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Abstract

Project code : RMU5180043
Title : Development of High Tensile Strength Fiber from Polyethylene

Blends and Polyethylene Composites

Researcher : Mr. Taweechai Amornsakchai
e-mail address : sctam@mahidol.ac.th
Project period : 15" May 2008 — 14" May 2011

High strength fibers were produced from different types of polyethylene composite. Fine
rigid particles with very different shapes, i.e. particulate, platelet and tubulate shapes,
were mixed with high density polyethylene (HDPE) to produce composite and then the
composites were transformed into composite fibers. The fillers which represent each
shape were calcium carbonate, organoclay and carbon nanotube (CNT), respectively. It
was found that composite containing fine calcium carbonate could still be drawn to high
draw ratio (> 30X) to give porous and low density fiber. For composites containing
organoclay, draw ratio depended on the degree of dispersion of organoclay and
compatibilizer which determined the level of dispersion. System with low degree of
dispersion, or microcomposite type, had higher draw ratio than HDPE. On the other
hand, systems with high degree of dispersion, or nanocomposite type, had maximum
draw ratio close to or lower than that of HDPE. However, for this type of composite,
fiber mechanical properties did not show linear relationship with draw ratio as normally
observed for HDPE. Three types of CNT were used, i.e. non-functionalised, hydroxyl
and carboxyl functionalised CNT. It was found that all CNTs did not affect the maximum
draw ratio. The use of carboxyl functionalised CNT with compatibilizer, SEBS-g-MA,
although not affect the maximum draw ratio, could improve modulus and tensile strength
significantly. Reinforcement mechanism in organoclay composite system was studied by
changing the matrix to linear low density polyethylene. It was found that organoclay
could reinforce the fiber at only draw ratio and the effect was clearly seen at high strain.

When the fiber was drawn to higher draw ratio, the organoclay reinforcement diminished.

keywords : High Strength Polyethylene Fiber, Composite Fiber, Organoclay
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** highest published value

1. Treloar, L. R. G., Polymer, 1, 95 (1960).

Boudreaux, D. S., J. Polym. Sci. Polym. Phys. Edn., 11, 1285 (1973).

Sakurada, I., Nukushina, Y. and lto, T., J. Polym. Sci., 57, 651 (1962).

van der Werff, H. and Pennings, A. J., Colloid Polym. Sci., 269, 747 (1991).

Pennings, A. J., Roukema, M. and van der Veen, A., Polym. Bull., 23, 353 (1990).

Hoogsteen, W., Kormelink, H., Eshuis, G. ten Brinke, G. and Pennings, A. J., J. Mater. Sci., 23, 3467 (1988).
Capaccio, G. and Ward, |. M., Polymer, 15, 233 (1974).

Wu, W. and Black, W. B., Polym. Eng. Sci., 19, 1163 (1979).
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wiisaanlaidu 3 LUy Ae wuuwanWE (phase separated structure) 138 lulaTAauNaEN

WUUUNINGD (intercalted structure) LAZLLLNIZANLE) (exfoliated structure) (Ell 2.7)
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Layered silicate Polymer

)

@ 'J (b)
Phase separated Intercalated Exfoliated
(microcomposite) (nanocomposite) (nanocomposite)
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dousInszunnandn uszgunnldeuadufiniuinnniy 2 wi (5] @10199 2.2 3nEadl
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Anga wddmiuszuuwaRweINlidey du wellefidunu nInszansdvedaadazlad
winnuluwszuulusan @aalinmslTzNITIngn INaLANTZAUNITNIZEAL 39V TARNLG
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i ﬁﬂﬁ]%’ﬂﬁmuqmuﬁ'@L%aﬂa%muaﬂ'w A REITIAUTEAUNIINTZANUFD LAZNITINRA
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Ius:uuLﬁulmﬁmumaﬁﬁmsﬁméf';aﬂwaaugstﬁmml,u’;ﬁaﬂﬁtm FIRNIZAUNS
La’%mmmﬂﬁ'q@fuﬁagﬁaﬂmﬂ

AN 2.2 FUUAEINAYDI MbAA 6 LAZADNNARNUAI LAt 6 - LARE

189 VoQaw (GPa) AMNUDILT AMUNUA DT
(MPa) nIzNN (J/m2)
Nylon 6 1.1 69 6.2
Nylon 6- Clay 2.1 107 6.1
Increasing aggregation (intercalation)
i R e - -_-_-== == =
W=1nm W=3nm W=7nm

rncreasing delamination (exfoliation)
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Iuﬁ’;ﬂmaé‘saﬂﬁaaugstﬁmmmum auﬁ'@maaﬂauwa%wmsauﬂu‘lﬂmuﬂgmmaw
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AFNITANRBINBIRY

NWILRATUAOUNIANEN Ao MILATDUNARNATABUNARNULLAIISY NMIHAA
WWWbuINAaNWaEN warnsanulasiaing wasUsaiinantavanduloNnaale lasl

a o &
IUNZLDUANIU

3.1 86 Uaza136 9 Al lwnsnaaas

1. waamﬁﬁmﬁ@mﬂwmuuuga \N3@ Thai-Zex 50008 KAAlagUTEN
vrnanlwdtafian §10a Tanunuiumn 0.954 giem® aaiinnslna 0.8 g/10 min

2. WORLANFUTAAANUNWIUULELTIEN N30 DOWLEXTM 2045 waalag
159N Dow Chemical $1na 17 1-aanfiuiduvanawassin Janunuiwdu 0.920
glem’ ¢wiin13lwa 1.0 g/10 min

3. mﬂhUwamﬁ@waaLaﬁﬁum’m%muuugd LaTWORLONANAURIILUEN
Faduaasiounadnuanlaaasd (HDPE-g-MA uaz LLDPE-g-MA) San3en
Fusabond E tN5@ MB 100D Waz MB 226D eudal lagy MB 100D AUSunmwunasn
wanlaamud 1% anunmiuin 0.96 glem® duiin13lAa 2 g/10 min waz MB 226D §)
Bunmunadnuanlaanod 0.9% anunuwiuin 0.93 giem® dwitn1slva 1.5 g/10 min

4. sstenanaialesdiiaadadisuniadnuewlaanas (Poly(Styrene-
(Ethylene-co-Butylene)-Styrene)-g-MA, SEBS-g-MA) NAalagL3Hn aaladaa s1ne &
YSunanadnuawlaanssd 1.7% ﬁmﬁﬂimaqamﬁﬁ 66,687 g/mol

5. anamaiuunfuaaiBouaiuaiua 1nsa FECC3070 l@Tuanuayiamziain
USHN §ARaLa0s $110 AARIILIL 1.65 glom’ DUMALAALTINATULUANYUNG
Lagﬂ 3 um

6. aasmluaad (Jwnsamidh Ta Claytone® HY wWaalasu5Hn Southern
Clay Products am3gawu3m mutenansgjanaaimiuaadiusfianaurlaialaludi
daudsialAvauansdunidlaslaaadavanluiion s lowda lalalasdiuaaanalad
mumiauﬁqmﬂgﬁ 80°C 1Tlwm 24 Taluanawinl1Fom

7. anfuauwmluiingd sfiasiadiaad (MWONT) laidngdarigu (un-functionalized
MWCNT) Haalass31n Sun Nanotech $10@ (Uszinad) LLawﬁ@ﬁﬁ%gﬂaﬁ%’um%
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UanGa (COOH-MWCNT) wazlaasanda (OH-MWCNT) Haalasyu3sn Chengdu Organic

Chemicals 311@ (U32tnedn) IsuUaasansen 3.1

@319 3.1 autiauadnsuaww Lo lglwn@nen

OoD* length | f-content purity density SSA**

Types of MWCNTSs colour 3 2
(nm) (Hm) (wt%) (%) (g/cm’) (m°/g)
un-functionalized MWCNT black 10-30 10-30 - >90 0.28 >110
COOH-MWCNTs black 8-15 10-20 1.56 >95 0.27 >233
OH-MWCNTs black | 20-30 | 20-30 1.76 >95 0.28 >110

