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Abstract
Project code: RMU4880010
Project Title: Property modification of ethylene-octene copolymer by formation of crosslink
structure via siloxane linkage
Investigator: Kalyanee Sirisinha, Facuity of Science, Mahidol University

E-mail Address: sckpr@mahidol.ac.th

Project Period: 2 Years

Crosslinking is one important method of improving thermal stability and high
temperature properties of polymer. In this study, various ethylene-octene copotymer (EOR)
blends and composites were crosslinked in the solid-state using a silane-water crosslinking
technique. The crosslinking process consists of two steps; i.e. silane-grafting of the
polymers and subsequent crosslinking of the grafted products in the presence of water. The
aims of the work are to understand the effects of siloxane network on mechanical and
thermal properties of the polymers; and to elucidate the progress of sitane-crossiink
reaction.

In the EOR and low-density polyethylene blends, it was found that silane content
and reaction temperature showed a profound effect on the extent of grafting; whereas the
amount of crystalline portions in the blends had strong inftuence on the rate and degree of
crosslinking. The crosslink was believed to occur mostly in the amorphous phases. The
silane crosslinked blends exhibited an increase in modulus and an improvement in thermail
stability.

In the crosslink systems containing filler, a reduction in grafting and crosslinking
degree was revealed. Compared the two types of filler studied, the composites containing
calcium carbonate showed higher crosslink density and better thermai stability than those of
silica filler. The results of this study pointed out that the analysis of crosslink process based
solely on the gel reféu!ts could seriously mislead the understandings on the crosslink
structures formed and the resultant product properties. The infrared study and rhelogicai
measurement were proved fo be very useful and could be utilized as the alternative

methods in foliowing the silane crosslink process.

Keywords: Crosslinking, Silane, Ethylene-octene copelymer, Composites, Property
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a1519% 1 Phinmmsayibisazieaiiialalu grafted EOR/LDPE (50/50) blend
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0s 2.87 + 0.01 0.13 + 0.05
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Grafting index

Gel content (%)

EOR/LDPE
blends 1% 3% 5% 7% 1% 3% 5% 7%
VIMS | VTMS | VIMS | VTMS | VTMS | VTMS | VTMS | VTMS
0010 0.65 179 | 287 | 330 | 0.01 0.01 001 | 004
0.02° | (0.06) | (0.05) | (0.0%) | (©O1) | (0.01) | (0.02) | (0.04)
c0/10 0.69 193 | 271 323 | 007 | ov4a | 003 | 001
(0.01) | (0.04) | (0.08) | (0.01) | (0.01) | {0.02) | (0.04) | (0.01)
0.74 202 | 294 | 345 | 004 | 001 003 | 0.05
70/30
(0.03) | (0.03) | (0.04) | (0.05) | (0.04) | (0.0%) | (0.04) | {0.05)
0.71 220 | 323 | 373 | 001 002 | 001 | 002
50/50
©.01) | (0.08) | (0.01) | (002) | ©on | ©o1) | (©o1) | (0.0
0/100 0.86 198 | 2.81 307 | 002 | 0.01 0.11 | 0.10
(0.02) | {0.04) | (0.05) | (0.02) | (0.01) | (0.01) | (0.08) | (0.03)
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Crosslinking rate in stage | ° Crosslinking rate in stage Il ®
EOR/LDPE blends
(%. hr') (%. hr')
100/0 2.403 0.015
90/10 2.057 0.017
70730 2.321 0.016
50/50 1.310 0.022
o100 - 0407 0.032

? stage | (determined from the immersing time range from 0- 24 hrs})

b stage Il (determined from the immersing time range from 120-800 hrs)
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4.1.4 wavasmdeslpsaaltdoauAuoonafise fusa
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Lo Wi ] A 1
Uifsondaslossiolaiiwas 120 v.a.

Strength at
LDPE Gel M100 Elongation at
System break
(%) {%) (MPa) break (%)

(MPa)
0 - 477 (0.08)3 795.19 (10.02) | 23.71 {1.00)
Uncrosslinked 10 - 523 (0.04) | 8056.56 (12.49) | 25.00 (0.41)
blends 30 - 6.12 {0.09} 808.64 (4.33) 26.90 (0.44)
50 - 7.13 (0.08) | 783.07 (16.47) | 26.66 {0.67)
100 - 9.83 (0.18) | 482.54 (38.81) | 17.66 (0.85)
o 77 6.54 (0.62) | 380.45 (22.34) | 13.69 (1.92)
Crosslinked 10 75 6.88 (0.71) | 274.07 (15.08) | 12.29 (2.39)
blends 30 74 7.13 (0.78) | 324.37 (24.52) | 14.02 (3.44)
50 69 B8.79 (0.32) | 29542 (19.34) | 13.12 (1.89)
100 52 10.85 (0.12) | 227.15 (25.87) | 11.60 {1.13)

. , o
* anlwindunsasdudosuvwanassn
v 1 e A [ [=) 5 [ B J
MU TYIARAILEAI IALAY T mowdsnnmdaulosmolawsdiuaiaslidiuadagin

= o A . A . > ) . - PRI 4
luamsinstieaiansatineunn fMdmslianundins o gﬂmﬂaﬂaﬂﬂma Fatan 1ot
P o Vs I o od N w I v
wulasm WlumnBaulosmelaiiuiuscsiadn wu wuszaniuon s

23



" ey a0 L A L) L} 1 B L
wanNNasaRuIAGInauR? midanlosamslrdmaainianaaruiamennuseunaswe
= o s EPY [ ] o - & w - ) F =
Rt aansdiudpsui@meanaiawialdwaiime ik gsnsniolfnungamalissgud

P £ AL .-: e 3.'; oo e - 5
Wunitluwgauszmdaawddoh  sawlumadduldimmessuanuaslaawadiues
' A o A mun | . & e ' ~ =
dauuazwdomyhlfiionseulmamols  Taoihawdsdranaspuludinmraufiguand

110 °C1iluszuzimany g

I@agﬂﬁ' 12 URAIRNWOLEUBI UGB (uncrosslinked EOR) raumisauian (ageing) (a)
wazndamsouTouilwaan 5 wift (b) urz 10 wIA (¢), waenmamaFenlosamolauazoy 720
w1 (d) mngﬂa:Lﬁu‘lﬁdﬂﬁmﬂqnmnuﬁﬁﬁqmsau%’aua:gmd'\Qmwnﬂﬁmauﬁwmwa‘é
Wwasnin 30 aven uawaRaiftnuwnnFoslosmnld (d) saninasguag lad TupusAinad

Pl A L e . A . I v o P
Luasﬂ‘lmmumwﬁaﬂmmz}'[maugﬂﬂou,a:mm@l'lﬂmummsamau‘lmwm 5 UWIALHIWY

(d)

o o VI . . w .
Eﬂﬂ 12 URAIRN WY BITUA DL (uncrosslinked EOR) NaWNNTaUI0H {ageing) (a)

> L = - = el d{ ’
uazwasmMyaniewuingt 5 win (bf usy 10 wifl () waswasnsianlosaolauas
au 720 W (d)

saruludduisewlenaudveswadwaiPiumssufenesdowliainils 3
Ieinawafiuasnmunsdanlsmolsudsvinnsmesey  ludmeiwadwainlisiu
r‘m'L%mﬂmmﬂIfﬁlfu‘himmmﬂﬂaau‘lﬁlﬂaamnwaama‘ﬁﬁﬂm‘iﬁﬂua:tfaugﬂ‘lﬂmmﬁu
nizihumaseuld  memsnasasmsiswlivesaudfdsnamendenisaviouldusas
‘lﬂugﬂﬁ 13 maanmsnasaamlinsuiluszuuwes EOR finmfenauasautianionss

24



» - T L "3 Aﬂ » 1
mtauieudasniilussuuras LOPE w1n fauyl LDPE %znﬂummﬂﬂnmmﬁngmﬂ

r- - Lo 1 [} -3 A r- 3
waziigrnpivaaudigendy EOR ni 26 °C lavlussuuweiweusumadanamwazd)

X w o e X - ' [V Ay -
gaudiuszuuiitiainm LOPE wnim nadsnsugsliiiwihsud@mmuanuieuses

& e a v ' A o ]
adunuySnmmadaulssaslgluusainniinisilassasandnluszuy

25



Btress (Yira)

Stress (MPa)

20 20
EOR 90/10 blend
15 1 15
]
10 - E 2 104
: £ 10 :
¥ w v
5 AG XL 5 AG
XL
0 T L] T 0 T T F
0 100 260 300 400 0 100 200 300 400
Strain (%) Strain (%)
20 20
70/30 blend 60/40 blend
§5 - 151
S
¢ -
£ i0 ;
m ]
. X1,
¥
5 AG
0 T T T
0 100 200 300 400 0 10¢ 200 300 400
Strain (%) Strain (%)
20
LDPE
~ 157
-
B
£
2
k
@
0 T v T
0 100 200 300 400

Strain (%)

3 13 nranedniufnivanudulaceueisaeIm s RIzUL6IN

8 [ L= o
NInau (XL} uasnid (AG) MIaudan

26



wanMnERLeMIMUMuUsanisauauudl lumdanldldinatia TGA 'l.un’nmqtmagﬁm-s
aspaeInadyatanaln wam‘smaaq‘ié’uami’ﬂugﬂﬁ 14 URLHNTWA 5 us2 Fausan
LOPE  satuwaRiueiuauiinaliwedinesuanligninnivasnis
ampdnAntu Samlwsuuiiviinmmadeulossoldingu TussuufifidBuam EOR

MINARBINUIINITLE

P - o ' Aa r
gaﬁl:LLammimmwaoqmﬁqumwmum’mgon'nlwszumm LDPE w0 Tsusasiunoua
afn

—— Pure EOR

TGA weight (%)
o
e

—a—90/10 blend
40 - —— 70/30 blend
—»— 50/50 blend
20 4
—e— Pure LDPE X
0 T SO S S0 08 00 e
300 400 500 600
Temperature ("C)
A Lo L") (.4 > r -9 1
suUn 14 n'm\]m'mmmumsaqﬁmunmsﬁqmﬂquma 9
#191971 5 usRd decomposition temperature TasweRiuaTULEN 9
Decomposition temperature °c
EOR/LDPE P perature (7C)
Grafted Crossiinked Crosslinked Crosslinked
blends Blends
blends biends 120 hrs | blends 360 hrs | blends 600 hrs
10040 473 488 491 489 486
a0/10 477 481 484 490 482
70/30 479 489 483 491 490
50/50 493 489 486 492 491
o/M00 491 430 430 488 489

27




myfnsuassslanEPiunildemsfeninvasneiinadlddnmnieoldinedia  DsC
dasrnmsudswltuslassefuadnaraiuinilesonitefiinalhiAanisfouussa

sulEsnaduduls’ namsinszilasneiia DSC touaadliluguit 15 81 17 uds Taopd
# 15 uaz 16 useINELIIum LDPE fifidanismasumasuarmsifianinsoiwafiues
ugy Fawammasaseontaiufimeltas mn?mm‘:ﬁﬁn‘ﬁngm’h (LDPE) luszuutisush

Tvwadwadu quu Nﬁnmnwuua:m‘wa 2UNTTIIU

’ T \ 0/100 .
SN 50/50

g |

< - 70/30 —

=]

3 //_/_\ 90/10

//—/_\———/—@QL’

60 70 80 90 J00 110 120 130 140 150

Temperature (°C)

3% 15 uaas DSC heating thermograms 2sswaiiuainauyas EOR/LDPE

28



\
\};

100/0  90/10 70/30

Endotherm —»

0/100

| } ] | 1 | 1 } ] ]
t T ' I I I H 1

I
60 70 80 9 100 110 120 130 140 150

Temperature (°C)

A -
Eﬂ‘ﬂ 16 u&9y DSC cooling thermograms y93weiinainauves EOR/LDPE

ludupsensdiarevinadwasnimadanlssamolaiy wuﬂ'azdaﬁmauhazhomn
rsmnswewesAimadeulnsmoldugssmaiiolansPondnigdanuwin  laslusuy
fansanuirdinsiia Recrystallisation Awluwfexdunisiiamudenloimele vlvlawe
ﬁma‘?ﬁﬁmmtﬂm:;ﬁuumﬂmaﬁwﬁﬁu f’ﬂaqm‘fﬁm’muﬂn@maﬂﬁ«§u;%aﬁuw3§tu9'§ﬁ

