramid) in the form of short fiber or
pulp were blended with thermoplastic elastomers (TPE) using an internal mixer or twin screw
extruder. Specimens were prepared by compression molded or injection molded for measurements
of tensile and dynamic mechanical properties. Three methods used to modify the fiber surface were
partial hydrolysis in conjunction with addition of a reactive compatibilizer, surface N-alkylation and
oxygen ptasma treatment. The morphology was observed under SEM.

2) Thermotropic liquid crystalline polymer (TLCP) and thermoplastics (TP) were
meit blended in a twin screw extruder. The specimens were extruded as cast film comprising TLCP
fibrils, a self-reinforced system calied /n-s/fu composite. Tensile properties and impact strength
were measured. The effects of processing conditions, matrix melt viscosity and compatibilizers on
mechanical properties, molecuiar ordering and morphology of the blends were investigated.
Results and Discussion :

1) For LLCP/TPE composites, the results revealed that both chemical treatments
and addition of compatibilizers could improve the interfacial adhesion as seen in the SEM
micrographs of fracture surfaces. Improvement of the tensile strength could be observed in five
systems, namely, hydrclysed Kevtar/MA-g-PP/Santoprene, hydrolysed Conex/MA-g-SEBS/SEBS,
alkylated Conex/SEBS, alkylated Conex/Santoprene, and Conex/MA-g-PP/Santoprene. For Conex/
polyurethane composite, good interfacial adhesion is observed by SEM, therefore plasma treatment
could not further improve the blend properties.

2} For TLCP/TP blend, it has been shown that winding speed is a very important
factor in obtaining fiims with improved properties. Elastomeric compatibilizers were found to
improve both tensile modulus and impact strength of TLCP/PP blends. This research shows, for the
first tirme, that elastomeric compatibilizer with no reactive group gives better TLCP/PP composite
than that contains reactive group. This might be due to the absence of bonding which could inhibit
the extension of TLCP domains.

Keywords : Polymer blend, In-situ composite, Compatibilization, short-fiber reinforced Composite
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Kevlar pulp SEBS N-alkylation -
Conex sf SEBS N-alkylation -
Kevlar pulp Santoprene N-alkylation -
Conex sf Santoprene N-atkylation -
Conex sf Polyurethane plasma -
Rodrun LC3000 PP (vary MFR) - SEBS, MA-g-SEBS,
MA-g-PP
Rodrun LC3000 LDPE - SEBS, MA-g-SEBS,
EPDM, MA-g-EPDM




A5n1snNaaas

Tegwaliweiuszamaiiild sulddene uszsiiniudausasluani 2

dl L ﬁl Qr
13191 2 Trafls

Material Specification Supplier
KEVLAR pulp and short Decompaosition Temp. 427 - 482°C DuPont
fiber (poly-p-phenylene Specific heat at 25 °c 1420 Jikg K
terephthalamide ) Density 1.44 glem’, non-brittle

Surface area 7 - 10 mzf'g
Moisture regain 6 %, length ~2 mm
Teijin Conex fiber Decomposition Temp. 400-430°C Teijin Co.Ltd.
{poly-m-phenylene Specific heat at 25 °C 0.25 kcal/kg °C
isophthalamide) Density 1.38 g/cma, length ~3 mm,
diameter ~ 15 llm
Moisture regain 5-5.5%, non-brittle
Teljin Technora fiber Decomposition Temp. >500"C Teijin Co.Ltd.
(Poly-p-phenylene-3,4'- Specific heat at 25 °C o4 kcallkg °c
oxydiphenylene Density 1.39 g/cma, length ~3 mm,
terephthalamide) diameter ~ 12 lm
Moisture regain 1.5 — 2%
Polypropylene MFR 22,12, 8, 4, 2.5 g/10 min, HMC polymer

(PRO-FAX 6231, 6331,
PW583, 6531, 6631))

Density 0.903 glem’
Gel <2 %, Antioxidant 0.07 %

Company Ltd.

Low density polyethylene

(1905F)

Density 0.919 gfern-, MFI 5 g/10min
(190°C, 2.16 kg)

Thai Polyethylene

Rodrun LC 3000

Density 1.4 gicm3
Molar ratio of PHB/PET = 60/40
T, =220°C, T,>300°C

Unitika Ltd.

SEBS
(KRATON G1652)

S/EB ratio 29/71, M, : of S-block

7200, EB-block 37500, S-block: T, 95°C

T, 165 °C, EB-block: T, -60°C

Shell Chemical Co.




a1319%1 2 (s19)

Material

Specification

Supplier

Santoprene 691-73W175

Density 0.98 glom’

Advanced Elastomer

{Desmopan) 385)

glom’, My = 341,000 (from GPC)

thermoplastic elastomer brittle point < -GODC, containing 18% PP | Systems
and 82% cross-linked EPDM (from DSC)
Polyurethane Polyester-urethane type, density 1.2 Bayer

EPDM (Royalene 501)

E/P = 59/41, ene = 4 wi%,
density 0.86 g/cms,

Uniroyal Chemical

Co. Inc.

MA-g-SEBS
(Kraton FG1801X)

MA content 1.8 wt%, MFI 22 g/10 min

Shell Chemical Co.

MA-g-EPDM Density 0.89, MA content 1.0 wi% , Uniroyal Chemical
(Royaltuf 490) E/P ratio 55/45 Co. Inc.

MA-g-PP MFR 50g/10 min (2300(3/2.16kg), Uniroyal Chemical
{polybond 3150) density 0.89 gfcma, MA content 0.5 wt% | Co. Inc.

MA-g-PP MFR 12 g/10 min, density 0.89 glcm” . | Mitsubishi Co.
(Modic P-300M) MA content 0.1 wi%

Pentyl bromide Synthesis grade Eastman

Heptyl bromide synthesis grade Eastman

Dodecyl bromide synthesis grade Eastman

Dimethyl sulfoxide anhydrous Fluka

Sodium hydride 60% in paraffin oil suspension Merck

Sodium hydroxide Analytical grade BDH

Toluene Analytical grade JT Baker

Xylene Analytical grade JT Baker
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Instrument Model Company
FT-IR PE 2000 Perkin-Elmer
Internal Mixer Haake Rheocord 90 Haake
Two-roll Mill NS-76 Nishimura
Tensile Tester Instron 4301 Instron
Impact Tester ITR-2000 Radmana
Hot Press A-251400363 Toyoseiki
SEM S-2500 Hitachi
Sputtering Coater E102 Hitachi
Twin Screw Extruder TSE-16-TC PRISM
Microtruder Cast Film Line RC-0625 RANDCASTLE
Injection Moulding BOY 228 Dr.BOY
Plasma Reactor (bell jar) BP-1 Samgo
Capillary Rheometer Rosand RH710 Rosand
Melt Indexer 7053 Keyeness
DMTA Mk Il Polymer Laboratories
I5naans

1. nsdsufinzeadnlanafimaiuinmailalalnyiln (aramid fibers)

1.1 USuAndulolasdB Hydrolysis

sraiulelwazanade acetone uasiindm auliiafiaminnd 50°C Twanay
gryanie winbh vl §ATon hydrolysis lagld 10% NaOH 1ilwiawu 20 waii #
Funau uas toluene udrauliiniafl 60°c lugougmaine

12 dsuRndulsleasdt N-alkylation
Mansazaaiivesfulaviamando duita 1.1 udnivluyid§nden alkylation
e kg gl o . . A
uuiaaduls laoxay NaH 0.025 mole 11t 6¥inazans dimethylsulfoxide 37.5 ml.

- u = = LY a o (0] = P o
Qm“ﬁuﬁaﬁLﬂ%Lla’] 20 U LLQ?%GLWNQ&“QNL‘TJ% 70°C AanllulIa win 40 win Ua?

r=y

I=1 Q Iy . @ QoA 3 [
RAIMNANILAED 30 C LAY aramid fiber (LW3) 3 g aslud A5 audalDunan 10

U
g =t o

i ud F91din 1-bromoalkane 0.025 mole Yasaliiliiendniuliiluwiam 2 1l



umyat fidolavnuosnsuvanuaasluiingyu nrendulofld udreyldudeh

a Q v
aunnl 60°C lugausmmnie

1.3 Jfuinsulolaslfoondiaunazun
wasuidulolanansdeanilsnaandas methylene chioride, methanol Wae
deionized water a1yud1ay vduls luaulwuwslu vacuum oven ﬁqm%n“fl 60°C 1L

TeluiTudneeios Moutinex (futaa 30 urd ialidulonszarnaanainiu vin
plasma treatment @TﬁULﬂ%ad SAMCO model BP-1 bell jar plasma reactor (radio
frequency 13.56 MHz) Tansiauilas electrode Tiagdumiavinsanmansiladuly uaz
1% oxygen gas 1ums generate plasma sn"2zflEd0a7u6% 0.1 torr 19 power 100 W
was 60 W dmsunduly Conex was Technora auday laoulsiasfenuwansan

2. NISHANWARLNDT
2.1 manswlavlfietosngumuly (nternal mixer)
il fiber @815 moulinex 30 Aurfhidalimdulunszopannaniu udids
W& aramid fibers 8139 IUHAN LLAS thermoplastic elastomer adlw internal mixer ﬁ
grunnd 165°C lunvdles SEBS matrix Wz ﬁqmwgﬁ 175°C lunsiluad Santoprene

matrix 14 rotor speed 90 rpm 18 %1% 10 wh

2.2 uaulanldiaiad twin screw extruder

#6504 twin screw extruder lunidlasnsnsanma@nwadnwsolan wia
wodlantau nowedwesnanwmalrfiainaiiuInsin Rodrun LC3000 lasls rotor
speed 150 rpom gmnN&AIN hopper f99%7 die 180/220/220/225/225°C anuieL ey
14 lunsalian polyurethane iU aramid short fiber laulT rotor speed 50 rpm ORITHHY
971 hopper 997 die 175/195/200/195/185°C anudndu wodwasnauiiléiaaonin
T strand ¥nlidulam$tusrain dadn peltetizer udasinldavlsiuwasft 60°c luday

gy

3. msifugﬂwaﬁma‘fnam
3.1 N139R9IBLYUIAN (compression molding)
& WU aramid fiber 4ENAL SEBS WAz Santoprene wadsannuanly internal
mixer iSaudnhasnunialwiiundnlan s s two-roll mill 1-2 A9 LLﬁaﬂﬂiﬂﬁugﬂImu
T FaaTnuriue o riudand 195°C win 10 wil lasldanudu 15 Mpa



32 mMiaa (injection molding)
iﬁugﬂﬂuﬁ% injection molding tunsdiunawaiinainzuszning polyurethane
AU aramid fiber launsdaiilugy dumbbell shape AUBUIRINATIFIU ISO/DIS 527
type B Iﬂﬂﬁﬁﬂ’l’;:ﬁl‘fﬁa temperature profile 370 hopper flv nozzel 180/195/35% C

Screw speed 150 rpm

3.3 ﬂ'l‘a'%ugﬂl,ﬂuﬂﬁﬂﬂﬂlﬁ' microtruder cast fim line

dwadia a?mwﬁm‘%w‘lﬁiﬂﬁugmﬁuﬂsTaJI@ ol Cast film mini-extruder
(Randcastle RCP-0625) gmaeiildlumanaioniia screw speed 70 rpm lunsdl PP
matrix WAz 40 rpm N3 PE matrix WI9eufin die 300-450 psi aomnfian
hopper zone fi4 die i 190/220/230/240°C waz 220/240/255/255°C Waufidaannan
wua die i lidulam36ae water-cooled roll USU take-off speed Lﬁlalﬁ‘lﬁmﬁuﬁﬁ

#" draw ratio (slit width - to - film thickness ratio) ag_jlwﬁ’.)\‘l 5 - 33 WIalinNunuIuDd

WNawodlutag 20 - 100 Pm
b ]

4. msiigaklaseasrsdnduly
4.1 lawld FTIR-DRIFT technique
Anvesdulgnanuaznden it Ui Tunadulsfisiaasninanaauwada
Taglddriaras snunmmiensilassaiamaaiiildloold FTIR diffuse reflectance
technique (Perkin-Elmer PE2000) 14279 4000 — 600 cm™' 1ae-@ 200 scan, resolution 4

-1
cm

5. nsasredaulassasiedogin
5.1 laglindesgenseniiinasaniuuniia (scanning electron
microscope, SEM, Hitachi $-2500) uaziafiauf1eas palladium  l6ld SEM asiamay
Tmoﬁ%'wé’mgmﬁwaa fiber fiouuaznaInMILTuan Wil uazlt SEM #3139 fracture
surface 104 composite (lasn1sutdrnnslululasaunaiszinmatemlue udvwn
1329) Lﬁaﬂmiﬁmmzizﬁi’m fiber WRT matrix ‘i’JSJ“/‘]‘;d@Jﬁ’J“ﬂaG fiber W& extract 37N
composite Lﬁa@maﬁmw:a@agﬁwﬁ’uﬁ:mﬁ (bound rubber) laplEAdavesain 200

— 5000 LYin accelerating voitage 15 kV



5.2 launsldnsdasganssailnanlsd (polarized optical microscope)

lunsdlfnRenofuaSumanuiifuins minsdesglesieisfmgmlaoas
I@U'L"ﬁ’nﬁaaqam‘sﬂﬁﬁﬁiwm‘hma’f RuNNTzveduls TLCP s1uvsaiamy
a9 texture %a%:uanlﬁjﬁamﬂmﬂmnﬁﬂU‘Lumsﬁ'mﬁwaﬂmaqaﬁ’m 1agldinas

e 100 — 400 Lvin

6. MIIAENIGIBInazaINaRINaTHAN

6.1 NTIAFUUS tensile

auti® tensile lalrisin modulus, yield strength, tensile strength, elongation at
yield, elongation at break & %3y aramid fiber W&N thermoplastic elastomer 11351193
714 ASTM D638 lansaataiilugl dumbbell ww1a 115 mm x 6 mm, 1% cross head
speed 500 mm/min, full scale load cell 100 kg Fnfildiadgannatnatan 5 oe
druseteiiuiduldinessu ASTM D412 lavdndratiailiugy dumbbell u1a
70 mm x 4 mm, I cross head speed 50 mm/min, grip length 25 mm, full scale load cell

10 w38 100N dunTuildudfAlaaduainatrsdasain 10 drage

62 N3 Dynamic properties
o o
lapltieaSos DMTA Mk Il (Polymer Lahorateries) a1 bending mode,

=

frequency 3 - 10 Hz @78813817 5 mm, displacement 64 Llm 7l gy -126 - 120°C,

u

scan rate 5°C!min

6.3 N133@ impact strength

39 impact strength 283 &n PP/LC3000 laulfiaias pneumatic driving impact

ar 1 A 1 o ke
tester Radmana ITR-2000 (ASTM D3763) @190 W®U1 70 LUm (aagainagdwnae 10 a9

aligh]

7. MSIAANRIG
7.1 a1 Melt flow rate laals melt flow rate tester (Kayeness 7053) 289
JrULWaELDSHEY TLCPAhermoplastic 11w TLCP/PP # 230°C lanldiinwin 2.16 kg
luan 10 wihn (ASTM D1328)

7.2 @ melt viscosity 784 thermoplastics 4Rz WaRluaNEY
o 4 , J a
TLCP/thermoplastic laglfiados capillary rheometer (Rosand RH710) natwnna 240 waz
250 °C 17 capillary ﬁﬁLﬁumﬂuﬁﬂms 1 mm 877 16 mm (L/D = 16) Wiy shear rate



' 4 -1 w  a o~ [ - el
NI 60 -10" s UTudayanldligndaslagif Bagley corrections waz Rabinowitsch

corrections @143 P8I5TUL Rosand

8. n15I® order parameter
fusudatnaiuilsy PPILC3000 e iadnituansnnuidusniouues

Tutana (order parameter) lavld FTIR Ta absorbance lagns polarizer luuuanum
(A wazasaan (AL) fiufiafiaaildy duanein dichroic ratio, R = AJ/AL uazFWIDLAN
order parameter MNgAT S = (R- 1)(R +2) lunsdifi R>1  @atflu absorption
band 716310 parallel transition moment %38 S = 2(1 -RWR +2) nsfifi R<14a
Wil absorption band ‘ﬁlvl,ﬁ'%’m perpendicular transition moment

fae19789 IR spectra Va3W&x TLCP/PP LLﬁm'Lugﬂ"‘fma'w peak Al ILA I
order parameter Aafieumls 1601 cm’ waz 726 cm dallu parallel kas perperducular
band GINEI9

1.Go_*

0.8 |

0.6 |
1601 cm™

0.4

0.2 ]

0.00

£800. - 1600 1400 1200 1000 800 600
cm-1

IR spectra 299WdL TLCP/PP JRlan79 polarizer TUIW (-—-------- ) LRZAIRIN {

Fensaendy
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as = e/ =Y
1. wazasn1sdsufinawlyazsidia
1.1 wawaensuUIuias98 hydrolysis

a an A a & o . S [y a o a
uffinfifieduanavh hydrolysis unidvandulaazinfia vililaanagnda
U
e IA 1 o oo r-% ﬂl J L. 1 ] Qe 1 r-w-v-1
11939 langif hdomaiisufsduldunng NH, wsz COOH datalfiisen

U

o
hydrolysis U89 Conex w&ad L1317 1.1

I i
—ENPK@KNH——C C+

NaOH

O O
I I

'wm-H]\l\©:rNH2 +  Na~"O0—=C. . Cowme

gﬁ‘ﬁ 1.1 1J{fi3en hydrolysis 283 Conex

nisnyin§Ate didulefléldasnseulassshalusnalosld FTIR DRIFT
technique 17 spectra ﬁGLLamlugﬂ‘ﬁl 1.2 98¢ Conex, Kevlar s Technora Naulasnad
M3USUBe 8% hydrolysis woil peak tallinduiiduniia 880, 884 uaz 881 cm-1
AUFINU Gﬁﬁal,ﬁﬂa’mm%i C-H out-of-plane bending U84 benzene ring ﬁag’ﬁmﬁ’u Wil
COONa” U&a4iIMII¥ hydrolysis Uszauanadia

11



Conex Tréated
~
L 8&) 84
000 90 90 80 80 70
Wavenumber (crir')
'V—_\/\/-\/Uire/atf
[1}]
Q
=
o
£ Treate
£
th
=
o
[
Kevlar \
- 86
896 884
1000 950 900 850 800 750
Wavenumber {cm™)
| =
£
E Treate
Technora =
- /
895 ™~
881 865

- -
1000 950 900 850 800 750

Wavenumber (cm™)

3ﬂﬁ 12 FTIR DRIFT spectra 183t&ulel Conex, Keviar Waz Technora Naulasnas
NI hydrolysis



1.2 #areInIUTuAalasds N-alkylation
{30 N-alkylation yuilaveaiduluazsilia usasdatal e luaums

P99 UNTTRUDI Conex

_[_NH NH_E Eﬂ—
o O

NaH/DMSO

& R P
5\@/“"* C\@/Cﬂ: ¢ H, + Na*

RBr

P ¥
T;\@)H— C\O/ct b NaBr

JUf 1.3 usaslffiten N-alkylation 989 Conex

A o o A e o 5 . ar w a
Warsulof landaanyin N-alkylation 1U3@ FTIR DRIFT spectra 16iHae1

wgaalugifl 1.4 293 Conex 2z1# stretching vibration a9 heptyl group A F1umnss
-1 o o ' B a
2932 LRz 2858 cm  LIR¥UDE dodecyl group NETILALY 2925 WA 2854 r:m1 AHITIRY

A - \ . o ™ ‘ a
fadulignnglyu aramid fiver (fosanlaifl alkyl group Tulaana usasiuuivas

fiber {1y alkyl lUinizdsfsiaanys

13



%T

3600 3400 3200 3000 28400 2600 24|00
cm-l

g‘ﬂﬁ 1.4 FTIR spectra 184 (a) untreated Conex (b) heptylated Conex

{c) dodecylated Conex

13 Tassgefugiuvaaduly
971 SEM micrographs =iAUaN MU0 § ULy Keviar Conex Wa: Technora

ﬁauﬂﬁﬂ%'uﬁ’aﬁmam‘lugﬂﬁ 1.5 921w short fiber 25380 &% pulp  fibrillation
N wRsnRanTUTUA1aadwly Keviar unz Conex las3t hydrolysis Was N-alkylation
wradlugfl 1.6 usz UR 1.7 mwdrdy  wasebiidutadnenedafiufowly S
m‘g‘u'i::maaF‘J?Lﬁm‘fumﬂwé’dmsﬁﬂﬂﬁﬁm'\

gﬂ‘}é% 1.8 uRe 1.9 LLN@AJ SEM micrographs Pt &Ly Conex LAz Technora ﬁw’m
N13111 oxygen plasme treatment laglsanuan 0.1 torr, f18991% 100W 1Az 60W ﬁ
NG99 AR 1§ule Conex ﬁﬁﬂﬁ:&ngnumniluiaaﬁﬂ%u fuLEuly Technora A7

P . = ' 1 o &
srilanwuswasdswoanitduusin taltiarlunsoruwaguwuiu

14



;:‘Uﬁ 15 SEM micrographs 984 (a) Kevilar short fiber, (b) Kevlar pulp,
(c) Conex short fiber usz (d) Technora short fiber AauUTuR

15



{c)
JUA 1.6 SEM micrographs Kevlar pulp (a) fawdiufl (b) wasTura18a

ry

hydrolysis (¢) WaIUSUA17T dodecylation

16



BaRBa4d Al.98K 28.,Bun BRBA43 15KV X1.,88K JBum

888819 |SKY

sUA 1.7 SEM micrographs 83 Conex short fiber (a) fiauiliLA7
(b) wRIUTUAIGAT hydrolysis (¢) wadaUTuAIe17T N-heptylation

LR (d) naslSuRn6287% N-dodecylation

17



A L
BoBaBg 1s5kKv

gepall 15KV

(c) (d)
gﬂ 1.8 WRLEIMTATUADNTLIUWRIFUTUBHEIVEY Conex fiber AWK 0.1 torr,
A8 100W 71987 (a) 0, (B) 5, (c) 10 waz (d) 15 w1l

18



188820 15KV R4.08K "7 5ua

(c) . (d)
Eﬂﬁ 1.9 HAYDINTITDILODNTLINWATIRUIUUNIUDY Technora fiber /%6 0.1 torr,

A9 BOW ¥Ia7 (a) 0, (b) 5, (c) 10 U uaz
(d) Artds 100w 1Twamn 15 wifi

19



2. AuwaAmITUINABlaazsIiafUmasluna ansanalamat
2.1 ARAWBRATZWINALHULY Kevlar, Conex Was Technora il SEBS matrix
HaTadUTu L ledafIn T IINUA a1 TIAS uaealal stress-strain curves

é’agﬂﬁ 2.1 — 2.3 W3 Keviar/SEBS, Conex/SEBS Was Technora/SEBS composites
audey uaasliiiudn seBs dalludsalowwoing strain crystallization effect 4
Ainasifienfiu vulcanized rubber tiatiia fiber il strain crystallization effect 8aa4
ImUﬁ'@mum'a'ﬁﬁ;@mﬂvl,zjgﬂ‘ém‘luﬁwﬁlﬁmmtﬁ'uluﬁ'mdﬁ 5% WGf1 tensile strength
anad TwinmefdiaBunoudulomnnin 5% mm’mmaﬁq@mma@m LA tensile

strength ld@ranuan

+0

1.
V1]
-t
—_

Stress (MPg)

0 { [ i i
0 190 200 Ry 400 . 15§

Strain (V)

51 2.1 Stress-strain curves 183 Kevlar pulp/SEBS composite Bunosdwly (%ewt) :
U

a=0 h=1¢=3 d=5 e= 7 ua: f=10

20



25 -

Stress (MDa)

0 1c0 200 300 400 <00 £C0
Strain (%)
g‘ﬂﬁ 2.2 Stress-strain curves U84 Conex short fiber/SEBS composite US54
WWuly (%wt): a=0, b=1,¢=3 d=5 e= 7

0

Stress (hMPa)

0 1C0 200 300 4C0 s¢O Y

Strain (%)

gﬂ“ﬁl 2.3 Stress-strain curves Uad Technora short fiber/SEBS composite
USurnudule (%wt): a=0, b=1, ¢=3, d=5 e= 7

21



Sadsuiinuandulsmimuniadinit hydrolysis URULAN T HEY
MA-g-SEBS lasuilsiiuimann 0 D 7 wt% udrinauwadaluia tensile properties 16
waﬁummlngﬂﬁ 2.4 (a) 100% modulus 4az 3 2.4 (b) tensile strength AW
modulus aaadldntauLdalium MA-g-SEBS > 5 % &Iuf tensile strength U83hyd.-
Kevlar/MA-g-SEBS/SEBS aanaAntaadoiRnLSan s compatibilizer > 5% luums
tensile strength U84 hyd.-Conex/MA-g-SEBS/SEBS T¢n thuduiiaifiayfunm MA-g-
SEBS 9u¥innU tensile strength Uad 72U Kevlar composite 8133201 hyd.-
Technora/MA-g-SEBS/SEBRS 1i¢1 tensile strength a@aatﬁmam MA-g-SEBS 3 wit%

13

M100 (MPa)

3
SEBS-g-MA content (wt%)
(a)
40
g !
A
=1
=
o
@
i
‘&
=
[-*]
=
0 L L 1 1 1
0 2 4 6 8

SEBS-g-MA content (wt%a)
(b)

iﬂ‘ﬁ 2.4 Tensile properties 984 hydrolyed aramid fibre/MA-g-SEBS/SEBS composites
B

(’ - Kevlar, L] : Conex, A Technora)
(a) Modulus at 100%, (b) Tensile strength

22



Iﬂ‘idﬁ%”ldﬁmﬁ’\%ﬂm fracture surface YINDUWBRATZUL Keviar/SEBS uaasli
gﬂ‘/’i 2.5 1fSsufinuszuunaniasnasdiuieadnideumsdiudndnloazdansme
sy nniisluninduaasimisiaimeseniadulonuning lié wandanmsdiuinduly
u&udia compatibilizer wuin fracture surface Sanmwmzmsinuaaduloduss uaniims
fornnernhaduleduanindgadu wanaind nw SEM 7 ldanidulendsniasia
waﬁLma%'mﬂ'%nfgaanuamnﬁﬁmaamaagd'uul,s?ﬂﬁ%aﬁ:ﬁ“maanhj‘lﬁ ATz AN WD
mﬁl,ﬁml:m:whwy; MA 184 compatibilizer uazwsl NH, VUHIUBILE WY

piese3 15KV

i‘].lﬁ 25 SEM micrographs 984 fracture surface (a) Kevlar/SEBS

L]
{p) hyd. Keviar/MA-g-SEBS/SEBS (c) Extracted Keviar from Keviar/SEBS
(d) Extracted Kevlar from hyd. Kevlar/MA-g-SEBS/SEBS

23



fracture surface U3 Conex/SEBS LLﬂmlugﬂ’ﬁ‘ 2.6 (a) Uz (h) vl unmodified
Conex/SEBS n&32018 150 Ua2 2000 WNMURIAY URASHIALAN M fiber pull-out
Sougasimafacnieszniandulotunindlsd #1131 2.6 (c) uaz (d) hydrolyzed
Conex!MA-g-SEBS/SEBS fnad1uty 150 uaz 2000 1vin enudiauuaadliiin fiver

J ' 1 3/ =) = -f C(' =i & o &
tNeakage‘ﬁﬂuﬁ@dﬂﬂﬂﬂiﬁ@Lﬂﬂ:izﬂ?ﬂﬂLﬂulﬂuazLNW?H%@WHHNawﬂﬁiﬂiﬁﬂﬂﬂaéLﬁulU

geaeal 15KY

P

| .JhwdajH:::;‘ﬁf

Lgeee4 15Ky Xi5H 200un HE . aak

15, Bum

(d)
Eﬂ'ﬁ 2.6 SEM micrographs 983 fracture surface (a) Conex/SEBS A§9TE7Y 150 1711
(b) Conex/SEBS A189L8IY 2000 ¥ ic) hyd. Conex/MA-g-SEBS/SEBS
fadgrene 150 L1 (d) hyd. Conex/MA-g-SEBS/SEBS 1Nadua18 2000 1¥in

24



fracture surface Ua< Technora/SEBS LLﬁ@]ﬁlugﬂ‘ﬁ 2.7 {(a) Waz (b) \ilw
unmodified Technora/SEBS #8421 200 WAz 2000 e udal uraaliiduansue
fiber pull-out uazsasugnilamdulofingasinnstamessniasulofuursndlad
a"mgﬂ 2.7 (c) W& (d) hydrolyzed Technora/MA-g-SEBS/SEBS fNa3utny 204 Ry
2000 11 swanduuaealiifiu fier breakage urzmitafafilowduly Susasinns

2 ) o a gad A A [V [y
U@Lﬂ"l:jz'ﬁ']']ﬂLﬁulﬂLLﬂ:LﬁJ'ﬂiﬂ“]]ﬂ"ﬂuLllﬂ&]nqﬁﬂfuwlﬂaﬁLﬂu‘lﬂ
| N

daaa;

(d) (d)
Eﬂ‘ﬁ 2.7 SEM micrographs Ba4 fracture surface (a) Technora/SEBS 1818 200 L¥in

(b) Technora/SEBS w18 2000 111 (c) hyd. Technora/MA-g-SEBS/SEBS
U 200 190 (d) hyd. Technora/MA-g-SEBS/SEBS 2818 2000 1¥in
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#7UNANIINARBIYDING 3 TUU fa Kevlar/SEBS, Conex/SEBS Uaz
Technora/SEBS laan13Usufind03F hydrolysis uazld MA-g-SEBS LTusnstiouay
210 SEM micrographs 184 fracture surface waesiiinmsBanesesaasewinadulofu
Lm‘%ﬂﬁﬁﬁunm:uu WAeN tensile strength R UTEULLALIRE Conex/SEBS MR
FepvsmuszuuileaRuiiiuunatiy 3 Basaslusans J.Sei Soc. Thailand 23 (1997)
101-114 (output 1.1), Polymer 40 (1999) 2993-29929 (output 1.3) IL8= Mahidol J. 5
(1998) 115-120 (output 2.1)

22 wadwasuauszninadily Keviar uas Conex MU SEBS matrix Y3UAR
il laed3T N-alkylation

navasnmslufingulalasds N-alkylation Aifldasuianmmusaussdes
Conex/SEBS composites LLam‘lugﬂ'ﬁl 2.8 1ilu stress-strain curves 83 (a) neat SEBS,
(b) 5 wt% unmodified Conex/SEBS, (c) 5 wt% heptylated conex/SEBS waz (d) 5 wt%
dodecylated conex/SEBS 9x4#win modulus 71 strain ¢ Jaufnduilszanm 3 iudla
LAULEWLEY E':’Ju@i’lﬂ’.l’mU’]’Jﬁﬁg@]‘u’]@]vl,ﬂ@hﬂﬁ'uﬁga 4 foee wmwmmmwmﬁamaﬁoﬁq@
#16 (tensile strength) 984 SEBS (curve a) a@mmmﬁma&l Conex 5% f{curve b) LLGiLﬁa
USuRuduly Conex Iﬂmﬁ'ﬂg heptyl L&z dodecy! wldfimenduloanenuiithaus:
FNs0EaMzAY SEBS matrix #afunefiwaiiliivaléadudevnlen tensile

¥
strength guut (curves G LA d)
30

[
wn
1

[

Stress (MPa)

0 Lo 200 306 400 500
Stratn (M)
Eﬂﬁ 2.8 Stress-strain curves Ui {@) neat SEBS, (b) 5 wt% unmodified Conex/SEBS,
{c) 5 wt% heptylated Conex/SEBS uaz (d) 5 wi% dodecylated Conex/SEBS
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Faaminlda1n SEM micrographs 189 fracture surface lugﬂ"?‘i 2.9 LRI lWiAuIn
wadImsUiuAveadulod fier breakage (31 2.9 c) Wafeuturewuiuandulsanu
fiber pull-out Asluzy 2.9 a ﬁﬁﬁwmugwnﬁu matrix \n1sfauazadauuuiousziied
lawduly (7 2.9 q) Lﬁmﬁuuﬁ’ugﬂ 2.9 b Fadwduledlildusuiefusasuazson
wanuufavaduly uaesimy alkyl suRdulogelinisiianes matix ifialdfunis
ganalidianunudsussf s finuding (nenudspszuuilaedRuiluansas J. Appl,
Polym. Sci. mﬂ_?:m:a_aﬂluﬂmﬂlﬁ‘ research output 1.5)

= b —
] - < [

._c”.‘

Baglaz |5KY

317l 2.9 SEM fracture surface 89 (a) Conex/SEBS ¥ 200 11
(b) Conex/SEBS fiM&3usy 5,000 11 (c) heptylated Conex/SEBS

a.