* OD = outer diameter

** SSA = Specific Surface Area

3.2 NMILASUNADNNARN UAZNIINAALEWLY

3.2.1 NMILAILNADNNDRNULURADNIAA?

IS 6 6 6 6 | a ad
NIINFULARLDHUANIL DL UG aasmiuma g LRSI aumiumﬂmluwamamu

vinla Ul"ﬁm'%amamﬁ@aaagﬂﬂaa Tasunaaun aﬁmﬁﬁuﬁqmwg f1szanme 150-155°C

AUNIZTNIRRDULAR ﬁﬂJ'iq.JliﬂI LLE%/’J%GL@Nﬁ?iﬁﬁ@dﬂ?il%ﬂ%&']ﬂtﬁLVI&I'WB(SJQ\‘]VLU LN

v o &) & a ° ¥ ~ Y KR o
NRUIBEN TN LT BLLAYY LarRiILEND I@ﬂ"ﬁnmﬂizmm 20 WIN LRIIWIRTT

dl s tﬂl I 1 1 v & U
Nauaaﬂﬁ]’mmsaawawluaﬂumz'ﬂLﬂuLLNum'}wmﬂs:mm1 mm ﬂaaﬂmwmlu

& o e 2 d d ° a v
a1 nuwin laalubuan g awmadszunm 3 x 3 mm inanazsin lunaadwdule

Tutnuaausa ld

3.2.2 MILAIPNADNNDRNUDUEITATANY

v a a P v o Aa
luﬂqflizuu‘l@l’@]iﬂuﬂauwaaﬂLLUﬁJa’Tiﬂ:a’]U Lwalﬁlﬂﬁmum‘iﬂizﬁnﬂﬂﬂ I@U

mythwadlafiduanazaslulngduiigunmnil 105°C auldmaazaoitaiden (I6aa

Uszanms 30 w1) a3field amndsinu shansueumluiiduSnaimunzaunszanun

lussazanslngdund SEBS-g-MA Usunmidainmazmuagiauniiug waw

emazmU@TaUI@IM%”L%L%%@QWL%‘f’gguﬂunm 10 WAl aueunTTaaaI laianiun

35 kHz 11189 30 W antiniaan 30 wfl e 19 b e@unIINIzagalaIas a1

6f

PN ad o AN o o A aad A A YY) : A
‘Ynﬂ@l'ﬂq@ uﬂﬁ’]iaza']UﬂqﬂuqﬂwawﬂﬂﬁqiﬂzaqﬂwaﬂLa‘ﬂauV]L@liﬂNvL’]LLa’g ﬂuﬂ’l%ﬂ

annil 105°C Nslmsazansdas 9 LlEwaa9 wazvinmslofiaalddqe Tdnadseunm

9 U

L3811 %’JI&IG LBEN TR LI BAIN ﬁ’?ﬁ'ﬁﬂtﬁ’?ﬂvl,llﬂiadLﬁﬂLLUﬂﬂﬂﬁJWﬂa‘ﬂaﬂﬂ&ﬂ

ﬂa’aUlﬁéfﬁﬁﬁazawuLLﬁa"LllLaaluﬁﬂfmﬂunmamdﬁaﬂ 24 a9 dnauwadn huaw
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IWidhnusnassean 2-roll mill Ngasnnd 145° Wuiaa 45 wiit i ludaduzubng e

U

luaaidwleluiuaauaa

3.2.3 mMINAaLEwlY
WINTuwadLlNaT ‘vﬁawaaL:ua%aawwaﬁw"lﬂuﬂigmﬂmﬁulmﬁamﬂ%amﬁmiuiu‘?\lm

LWUATIIALEN (Randcastle) 931N 3.1 lasasgmnniiadaudaztisanmaduianed

wat (hopper) laufismsaan (die) 1ilw 120, 180, 190 uaz 215°C ldanuiiang 2.2
rpm Watlowdaweawasnauwa&niEmasuun ﬂa&lwaangﬂmaummiumém

LLa:Qn‘%@aanmﬁ*’ﬁaomaaaﬂmm@ 1 mm lugrausn iwuloazziiuarluanmeanan wan
ﬁamuénﬁﬁﬁﬁqmﬁgﬁLﬁwﬁuqmﬁgﬁﬁm LLmN"vaﬂgﬂ“lj@@ﬂﬂai‘iﬂﬂm%’wi’] (Uszanon

0.5 m/min) HwaenAlTasaanatamnaiilszunm 113°C LLa:nﬂao@Tfmq@gﬂﬂﬁa

9 uU U
a =® Y

=3 { Ui nl J v 1 et [ a ¥
anungaialitienusiiniudodanisiedeg lasdiuanuiivesgnnisged
v o ' = Y Py % A & A A
Ihdudwanriwasanaiignndsgausnaafidasns wulofldluuusn waGun
i1 asspun fiber MLEUHIUGHINAWUTENHL 700 Um HAIINAIUTY ATHLFURL
6 1 I J o e 1 SR A Yo [ a 6
gudnandaglutiatszana 120-200 pm Juiudansunsade ldimuadyansol
A > % ) 82 A & a Y ) 8 A .
WIDINEV2IaAINEIUNNIAIEALIU DRX 1la X wanond aasnaiwnsasbaidu X winves

ANMNENIINAW

Hopper
Barrel Zone

Die

High Speed Godet Temp. Controller Low Speed Godet :
Winder - =

O ,

U 3.1 1T INaa LU IuR AN AU LA NN LT N INEALE e

3.3 ﬂ'liﬁli']ﬁ]ﬁélﬂfﬂix‘lﬁ%ﬂd LLR&ﬂizLﬁ%ﬂNﬁﬁﬂﬂdl%ﬂiﬂ
3.3.1 X-Ray Diffraction
MUz N UIZTAUNINIZY LLazizm:iszs:mwaaaa%miuma{ﬂuﬂauwaﬁ'ﬂ

o v

YiNeuLa3ad Bruker AXS D8 lagldaagnenianunwidseanms 1 mm Jalusid
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w20 1iu1-6 a9 19 xray NKAaaINAINanauay NAWAINU 40 KV Uaz
30 mA

3.3.2 Scanning Electron Microscopy (SEM)

% d‘p a % % a =S £
ANEMALRY wazlaveaensluvasdulunaunafnanunlaansdadwlelu
SEBS uazaaldubuaiuuwianaislulasinunazdauid wasaInt sinalasng
ldnafnmesitazatsnsaasuusniniduing 2 Talu9 ;s TazananIailas
LIIMBNUTENaUA1Y 813828 INUNFL TN aTUAINILG 1% Lha1TaSAIUNEY
maoﬂmsﬁ'avﬁﬂL“ﬁwﬁmm:ﬂmaaﬂﬂmawﬁn 85% Az luaasnaiulay
USUOIYINAY 10:4:1 UEGL WAt NRIwMINaRILa lUANHG8naad

aNTIAUBLANATEULLLFDINTIA Hitachi (S-2500) N3zaL 15 kV

3.3.3 Transmission Electron Microscopy (TEM)

ANBUE LLazéngm%mmaaﬂﬁuauuﬂuﬁaﬂﬁﬂmﬁaUﬂﬁadﬁ;amsﬂﬁalﬁﬂmau
LUURDINIY I@smU@mswamaaﬂﬁuaumhﬁ’aﬂlﬂﬂg‘é‘umuu@umsoiaa%’u

(;]I’JE]E]’]GV]EIGLL@G ﬂa’aﬂﬁ’lwgﬁmzmﬂ ﬁﬁiﬂﬁﬂﬁ’]@‘ﬁﬂﬂﬁ@d@ﬂﬂiiﬂﬁ:&gﬂ@lia%

JEOL 2010 LaB6 ﬁiz(ﬁu 200 kv

3.3.4 Tensile Strength

awﬂal,%aﬂa"uadLﬁulﬂﬁqmﬁgﬁﬁ’ao Uz dudrota3asia Instron (Model 5566)
Tagldaatnefinnueniseninefsy 50 mm & msuidwle asspun waz 100 mm
smsudulpfiaond 19805150 lumssawinty 50 mmimin HageInsdh duam
ANNLA3HA (strain) INIzEEAifTUIRauTiaananAw g uRLANEN IS U
iﬁ&ldﬁumagﬁ'ﬂugﬂ Secant moduli ‘ﬁlizm 1% strain, tensile yield strength LLae
tensile strength 1lag yield strength ‘mnUﬁd@@gaqmlumﬂw“é’dmm:mﬁ@mEju
(elastic region) Lz tensile strength ‘mJ’lzlﬁ\‘ifg@gdﬁg@ﬁﬁg@m@luﬂﬁ%lﬂﬂamadLﬁ’%

o) swmmlugﬂﬁwmﬁm’mwamﬁmamaﬁay 5@

3.3.5 Infrared Spectroscopy

v . = o A a = =< o an
luunedatng Insltiesasduwnsasdnlasalntllunis@nuianasisen
‘szmﬁwyjﬁdﬁﬁ'muﬁwaaﬂﬁuauuﬂuﬁaﬂﬁumsmﬂwawﬁ@iaﬁ’smgmm‘éﬂ
waulaaeq (SEBS-g-MA) ta3asiafnld fa Brucker Equinox 55 FTIR
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. \ @ =2 & a o &
spectrometer Tulnua single reflection AILNANLIDINIUWYY INWIBRLNW 32 AT

a -1 o ' 1
AMURNTLDLA 4 cm Uuﬁﬂ“ﬂ1u‘ﬁ'ﬂﬂ 600-4000 cm

3.3.6 Raman Spectroscopy

AMINTTANLAL LATNNITNAIVEI MWCNT 330 Lsailin wazia bdlasnsuuin
umanasulaslmdlgnssluumawn ussasarniuiamelnan s
yosawas lauldiaios NTEGRA ldiaimasndia He/Ne s1anan 632.8 nm
a3 10 mwW lulnua backscattering 1Elaudiaguuwia 100x vuIavedIaiaiTas