- f w ' '3 4 A - ' . I'd =t
wnsdgeulossslslayldnsitedsanlad nsmfstuszuusandriwelue gy iy
1 o =) ' - ' a2 e " o
TansaFsndniusdrunnnisatafnds wavnmstaulsvenyldivamasnasulay
L™ [} - - v - -] - A
Wasean wd lddarnims wesesao lswadwavintwnsifiasnitwididvn Fanyy

: ¥, - , .
gadalanaironinitdinada thermal storage ability TayweRinaiadnaunn #1a619109 DSC

- a4, ) ey [y o
thermogram 293w aama'?Ylmu.m'sz'ﬁaaﬁmmufﬂmwmanﬁ‘l@umﬂ’ﬂug% 17

29



Crosslinked EOR

H
N ‘\_’,_— Annealed EOR
_ Amnealed EOR
/\ Unmodified

60 70 80 90 100 110 120 130 140

Endotherm

Temperature (°C)

=] e . ‘ - -
zﬂ“ 17 us@y DSC heating thermograms PYaIfN e EOR na“uﬂ:ﬁﬂﬂnqﬁwjauzﬂﬂ

N - s e ol o . [ o ol '
sold Tasfouiuweiweiirinmia @anneal) lusmazlndi@ssiviivnmnseslsessold

/_\J\/\ Crosslinked 70/30
/ Annealed 70/30
/ .
!

f 70/30 blend

/

i ] 1 o LS, = ek

[P RN | N U S P L

60 70 80 90 100 110 120 130

a . =

Temperature

A Bt > B
7l 18 ua@y DSC heating thermograms 789828t EOR/LDPE fi8WUREA&INTT

J L] o =) A 13
wanlssauld leantRouiuwediweyinnns (anneal)

-



- A v ow W - =
PNHRNMINARBILIAIGITUR 17 usz 18 ThiiRuliaruantarssdnyanvbuaes
- - A a o ' oS o - ol ar owe
qmm‘]umwaanmmaewaamm’mamwﬁau‘immdm GefianulndiRusiudnemeniw
a = ¢ o = w T -~ [V
gswaRinaMinmstsfianni@onnin Bututininie recrystalisation vasm3iaasnig
- - ' [y ' - Ag s a - ¥ A s
Sanamadsnsnidh ldgaugdnuisidgrinadsalpsmoldlaglflmaninheioly
e [} A - L L) 1 4 - -l [ =l
wodwaimumiiuednig i (amorphous part)  annnhd@wiidundnwialuszidoy
. e & ' e d¥ o - v o ' a -
(crystaline part) Tayalvhesiheniflendutundlnssfninlinasdolunond
FYPN - T
asldinensisaulaseplsaao3si

31



3
4.2 szuunadinainauingn
4.2.1 gamsns v anlussuunafwosaaulnan
- o B ) A S - dﬂ]
mnylaanlussuuneliwedeanwdnldufitn free radical inilonlunsdin
P I's o I's N a | Aa ¥ » e w Y
msnvinefiweiuae adwlstmuiasanlwszuuifawedediudis Mldmadnh

UifSrnuaseuswsinumeldwafinaidell  wemsiienedmanrvilasnaiia FTIR
W ]
Tdusaslilugun 1.

EOR/CaCO,

Grafted EOR/CaCO,

EOR/silica

719
Grafted

EOR/silica

2000 1500 1000
4" -
- LRUARU (cm }

“ Ot - - é - bl o o=
zﬂﬂ 19 FTIR fﬁ.ﬂﬂﬂ‘i&!‘ﬂENW?JQL?JB%?\B&IIWR‘HYIWW@?ULLﬂRL%ﬂMﬂﬁ%ﬁBL%ﬂuﬁ:eﬂﬂﬂ’l

El e w = ar XY E | -
g 19 JousaliiAuwih mowdinsnridsloaufalmiduhennnamumsse
H . A [ -1 a’ g s
sypedlman  (S-OCH;) fisdhumis 1092 em”  wuaasaupndsldgasuluszuuves
5 o~ - E n o e ' Y
EOR/CaCO; udlunstivasnaulwimaas EORsiica uuRaludumbiasnd1ngniuniudan

=t o ) v o oA . A o
fnpsadiinneaiesnminlasseiuraidinssnovanlasnsatiedaiiu sio, Twusastugii

-

32



20 Flimsimnsidfnamsniiaimmaiie IR limuesudutsuy  ssunindnves
EOR/silica

Silica

e b Ty
-

NN
EOR/silica \/’

! f’
e \ /

-~

Gmﬁei "~x\j,~a\\\ \\ /
EOR/silica
\f

2000 1500 1000

4 -1
LRUAIW (cm )

A et - - o a ma
3UN 20 FTIR adnasuyainsfiuaTranwEnnaudam

=y A Bt
4.2.2 sansiansiranindnfninndonlssmeldersvussleaaniew
& & - -
TunimarsstuiidumnbhnmiWwestwafaaulwdrmlussyy EOR/CacO, us:
. r o - o ' LA
330U EORsiica snvmasdaulosmsldmeldzozinmmeihlfitodn g ndwihims

-3 o e e A 1 o .3 F- B
Jwsedtimsaniivlianaififsnmasaulnimels lestdweamaiiaFoufiounu wa
myhersiidudai

4.2.2.1 HANTIATEVIAUINALANISENAAIBAWIALAY
[ a , add sy p oas

mnuam'mﬂaaw‘z‘lmwam‘lﬂun‘ﬂﬂmum wuidinidad fangivdsensluns
o & & ool al o o - As oo '
Swmevwelamimngenlssmslddsvurlosonian  wesbsluwuuniRawma syl

- A L5 ¥y L= L= - = J 1] e Lr

ssmgludhesmeflisghude  Mldnshensinessanafiaigseinuasdudawinn
& l: - * =y S » ! - N v
BIWIINAMIBAING  IFUMsiwaRiweiinz  (adsorption) aguuwumﬂamafﬂawﬁﬂm
- o El y a ') ' 2
Ynnmefineihszaunaninanas wis my trap asswadiwsilungufouiaineisadong
i Fs ~| . ' w & o » - w X
detfiunmnefituainasaoeanuy iuns dsislinisaTuosanmaaannassnniin
= v - 17 & ed o, ™ & ° - '
Jldvhnsiensdtoeavasiaaainidamsasasusswaiuainawmnmngeulodsoly

. <
{uncrosslinked system) naniaaaslauges 3lumsen 6

-

33



= ) <M ~ [ a -
AT1T9Y1 B lﬁ&!’lmﬂ?%ﬂ\l&lﬂzﬂqﬂﬂﬂd‘aqﬂﬂq'33(]@@138@73:3131‘]1{&“‘39\1“Bﬂiuﬂﬂu‘i:‘u’]

#1499
TELU : g lisesy (%)

EOR 0.11 (0.02)°
Grafted EOR 0.18 (0.04)
EOR/CaCOs 0.41(0.15)
Grafted (EOR/CaCOs) 0.37(0.12)
EOR/sitica 2.05(0.15)
Grafted (EOR/silica) 2.38(0.11)

a P . A
ﬂqlu'}ﬂlaﬂ UWRAIAHRUDANVUHANTITNAREY

[ Lol L Tt W e b - - A N
1IN Rnlgimandmmsanastesviassnlein  Buaweiinessauitiazany
. . o A - & v e f
(insoluble portion) luszuvPIRBINBENATMTIRILAsTsmMIuBualdatINn Seazane

A ~ o J 1] A F ) L= 1 Lo
naluyuRdmadedim Sninaisamanmaiaoms vap ssswetiseiiunguiauvas
- - d - - - o - o W
Fan1  lwrnefiszvunduseafouaifuaue  weaiioraiusman i ginsUsuinduna

o a - 9 - ' o " a = P
whan vhlkaalemammfiamumezndanesiaraFld Hling trap vaswadwaimaiio:
- & 4 f A e - o - L W -
diadu laugudn 21 ureIHRTaIAaRTIA WM unasnTiteslusnalddrownrs laranian

d - -1 =] 5 3 - ] LN J’ F- i ¥ a -

ussira ¥ nmidisufinunsssfamedudazriiafnronlaiwin - Fstdvimnasatoys
z = A L o é L ) " -y o 1
mvsuamuumﬁﬂLﬂmm“lﬂuam"mugﬂn 22 snfuldilwnnszuufiuwalifin@oaiu ndm
= d‘ - =, e, =~ A’ - = A [ ! 0
anllafsszuznamshd e wulv welwafenfanmadeuloimelgnniu dws
v ol o & Av A = X & -
Temsazarolgeull  lasasfiguresiteasnliseamwintlueandiuniwes  wazile

o * ] J L L 1 4
Tase SFRATM: EII‘IW'I w1 uuwunwgmmumﬁﬁ AERIDHDURARY (_Eﬂ'i’l 23}



100
g0l *

60 7

e

40 T

Gel content (%)

20

(a) XEOR

R

200 400 600 800 {000 1200

T ¥ L] T

Immersing time {(hrs)

100

gol &
*
&

40 T

Geal content (%)

20

Lo

* ¢ ¢

(b) X(EOR/CaCOs)

T T L] T T

0 200 400 800 800 1000 1200

100

Immersing time (hrs)

60

40

Gal content (%)

20

(c) X(EOR/silica)

0 |

1 LI L) LE

0 200 400 600 800 1000 1200

Immersing time {hrs)

= - oan o vl a '
317 21 savesszpsnmlumeiifidmizeslssmalenddedlSaonealudnatne

{a) crossiinked EOR, (b) crossiinked EOR/CaCQ, uaz{c) crosslinked EQR/silica

35



100
. ¢
- o] o ¢

801 O

9 8

T 0]

=

o o

=

8 40 10

5 ® XEOR

o 3 €1 X(EOR/CaCQOs)
20 i < X(EOR/sitica)
s} r Y T T

0 200 400 600 BOQ 1000 1200

Immersing time (hrs)

o a da
5UN 22 vavsasiievesfisirainiidadiUIannueg

70

60 ® XEOR
5 0O X(EOR/CaCO;)
E 50 O X(EOR/sitica)
2
g 40 le
=
£ 307e
2 ®
]
» 20 %ﬂ.

10 7

0 L T T T T T 1

200 400 600 800 1000 1200

Immersing fime (hrs)

< o g o yabed A A @
511 23 savssTzpztmTliumeindiSoudeulvwulenddninamsgadudhazang
; i -, ; ol ¥ el 4 ¥ ot
%ﬂn'ﬂqﬂ“ﬁ:WU?ﬁﬂqfkﬂﬂmuﬁlﬂdL"ﬂiﬁ!tNﬂ'.ﬂ1]LL'FIﬂﬂ"!\'Jﬂulﬁuﬂﬂﬁ“ﬁ’léiﬂU'ﬂ']ﬁkl.'iﬂﬂiﬂén‘i"lﬂﬂ:u

s s A’ ] ] - v =
AATIMSAAY RSN NIANTITWREILIN uesoifulddn Bunusalussuuveinsuwain
- - o ' A w5 e
ﬂi’imnmuuﬂmﬁuum?nammumganmsxuuamanuau

36



4222 myilansimsdenlizssmifsizudraimaia FTIR

Simshensilavmaiia FTIR & ﬁouﬂﬁﬁayaﬂﬂﬁaﬂ?mmmwﬁaﬂmmﬂ*ﬁ‘lﬂ‘lé’
uafmansousnmisninlduaslfisnmadenisimalaly unfiled system I¥aeinad 8n
mmaessuTat ez TsimInToi i inemeu a3 s nIwieaen

lasmuheamagres R ﬁ'ﬂﬁam'lamﬂ“’smmﬁauﬁ'udﬂmwgwaeﬁﬂE'm*éa
(reference peak) vhlvnMuesITiMIWinusnBinnwsimndounlodld Tuerwist
FauiteNafd Ui 1092 om’ 'I,u,msﬁwmm.fmunnL{Fnﬁﬂﬁ‘ﬁﬂﬂwﬁ’ugaqﬂuﬁqw)umm
Foagnslaauiifedn ussldfafldnumis 719 cm” Hufindads HETINMTHIWILEAI DY
'lugﬂ'ﬁaéﬁh absorption index 31]'7{1 24 UERINTINATINFURUTBAIAT absorption index N
srosnmdlilumndenlosmolduss EOR Aduarldfiimsids Caco3 anfistdhamvn
gaauanuw limdniu Aefinsanamaset absorpion index  \lananfiutunieas
a'ﬁma‘lﬁi'\ﬁmsamwamg methoxy AINTWEIEY J1usn absorption index 1 0 T Fasiu
ffivenfammnisntisilussn aswuite absorption index was EOR fsih 1.22 F
wneinluizuy EORICacO3 @sfidn 0.77 %oqﬂﬁtﬂumiﬁuﬁ'whm‘nauﬁmaaﬂmzuuﬁﬂ
Twmsnasivinideniy