R@sane 200 i (d) heptylated Conex/SEBS fnasu18 5,000 14
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Q a ar . A v a ad
NIWDILAEINU fracture surface Yad Kevlar/SEBS composites Avsuinlandt

v iz’ 1 ks A 1 o o A 1 o
N-alkylation fil¥ fiber breakage uMnAuninaulofirnounIlsuin Susasiiiusstle

Ju] -, P P ’ & ’ P
Wil interface LANAY daugealuguN 2.10 usluszunfidn tensile strength lalAsiu

gﬂﬁ 210 SEM fracture surface U84 Kevlar/SEBS composites lagldidule Kevlar pulp

(a) unmodified Kevlar (b) pentylated Kevlar (c) dodecylated Kevlar
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2.3 waRwesnauszuinadule Keviar ez Conex fU Santoprene matrix 151

Aduly gD hydrolysis Laz N-alkylation

Santoprene tilw thermoplastic elastomer AiYsznau@78 hard phase fo

palypropylene ez soft phase da EPDM (ethylene propylene diene monomer) Tad)

. 4
covalent bond 32%274 hard phase L& soft phase T367149970 SEBS thermoplastic

elastomer §91h stress-strain curve 323525l strain crystallization effect LUy

J2UU SEBS (931 2.11) walfiuduly Conex aslu Santoprene 39vin1lWan elongation at

-t . & = = 4 o @ o a o=
break 8na9 113889 ¢ modulus q\‘l“ﬂuﬂ’lNﬂﬂ’)‘i%:L‘Ll‘LLLaJaL@MLET%IEIY]NF\’J']&ILL"U\‘JLLS\‘]E‘J}\?

i o -8 ' 1 = d‘ al J dl = e ] 1 A\‘ ] :f =y gr
L UYING ﬁ’luﬂqLLidﬂ\‘]ﬂ’i‘]‘ﬂ’U’I@]LWN‘ﬂJuLQJE]LGIEJLE'%‘LU 3 wit% LLG]VL&ILWNG’IQL&JQMNLE%ILU

&
Ny
10
8 -
d AAALAA
X
x:(:x "ffﬁ 2ud a
E 6 Yfrr‘ii‘“ anﬁamﬂﬁﬁaunn
a
= oGl gu_gcuc*'"’w
bt & A, QO;
§ 4 _f:.k‘ 503
3O
3
gg
1rg
o
0= — — .
0 50 100 150 200

Strain (%)

Eﬂﬁ 2.11 Stress-strain curves 184 Conex/Santoprene composites Viadaaule
Conex (wt%) (a) 0, (b) 1, (c) 3, (d) dusz (e) 7
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uazaInsUsuAnFulolagdt hydrolysis uazliin MA-g-PP szuufl ldkadiunn vin
e nl J = =
lvien tensile strength LANTUAD hydrolysed Kevlar/Santoprene 1aeLds MA-g-PP 1flua1s
\ o o A a v 2 : a &
PAUHFN muamlugﬂﬂ 2.12 faiduduly 3 wi% ¥inlddn modulus Wadulszanm 2
o , O o .
L1 BIUA tensile strength LWALMLATIUEE LWART elongation at break 8aaI4N {curve b
=) as F) 4ﬂ' o 5 9 e ll:‘ 1 ] £ sum Lo
\inuAy curve a) usiiladidulely hydrolysed vinlwiing Aladansviy §iseiu
. a & 4 4 v oA A a Y A 68 A w aX & o,
matrix sAN Ui I Rewusaiitrsbidulouasiunindtafariuedn Favinlwen
, . - A& A o |
tensile strength L&t elongation at break RV IuaILEadl curve ¢ wazflalduastie

s . @ [
HAN MA-g-PP 3 wt% Barn et afaudnne modulus Laz tensile strength (curve d)

10

—
3
i
2 a
S
o]
G
=
e
el
7
U " i L 1 ] A A -l - i ] .
0 50 109 150 200 250 300
Strain (%)

Eﬂ‘ﬁ 2.12 stress-strain curves a4 (a) neat Santoprene,
(b)3 wt% Kevlar/Santropene, (¢} 3 wt% hydrolysed Kevlar/Santoprene
(d)3 wt% hydrolysed Kevlar/Santoprene/3 wt% MA-g-PP

r=1 qras . - - d‘
uaﬂﬁl’mu“l@’m dynamic mechanical properties 124 Kevlar/Santoprene WWaAN®
NaU8d MA-g-PP fitsia interfacial adhesion 1adnauwaie L@HATDY storage modulus 614
LLam‘L%E‘]J‘ﬁ 2.13 (a) WU161 storage modulus 2849 3 wt% hydrolysed Kevlar/3 wt% MA-
=l A [ F=Y I 1 U
g-PP/Santoprene fidngafigansaatramnniinila T, (-40°C) 8131 2.13 (b) uAAIAT
4 = ' . . o a
tand @38l peak Nilszantn —40°C Hasin T, 284 EPDM 874 peak fitlszanm 0°C faeh
=3 . 1 g A:" r-% J} = o =l =
T, 184 PP 2ziiwine T, v09 PP adulifgunaiigaimantanuas tand Juwaifinag
A & o dl' = . o av . A
dialdn MA-g-PP ugaslifiiuiiniiedaufiues PP chain gnirrialeas compatibilizer 44

. a A s
RUNUANUINIIEREAT interface ATw
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10000 §
1000 E mﬂé
. : %A
a - A
2 100
7S
10
1 L 1 1 1 1 ] 1 i 1
-156 -100 -50 0 30 100 130
Temperature (°C)
(a)
0.4
03
“ o2k
<
= L
0.1
0 1 1 3 1 1 1 1 1 1 i 1
<150 -100 .30 0 50 100 150

Temperature (°C)
(b)
Eﬂﬁ 2.13 (a) Storage modulus (E”) waz (b) tand U@ Kevlar/Santoprene composites
3 wit% hydrolysed Kevlar/3 wit% MA-g-PP/Santoprene (A).
3 wt% untreated Kevlar/Santoprene (X},
3 wt% hydrolysed Kevlar/3 wt% PP/Santoprene (O),
Santoprene (<)
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NN SEM 289 fracture surface 1833201 Kevlar/Santoprene composites “ffaﬂ%’u
AalaeAT hydrolysed WaLAYN MA-g-PP LazlasdT dodecylation malugﬂﬁ 2.14 921fiu
31 fianmaiuindulpeslusmile matrix 877 (pull-out) Winfpunudlefusuiug
Tagtannzatnafis hydrolysed KeviariMA-g-PP/Santoprene (31 2.14 c) ifusnautia
matrix kg diinsiaimzTzwinadulony matrix SunFefiuatinly tensile strength 1iAx

; s ﬂil i kol
TUSINNRT IR

3'1J‘ﬁ 2.14 SEM micrographs 3 wt% Kevlar/Santoprene composites
(a) unmodified Kevlar, (b) dodecylated Kevlar (¢) hydrolysed Keviar
LazLiy 3 wt% MA-g-PP
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#MTUSTUL Conex/Santoprene WU IAAN tensile strength E{ﬂ%‘uiﬂmau
MA-g-PP ud li#a39 hydrolysed L&ule aldnadini

§MIUTzUU N-alkylated Conex/Santoprene NL## tensile strength gaﬁmﬁu
VBN ﬁaLLamlugﬂﬁ' 2.15 stress-strain curve a Q@ neat Santoprene, curve b fin 3
wi% Conex/Santoprene %alﬁ’@i'\ modulus LR tensile strength ifjmﬂ’i’] neat Santoprene
uasiiiovduly Conex livin N-heptylation Nl 1 stress-strain curve ¢ Fafiein

. X s . .
modulus LA tensile strength FIBUNIT curve b IL@a" elongation at break #1184

10
8 F ¢
Tl b
ugl
.l!'-l xxxx x)QO(XXxXX”CG : .
:\E 6 B unﬂu Xxxx “¢0w
E 2 X)e( QO’““.
\;: qnn xx .’.0‘
Eoab X ot
C‘}}- L ¥4 ’0’
s *
X &*
+*
*
2 e
*
0 x ' : :
0 . 50 100 150 200

Strain (%)

Eﬂﬁ 2.15 Stress-strain curves (a) neat Santoprene, (b} 3 wt% conex/Santoprene

fc) 3 wit% heptylated Conex/Santoprene

Morphology 184 Conex/Santoprene composites LLam'Lugﬂﬁ 216 nadulorian
nsduiuarnain1sUsuinganas hydrolysed Wiy MA-g-PP uasiiwlafitsuin
3% N-alkylation ztfiwinduloinaaudreduns 9w waasliiFiuwinmsaimesznine
wuwleriy matrix Aandned uamdaneffinuosduloazisiu matrix Lnzdaaganniinsd

alsuwlodlalausuin
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gﬂﬁ 2.16 SEM micrographs 183 3 wt% Conex/Santoprene composites nTdf L dule
(a) unmodified, {b) heptylated Conex, (c) dodecylated Conex
(d) hydrolysed Conex Waz 3 wi% MA-g-PP

§7UHAUY composites fld Santoprene 111w matrix WuTELUR LR tensile
- J as s nl: = . . e oa
strength tWUTH FORONASNTUMNWIIN SEM MLNa fiber breakage LWae matrix LN1Z@RNTIHN
k2 & 1 { = e 1
YauduloGanansirmsbainizf interface & launszuy Conex/MA-g-PP/Santoprene,
alkylated Conex/Santoprene {48s hydrolysed Kevlar/MA-g-PP/Santoprene (ﬁdaﬁwwﬁlu
1IRYT Polymer 40, 6437-6442 research output 1.4)
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2.4 WORLUDIHANTEWINS Conex short fiber Waz Thermogplastic Polyurethane
Elastomer (TPU) UFufirveandulodiy Oxygen plasma uaslapif hydrolysis

lednwsuiaidinauszlassaiadugruuaina e inauszning thermoplastic
polyurethane elastomer (TPU) &z Conex short fiber AauuasnaimsUTuiivaaauly
#183T oxygen plasma treatment Uay alkali hydrolysis %H:ﬁ'\lﬁ’tﬁ@lﬂ%ﬁhﬁamiﬁ’]
U380 1% -NH,, -COOH ﬁﬁwaaLﬁulﬂLﬁu"ﬂlmm:ﬁﬂﬁﬁaLﬁulumgms:mn%u AR
Frulvmitedasznitadula iy matrix 81w

NARYDINTTIRFNTE Tensile VaY untreated Conex/TPU composite audnBanae
L§ulBuans stress-strain behavior a4 untreated Conex/TPU composite Liiautl 55N
Lduly 1-10 wi% mel‘ugﬂﬁ 2.17 WU TPU LEOISNEUanIz 10901998 strain
hardening effect #iaft strain §3¢ A1 tensile strength §321N §numn°ﬁuﬁﬂ5’mgﬁmam
wuloands 5% Tagsirwin ueiiarSunm Conex §337NN31 5% 2zLAia yield Wu e
U570 Conex LANTUINES 10% 61 modulus T 10% strain S RaTwTu 5 (ihaas
unfilled TPU @116 tensile strength anadntaun Lo Fum Conex WRNAwilnL 7% ue
NNt uinaTailaSunm Conex tRanliv 10% wui pure TPU L&z composite f
Usznavalsiduls < 5 wi% 2:5@7 elongation at break wWa 9nuA2UINNTY 700% Lazas

AaRIaHI9TIALINRRaUTzI I 50% tHald5unte Conex NN 7 wit%

40
¢ (% Conex DEx
35 1 o X g
a 1% Conex 50 o
30 - 4 3% Conex DEAgﬁg&O
_ ¥ 5% Conex nuA*;o
L 251 0 7% Conex .0 %
E, + 10% Conex o t*
> 20 gg*
< gﬂg
& 151 ah8oo
xxxxxxxﬁfﬁgﬁﬁooo
10 AAAAAAégnnooo
N A nunuﬂgoooo
5 000®°
0 I I L] I T 1

0 100 200 300 400 500 600 700 800
Strain (%)

gﬂ‘ﬁ 2.17 Stress-strain curves 984 untreated Conex /TPU composites

WanlnButodsly 990 0 — 10 wi%
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W&I9N treat surface Va9 Conex fiber @28 oxygen plasma tauldmds 100 w
VIuaRTIw 3, 5, 10 Wz 15 wfl uaz treat AdulolasldiT hydrolysis s lUuauny
TPU TawldSunm Conex 7 wi% adfi  udanin composites 1n3axu1ld tensile nadile
LLﬁ@mﬁagﬂﬁ 2.18 =AW plasma treatment waz hydrolysis ba¥inlwen modulus
U89 composite wWaznulaslian untreated Conex  daush yield stress Waz tensile
strength 783 composite Aleanidulafivi plasma treatment LwIa7 3 WA Rz

e g
hydrolysis HeLAUTLANEDY

untreated
25T M 100 W/3 min
0100 W/5 min
0100 W/10min
M 100 W/15min
E hydrolysed

20 A

(MPa)

10% Modulus Yield stress Tensile strength

Eﬂﬁ 2.18 URGIFULE tensile Ba9 untreated Conex WRE treated Conex/TPU composites

wanaINileiia dynamic mechanical properties Toawediuases lagld bending
mode ﬁ frequency 3 Hz, 64 Llm peak to peak displacement ’Tﬂlwﬁ’mqmwgﬁﬁwﬁ]’m
60 #4 100°C Tagld heating rate 5°C/min Ha#ilawas untreated Conex/TPU
composites fudsiSuiousuls 0 - 10 % LLﬁmlugﬂﬁ 2.19 (a) faf1 storage modulus
(E"Yy wui E fenfiaamn datFunonsulaRuiy lugrsgmnnfimile T, (-11°C) Banad
eitonadasiiudn tensile modulus ALRLEY

#MTUAT loss tangent (tand) LLﬁm'Lugﬂﬁ 2.19 (b) wuinilatBanoudnloAudu
271 01U 10 wt% T, ﬁﬁiwgﬁumn 11°C 1Tu -9°C (ilasamnmaedanlwives polymer
chain pndrfawzfadudule) WBNIINANL tand,,,, SeaaadiasSunoudulsiia
T uaaslwidings damping characteristic 89 AomaNINFIHIWLTIANN polymer matrix

i va » A - ] ar @ s (=1
VL‘]JEJ{ fiber 16a% LLﬂ@d')’]ﬂ’]iEJﬂ@)ﬂ'iZWﬁ\‘JLﬁ%li]ﬂl]le'iﬂ‘ﬂ(ﬂ
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10000
¢ 0% conex
o 1% conex
= 1000 4 3% conex
& X 5% conex
E o 7% conex
= + 10% conex
= I b
E AN pRAX BB IRE I g gaa
*] RIS AR O
=h 3o X v A0
E
o 10 A
1 T T T T T T T
-60 -40 =20 0 20 40 60 80 190
Temperature ( °C)
(a)
0.4
© (% conex
0 1% conex
& 3% conex
0.3 1 % 5% conex
o 7% conex
+ 10% conex
W
=
®
E—q

(b)

Eﬂﬁ 2.19 (a) storage modulus (E') LHx (b) loss tangent U8 untreated Conex/TPU

composites LIaLYUTUSNIEWLY

morphology 224 fracture surfaces 1243 untreated Wz treated Conex/TPU
composites LLﬁ@d‘L%gﬁﬁ 2.20 1l SEM micrographs Airta4u818 200 1¥11 92ARINNG
v#ulel untreated WRE treated Conex LANHIAZWNRUATDUNY a’*mgﬂﬁﬁwé’wmm 4000

1 aZRWIUSLI W interface JWIN fiber L&Y matrix AN1THAFANUE LEEILLTAWIN
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al o A A 1 Gr @ @ i k1
Conex fiher laz TPU Instaniznud ﬂdHﬂﬂ?iﬂ@ﬂa&ﬁﬁuuﬁﬂ@ﬂﬁﬂﬂﬂuwﬁﬁqﬂﬂqﬂ

tensile properties L8z dynamic mechanical properties U8+ composite

| Shum

FgRBl4n LSKY

Eﬂﬁ 2.20 SEM micrographs 784 Conex/Polyurethane fracture surfaces
(a) untreated fiber M&3ULNY 200 L¥i7 (b) untreated fiber ANRIVENY 4,000 1¥i
(c) 5 min O,-plasma treated fiber FAIVANE 200 L¥i
(d) 5 min O,-plasma treated fiber MTRYVHTY 4,000 LY
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3. waRlnatuaNsTwIsHa R asuamuamaslalnstniunaslanaradn

3.1 wodluaSHARNIZKIN Polypropylene Waz Rodrun LC3000

\3uwadluainay (in-sitv composite) Tewinawadntalliu (polypropylene, PP)
Y Rodrun LC3000 (copolymer 984 hydroxy benzoic acid Wiz ethylene terephthalate
Fasam 60/40 mole)Failuwaiiwasudnmarriamaslulmiln (Thermotropic Liquid
Crystalline Polymer, TLCP) las@nwianiemsuga mﬁfugﬂxﬂuﬁﬁfﬂ 1% PP matrix #
ANUNTANI 9 (LU melt flow rate) uazld aIINE LW SEBS, MA-g-SEBS (1.8
Wi% MA) , MA-g-PP (0.1 182 0.5 wt% MA), EPDM, MA-g-EPDM (1 wt% MA) 1flum3
I I@u%ugﬂLﬂuﬂﬁmuﬁa

inann Teep war PP linauduiluiindisatwerldwetinasuau s TLCP
Junsaidingnizazadly PP matrix an:Lﬁavlﬁ'?mmLﬁ.ammnmﬁamnm‘sﬁugﬂimm
nsaanieterild TLCP Baaaniiludu waniovinlfuosuauilindmaslaom$ezldwdy

el = = X . . e o
nuanwmeLwi i aw short fiber reinforced plastics muwumwmmmlugﬂ 31

PP

l Elongational/shear force

5' MR
YR

In-situ composite

31 3.1 schematic diagram USAINILAA /n-sits compoaite
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3.1.1 WAYDY draw ratio iflde lasriredagu anuiluszdovasluans
(order parameter) WazaUlR tensile

Lﬁ'mﬁlu draw ratio 1a3W&w in-situ composite (ﬂ’)’lam"r’l\‘l“llaé slit die #aAIN3NU
PoaRd) 910 9 11l 19 uae 33 Axiuimstevaaduly TLCP siw ﬁaLLa@alugﬂ‘ﬁ 3.2
TuRsufinanse draw ratio 9 3zfiuiniimesomelwdulsniuuunigeni
schlieren texture s‘ﬁaLLam'jﬂmaqaL'%mﬁavlmﬂumﬁwﬂfﬂ weiilaliy draw ratio 9=\
7 texture HanuinauaL NI mejﬂmaqaL%UJLTJm:Lﬁynmn%u Himoandaniy

¢ order parameter 461U TAIN dichroism V89 FTIR spectra ﬁdLLamlugﬂﬁ 3.3

17 3.2 mwannndasaansimivasldy 10 wt% TLCP/PP in-situ composite
U k]
1 draw ratio (a) 9 (b) 19 (c) 33
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Order parameter (S)
< (=]
b '

0 - J. | | |
0 10 20 30 40

Draw ratio
Eﬂ'ﬁ 3.3 order parameter 489 TLCP phase LWWTLCP/PP composite film
wisiuiuen draw ratio dwinlasld peak 1601 em™ (= —) usz
726 cm’” (—-).

g

#i1 order parameter, S Auiwlagls peak fAguwis 1601 em” uaz 726 cm” W
HalNaLAL INHUIN ﬁﬂgﬂ draw ratio = 1 ﬁaqmﬁh&ﬁmsﬁﬁiﬁulummqmg’jﬂ'w s =0 (lule
o) anandusaifivnvasluanaluigae TLeP Wadianduindulovesuds TLcp §
anufundniin arsesiliidulo TLCP fanuudusafis (fiber modulus iw) deinas

#IMA LA modulus 189 composite LANG2E

o FguildanniTudls draw ratio T 3autid tensile (gﬂﬁ 3.4) Wuen
modulus U84 pure PP Talufnwuiunmsdeildy {machine direction, MD) W&z modulus
Aufiedaann (transverse direction, TD) hluanenaru (isotropic) @2ud1 MD modulus 284
composite ﬁﬁﬂga%ummﬁmﬁuﬂﬁu draw ratio laptawizfl draw ratio 33 #1 MD modulus
RS uEs 77% Wiiaiflaui pure PP @ud1 TD modulus 989 composite film fd1tfauas
LﬁaLﬁu draw ratio (anisotropic) I WOAALIN F7 yield stress 784 composite lufia MD
VBl draw ratio Lpaus ldunnrinns oo modulus 8IueN yield stress Lufid

10 laiil@ouuslasunn
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3.1.2  WavaINIAN compatibilizer NfdalasiaiisuguuaauAUaIHEy

in-sifu composites

levaansld compatibilizer 3 via laun MA-g-PP , SEBS uaz MA-g-SEBS lasuils
Bmann 0 - 8 wi% asTsuaumsimaaztslimnszansdives TLCP Samland
m'smshfrqﬂﬂagﬁsamas:whﬁgmﬂ (interface) Va9 TLCP uaz PP LHunsik SEBS
Usznangny styrene block AUmenasasiailuaseslsudinmsudniwld@ny TLCP s
ethylene butylene block ﬁ'ﬁaag}]maﬂmqLi’Jumsﬁixmﬂe»j"amumamﬁﬁ’u'lﬁﬁﬁu PP matrix
G SEBS %mw:"l,ﬂagﬁiamiai:wm phase uaztanfiafisandadt il mumiﬁﬁwg
maleic anhydride azmursnvnyfAzenvmgfidusldnisanafeius lalasauld 49
a:m‘:mmﬂﬂagﬁ interface usztrnlwiAanisnszas et wunsdl MA-g-PP Asgwy
aansnifianuse lolasawiv TLCP wazraulw TLCP nszanslu PP 1684w (16)

Sanflsufnsuanttisnanluindl modulus uas yield stress lenadsuanslugy
# 3.5 asfiu 3 wt% SEBS el modulus §0‘ﬁ€j@1 (1,592 MPa) iaifinudurauldss
Faeean (1,091 MPa) 1ANIUAS 46% s0980nf0 1.5 wi% MA-g-SEBS l#en modulus
Anduszanns 21% uas MA-g-PP 1ven modulus [RuAwRsadnton wafiletiufii
Usznaalawnn Lfiau?ﬁumaf‘f‘raLﬂui‘ﬁ@;ﬁa’auaﬂuwmﬁanémé’uﬁﬂﬁwmaﬁnuﬁqmnfuﬁn
WaterzdlassaieimuguesidudendasanssmiBifnaseuuuuniig (;gﬂ?'i 3.6) 9%
Fwi mstensnmanigglwnsnazandies TLCP daw Tadulasuinanniy uas
LEuLN989 siudiafien fiber aspect ratio @nugmdaldugudnaueiuly) qa"ﬁu GREY
HAY l#en modulus ga‘ﬁuﬁi’maa wonunflazfindnvesdulofiuaneneiu ssmenand
Juensfio SEBS wax MA-g-SEBS ldfzaadulaoyus: uraswusfdulsdadnan
369 mﬁ@mﬂ;u@“’waqamffiaa%iﬁiaEJsiaizwj'mi'gﬂ’mﬁﬂﬁlﬁ@mmmgm:ﬁﬁa uazyi W
ﬁuﬁﬁamaiaﬂ@iasmﬁhﬁgmmﬁuﬁu FafdwinldmsBainsilssininwanndu wen
mﬂﬁwamﬁiﬂﬁé’aLﬂumiwmﬂuﬂ%gamnﬁqmﬂi'gmauﬁvlaiﬁw;ﬁ"h@ianﬁﬁmﬁﬁ%a'\
(maleic anhydride, MA) fa SEBS ﬂé’ulﬁwaﬁﬂ’hmiﬁmmuﬁﬁwg MA A9 MA-g-SEBS
ﬁgdﬁ!a’]ﬁ]LﬂuLWS’]:ﬁ"I‘S’ﬁ’JUNﬁNﬁﬁ%a;jl MA MliAniusmnainiawunlalanonfisondae

seniheigmededarnemsiasivesiuly TLCP
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w83 TLCP/FPP composite films.(., O: SEBS; ‘ O : MA-g-SEBS
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988823 15KY

HBOBZE

(c) (d)
JUN 3.6 MWaIn SEM w83 10 wi% TLCPIPP (a) liflsnstaoma
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9970 in-sitw composite \uwaRainaufiinisuenipmedsdsndandisansa
b
! Y o a = s e Y LN . Vv al =
seninigmadaiius Dawmiodildruiamenudausantzunnlid nsfu SEBS uas
A = a w o PN e . )
MA-g-SEBS Saillussazamunsarimifsisdsaunianmudeusantzunnldas 1iiag

ngaimifiilu impact modifier 16 9930 impact strength va9¥8u dnaswgaslus
) o
3.7

2,000

._
i
=
L]
L |

1,000 [

Break energy (J/m)

500 [

0 2 4 6 8 10
Compatibilizer content (%)

gﬂﬁ 3.7 WAUB3 compatibilizers 1ileas impact strength 189 TLCP/PP composite films
@ : SEBS; € MA-g-SEBS and M : MA-g-PP; 1dulszfiad1uas pure PP.

eLRUINE impact strength vosidnaaanefiweinaudasuniiaiiauny pure PP

(&utlss) walafumataiansufiinens (SEBS uaz MA-g-SEBS) vinl#en impact
v & 2t [\ a A & A e e e q oo,

strength NRUEIERUNaUYIGNLaLANINS 8% TN mensannawaiigelwan

modulus :jqﬂ'hmﬁlﬁvlail,é’mms*’ﬁmmu (Souiisuzd 3.5) @1 MA-g-PP Lijlinadadh
o &, a
impact strength Litadaniiuwaladn
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313 enuniieranuning PP dendiuatunile ussnafisldalaeae

ﬁmgﬂuua:amﬂa“umﬂﬁu in-sity composites

Isusanuniiavas PP lanifianls PP Aifldn MFR 5, 9, 14, 28 wawiy TLCP
10 wt% anunilaaswadueinanuaialasld capillary rheometer Tasuys shear rate lu
12960 - 10" s i’ﬂﬁqnmn“ﬁ 240 uaz 255°C ‘lﬁwaé’mmalugﬂﬁ 3.8 uinanunila
289 TLCP dhannmifiatfisuriy PP matrix sauemumniiavas PP fdvanunntlwilonde
PP5 > PPg > PP14 > PP28 awfinatasiiin wa‘éma'ﬁ’nn@“’aﬁﬁwm’lmﬁ@mmauﬁmﬁu
shear rate Usngnsaiiuiuni shear thinning effect 109910 shear rate gyl
entanglement BasluananadLuaianss

AATIHIUTEN IR EAVEY TLCP daauniianas PP Lﬂu@hﬁuaﬂlﬁ'ﬁ'ﬁﬂmi
fiaund TLCP phase tfialanialy thansmamanuniianasnii 1 Seaziionistiale nsd
TLCP/IPP ﬁgﬁnwﬂ@mm‘sm“iwé’aammﬂu extruded strand L&z injection molded WU3NAN
ﬁ@mumm'ﬂﬁ@]miagluﬁw 0.5 -1 (22) udlummesasiiwunandamsuanuniind
mnﬁaﬁqmwgﬁ 255°C 21lug23 0.04 - 0.15 LLazﬁqmwgﬁ 255°C agflugas 0.07 - 0.23
(3U71 3.9) filfia fibrillation vas TLCP léAeAsAueay draw ratio goflstiszanna 30 (3
3.10)

woRwaSuaufiadauan 10 wi% TLCP/PP laauysdl MFR was PPIaR§uAR
Imaa%’wsé"mgmﬁmmmlugﬂﬁ 3.10 lavfia3uuflsudan draw ratio 30 i fgzlann
ndaransyadleuass wmdhe) uaz duaaia PP aans xylene dalWiFuauna
ypaduly TLCP Faraufiein wamm) euwinduly TLCP Basndwdels pe Adanu
wﬁmgﬁmﬂu matrix ITLTWWE matrix ﬁﬁmwmﬁ@ag&mmmdammm"l.ﬂﬂ”a TLCP ¢
unvinldidn TLCP flnaanunsannin siudiaien fiber aspect ratio gﬁu Fanzvnlstlden
modulus (RuT GTamerl,uEﬂﬁ 3.11 921fiui1 PP fifld1 MFR = § ﬁaﬁmﬁwﬁ@mﬂﬁq@
azld modulus gaﬁqm La=e1 MD modulus s wiaifis draw ratio §2u1 MD yield
stress L8 uilen MFR 189 PP matrix Udgwiuen draw ratio 289Mdw falalfa draw
ratio 1 yield stress =i

I@mm;ﬂa’m%%’mﬁaafﬁﬁ'mmjlﬂaJ'Lﬁ'mﬁ'mwﬁugﬂﬁﬁu in-situ composite 113
GeR A s fuafraniewiuanid die fenuimdnannlunsiile TLCP fibrills
e12 Ferin il modulus g9 ddyniimaRendadiunnunilasesg mativTLCP §afid
;Eiwua'mmriawﬁﬂi{ nananissuaEnslfiun s naufildaniin elastomer #99z
FnRurautia tensile uaz impact strength uazgalluwnrsdunuiluaiusninefigoe
wauilinludasingilhdensid fissfisandarznivigmaemufia odhleduan
Aauniiil ilasonnnsdidasnisldfinnsiiadawes TLCP domain ﬁﬂﬁﬂ%}]ﬁﬁ’llﬁlﬁ@lﬁ%ﬁ:

mandnTarius: lalasiaudserludauremstiasives TLCP phase
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naaw3dniins TLCP/PP fildasdfRus 3 (309 In Polym. Eng. Sci. (1999) 39,

312-320 (output 1.2), ScienceAsia (in press) (output 1.6) LLR: Rheol. Acta (submitted)

(output 1.7)

103+
24000 x TLCP
¢ PP28
L 0 PPl4
q [ a PP9
—_ 2
@ 1021 *e e PP5
S L
[a T
= "ot
£ s (a)
: .
- 101':’ X %
X x
K %
X3k
100 N ——
10! 102 103 104 10°
Corrected shear rate (s7)
103:
] 25500 x TLCP
& PP28
A D PP14
@ .. & PP9
@ 102 ¢ ;D g ® PP
£ M
2 "o
Z 5 (b)
S %
> 10'f
] * % x
x,
x
R o -
10° : A—
10! 102 103 104 10°

Corrected shear rate (s7)

U7 3.8 anuniiefid1saT8aus199ua9 TLCP WAz PP fiflén MFR 5, 9, 14 uaz 28
<

Jafigunall (a) 240°C uax (b) 255°C
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5U# 3.10 LLammwmﬂﬁ}'mné’aagammﬁ 2949 PP/TLCP W&y 7NiidN Draw ratio 30

. a , & = 2 Py et

dnnin 200 i Jugdfiamngdl 255°C widuuan PP fifli MFI (a) 5 (b) 9 (c) 14
WaT (d) 28 g/10 min lasAuadreladreanidulasass uaznmwunialedionds
#Na PP 9andat xylene
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3.2 WaAwasHauTzn119 Polyethylene Wz Rodrun LC3000

LGS UNWRLUATHRY (j7-sit composite) T3RIINDRLONTRLAMAURUILUUEN (low
density polyethylene, LDPE) NU Rodrun LC3000 Fafunsfiwesnannasiamadla
ns31n (Thermotropic Liquid Crystaliine Polymer, TLCP) uazld SEBS, MA-g-SEBS |,
EPDM, MA-g-EPDM LTUs1ITI8MEN Iﬂaﬁugﬂgﬂuﬂﬁuma

Ah‘ ] L
311 waupINTIUls draw ratio NAGDENLG tensile BaY pure LDPE uas
wWaRlkainay LDPE/TLCP  uaasluzufl 3.12

300 B ——, ... iprrimDs

N —_— .
Q-: E‘;’:E:::t'v'(”'n)
g ] +l])l‘E.‘Tl.(‘l'[J’h)
w
= 200 F
=
=
c -
g
7]
-~ 100 F g $
=11 {E
=
= L
[
e
0 1 1 g 1 -1 1
0 10 20 30
Draw ratio

gﬂﬁ 312 Young's modulus 2898y LDPE uas 10 wi% TLCP/LDPE fie
draw ratio 6199 Jalufienisfaday (MD) uszialuiiaasann (TD)

Namﬂgﬂ‘ﬁ 3.12 waedldiAningn Young's modulus U84 composite film
TLCPADPE lufia MD SduRuduilszanns 2 11 fiasn Draw ratio gﬁumn 9 1ilu 27
§IUAN modulus Tufa TD sxiidanaadnioy nafildiroaadasiunwiifiuannaas
gansrafeiduly TLCP B1dwiila draw ratio ﬁmgﬁu fulunsdl neat LDPE wu-in
n3utl draw ratio liHaRadn Modulus ¥agaaRanIsuEasinnIEsiSuEY draw ratio

27 lidnadonsSuednvasluanalu LDPE
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da ey Y
322 Wauesn U TUSNN Mg TLCP filldaaui@ tensile modulus 19
o & = Iy . Y e
nnianalufie MD wazlufia TD 9as composite TLCP/LDPE waw"tmmm‘[ugﬂﬂ
3.13

600
=
[« 9
3
2 400
=
o
(=]
=
T 200
o
=
<
o

0

0 10 20
TLCP content (wt%)

7U7 313 wavanliinm TLCP #ildasin Young's modulus a4 composites
LDPE/TLCP i@ lufiet MD uazfiz TD

Wy atRnIBinames TLCP 61 modulus Tudis MD Sdnfiadusnn lanfidn
modulus VEINEUAT TLCP 10, 15, Uas 20 wi% ﬁmgaﬁmﬂu 158, 356, Uaz 390 % Lila
WRssAouiy pure LOPE e e wasornnisdy TLop slwldtSinmmeanduls
TLCP ifiainnin waInmMIdeIglanriuFugudendanansmiafiviinnued
yoaduloflelidnomwinn §amen modulus Tuuna TD feniududntaniiamiy
Y3umw TLCP

3.2.3 WNARUINTRUENTEIBNFUNNAS tensile modulus UaIRAN

10 wt%TLCP/LDPE 1aunsiéin 3 wt% 289R1ITI8HEN SEBS, MA-g-SEBS, EPDM, Waz
MA-g-EPOM leinadauaaslugifl 3.14 wudidn Modulus lufiet MD aaaindaaniduas
' ' ' P P " AN ed @ o
ZHEN §IBAY modulus LwAF TD FeAuduldnioy wafldigaaadaanunInan

o e.‘& iT ] Y oy & o =y i = g—" ] 2
naaafgamimma:mwnmu'l,uma'l.uvdammmmimumaummmaum’mu‘[u TLCP

A d M v a ) & & e . ° @

TuasunaFan il @fusItioray nadanailwwzasmounanas I ldmsnizane
@ :(J o 2 J - 0 =l a 2
Frr89nue TLCP aaw vl landulosuwiauisanniviasiia leTuussdouasvinduly

a7 aldtFulogrualanuaz Fuad UREAINRIWRAN modulus a9IRY
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U7 3.14 Young's modulus 9a3#as 10 wt%TLCP/LDPE Anaua I IHANE19 g
3 wt% 191ufie MD (61) wazfia TD (1nn)

3.2.4 HAPHINTIAANURKHAUDY LDPE LAzWARIUATHEN d28La509

Capillary Rheometer ﬁqmmﬁ 240°C uszilidammadanaine 100 A9 10,000 s
LLﬁﬂ{lluEﬂﬁ 3.15

drnnuniiafidanindeudni guaswaiiuainay TLCPILDPE axfdndnaada
U530 TLCP anndw Wiasunein TLCP fisnanumiiadsnniiiafiouiu LDPE daiu
ia1Bunn TLCP wndwigenslieanunilavsinefiuesuauiidnanas (TLCP v
iy processing aid) uaﬂmﬂﬂfwmwmmwﬁmaawaﬁma‘i’nﬂﬁmmmﬁmﬁm shear
rate {shear thinning effect) %a@ué’nwm:ﬂnﬁ%aLﬁ@mrzm*svﬁ'ummﬁ"aaﬁmaﬂmQqaa@l
stiialausadonuniu (isentanglement)

dasharamnamnilausd TLCP usz LDPE a1duimmdamaiuszninianumin
283 TLCP @aninunihauas LDPE ﬁjﬂﬁmaglwﬁw 0.06 B4 0.1 4%V shear rate  #
Samauanuniailiududserdnfiezuaniilunisuay TLCP iy matrix axifieu
TLCP fiber wio'la Taadi TLCP azifoiilu fiber l@fidaiilodnmsinanunilaiidntaoni
wite (awadwefunindldfoussanmenanszdaussinulufaigniaves TLep vhlw

TLCP 181131319370 droplet faanniueduly
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1000

¢ LDPE MFIs

O LDPEH10%TLC P
% A LDPEHISUTLCP
a g X LDPE+20%TLCP

100 gTLCP
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ﬁ%

Suiyy)

Shear viscosity (Pa.s)

0g

l 1 Ll L itint Ll aiiul Ll i paaail N WEET |

10 100 1000 10000 100000

Corrected shear rate (s'l)

Eﬂﬁ 3.15  @URAATIAN shear rate 6149 Yad TLCP, LDPE Wwaz TLCP/LDPE blends
lapudsd3unmuas TLCP

3.2.5 las9ss1afmyin (Morphology) TasiaudieTelaaldndaq
i]‘ﬂﬂ‘iiﬂﬁ: {(polarized optical microscope, OM) LLﬁml%EU‘ﬁ 3.16 fawduln TLCP ?ivlé’mn
&M film TLCP/LDPE 63t xylene 3Uuaninavadn13aflansan draw ratio 9, 14

4 R

PP @ W AW a
WRT 27 NANaUUIAVEILE lﬂ ’i]:l.‘lﬁ%']'\t‘ﬂ%lﬁ TLCP ¢197ULUALW draw ratio
o

sUh 3.7 dafidu TLCP/LDPE composite Fitlv15untias TLCP azifiwin
pwnavasdnls it ResuddumduloiudwdafuUZoo TLCP Sadonalian
modulus ;Eaﬁwﬁansmuﬁ?

sUR 318 ugnafidn 10 wi%TLCPILOPE finasanydiunay SEBS, MAg-
SEBS, EPDM, MA-g-EPDM az1fiuinduls TLCP fuuasuasinsearssionasluvinly
MsnIznewas TLCP faw tduuaunimsa TLCP Wnaadeldfuussidauainiedas

extruder L@wly TLCP 59116 SUWINLEANLRS FUA
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(c)
jUfi 316 TLCP fiber aia9n Ny LOPE/A0 wi%TLCP #ilea1nn136s@an draw ratio

(3)9 (b) 14 () 27 (hdsues 200 1)
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U

4

f

a | P :
3.17 W&y TLCP/LDPE fiwas TLCP 10, 15, 20 wt% FAn@92z8 200 1vin
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3.18 &1 10 wt%TLCPILDPE Allsnidiunsy (a) SEBS (b) MA-g-SEBS

JUA
u

(d) MA-g-EPDM (fnaspeng 200 Lyin)

(c) EPDM
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HANTIANENLATIRSIITIIIU (Morphology) vosidulaglindsaganssend
BLANATOURLLNING (Scanning electron microscope, SEM)

3‘1.]“?‘1 3.20 figuifipy fracture surface ﬁ‘lﬁmﬂ composites TLCP/LDPE ﬁLaQJ
wazbivfinansronausndwilunm @) Wl TLCP 882581 9717 pwelnajus:
LERIMIVGAUULNARaAN (pull-out) FauaasinmibameAaalid lusmefinm o) -
©) leannsidnsntionay liidule TLoP Aldfuwednes fdsounsy waasi
TLCP fimsnszawdanniwrin idulvwmedn WafembauaznaieddnwmsUas

' @ [ x e a4, Y
LAY FINE LA EULTE tensile hURTRAIANEIINILAT

GEVIRIRRIEERE

in-situ compositss film TLCP/LDPE $iein modulus 1u#ia MD gd%%l,ﬁaﬂ"l draw
ratio ga’i{u wazfidn modulus lwiie MD gﬁmﬁmﬁuﬂ’%mm TLCP uana1ninyi
elastomeric compatibiliser ﬁl“ﬁ‘lum‘mﬂaaamﬂﬁ’wlﬁ modulus Lﬁm‘%u %a@mmns:w
TLCP/PP composites 9 G]ﬁ PP usz LDPE 1iu polyolefin wiflour anulifianlng
Faefiu uRRIndeiude mmmmm‘lumiﬁmé’@é\"maﬂmaqa Wi LDPE 93
branching theuan kifwwfiadesdudhanuuy PP (hlianumuwusiuas PP i
N1 LDPE) é’aﬁf’unﬁlf‘%mﬁmﬁ:é’@ﬁ’maﬂmﬂqmﬁagﬂﬁﬁuﬁ@lu LOPE ldannnilu
PP aldanznansunasmaassudiattaniowiuislaiduls TLep lu LDPE
matrix s&nuazLNanIls PP matrix 190 ilavarnifaussdaduttelduinnin ilwaanu
wwhssaaduls TLCP lu LDPE fasnindsmnadng
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dUBROE 15KY W1.88K

GHPARG

5UF 320 waeenIWENEeIN SEM 289 10 wi% TLCP/LDPE Snasusny 1000 1¥
(a) Lhifamstianan (b) 16in 3 wi% SEBS (c) Liin 3 wi% SEBS-g-MA
(d) 3 wt% EPDM (e) 3 wt% EPDM-g-MA

60



References

1.

10.

11.

12.

13.

14.

15.