UUA0E19LIzN 1 Um

3.3.7 Differential Scanning Calorimetry (DSC)

ANABULARY uazUSuNmNANILEwlY Wia28LeTad Perkin Elmer DSC7 laglw

ANTAUIN 80-150°C @288m31 5°C/min USInawnanfAatfisunuanusauwes
=) =) { A ] ] L=
MInaaNalITaInanwadiafiauniauy ol (100%) (H') Talaviiu 297 Jig

3.3.8 Thermogravimetric Analysis (TGA)

USunamansanunstniluaaunadn sunsamilalasltiznis TGA laylwainw

Fauan 50-700°C @rw8a31 5°C/min maldaandian USunmansafiunidengg

L% MWCNT mmmﬁnmmﬂﬁmn%’aﬂa:mmﬂ%mmmiﬁmaaa%i
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10 15 20 25 30
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4129 9637 16162 22415 33151
HD* 809+23
+114 470 +1708 +3563 +3162
4859 8614 15134 22156 26214
HDCL7 856174
+121 +467 +1027 12552 +2109
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Draw Ratio
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10 15 20 25 30
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HD* 191 399+7 600+32 687161 716188 883+89
HDCL7 1941 34115 590+2 797127 926+13 95650
HDCL7CP3.5 2241 - 617119 728180 831132 925+108
HDCL7CP7 201 327129 568119 72019 780%39 990450
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a9 4.6 wagaaf ldanmidwimemungmIngs suiudnialasmniuszuudule
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MWCNTs Composite System Calculated Measured
Content DR 30 Modulus (GPa) | Modulus (GPa)
unmodified MWCNTs/PE 38.8
0.5 % COOH-MWCNTSs/PE filled 40.8 50.6
1% SEBS-g-MA
unmodified MWCNTSs/PE 31.6
1.0 % COOH-MWCNTSs/PE filled 46.6 44 1
1% SEBS-g-MA
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»Bum

3t 4.32 AW SEM  sasdalsuuuadidulaf lainiun1iae (AF) sfiadneg

(a) uaz (b) L@wlawafafan, (c) uas (d) dulonauwadn 1% MWCNT, (e) Uaz
), wdulunauwadn 1% COOH-MWCNT uaz 1% SEBS-g-MA uaz (g) and (h)
ulunauwadn 1% OH-MWCNT uaz 1% SEBS-g-MA
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ABSTRACT: Polymer matrix composites are generally
studied in the form of bulk solids, and very few works
have examined composite fibers. The research described
here extended such bulk studies to fibers. The question is
whether or not what has been reported for bulk polymers
will be the same in fibers. In this article are reported stud-
ies of high-density polyethylene (HDPE), whereas those of
linear low-density polyethylene are reported in part II of
this article series. Two types of filler were used, that is,
organically modified montmorillonite (OMMT), in which
the nanosized filler particles had a high aspect ratio, and
microsized calcium carbonate (CaCOs;), with an aspect ra-
tio nearer to unity. Composite fibers of both as-spun and
highly drawn forms were prepared, and their structures,
morphology, and mechanical properties were studied. It

was found that the microsized particles gave HDPE com-
posite fibers with mechanical properties that were the
same as those of the neat polymer. In the case of clay com-
posite fibers, the clay interfered with the yield process,
and the usual yield point could not be observed. The par-
ticle shape did not affect the mechanical properties. The
fibers showed different deformation morphologies at low
draw ratios. The CaCO3; composite fibers showed cavities,
which were indicative of low interaction between the poly-
mer and the filler. The OMMT composite fibers showed
platelets aligned along the fibers and good polymerfiller
interaction. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 000:
000-000, 2011

Key words: composites; fibers; polyethylene (PE)

INTRODUCTION

Polymer composites are examples of high-perform-
ance materials and have a long history, their devel-
opment having been reported since 1960. These
polymer composites are used in many different
forms, although not as fibers. In recent years, much
progress on reinforcement with fillers with sizes in
the nanometer range has been reported. This class is
known as polymer nanocomposites. As with conven-
tional polymer composites, most previous work has
been concerned with bulk polymers. Generally, inor-
ganic nanosized fillers have been incorporated into
thermoplastics to improve their mechanical proper-
ties over those of the neat polymers. Many works
have focused on polymer blends with inorganic fill-
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ers, such as calcium carbonate (CaCQOj;), kaolin,
silica, and clay.! Most of the published research has
indicated that rigid fillers in composite systems,
including filled polyethylene (PE), show improved
mechanical properties. However, the improvement
of the mechanical properties in reinforced materials
depend on the filler structure and particularly on
the aspect ratio of the reinforcing particles.

Chan, Wu, Li, and Cheung2 reported that microme-
ter-sized particles of CaCO; increased the mechanical
properties only slightly because of the relatively
low surface area. Their results show a significant
increase in the modulus but a negligible increase in
yield strength. However, other research revealed a
decrease of, or a negligible improvement in, the
mechanical properties on the addition filler.>® When
the size of the particles is small enough, a dramatic
change in the failure mechanism of the polymer from
brittle to ductile may occur, as in the case of PVC.?
The drawing of polymer composites containing
particulate material generally results in the creation
of cavities or voids. The effects of the nanoparticle
shape on the drawing characteristics were shown by
Wang et al.”

For reinforcement with platelets having a very
high aspect ratio, such as clay, ideally, a significant
improvement in the mechanical properties at very
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low loading would be expected. This point has been
clearly illustrated in nylon systems, which are polar
materials, and as a result, the clay is fully exfoli-
ated.'®2 For nonpolar polyolefins such as PE, the
level of improvement is much less and varies
depending on the degree of dispersion.”>” For this
nonpolar system, it is difficult to disperse the orga-
nomodified clay homogeneously to the same level as
can be obtained in the nylon system, so generally a
modified polar polyolefin is used as a compatibil-
izer. This is the polyolefin under study and grafted
with maleic anhydride (MA). In some worl<s,3”18 this
modified polyolefin is even used as the matrix.

However, the literature on bulk PE—lay systems is
rather inconsistent with regard to the mechanical Prop-
erties and morphology for both high-density’*™” and
low-density'®> systems. There are reports of systems
with improved elastic modulus and yield strength val-
ues'> 72 and also with lower tensile properties.'®'**
All of this suggested that it was imperative to look at dif-
ferent PE materials and compatibilizer systems to obtain
more insight into the relationship between the composite
structure and mechanical properties.

However, there have only been a few published
works in the field of fibers, so this research work
extends such bulk studies to fibers. The research
focused on PE fibers because the molecular chains
can easily be oriented in the drawing process.

Nowadays, it is accepted that drawing involves five
consecutive processes. These were set out (with
slightly different numbering) by Ward et al,** as
observed in the stress—strain curve. In process 1, the
polymer experiences elastic deformation and recover-
able strain. In processes 2 and 3, the nominal stress
goes through a maximum, which may involve yield
points. In this state, the lamellae start to break and
form fibrils; at the same time, the crystal structure can
change from orthorhombic to monoclinic. This change
is called a Martensitic transition. In process 4, the nomi-
nal stress is a broad minimum as the neck smoothly
elongates and retains a constant thickness until it
reaches the extremities of the sample. This phenom-
enon is called stable necking. Finally, in process 5, the
stress rises again. This property is known as strain
hardening. In this region, the extended chains in the re-
mainder of the neck become excessively deformed
with a considerable gain of conformation energy and
loss of conformational entropy and so oppose further
movement. The sample stretches somewhat until, at
some weak point, fracture initiates. When filler is
added, the composite fibers show altered deformation
behavior. So in this work, we examined possible
changes in the draw and deformation behavior as a
result of the addition of different fillers.

Studies of high-density polyethylene (HDPE) are
reported in this article, and those of linear low-den-

AQ6 sity PE are reported in part II of this article series.
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The fillers were added to the polymer, hopefully to
give it improved properties. In this work, two types
of filler were used, that is, organically modified mont-
morillonite (OMMT) and CaCOs. In this study, we
also investigated the effect of the shapes (i.e., particu-
late and platelet) of the fillers. The reason for using
OMMT was that the filler particles had a high aspect
ratio so that the platelets could be aligned in the ori-
ented polymer, possibly to yield enhanced properties.
The reason for using CaCO; particles was that, in
bulk, it lowers the cost and retains the important me-
chanical properties. So the question was whether or
not this would also be the case in fibers. For a clay
system, drawing should help orient the clay platelets
along the fiber axis, and so this should be an ideal sit-
uation to illustrate whether or not clay has reinforce-
ment capability in nonpolar PE.