1.4
' * XEOR
' “ U (EOR/CaCO,
x 1.01 .
L]
2 O‘Bﬁa&,
|
S
=% 0.6
E 0.4 *
47 * *
< a : :i
0.2
00 I T - L T T

0 200 400 600 800 1000 1200

Immersing time (hrs)

A 2 [moa - sl et - . o
JUN 24 wevesmzpznslumshu jasnusenlmaolanddemsiifsnulasmoamyWaridu
ludinaeing crosstinked EOR uaz crosslinked EOR/CaCO,

37



nusmImessseninidnlunuuiifaeed A ldnsetunsaniesdudanuss
fegnnun nstdinedia FTIR uosdienekiduawammanitslumsuitgmld sgrslsfionn
Faivenetnismeiilanalldoslsmniudanananls  culusuuileaam
amsieroiemadaulsslanimaiia FTIR 3o lle entulumsnuiisensnuldiftsns
manassstwstuuNGuLa s fuamais

= E| ey
4.2.2.3 msTwrensilasnlsesaaifniving

A . * 4 13 & L)
JUf 25 wsmedmAwLKuraIMTFaNlBImelE (V) Sdwasnand G aag
-3 z “d Rt A o A 1
EOR unx aaulwimluszuumoses luslrasfiiruivuamhmaganlmmsls angdee
' L Aty a oo a oy o
MuiianauanduasinvaAaeeimresnldeljisomadsulssauldedntanu

ddaa - f A s ' o =
TosrzuvndFaneslanuwinrintesmsifen lnsmeltdnitssunniuasdsuaiiusiua
LN

0.12
® XEOR

010 ° O X(EOR/CaCO @
—~ a X(EOR/silica} ¢
—} -
£ 008
£
z 006 7
g
w004 ]
=
2 002 7 E a %
2 gé
© &

0‘00 T T L] L} L

0 200 400 600 800 1000 1200

immersing time (hrs}

= aana o vl '
511 25 wrunsrazmlumvhujidendeulemelaffidadiananuininead
A . -
msteslosspld -

- ) = ~ N - 4 Aatna PR y
mmummaﬂﬁﬂum’smmu,uwummﬁmaﬂmmt;I‘ﬁ'lm:U‘meam@rmumm'\m
o E) A = =l L A 1
NomanuEurg 87finsie bound polymer Auniitnesding Mldmsialawlwisasmals
= ¢ o Y Py ' & a - i -
wedwefinohuilonmmarenlvssoldomnnin  dusaslugin 26 wiaeradfians
ks Lo 1 A J U - A A [ T 1]
wiviuszwired fiomagenlsimeldvsswefisefnuy fisosenilaaniunglom
Ty =T o Lo ] A [l s A
wasuuigdnh iR o imndenlossnlganss dagun 27

38



c;”,\/OH N\l/\/

3 , G
i— 0— GH,
/O HO'—§i_OH
S OH
OH

condensation

_~OH
l\
\ OH
?i—- o— SISi" CH; CH3
/O OH
S,
Ok

= = o an ' ' ' o a e
310 27 nalanaified fFTnmsdmuszwhawgledduloeuiuounadim

39



4.2.3 warasnnidonlssaplddeaniavaimedwotnonlndn

s ar a & a & o ofa . e o o e
fwiuruuvammeRwaineulndnun  thivilssdasudfvasaauindnnldfagnan
a o 4 L AR A & w o B Ada X
deznts  lunuufivmsapmnuwmiritasesRsira SuazansaeaslaTsaihunitialiu
' N [ s - ol
FgudskalapaTInuRITAUDIWERILEIN 1A
- i o L . -y ] A AL ] ; »
AMNMTNA 7 'I.szn’ﬁa‘;ﬂnaﬂﬂmuumﬂnamaoﬂmﬂwaﬂmet]ﬂ'l.am'mmm Tapta
' s ' o A s o .
'ﬁ'm"nmmmmaummmuﬂmmﬁﬂﬂugﬂmamla%wuﬁm‘nﬂazmu,ﬂamnw WA
d a = s I & a a1 am d g ;s o A
szupfdstumssadTououiwldinetn  dwsuaaianiuseTisnuitainsanld
o =
mnnﬂﬂﬂuam'mjlﬂﬂ 28-30

o & By -] - >
ATTIN 7 wFAIMFURBURUIFVLIANIRILAYBIWARLY a‘?lm:uuem ]

Changes in properties (%)
Crosslinking Gel
System time (*4) Elongation Tensile
M300
(hrs) at break strength .

0 0 0 0 0

Grafted 0 0 0 0

12 17 0 0 0
96 80 0 0 +10
360 89 -35 -35 +20
600 92 -45 -50 +20
1200 94 -50 -50 +30

0 2 0 0 0
Grafted 2 0 +20 +40
12 26 0 +50 +70
X(EOR.fSiHC&) 48 66 0 +50 +70
96 =80 -10 +55 +80
’ 360 83 20 +60 +90
600 84 -20 +60 +90
i 1200 85 -20 +60 | +90

bt =] 4 am ] -t -
0 -y + Hu-]ﬁﬁﬁ 1nun1ﬁlﬂaﬁul!ﬂﬂd NITAM LA ﬂ'l:imllﬂju‘u‘fmﬂﬁﬁﬂﬂ'ﬁﬂﬂaﬂ L3 BHEUUI“UU

ar a o &
frunedweszudu

40



A o = e J L% -y 13
TinanaliarmsRasanlwsssyvssnediwdnild caco, tulaired szwuinms
a f ' o A ¥ [y a2 A -
ny laulusrrsainda T bidanslmitennasuudale gaasidnis@efia  uazdiwy
A o oA a & a X - o = = .
EnindaheaylwirnimSonduluvnisigaulsssnlaithuismnwds 96 oy, Adelaiwy
o ' A . c el a X '
maasnulasraiaidesioudniiiasan  LRSAIMINBLETIAY  wnuddnsiANEwna
e <= [ N " ' =l = A . ~
Tugde 10% mua}‘lumamqmnmw:uﬂ‘%mmwagﬁq 80 % fAa1s usslarnniTRYra
A Y & A a & 2 & v
goemndeulmawldlduwmin > 96 wn) wunimni@usssBaaesdnianiey

' - P o X @ e
Anuan Il RsuudssvassuuadInasi v nAwdusau

25
20

E‘ 15
=
2 40
2
73]

5 EOR/silica

0 T T T

0 200 400 800 800
%Strain

A ol bt L3 X -l - - =
sUf 28 nvanududuiwiuenuduasenunivarssneinainan ndnluszuy
#19

41



25
©
s
=
i
172
[1}]
B
w
0 T T T 1
0 200 400 600 800
%Strain
25
Grafted *
1 ®
20 ®) (EOR/CaCO,)
T 15 EOR/CaCOa
=3
2 10
[e4]
=
o
5
0 T =T T T
0 200 400 600 800
%Strain
25
20 7 (©)
©
% 15 Grafted {EOR/silica)
2] .
E 10 EOR/silica
]
5
0 T T
0 200 400 600 800
%Strain

| fr A £ 1 a = a £ =
gﬂ‘n 29 n'ﬂNﬂ’nuauwum:mwamwmuua:mmmsum’uaowaawa‘maniwaﬂ‘lm:nn

6119 9 nauuaswiFisuimanywrivasmiWadsuiany

-

42



Stress (MPa)

Increasing crosslinking

O T —1 T
0 200 400 800 800
% Strain
30
ey
a
3
2
2
5]
increasing crosslinking
0 T
0 200 400 800 800
% Strain
30
c
25 7 ©
= 20 7
o
£ 15
wh
8
5 10
N
5 Increasina crosstinking
i 0 . T T
0 200 400 600 800

% Strain

= o e g . » a - - a
Eﬂﬂ 30 ni"mlm'ma&swwﬁ‘smﬂamwLﬂ%Lm:ﬂ’zﬂuLﬂiﬂﬂ"ﬂaowam&m?ﬂa&JIWﬁ'nrlm:‘U‘U

#199 nisnmindiisondenlosmolsludrotne (a) crosslinked EOR, (b) crosslinked
ECR/CaCO; unz{c) crosstinked EOR/silica

43



HAMINasasnEi unsdiresssuuilsaaniiinemsandy KaessEanaNIInNKEsad
f 2 A f " " Ee o X .
waRLFINATUBUADENIRWTS NE1288 FINTOFRNORUDITIRYT U BIAINT ITNUUSIRILAS
A [ & ' — -l P | & A o AN s
Tuqaa‘lﬂ seudrsulnmadaylossnlamfatu mqﬂummmamwB‘Iszaﬁhmuﬂ'lmm‘lﬁ
2 = » . i -oaa s 5 A . [l F
sunsoildifiagaiu (coupling) vaany lrauaruufindamduny loswdsejuussloned
£ w a oda -l o ad A . - A '
wad samalwasulwinaimsnvtsaulmnidiiinedes sanilaiaonlninasns1nh
o o v o [ - a o N o o
Wmngeuloimwls amFwldiasundnaswismadeuimmels  wxdinsuasuwlss
macdﬂugé’ﬁﬁa 90 % URTHNNITNULTINGDY 60 %
' I3 o o oo X y . af v '
s lsiony msisusdanifiedvadisnniusuoeasdann Sldwinsanuinaay
L T & o [ a - i
Twannlgganuiniawaad sfimutdiEinenuwiimigen s lgAdninszuutas
et P A . < Lo - oA v o e e
pasiBsuaifuatua  lavhmsSoufsuauidveseeaninnlaifivuiugulfizes EOR
A & [T o o o 3 e ' . H P
oSy (uamhum'lugﬂn 28) 9ziinla i Tlasandinasa MIsadIRITaIFNTALTINR
1] J - -l o A ol L A
7983 EOR afWynn lwraeimsiduasidiauativoiun idsusindneacdoinu Fna
[ Y s v oof A o 4 e o A A w
aansninsulAAuienadyasaulRTNuAY  (surface  property) waIENTiRBHN
darsu wasinrIURIRUI2a9d MIMuuy hydrophilic Twaehneys EOR (duuuy
hydrophabic M idmsBiafesswinandalid  doalyRanti®i®inadn  nnmviyloaule

- ' ‘ v o o & nen L °
SUUIURIVEQ Uﬂ'\?ﬁ@“ﬂ'\ :'5:%71\1“\] 31“ [TNTREY ﬂ'\.l“vﬁ MITIWNYWDEIRU UM UBRINTITNINTE
aAYile

P = = [ [
FITHN B ua:gﬂ*n 31-32 ugsnars N RURDuLavIRNYALIIAR NURe I TN

ar 1 -~ J f] i .4 o o= 8
mams'lﬂamauﬂa‘mﬂgu $10 °C duszaziaan 12 . e avmsnsianlung
= “ W o . . .
FTTuUNAN® duldid crossinked EOR, crosslinked EOR/CaCQ,, crosslinked EOR/
. o @1 A Do = o o
siica  wnnwlenuusssaaslninnimafuuesidsuaivams  danssansolunis
a o, wed [ v & v o . ' -
inmawmmna'lam'nqmmUﬂmm?amamﬂunmmu laenawizsgnatisluaaadnani
ﬂ'%mmmago wannnit  80%  madwes i nissuttiey  wIsoransnleiams
“ s B s ¥ O LY -l 5 & =) £ 5
Wanlssoolddzodiwszloraniry  sawsumsiduea@suariusmaiwflsise e luln
1 et MwaRusitiatosmwndennuionlad

44



(ageing) atwad 110 °C (Wuszaziim 12 72,
g q a

= = wm, - a . < e L.
#1519 8 mMTlasuudaisuidmsfadevesnefiweslusuudng fouLaznaInsauTEY

Retention in properties (%)

Crosslinking
System time Gel Elongation | Tensile
(%) at break strength M300
(hrs)
0 0 0 0 0
12 11 87 68 100
48 48 88 85 100
Crosslinked 96 75 90 90 100
EOR 360 83 94 94 100
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Abstract

Degree of crosslinking in silane-water crosslinked ethylene-—octene copolymer and its blends with low-density
polyethylene was investigated, using three different fechniques: the conventional gel content determination, solvent uptake
factor method and infrared analysis. The results from those techniques show a similar trend in which the degree of
crosslinking increases with increase of crosslinking time, and decreases with increase of crystalline portion in the maierials.
The measurement of gel content, although it is a direct way to vield resulis on degree of crosslinking, is time consuming
and uses a targe amount of soivent for extraction. Also, good care must be taken when anatysing the gel content of samples
with low degree of crosslinking. Analysis of FTIR data has shown potential for the delermination of crossiink variations in
the sitane crosslinked malerials and gives meaningful information on the progress of the silane-water crossiinking reaction.