Foldi, A. P. in Vigo, T. L. and Kinzig, B. L. editors (1992) Composite Applications:
The role of matrix, fiber and interface, VCH publisher, New York, pp 133-177
Brown, C. S. and Alder, P. T. (1993) in Polymer Blends and Alloys, M. J. and Hope,
P. 8. editors, Blackie Academic & Professional, Glasgow, pp 195-227

Nando, G. B. and Gupta, B. R. (1996) in Short Fiber-Polymer Composites, S. K.
De and J. R. White, editors, Woodhead Publisher, Cambridge, pp 84-115

Kutty, S. K. N. and Nando, G. B. (1992) J/. Appl. Polym Sci., 46, 471

Chiao, C. C. and Chiao, T. T. in Lubin, G. editor (1982) Handbook of Composites,
van Nostrand Reinhold Company, New York, pp272-317

Garbassi, F., Morra, M. and Occheillo, E., (1994) Polymer Srufaces, From Physics
to Technology, John Wiley & Sons Lid, Chichester

Vaughan D.J. (1978) The Use of Coupling Agents to enhance the Performance of
Aramid Reinforced Compasites Polym £Eng Sci18, 167-168

Takayanaki M., Kajiyama T. and Katayose T. (1982) Surface-Modified Keviar
Fiber-Reinforced Polyethylene and lonomer J App/ Polyrm Sci 27, 3903-3917
Breznick M., Banbajt J., Guttmann H. and Marom G. {(1987) Surface T reatment
Technigue for Aramid Fibres Polvm Commun 28, 55-56

Andreapoulos A. G. (1889} A New Coupling Agent for Aramid Fibre /. Apo/

Polym. Sci 38, 1053-1064

Kiss, G. (1987) /n sifu composites: blends of isotropic polymers and thermatropic
liquid crystalline polymers. Folym. Eng. Sci, 27, 410

Dutta, D., Fruitwala, H. , Kohli, A. and Weiss, R. A. (1990} Pclymer blends
containing liquid crystals: a review. Polym. Eng. Sci,, 30, 1005

Handlos, A. A. and Baird, D. G. (1995) Processing and associated properties of /n
situ composites hased on thermotropic liquid crystalline polymers and
thermoplastics.. J M. S. Rev. Macromol. Chem. Phys., C35, 183-238

Hull, J. B. and Jones, A. R. (1998) in Rheology and Processing of Liquid Crystalline
Polyrmers, Arcierno, D. and Collyer, A. A, editors Chapman & Hall, London, pp 218-
250

Datta, A. and Baird, D. G. (1995) Compatibilizaticn of Thermoplastic Composites
Based on Blends of Polypropylene with Two Liquid Crystalline FPolymers. Fofymer
36, 505-514

61



16.

17.

18.

19.

20.

21.

22.

O'Donnell, H. J. and Baird, D. G. (1995) /n-Sifu Reinforcment of Polyproplene

with Liguid Crystalline Polymers: Effect of Maleic Anhydride-Grafted

Polypropylene. Polymer 36, 3113-3126

Seo, Y.J. {1997) Interfacial Adhesion and Deformation of Thermotropic Liquid
Crystal Polymers in Engineering Thermoplastics: Blends of a Poly(ester amide)

with Nylon 6 and a Polyester with PBT J/. Appl. Polym. Sci 64, 359

Engberg K., Knuttson A. and Werner P.-E. ef a/ (1990) Knit Line Features in
Injection Molded Liquid Crystalline Polymer Pofym. Eng. Sci 30, 1620-9
Crevecoeur, G. and Groeninckx, G. {1993} Sheet extrusion of /n-s/fv composites :
influene of processing parameters. Folym. Eng. Sci, 33, 937-943

Hsu, T. C. Lichkus, A. M. and Harrison, |. R. (1993) Liquid crystal
polymer/polyethylene blends for thin film applications. Pofym. Eng. Sci, 33, 860-862
Chinsirikul, W. Hsu, T. C. and Harrison, |. R. (1996) Liquid crystalline polymer
(LCP) reinforced poiyethylene blend blown film: effect of counter-rotating die on fiber
orientation and film properties. Polym. Eng. Sci,, 36, 2708-2717

Heino MT, Hietacja PT, Vainio TP and Seppata JV (1994) Effect of Viscosity
Ratio and Processing Conditions on the Morphology of Blends of Liguid
Crystalline Polymer and Polypropylene. J App/ Polym Sei 61, 2598-270

62



o A e : £
Research Output 21 ﬂ‘l’!%l&lﬁ')‘ﬂﬁlﬂ'l?‘rﬁ-aﬂ‘) L&@13IN Fj U’ngn-amaszy (RTA3880009)

1. ’audRuwluTs T swuma

1.1 S. Bualek-Limcharoen, T. Nakinpong, T. Amornsakchai and W. Meesiri, Keviar Pulp-
Thermoplastic Elastomer Composites : Morphology and Mechanical Properties, J. Sci.
Soc. Thailand 23 (1997)101-114

1.2 S. Bualek-Limcharoen, J. Samran, T. Amornsakchai and W. Meesiri, Effect of
Compatibilizers on Mechanical Properties and Morphology of /n-Sifu Composite Film of
Thermotropic Liquid Crystalline Polymer/Polypropylene, Poiym. Eng. Sci. 39 (1999)312-
320

1.3 T. Amornsakchai, B. Sinpatanapan, S. Bualek-Limcharoen and W. Meesiri, Composite
of Aramid Fibre (Poly-m-phenylene isophthalamide)-Thermoplastic Elastomer (SEBS) :
Enhancement of Tensile Properties by Maleated-SEBS Compatibiliser, Polymer. 40
{1999}2993-2999

1.4 S. Saikrasun, T. Amornsakchai, C. Sirisinha, W. Meesiri and 5. Bualek-Limcharoen,
Kevlar Reinforcement of Polyolefin-Based Thermoplastic Elastomer, Polymer 40, (1999)
8437-6442

1.5 A. Chantaratcharoen, C. Sirisinha, T. Amornsakchai, S. Bualek-Limcharcen and W,
Meesiri, Improvement of Interfacial Adhesion of Poly-(m-phenylene isophthalamide)
short fibre-Thermoplastic Elastomer(SEBS) Composites by N-Alkylation on Fiber
Surface, J Apol Polym. Sci. T4 (1999) 2414-2422

1.6 J. Samran, W. Meesiri, S. Bualek-Limcharoen and T. Amornsakchai, In-situ Composite
Film of Thermotropic Liquid Crystalline Polymer/Polypropylene : Effect of Film Drawing
on Molecular Orientation and Properties, ScienceAsia 25 (1999) 91-97.

1.7 B. Wanno, J. Samran and S. Bualek-Limcharoen, Effect of Melt Viscosity of
Polypropylene on Fibrillation of Thermotropic Liquid Crystalline Polymer in In-situ
Composite Film, Rheologica Acta (submitted).

1.8 S. Bualek-Limcharoen, B. Wanne, W. Meesiri, C. Sirisinha and T. Amornsakchai,
Effect of Processing Condition, Melt Viscosity and Compatibilizer on Tensile Properties
and Morphology of Liquid Crystalline Palymer (60/40 HBA/PET)-Polypropylene in-Situ
Composite Films (in preparation).

1.9 C. Vajrasthira, S. Bualek-Limcharoen, T. Amornsakchai and C. Sirisinha, Mechanical
Properties and Morphology of Poly-{m-phenylene isophthalamide) Short Fiber-

Polyurethane Thermoplastic Elastomer Composite (in preparation).

63



HauEANW U T PITINTuY szinetne

2.1 T. Nakinpong, B. Sinpatanapan, W. Meesiri, T. Amornsakchai and S. Bualek-

Limcharoen, Aramid Fibres-Thermoplastic Elastomer (SEBS) Composites: Effect of
Maleic Anhydride Grafted Compatibiliser on Mechanical Properties, Mahido! J. 5, {1998)
115-120

manadendnitay -

m nauamaam‘[uﬁﬂi:qﬁ’m MIWIUIT6

5.1

52

5.3

54

55

T. Nakinpong, T. Amornsakchat, W. Meesiri and S. Bualek, Effect of Surface
Treatment on Mechanical Properties of Aramid Pulp-Thermoplastic Elastomer
Composites, Proceeding of The International Conference on Materials Technology:
Recent Development and Future Potential p343-352, 9-10 January 1997, Chaing Mai
S. Bualek-Limcharoen, J. Samran, W. Meesiri and T. Amornsakchai, Thermoplastics-
Liquid Crystalline Polymer Biends: Processing, Characterisation and Properties of /n-
Sifu Composite Films, Proceeding of the Conference: Polymer Blends Toward 2000,
18-20 Auguest 1997, Kasetsart University, p95-105
T. Amornsakchai, W. Meesiri, T. Nakinpong, B. Sinpatanapan and S. Bualek-
Limcharoen, Aramid Fibers-Thermoplastic Elastomer Composites: Properties of
Composites Using Maleic Anhydride Grafted Compatibilizer, 7 pages in the
Proceeding of the International Rubber Conference 18-20 October 1997, Kuala
Lumpur, Malaysia
S. Bualek-Limcharoen, T. Amornsakchai and J. Samran, In-Situ Composites

PP/LCP : Enhancement of Modulus and Impact Strength by Compatibilizers, [IUPAC
World Polymer Congress, 37" International Symposium on Macromolecules, 12-17
July 1998, Gold Coast, Australia

S. Bualek-Limcharoen, Composites of Aramid Fibers-Thermoplastic Elastomers ;
Impravement of Interfacial Adhesion by Chemical Modifications of Fiber Surface, ?'th

International Seminar on Elastomer, 16-17 December 1998, Bangkok, Thailand

64



5.6

5.7

5.8

B. Wanno, J. Samran and S. Bualek-Limcharoen, Effect of Melt Viscosity of
Polypropylene on Fibrillation of Thermotropic Liquid Crystalline Polymer in In-situ
Composite Film, Eurorheo 99-1 and Europhysics Conference, 3-7 May 1999, Sophia-
Antipolis (Nice), France

3. Bualek-Limcharoen, S. Saikrasun and A. Chantaratcharoen, Chemical Treatments
of Aramid Fibers to Improve Adhesion with Non-Polar Polymer Matrices, The 5"
Asian Textile Conference, Sept, 30 to Oct. 2 1999, Kyoto, International Conference
on Advanced Fiber Materials, Oct. 4-5, 1999, Ueda and The 48" SPSJ Symposium
on Macromolecules , 6-8 October 1899, Niigaka, Japan, invited speaker

l. Jangchud, B. Sukying and S. Bualek-Limcharoen, Plasma Surface Modification of
Keviar Short Fiber/ABS Composites, Innovation Polymer Processing, 1-3 Dec. 1999,
Bangkok

6 muaseranulufidszguinnlulnnslne (daeed)

6.1

8.2

6.3

6.4

6.5

T. Nakinpong, T. Amornsakchai, W. Meesiri and S. Bualek, Composite of Kevlar Pulp
and Thermeplastic Elastomer: Mechanical Properties and Compatibilisation, miﬂ‘:':tzu
FnonenaafuszinalulafuisUsnalnsefHiil 22 Funiawangn senwa 16-18
G 2539, 732-733

W. Chawalitampaorn, T. Amornsakchai, W. Meesiri and S. Bualek, Machanicali
Properties of Aramid Pulp-Polypropylene Composites, ﬂ’]iﬂ‘::"qﬁﬂﬂ’lmamﬂt,ﬂ:
walulaiuotlszinelnonsdl 22 Funfanandr sewsn 16-18 §AIAY 2539, 734~
735

J. Samran, W. Meesiri, T. Amornsakchai and S. Bualek-Limcharoen, Effect of
Compatibilisers on Mechanical Properties and Morphology of Polypropylene/ Liquid
Crystalline Polymer in situ Composite Films, ﬂ’liﬂiz"gw"’i‘t’lUﬂﬁﬂﬁ@li‘LLﬂ:LﬂﬂIﬂIaﬂLLﬁd
Usmnalnaeief 23 Foalwy 2022 AAAN 2540, 300-302

S. Saikrasun, T. Amornsakchai, W. Meesiti and S. Bualek-Limcharoen, Mechanical
Properties of N-Alkylated Kevlar-Pulp/Styrene (Ethylene Butylene) Styrene
Thermoplastic Elastomer Composite, M7Uszgadnmenaasuazinalulaiuislszina
Inpadsf 23 Boslnal 20-22 qa1AL 2540, 302-303

A. Chantaratcharoen, T. Amornsakchai, W. Meesiri and S. Bualek-Limcharoen,
Properties of Alkylated Conex Fibre-Styrene Ethylene Butylene Styrene Thermoplastic
Elastomer, ﬂ’]'iﬂ‘i:’};l!emEI?ﬂ’iﬁﬂgLLﬂzmﬂIﬂiﬂﬁLMG‘IJ'S:LYI?%YLWElﬂ%{lﬁ 23 WFnaluna 20-
22 qanaw 2540, p976-977

65



6.6 S. Saikrasun, T. Amornsakchai, C. Sirisinha, W. Meesiri and S. Bualek-Limcharocen,
Chemically Modified Kevlar Fibre-Thermoplastic Elastomer (Santoprene) Composites
: Mechanical Properties and Morphology, msﬂi::"guﬁ"nﬂ’lﬂm@i‘ua:mﬂh{aﬁLm'\‘l
Usminalnoaded 24 guﬁﬂ‘s:yuﬁ%ﬁﬁ NFLNWY 19-21 AANAY 2541, p154-155

6.7 B. Wanno, T. Amornsakchai, C. Sirisinha, W. Meesiri and S. Bualek-Limcharoen,
Effect of Polymer Melt Viscosity on Fibrillation of Thermoplastic Liquid Crystalline
Polymer in /n-Situ Composite Films, mylszpainmenaaiuazinaluladuiivszina
Inuaisdt 24 guﬁﬂixquﬁ’%ﬁé NTUNHY 19-21 AR1AN 2541, p168-169

6.8 A. Chantaratcharoen, S. Bualek-Limcharoen, T. Amornsakchai, C. Sirisinha and
W.Meesiri, Morphology and Mechanical Properties of Chemically Modified Conex
Fibre and Thermoplastic Elastomer Composites, ﬂ’!‘iﬂﬁz“};w"?ﬂ gENEATLRzINA L LAT
wisssinelnondf 24 quﬁﬂs:qm%‘%ﬁ@‘? NIILYIWY 19-21 Qanau 2541, p910-911

6.9 T. Nakinpong, S. Bualek-Limcharoen, C. Sirisinha and W. Meesiri, Study of Liquid
Crystalline Polymer and Low Density Polyethylene Blend, miﬂi:"qﬁﬂmmﬁm{ua:
waluladuvstsznelnoadsdt 25 fizmlan 20-22 qaiau 2542

6.10 C. Vajrasthira, S. Bualek-Limcharoen, C. Sirisinha and T. Amornsakchai, Mechanical
Properties and Morphology of Aramid Short Fibers-Thermoplastic Polyurethane
Elastomer Composites, M3U7z73737 enaaussnalulaiuislmnalnaadsfi 25
Avmlan 2022 Ay 2542

6.11 B. Wanno, J. Samran, C. Sirisinha, T. Amornsakchai, W. Meesiri and S. Bualek-
Limcharoen, Effect of Melt Viscosity of Polypropylene and Compatibilizer on
Fibrillation of Thermotropic Ligquid Crystalline Polymer in In-Situ Composite ﬂi:‘g&l
Fnmensaduazmelulafwsdsumalnoatsfl 25 Awnlan 20-22 amaw 2542

7 HRIIHEU 9
(1) 5ﬂﬁiz°guﬂ3:§ﬁﬂ \584 Liquid Crystalline Polymer Blends and Composites laL&18
. el dd o A e d o
Namumaaﬂgmmxmmam’daumﬂmmadmmu‘n 27 WHFanaw 2539
(2) 5@11]‘5:‘@1.55:’5’11‘3 Liquid Crystalline Polymer Blends and Composites LNaLEND
‘ (Y @ A e A =
IMUUDINFULIIIUVAINBUNLNEITBAUNDTUN 5 WOAINIEU 2540
&/ 6‘.:' Sr o 1 ~ A m.ﬂg
@) uwsedlmaafuanuwisansnualunuininamaaiuima ﬂguﬁﬂszqmainm

NTINWY 18-22 RIVAN 2541

66



L9

BINERY BLuy 8L

uen fsfsefiaugun e EOILBLRIY W)
uenfsgruaupun tope LOBLBLALE Igwt TOLBLRDEN WNALE LT
L) a4 b b
WL lsgruaupus sBie EBELVLEIG 18 senefn gnmien 91
wLisfaguAugun LT LORLLRY g SRUEPILAL LMULUNE GT
wisfagLaugun slogre LoRLBLANE et MU UnTed BT
| PLUBLSLARRELRALLA uLbibgnLaupun BRI SBILLALY 1299 H{nE rmesem £1
| burpey, bueg wger | uUisgrLaugun QUi LOBLILAKE Lty fageiposung shgene v
retssLiourasLRUgtae | wiLfifbeniaugun BRI EELBLRY 139 nizeuBLE wnn 11
LB ‘SUNEBH
B s ]
LemslreLEULLAR | WLlgILAUBUN BlouI SLIBLRIAE (gt faLetl nioget 01
jeuepniRgive] | uiLifierLaugun slopre BOELPLANE I EMIEBBILE SIPMOL 6
14L witens | ujLfsfbgiurugun BloRNe LOBLBLAIL 18149 femMngn pteg 8
BULE ELULELUT BLLRLEN soure LORLBLRIE 1791 Erpnimpne SMAT £
n n
BELNEEN gope £ISRLISLRY 3% BELELEGRLISRLRN peLeLe WOPLE WEBLE O
STIALUBLELLMUTE D
RLLRELR LETLBUTRERSEMAILOE | SOSLBLEWE | MELUMLRORYl peLeLe FELELE BEILN BMIUE G
i) L 13 L)
RELELEM soure EBRLILBIAL g PELELEVBLISALRY | BELELESELOBLAN Mefis T yatep v
ReLieLel BLULEMUBEY SELMeBIbRU UBTILULELELY UETBLULBLILTS Liste nawwﬂ
REELIELN st LORLIBLILE 181 RELLLEBILERLEH AsLELR REVUBLNE BELU ¢
o 15 o 5 L= = a ) 5 o .m. S o P
BLUBEL|LTMEL slopre EORUILBLL 1 ReLbLEwLY peLeisipLp | fageite-umen pusel 1
RELRULLAN 3198 LBLBLLE WIBEE | ELUBSBLEINREIEN
HTbeTMLELE BLUBGY T STANLY _ BuBENY BLULELATATILS eligreLn-eg

fis

L48I- LISIRIT BLEBELE ncm-mwm%
S8 Ty e s

o U

~e

RELIRIN mwwm_rcr’w@wﬁwﬁrnrw&nmmmr@



Re
4.1

4.2

43

4.4

4.5

4.6

4.7

4.8

NIAHKIN

prints

S. Bualek-Limcharoen, T. Nakinpong, T. Amornsakchai and W. Meesiri,
Kevlar Pulp-Thermoplastic Elastomer Composites : Morphology and
Mechanical Properties, J. Sci Soc. Thailand 23 (1997) 101-114

T. Nakinpong, B. Sinpatanapan, W. Meesiri, T. Amornsakchai and S.
Bualek-Limcharoen, Aramid Fibres-Thermoplastic Efastomer (SEBS)
Composites: Effect of Maleic Anhydride Grafted Compatibiliser on
Mechanical Properties, Mahido/ J. 5, (1998) 115-120

S. Bualek-Limcharoen, J. Samran, T. Amornsakchai and W. Meesiri, Effect
of Compatibilizers on Mechanical Properties and Morphology of /n-Situ
Composite Film of Thermotropic Liquid Crystalline Polymer/Polypropytene,
FPolym. Eng. Sci 39 (1999) 312-320

T. Amornsakchai, B. Sinpatanapan, S. Bualek-Limcharoen and W. Meesiri,
Composite of Aramid Fibre (Poly-m-phenylene isophthalamide)-
Thermoplastic Elastomer (SEBS) : Enhancement of Tensile Properties by
Maleated-SEBS Compatibiliser, Polymer. 40 (1929) 2993-2999

S. Saikrasun, T. Amornsakchai, C. Sirisinha, W. Meesiri and S. Bualek-
Limcharoen, Kevlar Reinforcement of Polyolefin-Based Thermoplastic
Elastomer, Polymer 40, (1999) 6437-6442

A. Chantaratcharoen, C. Sirisinha, T. Amornsakchai, S. Bualek-Limcharoen
and W. Messiri, Improvement of Interfacial Adhesion of Poly-(m-phenylene
isophthalamide) short fibre-Thermoplastic Elastomer(SEBS) Composites by
N-Alkylation on Fiber Surface, J Appl. Polym. Sci. (in press)

J. Samran, W. Meesiri, S. Bualek-Limcharoen and T. Amornsakchai, In-situ
Composite Film of Thermotropic Liquid Crystalline FPolymer/Polypropylene:
Effect of Film Drawing on Molecular Orientation and Properties,
ScienceAsia 25 (1999) 91-97

preprint : B. Wanno, J. Samran and S. Bualek-Limcharoen, Effect of Melt
Viscosity of Polypropylene on Fibrillation of Thermotropic Liquid Crystalline

Polymer in In-situ Composite Film, Rheologica Acta (revised).

68



Manuscripts 31021558716

5.1 T. Nakinpong, T. Amornsakchai, W. Meesiri and S. Bualek, Effect of Surface
Treatment on Mechanical Properties of Aramid Pulp-Thermoplastic Elastomer
Composites, Proceeding of The International Conference on Materials
Technology: Recent Development and Future Potential p343-352, 9-10
January 1897, Chaing Mai

5.2 8. Bualek-Limcharoen, J. Samran, W. Meesiri and T. Amornsakchai,
Thermoplastics- Liquid Crystaliine Polymer Blends: Processing,
Characterisation and Properties of /n-Situ Composite Films‘. Proceeding of the
Conference: Polymer Blends Toward 2000, 18-20 Auguest 1997, Kasetsart
University, p95-105

5.3 T. Amornsakchai, W. Meesiri, T. Nakinpong, B. Sinpatanapan and S. Bualek-
Limcharoen, Aramid Fibers-Thermoplastic Elastomer Composites: Properties
of Composites Using Maleic Anhydride Grafted Compatibilizer, 7 pages in the
Proceeding of the International Rubber Conference 18-20 October 1997,
Kuala Lumpur, Malaysia

54 S. Bualek-Limcharoen, T. Amornsakchai and J. Samran, In-Situ Composites
PP/LCP : Enhancement of Modulus and Impact Strength by Compatibilizers,
IUPAC World Polymer Congress, 37“1 International Symposium on
Macromolecules, 12-17 July 1998, Gold Coast, Australia

55 S. Bualek-Limcharoen, Composites of Aramid Fibers-Thermopiastic
Elastomers : Improvement of Interfacial Adhesion by Chemical Modifications
of Fiber Surface, 7m Internationa! Seminar on Elastomer, 16-17 December
1998, Bangkok, Thailand

5.6 B. Wanno, J. Samran and S. Bualek-Limcharoen, Effect of Melt Viscosity of
Polypropylene on Fibrillation of Thermotropic Liquid Crystalliine Polymer in In-
situ Composite Film, Eurorheo 99-1 and Europhysics Conference, 3-7 May
1999, Sophia-Antipolis (Nice), France

5.7 S. Bualek-Limcharoen, S. Saikrasun and A. Chantaratcharoen, Chemical
Treatments of Aramid Fibers to Improve Adhesion with Non-Polar Polymer
Matrices, The 5lh Asian Textile Gonference, Sept, 30 to Oct. 2 1999, Kyoto,
and The 48'h SPSJ Symposium on Macromaolecules , 6-8 Cctober 1999,

Niigaka, Japan, invited speaker

69



4.1

J.5¢i.Soc. Thailand, 23(1997) 101-114

KEVLAR PULP-THERMOPLASTIC ELASTOMER COMPOSITES:
MORPHOLOGY AND MECHANICAL PROPERTIES

SAUVAROP BUALEK-LIMCHAROEN,? TEERAVUT NAKINPONG,* TAWEECHAI
AMORNSAKCHAI* AND WIRIYA MEESIRI®

“ Department of Chemistry, Faculty of Stience, Mahidol University, Rama é Road, Bangkok 10400
¥ Directorate of Armament, Royal Thai Air Force, Donmuang, Bangkok 10210

(Received May 10, 1997)

ABSTRACT

Reinforcement of Styrene (Ethylene Butylene) Styrene thermoplastic elastomer (SEBS) with Keviar
pulp was investigated. Surface treatment of the fibre was carried out by alkali hydrolysis in order to
increase the number of reactive groups. Maleic anhydride-grafted-SEBS was used as a compatibiliser.
The composites were prepared by a one step process in an internal mixer. Mechanical properties of the
composites were assessed using a tensile testing machine. The results suggested that as the loading of
Kevlar pulp increased, tensile modulus increased but tensile strength and elongation at break decreased
The fracture surface of the composites observed under Scanning Electron Microscope (SEM) revealed
fibre pull-out in the composite without compatibiliser and wore fibre breakage were observed in the
samples containing compatibiliser. Quantitative analysis of the adsorbed elastomer on the fibre surface
using gravimetric, diffuse reflectance FTIR (DRIFT) techuiques and observation of SEM micrographs of
extracted pulp showed that in the presence of compatibiliser, a large amount of elastomer was adsorbed.
However, SEBS-g-MA showed no remarkable effect on the tensile properties of the composites and this
might be due 1o uneven adsorption of rubker particles.

INTRODUCTION

The excellent thermal and mechanical properties of poly (¢-phenylene terephthalamide)
(aramid) fibre make it a good candidate as reinforcement fibre in polymer composites. The
main problem due to poor adhesion between the fibre and a polymer matrix, however, does
exist and continues to pose a challenge to researchers. Vaughan! applied various commercial
coupling agents and obtained some improvement on adhesion. Other efforts to modify the
fibre by dispersion of fibre in an ionomer matrix seemed to be very effective?3. Marom et al.!
proposed a surface treatment technique using bromine water which led to surface roughening
and resulted in improvement of interlaminar shear strength. Andreopoulos® used various
compounds to promote adhesion of Kevlar fibre and pulp with unsaturated polyester. Treatment
of fibre with methacryloyl chloride resulted in considerably high tensile strength compared to
that of composites incorporating untreated fibre. Wang er al.® prepared plasma treated aramid
fibre-polyethylene composites. The reactive groups such as -COOH, -OH, -NH, were generated
on the aramid fibre surface using oxygen plasma. These groups were used to chemically
anchor Ziegler-Natta catalyst to the fibre surface, which was then followed by ethylene
polymerisation on the surface. This type of composites exhibit higher tensile strength both
in parallel and transverse to the fibre direction. Yu er 4l studied nylon/Kevlar composites and
found that Kevlar could be used to reinforce nylon. The effect of various surface treatment
methods, e.g. hydrolysis and hydrolysis followed by chemical grafting with acid chloride, were
also studied. [t was found that the mechanical properties of the composite could be improved
by appropriate fibre treatment.
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Recently, short-fibre reinforced elastomers have increasingly attracted more attentions
by several researchers 812 Reinforcements for such system mainly involved using conventional
fibres like poly (ethylene terephthalate) (PET) and nylon. Consequently, the use of Kevlar fibre
as a reinforcement in thermoplastics have become an interesting application of this high
performance fibre.

The present work involved the studies of Kevlar pulp reinforced styrene (ethylene
butylene) styrene (SEBS) thermoplastic elastomer. SEBS represented a model thermoplastic
elastomer matrix to be reinforced by an organic fibre. From a molecular structure point of
view, the two components are quite incompatible. Kevlar is a highly hydrogen-bonded polyamide
while SEBS containing olefinic and styrenic blocks is relatively nonpolar. In order to obtain
compatibility, chemical bonding was introduced by partially hydrolysing the amide bonds on
Kevlar fibre surface followed by the addition of SEBS-grafted-maleic anhydride (SEBS-g-MA),
a compatibiliser for this system. The formation of imide groups from the reaction of maleic
anhydride and amine end groups on the fibre surface was expected'. This should be able to
improve the adhesion of fibres and rubber matrix

EXPERIMENTAL

Materials

Styrene-(ethylene-co-butylene)-étyrene (SEBS) triblock copolymer (Kraton G1652, Mn =
83,700} and Maleated SEBS (Kraton FG1901x, Mn = 85,000) were provided by Shell Chemical
Co. Poly(p-Phenylene Terephthalamide) pulp (Kevlar 49) was provided by E.I. Du Pont .

Hydrolysis of Kevlar 49 pulp

Kevlar 49 pulp was first washed with acetone and distilled water in order to remove the
possible surface impurities such as lubricating agents and dried in vacuum oven at 50°C . Ten
grams of Kevlar pulp was dispersed in 400 ml 10 wt% aqueous NaOH solution at ambient
temperature for 20 minutes. Following the hydrolysis, Kevlar 49 pulp was throughly washed
with distilled water and toluene, dried in vacuum oven at 50°C for 48 hours and kept in
desiccator.

Spectroscopic characterisation

Ditfuse Reflectance Infrared Fourier Transform (DRIFT) spectrometer (Perkin Elmer
FTIR 2000) was used to characterise the surface of Kevlar 49 pulp. Two hundred scans at a
resolution 4 cm™! and throughout the range 4,000-600 cm were usually required to obtain a
decent spectrum.

Preparation of SEBS/Keviar 49 pulp composites

Pulp was first opened by using a Moulinex blender for half a minute, then it was put
in the internal mixer, Haake Rheocord 90, together with SEBS and compatibiliser. Samples
weight 50 grams of various Kevlar pulp/SEBS composites were blended at 165°C, rotor speed
90 rpm for 10 minutes and passed through a two-roll mill twice. The composites were
collected promptly and kept in a desiccator in order to mininize moisture adsorption.

Loading of Kevlar pulp was varied from 0 - 10% by weight. The effect of compatibiliser
was studied in a composite of 3wt% of Kevlar in SEBS. The amount of SEBS-g-MA varied
from 0 - 10% by weight was added to the composites using the same mixing condition.
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Extraction of the composites

A known weight of the composite was extracted in Soxhlet apparatus using toluene as
a solvent for 72 hours. The sample was then dried in a vacuum oven at 50°C. The amount
of the bound rubber can be calculated by gravimetric method. The extracted pulp was also
characterised by DRIFT and SEM.

Mechanical properties of the composites

Kevlar 49 pulp/SEBS composites were compression moulded at 180°C for 10 minutes
under a pressure of 15 MPa and quenched with cold water. After conditioned for at least 24
hours, tensile specimens were cut with dumbell-shape die of size 115 x 6 x 1 mm parallel and
transverse to the direction passing through the two-roll mill. Testing was carried out on an
Instron testing machine model 4301 in accordance with ASTM D638 at a cross head speed of
500 mm/min with a full scale load cell at 100 kg.

Scanning electron microscopy (SEM)

Observation of fibre surface and fracture surfaces of the composite were performed on
Hitachi $2500. A thin layer of palladium was coated by Hitachi E102 ion sputter on the
specimen to prevent charging on the surface. SEM was operated at 15 kV.

Fracture surface of the composites was prepared by freezing the composite in liquid
nitrogen for 5 minutes and then broken rapidly above the surface of liquid nitrogen.

Optical microscopy

Orientation and fibre length in the composite were observed under an optical microscope
(Nikon 70562). The sample was prepared by melt-press between slide glasses. The fibre aspect
ratio (length to diameter ratio} was evaluated from the photographs taken at various points.

RESULTS AND DISCUSSION

Hydrolysis of Kevlar surface

It is generally known that Kevlar aramid is poly (¢-phenylene terephthalamide) or PPTA.
In this study, Kevlar pulp was partially hydrolysed on the surface by using 10% NaOH for 20
minutes to create more -NH, and -COOH end groups as indicated in the following reaction.

NG WS g

NaOH

0
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Fig.1. Infrared spectra of Kevlar surface (a) before and {b) after hydrolysis {without washing with water).

Fig.2. Optical micrograph of Kevlar pulp/SEBS composite pressed between slide glasses.
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Figure 1 shows infrared spectra of Kevlar pulp before and after hydrolysis using DRIFT
technique. It can be seen that a new peak appears at 884 cm. The peak is associated with
the C-H out of plane bending of aromatic ring next to -COO'Na* substituent as reported by
Chatzi"*5. The pulp was throughly washed with distilled water, followed by toluene and
dried to constant weight at 50°C under vacuum. The resulting pulp had a pale yellow colour.
At this stage the 884 cm™ peak disappeared. This can be explained by the fact that washing
the pulp with distilled water would change -COO-Na* to -COOH. It was found that the
washing step was very important. If care was not taken the resulting pulp would turn dark
yellow to brown after storage for a few days. Blending of this dark colour pulp with SEBS
elastomer gave rise to a composite with very poor tensile properties.

Optical microscopic observation

Figure 2 shows the optical micrograph of the thin layer of the composite SEBS/Kevlar
pulp. Two features of fibre can be seen, namely, long fibres and small fibrils which split from
the long one, since pulp is a highly fibrilated form of fibre. According to the compressive force
applied on the slide glasses the direction of orientation of these smali fibrils are therfore
perpendicular to the long ones. The similar orientation behaviour should also be found in the
compression moulded specimen prepared for the tensile measurement. It should be noted here
that the measurement of tensile properties of the specimens prepared in this experiment and
cut in the direction parallel and perpendicular to the direction of passing through the two-roll
mill were found to be approximately the same. This should be due to the biaxial orientation
of these two types of fibre.

The average length of fibre before and after mixing was about 1.8 mam and 0.5 mum,
respectively. Distribution of the aspect ratio of fibres after mixing evaluated from optical
micrographs is shown in Figure 3. It can be seen that most of the fibre has aspect ratio of
22-38.

Mechanical properties

Fibre reinforced composites generally exhibit anisotropic properties. Mechanical properties
in the machine direction are normally higher than those measured in the transverse direction
{cross-machine direction). Qur preliminary results showed that the mechanical properties in
the two directions were not much different. This is probably due to biaxial orientation of the
fibre and fibril as discussed above. However, the results to be followed are measured in the
machine direction.

‘Stress-strain behaviour of SEBS/Kevlar pulp composites is shown in Figure 4. SEBS
exhibits a typical characteristic of rubber with strain hardening effect at very high strain. This
effect leads to a very high ultimate tensile strength. Addition of Kevlar up to 5% did not
affect the shape of the curves to a great extent, ie. the composites still show strain hardening
effect. Beyond 5 % of Kevlar, the composites failed at strain below the point which strain
hardening effect was observed. The reinforcement effect of Kevlar can be clearly seen in ali
samples. However, the composites broke at relatively low strain when more Kevlar was added.
This is probably due to debonding of the Kevlar from SEBS as indicated by whitening of the
samples. Such debonding would leave certain imperfection on SEBS surface and cause premature
failure. The other reason for premature failure would be due to poor dispersion of Kevlar pulp
at high loading.

Tensile properties of Kevlar reinforced SEBS are shown in Figure 5. It can be seen that
as the Kevlar loading is increased the tensile strength of the composite decreases. Modulus at
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Fig.11. SEM micrographs of extracted pulp from
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(b) composite with 1 wt% SEBS-g-MA.
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100 and 300%, on the other hand, increases with increasing Kevlar loading. Elongation at
break of the composite was found to drop slightly when Kevlar loading was increased. Beyond
10% Kevlar the elongation at break drops sharply. This was found to coincide with the
observation of poorly dispersed Kevlar in SEBS.

An increase in modulus at both 100 and 300% was as expected when pulp of very high
modulus like Kevlar was incorporated into SEBS elastomer matrix. A monotonic decrease in
tensile strength with pulp loading was due to the fact that SEBS could be strain hardened at
very high strain. Incorporation of Kevlar pulp could reduce such effect and/or impart weak
points, which, at relatively low strain, may induce cracks.

Hydrolysis of Kevlar surface was found to have negligible effect on mechanical properties
of the composites, as can be seen from Figures 6a and 6b. This indicates that only slight
modification, either chemically or physically, had been done.

Effect of compatibiliser, SEBS-g-MA, on a composite containing 3% wt. Kevlar can be
seen from Figures 7a and 7b. Two sets of Keviar were studied, i.e. as received Kevlar and
surface hydrolysed Kevlar. It was found that surface hydrolysed Kevlar resulted in a composite
with approximately the same mechanical properties as that of untreated Kevlar.

In order to determine how SEBS was adsorbed on Kevlar surface the blends were subjected
to extraction with toluene. Since SEBS can be dissolved in toluene at room temperature, it
should be completely leached out after extraction for 72 hours at boiling temperature of
toluene. Solvent extraction of the composite shows that the amount of bound {unextractable)
rubber increases as SEBS-g-MA was added, as can be seen in Figure 8 from gravimetric
measurement. Curves (a) and (b} are results from untreated and treated Kevlar, respectively.
This figure clearly shows the effect of hydrolysis on the efficiency of adsorption. This suggests
that SEBS-g-MA reacted with active group on the surface of Kevlar. The amount of bound
rubber calculated base on the weight of fibre is, however, less than the amount of added SEBS-
g-MA. The rest of SEBS-g-MA (unreacted) is likely to disperse in SEBS matrix and could
weaken the composite if phase-separation occurs.

Figure 9a shows Infrared spectra (DRIFT) of pure SEBS in the range 2600-3400 cm™.
Peaks at 2923 and 2853 ecm™! correspond to asymmetric and symmetric stretchings, respectively,
of the -CH, groups from ethylene block of SEBS. Figure 9b displays Infrared spectrum of as-
received Kevlar pulp in the same region. It can be seen that there is a peak at 3320 cm? which
corresponds to intermolecular hydrogen bonding in Kevlar. The Infrared spectra of the
extracted pulp from specimens without and with SEBS-g-MA, shown in Figures 9¢ and 9d,
respectively, display both typical peaks of SEBS and Kevlar. The ratio of the peak at two
positions clearly shows the higher percentage of SEBS on the Kevlar surface as SEBS-g-MA was
added.

Solvent extraction and spectroscopic evidences clearly suggest that the compatibiliser,
SEBS-g-MA, reacted with Kevlar. The tensile strength of the blends are, however, not improved.
Ishihara er al.'®. reported that, for poly(ethylene terephthalate)-hydrogenated styrene-isoprene-
styrene triblock copolymer (PET-SIPS) composite, treatment of PET fibre improved tensile
strength in the fibre direction significantly. Tensile strength in the transverse direction was,
however, not affected.