EXPERIMENTAL
Materials

HDPE, with a melt flow index (ASTM D 1238) of 0.8 g/
10 min and grade Thai-Zex 5000S produced by Bang-
kok Polyethylene, Thailand, was used. The material
had a density of 0.954 g/cm® (ASTM D 1505). Commer-
cial MA-grafted HDPE, known as Fusabond E series
grade MB 100D, was used as a compatibilizer. It had
about a 1% MA content and a density of 0.96 g/ cm®.
The melt flow index was 2 g/10 min. The CaCO; mas-
ter batch was supplied by Salee Colour Co., Ltd. (Bang-
kok, Thailand). The trade name of the CaCO3; master
batch was FECC3070. The density of FECC3070 was
1.65 g/cm?, according ASTM D 1505. The filler master
batches were supplied suitably mixed with an HDPE
matrix. The mean particle size was 3 pm. The organo-
clay was commercially available under the trade name
Claytone HY, produced by Southern Clay Products. It
was purchased from a local distributor and used as
received. According to the product literature, the clay
was OMMT. Sodium ions in the clay were replaced by
alkyl ammonium ions. This was done by a reaction of
dimethyl dihydrogenated tallow, having alkyl quater-
nary ammonium counterions, with the clay. The chemi-
cal composition of the hydrogenated tallow units
consisted of about 65% C18, about 30% C16, and about
5% C14 chains. The organic cation loading was 125
mequiv/100 g of clay. This particular grade was chosen
for this study because it was recommended for low-po-
larity systems and did not require an activator. The clay
was dried in a vacuum oven at 80°C for 24 h before use.

Preparation of the HDPE-CaCO; (HDCA)
composites

The systems of HDPE with microsized CaCO; were
prepared by the mixing of a master batch with neat
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POLYETHYLENE COMPOSITE FIBERS. 1 3
TABLE I ized in Table I. The abbreviation HDCLXCPY repre-
Sample Designations and Compositions of sents the high-density polyethylene mixed with clay
Different Composites and compatibilizer, where X is the amount of clay
Composition and Y is the amount of added compatibilizer.
Sample CaCOs Clay PE-g¢-MA
designation HbPE (wt %) (ph) (e %) Melt spinning/hot drawing of the composite fibers
HD 100 0 0 0
HDCA3.47 100 3.47 0 0 A Randcastle laboratory single-screw extruder was AQ7
HDCA6.94 100 6.94 0 0 used to prepare the as-spun fibers. The temperatures
HDCA20.82 100 20.82 0 0 of the extruder were set at 120, 180, 190, and 215°C
HDCL7 100 0 0 7 from the hopper to the die zone. The screw speed of
HDCL7CP3.5 265 0 7 35 22 rpm was used to spin the polymer melt. The
HDCL7CP7 93 0 7 7
instrument unit is shown in Figure 1. HDPE com-  F1
posite pellets were fed at the top, and molten mate-
AQ8 polymer in a twin-screw extruder with a tempera-  rial came out at the bottom through a single-hole

ture profile of 135, 150, 160, 160, and 165°C from spinneret with a diameter of 1 mm. The extrudate
hopper to die and a screw speed of 50 rpm. The  was cooled first in air and then by passage through
extruded thread was pelletized. The abbreviation a water bath. The speed of the slow godet was set at
HDCAY represents the high-density polyethylene  around 0.5 m/min and was then slightly adjusted so
mixed with CaCO;, where Y is the amount of that the as-spun extrudate had a diameter of around
CaCOs3. The master batches of CaCO3; had 69.40 wt 700 um. Without breaking the fiber, we drew the as-

% CaCOj;, as measured by thermogravimetric analy-  spun extrudate to many draw ratios in a hot glycerol
sis. The compositions and designations for the vari-  bath at 113°C. Then, the neat fibers and the compos-
T1 ous HDPE composite samples are shown in Table I. ite fibers were drawn in exactly the same way. The

draw ratio was determined by the different winding
speeds of the low- and high-speed godet units. The
diameters of the resultant drawn fibers were in the
Organoclay can easily be incorporated into molten = range 120-220 um. The compound with clay was
HDPE, although a considerable time is needed to  dried in a vacuum oven at 80°C for 24 h before
obtain a homogeneous mix. The composites were  extrusion.

prepared by melt-blending with a laboratory two-
roll mill at 150-155°C in air at ambient temperature.
HDPE was melted on the mill first, and then, a pre-
determined amount of organoclay was added, and  Measurements of the state of dispersion and the
mixing continued until no lumps of organoclay were  interlayer spacing of the organoclay in the compo-
observed. The mixing time was approximately 20  sites were carried out on a Bruker AXS D8 X-ray dif-

min. An opaque, pale yellowish composite sheet  fractometer. A sample size of 30 x 30 mm? was cut AQ7
was obtained. The sheet was then cut into small pel-  from a 1 mm thick compressed sheet and placed in

lets of about 3 x 3 mm? for subsequent melt spin-  the sample holder of the X-ray diffractometer. The

ning. The amount of organoclay in the composites  plane of the incident X-ray always made the angle

was fixed at 7 wt % HDPE (phr). To study the effect  (0) with the sample surface. The scanning angle (20)

of clay dispersion, compatibilizer was added at 0, for all of the experiments was between 1 and 6°, and

3.5, and 7 wt % of the total polymer. The composi- the step size was 0.05°. The X-ray generator was

tions of the HDPE composite samples are summar-  operated at 40 kV and 30 mA.

Preparation of the HDPE-clay composites

X-ray characterization

Figure 1 Schematic representation of the fiber-spinning and hot-drawing units.
Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 XRD patterns of ([J) neat HDPE, (O) pristine
clay, (&) 7-phr clay composite without compatibilizer, and
(+) 7-phr clay composite with compatibilizer. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Tensile testing

The tests were conducted at room temperature with
an Instron universal tester (model 5566). The tensile
specimens were as-spun and drawn fibers, which all
had a cylindrical shape. However, the diameter of
the specimens depended on the process of drawing
[ie., the as-spun differed from the drawn fibers (see
the section on Melt Spinning/Hot Drawing of the
Composite Fibers). The distance between the grips
was 50 mm in the as-spun fibers and 100 mm in the
drawn fibers. The crosshead speed was 50 mm/min
for both the as-spun and drawn fibers. Strain was
calculated from the grip separation divided by an
initial gauge length. The secant moduli at 1% strain
and the tensile yield strength were calculated for
each specimen. The yield strength was the maxi-
mum in the stress—strain curve just beyond the
elastic region. An average was taken of seven
measurements for each composite composition.

Scanning electron microscopy (SEM)

To observe the internal morphology, the sample sur-
face was cut in the longitudinal direction at a low
temperature with a glass knife in a microtome. The
exposed surface was etched with a permanganic rea-
gent for 1 h at room temperature. The etchant con-
sisted of a 1% solution of potassium permanganate
in mixed acids (10 : 4 : 1 vol % of concentrated sul-
furic acid, 85% orthophosphoric acid, and water).”
The surface morphology of these specimens was
observed with a Hitachi model S5-2500 scanning elec-
tron microscope operating at 15 kV.

Journal of Applied Polymer Science DOI 10.1002/app
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RESULTS AND DISCUSSION
Structures of the HDPE—-clay composites

X-ray diffraction (XRD) is a useful technique for
illustrating the dispersion of clay inside the polymer
matrix. Because there was no layering in the CaCOj;
crystals, no useful measurements could come from
XRD, and so the technique was not applied to the
CaCO; systems. The XRD patterns of the 7-phr clay
composites with and without compatibilizer are
shown in Figure 2. When the clay was added to
HDPE, the composites showed a peak slightly that
was shifted to a lower angle and with a higher in-
tensity. It is suggested that this was due to intercala-
tion of the polymer into the clay layers without
disruption of the ordered structure. The composite
with compatibilizer showed low angle scattering but
with a significantly lower intensity than composites
without compatibilizer. This indicated a degree of
disorder in the composites, which, in turn, con-
firmed better dispersion of the exfoliated clay lamel-
lae in the polymer matrix.?*>*2¢-28

The d-spacing data calculated from the (001) peaks
are summarized in Table II. The peak of the clay
was found at a position of 2.50°, which corre-
sponded to a d-spacing of 3.58 nm. In composites
without compatibilizer, the peak of the clay was
shifted to a slightly lower angle, which corre-
sponded to an increase in d-spacing from 3.58 to
3.76 nm. When the compatibilizer was added in a ra-
tio 1 1 clay to compatibilizer, the d-spacing
increased to 3.85 nm. So the conclusion was that the
composites without compatibilizer had intercalated
structures, whereas the composites with compatibil-
izer had partially exfoliated structures.

Although there were differences in the structures
of the composite fibers, their spinnabilities and
drawabilities were almost the same as those of the
neat polymer. In this study, it was found that the
composites tended to spin to yield slightly smaller
diameters when compared with the neat polymer
because of the higher composite melt viscosity. So
the winding speed was slightly altered to obtain the
same diameter for all of the as-spun fibers. This
adjustment had no effect on the properties of the as-
spun fibers because the spinning was carried out at
a relatively low speed (see the section on Melt

TABLE II
Diffraction Peak Angle (20) and Corresponding
d-Spacing (dyy1) for Neat OMMT and OMMT
in the HDCL Composites

Sample 26 (°) d-spacing (nm)
OMMT 2.50 3.58
HDCL7 2.35 3.76
HDCL7CP7 2.30 3.85
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Figure 3 SEM images of HD with a draw direction of left to right: (a) as-spun, (b) DR15, (c) DR20, and (d) DR30.