© 2006 Elsevier Lid. All rights reserved.

Keywords: Crosslinking; Silane; Ethylene—octene copolymer; Blends; Characierisation

1. Introduction

There are a variety of ways to produce a
crosslinked material. In addition to the usual
peroxide crosslinking or irradiation crosslinking,
the utilisation of silane-water crosslinking has
gained much atiention in recent vears [1-15]. The
silane crosslinking process involves at least two
stages, which may be done together. In the first
stage, a silane-grafted polymer is prepared using
peroxides and vinyl alkoxysilanes, and in the second
stage the silane-grafted polymer is crossiinked by
exposure to a humid environment. The crossiinking

*Corresponding author. Tel: +66220t5155;
fax: +6623547151.
E-mail uddress: sckpri@mahidol.ac.th (K. Sirisinha}.

{£42-9418/% - see [ront matter © 2006 Elsevier Lid. All rights reserved.
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reaction involves hydrolysis of the alkoxy groups
with moisture, followed by condensation of the
formed hydroxyl groups to produce stable siloxane
linkages as shown in Fig. 1.

Many important properties of crosslinked mate-
rials vary with the degree of crosslinking. Hence,
determination of degree of crosslinking provides a
means of both controlling the process and rating the
guality of finished products. In the determination of
degree of crosslinking, the approach which has been
widely used is based on ASTM D2765 (standard test
methods for determination of gel content of cross-
linked ethylene plastics). The test methods invotve
measuring the content of gel (insoluble {raction)
produced in crosslinked ethylene pilastics after
extracting with solvents such as decahydronaphtha-
lene or xylene. In addition, a measure of solvent
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Fig. 1. Crosslinking reaction of silane-grafted polymer.

uptake factor may be obtained from such
experimenis by determining the ratio of the weight
of sample after xylene extraction before and
after oven-drying. Aithough both technigques are
very useful in this regard, the tests are rather
time-consuming and require a large amount of
solvent in the extraction process. Both techniques
were also found 1o produce ambiguous explanation
of the effect of crosslinking on the product proper-
ties [5} and on the progress of the silane-water
crosstinking reaction after a prolonged crosslinking
time [61.

The alternative approach for quantitatively char-
acterising the crosslinking degree in silane-cross-
finked products is by means of analysing the
infrared (IR) spectrum data. This method was
reported earlier to give useful information on the
progress of silane-water crosslinking reaction of
ethylene-vinyisilane copolymer [7,8] and polyprg-
pylene [9]. By this method, the changes in the
amount of different chemical structures (particu-
larly, structures I and III of Fig. 1) are examined.

This paper reports the characterisation methods
for determining crosslinking in silane-water cross-
linked ethylene-octene copolymer (EOR) and its
corresponding blends with low-density polyethyiene
(LDPE). Three methods were investigated, gel
content determination, solvent uptake factor meth-
od and FTIR analysis. The results obtained were
then compared and correlated.

-

2. Experimental
2.1. Materials

EOR grade Engage EB003, with an MFl of [.0g
{0 min~!, was purchased from DuPont Dow Elas-
tomer Co., Ltd. (Wilmingtor, USA). LDPE grade
LD2022 (MFI 025g 10min~") was supplied by
Thai Petrochemical Industry Public Co., Ltd.,
Bangkok, Thailand. The peroxide and silane used
were dicumyl peroxide (DCP) and vinyi trimethox-
ysilane (VTMS), respectively. All chemicals were
puechased from Aldrich Chemical Co., Milwaukee,
USA and used without purification.

2.2. Preparation of silane-water crosslinked
materials

Various EOR/LDPE blends were prepared by
melt-mixing in an intermeshing co-rotating t{win-
screw cxtruder (PRISM TSE 16, Staffordshire,
UK). The barrel temperatures were set in the range
of 160200 °C. The screw speed was kept constant at
170 revmin~', The concentrations of LDPE in the
biends were 0, 10, 30, 50, and 100% weight.

The silane-grafting reaction of EOR blends was
carried out in the molten state using a co-rotating
twin-screw extruder (PRISM TSEL6, Staiffordshire,
UK). The concentrations of peroxide and silane
used in the reaction were kept constant at 0.10 and
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5.0 wt%, respectively. A screw speed of 30 rev min™'
with a temperature profile of 160, 200, 170, 170 and
170°C from feed zone to die zone were used. The
total reaction was finished within Smin. This
condition proved to yield a high grafting efficiency
without the expense of peroxide-induced cross-
linking as a side reaction {11]. To conduct a
sitane-water crosslinking reaction, the grafted sam-
ples were immersed in hot water at 70°C for a
specified time. In this study, no catalyst was used for
accelerating the crosslinking reaction.

2.3. Characterisation

2.3.1. Determination of gel content and solvent
uptake factor

The gel content or inscoluble fraction of silane-
crosslinked material after solvent extraction was
determined according to ASTM D2765-01. The
sample of about 0.3g was wrapped in a 120-mesh
stainless steel cage and extracted in refluxing xylene
containing 1% of antioxidant (Irganox 1010, Ciba-
Geigy) for 6h. After extraction, the samples were
weighed before and after being dried in a vacuum
oven at 55 °C until constant weight. The gel content
and solvent uptake factor were then calculated using
the following equations:

final weight of sample

[ tent = —— .
% el conten initial weight of sample

x 100,
()

weight of swollen gel
weight of gel

Solvent uptake factor =

2

2.3.2. FTIR analysis

Fourier transform infrared (FTIR) Spectroscopy
was used to analyse the presence of silane in the
grafted products and also to follow the progress of
the crosslink reaction. Films (50pm thick) were
prepared by hot pressing at 190 °C. Prior to FTIR
measurement, the films were washed with an excess
volume of acetone to remove unreacted silane and
residual peroxide. The IR spectra were then
recorded using a Perkin Elmer system 2000 FTIR
spectrometer (Boston, MA) in the range of
6004000 cm~" with a resolution of 4cm ™.

2.3.3. Differential scanning calorimetry (DSC)
To study the thermal behaviour of EQR blends
before and after crosstinking, a Perkin-Elmer DSC-

K. Sirisinka, S..Chimdist [ Polymer Testing 25 (2006) 518-526

7 (Boston, MA) was used. The test specimens
(51 1mg) were cut from the compression-moulded
sheets. Samples were heated from 50 to 150°C at a
scan rate of 20°Cmin~'. The temperature was then
maintained at 150°C for 5min before cooling to
50°C at the same rate. The percentage of crystal-
linity was calculated using the following equation:

.. AH
Percentage of crystallinity, y. = AT L %100, (3
oG

where AH is the enthalpy of fusion of the samples
(Jg™"), AHnoo is the enthalpy of fusion of 100%
crystalline PE. The value of 2903 g~ was used in
the calculation [16].

3. Results and discussion
3.1, Evidence of crosslinking

Fig. 2 shows the FTIR spectra of the EOR
samples before and after conducting a crosslink
reaction. The characteristic peaks of EOR are
observed at 1377 and 1465cm™', corresponding to
the C-H bending vibrations of the methyl and
methylene groups of EOR, respectively. Three
peaks corresponding to the trimethoxysilane (Si-
OCH3) groups of the grafted samples can be seen at
798, 1092, and 1192cm™!. After conducting a
crosslink reaction, the evidence of crosslinking can
be seen from the characteristic peaks of siloxane
(Si-0-8i) at 1030cm™", appearing as a shoulder on
the larger band of Si-OCH; at 1092cm ™"

Grafted EGR

Crosslinked EOE

t
; t 1030 t
798
a5 37T '[” 1092 .
1800 1600 1400 1200 1000 200 600

Wavenumber {em™)

Fig. 2. FTIR specira of sitane-grafied and crosslinked EOR
samples.
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and {¢) LDPE.

3.2, Comparison of characterising methods

The results of gel content in various EOR/L.DPE
biends are shown in the graphs of Figs. 3a-¢. In this
experiment, the individual reported gel values were
the resuits averaged from three test results with the
standard deviation in the range of 0.0-4.0. As

-

expected, the gel content increases with increase of
the crosslinking time. All samples show a similar
trend but with different magnitudes of gel content
obtained. EQR vields a high gel content of 85%
while LDPE shows only 67% gel after 600h of
crosslinking time. In the blend systems, the max-
imum get content decreases with an increase in
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Table 1

Crosslinking rate of various EOR/LDPE biends

EOR/LDPE Crosslinking rate Crosslinking rate
in stage * (% h™'}  in stage I

{(%hl

100/0 240 0.02

%0{19 210 0.02

70/30 232 0.02

50/50 1.31 0.02

0/100 0.41 0.03

“Determmined from the first slope of the graph (immersing time
ranged from 0 to 24h).

PDetermined [rom th: second slope of the graph (immersing
time ranged [rom 120 to 600 h).

LDPE concentration, i.e. 83%, 81%, 80% gel in the
case of 90/10, 70/30, and 50/50 blends, respectively.
Not only the crossiinking degree, but also the rate of
crosslinking varies among the blend samples. For a
particular blend, the crosslinking rate seems to be
very high in the early stage of crosslinking and stows
down thereafter. By analysing the slope in the initial
stage of the graph, the crosslinking rate can be
determined.

Table | summarises the crossiinking rates of
various EOR/LDPE blends. As seen, differences in
crosslinking rate among samples are obvious in the
early stage (stage [) of the crosslinking reaction.
EOR shows a much higher rate of crosslinking
reaction in stage I, compared to LDPE. Substitution
of EOR by LDPE in the blend, therefore, causes
some changes in crosslinking rate. As the content of
LDPE in the blends increases, rate of crosslinking
decreases systematically. The reason for this ob-
servation is believed to be due to a lower rate of
water diffusion in LDPE during the crosslinking
reaction, brought about by its higher crystalline
pottion., To verify this statement, the crystalline
portion (% crystallinity) in the blends after cross-
linking in hot water for 24 h are plotted against the
crosslinking rate. The results of Fig. 4 clearly reveal
that the crossiinking rate is inversely proportional
to the crystalline phase content in the blends.

In addition to gel content, solvent uptake factor,
which is another means for determining crosslinking
in the gel phase was examined. From Fig. 5, it can
be seen that the values of solvent uptake factor of
various BOR/LDPE blends decrease drastically
with time, especially in the early stage of cross-
linking. Beyond this time, the resulting data

30
254
-‘;. o
:é‘ 2.0 @
v
€ 154
g 1.0 4
% o
o 054
0.0 T T T .
0] 15 pil 25 30 15

Content of crystalline component (%)

Fig. 4. Crosslinking rate as a [unction of content of crystailine
camponent in the ¢rosslinked samples.

obtained are rather similar. These resulis agree well
with those of gel content and can be explained by
the difficulty in the diffusion of xylene into a
crosslinked sample having numerous linkages after
long crosstinking times. In other words, the devel-
opment in crossiink reaction enhances the network
strength and results in the reduction of solvent
diffusing ability. o

However, it needs to be mentioned here that care
must be taken when analysing the samples of low
gel content by these extraction techniques. In this
study, some gel outside the cage was observed when
analysing the samples with low gel content. This
could be related to the presence of heteropeneous
crosslink network in such samples. This type of
network is possible in the silane-crosslinked pro-
ducts since the silane crosslinking process is carnied
out when the polymer is in the solid state, This is
unlike the peroxide crosslink where the crosslinking
process generally takes place when the polymer is in
the molten state, giving a more homogeneous
crosslink network.