Morphology
Fracture surfaces of cornposites with and without compatibiliser are shown in Figures
10a and 10b, respectively. Detailed investigation of the photographs reveals very much different
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fracture characteristics betweeen the two systems. Composite with compatibiliser, Figure 10b,
exhibits mostly fibre breakage, whereas composite without compatibiliser exhibits both fibre
pull out and fibre breakage (Figure 10a). Fibre pull out in the latter case seems to dominate.
This evidence confirms that the compatibiliser, SEBS-g-MA, improves the adhesion between
fibre and matrix.

Figures 11a and 11b are SEM micrographs taken from extracted fibre from the composites
without and with compatibiliser, respectively. No adsorption of rubber can be seen in the first
case whereas a few rubber particles adsorbed on fibre surface in the latter one. These particles
of rubber might cause voids between the fibre surface and the rubber matrix, which led to poor
contact at the interface, and hence no improvement of mechanical properties could be obtained
even though larger amount of bound rubber on the fibre surface was found.

CONCLUSIONS
The above results can lead to the following conclusions:

1. Creation of reactive groups on Kevlar pulp by surface hydrolysis in this work does
not lead to deterioration of its mechanical properties.

2. Moduli at 100 and 300% of the composites increase, tensile strength slightly decreases,
and there is no significant change of elongation at break, as the loading of Kevlar is increased
upto 5 wt%. However, beyond 10%wt of Kevlar loading, the dispersion is poor, and as a result
tensile strength and the elongation at break drop sharply.

3. From gravimetric measurement and DRIFT technique, it is found that higher amount
of SEBS adhered at the surface of Kevlar pulp as SEBS-g-MA is added.

4. In the presence of compatibiliser, SEM micrograph of fracture surface of the composite
shows fibre breakage and the micrograph of extracted pulp shows adsorption of rubber particles
on pulp surface, which are evidences of improvement of fibre-matrix adsorption.

5. Tensile strength of the composite containing SEBS-g-MA is, however, not improved.
This might be due to uneven adsorption of rubber particles which probably cause some voids
at the interface giving rise to the weak points.
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Aramid Fibres-Thermoplastic Elastomer (SEBS)
Composites: Effect of Maleic Anhydride Grafted
Compatibiliser on Mechanical Properties

Teeravut Nakinpong', Budsaporn Sinpatanapan’, Wiriya Meesiri”
Taweechai Amornsakchai’, Sauvarop .Bualek-Limcharoen’

Composites of styrene {ethyiena bulylene) styrene (SEBS)
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INTRODUCTION

Polvmer composites using aranid Hibres as reinforcement
2okt excellent thermal and mechaaical properties. However,
problems Zue to poor adhesion benween the fibre and polvmer
matmix st remain to be selved. Researchers have used cirferent
wiinigues to obrain desired properties. Vaughan! applied
varipus commercial coupling agents to composite mixtures and
obtained improved adhesion. Other techniques involving
modification of fibre reinforcernent by dispersion in an ionomer
malrix seemed to be very effective.** Marom et al.* proposed

Oepanme~t of Chemistry, Facuity o1 Science, Maniaal University,
Rama 6 F-zd. 2angkok 10400, THAILAND,
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promonng compalind, fo trear Ke 0 u
palvester matmix and obtained hicher tensile strengrh th
composite without such compound. In another surface

modification techmque, Wang 7 al.” prepared plasma-treated
aramid fibre/polvethvlene composites. Oxvgen phlsma was
used to generate reactive proups such as -COO0H, -O 1 -NH,
onthe fibre surrace. The reactive wroups were used 1o
anchor Ziegler-Natta catalvst which n
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1 ehlondezrarine

Short-fibre reinforced elastomer has attracted several
researching groups.™"' Remiforcement used in these works
involved conventional fibres like polv(ethv]gm* terepiithalate)
(PETY, and avion, It is. thes

rore, quite logical to include such

high-performance hore like aramid in this tvpe of composice,
Inthe present work. Styrene | £ v Butyi Sovre

(SEBS) represented 1 model "'-"'".'.Jp,?«&'i  glastomer to

remntorced by organic aramid fibres. Our work on composites

containing Keviar- and Conex .n\ebeen reported el ;
fn this paper, another tvpe of aramid fbre, Technora, \\:H
reported in comparison with thr: arevious resulis. On a
molecuiar level, these hibres and =EBS are quite incompatible.
The incompatibility arises from the reiativelv non-polar olerinic
and stvrenic blocks in SEBS and the highlv polar hvdrogen-
bonded amide zroups in aramud tibres. To improve com-
patibilitv, parhat hvdrolvsis or fibre surface, followed by the
addition of maleic anhvdride grafted SEBS !
compatibiliser for his yvstem, wgfe carried out.
should introduce chemicai bonding due to the reacnon or maleic
anhvdride and amine groups on the fibre surface, simular to that
reported by Modicet af.™? The resulted composites were expected
to exhibit improved adhesion between the components and thus
provide better mechanical properties.

EXPERIMENTAL
Materials

The materials used in this sfudy are summarized in Tabie
1. Properties of the fibres are shown in Table 2.7 Molecular
structures of the three aramid ribres are given below.

115



Table 1 Materials used for this study.

Materials
(Commercial designation)

Specification Manufacturer

Styrene (Ethylene Butylene) Styrene
Thermoplastic Elastomer
(SEBS, Kraton G 1632)

SEBS grafted with maleic anhydride

29% styrene
Mw S-block = 7,200
Mw EB-block = 37,500

Shell Chernical Co.

29% stvrene Shell Chemical Co.
{SEBS-g-MA, Kraton FG 1901x) 1.84 wi% MA
Poly-p-phenylene terephthalamide Keviar) pulp DuPont Co.
Poly-m-phenviene isophthalamide (Conex) short tibre Teijin Ltd.
Poly-p-phenviene-3,4"-oxvdiphenyvlene short tibre Teijin Ltd.
terephthalamide (Technora)
Tabie 2 Properties of aramid fibres.!>
Properties Kevlar Conex Technora
Modulus (GPa) 24-25 3-10 20-21
Tensile strength {GPa) 18-21 03-06 30-32
Elongation at break (%) 3-4 35-45 5-7
Specific gravity 1+ 1.38 1.39
Fibre diameter {um} 13 15 12
Fibre length (mm) 2 3 3
0 c
i i
Kevlar - )= O -
L NH W, M c C]
- 0 0
Conex r ¢ ¢
— e NH — _
L ) !
o
ll
Technora — @NH—- @c] LNHO \@NH c c] -
n

Hydrolysis of Aramid Fibre

The as-received aramid fibre was washed with distilled
water, followed bv acetone, and dried in a vacuum oven at 50°C
for 24 h. Hvdrolvsis was carried out bv dispersing about 10
grams of fibre i 400 ml of 10% sodium hvdroxide aqueous
solution at ambient temperature for 20 min. After hvdrolvsis,
the tibre was thoroughly washed with distilled water, followed
bv toluene, and dned in a vacuum oven at 30°C for 48 h. The
dried fibre was stored in a desiccator prior to use.

FTIR Characterisation

An FTIR spectrometer with a DRIFT attachment (Diffuse
Reflectance Infrared Fourier Transtorm spectrometer, Perkin
Elmer PE 2000) was used to probe the surface of tibre before
and after hvdrolysis. Each spectrum was obtained from 200
scams at 4 cm! resolution.
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Preparation of Composites

Various compositions of aramid fibre/SEBS composite
were prepared. The dried fibre was first pre-cpened in a
Moulinex blender for a few seconds, followed by blending for
0.5 min in an interral mixer (Haake Rheocord 90) swith a rotor
speed of 90 rpm at 173°C. The compatibiliser was then added
and blended tor ancther 0.5 min, and tinallv, SEBS was blended
in for 9 min. The 30-gram batch composite was passed through
a two-roll mill twice to ebtain fibre orientation. The composite
sheet was kept in a desiccator at room temperature for 24 h.

The effect of mixing condition on tensile properties of
Kevlar-5EBS composites was investigated by Nakinpong.'® The
rotor speed at 90 rpm was found to give composites with the
best tensile properties and mixing temperature within the range
trom 165 t0185°C showed no effect on tensiie properties.

Mahidol J Vol 5 No2 (1998)



Extraction of Composites

Extraction of composite specimen was carried out using
¢ Soxhlet apparatus and toluene as a solvent. After extraction
for 72 h, the sampte was dried in a vacuum oven at 30°C for

21 1. The bound rubber on the extracted fibre was determined
ov DRIFT.

Mechanical Properties ot Composites

The composite sheet was compression moulided at
185*C for 10 mun under a pressure of 13 MPa, into 4 1-mm thick
sheet, foilowed bv condibioning at room temperature for at least
24 h. Tensile specimen was die cut at the size of 115x6 mm with
the long dimension paraliel to the machine direction (direction
passing through the two-roll mill). Testing was performed on
an [nstron testing machine model 4301, in accordance with
ASTM D638 at a cross head speed of 300 mm/min with a full
scale load cell at 100ke.

RESULTS AND DISCUSSION
Hydrolysis of Aramid Fibre Surface

Aranmud fibres were partially hyvdrolvsed to create more
-NH.and -COOH end groups on the surface. Figure la. b and
< show DRIFT spectra of untreated and treated Keviar, Technora
and Conen ribres. respectively. The peak at 880-384 cm s due
0 C-H out-of-plane bending of the aromatic ring adjacent to -
COO ™o~ as reported by Chatzr!” After washing with distiled
water, wiluwved by toluene, and dried, the peak disappeared,
arparently due o the change from -COG Na~ to -COCH.
Without hig washing step, =odium hvdronde would turther
avdrolvie o amide bonds on the hbre surrace, resulting i a
Jark prown colour and reduced tensile properties of the
\:U['HPK)SI(C‘

Mechanical Properties of Composites
1. As-received fibres

Tensile propernes ot the aramid tibre/SEBS composites
are shown im Figure 20 [t is evident that for ol composites
Moduius at 1004 (M100) increases linearly with increasing the
amount of fHbre loading and there is virtually no effect of fibre
wvpes on MIO0. An increase in M100 with fibre loading is due
"o Incorporation of high modulus fibre in sott matrix. The fact
that all tvpe of hibres resuited in the same M100 wwould suggest
that there is a saturation in M100 of the composites, regardless
the mechanical properties and geometrv ot the reinforcing fibre.
Similar etfect of tibre loading are seen for Modulus at 300%
(M300). ln this case, however, Kevlar composites exhibit
sigruficantly higher M300 than Conex and Technora composites.
Again, no difference was found between M300 of Conex and
Technora composites. [t appears that at this high strain (300%)
stress transfer to Kevlar is greater than that to Conex and
Technora. This would suggest that reinforcing element in puip
geometrv is better than short cvlindrical fibre.

Tensile strength of the composites are shown in Figure
2 (). It can be seen that, for Keviar composites, addition ot
ribre upto 3% slightly decreases the tensile strength of the
composites. At higher fibre loading tensile strength drops
sharplv. This was found to coincide with the observation of
poorly dispersed fibre in the matrix. For Conex and Technora
composites, it can be seen that tensile strength linearly decreases
with increasing tibre content. This can be understood as a
debonding of fibre-matrix interface at very high strain which

Mahidol J Viol 5 No2 (1998}
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(8} Modulus at 100%, {b) Modulus at 300%, {c} Tensile strength, and (d) Elongation at break.

could be seen as specimen swhitening. The specimens will
therefore be sweaken.

Elongation at break of all tvpes of composites is virtually
unchanged by increasing of fibre loading up to 5%. However,
above 5% libre content, elongation at break drops sharplv. This
15 due to severe weakening of the interface debonding and poor
ulispersion of fibre at the high fibre content.

The results reported above were obtained from
measurements of the specimens cut parallel to the machine
direction (direction passing through the two-roll mill). In the
case of Kevlar puip-SEBS composite, tensile properties measured
in the directions parallel and perpendicular to the machine
directon were found to be approximately the same due to the
biaxial orientation of the main fibre and the spitted small fibril
as reported elsewhere.!? The effect of fibre orientation was
observed, however, in the case of composites with Conex and
Technora short fibres. The properties of specimen measured in
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the direction perpendicular to the machine direction were about
10% less than those in the machine direction.

2. Surface-hydrolysed fibres

Surface hvdrolvsis of aramid fibre was carried out to
increase the number of reactive endgfroups. These end groups
could then react with SEBS-g-MA cOompatibiliser and modify
surface properties of the fibres closer towards that of SEBS
matrix,

Tensile properties of the composites containing 3% of
treated Hbres and compatibiliser are shown in Figura 3. It can
be seen that compatibiliser content only slightly affects the
properties of Kevlar and Technora composites. However, for
Conex composites, it is clearly seen that the compatibiliser

greatly improves the tensile strength of the composite: Tensile

strength was found to increase with increasing compatibiliser
content and approaching that of Kevlar composites at 5%. This
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Fig. 3

is the evidence of the improvement of interfacial adhesion
through the interaction of MA group and the reactive NH, end
group of Conex. No improvement of tensile strength is found
in the case of Kevlar pulp. [t might be due to fibrillation of pulp
during processing which peeled-off the treated surface.
However, no improvement of tensile strength is observed in the
case of Technora, though it is in the form of short fibre as Conex.
This might be due to poor dispersion of Technora in SEBS matrix.
This can be seen in the drop of elongation at break and large
error bar (see Fig. 3d) at 3 wi% fibre loading. Poorer dispersion
of Technora compared o Conex might be due to its larger fibre
aspect ratio (length to diameter ratic) and hence fibres are curled
and entangled to a greater extent.

Analysis of extracted fibres

-~ FTIR spectra of Kevlar fibres extracted from the

composites containing different concentration of compatibiliser,
SEBS-g-MA, are shown in Fig. 4. The peaks at 2923 and 2853

Mahidol J Voi 5 No2 (1998)

Tensile propenties of treated aramid fibresSEBS composite with various compatibiliser contents {# : Kevlar,
at 100%, {b) Modutus at 300%, (c) Tensile strength, {d) Elongation at break.

"CONCLUSIONS-

—:Conex, A : Technora) {a} Modulus

cm! correspond te anti-svmmetric and svmmetric C-H
stretching, respectivelv's, of CH. group in the ethyiene block of
SEBS. Curve 4a is the intrared spectrum of extracted Kevlar pulp
from the composite sithout compatibiliser, shotwving the tvpical
peak at 3320 cm! which correspends to N-H stretching in Kevlar.
These spectra clearly demonsirate the increasing of bound SEBS
on the fibre surface with mcreasmo amount of compatibiliser,
SEBS-g-MA. This clearly suggests the presence of the chemical
bondmg between the NH, group on aramid Hbre and the mateic
anhydride group on SEBS g-MaA. Similary, bound SEBS on
extracted Conex and Technora fibees was also observed. The
above finding suggests that chemical interaction between
compatibiliser and fibre may or may not resuit in improverment
of mecharnical properties.

Reinforcement of SEBS thermoplastic elastomer with
aramid fibres at low strain can be achieved without any
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Fig.4 ORIFT spectra of extracted Kevlar/SEBS composite containing
various SEBS-g-MA  [a) 0 wi% (b) 1 wi% {c} 3 wi% (d) 10 wi%.

compatibilisers. [t appears that geometry of the fibre has
zreater effect on mechanical properties of the composites
than the mechanical properties of the libres. At the same fibre
content, pulp was found to be mere effective in reinforcing than
shorct fibre.

Alkalire hvdrolysis of libre surface in conjuction with
reactive compatibiliser was found to be effective on certain tvpe
of aramid fibre, i.e. Conex. No improvement was achieved tor
Kevlar and Technora composites despite surface modification
had been achieved.
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Effect of Compatibilizers on Mechanical Properties and
Morphology of In-Situ Gomposite Film of Thermotropic
Liquid Crystalline Polymer/Polypropylene
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TAWEECHAI AMORNSAKCHAI!, and WIRIYA MEESIR] 2
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Mahidol University
Bangkok 10400, Thailand

2Directorate of Armament -
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An in-situ composite film of a thermotropic liquid crystalline polymer (LC3000)/
polypropylene {TLCP/PP) was produced using the extrusion cast film technigue.
The compatibilizing effect of thermoplastic elastomers, styrene-ethylene butylene-
styrene (SEBS), maleic anhydride grafted SEBS (MA-SERS), and maleic anhydride
grafted polypropylene (MA-PP) on the mechanical properties and morpholegy of the
TLCP/PP composite films was investigated. It was found that SEBS provided a
higher value of tensile modulus than MA-SEBS, which in turn was higher than MA-
PP, despite the expected stronger interaction between the MA chain and TLCPE. The
observation of the morphology under optical and scanning electron microscopes
suggested that all three compatibilizers helped improve the dispersion of the TLCP
fibers and increased the fiber aspect ratio to a different extent. The fractured sur-
face of the specimens showed more fiber breakage than pull-out when a compatibi-
lizer was added, which suggested the improvement of interfacial adhesion. The sur-

‘face roughness of fibers with an added clastommeric compatibilizer may also provide

mechanical interlocking at the interface. It is suggested thal the increase in the vis-
cusity ratioc of TLCP/PP due to the added elastomeric compatibilizer, SEBS and MA-
SEBS, compared with the thermoplastic compaltibilizer, MA-PP, is more effective in

improving the composite mechanical properties.

INTRODUCTION

he modification of polymers through the blending
) of a thermotropic liquid crystalline polymer (TLCP)
with thermoplastics (TP) providing superior rheologi-
cal and mechanical properties of the composite has
drawn considerable attention (1-4). The processing of
an incompatible TLCP/TP blend under an elongation-
al flow condition is known to produce an oriented
TLCP-fiber phase. Hence, the term “in-situ composite”
was coined (3) for this type of polyblend, which means
self-reinforcement due to the fibers formed during
processing,
Blends of Hoechst Celanese Vectra A900 TLCP and
SEBS (styrene-ethylene butylene-styrene) thermoplas-

*To whom correspondence should be addressed. E-mafl: sesblédmahidol.ac.th.
Fax: (662 247-7050,

tic elastomer were intensively studied by De Boer et
al (6-8). They reported the formation of TLCP fibers
in an almost pure shear flow condition, which contra-
dicted previous works suggesting that the fibers only
form in an elongational flow condition.

In-sifu caomposites produced mostly by fiber spin-
ning and injeclion molding have a higher modulus
than sheet or film (9) because of a fibrillar structure
that can be obtained more effectively by elongational
force in the spinning process. In-situ composite film
has only recently gamed much interest for applica-
tions such as high-strength balloons (10). However,
the main problem in the TLCP blend system in such
an application has been due to the high degree of
anisotropy of the mechanical properties, i.e., the prop-
erties along the machine direction (MD) are different
from those along the transverse direction (ID). Chin-
sirikul et al (11} attempted to reduce the anisotropy
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using a counter-rotating die in film extrusion. Another
approach to improve the properties was investigated
by Datta et al {12) through the addition of a compati-
bilizer. In their work, a blend of polypropylene (PP)
and TLCP {Vectra A) with a maleic anhydride grafted
polypropylene (MA-PP) added as a compatibilizer was
produced as an extruded strand and injection-molded
sheet. An increase of about 25% in modulus was
found in injected tensile bars containing about 30%
TLCP. A simnilar investigation by O'Donnell {13) using
MA-PP as a compatibilizer in a PP/Rodrun LC3000
(70/30 weight ratio) system also reported about a
30% increase in the modulus of the blend. It was con-
cluded that the added compatibilizer helped produce
more finely dispersed TLCP fibrils and consequently
improved the tensile strength and modulus.

The objective of the present work is to improve the
mechanical properties of in-situ cormposite film based
on TLCP/PP using block and grafted copolymers as
compatibilizers at various concentrations. Cast films
were characterized in morphological and mechanical
aspects.

EXPERIMENTAL
Materials

The thermoplastic polymer matrix used in this study
was an injection grade polypropylene (PP6331) with a
melt flow rate (MFR) of 12g/10 min (230°C, 2.16 kg
load). A thermotropic liguid crystalline polymer was a
copolyester comprising 60 mol% of p-hydroxybenzoic
acid and 40 mol% of poly(ethylene terephthalate) (Rod-
run LC3000) purchased from the Unitika Company. The
crystal-nematic and nematic-isotropic transitions of
LC3000 are 220°C and 280°C, respectively. A triblock
thermoplastic elastomer of styrene ethylene butylene
styrene (SEBS, styrene/rubber ratio 29/71, Kraton G-
1652) and maleic anhydride-grafted SEBS (Kraton
FG1901X. containing 1.8 wi% maleic anhydride) was
provided by Shell Chemical Co. Maleic anhydride-
grafted polypropylene (MA-PP), containing about 0.1 wt%
maleic anhydride, was provided by the Mitsubishi Co..
The materials were vacuum dried at 60°C for 12 h be-
fore use.

Blending

‘Melt blending of PP and 10 wi% TLCP was performed
using a co-rotating twin screw extruder (PRISM TSE-
16TC) with a screw diameter of 16 mm, L/D = 25,
intermeshing, at an extrusion rate of 150 rpm. The
processing temperature profile was 180/220/220/
225/225°C (14). representing temperatures at the
hopper zone, the three barrel zones, and the heating
zone in the die hecad, respectively. The strand exiting
the extruder was immediately quenched in a water
bath and subsequently was pelletized.

Extrusion Film Casting

TLCP/PP blend pellets were extruded using a 16-
mm mini-extruder [Randcastle RCP-0625) equipped

with a cast film line. The temperature profile was
190/220/230/240°C for the hopper zone, two barret
zones, and slit-die, respectively. The screw speed was
70 rpm. The gap of the die lip was adjusted at 0.65
mm and the width fixed at 152 mm. Extruded film
was drawn downward as a molten blend exiting the
die outlet and then quenched on a water-cooled roll.
The draw ratio (slit width-to-film thickness ratio) was
controlled by adjusting the take-off speed. The highest
draw ratio used in this experiment was about 33. The
film thickness was varied from 20 to 70 pm.

Mechanical Testing

Tensile testing was conducted using an Instron me-
chanical tester (Model 4301} with a grip length of 25
min, a crosshead speed of 50 mm/min, and a full-
scale load of 10N, Tensile properties of the dumbbel-
shaped specimens (70 mm % 4 mm) were measured
in the flow (machine) and transverse directions (ASTM
D412). Data were taken and averaged [rom at least
ten specimens for each blending system.

Impact testing was performed using a pneumatic
driving impact tester Radmana ITR-2000 at a con
stant temperature and humidity (ASTM D3763). The
test films were about 70 wm thick. The resulis are av-
eraged values of at least ten measurements for each
blending system.

Morphology

The distribution of TLCP fibrils in the PP matrix was
directly observed under an optical microscope at a
magnification of 100-400 times. In order to inspect
the size and shape of the fibers more clearly, compos-
ite films were extracted in boiling xylene and the re-
maining fibers were drjed before observation. The ob-
servation of the fractured surface of the composite
films was performed using a scanning electron micro-
scope (SEM, Hitachi S2500) operated at 15 kV. Frac-
tured surfaces were prepared by fracturing the com
posite film in liquid nitrogen. Palladium film was
coated on the specimens using a Hitachi E102 ion
spultering coater.

Order Parameter

The order parameter or odentation function (S) (15-
17) defined as the degree of alignment of liquid crystal
molecules with a preferred direction, was determined
from the infrared dichroic ratio, R = AH/AL, where Ay
and A are absorbance values for plane polarized light
with the electric vector parallel and perpendicular to
the preferred direction, respectively. For a band whose
transition moment is parallel to the major molecular axis,
S = (R-1)/(R + 2}. The IR absorption spectra of com-
posite films about 25 pm thick were recorded using a
Perkin-Elmer FTIR (System 2000) with an aluminum
wire-grid polarizer placed between the sample and the
light source. The polarization directions of the polarizer
were adjusted parallel and perpendicular to the machine
direction of the film. Each spectrum was collected in a
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transmission mode at a resolution of 4 cm~* and 25
scans. An area under the peak at 1601.5 em™!, (C-C
stretching vibration of para-substituted benzene ring
of p-hydraxybenzoic acid) corresponding to the paral-
lel transition moment was used to determine the
order parameter of the TLCP.

RESULTS AND DISCUSSION
Mechanical Properties

Young's moduli of TLCP/PP/compatibilizer films with
varied amounts of compatibilizer are shown in Fig. 1.
Young's moduli of pure polypropylene film produced
under the sarme processing conditions (not shown)
were also determined and compared: 616 + 66 MPa and
586 * 44 MPa in machine direction (MD) and trans-
verse direction (TD), respectively. The film evidently ex-
hibited a slight anisotropy in its moduli. The addition of
10 wt% TLCP resulted in an increase in the modulus in
MD by almost twice as much. The modulus in TD,
however, increased slightly. [t is evident that the com-
posite film exhibited a high degree of anisotropy due to
the preferred fiber orientation in the composite film.
The effect of a compatibilizer on the film modulus, es-
pecially in MD, varies by different extents depending on
the type and amount of compatibilizer. SEBS irnproved
the film modulus in MD to the greatest extent with a
peak value at 3 wi% SEBS. The improvement was
about 46% over that without the compatibilizer (1.592
MPa vs. 1,081 MPa). The moditdus decreases with an
increasing SEBS content above 3 wt%. However, at 8
wi% SEBS the modulus is still slightly higher than
without SEBS. Films with added MA-SEBS exhibited a
similar effect as those with SEBS but to a lesser extent.

A peak in modulus was found at 1.5 wt% MA-SEBS
with 2 21% improvement over that with no compatibi-
lizer. On the other hand, MA-PP did not appear to
have a significant effect on the film modulus.

The effect of a compatibilizer on the film modulus in
TD is less pronounced than that found in MD. It appears
that Young's modulus in TD was not significantly af-
fected by the type and content of the compatibilizer,
with an exception of an improvement of about 28% for
film with 1.5 wt% SEBS.

The yield stress of composite filns will now be discussed.
Figure 2 shows the yield stress of composite films contain-
ing various amounts of compatibilizer. For comparison,
vield stress values of pure PP film were 20.2 + 1.4 and
154 £ 1.5 in MD and TD. respectively (not shown in
the Figure). The composite films were found to have a
slightly higher yield stress than PP in both directions.
A slight improvement of the yield stress in MD was
found in the composite film with SEBS. In other cases,
it was found that yield stress in both MD and TD de-
creases with an increasing amount of compatibilizer.
In all cases, the yield stress in MD is higher than that
in TD.

From the mechanical results presented above, it is
rather surprising that such a soft elastomer such as
SEBS improved the modulus of the composite films
more than MA-SEBS, which in turn improved it more
than MA-PP. This contradicts the expectation that the
presence of a reactive MA group in the latter two com-
patibilizers could form a chemical or hydrogen bond
with TLCP, which consequently, should improve the
interfacial adhesion between the two phases. Such
bonding between an MA group, and TLCP domains
was probably formed during processing as previously

2,000
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1,200

800 [

Young's modulus (MPa})

400
0

6 8 10

Compatibilizer content (%)
Fig. 1. Effect of compatibilizers on Young's Modulus of TLCP/PP composite fims. (@, O: SEBS; €, <: MA-SEBS and (A, T]: MA-PP.

MD: filled and TD: unfilled.)
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Fig. 2. Effect of compatibilizers on yield stress of TLCP/ PP composite films. @, QO: SEBS; ¥, < MA-SEBS and B, [J: MA-PP. MD:

filled and TD: unfilled.)

reported by O'Donnell (13) and Seo (18). However, this
kind of bonding may retard the extension of the TLCP
fibers by elongational flow. Hence, using MA-SEBS
may give rise to thicker TLCP fibers (lower fiber aspect
ratio) than those obtained in the case of SEBS. Since
the modulus is measured at low strain, the difference
in modutus would indicate a difference in the strue-
ture of the composile film, i.e., the size and aspect
ratic of fiber formed in the film. The better properties
of compaosite with the elastomeric compatibilizer may
be due to the effect of a compatibilizer on the viscosity
of the system. In order to support this assumplion we
measured the meit flow rate (MFR) (using 2.16 kg force
at 230°C) of these blend systerns. It was found that
MFR reduces from 19.5g/10 min for the composite
without a compatibilizer to 12.5, 13.2, and 17.6¢/10
min for the blends containing 3 wt% SEBS, 1.5 wit%
MA-SEBS, and 3 wit% MA-PP, respectively. A further
addition of the compatibilizers showed no further sig-
nificant change in MFR (see Fig. 3). The results reveal
that SEBS and MA-SEBS increase the viscosity of the
blend to a much greater extent than MA-PP, and
hence, aid the formaton of TLCP fibers. The effect of
the viscosity ratio of LC3000/PP blends on their
morphology was investigated by Heino et al{14). They
reported that the most fibrous structure was achieved
when the viscosity ratio ranged from about 0.5 to 1. At
the lower viscosity ratio the fiber sttucture was coars-
er, while at viscosity ratio above unity, the TLCP do-
mains iended to be spherical. Similarly, in our work,
the addition of SERS to the TLCP/PP blend may affect
the maltrix viscosity to help form the fibrous structure
of TLCP. The evidence from the morphology study will
be discussed later.

A drop in the Young's modulus of the composite film
at a high SEBS content will now be discussed. Since
SEBS is a triblock copolymer with a styrene block at
both ends and an ethylene/butylene block in the mid-
dle, it would be expected that the two ends containing
aromatic rings would be compatible with the TLCP
phase, while the rubbery EB tlock would be compati-
ble with the PP matrix. Accordingly. SEBS should be
present at the interface to promote interfacial adhe-
sion and to help disperse the TLCP phase. At a high
content, however, the amount of compatibilizer at the
interface is likely to exceed the saturation lirnit (criti-
cal micelle concentration) and phase separation of the
compatibilizer may take place (19, 20). resulting in an
overall decrease in the properties of the blend. A fur-
ther increase in the SEBS content lowers the Young's
modulus of the composite due to the soft nature of the
added rubber. However, even at 8 wt% SEBS, the compo-
site film still shows a higher moduius than the film
without a compatibilzer. This lowering effect at a high
SEBS concentration was in agreement with the decrease
in the shear modulus of PP on blending with SEBS (no
reinforcing fibers), as reported by Gupta et al (21).

The addition of MA-FP to the composite film shows only
a slight increasc in the modulus in MD. Although it is
likely that the compatibilizer helps disperse the TLCP
phase. it appears to be less effective than MA-SEBS.
This may be due the lower concentration of the MA-
group in MA-PP than in MA-SEBS and because MA-PP
does not affect the viscosity of the blend (see Fig. 3).

Morphology

Figure 4 shows optical micrographs of composite
films with: a) no compatibilizer, b) 3 wit% SEBS, ¢] 1.5 wt%
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Fig. 3. Lffect of compatibilizers on melt flow index of TLCP/ PP blend. @: SEBS; %: MA-SEBS and Il MA-PP.

MA-SEBS, and d} 3 wit% MA-PP. At these concentrations
of compatibilizer, a maximum valu¢ of tensile modulus
is observed in each system. It is evident that the num-
ber of fibers per unit area as well as the aspect ratio of
the TLCP fiber increase with the addition of a cormpati-

bilizer. The incorperation of a compatbilizer results in
a more finely dispersed TLCP phase. and hence, more
fibers are formed under shear and elongational forces.
The additon of a compatibilizer, therefore, has a simi-
lar efflect to increasing the fiber loading, giving rise to

(d)

Fig. 4. Optical micrographs of in-situ composite films containing {a) no compatibilizer (b} 3 w96 SEBS () 1.5 widt MA-SEBS and () 3

ot MA-PP.
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the enhancement of the modulus. This is in good
agreement with the results reported by O'Donnell {13).
In addition to the difference in shape of the dispersed
TLCP fibers, the birefringence characterizing the frozen
nematic phase of TLCP domains also differs. Without a
compatibilizer, the TLCP phase exhibits a birefringence
less homogenecus than that of the systems containing
a compatibilizer, suggesting a better molecular orienta-
tion of the TLCP domains in the latter case. The result
is supported by the increase in the order parameter of
the TLCP phase, to be discussed later. To study the
size and shape of fibers more clearly, composite films
were extracted using boiling xylene, a good solvent for
PP but a nonsolvent for TLCP. Figure 5 shows pho-
tomicrographs of TLCP fibers extracted from films,
taken at the same magnification. Fibers exiracted from
films containing compatibilizers (Figs. 5b-d) appear to
be thinner and longer than these obtained from films
with no compatibilizer (Fig. 5a). Among the three com-
patibilizers, SEBS yields the thinnest, and hence, the
highest fiber aspect ratio. resulting in the highest
Young's modulus discussed above. .

Figure 6 shows SEM micrographs of the ffactured
surface of composite blends, broken along the direction
normal to the flow direction. The filtn with no compati-
bilizer (Fig. 6a) shows a number of TLCP-fiber pull-
outs with a smooth surface, suggesting a poor fiber-
matrix interfacial adhesion. In the case of a composite

with a SEBS compatibilizer (Fig. 6b}, different features
are observed: fiber breakage, fiber surface roughness,
and fiber-tip bending. Similar features are also ob-
served in the case of using an MA-SEBS compatibiliz-
er (Fig. 6d). However, in the presence of MA-PP (Fig.
6d). the fiber surface is rather smooth with spike fiber
fips and less fiber pull-out than in Fig. 6a, suggesting
a better adhesion in the compatibilized composite. The
appearance of fiber surface roughness in composites
with an elastomeric compatibilizer may arise from an
uneven extension of the TLCP phase caused by non-
uniform friction due to the elastomer partly adhering
at the interface. Such surface roughness was recently
reported by Seo (22) for the termary blend systems,
nylon/TLCP/MA-EPDM, and PBT/TLCP/MA-EPDM.
Though with higher viscosity of TLCP than the malyix.
fibrillation of TLCP could be obtained at a low shear
rate. Seo proposed the mechanism for the exdsting
surface roughness: That it is a result of the relaxation of
the elastomer swrrounding the elongated TLCP phase.

Order Parameter

For thin film specimens, it is rather simple to deter-
mine the molecular orientation from the anisctropy of
the absorption spectra (dichroism}, especially in the
infrared region. Since the selected peak used to mea-
sure the dichroic ratio belongs to the benzene ring in
the TLCP molecule, the calculated order parameter,

(d)

Fig. 5. Extracted TLCP fibers obtained from composite films containing {a) no compatibilizer (b} 3 wt¥ SEBS (cf 1.5 wi¥% MA-SEBS

and {d} 3 wi%e MA-PP,
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Fig. 6. SEM micrographs of fractured surface of composites film containing {a) no compatibilizer (b} 3 wi% SEBS (¢} 1.5 w9 MA-SEBS

and (d) 3 wit%h MA-PP.

therefore, represents only the order in the TLCP
phasc. The order paramcter of TLCP in the composite
films containing compatibilizers is shown in Fig. 7.
The films with about 1.5 wi% SEBS and with 1.5 wt%
MA-SEBS have an increase of order parameter in the
TLCF phase from about 0.5 to 0.6 and are roughly
unchanged beyond this value. In the case of MA-PP,
the less pronounced increase in order parnmeter is
observed. This is in good agreement with the increase

in modulus of the composite films at a low percentage
of compatibilizer, Better molecular orientation in the
TLCP phase translates to better mechanical properties
of TLCP (16, 23), and hence, to a better composite.

Impact Strength

Results obtained from the impact testing of TLCP/
PP composites without and with compatibilizers are
illustrated in Fig. 8 Break energy in J/m is plotted
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Fig. 7. Order paramneter of TLCP phase in TLCP/PP composite films cortaining @: SEBS; ®: MA-SEBS and W: MA-PP.

against the concentration of compatibilizer in percent-
age by weight. The composite without a compatibilizer
has a very low impact strength (318 J/m) compared
with that of pure PP (1.840 J/m). The results suggest
poor interfacial adhesion between TLCP and thie ma-
trix, which is always a problem with in-sitie compos-
ites. This results show an improvement of impact

strength when an elastomeric compatibilizer was
added. At a low level of compatibilizer concentration,
e.g.. up to about 5 wt% SEBS and MA-SEBS, the im-
pact property improves slighily with an increasing
amount of compatibilizer. With an 8 wt% cornpatibiliz-
er, the impact strength increases steeply to about
1.300 J/m, approximately a four-fold increase. A sim-

2,000
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1,000 [

Break energy (J/m)
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| ) - L
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Compatibilizer content (%)

Fig. 8. Effect of compatibilizers of impact strength of TLCP/PP composile films @ SEBS; ¢: MA-SEBS and B: MA-PP: dotted iine
puwre PP. Size of error bar is not bigger than twice the size of the symbol.
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ilar result was cbserved by Gupta et al (21, 24) and
Setz et al (25) for a PP/SEBS system with no fiber re-
inforcement. It is concluded that the addition of elas-
tomeric compatibilizers not only improves the tensile
modulus but also the impact strength of the compos-
ites. This large improvernent of impact property at a
high concentration of the elastomer may be due to its
action as an impact moedifier, the mechanism of which
was explained in the established rubber-toughening
theory (26). Evidently, MA-PP does not show any effect
on the impact strength of the composite, since it is a
thermoplastic in nature and is unable to absorb im-
pact energy like the rubbery SEBS and MA-SEBS can.