Spinning/Hot Drawing of the Composite Fibers). All
of the composites could be drawn to a draw ratio of
30x the neat polymer, with HDCA3.47 and
HDCA6.94 drawn to a slightly higher draw ratio of
35x. The internal morphology and properties of
these drawn composite fibers are discussed in the
following sections.

Internal morphology of the as-spun and
drawn fibers

To understand the tensile properties better, it was
helpful to look at the morphology of the composites
with SEM. Figure 3(a-d) illustrates the scanning
electron micrographs of the etched surfaces of the
neat, as-spun HDPE fibers and those with DR15,
DR20, and DR30, respectively. The crystalline nature
of the as-spun HDPE is shown in Figure 3(a), and it
was different from that in the drawn fibers. The
drawn fibers showed an intermediate state (called a
metastate) between the as-spun and the maximum
draw ratio. Fibers drawn with DR 15, DR20, and
DR30 showed structures with a number of micro-
cracks with long axes perpendicular to the draw
direction. The amount of structure increased with
increasing draw ratio.

The SEM images of the internal structures of the
as-spun and drawn HDCA composite fibers
(HDCA6.94 and HDCA20.82) are presented in Fig-
ure 4. Both of the as-spun composites fibers showed
that the aggregate CaCOj dispersed randomly in the
polymer matrix. The aggregate sizes in HD20.82
were more than 10 pm and were slightly larger than
those in HD6.94. In the drawn fibers, again, the
polymer matrix showed the intermediate state and
microvoid structures. Large voids were clearly seen
on the right and the left of the filler particles. The
drawn fibers exhibited agglomerated filler particles,
and the size of the filler particles was smaller than
in the corresponding as-spun materials. This sug-

gested that drawing caused the breakdown of the fil-
ler aggregates into smaller sizes.

Figure 5 shows the internal structure of the clay
composites fibers without and with compatibilizer.
In the composite without compatibilizer, clay par-
ticles could be clearly seen. The dispersion of the
organoclay was uniform and random. The sizes of
the organoclay stacks were bigger than micrometers.
With compatibilizer added, the clay particles became
much smaller and also largely disappeared. This
was consistent with the XRD patterns, which
showed a lower scattering intensity in the compatibi-
lized PE composites.

In the drawn organoclay composite fibers, the poly-
mer matrix showed the intermediate state, with a
number of microcracks, as seen in the neat fibers.
When different fibers with DR20 were compared, the
neat fiber showed a small amount of microvoids that
were not there with added clay. The number of
microcracks in the composites with compatibilizer
appeared to be much higher than that in the compos-
ite without compatibilizer. No large voids were seen
in the high-density polyethylene—clay (HDCL) com-
posite fibers, as in the case of the HDCA composite
fibers. The drawn fibers exhibited clay platelets
aligned along the draw direction or the fiber axis. It
also seemed that the clay particle size became smaller
as a result of the drawing process. Simply, by consid-
ering the creation and number of microcracks, one
could say that the clay changed the nature of the
polymer deformation process. This will become more
apparent later, when the stress—strain curves of the
as-spun composite fibers are considered.

Tensile properties

In this section, we review the stress—strain behavior
and tensile properties of the neat and composite
fibers. All of the as-spun composite fibers exhibited
cold-drawing behavior. To simplify the illustration
of too many samples to show on one graph, only

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 SEM images of HDCA6.94 (top row) and HDCA20.82 (bottom row) with a draw direction of left to right: (a)
as-spun, (b) DR10, (c) DR20, and (d) DR30.

Figure 5 SEM images of HDCL? (top row) and HDCL7CP7 (bottom row) with a draw direction of left to right: (a) as-
spun, (b) DR15, (c) DR20, and (d) DR30.

Journal of Applied Polymer Science DOI 10.1002/app

ID: selvarajn | Black Lining: [ON] | Time: 12:29 | Path: N:/3b2/APP#/Vol00000/110979/APPFile/JW-APP#110979



AQ5

F6

T3-T5

J_ID: ZBE Customer A_ID: APP34863 Date: 15-July-11

POLYETHYLENE COMPOSITE FIBERS. 1

Figure 6 Initial part of the representative stress—strain
curves of selected as-spun composite fibers. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

those curves with significant information are shown.
The representative stress—strain curves of the
selected as-spun composite fibers are shown in Fig-
ure 6. The neat polymer showed a clear yield point
normal for HDPE. With the addition of CaCQOs, the
composite fiber still showed a clear yield point, but
the flow or draw stress became lower than that of
the neat polymer. However, when clay was added,
the single yield point was replaced by an irregular
sawtooth of discontinuous yield points. Apparently,
the intercalated clay particles interrupted the smooth
flow of polymer molecules in the necking region,
and so multiple intermittent necking resulted. The
exfoliated clay in the system with compatibilizer
made it difficult to identify both the yield point and
the drawing stress. In the latter case, if the appropri-
ate part of the curve was considered, the yield stress
and flow stress could be regarded as the same.

The significant tensile data for CaCOj; and clay are
summarized in Tables III-V. The ultimate tensile
strengths are shown in Table III. The ultimate tensile
strength increased with increasing draw ratio. At
each draw ratio, the strengths of the fibers were

Stage: Page: 7

tems. The maximum draw ratio of composite
HDCA20.82 and the clay systems was the same as
that of the neat polymer, which were DR10 and
DR30, respectively. However, the HDCA3.47 and
HDCAG6.94 systems could be drawn further than the
neat HDPE. In none of these systems was the effect
of filler on the ultimate tensile strength greater than
the experimental error. So the conclusion was that
such fillers had no beneficial effect on the ultimate
tensile strength. The natural draw ratio and maxi-
mum draw ratio were retained in the composites.

The nominal secant moduli at 1% strain of all of
the composite fibers are shown in Table IV. Again,
the effects of filler on the nominal modulus were
rather small. All of the as-spun and DRI10 fibers of
the HDCA and HDCL systems appeared to have
slightly higher moduli than the neat polymer. For
fibers with higher draw ratios, there seemed to be
little or no effect of both fillers.

The elongations at break of the composites are
presented in Table V. The elongation at break
increased with small amounts of solid alone but
then decreased with higher amounts of filler. For
example, the elongation at break of the as-spun
fibers increased from 992 to 1284% but then
decreased to 316%. In the drawn fibers, a similar
effect was seen at low draw ratios, but the effect
was minimal at higher draw ratios.

From the results shown previously, we now
attempt to rationalize the effect of CaCO; and clay
on the drawing of the HDPE matrix to fiber. The
main difference of the two fillers was that their
shapes were spherical particles and platelets, respec-
tively. First, with regard to the addition of CaCOs;,
this had little or no effect on the cold drawing, mod-
ulus, and tensile strength of the composite fibers.
CaCO; particles had a rather low aspect ratio and
poor adhesion to the matrix. Drawing tended to sep-
arate the interface that was perpendicular to the
drawing direction and, thereby, created large voids
and cavities. This is normal for the drawing of poly-
meric systems containing discrete particles.”* How-
ever, these voids did not have any adverse effects

practically the same in the neat and composite sys- on the mechanical properties of the fibers.
TABLE III
Ultimate Tensile Strengths of the HDCA and the HDCL Composite Fibers (MPa)
Draw ratio

Sample 1, as-spun 10 15 20 25 30 35
HD 19 =1 300 =7 600 = 30 690 = 60 720 = 88 880 + 89 —
HDCA3.47 24 = 2 330 += 50 680 = 70 810 = 50 880 = 38 1000 = 120 1100 = 70
HDCA6.94 24 £ 2 370 = 13 680 *+ 45 800 = 37 792 = 50 890 *+ 40 990 *+ 60
HDCA20.82 19 =1 320 += 85 500 + 24 670 = 80 870 = 100 940 + 60 —
HDCL7 19 =1 341 = 15 590 + 2 797 + 27 926 + 13 956 + 50 —
HDCL7CP3.5 22 £ 1 — 617 = 19 728 = 80 831 = 32 925 = 108 —
HDCL7CP7 20 =1 327 = 29 568 = 19 720 = 9 780 = 39 990 = 50 —

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE IV
Nominal Moduli of the HDCA and HDCL Composite Fibers (GPa)
Draw ratio

Sample 1, as-spun 10 15 20 25 30 35
HD 0.81 = 0.02 41+ 0.1 9.6 = 0.5 16.0 £ 1.7 220 = 3.6 33.0 =32 —
HDCA3.47 0.98 = 0.05 48 £ 0.9 83 22 12.8 £ 2.1 222 +1.2 33.0 = 34 385 + 4.9
HDCA6.94 0.92 + 0.07 5203 10.6 = 1.2 16.7 £ 1.3 174 =22 252 + 1.4 36.0 = 5.3
HDCA20.82 0.91 = 0.02 50+ 1.4 93+ 12 14.8 = 2.8 24.8 + 6.6 295 + 38 —
HDCL7 0.86 = 0.07 49 = 0.1 8.6 =05 15.0 = 1.0 22.0 = 2.6 26.2 = 2.1 —
HDCL7CP3.5 0.79 = 0.11 — 10.0 = 0.8 15.0 = 0.7 20.0 = 0.6 26.0 = 3.4 —
HDCL7CP7 0.71 = 0.16 49 = 0.6 10.0 = 1.1 140 = 1.3 20.0 = 1.6 30.0 = 2.8 —

Presumably, the reinforcing effect of the tightly tied
crystallites in the drawn fiber was greater than that
of the loosely bound filler particles. It was possible
to prepare composite fibers with a high level of
CaCO; loading but with tensile properties similar to
the neat fibers. This suggested that with proper
choice of CaCQO;, a high modulus and high strength
fiber could be prepared at a significantly lower cost.