During xylene-exiraction of samples crosslinked
for a long period of time, a dense network of silane
crosslink is formed and it behaves in a similar
manner to that of C-C linkages produced from a
peroxide crosslink reaction. Such a tight network
could not be dissolved but is swollen by the solvent
and remains as gel inside the cage. In the case of
samples with loose networks, although such net-
works could not be dissolved by xylenc they could
pass through a mesh. Then, we could observe gel
sticking outside the cage and in some cases in the
extraction solvent. In other words, we might say
that a 120-mesh cage recommended in ASTM
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D2765 fails to completely entrap the whole cross-
linked material under such circumstances.

Another approach for following the crosslinking
reaction in a silane-water crosslinked material is the
use of FTIR analysis. As mentioned earlier, during
the crosslinking reaction, methoxysilane (8i-OCH,)

groups were hydrolysed and condensed to form
siloxane (Si-O-8i) linkages. Either an increase in
siloxane bands or a decrease in methoxysilane
groups, therefore, infers an increase in crosstinking
of materials. By following changes in intensities of
these bands, the extent of crosslinking can be
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guantitatively deturmined. Unfortunately, the
(Si-O-S8i) band at 1030cm ™" appears as a shoulder
on the larger band of (Si-OCHj3) at 1092¢m™, this
makes difficulties in quantitative measurements of
intensity of the (8i-O-Si) band. A large absorption
band of (8i-OCH;) groups at 1192¢em™" was there-
fore followed. The results are then reported in terms
of absorption index, which were calculated from the
refative absorption peak intensity of the (S8i-OCHjy)
groups at 1192cm™! to that of the methyl group at
1377cm™' as an internat reference.

Fig. 6 demonstrates plots of absorption index at
1192¢m™" obtained from the FTIR analysis as a
function of immersing time. All samples show a
decrease in absorption index of (8i-OCH,) bands
with an increase in crossiinking time. This indicates
an increase in siloxane linkages or more crosslink
formation in the products after a longer time. These
FTIR results agree very well with the previous gel
content data.
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content.

3.3. Correlation of results

It is the intent of this work to correlate the
crosslink results obtained from the three investigat-
ing technigues. The plots of solvent uptake factor or
FTIR absorption index as a function of gel content
are demonstrated in Figs. 7 and 8, respectively.
From Fig. Ta, it can be seen that all data-points fall
on one line for all investipated blends. A drastic
decrease in solvent uptake factor is clearly seen as
the content of gel in the samples increases, especiaily
from 0% to 20%. This is reasonable since the gel
potnts existed in the samples resist the taking-up of
solvent. The gel content seems to be a dominating
factor determining the solvent uptake factor, The
crystaltine portions in the blends show no sigaificant
effect. The relationship between solvent uptake
factor and gel data is based on a power law
regression as shown in Fig. 7b. A good relationship
is found also between the FTIR absorption data
and the gel content, which can be seen from Fig. 8.
This illustrates its potential for characterisation of
crosslink variations in the silane-crosslinked materi-
als. This technigue is also less time-consuming and
needs no solvent so is more environmentally
friendly compared to the gel content determinaiion
and solvent uptake factor methods.

4. Conclusions

Silane-water crosslinked EQR and EOR/LDPE
blends were investigated for their degree of cross-
linking. Characterising techniques used were the
standard gel content determination method, the
solvent uptake factor method, and FTIR analysis.
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The results show that crosslinking time and content
of crystalline portion in the materials play an
important role on the degree and rate of cross-
linking reaction. Comparing the three techniques
investigated, it can be summarised that the mea-
surement of gel content is a direct way to yield
results on degree of crosslinking. However, care
must be taken wheu analysing samples with low gel
content by this technique. Quantitative character-
isation of the FTIR data, especially a decrease in
absorption intensity of methoxysilane groups, may
not provide a direct crosslinking value but the
technique is non-destructive and presents mean-
ingfu} information on the progress of silane-water
crosslinking reaction. The test is also less time-
consuming and needs no solvent so is more
environmentally friendly compared to the gel
content determination and solvent uptake factor
methods.
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Abstract

Thermally stable materials could be achieved by crosslinking. This paper presents the
thermal ageing and thermal-energy storage properties of ethylae -octene copolymer
(EOR) and low-density poly(ethylene) (LDPE) blends as affected by silane-
crosslinking. FTIR reveals a similar degree of silane-grafting among various blend
compositions. However, the highest crosslink content was observed in EOR whereas
the lowest was {ound for LDPE. From melting temperature and heat of fusion data, a
linear relatinnship between amount of crystalline component and crosslink content
was found. The decrease in crystallinity due to the crosslinking was very limited,
implying a high thermal-ener‘gy storage capacity of the silane-crosslinked products
and their good mechanical properties at room temperature. Furthermore, a strong

ability to retain the properties after thetmal ageing indicated good thermal stability of

the materials.

Key Words: crosslinking; silane; ethylene copolymer; blend; thermal properties



Introduction

Thermally stable materials are generally achieved by crosslinking. Crosslinked
polymers, especially poly(ethylene), have become commonly used for a mumber of
industrial applications, including wire and cable coating, hot-water piping insulation,
and heat-shrinkable products. Different procedures may be used for the initiation of
crosslinking. One of them is based on formation of silane crosslinkable material via
free radical grafting of vinyl silane in the presence of peroxide. The silane-grafted
polymer is then hydrolysed and crosslinked in the solid state by the formation of
siloxane (S8i-O-Si) linkages. The chemistry of the reaction is shown in Figure 1.
Because of the technological importance, a number of research works have been

carried out on this topic. "7

Substantial changes in polymer structure and properties could occur during
crosslinking process. However, extensive studies on this area are few and
understandings on how siloxane crosslink network affects crystallisation and thermal
properties of polymer remain matters of controversy. Transmission electron
microscopy (TEM) studies of silane-grafted poly(ethylene), including high-density
poly(ethylene) (HDPE), lincar low-density poly(ethylene) (LLDPE), and low-density
poly(ethylere) (LDPE) were carried out by Wong and Varrall. "' Their results
revealed the dramatic change in lamellae distribution and length of the silane-grafted
polymers. The molecular structure change varied according to PE type. " The studies
of Celina and George showed that silane crosslinking did not affect the properties of
LDPE in the same manner as that on peroxide-crosslinked LDPE. ! The melting

temperature (Tr) and enthalpy of silane- crosslinked polymers remained nearly



constant, whereas a drastic decrease in Ty, and enthalpy was observed in peroxide-
crosslinked samples. This result seemed to be in contrast with the findings of Shieh
and Hsiao, ' who reported multiple melting behaviour of silane-crosslinked LDPE.
Two melting points were observed at about 107.0 and 94.0 °C and reported to be due
to two crystalline structures, including sol (107.0 °C) and gel (94.0 °C) fractions in
the crosslinked material. As the crosslinking time increased, the melting point of the
gel fraction decreased, whereas the melting point of the sol fraction increased. In their
work, peroxide—induéea crosslinking also occurred simultaneously during the grafting
reactions. This can cemplicate the assessment of crystallisation occurring in the
silane-crosslinked material. Kuan et al. reported an improvement in mechanical
properties of LLDPE after silane-water crosslinking. However, the increase of
mechanical properties observed was found to be mainly due to the self-crosslinking of

LLDPE during the silane-grafting process. '*

In the present work, the characteristics of silane-crosslinked ethylene-octene
copolymer (EOR) and low-density poly(ethylene) (LDPE) blends were investigated.
The LDPE was incorporated to the system in order to improve blend stiffness and
thermal properties. The silane-grafted samples were prepared by melt grafting of 5%
vinyl trimethoxysilane (VTMS) in the presence of 0.1% dicumyl peroxide (DCP} in a
twin-screw extruder under the conditiohs where self-crosslinking reaction due to the
presence of peroxide could be avoided. The grafted products were then analysed using
FTIR analysis. The polymers were crosslinked in hot water in the absence of catalyst.
By this way, the progress in crosslink reaction could be monitored and the influence
of the formed crosslink network on crystallisation, tensile properties, thermal ageing

and thermal energy storage ability of the polymers can be solely determined.



Experimental

Materials

EOR (Engage E8003) with a MFI of 1.0 g.10 min™', was purchased from DuPont Dow
Elastomer Co., Ltd. (Wilmington, USA). LDPE (LD2022) with a MFI of 0.25 g.10
min"' was supplied by Thai Petrochemical Industry Public Co., Ltd., Bangkok,
Thailand. The peroxide and silane used were DCP and VIMS, respectively. All
chemicals were purchased from Aldrich Chemical Co. (Milwaukee, Switzerland) and

used without purification.

Sample Preparation

Preparation of polymer blend

Various blends were prepared by melt-mixing of EOR and LDPE in an intermeshing
co- rotating twin-screw extruder (PRISM TSE 16, Staffordshire, UK). The barrel
teraperatures were set in the range of 160-200°C. The screw speed was kept constant
at 170 rpm. The concentrations of LDPE in the blends were varied in {, 10, 30, 50,
and 100 % weight.

Preparation of silane-water crosslinked polymer

The silane-graftin_g reaction of EOR blends were carried out in molten state using a
co-rotating twin-screw extruder (PRISM TSE6, Staffordshire, UK). The diameter of
the screw was 16 mm and the ratio of length to diameter (L/D) was 25. The extruder
was operated at a speed of 30 rpm with a sequence of segment temperatures at 160,
200, 170, 170 and 170 °C from feed zone to die zone. The total reaction was finished

within 5 min. This condition was proved to yield a high grafting efficiency without



the peroxide-induced crosslinking as a side reaction. '>®! To conduct a silane-water
crosslinking reaction, the grafted samples were immersed in hot water at 70 °C for a

specified time. In this study, no catalyst was used for accelerating the crosslinking

reaction.

Characterisation

FTIR analysis of silane-grafted polymer

Fourier Transform Infrared (FTIR) Spectroscopy was used to analyse the presence of
silane in the grafted products. Films (50 pm thick) were prepared by hot pressing at
190 °C. Prior to FTIR measurements, the films were washed with an excess volume of
acetone to remove unreacted silane and residual peroxide. The IR spectra were then
recorded using a Perkin Elmer system 2000 FTIR spectrometer (Boston, MA) in the
range of 600-4,000 cm™* with a resolution of 4 cra™.

Gel content analysis

The content of gel or insoluble fraction of water-crosslinked material after solvent
extraction was determined according to ASTM D2765-01. The sample of about 0.3 g
was wrapped in a 120 mesh stainless steel cage and extracted in refluxing xylene
containing 1% of antioxidant (Irganox 1010, Ciba-Geigy) for 6 hr. After extraction,
the samples were weighed after being dried in a vacuum oven until constant weight.
The gel content was calculated using the following equation.

% Gel content = final weight of sample x 100 (D

initial weight of sample
It is noted that all grafted samples that had not been water-crosslinked contained no

gel.



Differential Scanning Calorimetry (DSC)

To study the effect of crosslink on crystallisation and structure of EOR blends, the
thermal behaviours of the samples before and after crosslinking were analysed using a
Perkin-Elmer DSC-7 (Boston, MA). The test specimens (5 + 1 mg) were heated from
50 to 150 °C at a scan rate of 20 °C.min"'. The temperature was then maintained at
150 °C for 5 min before cooling to S0 °C at the same rate.

Thermal Gravimetric Analysis (TGA)

A Perkin-Elmer TGA-7 thermal gravimetric analyser (Boston, MA) was used for the
thermal decomposition investigation. The apparatus was continually flushed with
nitrogen gas. A sample (5 + 1 mg) was placed in a platinum sample pan, then heated
to 600 °C at the rate of 20 °C.min’'. The weight percentages of samples were
measured as a function of temperaﬁmé.