CONCLUSIONS

All three compatibilizers used in this study, namely,
SEBS. MA-SEBS, and MA-PP, were found to immprove
the dispersion and interfacial adhesion of the TLCP
phase (Rodrun LC3000) and PP matrix, giving rise 1o
the enhancement of the tensile modulus. In this
study, thermoplastic elastomers, SEBS and MA-
SEBS, were found to be more effective as compatibiliz-
ers than MA-PP. The addition of an elastomeric com-
patibilizer ehanced the viscosity of the system as
evident in the decrease in its melt flow rate, which in
tumn affected the elongational flow of the dispersed
phase to form thinner (and hence, higher aspect ratio)
TLCP fibers. Surprisingly, SEBS was found to be a
much more cffective compatibilizer than MA-SEBS,
despite the presence of an MA reactive group that
could have improved the interfacial adhesion in the
latter. An additional advantage of using an elastomer-
ic compatibilizer is that il could alse improve the im-
pact strength of the in-situ composite due to its action
as an impaet modifier.
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Ahstract

Aramid fibre, poly-m-phenylene isophthalamide (Teijin-Conex). was used to reinforce thermoplastic elastomer, styrene (ethylene
butylene) styrene (SEBS). Il was found that the moduli at 100 and 300% clongation of the composite increased linearly with increasing
fibre toading. On the other hand, tensile strength of the composites decreased as the fibre content was increased. Tmprovement of interfacial
adhesion was carried out by, first, slightly hydrolysing the fibre with sodium hydroxide solution o incrense the number of reactive amine end
eroups and then mixing witk: the matrix and compatibiliser, maleic anhydride grafted SEBS (MA ¢ SEBRS), at various concentrations, Tensilt
stiength of the compatibilised composite was found to increase and then level-off at 5 wit's compatibiliser. Fractured surface of camposit
containing compatibiliser showed more fibre breakage than the uncompatibilised one. Examination of the extracied fibre revealed that sem
fraction of rubber was chemically bonded 1o the fibre surface. These resulis suggest good compatibilising performance of MA-g-SEBS for the

system studied. & 1999 Elsevier Science Lid. Ali rights reserved.

Keywords: Poly-m-phenylene isophthalamide; SEBS; Composiles

1. Introduction

Short fibre reinforced rubber has now received much
attention. The main advantage is that it allows greater
speed and fiexibility in processing as compared with con
tinuous fibre [1]. A high degree of low strain reinforcement
can alse be achieved at relatively low content of fibre as
compared with particulate fitlers. Various systems of shorl
fibre reinforced rubbers have been studied. The fibre studied
includes Rayon, polyvinyl alcohol, Nylon, p-aramid
(Kevlar), m-aramid (Nomex), polyester and glass fibres
[2]. The nature of the fibre determines the interfacial inter-
action between fibre and maltrix and also the steength of the
camposites. To achieve maximurmn reinforcement, strong
fibre with good interaclion with matrix rubber will be
needed. As far as mechanical properties are concerned,
aramid fibres (Kevlar for example} are good candidates.

Cuoneipanding author. g +662- 2477050 E-mail: scsbl @ mahidalac th

CHERD- 356 | /S - see Tronm mialie

Pil: SODS2-3=6l(9Bi0nE24-2

There is, however, a problem of poor interfacial adhesion
between the fibre and a msatix. Various methods have been
used to modify the surluce of aramid fbre, Kevlar in par-
ticular. These include coupling agents [3], ionomer matrix,
[4-5] chemical treatments [6—8] and plasma treatment
[9-12]. One of the simple chemical treatment techniques
reported in the literature is surface hydrolysis [10,13]. The
technigue allows simple and casy preparation of Kevlar with
an increased number of active amino groups on its surface.
These functional groups can then be employed in further
reaction with other chemicals e.g. reactive or functionalised
compatibilisers. The level of uchievement depends to u preat
extent on the matrix studied.

In this paper. a system of poly-m-phenylene isophthala-
mide {Conex) short fibre reinforced styrene (ethylene bulyl-
ene) styrene (SEBS) thermoplastic elastomer was studied.
Themmoplastic elastomer was chosen as a matrix to case
composite preparation and avoid the need for curing used
in a conventional rubber system. Conex fibre was first used
as-received. In the sccond pact, surface hydrolysis of the

154 Blsevier Science Lil Al nghte reserved.
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fibre in conjunction with the use of reactive compatibiliser,
MA-g-SEBS, was studied.

2. Experimental
2.1 Materidals

The materials used in this study were styrene (ethyiene
butylene) styrene (SEBS, Kraton G 1652), which consisted
of 29% styrene with M, S-block = 7200, M,, EB-block =
37500 and maleic anhydride grafted SEBS (MA-g-SEBS,
Kraton FG 1901x), which consisted of 29% styrene and
contained 1.84 wt% MA. These two thermoplastic elasto-
mers were kindly provided by Shell.

Aramid shoit fibre, poly-m-phenylene isophthalamide
(Teijin-Conex) with average length of 3 mm (aspect ratio,
i.e. length to diameter ratio is about 200-250) was kindly
provided by Tejjin Ltd. These materials were dried at 50°C
for at least 24 h in a vacuum oven to remove sorbed water
before processing.

2.2. Treatment of aramid fibre

Aramid fibres used in this experiment are classified as
untreated and treated fibres. As-received fibre was [first
washed with acetone and distilled water in order to remove
the possible surface impurities, such as oil or lubnicant, and
dried in a vacuum oven. This is called untreated fibre. Then
untreated fibre was dispersed in 10 wit% sodium hydroxide
solution for 20 min at the ambient temperature. Following
the hydrolysis, fihre was thoroughly washed with distilled
water to remove excess sodium hydroxide, then washed
with toluene, and dried at 50°C in vacuum oven. This will
be called treated or hydrolysed fibre. Partial hydrolysis of
the aramid fibre with alkaline solution was performed in
crder to create more chemical reactive -NH, end groups
on the fibre surface, which should enhance the probability to
react with the compatibiliser contairing maleic anhydride
group [14].

2.3. Preparation of composites

Sample weight 30 g of aramid fibre/SEBS at a specified
weight ratioc was mixed in an internal mixer (Haake
Rheocord 90 at 175°C, rotor speed of 90 rpm, for 10 min.
In order to obtain betler dispersion, dried fibre was first pre-
opened in a Moulinex blender for a few seconds then put in
the internal mixer and the rotor was operated for half a
minute. Thereafter, the compatibiliser was added and
blended for half a minute, and finally SEBS was placed
and blended further for 9 min. After that, the composite
was discharged and passed through a two-roll mil] once to
cbtain a [lat sheet then kept in a desiccator at room tempera-
ture for 24 h in order to minimize moisture adsorption. The

amount of added compatibiliser was 0, 1, 3, 5 and 7 wt% to
the composite with the fixed amount of fibre at 3 wt%.

2.4. Characterisaiion

2.4.]. Mechanical properties

The aramid fibre/SEBS composite was compression
moulded into 1-mm thick sheet at 185°C for 10 min and
subsequently quenched with water. After being conditioned
for at least 24 h, dumbbell-shape tensile specimens were cut
with a cutting die of size 115 X 6 mm, parallel to the
machine direction (direction passing through the two-roll
mill). Testing was performed on an Instron testing machine
model 4301 1n accordance with ASTM D638 at a cross
head speed of 300 mm/min with a full scale load cell at
100 kg. All the values were averages of at least five
measurements.

2.4.2. Spectroscopic characterisation

An Infrared Fourier Transform Spectrometer attached
with Diffuse Reflectance unit (DRIFT, Perkin Elmer PE
2000) was used to characterise the surface of the fibre before
and after surface treatment. The infrared spectrum through-
out the range of 4000-600 cm ™' was obtained by perform-

ing 200 scans at a resolution of 4 cm ™

2.5. Extraction of composite

The composite was exfracted to remove SEBS in a
soxhiet apparatus using toluene as a solvent for 72 h. The
extracted fibre was collected, dried in a vacuum oven at
50°C and observed under SEM. The aspect ratio of the
extracted fibre was measured with the optical microscope
and was found to be in the range of 30-80.

2.6. Morphology

The morphology of the fibre surface and fractured surface
of the composite was observed under a Scanning Electron
Microscope (Hitachi $2500). A thin layer of palladium was
coated with Hitachi E102 ion sputter on the specimen to
prevent charging on the surface. SEM was operated at
15kV. The fractured surface of the composites was
prepared by freezing the composite in liquid nitrogen
and then breaking rapidly above the surface of liguid
nitrogen.

3. Results and discussion

3.1, Hydrolysis of aramid fibre surface

In this study, aramid fibre was partially hydrolysed on the
surface in order to create more —NH, and ~COOH end
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groups, as shown in the following reaction.

O
Il ]
_[_Nn\©/ N1-—C, C -]—n
a0t

Fig. | shows infrared spectra of Conex fibres before and
after hydrolysis using DRIFT lechnique. It can be seen that a
new peak appears at 880 ¢cm™! (curve b) after hydrolysis.
The peux is associated with the C'—H out of plane bending of
aromatic ring contaimng COO Na' substituent similar to
that reported by Chatzi et al. [15] for Kevlar fibre. The sur-
face hydrolysis was therefore considered successful.

3.2, Mechanical properties of composites

Siress—strain curves of untreated Conex fibre reinforced
SEBS composites with various amounts of fibre content are
illustrated in Fig. 2. Most of the curves exhibit similar
stress—strain behaviour. For convenience in the discussion,
the stress—strain curve will be divided roughly into three
repions. In the first region, stress increases lineuarly with
strain. Beyond a certuin sirain, depending on fibre content,
the stress starts to fevel-off and then, in the third region,
rises up sharply. The pronounced rising up of stress in the
third region is known as sclf reinforcing effect or strain-
hardening effect [16-18]. This is a typical behaviour, and
often an advantage, of u few clastomers such as natural
rubber, styrene butadienc stvvene (SBS) rubber and cis-
polyburadiene.

Pure SEBS (curve a} shows =lress—strain curves with
all regions. The stress in the fivst and second regions iy
lowest among the others. On the other hand, stress in the

third region rteached u waximum vatue of almost
30 MPa. Addition of Conex fibre increases the stress in
the first and second regions in all specimens. Ar Conex
content up to 3%, the stress strain behaviour does not
significantly change, 1.c.. the curves stll have ihree
regions with strain-hardening ¢ffect. At the fibre content
of 5 and 7% no more strain-hardening effcct is obscrved.
The compusites broke ut lower strain when higher comtent of
fibre is added.

Fig. 3 showx the tensile properties of untreated Conex
composite. It can be scen that tensile moduli at 100 and
300% extension increased with increasing fibre loading
but the tensile strength decreased. Elongation at break of
the composite was virtually unchanged up to 5 wt% of fibre
loading then dropped sharply as the fibre content was further
increased.

An enhancemenl in modulus at both 100 and 300%: cxten-
sion 15 as expected when fibre of very high modulus is
incorporated into the elastomer matrix. At low strain
{(=100%} a significant improvement can be clearly seen.
Modulus at [00% strain increases almost {our-fold when
7 wi% of Conex was incorpovated. The level of improve-
ment, however, decreases with increasing strain.

For untreated Conex/SEBS system, the adhesion between
fibre and matrix is poor {as will be seen in the next section)
and will de-bond at low strain, Therefore. the mmain mechan-
ism of stress trunsfer is friction. Upor further straining,
voiding at the ends of fibre will be created and crack initia-
tion will start before strain-hardening takes place. [ncreas-
ing fibre content will increase the number of voids and
hence the probability of fatlure will be higher.

Modification of interfacial interaction was carried out by
surface hydrolysis and use of a reactive compatibiliser. Lhe
ctfect of surface hydrolysis alone on mechanical propertics
of the composites was not found to be significant. Therefore,
only surface hydrolysis in conjunction with the compati-
biliser will be considered. Effects of MA-g-SEBS on tensile
properties of the composite are illustrated in Fig. 4. There is
ne significant change of modutus at 300% extension as the
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Fig. 2. Stress=strain curves of Conex/SEBS composites at different fibre
loading {wt%): (a) 0, {b) 1, {c) 3, (d) 5 and (&) 7.

amount of MA-g-SEBS is increased, whereas the modulus
at 100% elongation is slightly decreased when MA-g-SEBS
15 higher than 3%. No effect of compatibiliser on the elong-
ation at break was observed. A significant improvement in
tensite strength with the addition of MA-g-SEBS can be
seen in Fig, 4(b). Tensile strength was found to Jevel off
at S wi% of MA-g-SEBS. The improvement is about 45%
over that without MA-g-SEBS. This shows that MA-g-
SEBS improves the interfacial adhesion between the fibre
and the matrix. Further evidence regarding improved inter-
facial adhesion will be shown in the next section.

In order to understand the effect of added MA-g-SEBS,
the stress—strain curve of the composites will be considered.
Fig. 5 shows the stress—strain curves of composites (3 wt%
Conex) without and with 3 we% MA-g-SEBS. It can be seen
that the addition of MA-g-SEBS reduced stress in the low
strain region. As strain is increased, the tensile stress of the
composite with MA-g-SEBS approached that of the com-
posite without MA-g-SEBS. The cormposite without MA-g-
SEBS failed at lower strain, and hence lower tensile
strength. From these results, it is postulated that the softer
MA-g-SEBS stays preferentially at the matrix—fibre inter-
face (supporting evidence will be shown in the morphology
section). Stress transfer through this softer layer will there-
fore be reduced. At high strain, however, the strain-
hardening effect in this type of material comes into play
and increases stress transfer. The fact that the composite
with MA-g-SEBS failed at higher strain would suggest
that interfacial bonding between the matrix and fibre is
better. In other words, interfacial de-bonding in the com-
posile with MA-g-SEBS started at higher strain than that in
the composite without MA-g-SEBS. As a consequence, an
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Fig. 3. Tensile properlies of untreated aramid fibre/SEBS composite with
various fibre loading. (4) Medulus at 100% (0) and 300% ¢ 4 ) extensions,
(b) tensile strength and (c) elongation at break.

improvement in tensile strength was observed i the com-
posite with MA-g-SEBS.

3.3. Morphology

SEM micrographs (at > 2000 magnification) of fractured
swface of 3 wi% Conex/SEBS composites without com-
patibiliser and with 3 wi% MA-g-SEBS are shown in
Fig. 6(a) and (b), respectively. Without compatibiliser,
fibre pull-out is observed, which indicates poor adhesion
at the interface. However, fibre breakage is observed when
MA-g-SEBS is added and adhesion of rubber at the base of
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Fig. 4. Tensile properties of treated aramid fibre/SEBS composite wilh
addition of compatibiliser. {a) Modulus at 100% (U1} and 300% (4 ) exten-
sions, {b) tensile strength and (¢} elongation at break.

libres is observed which suggests the improvement of inter-
facial adhesion.

SEM micrographs (at X500 magnification) ot solvent
extracted fibres from the composites without and with
compatibiliser (3 wi% MA-g-SEBS) are presented in
Fig. 6(c) and (d), respectively. [n the case of the composite
withoul MA-g-SEBS, very clean fibre was obtained after
extraction. On the other hand, for the composite with MA-
2-SEBS. the extracted fibre showed a rough and irregalar
surface and also lumps of unextractable rubber.

25 +

Stress (MPa)

¢ f +— — t }
0 100 200 300 400 500 600
Strain (%)

Fig. 5. Stress-strain curves of Conex/SEBS composites with 0 wi% (a), and
3 wi% (b) of MA-g-SEBS.

It is clear, from the above resulis, that in & system with
MA-g-SEBS there are some fractions of rubber which can
not be extracied. It is likely thar this rubber is chemically
bonded to the fibre surface and results in surface irregularity
as scen above. This would suggest that MA-g-SEBS reacty
with reactive end groups, ie. ~NH,, on the surface of
partially hydrolysed Cenex fibre and hence the tensile
strength of the compatibilised composite is improved.

4. Conclusion

Reinforcement of SEBS thennoplastic elastomer with
Conex fibres wt low strain can be achieved without any
compatibiliser. Modulus of thermoplastic elustomer was
znhanced to more than {00% at the fibre content as low as
3 wi%. The strain-hardening effect was found to decreasc
with increasing (ibre louding.

Alkaline hydrolysis of (ibre surface in conjunction with
reactive compatibiliser, MA-g-SEBS. was found to be effec-
tive since this resulted in improvement of the tensile
strength. SEM micrographs of the fractured surface revealed
a high proportion of nibre breakage. The extracted fibres
show patches of uncxtractable rubber on the surface which
is taken as additionul cvidence for improvement of the
bonding at the interfuce. The results observed in this work
suggested good computibilising effect of MA-g-SEBS {or
Conex short fibre/SEBS composite. Compared with our pre-
vious study on the properties of Kevlar pulp/SEBS sysiem
using a similar procedure [19], no improvement was
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Fig. 6. SEM micropraphs of the specimens: (a) fractured surface of the composite without compatibiliser; (b) fractured surface of the composite with 3 wi's
MAe-SERS: 1¢) exveacted (itnes from specimen withoul cempatihiliser; () extracted fibres (rom specimen with 3 with of MA-g-SEBS.

observed when MA-g-SEBS was added. In that case. it Acknowledgements
might be due to fibrillation of pulp during processing, caus-
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Abstract

Composite systems of Kevlar, poly{p-phenylene terephthalarmide), and Santoprene, a polyolefin-based thermoptlastic elastomer, were
studied. Kevlar pulp was used as-received in one system, and modified in the other. The as-received Kevlar pulp was found to reinforce
Santoprene to a certain degree. It was found that with increasing amount of Kevlar in the composite, low-strain modulus and tensile strength
increased, while the elongation at break decreased sharply. To improve mechanical properties of the composite, hydrolysis of Kevlar pulp
surface was employed in conjunction with maleic anhydride-grafted-polypropylene (MA-g-PP), a reactive compatibiliser. [t was found that
the treated Kevlar pulp grealy improved the low-strain modulus, tensile strength, and elongation at break of the composite. Dynamic
mechanical analysis showed that the storage modulus of the Kevlar/MA-g-PP/Santoprene composite was significantly higher than the as-
received Kevlar composite. A slight increase in transition temperatates of polypropylene matrix was also observed. As a result of the fact that
low-strain modulus and tensile strength of the composite were improved when hydrolysed Kevlar pulp and MA-g-PP were used, it is
suggested that such a combination might have increased the interfacial adhesion of the fibre and the matrix, and effective fibre volume

fraction, resulting in a better distribution of stress along the reinforcing fibre. © 1999 Elsevier Science Ltd. All rights reserved.

Keywards: Kevlar composite; Santoprene; Polyolefin

1. Introduction

Fibre-reinforced rubber composites have widely been in
use for some time, because of their good mechanical proper-
ties. Most sysiems employed continuous fibres because of
the vastly improved properties of the composites [1].
Recently, interests have tumed to short-fibre reinforced
rubbers because of the greater speed and flexibility in
processing inherent in these systemns. In comparison with
particulate-filler composites, a short-fibre reinforced system
possesses a high degree of low-strain reinforcement even at
relatively low-fibre content. Various studies on short-fibre
systems include Rayon, poly(vinyl alcohol), Nylon, p-
aramid (Kevlar), m-aramid {(Nomex), polyester, and glass
fibres (2], The degree of reinforcement greatly depends on
the nature of the system. The chemical structures of both the
fibre and the matrix determine the extent of the interfacial
adhesion, and thus the strength of the composites. In order to
achieve maximum reinforcement, strong fibre with good

* Corresponding author. Fax: 00662 2477050.
F-mail address: scsbl@mahdol.ac.th (S, Bualek-Limcharoen)

compatibility with the matrix is required. As far as mechan-
ical properties are concermned, aramid fibres (e.g. Kevlar) are
good candidates as a reinforcement. Although these fibres
are not very compatible with the matrix betng used, attempts
were made to tackle the problem of poor interfacial adhe-
sion in their composttes. Various methods include the incor-
poration of coupling agents (3], the use of ionomer matrix
[4,5], chemical [6-8], and plasma treatments [9-12] of the
fibre surface. Hydrolysis was reportedly one of chemical
treatment techniques, allowing simple and easy modifica-
tion of Kevlar surface [10,13]. Such treatment increased a
number of active amine end groups on the surface, provid-
ing functional groups for further reaction with, e.g. a reac-
tive or functionalized compatibiliser.

This article describes a composite system composed of
Kevlar pulp, poly{p-phenylene terephthalamide), and
Santoprene, a polyolefin-based thermoplastic elastomer.
The thermoplastic elastomer is used as matrix because of
its ease of preparation, with no need of curing, normally
used in conventional rubber systems. A hydrotysis of Kevlar
pulp, followed by reaction with a reactive compatibiliser are
employed.

0032-3861/99%% - see front matier © 1999 Elsevier Science Lid. All rights reserved.

Pl{: S0032-3861(28)00853-2



6438 S. Saikrasun et al. / Polymer 40 (1999} 64376442

—
(=]

10% Modulus (MPa)

Kevlar content (wt%)

Fig. 1. Modulus at 10% strain of untreaied Kevlar/Saniaprene composites
al various Keviar content.

2. Experimental
2.1, Materials

The matrix is Santoprene thermoplastic elastomer grade
691-73W175 from Advance Elastomer Systems. The elas-
tomer contains PP 18 wt.%, and EPDM 82 wt.%. Rein-
forced fibres were Kevlar-49 pulp and short fibre from
DuPont. The compatibiliser, maleic anhydride-grafted-
polypropylene (MA-g-PP, trade name POLYBOND 3150)
was provided by Uniroyal Chemical Co. The compatibiliser
contains 0.5 wt.% maleic anhydride and bas a melt flow rate
of 50 g/10 min.

2.2. Composites preparation

The composites were prepared by melt blending in a
miniature internal mixer (Haake Rheocord 90) at a tempera-
ture of 165°C and a rotor speed of 90 rpm for 10 min. Kevlar
pulp {or short fibre) was pre-opened using a Grinder
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Fig. 2. Tensile strengih of unircaled Kevlar/Santoprene composites at

vanous Kevlar content,
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Fig. 3. Elongation at break of untreated Kevlar/Santoprene composites at
various Kevlar content.

(Moulinex) with interior blades turning at a high rate of
revolution for ahout 10 s before charging inte the mixer.
After that the mixture was passed through a two-roll mill
once to obtain a fiat sheet. The composite sheets were kept
in a desiccator in order to minimize moisture adsorption.

2.3. Testing and characterizations

Composite sheets were compression moulded into sheets
of 1 mm thickness. The moulding condition was 180°C
under a pressure of 15 MPa for 10 min. Later, the mould
was iransferred to a water cooled press machine. The
moulded sheets were kept in a desiccator for at least 24 h.

Dumb-bell-shaped samples were punched out (using Die
C-ASTM D412-92) from the moulded sheets in the two-rolt
mill direction. Tensile properties were measured using an
Instron 4301 tensile tester with a crosshead speed of
500 mm/min and a full scale load cell of 100 kg in accor-
dance with ASTM D638, Dynamic propertics were
measured on Polymer Laboratories DMTA Mk 1 in bending.
mode at a frequency of {0 Hz. The sample length was 5 mm
and peak to peak displacement was 64 um. Measurements
were carried out from —120°C to 120°C at a scan rate of
5°C/min.

Fracture surfaces of the composites were prepared by
freezing the sample in liquid N, and breaking it rapidly.
The samples were then coated with palladium (Hitachi
E102 ion spufter) and observed under scanning electron
microscope (SEM) (Hitachi S-2500) using an accelerating
voltage of 15 kV.

3. Results and discussion
3.1, Untreated Kevlar pulp composites

Tensile properties of Kevlar/Santoprene composite with
varying amount of Keviar are shown in Figs. 1-3. As the
composites with high Kevlar content failed at low elonga-
tion, the low-strain modulus was determined and reported
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Fig. 4. Reaction between MA-g-PP and the amine group on the Kevlar surface.

here. Fig. 1 shows that stress at 10% extension (10% modu-
lus) increases linearly with Kevlar content. The improve-
ment is slightly above 1 MPa per | wi.% Kevlar added. The
10% modulus at @ wt.% Keviar could not be obtained as the
composite failed before reaching the 10% extension.

Tensile strength as a function of Kevlar loading is shown
in Fig. 2. The tensile strength of the composite increases
slightly up to 3wt.% Kevlar, and then more steeply
approaches a value of 13 MPa at 9wt% Kevlar, an
improvement of almost 100%. In this particular system, a
minimum value of tensile strength at low-fibre content, or
dilution effect {141, was not observed. Although the tensile
strength improves significantly. the composite with high
Kevlar content lost the extensibility property of the rubber
matrix. Fig. 3 shows that elongation at break decreases
sharply with increasing Kevtar content at low value, drops
off more slowly at higher valug, and reaches zero at about
9 wt.% Kevlar.

The aforementioned results suggest that the addition of
Kevlar pulp significantly improved the properties of Santo-
prene, i.e. the modulus and tensile strength increased with
increasing Kevlar content. However, the low extensibility at
high Kevlar content may be a limiting factor that reduces the
usability of the composite. These results, therefore, demon-
strated that for a short-fibre reinforced composite, the

10% Modulus (MPa)

o 1 . . \ 1 . L R s L
0 2 4 6 8 131] 12

PP-g-MA content (wt%o}

Fig. 5. Modulus at 10% strain of various Kevlar/Santoprene composites:
(a) hydrolysed Kevlas/MA-g-PP/Santoprene (A), (b) hydrolysed Kevlar/
PP/Santoprene {X). (¢) untreated Kevlar/MA-g-PP/Santoprene {O).

mechanical properties are very much system dependent.
Different results were reported in our previous study on
Kevlar pulp/SEBS system in which tensile modulus
increased, but tensile strength decreased with increasing
Kevlar content [15]. Similar results were also reported in
other systems [16-18).

3.2. Hydrolysed Keviar pulp composites

To further our study, a composite system containing
3wt.% Kevlar was chosen, because of the moderate
improvement in modulus and tensile strength over the
unreinforced matrix, and also hecause of the relatively
high extensibility of the composite. In our system using
Santoprene, a polypropylene-based matrix, MA-g-PP is
used as a compatibiliser. The compatibiliser was incorpo-
rated in Kevlar pulp by first hydrolysing the fibre surface
[10,13,15], introducing amire groups, which then react to
form covalent bonds with MA groups of the compatibiliser
added (Fig. 4), thus maximizing the compatibiliser effi-
ciency. To compare the two systems, a third system contain-
ing hydrolysed Kevlar/polypropylene (PP)/Santoprene was
investigated.

Fig. 5 shows curves of 10% modulus as a function of
compatibiliser (MA-g-PP or PP} content. Curve a is the
hydrolysed Kevlar/MA-g-PP/Santoprene compostte with
3 wt.% Keviar showing a maximum value at about 3 wt.%
MA-g-PP, an improvement of about 50% over the untreated
Kevlar/MA-g-PP/Santoprene system (curve ¢). The results
of hydrolysed Keviar/PP/Santoprene composite is shown in
curve b, where modulus was only slightly improved.

Fig. 6 shows curves of tensile strength as a function of
compatibiliser content. The hydrolysed Kevlar/MA-g-PP/
Santoprene composite {(curve a) shows the highest value
of about 30% improvement at about 1 wt% MA-g-PP,
which levels off at higher MA-g-PP content. The addition
of MA-g-PP and PP (o the untreated and hydrolysed Kevlar
composites, respectively, had no effect on tensile strength
(curves b and c).

Fig. 7 shows curves of elongation at break (%EB) as a
function of compatibiliser content. The hydrolysed Kevlar/
MA-g-PP/Santoprene cowposite (curve a) shows an
increase in %EB with increasing MA-g-PP content, At
3 wt.% MA-g-PP, where a maximum in 10% modulus was
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Fig. 6. Tensile strength of various Kevlar/Santoprene composites; (a)
hydrolysed Kevlar/MA-g-PP/Santoprene (A), (b) hydrolysed Kevlar/PP/
Santoprene {X}, {¢} untreated Kevlar/MA-g-PP/Santoprene (O).

obrained, an improvement in %EB is about 30% over that of
the other two systems. The systems of untreated Kevlar/
Ma-g-PP/Santoprene  and hydrolysed Kevlar/PP/Santo-
prene show no change in %EB.

From the results of these three composite systems shown
in Figs. 5-7, it can be concluded that the presence of both
the MA group on polypropylene chain and the amine groups
on Kevlar surface are essential for the improvement of the
mechanical properties.

Mechanical properties of Kevlar/Santoprene composite
systems are summanzed as stress—strain curves in Fig. 8.
Santoprene with no reinforcement shows the highest strain
at break as expected (curve a). The addition of 3 wt.% of
Kevlar (untreated) to Santoprene caused a steep rise of
stress and a break at a very low strain {about 50%) as
shown in curve b. The 3 wt.% hydrolysed Kevlar/3 wt.%
PP/Santoprene system shows an even steeper rise in stress
and a break at higher strain (about 100%EB) shown in
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PP-g-MA content {(wt%)

Fig. 7. Elongation al break of various Kevlar/Santoprene composites; (a)
hydrolysed Kevlar/MA-g-PP/Santoprene (4), (b) hydrolysed Keviar/PP/
Santoprene (), (¢) untreated KeviafMA-g-PP/Santoprene (O).
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Fig. 8. Stress—strain curves of various Kevlar/Santoprenc composites: (z)
Santoprene, (b) 3 wt.% untreated Kevlar/Santoprene, (¢) 3 wt.% hydrolysed
Kevlar/3 wi.% PP/Santoprene, {d) 3 wL.% hydralysed Kevlar/3 wi/% MA-
g-PP/Santoprene.
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Fig. 9. (a} Siorage modulus (E'yand (b) tan 8 of various Kevlar/Santoprene
composites: 3 wt.% hydrolysed Kevlar/3 wi/% MA-g-PP/Santoprenc (A),
3 wl.% untreated Kevlar/Santoprene (), 3 wi.% hydrolysed Kevlar/3 wi.%
PP/Santoprene (O), Santeprene ().
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Pig, 10 SEM mirographs of fraciured surfoces of tn) 3 wit % aptreated
Kevlur/Santoprene compasite and (b} 3 wo S ldsolysed Kevlan/s wi %
MA--PPSantoprone conpodite

curve ©. The steepest rise and maximum value in stress
fhreaks at abour 0% EB) Tound in the 3 wi.% hydrolysed
Reviar/2 wi% Ma-g-PP/Santoprene system are shown tn
curve d. The results suggest that bonding through the reac-
ton of MA croups grafted on PP owith amine groups on
Keviar surlace 15 the mam factor improving the mechanical
propertics of Keviag/Santoprene system.

In order to gain lurther information regarding the
cifect of MA-g-PP an  interfucial  adhesion ol  the
composite, dynanie tests al various lemperatures were
conducted and summanzed in Fig. 9. Storage modulus
as 4 function of temperature is shown o Fig, 90a). All
materials have about the same values of storage modu-

s from — 12000 1w —507C, bt start 190 decay off

different rates from this poinl pp to the end temperature
of 120°C. It is shown that the hydrolysed Keviar/MA-g-
PP/Santoprene composite has the highest storage modu
lus over the whole temperatore range, while the other
1wo composite systems show relanvely same vilues and
Saroprene (controlj shows the fowest value.

Fig. 9(b) shows curves uf tan 8 vs, temperature for Santo-
prene and all composites under study, The peaks at aboul

A0°C are associgted with the glass transitions of the
EPDM part, and those st about 0°C with the FP pant ol
Santoprene. 1 as shown that the PP peak stafts shghtly fo
higher temperature and decreases to Jower height in hydro:
Ivsed  Kevlar/MA-p-PP/Santoprene  sysiem. The  resulis
suggest that PP chains are constrained by the compaiibiliser
as reported earlier [4]. Such w constramt is likely w oceuy at
Kevlar/Santoprene interface. leading to better transfer of
slress from the PP chains 1o the reinforeing Kevlar and
resulling in e improvement of both the dynemic and
tensile moduli. In other words, better stress  inmsfer
mereases the effecnve fibre volume fracuon and leads
composites with Wigher moduh

Fiz. 10 shows SEM micrographs of fractured surfaces of
untreated Keviar/Samoprene (Fig. 100a)) and hydrolysed
Keviar/MA-g-PP/Samtoprene  (Fig. 10(b)). The untreated
Keviar composite shows a number of fibre pull-ouyts, while
the hydmolysed Kevlar/MA-g-PP/Samoprene  composite
shows g vather sinooth surfuce with ne evidence of fibre
pull-our. It appears that only the fractured fibres are seen
The results suggest an improved interfacial  adheston
provided by the Tatter system.

Bonding of MA-g-PP and the amine group on Kevlar
surfuce could not be directly investigated. An attempt was
made 1o study what may reman on the Kevlar surface after
solvent extraction of the elastomer matris. However, a difli-
culty was encountered as the elastormer matrix did not
dissolve 1 any available solvents because of the cross-
linked EPDM pant in Santoprene.

4. Conclusion

A system of Kevlar/Santoprene composite was studied. It
was found that Keviae pulp with no treatment can be used 1o
remforce Santoprene, However, the use of hydrolysed
Kevlar and a small amount of MA-g-PP. a reactive com-
patibiliser, can significantly improve the modulus, tensile
strength, and elongation at break of the composite. The
results suggest the reaction hetween the MA groups on
MA-g-'P, and the free amine groups on the hydrolysed
surliace of Kevlar, thus modifying the highly polar surface
of Kevlar into a non-polar polypropylene surface. The non-
polar modilicd fibre is expected to be miscible and be able w
ca-erystallize with polypropylene-comaining  Santoprene
marix, leading 10 a betier steess transfer from the matrix
1o the reimforcing hibre,
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ABSTRACT: A composite of short-fiber, poly(m-phenylene isophthalamide), and thermo-
plastic elastomer atyrene {ethylene—butylene) styrene (SEBS), was investigated. The
fiber surface was modified by N-alkylation (heptylation and dodecylation} to improve
their compatibility with a less polar SEBS matrix, Observation of fiber-surface mor-
phology by SEM revealed surface roeughness after N-alkylation. Nearly complete coat-
ing of the polymer macrix on the fiber was observed on a fractured surface of the
composite, which is evidence for the improvement of fiber-matrix adbesion. [t was
found that the modulus of the composites grew with increasing fiber loading to approx-
imately the same extent for beth unmodified and modified fiber composites. Tensile
strength of the modified fiber composites was found to improve significantly over that
of the unmadified fber composite. This suggests that the pregence of the alkyl group on
the fiber surface is responsibie for an improvement of interfacial adhesion. © 1999 John

Wiley & Sons, Inc. J Appl Polym Sd 74: 000-000, 1999

Key words:
moplastic elastomer; SEBS

INTRODUCTION -

Aramid short fibers such as poly(p-phenylene
terephthalamide) (under the trade name of Kev-
lar by Du Pont Co.) and poly(m-phenylene isoph-
thalamide) (under the trade name of Nomex by
Du Pont Co. or the trade name of Conex by Teijin
Co. Ltd.) are important as reinforeing fibers for
plastics and elastomers due to their high
strength, good thermal stability, sufficient flexi-
bility, and light weight. However, the problem of
fiber dispersion in the matrix often arises due to
inertness of the fiber surface and the agglomera-

Correspondence to: S. Bualek-Limcharcen (3csbhi@mahidol.
ac.th).

Jaurnal of Applied Polymer Saence, Yal 74, 000-000 (1999
© 1599 Joha Wilay & Sons, lnc. CCC 0021-8885/9%000000-00

short-fber composite; aramid; poly(m-phenylene isophthalamide) ther-

tion of fibers due to hydrogen bonding. In order to
overcome this problem, chemical or physical
bonding between the fiber and the matrix is usu-
ally wntroduced through the addition of a suitable
coupling agent'~2 or chemical modification of the
fiber surface.*® Plasma treatment has also been
used to create a functional group on Kevlar and
hence to provide bonding with the matriz.”*°
One chemical method used to modify the sur-
face of aramid fiber is the metalation reaction of
the fiber surface to form polyanions, which is then
followed by reaction with some functional groups
or the grafting of suitable polymer segments.!~*
Short-fiber reinforced thermoplastic elas-
tomers have recently gained much attention due
to their attractive properties.'®~'" The advan-
tages of thermoplastic elastomers are ease and
economy in processing, high strength, and rigid-

1
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ity and recyclability, but some of their disadvan-
tages are low thermal and low-dimensional sta-
bility at elevated temperatures. Incorporation of
short fibers with high thermal stability and high
strength, such as aramid fibers, in order to en-
hance dimensional stability is therefore interest-
ing. We have investigated a system of poly(m-
phenylene isophthalamide) (Conex) short-fiber re-
inforced styrene (ethylene—butylene) styrene
(SEBS) thermoplastic elastomer composite. An
improvement of interfacial adhesion of this com-
posite system by partial hydrolysis on the fiber
surface and the addition of a reactive compatibi-
lizer, maleic anhydride—grafted SEBS, was re-
ported.'® In this study another method of surface
treatment was carried out by N-alkylation to re-
duce the interaction through hydrogen bonding
between fibers and to reduce the poiarity of the
highly polar surface. The alkyl groups on the fiber
surface are expected to be compatible with the EB
bleck in the SEBS matrix, which should facilitate
the enhancement of interfacial adhesion and
therefore will result in the improvement of tensile
properties of the composite.

EXPERIMENTAL

Materials

Materials used in this study were a styrene (eth-
ylene~butylene) styrene block copolymer (SEBS,
Kraton G1652), provided by Shell chemical Ca.
Ltd., with 29% styrene content as thermoplastic
elastomer matrix, and poly(m-phenylene isoph-
thalamide), Teijin-Conex, provided by Teijin Co.
Ltd. in the form of short fibers with an approxi-
mate length of 3 mm and a diameter of 12-15 um.
The fibers were first washed with acetone, fol-
lowed by distilled water to remove possible con-
tamination, and they were then dried at 54C to a
constant weight in a vacuum oven. Anhydrous
dimethyl sulfodde (DMSQ) and alkyl bromides
were used as received. Sodium hydride (60% sus-
pension in paraffin oil) was washed three times
with dried hexane before use.