With regard to the HDCL composite fibers, for
both the intercalated and exfoliated systems, the clay
platelets were partially oriented by either extrusion
(in the as-spun polymer) or drawing. Because of the
platelet structure, the interface perpendicular to the
drawing direction was very small. Hence, no large
void or cavities were formed. Similar observations
have been reported.g’30 On the other hand, because
of the high aspect ratio and also the alignment of
the clay platelets, there was a very high interface
area parallel to the drawing direction, which pro-
vided sufficient stress transfer to give better rein-
forcement than the loosely tied spherulitic crystals
(below the orientation yield point). In other words,
the platelets interfered with the cold-drawing pro-
cess by stiffening the necked or drawn part, and so
a stress drop at a clear yield point was not observed.
The addition of compatibilizer caused the platelets
to break down into a much greater number and also
to become thinner so that the effect became more
pronounced, as shown in Figure 6. The increase in
resistance to flow or drawout of the material forced
the material to accommodate drawing by creating a
large number of microcracks, whose major axis was

perpendicular to the draw direction. However, the
higher reinforcement effect of the exfoliated system
appeared to be largely offset by the low-modulus
compatibilizer. Because the weight of the compatibil-
izer on the surface of the clay platelets was less than
the total amount, there must have been a lot of the
lower modulus compatibilizer in the matrix not
bound to the clay. This would have softened the sys-
tem. The effect of clay was seen only in the as-spun
and DRIO fibers. The effect seemed to disappear at
high draw ratios. This suggested that the combina-
tion of clay and polymer crystallites, now partially
converted to oriented lamellae with a different crys-
tal structure and morphology, had roughly the same
effect as the now more tightly tied lamellar polymer
crystallites alone. This could have been due to two
main reasons. The first was the smaller contribution
of clay reinforcement compared with the increase in
the mechanical properties due to the crystalline and
molecular orientation developed over the course of
drawing. According to theoretical models, the for-
mer should have remained the same (ca. < 1 GPa)
throughout the course of drawing, whereas the latter
became greater and greater (>10s GPa). The other
reason was the weaker interface. Upon drawing to
higher and higher draw ratios, because it was only
the polymer matrix but not the stiff clay platelets
that elongated to relieve the imposed drawing stress,
the interface became weaker and weaker. In other
words, at high draw ratios, the intercrystallite ties
became stronger, whereas the crystallite—clay ties
became weaker. Despite the general trends described

TABLE V
Elongations at Break of the HDCA and HDCL Composite Fibers as Percentage Strain
Draw ratio

Sample 1, as-spun 10 15 20 25 30 35
HD 990 + 110 21 +5 10 =1 6+1 4 +06 4+05 —
HDCA3.47 1300 *+ 13 70 = 20 20 £ 3 15+ 1.6 6*+03 4+05 4+03
HDCA6.94 1200 = 85 30 2 11 =04 7+ 05 12 =2 4 +0.3 4 =07
HDCA20.82 320 + 330 15+6 7 = 0.6 6+ 0.7 4+04 4+03 —
HDCL?7 610 + 390 30 +7 13+1 9 +05 6 *+0.7 5+0.7 —
HDCL7CP3.5 600 = 80 — 12 =1 8+t1 7+ 05 5+03 —
HDCL7CP7 460 + 200 28 + 8 12 =2 9 +06 6+ 0.8 5+0.7 —

Journal of Applied Polymer Science DOI 10.1002/app
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previously, some discrepancies between a certain set
of the results was observed, and this indicated that
the errors introduced in the whole mixing, extrud-
ing, and drawing process could be quite large.

CONCLUSIONS

From these results, we concluded that composite
fibers of low-aspect-ratio microsized CaCO; filler
and high-aspect-ratio platelet clay were prepared
with properties not too different from the neat fibers.
The two fillers did little to alter the extensive poly-
mer crystallite Martensitic transition and reorienta-
tion on drawing. So it was no surprise that in the
drawn fibers, the tensile properties depended more
on the tightly tied oriented polymer crystallite lamel-
lae than on the rather loosely bound filler particles.

The authors gratefully acknowledge the help and advice of
A. M. North.
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Abstract

The first part of this study dealt with the particulate and platelet filled composite fibres of
high density polyethylene, (HDPE). In this paper the work is extended to examine the effect of a
nano-sized platelet filler on linear low density polyethylene (LLDPE), which has much lower
crystallinity and thus has quite different draw characteristics. As with HDPE, organically
modified montmorillonite (OMMT) or clay was used as filler. Composite fibres of both asspun
and highly drawn forms were prepared and their structures, morphology, and mechanical
properties studied. It was found that the LLDPE expanded the d-spacing of OMMT more than
did HDPE both without and with compatibilizer. However the clay did not interfere with the
yield process as was the case in HDPE. Clay only influenced the tensile properties of the
composite fibres at low draw ratios and low contents of clay. The effect disappeared at high

draw ratios and high contents of clay. The reinforcement effect of clay is discussed.

Keywords: Polyethylene fibres/ Composite fibres/ Tensile behaviour



1. Introduction

Polymer/clay nanocomposites have received a great deal of attention in recent years [1-
3]. A long sought modification of polymers is reinforcement, for which clay has ideal properties,
i.e. very high aspect ratio (ratio of length to thickness) and high stiffness and strength.
Therefore, one of the expectations of this system is a significant improvement in mechanical
properties at very low loadings of clay. However, the only system that appears to work well is
the polar nylon/clay system [4-6]. For non-polar polyolefin/clay systems, although they have
been widely studied, reported findings have been inconsistent [7-11]. In addition, most of the
work on nanocomposites had been on bulk materials. In this work attempts were made to find
out whether or not the reinforcing effect of clay extends to fibres. Part I of the work [12] started
with high density polyethylene, (HDPE), and it was found that the effect of clay can be seen only
at low draw ratio. High crystallinity and strong molecular and crystalline orientations in drawn
fibres exceed the effect of clay at high draw ratios. So to observe clearly any effect of clay
crystallinity of the matrix should be low. Therefore, in this work, the study has been extended to
linear low density polyethylene (LLDPE) which has much lower crystallinity due to short

branches along the chains.

2. Experimental
2.1 Materials

Linear low density polyethylene (LLDPE) (DOWLEX™2045) was manufactured by
Dow Chemical Co., Ltd. The comonomer was 1-octene. The density of the material was 0.920
glcm®. The melt flow index (MFI) was 1.0 g/10 min measured at 190°C and 2.16 kg. The

compatibilizer was LLDPE grafted with maleic anhydride (LLDPE-g-MA), Fusabond MB 226D,



manufactured by Du Pont Co., Ltd. It had a grafting level of maleic anhydride of about 0.9%wt,
a MFI of 1.5 g/10 min. and a density of 0.93 g/cm®. The organoclay was ‘Claytone® HY’

produced by Southern Clay Products, USA.

2.2 Preparation of LLDPE/clay composites

The LLDPE composites were prepared using a two-roll mill in the same way as described
in part | for the HDPE/clay composites. The LLDPE systems were studied with and without
compatibilizer. The amount of clay was varied as 0, 3 and 7 phr. The ratio of clay to
compatibilizer was fixed at 1:2 and 1:1. The compositions and the designations for the LLDPE
composite samples are summarized in Table 1. LLCLXCPY was LLDPE mixed with X phr clay

and Y phr compatibilizer.

2.3 Preparation of fibres
Fibres were prepared by melt spinning and hot drawing on the Randcastle laboratory
single screw extruder. The spinning and drawing conditions were the same as described in Part |

[12]. The composite was dried in a vacuum oven at 80°C for 24 h before extrusion.

2.4 Structural characterization and mechanical testing

The state of dispersion and the interlayer spacing of the organoclay in the composites
were measured on a Bruker AXS D8 X-ray diffractometer. Mechanical response under tensile
loading was evaluated with a universal testing machine. Internal morphology of the fibers was
studied with a scanning electron microscope. The detailed description of these measurements

can be found in Part 1 [12].