Thermal ageing test

The dumbbell specimens of 1 mm thick were stamped cut from a compression-
moulded sheet and then crosslinked in hot water at 70 °C for 120 hr. The crosslinked
specimens were then hang in a hot-air oven at 110 °C for 12 hr, before measuring
their tensile properties. The tensile test was carried out using an Instron tensile tester

Model 5569, with a crosshead speed of 500 mm.min™' and a 1 kN load cell,

5=
H



Results and discussion

Silane grafted EOR/LDPE blends

Figure 2 shows the FTIR spectra of unmodified EOR and silane-grafted EOR
samples. The characteristic peaks of EOR at 1377 and 1465 cm™ correspond to the C-
H bending vibrations of the methyl and methylene groups of EOR, respectively. After
the grafting reaction, three additional peaks corresponding to the trimethoxysilane (Si-
OCH3;) groups of the grafted samples can be seen at 798, 1092, and 1192 em’'. The
grafting index in various samples were determined by calculating the ratio of
absorbance of the 1092 cm™ band, corresponding to the Si-OCH; group in the grafted
polymer, to the absorbance of the methyl group band at 1377 e, which was used as
the internal reference in the normalisaﬁon of the different spectra. The reported values
were obtained, averaging at least five measurements in different points of the samples.
The calculated grafting degree of EOR, LDPE, and their blends demonstrated in Table
1 shows only slight difference among these samplles. Considering the energy required
for bond breaking, the homolytic bond dissociation energies for hydrogen attached to
primary, secondary, and tertiary carbons are 410, 397, and 385 kJ.mol™, respectively.
%) Thus, the least energy needed for a free radical to abstract hydrogen is from a
tertiary carbon among the three kinds of carbons. Compared the two polymers used,
the LDPE has a 1opg branch structure having the number of branch in the range of 20-
30 methyl groups per 1000 carbons. "8 In the case of EOR which is one of the
LLDPE groups, it usually has the number of short chain branching in the range of 20-
50 methyl groups per 1000 carbon. ''”) For the LLDPE with a similar octene content
to that in the EOR used in this study (7 %meol), Parent et al. reported a structure with

31 tertiary carbons per 1000 carbons. *** Due to a similar structure between the two



polymers used in this study and a small amount of silane (5%) used in the reaction,

only slight difference in grafting degree is found among various blend compositions.

Crosslinking of silane-grafted EOR/LDPE blends

After conducting a crosslink reaction in water, the contents of gel in various
EOR/LDPE blend samples were determined as a function of immersing time. As
expected, the content of gel increases with increasing the crosslinking time (Figure 3).
All samples show similar trend but with different magnitudes of gel content obtained.
Although containing similar grafting degree, the EOR yields a higher gel content of
85 % while the LDPE shows only 67 % gel after 600 hr of crosslinking time. In the
blend systems, the maximum contents of gel decrease with increasing the LDPE
concentrations, i.e. 83, 81, 80 % gel in the case of 90/10, 70/30, and 50/50 blends,
respectively. In this study, a linear reiationshjp 15 observed between crosslink content
and amount of crystalline component in the blends shown in Figure 4. Not only the
crosslinking degree, but also the rate of crosslinking varies among the blend samples,
For a particular blend, the crosslinking rate is comparatively high in the early stage of
crosslinking process and slows down thereafter. By analysing the slope in the initial
stage of the graph, the crosslinking rate can be estimated. The rate of crosslinking of
EORs approximately 6 times higher than that of LDPE. Substitution of EOR by
LDPE in the blend, therefore, causes seme changes in crosslinking rate. As a content
of LDPE in the blends increases, rate of crosslinking decreases systematically. The
reason for this observation is believed to be due to a lower rate of water diffusion in
LLDPE during the crosslinking reaction, brought about by its higher amount of

crystalline portion.



Melting and crystallisation behaviours

The melting and crystallisation behaviours of EOR/LDPE blends are illustrated in
Figure 5. The DSC results are summarised in Table 1. The unmodified EOR shows a
broad melting thermogram ranging from 60 to 100 °C. The broad endotherm observed
in this sample is believed to be due to the distdbution in length of crystallisable
ethylene sequence imposed by the placement of non-crystallisable comonomer units
along the chains, as a consequence, a broad distribution of crystal sizes in this
polymer. In contrast to EOR, LDPE shows a sharp melting peak with a T, of 111 °C.
In the EOR/LDPE (90/10) blend, a wide melting endotherm ranging from 60 to 115
°C is observed. This may be due to a variation in crystal sizes in the system. When
increasing the LDPE concentrations further, the Ty, peaks of the blends increase and
shift toward the T,, of LDPE. Not only the T, but also the values of AHy, T, and T,
anset INCrease systematically upon increasing the LDPE concentrations in the blends.

The grafted silane shows only slight effect on the melting and crystallisation

behaviours of the blends as shown in Table 1.

Figure 6a demonstrates the DSC heating thermograms of EOR samples before and
after conducting a crosslinking reaction. It is interesting to see a sharp melting
endotherm of the crosslinked EOR sample showing a Tr, peak at 87 °C, which is
unlike to that observed for the unmodified EOR sample. These results infer that
recrystatlisation of some chain segments may occur during conducting a crosslinking
reaction and leads to some changes in polymer microstructure. To verify if the
conditions used in the crosslinking process induce changes in crystal structure of the
silane-grafted polymers and how do the crosslinking and crystallisation processes

interfere with each other, some selected samples were annealed under the same testing

10 .



condition as that used in the crosslinking process. The DSC analyses on the annealed
samples were then carried out. An endotherm which is similar to that observed for the
crosslinked product is clearly seen in the annealed sample. During a long crosslinking
time, any chain segments that are long enough to crystallise have sufficient time for
recrystallisation process and form into a more well-defined crystal structure. This
finding is also observed in the blend systems. Clearly, the split of the T, peaks of
EOR and LDPE is observed in the DSC thermograms of the 70/30 and 50/50 blends.
Example of DSC thermogram of the crosslinked 70/30 blend is shown in Figure 6b.
The crosslinked samplés' and annealed samples of all blend series show only slight
difference in the Tp, T¢, Te enset» and AH¢ values (Table 2). This suggests an important
point that silane crosslink does not disturb the recrystallisation process of the blends.

Stlane crosslink is, therefore, believed to preferentially take place in the amorphous

region.

Thermal stability and energy siorage capacity

An investigation on thermal stability of the crosslinked products using
thermogravimetric analysis (TGA) was performed. The decomposition temperatures
(Ty) of all blends before and after crosslink are shown in Table 2. The decomposition
temperature of EOR is observed at 473 °C, whereas LDPE shows the decomposition
temperature at 49Q °C. By incorporating LDPE into the system, the decomposition
temperatures of the blends shift slightly to higher temperatures. The thermal
degradation undergoes and completes at around 550 °C, with no residue at the end of
the degradation. The presence of silane crosslink increases the decomposition
temperatures of the blends to some extent, in particular those with higher

concentrations of EOR. Insignificant increase in the decomposition temperature is



found for LDPE system. This could be due to a lower degree of crosslinking in this
system, compared to that in EOR. Correlations between thermal stability and crosslink
density have been studied with contradictory results in the literature. *'"*! For
peroxide-crosslinked system, Krupta and Luyt reported a similar decomposition
temperature for LLDPFE/wax blends containing different crossltink densities. ?'! Zong
et al. found that the silane crosslinked LLDPE samples were more stable than the
uncrosslinked LLDPE. '*?' The thermal stability of the crosslinked polymer was
enhanced with increasing gel content. By contrast, Khonakdar et al. reported that the

thermal stability of the HDPE was independent of the crosslinking.

Thermally stable materials are generally achieved by crosslinking. These materials do
not undergo melt flow even heated above the crystalline melting temperature.
However, one of the drawbacks of crosslinking is a reduction in polymer crystallinity
and heat of fusion. " ! In some applications such as insulation for heat exchanger
unit, a material with high thermal-energy storage capacity is needed. To investigate
the effect of crosslink on energy storage ability of polymer, the retention of AHy (or %
AHjy retained) of polymer after crosslinking reaction is determined using the following

equation.

% AHrretained = AHs of crosslinked sample  x100 (2)

AHj; of pure polymer*
*The pure polymer used was subjected to the same conditions as the crosslinked

sampies.

For peroxide crosslinked polymers, significant drop in AH;'® %! and % AH; retained

18281 oas reported. This was due to the fact that peroxide-crosslinking is performed

12 .



above the melting temperature of the polymer crystallites. Crosslinks play the role of
defect centres which impede the folding of polymer chains, resulting in a decrease in
the sizes of the lamellar crystals. ') In this study, silane-crosslinking causes very
slight disturbance on the crystallisation of LDPE and 50/50 blend samples, the values
of % AH retained of 92 and 95 were observed in those samples, respectively. In the
case of crosslinked EOR, 90/10, and 70/30 blends, no loss in crystallinity due to
crosslinking was observed. Those samples show 100 % AHy retained. Therefore, it
could be said that all silane-crosslinked samples investigated in this study have their

strong potential to be used for thermal-energy storage applications.

Thermal ageing properties

In this study, the tensile behaviours of all silane-crosstinked blends before and after
conducting an ageing test at 110 °C were characterised. It needs to be mentioned here
that under this ageing experiment, ali of the unégoéslinked blends fail to withstand the
heat. This is as expected since the ageing temperature used is higher than the melting
temperature of the EOR/LDPE blends. The uncrosslinked samples deform and flow
upon heating in a hot-air oven for a short period of time. Apparently, only the
crosslinked materials can withstand such a high temperatlure environment. Figure 7
shows the results of tensile property after thermal ageing experiment. The reduction in
tensile modulus and strength was observed after thermal ageing. Such a reduction is
more obvious in LDPE than in EOR even though the ageing temperature used in the
study (110 °C) is twenty degree higher than the T, of EOR (87 °C) The silane-

crosslinked blends with higher EOR concentrations exhibit better ability to retain their

properties after ageing test than those with lower EOR concentrations. This points out

13 ..



that the degree of crosslinking plays significant role in controlling the high

temperature properties of polymer.

Conclusions

Various silane-water crosslinked EOR/LDPE blends were prepared under the
conditions where self-crosslinking of EOR and LDPE induced by peroxide during
reactive extrusion could be negligible. The crosslinked products were characterised
for their thermal properties using several techniques including FTIR, DSC, TGA,
tensile and ageing test. The degree of crosslinking, as determined by the content of
gel, increased with increasing the crosslinking time. The crosslinking degree and rate
was found to depend strongly on the amount of crystalline and amorphous portions in
the blends. DSC results reveal that recrystallisation of some chains occurs
simultaneously during conducting the crosslink reaction. The silane-crosslinked
products exhibit good thermal stability and energy storage ability. After ageing test,
all uncrosslinked materials fail to withstand the ageing heat. This is unlike to the
crosslinked samples. The extent of crosslinking is found to play a major role in the

high temperature properties of polymer.
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Table 1 Melting temperature (Tn), enthalpy of fusion (AH)), crystallisation
temperature (T.), and onset temperature of crystallisation (T gpset) Of
unmodified and various grafted EOR/LDPE blends

LDPE Grafting Ta AH¢ Tc T onset
System _ 1
(%) index (°C) (Jgh (°C) °C)
0 - 60-100 23.8 56.1 60.4
10 | - 65-115 235 70.2 74.1
Unmodified
30 - 108.1 39.1 0.8 93.6
blends
50 - 110.0 57.5 88.8 95.0
100 - 115.1 0.6 93.7 97.7
0 2.87 | 60-100 19.6 58.7 63.8
10 271 65-115 21.5 66.4 74.8
Grafted
30 2.94 105.6 36.5 79.1 9] .9
blends
50 3.23 108.7 48.7 86.3 94.6
100 | 281 111.1 81.8 92.7 97.7
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Table 2 Meliting temperature (Tn), enthalpy of fusion (AHy), crystallisation
temperature (1), onset temperature of crystallisation (T onse), decomposition

temperature (Tq) and percentage of AHy retajned of crosslinked and annealed
EOR/LDPE blends after being crosslinked for 120 hrs

%
LDPE Gel Tml, Tmz AHf Tc Tc onsat Td
System ] AHr
| (%) (%) °C) (J.g) °C) (°C) (°C) _
| retained
0 77 87.0 33.1 58.5 634 49] 100
) [0 75 88.0 37.9 66.9 74.5 484 100
—rosslinked '
30 74 87.1, 103.6 515 79.3 92.1 483 100
blends
50 69 -87.2,.105.4 70.8 86.8 95.2 486 g5
100 52 109.1 99.6 93.0 98.2 491 92
0 - 86.7 31.8 56.2 60.3 473 NA
10 - 86.1 349 69.7 774 477 NA
Annealed
30 - 85.6, 106.7 50.1 78.7 80.8 479 NA
blends
50 - 88.8,110.0 74.3 88.3 94 8 492 NA
100 - 110.3 107.8 94.1 97.6 490 NA
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Abstract

The progress of crosslink reaction of metallocene ethylene-octene copolymer grafted
with vinyl trimethoxysilane was studied on a thick specimen. Changes in the
concentrations of certain functional groups in different regions as a result of crossimk
reaction were followed using attenuated and transmission infrared spectroscopy. The
evolution of gel content and crosslink density was analysed for the structure of
crossiink formed along the progress of reaction. Infrared results illustrate a
heterogeneous crosslink network in the system. The crosslinking process starts with
the hydrolysation of methoxy groups in the near-surface layer, proceeding in a
diffusion manner. The internal crosslink begins when water molecules are sufficient
in the surroundings. A water by-product from the condensation reaction plays an
essential part in this centre region. The rheological data and gel results revealed that a
tighter network is formed within an existing gel. As the network becomes denser and
stronger, the materials act more like elastic and show an improvement in ability for
recovery process. However, due to a tight network, water diffusion decreases and
immobilization of chain segments disallows conformations necessary for crosslink
reaction. As a result, a number of hydrolysable groups and silanol groups are still left

for the reaction even after a long crosslinking time.