Surface Modification of Conex Fiber
by N-alkylation

The technique used for N-alkylation of Conex fi-

_bers_ was . similar to that reported earlier hy

Takayanagi et. al.'* The reaction scheme is pre-
sented in Figure 1. Since only slight modification
on the fiber surface is needed, a small amount of

-

—Ew VH——E E—}—+H
b O

— ¥ @/m— c ct-
N a
! \O/
Figure 1 N-alkylation reaction on poly(m-phenylene
igophthalamide) {Conex) short fiber.

+ Na" + Br-

the reagents and short reaction times were em-
ployed. [n the first step, 1.e. a metalation reaction,
about 1,000 mL of anhydrous DMSO and 0.05 mol
of purified NaH were reacted for 40 min at 70°C in
a mitrogen atmosphere. After cooling to 30°C, 30 g
of fiber were added into the reactor and stirrved
mechanically for 10 min. At this stage, the skin
color of the fiber changed from off-white to pale
yellow. Then about 0.25 mol of heptyl bromade
was added and stirred for a further 3 h. The
reaction was stopped by transferring the fibers
into a large quantity of distilled water. The prod-
ucts were washed with acetone and water several
times and dried at 60°C to a constant weight in a
vacuum oven. For dodecylation, only 0.025 mol of
NaH was used; otherwise the resulting fibers be-
came hard and stuck together, and hence were
difficult to disperse in the matrix.

The alkyl group on the fiber surface was char-
acterized by Fourier transform infrared (FTIR)
gpectroscopy recorded on a Perkin-Elmer PE2000
spectrometer using diffuse reflectance accessory
(DRIFT). Two hundred scans at a resolution of 2
cm ™! were performed to obtain a good spectrum.

Preparation of Composites

The composites were prepared by a melt blending
technique, using a laboratory-size internal mixer
(Haake Rheomix 90) at the set temperature of
175°C at a rotor speed of 90 rpm. To obtain good
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dispersion, the fiber was first preopened in a Mou-
linex blender for a few seconds, then put in the
mixing chamber in which the rotor was operated
for 30 sec before the SEBS was added. After mix-
ing for 10 min, the composite was discharged from
the mixer and immediately rolled into a single
sheet using a small laboratory two-roll mill. The
composite sheet was then compression molded
into a sheet 2 mm thick under a pressure of 15
MPa at 180°C for 10 min. The melded sheets were
kept in a desiccator for 24 h prior to tensile mea-
surement.

Fiber loading was varied from 0 to 7% by
weight. We studied low-fiber content composites
S0 as to maintain an important property of elas-
tomers—their high percentage of extension. An-
other reason for studying such composites is that
at low-fiber concentration, there is less of a prob-
lem of fiber agglomeration, so we can evaluate the
results by focusing only on the effect of adhesion
at the interface.

Measurement of Tensile Properties

The composite sheets were cut into dumbbell-
shaped specimens with a cutting die of size 115
®X 6 mm, parallel to the direction passing through
the two-roll mill. According to ASTM D638, ten-
sile properties were measured using an Instron
4301 tensile tester with a cross-head speed of 500
mm min "' and a full-scale load cell of 100 kg. All
values presented were averages of at least five
measurements.

Marphology Study

A scanning electron microscope (SEM, Hitachi
5-2500) was utilized to characterize the surface
morphology of Conex short fibers before and after
modification, as well as the fractured surface of
composttes. The fractured surfaces of the compos-
ites were prepared by freezing the sampie in lig-
uid N, and brealking it rapidly. The samples were
then coated with palladium (Hitachi E102 ion
sputter) and observed using an accelerating volt-
age of 15 kV.

RESULTS AND DISCUSSION

N-Alkylation of Conex Fiber Surface

In this study, the aramid (Conex) fiber surféce
was modified by a deprotonation reaction with
NaH in DMSO, followed by N-alkylation.
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Figure 2 Infrared spectra {DRIFT) of (a} unmodified,
{b) heptylated, and (c) dodecylated Conex fibers.

Infrared spectra of unmodified, heptylated, and
dodecylated Conex fibers are presented in Figure

2 as curves a, b, and ¢, respectively. The C—H 2

stretching vibration peaks at 2,858 and 2,932
cm ! are of the heptyl group, the peaks at 2,354
and 2,925 cm ™! are of the dodecyt group, and the
N—H astretching peak appears in all spectra at
3,064 cmm~!. Therefore, the partial N-alkylation
on the fiber surface is considered successful.
SEM micrographs demonstrating surface mor-
phology of the fibers before and after modification

are shown in Figure 3. The surface of controlled 3

fiber (unmodified) shown in Figure 3(a) i3 rela-
tively smooth. Figure 3(b) shows the fiber taken
from the reaction just after deprotonation for 10
min, that i3, without allyl groups on the surface,
still shows a relatively smooth surface. It is seen
that the ionization step does not affect the ap-
pearance of the fiber surface. In contrast, hepty-
lated and dedecylated fibers exhibit high surface
roughness, as shown in Figures 3(c,d), respec-
tively. Takayanagi et al.'* reported that deproto-
nated and N-heptylated Kevlar were soluble in
DMSO. In our case, the Conex fiber surface was
only partially deprotonated and then N-alkylated.
During the alkylation reaction time of 3 h, some
parts of modified fiber surface might be swollen in
DMSO. When the reaction had been terminated
with distilled water, the swollen parts might re-

. deposit_on .the .fiber surface and hence might

cause the surface roughness as seen in Figure
3(c,d). Apart from the expected compatibility of
the alkyl group and the EB block in the SEBS

1 LINE LONG
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Figure 3 SEM micrographs of various Conex fibers (a) unmodified, (b) deprotonated,
{c) heptylated, and (d} dodecylated Conex fiber.

matrix, this surface roughness of the alkylated
Conex fibers will, in theory, also enhance the in-
terfacial bonding between the fibers and polymer
matrix via a physical interlocking or a friction
mechanism.

Mechanical Properties of Composites

Plots of tensile properties of the composites con-
taining unmodified and alkylated fibers—i.e.,

100% modulus, 300% modulus, tensile strength,
and elongation at break as a function of fiber
loading—are shown in Figures 4-7, respectively.
The values of modulus at 100% and 300% exten-
sions (Figs. 4 and 5, respectively) increase almost
linearly with fiber loading at approximately the
same extent for composites filled with unmodified
and modified fibers. The increase in modulus of
the composites with an increasing amount of fiber

1 LINE LONG



100% Muodulus (MPa)

Couex fiber content (wt%)

Figure 4 Tensile modulus at 100% strain versus fiber
content of composites with (a} unmodified (A}, {b) hety-
lated (X), and (¢) dodecylated () Conex fibers.

is mainly a result of the modwus of Conex fibers,
which is far greater than that of SEBS. The
higher the fiber loading is, the larger the volume
fraction of high-modulus phase and thus the
greater will be the bulk modulus of the compos-
ites. [t can be seen that the tensile modulus 15 not
affected significantly by N-alkylation at low-fiber
loading. A slight improvement in 300% modulus
15 observed at 7 wt % fiber [oading. Tensile
strength is decreased, however, with iocreasing
fiber loading due to the dilution effect of the ma-
trix (see Fig. 6). However, the tensile strength of
N-alkylated Conex composites is sigmficantly
higher than that of the composite filled with the
unmodified fiber, particularly at high-fiber load-

300% Muodulus (MPa)

0 1 2 3 4 5 [ ¥ 8
Cones fiber centent (wit%a)

Figure3 Tensile modulua at 300% strain versus fiber
content of compoasites containing (a) unmedified (A), {b}
hetylated (X), and {c) dodecylated (O} Conexz fibers.

1L
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Teunsile strength (Ma)

Conex fiber content (wt%)

Figure 6 Tensile strength versus fiber content of
composites containing (a) unmedified (A}, (b) hetylated
(X}, and (c) dodecylated (O} Conex fibers.

ing. At 7 wt % fiber loading, tensile strength of
N-alkylated fiber-filled composites (18 MPa) is
about 80% higher than that of the composite with
unmodified fiber (10 MPa). On the other hand,
elongation at break, shown in Figure 7, is only
slightly decreased with increasing fiber loading. A
slight increase of elongation at break is observed
for N-alkylated fiber-filled composites, particu-
larly at higher fiber content. No effect of the
length of the allyl groups on tensile properties of
the composites can be noticed. The remarkable
enhancement in tensile strength might be due to
an increase in interfacial adhesion between fiber
and polymer matrix via improvement of the com-

- l
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Figure 7 Elongation at break versus fiber content of
compeosites containing (a) unmodified (A), (b) hetylated
{X), and (c) dodecylated (O) Conex fibers.
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Figure 8 Stress—strain behavior of {a) neat SERS, (b)
5 wt % unmedified Conex—SEBS, (¢) 5 wt % heptylated
Conex—SEBS and (d) 3 wt % dodecylated Conex—3EBS

composites.

patibility between the alkyl group on the fiber
surface and the EB block in SEBS matrix. In
other words, the alkyl groups could assist the
wetting of the fiber by the matrix. In addition, the
bonded clumps on the surface could help enlarge
the contact area between the fibers and the poly-
mer matrix and hence enhance their interfacial
bond streogth. The evidence {or improvement of
adhesion at the interface can be clearly seen in
SEM micrographs of fractured surfaces iilus-
trated in the next section.

For comparison, the stress—strain behavior of
unfilled SEBS and composites containing § wt %
of unmodified and modified fibers is illustrated in

. Figure 8. It can be seen clearly that the unfilled
SEBS {curve a) possesses the lowest tensile mod-
ulug at low strain and shows a strain-hardening
effect {strain crystallization) at high strain. The
thermoplastic elastomer SEBS exhibits similar
behavior as a conventional strain crystailizing
rubber due to the strong intermolecular interac-
tion between the chains in the hard phase.*” Ob-
viously, the strain hardening of SEBS decreases,
causing tensile strength to decrease, as 5 wt % of
unmaodified fiber 1s added (curve b). This is due to
the dilution effect of the matrix, and the high-
stress concentration at the fiber ends destroys
adhesion at the interface. As heptylated and do-
decylated fibers are incorporated (curves ¢ and d),
strain crystallization increases again, this is, ten-
sile strength becomes higher than that of the
composite with unmodified fiber. Since the

stress—strain curves rise steeply near the break

point, the elongation at break is therefore not
much affected.

Marphology of Composites

" To obtain more information on the effect of fber

surface, the composites were studied using SEM.
The micrographs of fractured surfaces of compos-

;‘v. "‘.n
gum

(b)

Figure 9 SEM micrographs of fractured surface of

unmedified Conex composite at magifications of (a)
X200 and (b) %5,000.
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Figure 10 S5EM micrographs of fractured surface of
heptylated Conex composite at magifications of {a}
%200 and (b) x5,000. .

ites filled with unmodified and alkylated Conex
fibers are shown in Figures %(a)-11(a) at magni-
fication X200 and in Figures 9(b}11(b) at mag-
nification X5,000. Evidently, long fiber pullout is
seen on the fractured surface of unmodified Con-
ex—SEBS composite {Fig. 9(a)], indicating poor
interfacial adhesion between fiber surface and

SEBS ADHESION IMPROVEMENT BY N-ALKYLATION T

polymer matrix. Magnification of this specimen at
% 5,000, shown in Figure 9(b), indicates a number
of grooves and cracks on the fiber surface. By
contrast, the composites filled with heptylated
and dodecylated short fibers, presented in Figures

- 10(a) and 11(a), respectively, show fiber breakage

rather than pullout phenomena, which are evi-

(b)

Figure 11 SEM micrographs of fractured surface of
dodecylated Conex compesite at magifications of {(a)
%200 and (b) %5,000.
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dent in that the N-alkylation of the Conex fibers
improves interfacial adhesion between Conex fi-
ber and SEBS matrix. Clearer evidence of strong
interfacial adhesion can be seen from micro-
graphs at higher magnification power shown in
Figures 10(b) and 11(b). In these figures, the sur-
face of the fibers is coated by SEBS layer, thus no
grooves and cracks can be observed. Also at the
proximal end of the fiber that is buried in the
matrix, there is good sticking between the matrix
and the fiber. This evidence clearly supported the
conclusion that the interaction force responsible
for adhering the fiber to the matrix is the purely
physical force acting through the alkyl groups
since no chemical bonding between the fiber and
the matrix is expected. The resulting improve-
ment of interfacial adhesion is supported by a
significant increase in tensile strength of the
modified fiber-filled composites as discussed in
the previous section.

Since the fibers were modified by using two
successive steps—deprotonation followed by N-
alkylation—we had to find out which step was
more effective. To do this, deprotonated fbers
were prepared by stopping the reaction in the first
step with distilled water. The fibers obtained at
this stage are shown in Figure 3(b). The other
procedures used for preparation of the composites
were the same as those described in the experi-
mental sections. Tensile properties of deproto-
nated Conex—SEBS composites were measured
{data not shown here). Modulus and elengation at
break were found to be about the same as those of
unmodified fiber. However, the tensile strength
was found to be slightly higher than that of the
unmodified Conex-SEBS system but lower than
that of the alkylated Conex—SEBS system. These
results ensured that the presence of the alkyl
group was essential for the unprovement of the
compasite properties.

Since the results from tensile measurements
and the morphology shown in SEM micrographs
are in good agreement, it can be concluded that
the application of the N-alkylation process de-
scribed to Conex fibers can significantly en-
hance the interfacial adhesion between the fi-
bers and SERBRS, and thus the mechanical prop-
erties of these Conex short-fiber-filled SEBS
composites.

CONCLUSIONS

The partial N-alkylation onto short-fiber surface of
poly(m-phenylene isophthalamide (Conex) was car-

ried out by a metalation reaction with NaH in
DMSO solution followed by the addition of alkyl
bromide (heptyl and dodecy!). The presence of alkyl
groups on the fiber surface was detected by FTIR
DRIFT technique. Original and medified fibers

. were melt-biended with thermoplastic elastomer

styrene (ethylene—butylene) styrene (SEBS). Ten-
sile properties of compression-molded specimens
were measured. The morphology of the modified
fibers and the fractured surfaces of the composites
were investigated using SEM. The results obtained
were as follows:

1. N-Alkylated Conex fibers show character-
istic C—H stretching of alkyl groups in the
DRIFT spectra. The result reveals that che

_ fiber surface is successfully modified.

2. By comparison with the unmodified Conex
short fibers, the alkylated fibers enhance
tensile strength of the composites, proba-
bly due to the umprovement in interfacial
adhesion between the fibers and the SEBS
matrix. This resuit is evident by SEM mi-
crographs of fractured surface, which show
nearly coruplete coating of matrix oo the
fiber surface.

3. From the systems studied, no difference
has been observed from the effect of the
length of the alkyl groups, ie. 7- and 12-
carbon atoms ca the fiber surface, on ten-
sile properties of the composites.

Support of this work by the Thailand Research Fund is
gratefully acknowledged. The authors also would like
to thank the Shell Chemical Co. and Teijin Co. Ltd. for
providing SEBS and Conex fibers, respectively.
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ABSTRACT A Blend of thermoplastic. polypropylene, with a thermotropic liguid crystaliine polymer
{TLCP). copolyester comprising 60 mol% ol p-hydroxybenzoic acid and 40 mol% eirhylene terephgthalate
was prepared, using a twin screw extruder. Polymer hlend pellets were extruded through a microwruder
as thin ilms, using diflerent draw ratios. Effect ol fitm drawing on molecular oricatation and properties
was investugaled. The order parameter of liquid crystalline domain evaluated (rom polarized infrared
spectra was lound to increase with increasing [ilm draw ratio. Morphology of the lilm observed under
an optical microscope revealed increasing TLCP libre aspeci-ratio. Younys modulus of the lilm measured
in the machine direction was found to increase signilicandy with increasing TLCP [ibre aspect-ratio and
molecular ordering. Youngs modulus of TLCP fibres embuedded in PP mutrix was estimated using the
Halpia-Tsai cquation and lound to correlate hinearly with the fibre aspect-ratio and the order pirameter.

KEYWORDS: In-situ composite, thermotropie liquid crvsralline polymer, film drawing, molecular adentation.

INTRODUCTION

Main chain thermotropic liquid crystalline
polymers (TLCPs) arc known to possess good
thermal and mechanical properties and high
dimensional stability.' Blends of TLCPs with various
kinds of thermoplastics to improve processability
and properties of the laiter have been intensively
investigated.?® These are incompatible blend systems
comprising a dispersed phase, ie droplets of TLCP,
which deform wnto fibres by elongational force during
mels processing. Following melt solidification, the
TLCP fibres are frozen in the matrix and hence
reinforced the product in a similar manner as the
short-fibre reinforced composites. Therzfore the
name "in situ composite” was coined {or such a self-
reinforced system.’

TLCP was found 1o improve the mechanical
properties of the matrix to vanous degrees depending
on processing procedures and conditions which
affect morphology and molecular orientation of the
blends.®® For a thick product like an injected bar,
the skin-core effect was found to occur.'® The skin of
the moulded par: exhibited longitudinally oriented
TLCP fibrils, whereas droplets were formed in the
core region. Morphology of the product developed

in the mould depends very much on mould thickness,
processing temperature and speed of injection. This
in turn results in composites with dilferent mechanical
properties. Other forms ol compusites such as
filaments'"'* and films'*** have also been investigated.
For these thin-wall specimens the skin-core effect is
minimized. However, in the cose of blown or extruded
films, there is a major problem of anisowopy in
physical properties | iethe properties measured in the
direction along the flow path (machine direction, M)
are differentt from that in the transverse direction (TD).
This problemn has been solved to some extent by using
a counter-rotating die for thin film extrusion.!?

Correlation of the processing conditions to
molecular orientation and mechanical properties of
pure TLCP producec as extruded rod and fibres has
been investigated.'™"® The increase in drawn-down
ratio was found to increase bircfringence, ie the
dilference of refractive indices measured in directions
parillel and perpendicular to the fibre axis, which
indicated the improvement of molecular orientation.*
For the in situ composite, the clongational flow ficld
was not sufficient to increase the orientation function
of TLCP* Greater TLCP fibril elongation could be
achieved at the exit of the die during spinning of the
blend.
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In this work, a blend system of polypropylene
and TLCP {Rodrun LC3000, 2 copolyester comprising
60 moi% of p-hydroxybenzoic acid and 40 mol%
ethylene tereph?‘thalate) was investigated. [t is of
interest to improve the properties of a commeodity
polymer like polypropylene. Rodrun LC3000 is
chosen to reinforce PP because of their overlapping
windows of processing temperature. The specimen
was prepared as an extruded film. Thin film has
advantages over an injection-rmouided specimen, due
to the absence of skin-core effect and weld line. For
thin film, it is quite simple to evaluate the molecular
arientation from the measurement of transmission
spectra in the infrared region. Particular attention
has {ocused on the eflect of film drawing on the
molecular orientation in TLCP fibres and their aspect
ratio, and consequently, tensile modulus of the
cornposite.

ExPERIMENTAL

Materials

A thermoplastic polymer matrix used in this
study was injection grade palypropylene (PP&331
HMC, Thailand}, density = /.903 g em’, measured
melt flow rate {(MFR) 17 g/10 min a1 230°C, 2.16 kg
loading). Thermotropic liquid crysialline polymer
(TLCP) was a copolyester comprising 60 mol% p-
hydroxybenzoic acid and 40 mal% ethylene
terephthalate (Rodrun LC3000}, density 1.4 g cm™?,
mesophase range from 22010 280°C, purchased [rom
Unitika Company. TLCP pellets were vacuum dried
at 60°C for 12 h before use.

Blending

Melt blending of polypropylene (PP) and 10 wi%
TLCP was perlormed using a co-rotating twin screw
extruder {(PRISM TSE-16TC) with a screw diameter
of 16 mm, L/D 25, intermeshing, at a lixed screw
speed of 150 mpm. The processing temperature profile
was 180/220/220/225/225°C, representing
temperatures at hopper zone, three barrel zones, and
heating zone in die head, respectively Strand exiting
the extruder was immediately quenched in a water
bath and subsequently pelletized.

Film Extrusion

TLCP/PP blend pellets were extruded using a 16-
mm mini-extruder (Randcastle RCP-0625) equipped
with a cast film line. The temperature profile was
190/220/230/240°C for the hopper zone, two barrel
zones, and slit-die, respectively. Screw speed was 70
rprn. The gap of the die lip was adjusted a1 0.65 mm

ScienceAsia 25 {1999)

and the width fixed at 152 mm. Extruded film was
drawn as molten blend exiting the die outlet, then
quenched on a water-cooled roll and collected by a
film assembly with adfustable take-off speed. The
film was drawn at the draw ratio (slit width-to-film
thickness ratie) of 9, 19 and 33 by adjusting the 1ake-
olf speeds at 1.6, 3.8 and 6.4 m/min respectively.
Film thickness was varied from approximately 20
to 70 pm.

Morphology

Morphelogy of the thin composite films was
direcely ohserved under a polarized optical
microscope {(Olympus) at the magnification range

_of 100 to 200 times. Fibre distribution as well as

the texture of TLCP phase was also observed.
However, [or the film thicker than 25 pm, it was
quite difficult to see the real doman size, because of
the overlapping of fibres in different layers, and
hence some areas were out of focus. In order o
vbserve the fibres more clearly, a small piece of each
film specimen was extracted with boiling xylene and
the TLCP fibres were (iltered through a sieve of 200
mesh. The extracted fibres were observed under an
optical microscope and the distribution of the fibre
aspect-ratio (length-to-diameter ratio) was determined
from at teast one hundred fibres.

Order Parameter

The order parameter or orientation function (S)
of the nematic liquid ¢rystalline phase is defined as
the following equation,*

S = 0.5 <3cos6 - 1> (0
where 8 is the angle beiween the axis of mescgenic
unitand the preferred direction of the nematic phase.
S =1 for a phase comprising perfectly aligned
molecules and S = 0 for the case of random
alignment. Infrared dichroism is one of the simple
techniques often used to determine the order
parameter of liquid crystalline phase.'7#8222
Absorbance values were measured: A, and A for
plane polarized light with the clectric vector parallel
and perpendicular to the preferred direction {(the
machine direction), respectively. The dichroic ratio
R, defined as R = Aj/A |, for a parlicular absorption
band is used to calculate the order parameter from
the [ollowing equations:

(R-1) 1

5= (R+2)05 (3 cos'or- 1)

{2)
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Fig 1. Polanized IR abserption spectra of TLCP/PP recorded at
the positions of polarizer parallel {------ Jand perpendicular
{-——) 1o machine direction of the {itm.

where @ is the angle between the transition moment
and the major melecular axis. This equation is
reduced to

S = (R-1)V({R+2)whereR>1 (3)
for a band whose transition moment is parallel to
the major molecular axis (parallel transition
moment} and

S = 2{1 -RY{R + 2) where R < (+)
for a band whose transition moment is
perpendicular to the major molecular axis
(perpendicular transition moment).

The order parameter of the TLCP phase in TLCP/
PP blend was evaluated from the IR absorption
spectra measured using Perkin-Elmer FTIR (system
2000) with an aluminium wire-grid polarizer placed
in the sample compartment, next to the film
specimen. FTIR spectra were recorded at the
polarization directions of the polarizer parallel and
perpendicular to the machine direction of the film
(see Fig 1). Areas under two peaks, the parallel band
at 1601 cm and perpendicular band at 726 cm”
(correspending to C-C stretching vibration and C-
H out-of-plane bending of para-substituted benzene
ring}, were used to determine order parameters of
TLCP utilizing equarions (3) and (4), respectively.

Tensile Testing

Tensile testing was conducted using an Instron
mechanical tester (Model 4301), with a grip length
ol 25 mm, crosshead speed of 50 mmy/min, and a full-
scale load of 10N, Tensile properties of the dumbbell-
shaped specimens (70 mm x 4 mm) were measured
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in the machirne (MD) and transverse (TD) directions,
according to ASTM D412. Each data point was an
averaged value obtained from at least ten specimens.

ResuLrs anD Discussion

Morphology

The optical micrographs shown in Figs 2 - 3 are
obtained from the TLCP/PP {ilms produced at the
draw ratios of 9, 19 and 33. Figs 2a - 2¢ are
photographs of the films, while Figs 3a - 3c are those
of TLCP fibres extracted from the {ilms, using hot
xylene, The optical micrograph shown in Fig. 2a was
taken from the film prepared at the lowest draw ratio.

This film is quite thick {ca. 70 pm) and therelore

shows some regions that are out of focus. It can be
clearly seen that the apparent aspect ratio of TLCP
fibres in this figure 1s the shortest compared o Figs.
2b and 2c. In addition, it shows a typical schlieren
texture of nematic phase which reveals the
inhomogeneity of molecular orieruation. On the
other hand, the texture of TLCP fibres (bright lines)
in Fig 2c, which produced at the highest draw ratio,
is the most homogenous. This suggests the highest
degree of molecular vrientation of TLCP domains
in the film. In order 1o see the size and shape of
TLCP fibres more clearly, the composite films were
extracted with boiling xylene. Photographs of
extracted fibres are shown in Figs 3a - Jc. From
several photographs, the [ibre length (1) and width
{d) were measured, and the [ibre aspect-ratio (I/d)
were calculated. Distribution curves of TLCP fibre
aspect-ratio, measured from about one hundred
fibres for each specimen of different draw raties, are
presented in Fig 4. From the film of draw ratic 9,
the mean fibre aspect-ratio obtained is about 10, with
rather narrow range of distribution. Fibres with very
smail aspect ratic may be filtered out through the
steve. TLCP Fibres extracted from the film of draw
ratio 19 and 33 show broader range of distribution
and the mean aspect ratio of about 40 and 80,
respectively. However, short fibres are also found in
the last two cases, which may arise from breakage of
long fibres. In general, it can be clearly seen that as
the film draw ratio increases, TLCP fibres are more
elongated, iethe fibre aspect-ratio increases. These
results agree/‘fvith the increase of tensile modulus of
the films, discussed in the next section.

Order Parameter

The molecular orientation in polymer specimen
is known to determine its strength and stiffness.
Hence the order parameter is related to the modulus
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(a)

Fig 2. Optical micragraphs of TLCP/ PP films produced at

(h)

()

different draw ratios,

{a) 9

(b) 19

{c) 33.
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(b)

(c)

Fig 3. TLCP hibres extracted from flms produced at different

druw ratios,

{a) 9

by 19 {c) 33.
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ol the polymer. The molecular orderiag in TLCP
phase embedded in PP matrix cught to be one of
the parameters delermining the strength the fibres
which contributes 1o the composite propertics. For
thin film specimens. it is rather simple to determine
molecular orientation from the anisotropy of
absorption spectra (dichroism), especially in the
infrared region. Since the selected absorption bands
used to measure the dichreic ratio belong to the
benzene ring in TLCP molecule, the calculated order
parameters, therefore, represent only the molecular
orientation of the TLCP phase. The order parameters
of TLCP in the composite film plotted as a function
of draw ratio are illustrated in Fig 5. The order
parameter ol TLCP phase is found to increase from
0.37 10 0.52 as the draw ratio increases from 9 1o 33.
Assuming that without drawing, 5 = 0, ie TLCP
appears as spherical droplets, the curves start from
the origin. The order parameters calculated from two
peaks, at 1601 and 726 cm™', yield the same results.

Tensile properties

Youngs moduli of pure PP and TLCP/PP films
prepared at different draw ratios are shown in Fig.
6. The reported results are obtained by measuring
in the machine direction (MD) and transverse
direction (TD).

Pure polypropylene lilm, produced using the
same processing condition as TLCP/PP composite,
exhibits nearly isotropic modulus, i.e., the moduli
in both MD and TD are nearly equal. Increasing of
draw ratio has no significant influence on the
modulus of PP. This might be due to the high
flexibility of PP polymer chain and rapid relaxation
of these molecules.

The MD modulus of the composite TLCP/PP
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Fig 5. Efflect of draw rativ on order parameter ai TLCP fibres calon-
lated from the peaksat 1601 cm ' =00 and T2oem ()

{ilm markedly improves with increasing draw ratio.
The MD modulus of the composite produced at the
draw ratio 33 increases by about 30% [rom that of
the composite film produced at the draw ratio § and
by about 77% from that of pure PP praparcd at draw
rato 33, The results are apparcntly duc to the
reinforcemnent of TLCP fibres and the higher fibre
aspect ratio formed at higher degree of lilm drawing.

For short fibre-filled composites, the longitadinal
moduli of the composite (£) 15 related 1o the libre
modulus (E) and maurix modulus (E,) and fibre
aspect-ratio by the well-known equation of Halpin-
Tsai®®.

E. 1+ ABX

E T T-BX )
where X is the [ibre volume fraction and
E E
B o= |2 -1l a )
g, g oAl o

The quantity A is equal to 2(l/d), where I/d is the length
to diameter ratio (aspect ratio) of the fibres. We predict
the modulus of TLCP fibres embedded in PP matrix
by rearranging the Halpin-Tsai equation as,

E{A +X)+AE (X - 1)

AX-1)+ XA+ 1)

E =

mjm|

Frem our results, using the measured values ol E,,
E,. and /dand X = 0.07, the calculated F; at the film
draw ratio of 9, 19 and 33, are 2.99, 6.64 and 7.86
GPa, respectively. The highest value of the modulus
is close to the value of flexural medulus of pure TLCP

P
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Fig 6. Young’s moduli of PP and TLCP/PP [ilms prepared at
dilferent draw raiios. measured in machine direction (MD)
and transverse direction {TD).

Cep(TD) MW PP{MD) PP/TLCP{TD) [ PP/TLCP(MD)

reported by the manufacturer, ie 9.3 GPa. However,
it is much lower than elastic modulus of pure TLCP
as spun fibre, prepared at a every high draw ratio of
100, which was reported by Dibenedetto’ at about
35 GPa. The reasan lor this large dilference could
be due to the broad distribution of fibre aspect ratio
in our sample. The calculated values of £ are found
to correlate linearly with fibre aspect-ratio and also
with the order parametér of TLCP phase.

On the other hand, the TD moduli of pure PP
and TLCP/PP composite are not significantly affected
by increasing film draw ratio. In accerdance with
the composite theory,>* the TD modulus of the
composite can be estimated by the inverse rule of
mixture :

x4
= Ef+ E. (8)

i

For small X, the TD modulus of the composite is
dominated by that of the matrix and independent of
fibre aspect ratio.

Yield stresses of PP and TLCP/PP films, produced
at different draw ratios, measured in both directions
are shown in Fig 7. Yield stresses in MD direction of
the composite are slightly higher than that of pure
PP at draw ratio 9 and 19, but are about 34%
tmproved in the composite at draw ratio of 33. The
difference in MD and TD vyield stresses of the
composite film is larger than that of PP film because
of the different morphology of the two systems.
When the composite is being stressed perpen-
dicularly to the fibre axis of the dispersed phase, the
ends of TLCP fibres with small radius of curvature
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"Fig 7. Yield stresses of PP and TLCP/PP [ilms prepared at diflerent

draw ratio, measured 1n machine directiion (MD) and
transverse direcuion (TD).
O rr(TD}  EPP(MD) PP/TLCMTD) (OPPTLCP{MD)

could act as stress concentrators.”> Consequently,
anisotropy of yield stress of composite films is
expected to be higher than that of PP

1t can be concluded that increase of film draw
ratio provided an incrcase in order parameter of
TLCP phase and fibre aspect ratio, which match the
mechanical results, te the enhancement of MD
Young's modulus. This summarized that better
molecular orientation in TLCP phase translates to
the better mechanical properties of TLCR'Y* and
fhence better composite properties.

CoNCLUsION

In situ composite films of 10 wt% TLCP/PP were
prepared at different draw ratios by extrusion cast
film technique. Order parameter of TLCP phase was
detertnined from infrared dichrosim. Film morphology
was observed under optical microscope and their
tensile properties were measured. It was found that
as the film draw ratiof increased, the fibre aspect
ratio increased and so did the order parameter. These
results are in good agreement with the enhancement
of the film modulus. The modulus of TLCP fibres
embedded in PP matrix estimated from the Halpin-
Tsai equation was found to correlate well with the
order parameter and the aspect ratio of TLCP phase.
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Abstract

Various grades of polypropylene were melt blended with a thermotropic liquid crystalline
polymer, a block copolymer of p-hydroxy benzoic acid and ethylene terephthalate (60/40
mole ratio). The blends were extruded as cast films at different values of draw ratio (slit
width/film thickness). Fibrillation of TLCP dispersed phase with high fiber aspect ratio
(length/width) was obtained with the matrix of low melt flow rate, 1.¢., high viscosity and
with increasing film drawing. Melt viscosities of pure components and blends measured by
using capillary rheometer were found to decrease with increasing shear rate and temperature.
Viscosity ratio (dispersed phase to matrix phase) of the systems being investigated at 255°C at
the shear rate ranged from 10% to 10° s'], was found to lie between 0.04 and (0.15. Addition of

a few percent of elastomeric compatibilizers, a tri-block copolymer SEBS, EPDM rubber and



maleated-EPDM, was found to affect the melt viscosity of the blend and hence their
morphology. Among these three compatibilizers, SEBS was found to provide the best

fibrillation.

1. Introduection

An immiscible blend of a thermotropic liquid crystalline polymer (TLCP} with a
thermoplastic resulted in fiber-reinforced thermoplastic called in-situ composite, the term
coined by Kiss (1987). Such compdsite arose due to the formation of fibrillar TL.CP phase
during extensional melt flow. They are interesting because of their several outstanding
features. In addition to the improvement on physical and dimensional stability of the matrix,
the incorporation of TLCP also enhances the ease of processing, resulted form reduced overall
melt viscosity of the system. Processing conditions including temperature, shear and
elongational forces strongly affect the molecular orientation of TLCP phase as well as the
fiber aspect ratio which determine the final physical properties of the composite. Research
works on this subject are reviewed by Dutta ef a/. (1990), Hanlos and Baird (1995), and
Arcierno & Collyer (1996). There are several important factors affecting the morphology,
i.e., size, shape and distribution of TLCP domains in the finished product. These are, for
examples, blend composition, viscosities of the blend components, interfacial adhesion and
processing conditions such as temperature, shear or elongational forces which depends on
mixing procedure and specimenpreparation. The effect of viscosity ratio (dispersed phase-to-
matrix phase) on morphology of in-situ composites has been investigated by several
researchers. Good fibrillation was found to achieve when viscosity of TLCP phase is lower
than that of the matrix. Heino ef al. (1994, 1996) investigated polypropylene of various

grades blended with two types of TLCP: a copolymer of p-hydroxy benzoic acid and ethylene



terephthalate (60/40 mole ratio HBA/PET), and Vectra A950 (a copolymer of 4-hydroxy
benzoic acid and 6-hydroxy-2-naphthonic acid). They found that extruded strand with most
fibrous structure was achieved when the viscosity ratio ranged from about 0.5to 1. The
HBA/PET-PP blend system was also investigated by Rivera-Gastelum and Wagner (1996),
showing that the rheological properties depended, in a complex manner, on composition and
applied shear. Both positive and negative deviations from the log additivity rule were
observed at low shear rate, and the state of dispersion of TLCP influenced the viscosity
reduction of the system. He et al. (1995) reported that a blend of 10% TLCP (a copolyester
of 4-hydroxy benzoic acid and 2-chloro-4-hydroxy benzoic acid) and polyethersulfone or
polysulfone with the viscosity ratio as low as 0.01 was sufficient for fiber formation. They
concluded that in a blend system with low viscosity ratio and low TLCP content, the TLCP
phase is easier to deform and has less chance to coalesce, and hence, good fibrillation could
be achieved.

Addition of compatibilizer was found to improve the dispersion of TLCP phase and in
some cases enhance the final mechanijcal properties of the blend systems. Better dispersion
of TLCP in the matrix through incorporation of a compatibilizer was expected to be due to the
reduction of interfacial tension. Dutta and Baird (1995) and O’Donnell and Baird (1995)
used maleic anhydride grafted polypropylene, as a compatibilizer for polypropylene-based
composites and found an improvement in the modulus up to about 30%. Seo (1997) found
that maleic anhydride grafted ethylene propylene diene terpolymer (EPDM) could improve
both modulus and toughness of ir-sifu composites of Nylon 6 and polybutylene terephthalate.
Using tri-block copolymer of sfyrene (ethylene-butylene) styrene (SEBS), a thermoplastic
elastomer as compatibilizer, Bualek-Limcharoen et al. (1999) observed a significant
improvement of Young’s modulus and impact strength of ir-situ composite comprising TLCP

(60/40 mol% HBA/PET) and polypropylene. The enhancement of impact strength was due to



the action of SEBS as an impact modifier. Better dispersion of the TLCP phase was caused
by the improved interfacial adhesion due to SEBS. In addition, SEBS was found to be a more
effective compatibilizer than maleic anhydride grafted PP. This might be due to the .
influence of the elastomer on rheological properties of the blend system.

In the present study, we investigated the effect of melt viscosity of various PP
matrices on fibrillation of TLCP in the composite films, and the effect of elastomeric
compatibilizer on melt viscosity and morphology of the blends. Melt flow rate measurements
obtained using a conventional method will be compared with the viscosity measurements
performed on a capillary theometer. We prepared the specimens in the form of thin films so
as to minimize the skin-core morphology and maximize the homogeneity of the sample, i.e.,
no weld-lines are formed as in the case of injection-molded specimens (Engberg et al.
(1990)). The fibrillation of TLCP phase in the thin films can also be observed directly under
a polarized optical microscope. Scanning electron microscope was used to investigate the

composite fracture surface.