2.5 Structural characterization and mechanical testing

The state of dispersion and the interlayer spacing of the organoclay in the composites
were measured on a Bruker AXS D8 X-ray diffractometer. Mechanical response under tensile
loading was evaluated with a universal testing machine. Internal morphology of the fibers was
studied with a scanning electron microscope. Detail description of these measurements can also

be found in Part | [12].

3. Results and Discussion
3.1 The structures of LLDPE/clay composites

The XRD patterns of OMMT and LLDPE/clay composites are shown in Figure 1. The
XRD patterns show the same trends as those observed for HDPE reported in Part I, i.e. when
clay is added to LLDPE, the composites show a peak shift to lower angle with higher intensity.
This suggests that the polymer inserts between the clay layers and hence increases the d-spacing
of the clay layers, albeit without disrupting the ordered structure. So an intercalated structure
results. The d-spacing data calculated from the (001) peaks of clay are summarized in Table 2.
The peak of starting clay is found at the position 2.50°, which represents a d-spacing of 3.58 nm.
The LLDPE/clay has a smaller peak at 1.80° meaning a d-spacing of 4.97 nm. In these
composites without compatibilizer the clay peak has been shifted to a lower angle corresponding
to an increase in d-spacing from 3.58 to 4.05 and 3.76 nm for 3 (LLCL3) and 7 (LLCL7) phr of
clay respectively. The 3 phr clay has a higher d-spacing than 7 phr because the small amount of

filler can disperse better in the polymer matrix.



The shift to higher angle in LLCL7 may, at first sight, be thought of as the collapse of the
d-spacing. Alternatively the observed (001) peak could also be thought of as a resultant peak
resulting from two separate (001) peaks, one being the stacks expanded by polymer and one
being the d-spacing of the starting clay. In other words, a certain fraction of the clay has been
intercalated and the rest has been dispersed without intercalation. This is supported by the fact
that the (001) peaks of clay in LLCL3 and LLCL?7 are almost superimposable on the low angle
side of the peaks while on the high angle side, the (001) peak of LLCL7 extends farther.

The composite with compatibilizer also exhibits a shift to lower angle, but with a
significantly lower intensity than composites without compatibilizer. The d-spacing increased to
4.11 nmin all systems. The decreased intensity of the peak indicates a lower amount of ordered
clay structure. This suggests that there is better dispersion of the clay in the polymer matrix.
However the intensity decrease did not differ with varying amounts of compatibilizer. So it is
concluded that the composite with compatibilizer has a greater amount of disordered or
exfoliated regions in the clay as found in other reports [11, 13-16]. In other words the
composites without compatibilizer have an intercalated clay structure while the composites with
compatibilizer have both intercalated and partially exfoliated structures. The dispersion is better
with the lower amount of clay. The amount of compatibilizer does not affect the d-spacing in the
clay layers, probably due to the excellent dispersion.

We shall now compare the structure of HDPE/Clay reported in Part | and that of
LLDPE/Clay reported above. The main difference lies in the position of the (001) peak of clay.
LLDPE systems display a lower angle, meaning that the clay has a larger d-spacing. This is
probably because the short chain branching in LLDPE widens the d-spacing more than does the

unbranched linear HDPE.



3.2 Internal morphology of the asspun and drawn fibres

Figure 2 illustrates the scanning electron micrographs (SEM) of the etched surfaces of
neat LLDPE fibres asspun, and with DR10 and DR15, respectively. The crystalline nature
(banded spherulitic structure) of asspun LLDPE is shown in Figure 2(a) and is different from that
in the drawn fibres. The drawn fibres with DR 10 and DR15 show micro-void and micro-crack
structures perpendicular to the stress direction. The amount of such structure increases with
increasing draw ratio.

Figure 3 shows the internal morphology of the 7 phr clay composite fibres without
compatibilizer being asspun, DR10 and DR15. The dispersion of the organoclay platelets is
uniform and random. The size of the organoclay stacks is measured in microns. When the
composite fibre is drawn to DR10 and DR15, clay platelets largely disappear and again the
polymer matrix shows microvoid structures with clay inserted in some of the holes. Clay
platelets are aligned along the fibre axes. However the amount of microvoids is smaller than in
neat LLDPE. So the clay is oriented and affects the way the polymer alters during the drawing
process.

The internal morphology of the composite fibres with compatibilizer are shown in Figure
4, again being asspun, DR10 and DR15. The clay platelets are significantly smaller than in the
fibres without compatibilizer. Nevertheless the structure of the polymer matrix is much the same
as in the neat fibres. However at the maximum draw ratio the fibres show the microvoid
structure more clearly than do the corresponding fibres without compatibilizer. Also the

organoclay breaks down into smaller size platelets when compatibilizer is added. This is



consistent with the XRD patterns showing lower scattering intensity in the compatibilized PE

composites. The matrix structure in this state is similar to that in neat polymer fibre.

3.3 Tensile properties

We shall first consider the stress-strain (drawing) behaviour of the fibres to gain an
overall picture of what is happening. We then consider those more specific properties such as
ultimate strength, modulus and elongation at break which can be calculated from the stress-strain
curves. The stress-strain relationships of the neat and composite fibres are displayed in Figures 5
and 6. Neat LLDPE, due to its low crystallinity, displays the characteristic of an elastomeric
material. No clear yield point is observed and the maximum stress is reached at the break point.
The strengths of all specimens were calculated from the maximum stress although that occurs at
different points in the stress strain curve, especially with the asspun materials.

To avoid complexity due to so many interconnecting parameters, we shall consider first
composites with a low clay loading. The asspun neat, and all asspun composite fibres, exhibit
similar drawing stress and strain hardening except that LLCL3CP6 displays greater strain
hardening. All asspun fibres exhibit a similar maximum stress but different failure strains.
Therefore, it can be concluded that the presence of clay, even highly dispersed, has no influence
on the drawing process of LLDPE. It is only in the strain hardening region that the reinforcing
effect of highly dispersed clay is clearly seen.

As the draw ratio is increased to DR5, the difference in the stress-strain curves is clearer.
Addition of clay (3 phr), raises the stress over the entire range of strain. The deviation of the
curves for composites from those for neat polymer increases with increasing strain. On the other

hand, addition of compatibilizer seems to lower the stress over the whole range of strain. With



both clay and compatibilizer (LLCL3CP®6), the stress rises even higher than with clay alone.
Again, this is due to the reinforcing effect of highly dispersed clay. When the draw ratio is
increased even further to DR10 and DR15, the difference between each type of fibre diminishes.
Within experimental error, the stress-strain behaviour of all DR10 and DR15 fibres can be
regarded as the same.

At an increased clay loading (7 phr) (Figure 6), the asspun fibres exhibit stress-strain
behaviour similar to that seen at a clay loading of 3 phr. A reinforcing effect of clay is not seen
in systems both with and without compatibilizer. Compatibilizer at 14 phr (LLCP14) appears to
lower the strain hardening of the fibre significantly. This offsets the reinforcement effect gained
from a greater degree of clay dispersion (LLCL7CP14). This trend extends to fibres with greater
draw ratio. At DR5, slight improvement over the neat LLDPE fibre can be seen for LLCL7 and
LLCL7CP14. However, as the draw ratio is further increased, the difference diminishes and an
effect of clay is not seen.

We shall now consider the numerical values of the tensile properties averaged from a
number of specimens. Table 3 summarizes the ultimate tensile strengths of the LLDPE
composite fibres. In the asspun materials the ultimate tensile strength of composites was the
same as that of neat polymer. At DR5, adding clay alone slightly increased the strength from 80
MPa in neat polymer to around 100 MPa in the all of composites. A similar effect of about 10%
to 12% increase is seen at higher draw ratios. Interestingly, when compatibilizer is added the
strengthening effect of the clay disappears. This will be further discussed below. The nominal
moduli of the same materials are presented in Table 4.

It seems that the additives with compatibilizer raise the modulus of asspun polymer,

although the different compatibilizer amounts exert much the same effect within the



experimental uncertainty. Adding clay alone at low strains and low draw ratios always raises the
modulus. So the clay platelets, probably somewhat oriented, provide better reinforcement than
the crystallites, which are non-oriented spherulites. This reflects the effect of high modulus
fillers as observed in bulk polymers. The effect is reduced by compatibilizer. The excess
compatibilizer, not closely bound to clay platelets, but presumably at high concentrations near
the polymer-clay interface, softens the LLDPE compatibilizer blend in the regions of stress
transfer.

However at the highest draw ratio of 15 the tightly tied oriented lamellar polymer
crystallites provide better reinforcement than does the clay with relatively weak bonding to the
polymer matrix. The loosely bound clay tends to disrupt the interlamellar ties and so reduces the
modulus. The clay-compatibilizer combinations are more strongly bonded to the crystallites and
so have little net effect when compared to neat LLDPE. Since the LLDPE material is rather
elastomeric we cannot see significant differences at low strains. This will be discussed below
when dealing with the overall stress strain behaviour. The elongations at break of these materials
are shown in Table 5. In the asspun fibres the composites have slightly lower elongation than
has neat polymer. Within the experimental uncertainty the elongations at break of the drawn
composite fibres were the same as that of the neat LLDPE at the same draw ratio. So there does
not seem to be any consistent change in the reinforced materials.