Keywords: Ethylene-octene copolymer; Crosslinking; Silane



Introduction

Silane-water crosslinking is one of the well-known techniques used in crosslinking
polyethylene (PE) [1-9]. It can also be used in the crosslinking of ethylene copolymer
[10-14], polypropylene [15-18], polyvinyl chloride [19-20], etc. The crosslinked
products are mainly used in applications such as hot-water piping insulation, and
wire-cable industry. The basic process starts with the preparation of a silane-grafted
polymer by a free-radical grafting reaction of viny! silane in the presence of peroxide.
After shaping into product, the silane grafted polymer is then crosslinked by exposure
to a humid environment. The crosslink reaction involves hydrolysation and
condensation of the hydrelysable groups to form stable siloxane linkages. Since each
Siatom has three reactive groups, up to six PE macromolecules may be joined to each
crosslink, which enhances the mechanical properties of the crosslinked products. This
is unlike to other crosslinking methods, ie. peroxide crosslinking and radiation

crosslinking, where two macromolecules join in the crosslink network.

There are a number of published works conceming some of the basic properties
change upon crosslinking, One of the major properties that could be improved by
introducing a crosslink network int the system is the high temperature property. An
improvement in polymer thermal stability due to silane crosslink is usually resulted.
In the case of mechanical properties, S‘hah and coworkers reported an improvement in
tensile strength with increasing stlane content up to 5 %. The resultant product
showed the gel content of about 60% [7]. A similar result was found by Wang et al.

[13] where an increase in tensile strength and a drop in elongation at break were

observed with increasing the crosslinking degree. However, there are studies reaching



some contradictory results. For example, Celina and George found only slight
decrease in polymer extensibity in the crosslinked LDPE containing a high gel content
of 90 % [6]. In our previous work on silane crosslinked ethylene-octene copolymer
(EOR), no significant difference in tensile properties was found in the samples
containing gel in the range of 0-77 % [10]. The questions, therefore, arise from the
attempt to describe the properties of these crosslinked materials. One of which is
related to the structure of crosslink network presence in those crosslinked materials

and the effects caused by crosslink structure.

The aim of the present work is to gain more understanding on the progress of silane-
water crossiink reaction of EOR and the changes in the formed crosslink structure
along the reaction. To achieve this aim, a 6 mm thick sample of silane-grafted
polymer was crosslinked in hot water for a specified time in the absence of catalyst.
The sample was then sectioned into equally 5 layers for analysis. Using attenuated
and transmission FTIR technique allowed us to follow the changes in the
concentrations of certain functional groups as a result of crosslink reaction. These
structural changes were analysed together with the evolutions of gel content
determined from the standard ASTM D2765-01 and crosslink density obtained from

the rheological measurements.



Experimental

Materials

Metallocene ethylene-octene copolymer; EOR (Engage E8003) with a MFI of 1.0
g.10 min”', was purchased from DuPont Dow Elastomer Co., Ltd. (Wilmington,
USA). The peroxide and silane used were dicumyl peroxide (DCP) and vinyl
trimethoxysilane (VTMS), respectively. All chemicals were purchased from Aldrich

Chemical Co. (Milwaukee, Swilzerland} and used without purification.

Crosslinking of EOR

The silane-grafting reaction of EOR was camried out in molten state using a co-
rotating twin-screw extruder (PRISM TSE16, Staffordshire, UK). The concentrations
of peroxide and silane used in the reaction were kept constant at 0.1 % and 5.0 %
weight, respectively. A screw speed of 30 rev. min™' with a temperature profile of 160,
200, 170, 170 and 170 °C from feed zone to die zone were carefully controlled. The
total reaction was finished within 5 min. During the modification process, the main
reaction is silane grafting. However, other reaction is also possible such as
combination of polymer macroradicals which produces molecular crosslinks. In this
study, no evidence of gelation due to ti:c self-crosslinking was observed in our grafted
products. The grafted products obtained were then compression-moulded into 6 mm
thick sheets. The moulding temperature used was 190 °C. To conduct a water-

crosslink reaction, the moulded sheets were immersed in hot water at 70 °C for a

specified time. The samples were then sectioned into equally 5 layers before analfysis.



it needs to be mentfioned here that no catalyst was used for accelerating the

crosslinking reaction o this study.

Measurements

Attenuated (ATR) and transmission (TS) Fourier Transform Infrared (FTIR)
Spectroscopy was used here to analyse the presence of silane in the grafted products
and also to follow the progress of crosslink reaction. The IR spectra were recorded

using a Perkin Elmer system 2000 FTIR spectrometer (Boston, MA) in the range of

600-4,000 cm™ with a resolution of 4 cm’'.

The gel fraction was determined by the content of insoluble fraction of crosslinked
material after solvent extraction according to ASTMD2765-01. The sample of about
0.3 g was wrapped in a 120 mesh stainless steel cage and extracted in refluxing xylene
containing 1% of antioxidant (Irganox (010, Ciba-Geigy) for 6 hr. After extraction,
the samples were weighed after being dried in a vacuum oven at 55 °C until constant

weight. The gel content was cakulated using the following equation.

% Gel content = final weight of sample x 100 ()

initial weight of sample

The percentage of gel reported in this work is an average of those obtained from three

test results.

The paraliel plate rheometer (Physica MCR 500) was operated in an oscillatory shear

mode at a constant strain of 10%. The samples used in the test were fabricated in a



disk with 1 mm in thickness. The rheological behaviours were examined at 200 °C
under the frequency ranged from 1 to 200 rad.s”. The resultant storage (G”), loss (G™)
and complex modulus (G*} values were recorded. For the creep and recovery test, the
applied stress was hold constant at a given frequency and test temperature. The
resultant strain deformation was recorded. The ratio of strain values measured and
constant stress was calculated, defining as the creep compliance (J). After the removal

of stress, the strain recovery was examined from the plot of strain as a function of

time.



Results and discussion

Amount of crosslinking

Some selected crosslinked EOR samples were characterised to determine their gel
content and crosslink density. Fig. ! shows the evolution of the amount of gel with
the time of crosslink reaction. A confinuous increase in the gel content is observed
with increasing crosslink ing time up to about 100 hr. The increase in gel content with
time is generally observed in various crosslinked systems [7-9, 15].The rate of
crosslink reaction, as determined from the slope of the graph, is faster in this early
stage of crosslinking. Without catalyst, the EOR reaches 80% gel after 96 hrs. of
crosslinking time. Increasing the time further, the gel contents tend to level off.
Another effective way of characterising crosslink network is by determining crosslink
density (v).This method was reported to be successful in determining the crosslink
content of LDPE crosslinked by irradiation process [21]. Based on the theory of
elasticity, the number of crosslink in a unit volume or crosslink density can be
predicted using the following equation.

G* = VvRT (2)

where G* is complex modulus, R is gas constant, and T is temperature.

The calculated crosshink density of EOR at 20 rad. s is shown in Fig. 2, where a
systematic increase in crosslink density with increasing time is clearly illustrated. The
graph of crosslink density does not show a platean region as observed in the gel

results (Fig. 7). The differences of gel and crosslink density data will be discussed

later in this paper.



Progress of crosslink reaction

The crosslinking of semicrystalline polymer in the solid state is quite a complex
process. As mentioned in the Introduction, crosslinking of the silane-grafted polymers
proceeds through the two main reactions as shown in Fig. 3. The first reaction begins
with the hydrolysation of methoxysilane (Si-OCH:) moieties (structure 1) to form
silanol (Si-OH) groups (structure [I) and gives methanol as a by-product. [n the
second reaction, the formed silano! groups condense and produce siloxane (Si-O-Si)
linkages (structure IH), giving water (Hx0Q) as a by-product. In this study, it is of
interest to find out whether this HO by-product involves in the crosslink reaction and
how difference in crosslink density is among various regions in the crosslinked
samples. To achieve this aim, a crosslink reaction was performed on a 6 mm thick
specimen. After sectioning equally into 5 layers as shown in Fg. 4, each layer was
analysed for the changes in IR peak intensities of certain chemical structures. Layer |
and 5 represent the two layers which have large contact surface with water. Therefore,
the hydrolysation and condensation reactions are expected to proceed more rapily in
these two layers, compared to those in layer 3 which is in the centre. In addition, layer
1 and 5 are expected to have simitar behaviours. This expectation also goes o layer 2
and 4.

Fig. 5 illustrates examples of FTIR‘spectwms of crosslinked EOR and Table 1
summarises the absorption frequencies generally used to follow the crosslink reaction.
From the TS-FTIR spectra, the presence of Si-OCH; peak (at 1092 cm™) is very clear
and its evaluation is quite straightforward in which a decrease in its peak intensity

clearly reveals a progression i hydrolysation of structure I. In contrast, the situation



is more complicated for the two others (Si~OH, and Si-0-Si). The absorption of Si-O-
Si (at 1030 cm™) appears as a shoulder on the larger band of Si-OCHS,, this makes
difficulties in quantitative measurements of intensity of the Si-O-Si band. Therefore,
only the results on the changes in Si-OCH; groups at 1092 cm™ were followed by TS-
FTIR whereas the changes in S$i-OH intensities are based on the measurements from
ATR mode. All results from both TS-FTIR and ATR-FTIR are presented in a term of
absorption index, which are determined by calculating the ratio of absorbance of the
interested bands, to the absorbance ot the methyl group band at 1377 cm™, which was
used as the internal reference in the normalisation of different spectra. The reported

values were obtained, averaging at least five measurements in different points of the

samp les.

The infrared results are shown in Fig.6a and 6b where the absorption index of Si-
QCH; group (at 1092 em™) and S+ OH group (at 3500 em™) are plotied against the
time of crosslink reaction, respectively. In Fig. 6a, only the results of layer 1, 2, and 3
are shown in the graphs, due to a large number of data points and a similar behaviour
between layer 1 and 5, and between layer 2 and 4 as mentioned earlier. The
absorption index of SkQCH; peak in all layers does not seem to change after 12 hr of
crosslink reaction, implying the very slow rate of hydrolysis of this material. An
evitable change can be seen after conducting a reaction for 48 hr. With increasing the
time of reaction further, a gradual d:ecrease in Si-OCH; absorption index is clearly
seen. Similar trend can be observed in all layers but the magnitudes of these

absorptior values are different among layers. This reveals a heterogeneous crosslink

formation in the samples. This is possible since the silane-crosslink reaction occurs

10



when the polymer is in solid state. Heterogeneous crosslink structure is now generally

accepted also n irradiation of PE in the solid state [22].

At 96 hr of crosslinking time, a drastic decrease in the absorption values of the Si-
OCH; is obvious in the samples of layer 1 and 2 (also layer 4 and 5, the results are not
shown here). This means that the hydrolysation of Si-OCH; to form Si-OH has taken
place in these two layers (1 and 2). However, when analysing the data of Si-OH index
in Fig. 6b, no incrementor any changes in peak intensities of Si-OH could be detected
at this stage (96 hr of crosslinking time), illustrating that no Si-OH structure exists in
the samples. This points out that after the hydrolysation of Si-OCHj; to form Si-OH,
the formed Si-OH may possibly undergo further reaction (condensation) and then
exists as Si-O-8i crosslink structure. In the case of layer 3 which is in the interior of
the specimen, the S OCH; absorption as shown in Fig. 6a does not seem to change
much even after conducting a reaction for 96 hr. One possible explanation could be
the lack of water to aid hydrolysation in the surroundings. The reduction in Si-OCH;
intensities in the centre region of the specimen becomes more drastic than the other
layers when mcreasing the crosslinking time to 240 hr. It seems obvious that the
hydrolysadon i this centre region is not controlled only by the amount of water
diffused from the outside. At this stage, the absorption index of Si-OH also reaches
maximum values. In the other words, there are now a large number of silanols in the
samples which are available for the candensation reaction. The presence of Si-OH
peak is found also even afier 1200 hrs of crosslinking time, revealing that some
hydrolysed groups are actually left to be further condensed to form siloxane crosslink
network. Whether a large number of these reactive groups are left cannot be said, but

it is clear that they are unable to find a suitable partner for a condensation reaction.
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Not only the Si~OH group, but also the SEOCH; still exists after a long reaction time

(t> 1200 hr).