2 Materials and Methods

2.1 Materials

Four grades of polypropylene obtained from HMC Polymer Co., namely, PRO-FAX 6531,
PW583, 6331 and 6231 with the measured melt flow rate (MFR) of 5, 9, 14 and 28,
respectively, and the melting point of 165°C, were used in this study. For simplicity, these
PPs are denoted as PP5, PP9, PP14 and PP28. The dispersed phase was a liquid crystalline
polymer, Rodrun LC3000, which is a copolyester of p-hydroxy benzoic acid and ethylene
terephthalate (60/40 mol% HBA/PET), purchased from Unitika Co. Three compatibilizers

used were clastomers: 1) tri-block copolymer of styrene (ethylene-butylene) styrene (SEBS,



KratonG 1652) kindly provided by Shell Chemical Co ; 2) ethylene propylene diene monomer
(EPDM, Royalene 501); and 3) maleic anhydride grafted EPDM (MA-g-EPDM, Royaltuf
490, with 1% MA content) kindly provided by Uniroyal Co. All materials were dried in a

vacuum oven at 70°C for 12 h before use.

2.2 Blending and film extrusion

Blend composition of 10 wt% TLCP and 3 wt% compatibilizer in PP matrix was used
throughout this study. All components were melt blended in a co-rotating twin screw
extruder (PRISM TSC-16-TC) with a screw diameter of 16 mm, length-to-diameter ratio
(L/D) of 25, the die diameter of 2 mm; and the screw speed of 150 rpm. The temperature
profile was 180/220/220/225/225°C, representing the temperatures at the hopper zone, three
barrel zones, and the die, respectively. The extruded strand was immediately quenched in a
water bath and subsequently pelletized. At the output rate of 1.2-2.1 kg h™', the apparent
shear rate in the die was estimated to be 400 - 1,000 s,  In the second step, the dried blend
pellets were extruded using a mini-extruder with a screw diameter of 16 mm, length to
diameter ratio of 24, equipped with a cast film line (Rancastle-RCP-0625). The gap of the die
lip and the die width were fixed at 0.65 mm and 152 mm, respectively. The screw speed was
fixed at 70 rpm. Twao different temperature profiles were used, i.e., 190/220/220/240°C and
220/240/255/255°C, representing the temperatures at the hopper zone, two barrel zones, and
the die, respectively. After exiting the die outlet the film was immediately quenched on a
water-chilled roll and uniaxially drawn at take-off speeds, ranged 1 — 6 m min™ (output rate
approximately 0.6 — 1.2 kg h™'. At this step the apparent shear rate in die is estimated to be in
the range 20 to 45 5. The extruded films of draw ratio (slit-width to film thickness) ranged

approximately 8 - 30, were obtained. The film thickness was in the range 70 — 20 pm.



2.3 Viscosity measurement
Melt flow rate of various grades of pure PP and all blends were measured on a melt flow
index tester (Kayeness 7053) at 230°C with an applied load of 2.16 kg (ASTM D1238).

Melt viscosities of all pure components and blends were measured using a Rosand
RH710 capillary theometer at 240 and 255°C, equaling the die temperatures used for film
preparation. A capillary of diameter 1 mm and length of 16 mm (L/D = 16) was used for the
viscosity measurement. The shear rate was varied from 60 to 10* s*. The end effects (Bagley
corrections) and the Rabinowitsch corrections were performed in all cases using two dies (a

zero die and a 16-mm die) with flat ends, as specified for the Rosand system.

2.4 Morphology

TLCP fibrils dispersed in the thin film of PP matrix could be directly observed under a
polarized optical microscope (Olympus SC-35) at 200X magnification. The degree of fiber
density per unit viewing area of different systems can be compared. To see the actual size
and shape of TLCP fibers more clearly, PP was dissolved away by dropping xylene on a smafl
piece of film placed on the heating stage at about 150°C.

Morphology of the film fracture surface was investigated using a scanning electron
microscope (Hitachi S2500) operated at 15 kV. The film fracture surface was prepared by
freezing a strip of the blend film sandwiched between two polystyrene sheets in liquid
nitrogen for about 30 min and snapping in half. A thin layer of palladium was coated (Hitachi

E102 ion sputter) on the specimen to prevent charging on the surface.

3  Results and discussion

3.1 Rheology



Presented in Fig. 1 are the values of MFR of pure PP, PP/TLCP blends, and blends
containing a compatibilizer (SEBS, EPDM or MA-g-EPDM). Maximum errors were about +
1 unit for the samples with high MFR and less for the samples with low MFR. When very
- low viscosity TLCP was added to PP, the blend MFR increased (and hence viscosity
decreased). After addition of 3 wt% compatibilizer, the MFR of all blends decreased,
implying that the apparent viscosity of the blend increased. This leads us to expect that some
of elastomeric compatibilizer, in particular SEBS, is located at the interface between the fiber
and the matrix having the two styrene end blocks embedded in the TLCP phase and the
middle EB block in the PP matrix. This would enhance molecular entanglement at the
interface so that at the low shear rate the dispersed phase might have a certain level of
resistance to flow.

Melt flow curves of TLCP and PP of different grades measured at 240 and 250°C are
shown in Fig. 2a and b, respectively. It is seen that the true viscosity of TLCP is very much
lower than those of the neat PPs. The true viscosity of PP with low MFR is higher than that
of PP with higher MFR values as expected. All pure components exhibit shear thinning
behavior due to the shear-induced chain orientation and hence the reduction of entanglement
density at higher shear stress levels (Dealy and Wissbrun (1990)). PP with lower MFR shows
stronger shear thinning behavior. The polymer with higher molecular weight (and hence high
degree of entanglement) therefore exhibits a more pronounced shear thinning when a high
stress is applied. At all shear rates, the viscosity of TLCP at 255°C is evidently lower than
that measured at 240°C, demonstrating the improvement of flow behavior of TLCP melt with
increasing temperature in this range. Our results are in good agreement with Tormes et al.
(1998) who investigated the temperature dependence of the viscosity of LC3000 (the same
TLCP used in our work) at a shear rate of 1 5. Their results showed that the viscosity of

TLCP decreased rapidly as the temperature increase in the range 200 - 260°C, but was almost



temperature independent in the range 260 - 300°C. The lesser temperature dependence of the
viscosity of TLCP in the high temperature range was probably caused by an opposing effect,
that the increase in viscosity with temperature 1s due to the decrease in the degree of
molecular ordering as the mesophase approaches the transition point to the isotropic melt.
The shear thinning behavior of TLCP is observed at both temperatures with a value of the

exponent n = 0.6 in the power law equation, 1 =k y" ™.

On the other hand, the viscosity
of each grade of PP does not significantly vary at these two temperatures. As a consequence,
the viscosity ratio (defined as the ratio of the viscosity of TLCP to that of PP), p = Nrice/Mpe,
at 240°C is higher than that at 255°C as shown in Fig.3a and b, respectively. The viscosity
ratio at 240°C lies in the range 0.07 - 0.23, whereas that at 255°C in the range 0.04 - 0.15. It
1s seen that the viscosity ratio increases with increasing shear rate, due to the faster drop of the
viscosity of PP than that of TLCP at high shear rate.

Melt viscosity plots of the blends of 10wt% TLCP and PP with MFR 5, 9, and 14 are
shown in Fig. 4a, b and c, respectively. Viscosity plots of the blends containing 3wt%
compatibilizer (SEBS, EPDM or MA-g-EPDM) are also presented. It is seen that for PP5
system (Fig. 4a), the viscosity of all blends (without and with compatibilizer) are
approximately the same. Compared with systems PP9 (Fig. 3b) and PP14 (Fig. 3c¢), the
addition of compatibilizer, especially SEBS, reduced the viscosity of the blends, which the
effect is more pronounced in the shear rate region 60 — 500 5. This result contradicts with
the observation obtained by measwring the meit flow rate. The discrepancy of the results
obtained from these two methods might be due to different ranges of shear rate involved, and
the much different lengths of the two dies resulting in different entrance pressure drops. It
should be noted that Bagley correction was not applied for the data obtained from MFR tester
as in the case of capillary rheometer. Furthermore, the effect of wall slip in the longer die

used in the capitlary rheometer may be greater than that in the MFR tester, and hence



resulting in a greater reduction of the viscosity (Sirisinha and Freakley (1997)). Gupta and
Purwar (1984) investigated the melt viscosity of PP/SEBS blends using a capillary rheometer
and observed a minimum viscosity at the blend containing 5% SEBS. They suggested this to
be due to the high deformability of the small domains of SEBS dispersed phase, i.e. the
plasticizing effect. Similar to our PP/TLCP/SEBS blends, some excess SEBS might be
distributed as small droplets in PP matrix, acting as a plasticizer for the system. As a result,
the melt viscosity of PP/TLCP/SEBS system appeared to decrease at the high shear rate used

in the capillary rheometer.

3.2 Morphology

3.2.1 Effect of melt viscosity of PP matrix

Morphology of in-situ composite films observed under an optical microscope are
illustrated in Fig. 5. The films were prepared using the die temperature at 255°C, with a draw
ratio of 30, and using PP matrices of different MFR: (a) PP5, (b) PP9, (¢) PP14 and (d) PP28.
The effect of melt viscosity of PP on fibrillation of TLCP is clearly demonstrated here. PPS5
matrix gives the thinnest TLCP fibers and also the highest number of fibers per unit viewing
area, whereas PP28 gives the thickest and shortest fibers, and also the lowest number of fibers
per unit area.  As seen in the previous section, the molten PP5 is the most viscous fluid
among all PPs used in this study, and thus could exert the highest shear force to break up the
TLCP phase into fine droplets and deform them into thin elongated fibrils. SEM
micrographs of the fracture su.rface of the films (the same series as shown in Fig. 5) are
presented in Fig. 6. The film specimens were fractured perpendicular to the machine
direction. The pull out feature of TLCP fibers are seen in every sample, suggesting poor
interfacial adhesion between the fibers and the matrix. The effect of melt viscosity of PP

matrix on fibrillation of TLCP is evident from the size of the fibers. The approximate widths



of the fiber (measured at the point adjacent to the matrix) are about 6, 5, 4 and 3 pm for the
films prepared from PP matrices with MFR 28, 14, 9 and 5, respectively. That means the PP
matrix with lower MFR (higher viscosity) generates thinner TLCP fibers. The highest
number of fibers per unit cross-sectional area is also evident in PP5/TLCP composite film.
This suggests that the fiber dispersion is improved with increasing melt viscosity of the

matrix.

3.2.2 Effect of film drawing

The effect of additional drawing of the film on the length of TLCP fibers is shown in
Fig. 7. These are optical micrographs of TLCP fibers extracted from the films produced at
the draw ratio 8 (column I) and draw ratio 30 (column II). The samples in both columns are
prepared from matrices: (a) PPS5, (b} PP9, (¢) PP14 and (d) PP28. Hot xylene was used to
extract the fibers and spread them out in order to minimize overlapping. Comparison of the
micrographs in two columns reveals that TLCP fibers in films produced at the draw ratio 8 are
shorter than those prepared at the draw ratio 30. For the film with PP28 matrix, produced at
draw ratio 8, the TLCP dispersed phase appeared as droplets. The dispersed phase becomes
more elongated as the MFR of PP decreases. Films produced at the draw ratio of 30 exhibit
clongated TLCP fibers. It is evident that the additional drawing of the films just after exiting
the die greatly increase the fiber aspect ratio. Our observation agrees with that of Qin (1994)
who studied polyblend fibers of PP/TLCP (Vectra A900 and B950) and concluded that the
drawing at high temperature preserved the long length of TLCP fibrils due to the high degree
of mobility of TLCP. Although the viscosity ratio of each blend system in this study is quite
low (i.e., in the range 0.04 to 0.15), compared to that reported by Heino et al. (1994). We
have demonstrated that it is possible to obtain good fibrillation in the last step of specimen

preparation, i.e., film extrusion at high draw ratio.
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3.2.3 Effect of compatibilizers

The effect of compatibilizer on fibrillation of TLCP dispersed phase are shown in
Fig. 8. These are optical micrographs of TLCP fibers extracted from various composite
films prepared from PP5 without and with 3 wt% of a compatibilizer: (a) no compatibilizer,
(b) SEBS, (¢) EPDM and (d) MA-g-EPDM. SEM micrographs of the fracture surface of the
same series of specimens are illustrated in Fig. 9. It is clearly seen that TLCP fibrils in the
composites containing compatibilizer are thinner than that in the uncompatibilized specimen.
Finer and shorter fiber pull-out is observed in the film containing SEBS, indicating the
improvement on the dispersion of TLCP phase. SEBS thus seems to be more effective
compatibilizer than the other two. This is due to the tri-block structure of the thermoplastic
elastomer, SEBS, which the middle EB block is compatible with PP and the styrenic blocks at
the two ends are compatible with the aromatic groups of TLCP. Hence, SEBS should be
present at the interface, with each block diffused into corresponding phases of similar
chemical structure. This will help reduce the interfacial tension between PP and TLCP phases
and therefore improve the dispersion of TLCP. As reported in our previous work (Bualek-
Limcharoen et al.(1999)), significant improvement of tensile modulus and impact strength

were observed in the SEBS compatibilized blend of PP (MFR = 12) with TLCP.

4 Conclusion

TLCP (Rodrun LC3000) was mglt blended with different grades of polypropylene (MFR 5, 9,
14 and 28). The specimens were prepared in the form of extruded film at various draw ratios.
Melt viscosities of these blends were measured using a capillary rheometer. The effect of melt
viscosity of PP matrix, as well as the effect of elastomeric compatibilizers on fibrillation of

TLCP were investigated. We have demonstrated that, although the viscosity ratio of

11



PP/TLCP in this study is quite low (ranged from 0.04 to 0.15 at 255°C), long TLCP fibrils can
be formed in the last step by drawing the extruded films at high draw ratio. Addition of an
elastomeric compatibilizer caused a reduction in the blend melt viscosity as measured by a
capillary rheometer. However, the MFR values showed an increase in viscosity with the
addition of an elastomenc compatibilizer. The discrepancy might be due to the higher
molecular entanglement at the interface caused by the added elastomer and this effect resists
the shear flow especially at low shear rate used in MFR measurement.

The morphology of the blends suggests that all compatibilizers help improve
dispersion of TLCP phase. SEBS is found to be more effective compatibilizer than EPDM

and MA-g-EPDM, as longer TLCP fibers are observed in the former.
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Figure captions

Fig. 1 Melt flow rate (MFR) of pure PPs (PP5, PP9 and PP14), PP/TLCP blends and blends
containing compatibilizers (SEBS, EPDM and MA-g-EPDM)

Fig. 2 Melt viscosity versus corrected shear rate for PPs and TLCP measured at (a) 240°C and
(b) 255°C

Fig. 3 Viscosity ratio versus corrected shear rate at (a) 240°C and (b) 255°C

Fig. 4 Melt viscosity versus corrected shear rate for pure PPs, TLCP and PP/TLCP blends
without and with compatibilizer (SEBS, EPDM and MA-g-EPDM) measured at 255°C,
for different PP grades: (a) PP5 (b) PP9 and (c) PP14

Fig. 5 Optical micrographs of PP/TLCP films prepared from (a) PPS, (b) PP9, (¢) PP14 and
(d) PP28

Fig. 6 SEM micrographs of fractured surfaces of PP/TLCP films prepared from (a) PP5,
(b) PP9, (c) PP14 and (d) PP28

Fig. 7 Optical micrographs of TLCP fibers extracted from PP/TLCP films prepared from
(a) PP5, (b) PP9, (c) PP14 and (d) PP28 : films were prepared at draw ratio 8 (column I)

and 30 (column II)

2
o

¢ 8 Optical micrographs of TLCP fibers extracted from PPS5/TLCP films containing
{(a) no compatibilizer, (b) SEBS, (c) EPDM and (d) MA-g-EPDM
Fig. 9 SEM micrographs of the fractured surfaces of PP5/TLCP films containing

(a) no compatibilizer, (b) SEBS, (c) EPDM and (d) MA-g-EPDM
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Fig. 5 Optical micrographs of PP/TLCP films prepared from (a) PP5, (b) PP9,
(c) PP14 and (d) PP28
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Fig. 6 SEM micrographs of fractured surfaces of PP/TLCP films prepared from (a)

PP5,  (b)PP9, (c)PPl4and (d) PP28
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Figure 7 Optical micrographs of TLCP fibers extracted from TLCP/PP films prepared from
(a) PP5, (b) PP9, (¢) PP14 and (d) PP28 , ¥ilms were prepared at draw ratio 8
(column 1) and 30 (column II)
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Fig. 8 Optical micrographs of TLCP fibers extracted from PP5/TLCP films containing

(a) no compatibilizer, (b) SEBS, (¢) EPDM and (d) MA-g-EPDM
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Fig. 9 SEM micrographs of the fracture surface of PP5/TLCP films containing

(a) no compatibilizer. (b) SEBS, (¢) EPDM and (d) MA-g-EPDM

Wanno B et al Effect of Melt Viscosity........



INTERNATIONAL CONFERENCE ON MATERIALS TECENOLOGY:
RECENT DEVELOPMENTS AND FUTURE POTENTIAL
9-10 January 1997 Cluang i, Thalend

Effect of Surface Treatment on Mechanical Properties
of Aramid Pulp-Thermoplastic Elastomer Composites

Teeravut 1‘\Ia.kinpong,l Taweechal Amomsakchai,' Wirlya Meesiri®  and
Sauvarop Bualek'

'Department of Chemistry, Faculty of Science, Mahidol
University, Rama 6 Road. Bangkok 10400

*Directorate of Armament. Royal Thai Air Force, Donmuang,
Bangkok 10210

ABSTRACT

Reinforcement of Styrene (Ethylene Butylene) Styrene thermoplastic
elastorner (SEBS) with aramid pulp was investigated. As the loading of aramid
pulp wicreased, tensile modulus increased but tensile strength and elongation at
break decreased. The observation of fracture surface under Scanning Electron
Microscope (SEM) revealed that both fibre fracture and pull-out occured. Surface
treatment of the fibre was carried out by alkali hydrolysis and maleic anhydride
grafted SEBS was added as a compatibiliser. The blend was prepared by using
one step process in an internal mixer. Quantitative analysis of the solvent
extracted fibre surface by diffuse reflectance infrared technique showed that in the
presence of compatibiliser, higher percentage of rubber was adsorped at the
surface. However, the tensile properties of the blends was not improved.

INTRODUCTION

The excellent thermal and mechanical properties of poly (p-phenylene
terephthalamide) (aramid) fibre make it a good candidate as reinforcement fibre in
polymer composites. However, the main problem is the adhesion of the fibres to
the polymer matrix. In order to improve adhesion, it is necessary to modify the
surface to obtain higher reactivity. Vaughan' applied various commercial
coupling agents and obtained some improvement on adhesion. Fibre
modification by dispersion in an ionomer matrix seemed to be very effective™’.
Marom et al.* proposed a surface treatment technique using bromine water which
led to surface roughening resulting in improvement of interlaminar shear strength.
Andreopoulos’ used various compounds to promote adhesion of aramid fibre and
pulp with unsaturated polyester. Treatment of fibre with methacryloy! chloride
gave considerably high tensile strength compared to that of untreated fibre, Wang
et al® prepared plasma treated aramid fibre - polyethylene composites.  The
reactive groups such as -COOH, -OH, -NH; were generated on the aramid fibre
surface by oxygen plasma. These groups were used to chemically anchor

* To whom éorrcs;aondence should be addressed
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Preparation of SEBS/Keviar 49 pulp composites
- Samples weight 50 grams of various Kevla pulp/SEBS composites were blended
i Haake Rheocord 90 mixer at 165°C rotor speed of 90 rpm for 10 minutes and
passed through a two-rol mill twice. The composites were collected prompily
and kept tn a desiccator in order to mininize moisture adsorption.

Loading of Kevlar pulp was varied from 0, 1, 3, 5, 7 and 10% by weight.
The effect of compatibiliser was studied in a composite of 3% of Kevlar in SEBS.
The amount of SEBS-g-MA varied from 0, 0.5, 1, 3, $, 7 and 10% by weight was
added to the composites using the same mixing condition.

Extraction of the Compoasites

A known weight of the composite was extracted in Soxhlet apparatus using
toluene as a solvent for 72 hours. The sample was then dried in a vacuum oven at
30 °C. The amount of the bound rubber can be calculated by gravimetric method.
The extracted putp was also characterised by DRIFT.

Mechanical Propertics of the Composites

Kevlar 49 pulp/SEBS composites were compresston moulded at 180°C for 10
minutes and quenched with cold water. After conditioned for at least 24 hours,
tenstle specimens were cut with die of size 11.5 em. x 2.5 cm. x | mm.Testing
was carried  out on an [nstron testing machine model 4301 in accordance with
ASTM D.638 at a cross head speed of 500 mm/min.

Scanning Electron Microscopy (SEM)
Observation of fibre surface and fracture surfaces of the composite were
performed on Hitachi S2500 A thin layer of palladium was coated using Hitachi
E102 ion sputter on the specimen to prevent charging on the surface. SEM was
operated at 15 kV.

Fracture surface of the composites was prepared by freezing the composite
in liquid nitrogen for 5 minutes and then broken rapidly above the surface of
liquid nitrogen.

RESULTS AND DISCUSSION
Hydrolysis of Kevlar surface

[t is generally known that Kevlar aramid is poly(p-phenylene
terephthalamide) or PPTA. The chemical structure of Keviar is shown below.
Pulp product is very short and highly fibrillated fiber having high surface area.

OO

Chemical structure of Kevlar
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In this study, Kevlar pulp was partially hydrolised on the surface by using
(0% NaOH for 20 minutes to create more -NH, and -COOH end groups as
indicated in the following reaction.

NaOH

0 0
. i I {
—NHNHz + Na 'o—c—\/}lc-

Figure | shows infrared spectrum of Kevlar pulp before and after
hydrotysis using DRIFT technique. [t can be seen that there is a new peak appears
at 883 cm’'. The peak is associated with the C-H out of plane bending of aromatic
ring next to -COONa' substituent as reported by Chatzi.'’ The pulp was
thoroughly washed with distilled water, followed by toluene and dried to constant
weight at 50°C under vacuum. The resulting pulp had a pale yellow colour. At
this stage the 883 cm’' peak disappeared. This can be explained by the fuct that
washing the pulp with distilled water would change -COONa" to -COOH. It was
found that the washing step was very important. [f care was not taken the
resulting pulp would turn dark yellow to brown after storage tor a few days.
Blending of this dark colour pulp with SEBS elastomer gave rise to a composite
with very poor tensile properties.

30

004

'.0 4 1 T T T 1
1300 1200 1100 1000 Q00 800 70C 400

Figure 1. Infrared spectra of Keviar surface (a) before and (b) after hydrolysis
(without washing with water)
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Mechanical properties

Tensile properties of Kevlar reinforced SEBS are shown in Figure 2. It can
be seen that as the Kevlar loading is increased the tensile strength of the composite
decreases. Modulus at 100 and 300% are, on the other hand, increase with
increasing Kevlar loading. Elongation at break of the composite was found to
drop slightly when Kevlar loading was increased. Beyond 10% Kevlar loading the
elongation at break drop sharply. This was found to coincide with the observation
of poorly dispersed Kevlar in SEBS.
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Figure 2 Shows a) Modulus at 100 % (4), 300% (®) and Tensile strength (V)
and b) Elongation at break of SEBS/Untreated Kevlar composite
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An increase in modulus at both 100 and 300% was as expected when pulp
of very high modulus Kevlar was incorporated into SEBS elastomer matrix. A
monotonic decrease in tensile strength with pulp leading was due to the fact that
SEBS could be strain hardened at very high strain. [ncorporation of Kevlar pulp
could reduce such effect and/or impart weak points, which, at relatively low strain
may induce cracks.

Hydrolysis of Kevlar surface was found to have negligible effect on
mechanical properties of the composites.

Effect of compatibiliser, SEBS-g-MA, on a composite containing 3% wt.
Kevlar can be seen from Figure 3. Two sets of Kevlar were studied, i.e. as
received Kevlar and surface hydrolysed Kevlar. It was found that surface
hydrolysed . Kevlar resulted in a2 composite with approximately the same
mechanical properties to that of untreated Kevlar.

In order to determine how SEBS was adsorbed on Kevlar surtace the
blends were subjected to extraction with toluene. Since SEBS can be dissolved in
toluene at room temperature. it should be completely leached out after extraction
for 72 hours at boiling temperature of toluene.  Soivent extraction of the
composite shows that the amount of bound (unextractable) rubber increases as
SEBS-g-MA was added. Without SEBS-g-MA the extracted pulp was found to
contain about 2 %wt SEBS whereas the specimen with more than 3 wi%
SEBS-g-MA yielded extracted Kevlar containing about 20 %wt of SEBS.  This
suggests that SEBS-g-MA reacted with active group on the surface of Kevlar. The
amount of bound rubber is. however, less than the amount o} added SEBS-¢-MA.
The rest of SEBS-g-MA (unreacted) 1s likely to disperse in SEBS matnx and
could weaken the composite if phase-separation occws.

Figure 4a shows Infrared spectrum (DRIFT) of SEBS in the range 2500-
3500 cm’'. Peaks at 2923 and 2853 cm’ correspond to asymmetric and
symmetric stretchings, respectively, of the -CH;- groups from cthylene block of
SEBS. Figure 4b displays [nfrared spectrum of as-received Kevlar pulp in the
same region. [t can be seen that there is a peak at 3320 cm™ which corresponds to
wtermolecular hydrogen bonding in Kevlar. The Infrared spectra of the extracted
pulp from specimen containing 3% wt. Keviar without and with 3% wt. SEBS-g-
MA, are shown in Figures 4c and 4d, respectively, displaying both typical peaks of
SEBS and Kevlar. The ratio of the peak at two positions clearly show the higher
percentage of SEBS on the Kevlar surface as SEBS-g-MA was added.

Solvent extraction and spectroscopic evidences clearly suggest that the
compatibiliser, SEBS-g-MA, reacted with Kevlar. The mechanical properties of
the blends are, however, not improved. Tshihara et al.'® reported that, for poly
(ethylene terephthalate) - hydrogenated styrene-isoprene triblock copolymer (PET-
SEPS) composite, treatment of PET fibre improved tensile strength in the fibre
direction significantly. Tensile strength in the transverse direction was, however,
not affected. It seems that in our composite Kevlar pulp distributes randomly
hennce no significant improvement on mechanical properties.  Additional
measurements of mechanical properties of the composites in the direction paralle!
and transverse to machine direction (two-roll mill) were found to be the same.
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Figure 4 Shows spectra of extracted samples of (a) SEBS pure,
(b) Kevlar, {c) SEBS/Kevlar and (d) SEBS/SEBS-g-MA/Kevlar

Morphology

Fracture surfaces of composites with and without compatibiiiser are shown
in Figure S. Detail investigation of the photographs reveal very much different
fracture charactersitics of the two systems. Composite with compatibiliser
exhibits mostly fibre breakage whereas composite without compatibiliser exhibits
both fibre pull out and breakage. Fibre pull-out in the latter case seems to be
dominate. This evidence confirms that the compatibiliser, SEBS-g-MA, improves
the adhesion between fibre and matrix.
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Figure 5 SEM micrographs of
a) SEBS/Kevlar (97/3)
b) SEBS/SEBS-g-MA/Kevlar (94/3/3)

CONCLUSIONS

The above results can lead to the following conclusions:

1. No significant difference in tensile properties could be observed from
composites of treated and untreated Kevlar pulp.

2. Moduli at 100 and 300% of the composites increase as the loading of
Kevlar increase. However, beyond 10%wt of Kevlar loading the dispersion is
poor and as a result the elongation at break drops sharply.

3. From gravimetric measurement and DRIFT, it was found that higher
amount of SEBS adhered at the surface of Kevlar pulp as SEBS-g-MA was added.
However, the mechanical properties of the composites containing SEBS-g-MA is
not affected. This is attributed to random orientation of Kevlar pulp.

4. SEM micrographs of fracture surface of the composite showing both
pull-out and breakage of the long fibre.
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ABSTRACT

Blends of thermoplastics, polypropylene with liquid crystalline polymer (Rodrun LC3000),
were prepared using twin screw extruder. Pellets of polymer blend were extruded through
a microtruder as cast films. Processing pafameters were varied m order to obtain the best
tensile properties. Styrene ethylene butylene styrene (SEBS) was used as a compatibiliser.
It was observed that thus compatibﬂisef enhanced the modulus of the films w both machine
and transverse directions. The order parameter of liquid crystalline domain, evaluated from
infrared dichroism, was found to increase im the presence of compatibiliser indicating better

molecular orientation. Morphology of the film was investigated under optical microscope.

INTRODUCTION

Blends of thermotropic liquid crystulline polymer (LCP) and thermoplastics (TP) have
drawn high attention from several research groups due to its supenor rheological and
mechanical properties. Recent review articles on this subject are given by Dutta,' Brown”
and Handlos” Processing of incompatible TP/LCP biend under elongarional flow is known
to create the oriented fibres of LCP phase. The word ‘in sifu composite’ has been coined”
for this kind of blend which means self-reinforcement due to the fibres formed during
processing. Mostly, the in situ composites produced by fibre spinming give higher modulus
than in the form of sheet or

* To whom correspondence should be addressed



film,> because -the elongational force is more effective for producing fbrllar structure.
However, in situ composite film is recently becoming 'mterestiﬁg for application such as film
for high strength balloon.® The main problem of LCP blend system is the high degree of
anisotropy of its mechanical properties, i.e. the properties measured in the machine direction
(MD) and transverse direction (TD) are different.  Chinsirkul et al.” tried to-reduce such
anisotropic properties using counter-rotating die technique for film extrusion.

‘ Blend of polypropylene and LCP produced.by means of extruded strand and
jection molding using maleic aﬁhyd:ide grafied polypropy'lene (PP-g-MA) as

compatibiliser has been mvestigated by Baird ef al.™”

An enhancement of modulus of about
25 % was found for specimens in the form of injected tensile bar contamning LCP (Vecfra A)
20%, while there was no statistical change in the modulus of PP/LC3060 (70/30) with
addition of PP-g-MA. In the first case, addition of compatibiiser causes more finely
dispersed fbrllar structure of LCP than that in specimen without compatibiliser and
therefore tensile strength and modulus are improved.

The objective of this work 1s to iumprove the mechamecal properties of in situ
composite produced i the form of fiim of polypropyvlene/LCP usimg thermoplastic
elastomer as a corilpatibiljser. A fixed amount of 10w Rodrun LC3000 ia polypropylene
was used for production of flm by extiusion casting. Coocentration of compatibiliser was
vaned. Cast films were characterized i terms of morphology and mechanical properties.
The order parameter of LCP phase was determined from polarized infrared spectra of the
films..

EXPERIMENTAL

Materials

Thermeoplastic polymer matrix used in this study was polypropylene {PP) mjection grade
6331 from HMC Co., Ltd. Thermotropic hquid crystalline polymer was a coi;olyester
composed of 60. mol% of p-hydroxybenzoic acid and 40 mol% of poly(ethylene

terephthalate) (Rodrun LC3000) purchased from Unitika Company. A triblock copolymer

thermoplastic elastomer of styrene ethylene butylene styrene (SEBS, styrene/rubber ratio
29/71, Kraton G-~1652) was provided by Shell Chemical Co.. The matenials were vacuum
dried at 60°C for 12 b before mixing.



Blending
Melt blending of PP and 10%wt LCP was performed usmg co-rotating twin. screw extruder

(PRISM TSE-16TC) with a screw diameter of 16 mm, ‘L/D = 25, intermeshing, and
extrusion rate of 150 rpm  The temperature profile was 180/220/220/225/225°C,
representing temperatures at hopper zone, three barrel zones and heating zone in die head,
respectively. Strand exiting the extruder was immediately quenched in a water bath and

subsequently pelletized.

Extrusion Film Casting

PP/LCP blend pellets were extmded.using a 16 mm mini-extruder (Randcastle RCP-0625)
equipped with 2 cast film line. Temperatures at hopper zoue, two barrel zones and at slit-
die were 190/220/230/240°C, respectively. Screw speed was 70 rpm. The gap of the die
lip was adjusted at 0.65 mm and the width fixed at 152 mm Extruded film was drawn

down i the molten state upon exiting die outlet, and quenched on water-cooled roll. The
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film draw ratio, defined as the ratio of die separation to the thickness of the extruded film, -

was controlled by varying take-off speed at 1.6, 3.8 and 6.4 m min”' which gave rise to the
draw ratios of 9.3, 18.6 and 32.5, respectively. Film thickness obtained was in the range
20 - 70 pm. |

Tensile testing

Tensile testing was conducted using an Instron mechanical tester (model 4301), with grip
length of 25 mm, crosshead speed of 50 mm min"' and a full scale load of 10N. Tensile
propetties of the dumbbell-shape specimens (70 mm long, 4 mm wide and 20 -70 wm thick)
were measured in the flow (machine) and transverse directions (ASTM D412). For each
specimen, the averaged value and the standard deviation of the tensile properties were

calculated using at least ten sampieé.

Morphology ’

Morphology of the thin composite ﬁlms could be directly observed under a polarized optical
microscope (Nikon 70562) at the magnification range of 100 to 400 times. The fibre aspect
ratio (length to diameter ratio} was determed by averaging the values measured ffom

several photomicrograpis.
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Measurement of order parameter
Order parameter (S) is defined as the degree of alignment of liquid crystal molecules with
the preferred direction,'

S = 0.5 <3cos’8 - 1> (1)
where 0 is the angle between the axis of mesogenic unit and the prefered direction of
nematic phase. Infrared dichrbism is one of the techniques used to determine the order
parameter.!”™” Absorbance values were measured: Ay and A for plane polanized light with
the electric vector parallel and perpendicular to the preferred direction, respectively. The
dichroic ratio R, defined as R = Ay/A., for a particular absorption band is used to calculate
the order parameter from the following equation.

R-1 l
:((—R:Z)) 0.5(3 cos o —1) @)
where ¢ is the angle between the transition moment and the molecular axis. This is reduced
to

S=(R-1)}/(R+2) where R > 1 ' (3)
for a band whose transition moment is parallel to the major molecular axis (parallel
transition moment) and

S =2(1-RY(R+2) where R <1 | (4)
for a band whose transition moment is perpendicular to the long molecular axis
(perpendicular transition moment).

Order parameter of the LCP phase in PP/LCP blend was evaluated from the IR
absorption spectra measured using Perkin-Elmer FTIR (system 2000) with an aluminium
wire-grid polarizer placed between sample and the light source. The FTIR spectra were
recorded at the polarization directions of the polarizer parallel and perpendicular to the
machine direction of the film (see Fig. 1). Area under the peak at 1601.5 cm™, (C-C
stretching  vibration of para-substituted benzene ring of p-hydroxybenzoic acid)
corresponding to the parallel transiton moment, was used to evaluate the order parameter

of LCP in equation (3).
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Fig. 1  Polarized IR absorption spectra of PP/LCP recorded at the positions of polarizer
parallel (------ ) and perpendicular (—— ) to machine direction of the film.

RESULTS AND DISCUSSION

All composites n this study are composed of 10 wt% LCP m po[ypropylene‘m,atrix, In
. order to obtain the best processiug condition, screw speed and take-off speed for film
production were varied. Tensile properties of composite specimens were measured and
used as cnoteria in this optimization. The optimum processing parameters for film extrusion
were 70-rpm screw speed, and 6.4 m min” take-off speed which gave rise to the film draw
ratio of 32.5. The amount of compatibiliser was varied from 0 to 8 wi%. Tensile

properties, morphology and order parameter of the composite films are presented below.

Tensile properties

Teansile properties of films of pure PP, PP/LLCP, and PP/LCP/SEBS with varied amount of
SEBS are lhisted in Table 1. The reponrted properties include Young’s modulus, yield stress,
ultimate tensie strength, and elongation at break, m machine direction (MD) and transverse

duection (TD).
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Table 1 Tensile properties PP, PP/LCP and compatibilized composite films with varying
concentration (wt%) of SEBS, measured in machine direction (MD) and transverse

direction {TD). Standard deviations are given in parentheses.

Flm Young’s Yield Stress Strength Elongation at
Modulus (VPa) (MPa) (MPa) Break (%)

MD ™™D MD | TD.| MD ™ | MD | TD

PP pure 616 586 202 | 154 | 344 | 21.6 673 546

(66} (44) | (1.4) | (1.5} | (3.2) | (L.6) | (60) | (85)

PP/LCP 1091 649 27.0 | 20,0 | 31.7 | 25.0 | 557 556

0) | 1) |8 [ (D] @3) | sy | 77) | 67
PP/LCP/1.5% SEBS | 1491 | 828 | 287 | 187 | 24.1 | 16.7 | 466 | 606
@5 | @y |08 08| G |G| G4 | (69
PP/LCP/3.0% SEBS | 1592 | 687 |-287 | 17.1 | 29.1 | 223 | 533 | 657
@ | oy [y |6 | @6 | @2 | 59 | (65
PP/LCP/4.5% SEBS | 1450 | 645 | 294 | 17.6 | 268 | 22.1 | 504 | 618

e ooy [anlen Gy el 6! 69
PP/LCP/6.0% SEBS | 1299 | 617 | 250 | 157 | 28.0 | 18.0 | 489 | 566
(52) | 34) | (15 0.7 | (2.9 | (1L.9) | (75) | (59)
PP/LCP/8.0% SEBS | 1236 | 605 | 256 | 169 | 25.1| 205 | 471 | 586
(67) | (38) | (1.2) | (0.6) | (3.8) (2.8) | (47) | (81)

Pure polypropylene film produced using the same processing condition as PP/LCP
composite, exhibits 1sotropic modulus, ie., the modulus in both machime and transverse
directions are nearly equal. The modulus of the composite PP/LCP film i the machine
direction is about 100% higher than that of the pure PP, but remains about the same in the
transverse direction. Yield stressés measured in both directions are sdmewhat higher for the
composifes than thé pure PP. The difference in yield stress of the composite measured in
MD and TD directions are larger than that of PP ﬁlm,‘ suggesting the different morphology
of the composite possesses. Observation through a microscope revealed ends of LCP fibre

with small radius of curvature which could act as stress raiser when the composite is being
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stressed perpendicularly to the major axis of the dispersed phase. The anisotropy of yield
stress of composite films will therefore be higher than that of polypropylene. Ultimate
tensile strength of PP presented in Table 1 is the highest compared to the composite films
due to the weaker attractive forces at the interface of different phases in the latter. Addition
of SEBS results io similar trends of the value of ultimate tensile strength as the yield stress.
The value of elongation at break is, on the other hand, not much affected by the presence of
compatibiliser.