The sustainable stresses all show a similar trend, increasing with DR5, DR10 and DR15.
The difference between neat polymer and the composites is most obvious at low draw ratios and
high strains as can be clearly seen for clay 3 phr DR5 above 10% strain in Figure 5(b). The
stress at any given strain in LLCP14, which has only compatibilizer and no clay, is lower than in

neat polymer. This point is important in considering why highly drawn composites with
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compatibilizer have lower modulus than highly drawn and oriented neat polymer. In other
words, the closely tied oriented crystal lamellae afford greater reinforcement than do the less
strongly bound clay particles surrounded by compatibilizer. The fibres LLCL3 and LLCL3CP3
have similar stress strain relationships with the stress at any strain being higher than in the neat
polymer. However they have a different elongation at break. With clay 3 phr the system with
maximum compatibilizer shows the highest stress for any strain. So the clay can improve the
stiffness of these low clay, low draw ratio, materials.

The structures are different in the bulk material (asspun fibre) and the drawn fibres. The
explanation starts with a consideration of the polymer-filler interaction at the interface. In bulk,
polar polymers have a strong interaction between polymer and filler. A highly exfoliated clay
structure then results. Consequently the composites have much improved mechanical properties.
On the other hand with non-polar polymers like polyethylene there is only a weak interaction
between polymer and filler. This interaction has been measured in terms of the Halpin-Tsai [17]
coefficients by Durmus, Kasgoz and Macosko [3] for bulk linear low density polyethylene
(LLDPE) filled with montmorillonite clay. They reported, too, that the clay was only partially
exfoliated by this polymer. Then the modulus increased slightly with increasing amounts of
clay. The asspun polymers studied in this work show the same weak interaction and the same
partial exfoliation as did the bulk polymers described by Durmus, Kasgoz and Macosko [3].

The drawn fibres show a partially exfoliated structure. The modulus of the composites is
dependent on the relative strengths of the polymer-clay interaction and the polymer crystal to
crystal binding. When fibres of crystalline HDPE or LLDPE are drawn the loosely tied, non-
oriented spherulitic crystallites become changed to oriented, tightly tied, lamellar crystallites as

shown in Figure 7. These have a stronger reinforcing effect than do the weakly linked clay
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particles. So the filler has no effect when the fibre is drawn. The system with compatibilizer has
a lower modulus because there is an excess of the lower modulus polar copolymer in the
neighbourhood of the stress-transferring interface since there it has the lowest free energy. In
summary the addition of clay have little or no effect on the tensile properties, presumably
because the tensile effect of the tightly tied crystallites is greater than that of the loosely bound
particles. A schematic diagram of the polymer and clay structures discussed above is shown in
Figure 7.

One particular point that is worthy of note is that the effect of clay is more obvious at
larger strains (> 10%) than are normally used for property determination, eg. modulus at 1%
strain. This may be explained in the light of the matrix properties and the stress transfer
mechanism. LLDPE exhibits elastomeric properties at low draw ratios. This means that at the
molecular level the rubbery entangled coiled chains and networks would deform first with very
low resistance. At this early deformation stage, the presence of very stiff clay platelets take no
part in the resistance to deformation. When deformation continues, entangled coiled chains and
networks begin to straighten out and lateral contraction of the material compresses the matrix
against the stiff clay platelets, thereby increasing frictional forces and promoting better stress

transfer. Only when this situation is met is the reinforcing effect seen.

4. Conclusion

LLDPE/clay composite fibres were studied. In comparison with the HDPE systems
reported previously [12], in LLDPE the linear chains with short side-chain branches expanded
the d-spacing of the clay more than did the unbranched linear chains of HDPE. LLDPE also

caused more exfoliation of the clay than did the HDPE. The expected high reinforcement effect
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of clay was not observed clearly even in this less crystalline polymer. Polymer molecular

orientation due to drawing contributes more to the fibre mechanical properties than does the clay.
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Table 1

Sample designation and composition of different LLDPE composites.

Sample Composition (phr)
designation LLDPE LLDPE-g-MA Clay
LL 100 0 0
LLCL3 100 0 3
LLCLY 100 0 7
LLCL3CP3 97 3 3
LLCL3CP6 94 6 3
LLCL7CP14 86 14 7
LLCP6 94 6 0
LLCP14 86 14 0




Table 2 The diffraction peak angle (20), the corresponding d-spacing (doo1) and peak for
LLDPE, OMMT and the composites.

Samples 20 (degrees) d-spacing (nm)
OMMT 2.50 3.58
LLCL3 2.20 4.05
LLCLY 2.35 3.76
LLCL3CP3 2.15 411
LLCL3CP6 2.15 4.11
LLCL7CP14 2.15 411




Table 3 The ultimate tensile strength of LL and LL/clay composite fibres in MPa.

Draw Ratio
Samples 1

Assun 5 6 10 15
LL 26+3 80+ 16 110+ 7 290 + 19 300 + 19
LLCL3 26+3 110+£15 | 160+ 20 340 + 20 340 + 27
LLCLY 22+4 120+ 15 | 140+16 300 + 27 350 + 34
LLCP6 21+4 80+9 - 280+ 11 -
LLCP14 174 70+ 8 - 290 +10 2
LLCL3CP3 25+1 90 +13 - 320 + 33 -
LLCL3CP6 272 100 £ 17 - 290 + 20 340 + 37
LLCL7CP14 26+1 100 £ 18 - 300 + 21 310+ 35




Table 4

The nominal modulus of LL and LL/clay composite fibres in GPa.

Draw Ratio
Samples 1
Asspun 5 6 10 15
LL 0.28+0.02 | 0.39+0.02 | 0.57+0.07 | 1.70+£0.07 | 4.40+0.43
LLCL3 0.31+0.02 | 050+0.10 | 0.73+£0.04 | 2.10+0.14 | 3.30+0.37
LLCLY 0.33+0.01 | 050+0.02 | 0.70+0.03 | 2.00+0.18 | 4.30+0.41
LLCP6 0.30+0.02 | 0.43+0.05 - 1.80 £ 0.06 -
LLCP14 0.29+0.02 | 0.42+0.02 - 1.90 £ 0.09 -
LLCL3CP3 0.31+0.01 | 0.50+0.03 - 2.00+0.20 -
LLCL3CP6 0.33+0.01 | 0.51+0.07 - 180+0.11 | 440+0.33
LLCL7CP14 | 0.30+0.01 | 0.45+0.03 y 190+0.11 | 4.40+0.14




Table 5

The elongation at break of LL and LL/clay composite fibres as % strain.

Draw Ratio
Samples 1
Asspun 5 6 10 15
LL 1200 + 36 120 £ 20 61+6 1484 +0.70 | 6.25%+0.36
LLCL3 1100 + 100 110+ 30 65+ 10 13.81+0.77 | 9.43+1.90
LLCLY 900+ 130 130+ 10 70+10 14.67+£1.38 | 7.80+0.91
LLCP6 1200 + 110 130 + 30 - 14.05 + 0.83 -
LLCP14 1300 + 190 130 + 16 - 13.89 + 0.84 -
LLCL3CP3 1100 + 110 100 + 20 - 1549 +1.76 -
LLCL3CP6 1100 + 150 100 £ 20 - 1574+1.61 | 6.98+0.81
LLCL7CP14 1100 + 60 120 £ 20 - 14.88+1.44 | 6.69+0.51




List of Figure Captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

XRD patterns of pristine clay (OMMT), LDPE-clay composites containing
different amount of clay without compatibilizer (LLCL3 and LLCL7) and that
with compatibilizer (LLCL3CP6 and LLCL7CP14). Vertical line is the peak
position of OMMT for a easy comparison.

SEM images internal structure of LLDPE fibres. (a) asspun, (b) DR10, (c) DR15
with draw direction left to right.

SEM images internal structure of LLCL7 fibres. (a) asspun, (b) DR10, (c) DR15
with draw direction left to right.

SEM images internal structure of LLCL7 CP14 fibres. (a) asspun, (b) DR10, (c)
DR15 with draw direction left to right.

Representative stress strain curves of neat and composite fibres containing 3 phr
clay. (a) Asspun (DR1), (b) DR 5, (c) DR10 and (d) DR15.

Representative stress strain curves of neat and composite fibres containing 7 phr
clay. (a) Asspun (DR1), (b) DR5, (c) DR10 and (d) DR15.

(@) The asspun polymer, one partially exfoliated clay assembly loosely connected
to two spherulites, themselves loosely connected to each other.

(b) The high DR, one partially exfoliated clay assembly, but now oriented in the
fibre direction, loosely connected to an array of tightly tied, oriented, crystal

lamellae.
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