The addition of SEBS enhanced MD modulus of the composite in all cases. The
maximum value of MD modulus is found at 3 wt% of SEBS, exhibiting an enhancement of
46% over the composite without compatibiliser (1,091 MPa vs. 1,592 MPa). However,
TD modulus is maximized ét 1.5 wi% SEBS, and where the lowest degree of anisotropy in
modulus is observed. The results are quite surprising in that such a soft elastomer [ike
SEBS can improve the modulus of the composite films. Since SEBS is a triblock
copolymer with two styrene blocks at the ends and ethylene/butylene block in the middle, it
is expected that the two ends containing aromatic rings be compatible with LCP phase,
while the rubbery EB block be compatible with the PP matnx. Accordingly, SEBS should
be present at the interface to promote-.interfacial adhesion and to help disperse the LCP
phase. However, increasing of SEBS to higher than 3wt% cause a reduction i modulus.
As often found in the other compatibilising systems, " if the amount of compatibiliser on
the interface exceeds the saturation lirt (critical micelle concentration), phase separation
of compatibiliser can take place, forming separate micelles and resulting in overall decrease

m properties of polymer blend.

Morphology

Effect of the film draw ratio

The optical micrographs shown in Figure 2a and 2b are obtained from the films produced at
the draw ratios of 9.3 and 32.5,.respectiveiy. It can be clearly seen that as the draw ratio
increases LCP fibres become more elongated, ie. the fibre aspect rgtio is mereased. In
addition, the frozen schlieren texture of nematic phase within LCP fibres of the film taken at
the towest draw ratio (Fig. 2a) shows imhomogeniety of orentation of LCP domams,
whereas the textures of LCP fibre in Fig. 2b is more homogenous than that in Fig2a,

mdicating better orientation of LCP molecules.
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Fig. 2 Optical micrographs of PP/LCP films produced at the draw ratio of
(a) 93 (b) 325

Effect of compaiibiliser

The micrographs shown in Fig. 3a and 3b are taken from the films with the draw ratio of
32.5. These are obtained fom the composite films ‘without and with 3% SEBS
compatibiliser, respectively. Tt is clear that number density as well as aspect ratio of LCP
fibres mcrease with addition of SEBS. The addition of cofnpatfbiliser results i more finely
dispersed ﬁbri]lér structure of LCP phase’and hence higher number of fibre formed. The
result of addition of SEBS is therefore simular to the effect of mcreasing fibre loading
giving rise to enhancement of modutus as shown m Table 1. In addition to the shape of the
dispersed LCP fibre, the texture with characteristic birefrmgence of frozen nematic phase in
LCP domains was also different. Without compatibiliser, LCP phase exhibits birefringence
with more inhomogeneous texture than that in the case with compatibiliser, indicating better

molecular orientations of the LCP domains m the latter case.
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Fig. 3 Morphology of in situ composite films of PP/LCP by polanizing microscope

(cross polarizers) produced at the draw ratio of 32.5.

(2) composite without compatibiliser  (b) composite containing 3wt% SEBS

Order Parameter |

As it is well known for the in-situ composite, that LCP phase can be elongated to give a
reinforced material with improved mechanical properties. Degree of molecular alignment
within the L.CP domains is the intninsic properties of the fibres which determine its stiffness.
Order parameter of LCP phase ought to be one of the parameterl determining the nature of
LCP fibres. Order parameters calculated from the dichroism of the films produced at the
draw ratio 32.5, containing various concentrations of SEBS are listed in Table 2. It is
evident that the order parameter somewhat increases with addition of compatibiliser (from
0.52 to 0.62). However, increasing of the amount of SEBS shows no more remarkable
effect. This result agrees well with the observation through optical microscope showing
more homogeneous texture of LCP phase in the presence of compatibiliser. The range of.
aspect ratio of LCP fibres formed is also given in Table 2. Although the value of fibre
aspect ratio reduced from 75-150 for the film without compatibiliser (o 69-113 for the film
with 3% SEBS, modulus of the film with compatibiliser do increase (see Table 1). The

effect of lowering of aspect ratio is not pronounced in this case because the value of aspect
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ratio in the range 69-113 is sufficiently large for reinforcement. Another effect which
should be more propounced is the larger number of fibres formed m the presence of
compatibiliser. This effect is similar to the effect of increasing fibre loading giving nse to

enhancement of modulus.

Tahle 2 Order parameters and aspect ratios of composite PP/LCP films produced at

the draw tatio of 32.5, containing various amounts of SIEBS

SEBS content Aspect ratio Order paramcter

(wt%) (S)

0 75-150 0.52

1.5 69-108 0.62

3.0 69-113 0.59

4.5 50-80 0.57

6.0 56-89 0.58

8.0 50-90 0.61

CONCLUSION

Thermoplastic elastomer, SEBS, wused as a compatibiliser for PP/LCP film, an in-situ
composite, gave rise to enhancement of modulus.  Tensile properties of the composite are
governed by the morphology, e, the aspect ratio of the LCP dispersed phase as well as the
degree of dispersion of fibres which can be improved by addition of an elastomeric
compatibiliser.  Such effect was also observed sccently by Seo™ for Nylon 6/L.CP blend
using maleic ashydnde grafied ethylene propylenc diene rubber (EPDM). The order
parameter of the LCP domaimns which can be simply determned by FTIR spectroscopic
technique is one of the parameters wdicating the degree of orientation of LCP fibres which

affect tensile properties of the composites.
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Composites of SEBS containing short aramid fibres were studied. Three types of fibres which include
Keviar, Conex and Technora, were used. Firstly, the fibres were used as-received. It was found that
Jor ail types of fibres, the modulus at 100% strain increased with increasing fibre content and there
was no different between the type of loaded fibres. For modulus at 300% strain, similar trend was
stifl seen with Kevlar-SEBS exhibits approximately 50% higher moduli than those of Conex and
Technora-SEBS composites. Tensile strength of Keviar-SEBS composites increased slightly with
increasing fibre content and drop off above 5%. Tensile strengths of Conex and Technora-SEBS
composites, however, decreased with increasing fibre content and lower than that of Kevlar-SEBS
composites at all compositions. Secondly, attempt was made to improve the interfacial adhesion
between fibres and matrix by modifying the fibre surface using alkali hydrolysis to increase the
number of active end groups on fibre surface. These active end groups could then be able io react
with maleic anhydride grafted SEBS (SEBS-g-MA) which was used as a compatibiliser. It was found
that surface hydrolysis and compatibiliser has little effect on moduli at 100 and 300% strain of the
composites. Tensile strengih of compatibilised Kevliar and Technora-SEBS decreased slightly wiih
increasing the content of SEBS-g-MA. However, significant improvement of tensile strength was
observed for compatibilised Conex-SEBS composites. The tensile sirength of compatibilised Conex-
SEBS compaosites reached that of compatibilised Keviar-composites at SEBS-g-MA content above 5%.

INTRODUCTION

adhesion-promoting compound, to treat Kevlar
fibre in an unsaturated polyester matnx and

Polymer composites using aramud fibre (e.g. obtained higper tensde strength than the

Kevlar, Conex, Technora} as reinforcement composite without such compound. In another
exhibit excellent thermal and mechanical surface modification technique, Wang et ai’
properties. However, problems due to poor prepared plasma-treated ararud fibre/poly-

adhesion between the fibre and polymer matrix
still remain to be sclved. Researchers have
carned out different techniques to obtain desired
properties. Vaughan' applied various
commercial coupling agents to composite
mixtures and obtammed improved adhesion.
Other techniques involving medification of fibre
reinforcement by dispersion tn an ionomer
matrix seemed to be very effective™. Marom et
al® proposed a technique using bromine water
to roughen fibre swrface which resulted in
improved  interlaminar  shear  strength.
Andreopoulos® used methacryloyl chloride, an

ethylene composites. Oxygen plasma was used
to generate reactive groups such as -COOH,
-OH, -NH, on the fibre surface. The reactive
groups were used to chemically anchor Ziegler-
WNatta catalyst and followed ethylene poly-
merization on the surface.. Yu et al.’ reported
works on nylon/Kevlar composites using vanous
fibre surface treatment methods including
bydrolysis, and hydrolysis followed by aad
chlonde grafting. The composites exhibited
better mechanical properties compared to
composites with unumodified fibre.



Short-fibre reinforced elastomer has only
recently  attracted several researching
groups™'?. Reinforcement used in these works
mvolved conventional fibres like poly(ethylene
terephthalate) (PET), and nylon. It is, therefore,
quite logical to includes such high-performance
fibre like aramid in this type of composite.

In the present work, Styrene (Ethylene
Butylene) Styrene (SEBS) represented a model
thermoplastic elastomer to be reinforced by
organic aramid fibres including Conex,
Technora, and Keviar. On a molecular level
these two components are quite incompatible.
The incompatibility anses from the relatively
non-polar olefinic and styrenic blocks in SEBS
and the highly polar hydrogen-bonded anude
groups in ararmud fibres. To improve
compatibility, partial hydrolysis of amide group,
followed by the addition of maleic anhydnde
grafted SEBS (SEBS-g-MA), used as a
compatibiliser. were carned out. The treatment
should ntreduce imude groups due to the
reaction of maleic anhydnde and amune groups
on the fibre surface similar to other report".
The resulted composites were expected to
exhibit mproved adhesion between the
components and thus provide better mechanical
properties.

TABLE 1. MATERIALS USED FOR THIS STUDY.

EXPERIMENTAL

Materials

The materials used in this study are
summenzed in Table 1. Mechanical properties
of the fibres are shown in Table 2.

Hydrolysis of Aramid Fibre

The as-received aramud fibre was washed
with distilled water, followed by acetone, and
dred in a vacuum oven at 50°C for 24 h
Hydrolysis was carried out by dispersing about
10 grams of fibre in 400 mt of 10% sodium
hydroxide aqueous solution at ambient
temperature for 20 mun. After hydrolysis, the
fibre was thoroughly washed with distilled
water, followed by toluene, and dried n a
vacuum oven at 50°C for 48 h. The dned fibre
was stored i a desiccator prior 1o use.

FTIR Characterisation
An FTIR spectrometer with a DRIFT
attachment  (Diffuse  Reflectance Intrared

Fournier Transform spectrometer, Perkin Elmer
PE 2000) was used to prove the surface of fibre
before and after hydrolysis. Each spectrum was
obtained from 200 scans at 4 cm™ resolution.

(SEBS, Kraton G 1652)

SEBS grafted with maleic anhydride (SEBS-g-MA,
Kraton FG 1901x)
Poly-p-phenylene terephthalamide (Kevlar) pulp

Materiais Specification Manufacturer
(Commescial designation)
Styrene (Ethylene Butylene) Styrene 29% styrene Shell Chemical Co,

Mw S-block = 7200
Mw EB-biock = 37500
29% styrene

.84 wt% MA

Shell Chemical Co.

i length =2 mm. Du Pont Co.
Poly-m-phenylene isophthalamide (Cenex) short fibre length = 3 mum. Teijin Ltd.
Poly-p-phenylene-3,4’-oxydiphenylene terephthalamide | length =3 mm, Teijin Lid.
{Technora) short fibre

TABLE 2. TENSILE PROPERTIES OF ARAMID LONG FIBRES"

Eropgnies [ Kevlar Conex Technora
Modulus (GPa) 24-25 8-10 20-21
Tensile strength (GPa) | 182l 0.5-0.6 3.0-32 ]
Elongation at break (%) BB 3-4 35-45 5-7




Preparation of Composites

Various compositions of aramid fibre/SEBS
composite were prepared. The dned fibre was
first pre-opened in a blender for a few seconds,
followed by blending for 0.5 min in an intemal
mixer with a rotor speed of 90 mpm at 175°C.
The compatibiliser was then added and blended
for another 0.5 min, and finally, SEBS was
blended in for 9 min. The 50-gram batch
composite was passed through a two-roll mull
twice to attain fibre onentation. The composite
sheet was kept in a desiccator at room
temperature for 24 h. S

Extraction of Composites

Extraction of composite specimen was
carmed out using a Soxhlet apparatus and
toluene as a solvent. After extraction for 72 h,
the sample was dried 1n a vacuum oven at 50°C
for 24 h. The amount of bound rubbery matnx
was determined gravimetrically.

Mechanical Properties of Composites

The composite sheet was compression
moulded at 185”C for 10 min under a pressure
of 15 MPa, into 2 1-mm thick sheet, followed by
conditioning at room temperature for at least 24
h. Tensile specimen was die cut at the size of
11.5x2.5x0.1 cm’ with the long dimension
parallel to the machine direction of the two-roll
mill.  Test were performed using an Instron
testing machine model 4301, i accordance with
ASTM D638, and with a cross head speed 500
mm/min and a 100 kg load cell.

RESULTS AND DISCUSSION

Hydrolysis of Aramid Fibre Surface

Aramid fibres were parually hydrolysed to
create -NH; and -COOH end groups on the
surface. [t was found that, for 10% aqueous
solution of NaOH, hydrolysis time of 20 min
was required to create more active end groups
detectable by DRIFT technique as shown in
Figure 1. The peak at 880-884 cm™ is due to
C-H out-of-plane bending of the aromatic ring
adjacent to -COONa" as reported by Chatz".
After washing with distilled water, followed by

toluene, and dned, the peak disappeared,
apparently due to the change from -COONa" to
-COCH. Without this washing step, sodium
hydroxide would further hydrolyse to amide
bonds on the fibre surface, resulting in a dark

brown colour and reduced tensile properties of
the composite.
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Figure 1 Infrared spectra of untreated (as-
recetved) and treated (surfuce hydrolysed)

aramid fibres  (a) Kevlar (B) Technora
(¢) Conex



Mechanical Properties of Composites
1. As-received fibres

Tensile propertes of the aramid fibre/SEBS
composites are shown in Figure 2. It is evident
that for all composites modutus at 100%
(M100) increases linearly with increasing the
amount of fibre loading and there 1s virtually no
effect of fibre types on M10C. An increase in
M100 with fibre loading 1s due to incorporation
of high modulus fibre in soft matnx. The fact
that all type of fibres resulted in the same M100
would suggest that there is a saturation in M 100
of the composites, regardiess the mechanical
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properties and geometry of the reinforcing fibre.
Simular effect of fibre loading are seen for
Modulus at 300% (M300). In this case,
however, Kevlar composites exnibit significantly
higher M300 than Conex and Technora
composites.  Agam, no different was found
between M300 of Conex and Technora
composites. It appears that at this high stran
(300%) stress transfer to Kevlar is greater than
that to Conex and Technora. Tlus would
suggest that remnforcing element 1n pulp
geometry 15 better than short cylindncal fibre.
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Figure 2 Tensile properties of untreated aramid fibre/SEBS composite with various fibre loading
(®: Kevlar, T : Conex, A . Technora) (a) Modulus at 100%, (b) Modulus at 300%, (c) Tensile

strength, and (d) Elongation at break



Tensile strength of the composites are shown
in Figure 2 (c). It can be seen that, for Keviar
composites, addition of fibre upto 5% slightly
affects tensile strength of the composites. At
higher fibre loading tensile strength dropped.
For Conex and Technora composites, it can be
seen that tensile strength decreased with
increasing fibre content. This can be understood
as a debonding of fibre-matrix interface at very
high strain which was seen as sample whitening,
The samples will therefore be weaken.

Elongation at break of all types of
composites is slightly affected by fibre content
upto 5%. Above 5% fibre content, elongation at
break dropped sharply. This is due to severe
weakening of interface debonding and poor
dispersion of fibre at high fibre content.

2. Surface-hydrolysed fibres

Surface hydrolysis of aramud fibre was
carmed out to increase the number of reactive
end groups. These end groups could then react
with SEBS-g-MA  compatibiliser and modify
surface properties of the fibres closer toward
that of SEBS matrix. Figure 3 displays the
amount of bound (unextractable) SEBS formed
in Kevlar-SEBS composites at vanous SEBS-g-
MA contents. It can be seen that the amount of
bound SEBS increased with increasing SEBS-g-
MA content. This indicates that modification of
fibre surface was achieved as expected. For
Technora and Conex composites, no bound
rubber was found.

Although spectroscopic evidents proved an
increase in number of active end groups, only
Kevlar composites contain bound rubber. This
suggests that chemical reactions between
compatibiliser and active groups on fibre surface
1s material dependent. Surface roughness of the
highly fibnllated pulp might also play an
important role in adhesion of rubber particles.

Tensile properties of the composites
containing 3% of treated fibres and
compatibiliser are shown w Figure 4. It can be
seen that compatibiliser content slightly affects
the properies of Kevlar and Technora
composites. For Conex composites, it is clearly
seen that compatibiliser only affect the tensile

strength of the composite. Tensile strength was
found to increase with increasing compatibiliser
content and approachuing that of Kevlar
composites at 5%.

The above finding would suggest that
chemical reaction between compatibiliser and
fibre may not result in composite with improved
mechanical  properties. Furthermore,
improvemnent could be achieved by using
compatibiliser without chemical bonding,
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Figure 3 Bound (unextractable) rubber of
Keviar-composites containing various SEBS-g-
MA contents.

CONCLUSIONS

Reinforcement of SEBS themmoplastic
elastomer with aramud fibres at low strain can be
achieved without any compatibilisers. It
appears that geometry of the fibre has greater
effect on mechanical properties of the
composites than the mechanical properties of the
fibres. At the same fibre content, pulp was
found to be more effecive in reinforcing than
short fibre.

Alkaline hydrolysis of fibre surface In
conjuction with reactive compatibiliser was
found to be effective on certain type of aramud
fibre, i.e. Conex. No improvement was achieved
for Kevlar and Technora composites despite
surface modification had been achieved.
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Figure 4 Tensile properties of treated aramid fibre/SEBS composite with various compatibiliser
contents (¥ : Keviar, 0 : Conex, A : Technora) (a) Modulus at 100%, (B) Moduius at 300%, (c)
Tensile strength, (d) Elongation at break.

ACKNOWLEDGEMENTS

The authors

would like to thank The

Thailand Research Fund for funding and Sheil
Chermucal Co., Du Pont Co. and Tejin Ltd. for
providing matenals used in this research.

REFERENCES

L.

2.

VAUGHAN, D.J. (1978) Polym. Eng. Sci.
18, 167.

TAKAYANAKI M, KAJIYAMA, T. and
KATAYOSE, T. (1982)J. Appl. Polym.
Set. 27,3603,

TAKAYANAKI, M. and KATAYOSE, T
(1984) Polym. Eng. Sci. 24, 1047,

BREZNICK, M, BANBAIJL J,
GUTTMANN, H. and MAROM, G. (1987)
Polym. Comnmun. 28, 55.
ANDREOPOULGS, A.G. (1989)J. Appl.
Polym. Sci. 38, 1053

WANG, Q., KALIAGUINE, S. and
ABDELLATIF, AIT-KADI. (1993) J. App!.
Polym. Sci. 48, 121.

YU, Z., ABDELLATIF, AIT-KADIL, A.
and BRISSON, J. (1991) Polym. Eng. Sci.
31, 1222,

ASHIDA, M. and NOGUCHI, T. (1984) J.
Appl. Polym. Sci. 29, 4107.

ASHIDA, M. and NOGUCHI, T. (1984} J.
Appl. Polym. Sci. 29, 661.



10.

11

12.

ASHIDA, M., NOGUCHI, A. and
MASHIMO, S. (1985).J. Appl. Polym. Sci.
30, 1011.

GUO, W. and ASHIDA, M. (1993) J. 4ppl.

Polym. Sci. 49, 1081,

FOLGI, A P. in Composite Applications:
The Role of Matrix, Fiber and Interfaces,
Vigo, T.L. and Kinzig, B.J. (Eds.) Verlag
Cherrue, Wemnheum, 1992

13. MODIC, M.J. and POTTICK, L.A. (1993)
Polym. Eng. Sei., 33, 819

14. Techmcal information sheets from Du Pont
Co. (No.12/92) and Teijin Ltd. (CN02/95.9)

15. CHATZI, E.G., TIDRICK, §.L. and
KOENIG, I L. (1988)J. Polym. Sei -
Polym. Phys. 26, 1585,



7

WA

TUPAC

International Union of Pure and Applied Chemistry
Macromolecular Division

PREPRINTS

WORLD POLYMER CONGRESS

37th International Symposium on Macromolecules

Gold Coast. Australia
12 - 17 July 1998

Organised by :

Polymer Division

Royal Ausiralian Chemical Institute

A

Sponsored by : intemational Union of Pure and Applied Chemisiry

6.4



In-Situ Compasite PP/LCP Films : Enhancement of Moduius and Impact Strength by

Compatibilisers
Sauvarop Bualek-Limcharoen,” Taweechal Amomsakchai and Jareerat Samran

Department of Chemistry, Faculty of Science, Mahidol University, Rama 6 Road,
Bangkok 10400, Thailand

ABSTRACT

In-situ composite liquid crystalline polymer (p-hydroxy benzoic acid/ethylene
terephthalate, 60/40)/polypropylene(PP) film was produced using extrusion cast film
technique. Compatibilising effect of thermoplastic elastomers, styrene ethylene
butylene styrene (SEBS), maleic anhydnde grafted SEBS (MA-g-SEBS) and maleic
anhydride grafted polypropylene (MA-g-PP) on mechanical properties and
morphology of the composite films was investigated. It was found that a few weight
percent of SEBS provided higher value of tensile modulus than MA-g-SEBS which
was in turn higher than MA-g-PP (see Fig. 1), [mpact strength of composite films was
found to improve four folds by elastomeric compatibilisers SEBS and MA-g-SEBS
due to their action as impact modifier. Observation of the films under optical
microscope revealed that all three compatibilisers improve the dispersion of LCP
fibre and enhance the LCP fibre aspect ratio. SEM micrographs of fractured surface
ol the specimens showed more fibre breakage than fibre pull-out when compatibiliser
was added which was the evidence for improvement of intertacial adhesion. In
addition to fibre breakage, surface roughness of Dbres was also observed when
thermoplastic elastomers were used us compatibilisers. Mechanical interlocking at the
hre/muatrix interface should certainly be the reason why clastomeric compatibilisers
provided higher tensile properties than thermoplastic compatibliser.
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Fig.l Young's Modulus of PP, PP/LCP, PP/LCP/SEBS, PP/LCP/MA-g-SEBS,
PP/LCRP/MA-g-PP (MD = machine direction, TD = transverse direction}
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Composites of Aramid Fiber-Thermoplastic Elastomer: Improvement of
Interfacial Adhesion by Chemical Modification of Fiber Surface

Sauvarop Bualek-Limcharoen
pepartment Chemistry, Faculty of Science, Mahidol University, Bangkok 10400, Thailand

ABSTRACT

Composites of aramid fibers and thermoplastic elastomers were investigated.

Aramid fibers used were polyv-p-phenvlene terephthalamide (Kevlar pulp) and poly-m-
phenylene isophthalamide (Tetjin-Conex short fiber) and thermoplastic elastomers were
styrene (ethylene butylene) styrene block copolymer (SEBS) and crosslinked-EPDM/PP
(Santoprene). Two chemical treatments were cartied out to modify the fiber surface in order
to promote tiber-matrix interfacial adhesion. The first method was partial hydrolysis of fiber
surface to increase the number of reactive end groups and addition of a reactive
compatibilizer to form chemical bonds at the interface. The second method was partial
N-alkylation on fiber surtace to enhance the compatibility between the polar fiber and the
non-polar matrix. Tensile properties of compression-molded composites with unmodified and
‘modified fibers were measured.  The morphology of the modified fiber as well as the
fractured surface ot composites were characterized by FT-IR (DRIFT) and SEM techniques.
It was tound that interfacial adhesion was improved in the systems of Conex/SEBS using both
methods of chemical treatments and hence enhancement of their tensile properties. For
Conex/Santoprene system, the properties were improved merely with addition of MA-g-PP.
the hydrolysis step was not necessary. For Kevlar/SEBS systemn, on the other hand. no
improvement of physical properties could be obtained by such treatments. However, for
Kevlar/Santoprene composite, partial hydrolysis of fibers, followed by addition of maleic
anhydride grafted polypropylene (MA-g-PP), could greatly enhance fiber-matrix interfacial
adhesion and hence their tensile properties.
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RESULTS AND DISCUSSION
Morphelogy _

The figures below are SEM micrographs of fibers and fractured surfaces. Modified
fibers reveal surface roughness. Fractured surfaces of modified-fiber composites show more
fiber breakage than fiber pull-out, compared with the unmodified fiber composites. This is the
evidence for improvement of fiber-matrix interfacial adhesion.

Hyd.-Conex/MA-g-SEBS/SEBS
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Fig. |. motphology of short fibers before and after modification, as well as the fractured !

surface of compesites.
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Mechantcal Properties
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Tensile moduli of all composites increase
with increasing fiber loading, as expected,
due to the action of the high strength fiber
phase. In most cases, however, tensile
strength decreases when low content of
fiber 1s added, because of the dilution
effect. Chemucal treatments used in this

study could inprove tensite strength of

some systems, such as Conex/SEBS/MA-g-
SEBS, alkylated-Conex/SEBS,
Conex/Santoprene/MA-g-PP and
hydroylsed Kevlar/Santoprene/MA-2-PP as
shown in Figs 2a-c.

Fig. 2a Tensile strength of 3wt% Conex/SEBS
compostte as a function of added MA-g-SEBS

2b Tensile strength of 3wi%s
unmodified Conex/Santoprene and
hydrolysed Kevlar/Santoprene composites as
a function of added MA-g-PP

2¢ Tensile strength of unmodified and
heptylated Conex/SEBS composttes as &
function of fiber loading
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L-25
Effect of Melt Viscosity of Polypropylene on Fibrillation
of Thermotropic Liquid Crystalline Polymer in In-situ

Composite Film

b .
Banchob Wannoa: Jareerat Samran  and Sauvarop Bualek-Limcharoen’

"Faculty of Science, Mahidol University, Rama 6 Road, Bangkok 10400,
Thatland.

l'lfaculq,f of Science and Technology, Songkla University, Pattani 94000,
Thailand

Polypropylene (PP) of different melt flow indices (MFI) was melt blended with
thermotropic liquid crystalline polymer (TLCP), block copolymer of 60 mol%
p-hydroxy benzoic acid and 40 mol% ethylene terephthalate), in a twin screw
extruder. Films of these polymer blends were prepared by extrusion cast film
technique to obtain the so-called in-site composite,

This terminology was coined because the dispersed TLCP droplets were
elongated under the extensional force afier which they were solidified and acting
as reinforcing fibers. . Viscosity ratio of the blend components was found
important for the formation of TLCP fibers in this blend systeml. Tensite
strength and morphology of the films produced at different processing condition
were investigated. It was found that as the melt viscosity of the matnx increased,
the fiber aspect ratio {length to width ratio) of TLCP phase increased and hence
resulted in an improvement of the film modulus (sec Fig. 1). Addition of a few
percent of ¢lastomeric compatibilizers, such as EPDM’ and SEBS4, which
enhanced the over all viscosity of the blend, also improved the final propenies of
the films. We observed that these elastomers enhanced film modulus only for
the systems prepared from PP with higher MFI, Viscosities of these blend
systems at different temperatures and shear rates were measured using capillary
rheometer.  Correlation between the melt viscosity of the blend and the
formation of TLCP fibers will be discussed.
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Chemical Treatments of Aramid Fibers to Improve Adhesion with
Non-polar Polymer Matrices

Sauvarop Bualek-Limcharoen’, Sunan Saikrasun® and Anongnuch Chantaratcharcen'

'Department of Chemistry, Faculty of Science. Mahidol University. Bangkok 10400, Thailand
?Department of Chemistry. Faculty of Science. Mahasarakham University.
Mahasarakham 44000. Thailand

ABSTRACT
Aramid fibers. poly-p-phenviene terephthalamide (Keviar and. poly-m-phenylene
isophthalamide (Teijin-Conex ) were chemically treated to modity the fiber surtace in order to

promote interfacial adhesion between the {iber und the non-polar polymer matrices. The
polymer matrices used in this work were thermoplustic elustomers. styrene (ethylene
butvlene) stvrene block copolyvmer (SEBS) and polyolefin-based thermoplatic elastomer
(Santoprene). Two chemical treauments were used 0 modily aramid short fibers. The first
method was partial hvdrolysis on fiber surface using an alkaline solution. After that, the
treated short fibers and a polvmer matrix were melt blended inan inteenal mixer, with
addition of a reactive compatibilizer to promote chenucal bonding at the interface. The
second method was partial N-alkylation on Ober surface to make it non-polar and hence
compatible  with the matrix. The new  functionat groups on the treated  libers were
characterized by FI-IR (DRIFT)..  Tensile propertics ol the composites were measured.
Observation of the morphology under scanning  electron microscope  suggested  the
improvement of interfucial adhesion i the systems ol Conex/SEBS by both methods of
chemical treatment. These results were 1n good agreement with the enhancement of the ensile
properties. For Conex/Suntoprene system, the propertics were improved merely with addition
of maleic anhydride grafied polypropylene. (MA-g-PP) and the hydrolysis step is not
necessary.  For Kevlar/SEBS system. on the other hand. no improvement of physical
properties can be obtained by both treatments. However, for Kevlar/Santoprene composite.
partial hydrolysis of fibers [ollowed by addition of MA-g-PP could greatly enhance its
interfacial adhesion and hence the tensile properties.

INTRODUCTION

Polymer composite, a combination ot plastic or rubber with filler, 1s widely used in
several areas of application to replace conventional materials such as wood. metals, glasses
and ceramics, due to their high specilic streagth, ease of fabrication and relatively low cost.
A fiber-reinforced composite usually shows an increase in rigidity provided by the fiber
phase, which is stiffer and stronger than the matrix phase. For rubber matrix, reinforcing fiber
greatly enhance its dimensional and thermal stability. Short fiber reinforced polymer has
gained much more attention than continuous fibers due to their case of fabrication, though it
offers lower strength. Reviews of short-fiber reinforced rubber have been reported
elsewhere'.  Composites ot short fiber-thermoplastic clastomer have been very recently
studied by a few groups of researcher™, Thermoplastic clastomer combining advantages
properties of two classes of polyimers, 1.e. recyclability. ease and economy in processing like
thermoptlastic, and possesses the important elasticity of rubber. However, some disadvantages
of thermoplastic elastomer are low thermal and low dimensional stability at elevated
temperature.  Incorporation of reinfurcing fiber into thermoplastic elastomer is therefore
fruitful in enhancing the strenygth and overall stability of the product.
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[n this work, we present the combination of aramid fibers and thermoplastic
elastomers. Two types of thermoplastic elastomers used were SEBS* and Santoprene®. The
reinforcing fibers were Kevlar pulp and Teijin-Conex short fiber. Since the polarity of the
fibers and polymer matrices are greatly ditferent, two chemical treatments were used to
modify the fiber surface to make it less polar. The first method is by addition of a reactive
compatibilizer, i1.e., MA-g-SEBS and MA-g-PP in the cases of SEBS and Santoprene
matrices, respectively. Maleic anhydride group should react with the free amine end group of
aramid, allowing the rest of the molecule, 1.e., SEBS or PP part which is now attached on the
fiber, to be compatible with the matrix. In order to increase the number of amine end group,
the fiber was first partially hydrolysed in alkaline solution. The second method was the slight
modification of the fiber surface by N-alkylation. The alkyl groups attached on the surface
make the fiber less polar and hence should be compatible with the non-polar matrix.

EXPERIMENTAL

Materials

Aramid tibers used are Keviar pulp (poly-p-phenylene terephthalamide)  length ~ 2 mm
from Du Pent Co. and Teijin conex fiber (poly-m-phenvlene isophthalamide) length ~3 mm
fromTeijin Co.Ltd. Polymer matrices are triblock copolvimer ot styvrene (ethylene butyrene)
styrene, SEBS (KRATON G1652) with S/EB = 29/71. kindly provided by Shell Chemical Co.
and polyolefin-based thermoplastic elastomer, Santeprene. (crossiinked ethylene propylene
diene rubber (EPDM}) and polypropylene) with EPDM/PP = 24,76 (determined by DSC) from
Uniroyal Chemical Co. Inc. Compatibthizers are MA-g-SEBS (KRATON FGI901X., MA
content = 1.84% from Shell Chemical Co. and MA-2-PP (Polvbond 3150), MA content =
0.5% ftrom Untroval Chemical Co. Inc.

Methods

. Chemical Modifications

1) Hydrolysis : Fiber was hydrolysed in 10 wt% aqueous NaOll solution at ambient
temperature for 20 min. after which it was thoroughly washed with distilled water and toluene
and dried in vacuum oven at 50 °C to a constant weight.

2) N-Alkylation : Preparation of N-alkylation on aramid fiber surface was similar to that
described by Takayanaki’. The fiber was first deprotonated by dispersing in DMSQ and NaH
mixture and then alkyl bromide was added. Since only slight modification was required, the
smaller amount of NaH and the shorter reaction time for alkyiation step was applied®.

Characterizations

Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectrometer (Perkin Elmer
FTIR 2000) wus used to characterize the surface of Aramid fiber. Two hundred scans at a
tesolution 4 em™ were usually required to obtain a good spectrum.

Morphology of fiber surface and fractured surface of the composites were observed by
SEM (Hitachi S2500). A thin layer of palladium was coated by Hitachi E102 ion sputter on
the specimen. The microscope was operated at 15 kV. Fractured surface of the composites
was prepared by freezing the specimen in liquid nitrogen and then broken rapidiy.

Preparation of composites

The composite was prepared in the internal mixer. Haake Rheocord 90, at the set temperature
of 175°C for SEBS matrix and 165°C for Santroprene matrix, rotor speed of 90 rpm, for 10
minutes. Then it was collected and sheeted by passing through a two-roll mill. Loading of
Aramid fiber was varied up to 7% by weight. The effect of compatibilizer was studied in a
composite containing 3wt% of fiber.
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Measurement of tensile properties

The specimens were compression molded at 180°C for 10 minutes and quenched with cold
water. After being conditioned for at least 24 hours, tensile specimens were cut with a die of
size 115 mm. x 6 mm. x | mm parallel to the machine direction . Testing was carmed out on
an Instron testing machine model 4301 in accordance with ASTM D638 at a cross head speed
of 500 mm min"" with a 100 kg load cell.

RESULTS AND DISCUSSION

Morphology ,

SEM micrographs of the fractured surtaces of the SEBS and Santoprene composites
containing untreated and treated aramid fibers are shown in Fig. . It is evident that the
untreated fiber gives the fractured surface with long liber pull-out whereas those of the
composites with treated fibers show more fiber breakage. These are good evidences tor the
improvement of interfacial adhesion.

Mechanical properties

Improvement of the tensile strength of the composite systems can be considered as a criterion
for improvement of the interfacial adhesion.  The tensile strengths of aramid/SEBS
composites as a function of added MA-g-SEBS are shown in Fig.2a. [t can be seen that
without addition ol compatibilizer the tensile strength of Conex/SEBS system is lower than
that of Keviar/SEBS svstem. But when the amount of added compatibilizer increased the
tensile strenpth of Conex/SEBS enhanced and then level-olt at about 3% of added MA-g-
SEBS. which 1s at this point cqual to that of Keviar/SEBS systems which declined slightly as
the amount of compatibilizer is increased.  In these composite systems the moduli and
elongation at break are not altected by addition ol MA-g-SEBS. Fig. 2b illustrates the results
of aramid fiber/Santoprene composites.  Tensile strengths of both Kevlar and Conex fibers
reinforced Santroprene are slightly improved by incorporation of MA-¢-PP. In the case of
Keviar/Santoprene, hydrolysis step could help o get better results whereas in the case of
Conex/Santoprene, the hydrolyvsis step s not essential. Addition of MA-g-PP also cnhances
the modulus ot both composite systems. The elongation at break. on the other hand, increases
for Kevlar but sharply decreases for Conex composile system as MA-o-PP is added (the
results are not shown here).  TFig. 2c¢ shows the effect of N-alkylation of Conex tiber on
tensie strength of Conex/SEBS composite. The results revealed that the N-alkylated fiber
give a composite with higher tensile strength than that of the unmodified fiber, especially at
higher fiber content. Modulus and elongation at break of these systems are not affected by the
alkyl groups.

Conclusion

The surface treatment of the highly polar fiber, like aramids, to a less polar surface by
attachment of the alky! groups or attachment of non-polar moiety through interaction with
reactive compatibilizers could help mmprove the physical interaction at the interface. This is
evident by observation of the fractured surface by SEM technique, and as a consequence the
improvement of the tensile properties of the systems 15 obtained.
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Fig. | SEM micrographs of fractured surfaces of untreated and treated aramid fiber
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Fig. 2 Tensile strength of {a) 3wth aramid/SEBS composites as a tunction of MA-¢-SEBS
(b} 3wt% aramid/Santoprene composites as a function of MA-g-PP (¢) unmodified
and heptylated Conex/SEBS composites as a tunction of {iber loading.
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