Evaluating all this information, the progress of silane-water crosslink reaction is
proposed as followed. In the first stage, the hydrolysis and condensation reactions
initiate mostly in the layers in contact to water and layers nearer to the polymer
surfaces. The interior layer seems to be unchanged for a long time after conducting
the experiment. The diffusion of water into polymer is believed to play a major roie in
confrolling the degree and rate of hydrolysation. Therefore, any factors promoting
water diffusion will increase the reaction. With semi-crystalline polymers, the
crystalline regions are less accessible to water which must diffuse in to be effective.
The hydrolysation and condensation, therefore, preferably occur in the amorphous
part. Our previous findings revealed that the samples with lower crystaliine
component gave higher gel content and higher water diffusion rate [9]. The work of
Shieh et al on water crosslinking of silane-grafted LDPE demonstrated an increment
in water diffusion rate and subsequently hydrolysis and condensation rates of the silyl
frimethoxy moiety with increasing temperature [8]. In addition, hydrolysation leads to
the formation of hydrophilic chemical species, i.e. methanol in this case. This makes
them accessible © water. Once the Si-OCH; groups in the surface and near-surface
layers have been hydrolysed, they condense and form Si-O-Si linkage promptly and
bleach out water as a by-product. Tl"lis mechanism undergoes in the near-surface
layers for a period of time and thereafter, the reaction in the centre layer begins when
there is a sufficient amount of water presence. The water involved in the reaction is

believed to be the one diffiilsed from external source through the near-surface layers

and that produced as by-product from the condensation reaction. This, therefore,



causes a rapid reduction of Si-OCH,; intensities in the centre region. By this period of
time, the material should be characterised by a large number of crosslink networks.
As a resuit, we observed an increase in gel content (Fig.1) and crosslink density (Fig.
2) in the crosslinked samples. Increasing the crosslinking time further, (e.g. t > 240
hr) the hydrolysation and condensation reactions still carry on so long as water is
present in the system but with a much lower rate. In this stage, a tight network is
believed to be formed within an existing gel. This is the reason why we could not
observe a systematic increase in the gel content in this latter stage since the weight of
polymer gel is hardly changed but the number of crosslink points within the gel
increases. The rheological results clearly confirm this point where an increment in
crosslink density progresses with time of reaction. Due to a tight crosslink network,
the diffusion of potential waters decreases. Decreased water diffusion will also
increase the hydrolysis resistance of crosslinked system. Furthermore, crosslinking
also immobilises segments which disallow conformations necessary for chain
combination. As a result, there are a number of silanol groups which cannot continue

the condensation reaction and some hydrolysable groups left for the crosslink

reaction.

Creep behaviours of crosslinked EOR

To further elucidate the effect of crosslink structure on polymer behaviours,
rheological experiments using a para‘llel plate rheometer were performed. Fig. 7
shows the plot of G’ of the neat EOR and its modified as a function of frequency. A
very strong frequency dependence of G* of the neat sample indicates the domination

of viscous response which is a characteristic of uncrosslinked melt. After conducting

a crosslink reaction, the flattening of G’ indicates that the samples in the present



experiment were crosslinked from lightly to heavily. The characteristics of much

denser network along the progress of crosslink reaction are clearly revealed.

Fig. 8 llustrates the plot of creep compliance (J) of EOR before and after conducting
a crosslink reaction, as a function of experimental time. It is evident that all
crosslinked polymers exhibit much lower magnitudes of J, compared to the
unmodified EOR sample. A difficulty in polymer chain mobility caused by the
presence of crosslink network should be responsible for this behaviour. With
increasing the crosslinking time, a reduction in J magnitude becomes more
pronounced, indicating an improvement in strength of the materials. The effect of
crosslink network on material deformation can be seen also from the results of Fig. 9,
where crosslink network offers a difficulty in chain deformation. A drastic snapback
is observed after a stress removal, acting more like elastic. As increasing the
crossfinking time, the network becomes denser and stronger leading to an

improvement in ability for recovery process.
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Conclusions

Silane-water crosslinking of EOR was performed in the solid-state without the
presence of catalyst. The crosslink density linearly increases with increasing the time
of crosshinking, while the gel results show an increment in the early stage and then
level off. Infrared spectroscopy reveals a heterogeneous crosslink network in the
system. In the first stage of crosslinking process, the hydrolysis event proceeds in a
diffusion manner, starting at the regions nearer to the polymer surface. Once the
hydrolysation occurs, the formed silanol group continues further reaction
(condensation) immediately and exists as siloxane crosslink network, giving water as
a by-product. The internal crosslink cannot begin until enough water molecules have
been existed in the surroundings. A water by-product plays an essential part in this
region. After a long crosslinking time, a tighter network is formed within an existing
gel. As a consequence, water diffusion decreases and immobilisation of chain
segments disallows conformations necessary for crosslink reaction. There are a
number of hydrolysable groups and silanol groups left in the samples for further
reaction. As the network becomes denser, improvements in material strength and

ability for recovery process are resulted.
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Table 1 Absorption frequencies used in following silane crosslink reaction

Chemical Structure

Wave number (cm™)

Si-OCH;, 1092
Si-OH 3500
Si-O-8i 1030
C=0 1700
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Figure captions

Fig. 1
Fig. 2
Fig. 3
Fig. 4
Fig. 5

Fig. 6

Fig. 7

Fig. 8

Fig. 9

Evolution of gel content as a function of crosslinking time
Crosslink density as a function of crosslinking time
Silane-water crosslink reaction

Thick specimen used in this study

FTIR spectrums of silane-grafted EOR and crosslinked EOR

Absorption index of Si-OCH; group at 1092 cm™ (a), and Si-OH group at

3500 cm” (b) i different layers as a function of crosslinking time

Comparison of storage modulus (G*) among various crosslinked samples
{Right and left of Y axis represent the crosslinked sample for t < 96 and t >96

hrs, respectively.)

Comparison of creep compliance (J) among various crosslinked samples
Strain  deformation of various crosslinked samples as a function of

experimental time
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Abstract

Crosslinking degres in the silane-water crosslinked
ethylene-octene copolymer was investigated, using three
different techniques namely the conventivnal gel content
deternaination, FTIR analysis and rheological measurement,
The effects of time and addition of caleivm carbonate filler
on the crosslinking reaction were also studied. The resulis
show that FTIR analysis and rheological measurement
could be used as alternative methods in elucidating
crosslinking degree. Those techniques are less time-
consuming and are more environmental [riendly. The
crosslinking time and the presence of filler were found to
play important roles in the silanc-water crosslinking

reaciion.

1, Introduction

Crosslinking 1s an important method for extending the
service temperature of polymer. Crosslinked polymer can
be produced in a variety of ways. In recent years the silane-
water crosslinking has gained much interest because of
favorable properties and ease of processing in the
crosstinked product. In such technique, a polymer is grafted
with alkoxysilanes and subsequently crosslinked in water
by means of hydrolysis and condensation of those units to

form siloxane bonds.

423

Degree of crosslinking is a main factor coatrelling
properties of the crosstinked products. The approach,
which is widely wused in the determination of
crosslinking degree, is based on ASTM 2765-95a. The
method involves measuring the content of gel or the
insoluble fraction produced in the crosslinked material
after extracting with solvents. Even though; the gel
content determination is a direct way of elucidating the
crosslink content, the experiment consumes amount of
time and solvent for extraction. In addition, the test
results were found to produce ambiguous meanings on
the explanation of crosslinking effect on the product
properties™ and on the progress of silane-crosslinking
reaction’.

This paper reports the altemative characterisation
methods for elucidating the degree of crosslinking in
silane-water crosslinked ethylene-octene  copolymer
(EOR} and its composites filled with calcium carbonate
(CaCQ;). Three methods investigated include the gel
content determination, infrared analysis and rheotogical

measurement.

2, Experimental

2.1 Materials

Ethylene-octene copolymer (EQOR) grade ENGAGE
E8003, DuPont Dow Elastomer Co. Ltd. was used.
Calcium carbonate {Turboplex, Lime Quality Co. Lid.,



Bangkok, Thailand) used was surface-coated with 2 wt-%
stearic acid. For grafting reaction, the initiator was dicumyl
(DCP) and the silane wused was
vinyhtrimethoxysilane {VTMS).

peroxide

2.2 Preparation of EOR composites
The EOR and CaCQ: masterbatch was compounded in the
ratio of 80/20 wt-% through an intermeshing co-rotating
twin-screw extruder. The operated temperature profile was
in the range of 160-200°C. A screw speed was controlled at
150 rpm.
2.3 Preparation of silane-water crosslinked materials
The silane-grafting reaction of either unfilled or CaCOQ;
filled EOR with 5wt-%VTMS and 0.1wi-%DCP was
carried out in a twin-screw extruder. The temperatures were
carefully controlled in the range of 160-200°C, with a
screw speed of 30 rpm. The grafted products were, then,
immersed in hot water at 70°C to conduct a crosslink
reaction. The effect of time for the reaction was
investigated. In this study, no catalyst was used for
accelerating the crosslink reaction.
2.4 Characterisation
Gel content determination
The pel content was determined according to ASTM
D2765-95a. The sample was wrapped in a 120-mesh
stainless steel cage and extracted in boiled xylene for 6 h
After extraction, the cage was dried in a vacuum oven, the
gel content being defined as follows.

%gel content = final weight of sample x 100

(1)

initial weight of sample

FTIR analysis
FTIR was used 1o analyse the presence of silane in the
grafted products and to determine the crosslinking degree
by means of analysing the changes in contents of methoxy-
and siloxane-groups. Films with 100pum thickness were
prepared by hot pressing ai 200°C. Before the

measurement, the films were washed with an excess

amount of acetone to remove ungraﬂ;a;tam
peroxide. The IR spectra were melmﬁd
Equinox 55 FTIR spectrometer.

Rheological messurement

A dynamic rheometer (Physica MCR 500) with 25 m
diameter parallel plate was used in an oscillatory she
mode, The rheological behaviours of the crosslink
products were examined at 200°C.

3. Results and discussion

Figure 1 shows the relationship between the content
gel and the time of crosslinking. It is clearly seen tt
the gel develops in the initial stage of crosslinking tit
and its content sharply increases with increasing tin
The gel content of B0 % is observed after crosslinki
time of 84 h. With increasing time beyond 84 h, the ¢
comtent increases very slightly. For crosslink
composites, the similar trend is observed but in a higt
magpitude of gel content obtained. This could be caus
by a trap of fillers ingide the crosslinked network.
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Figure 1. The plot of gel content as a function
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+ crosslinked EOR
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Figure 2 represents the plot of IR absorptien index :
crosslinking time. As mentioned earlier, during
crosslink reaction, trimethoxysilane groups w
hydrolysed and condensed to form siloxane linkag

Therefore, an increase in Si-O-5i or a decrease in
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Bangkok, Thailand) used was surfacc-coated with 2 wi-%
stearic acid. For grafting reaction, the initiator was dicumy!|
(DCP)  and the silane used  was
vinyitrimethoxysilang (VTMS).

peroxide

1.2 Preparation of EOR composites
The EOR and CaCO; masterbatch was compounded in the
ratio of 80/20 wi-% through an intermeshing co-rotating

twin-screw extruder. The operated temperature profile was

in the range of 160-200°C. A screw speed was cootrolled at

150 rpim.
2.3 Preparation of silane-water crosslinked materials
The silane-grafting reaction of either unfilied or CaCQ4
filed EOR with 5wi-%VTMS and 0.1wt-%DCP was
carmied out in a twin-screw extruder. The {emperatures were
carefully controtled in the range of 160-200°C, with a
screw speed of 30 mpm. The grafied products were, then,
immersed in hot water at 70°C to conduct a crosslink
reaction. The effect of time for the reaction was
investigated. In this study, no catalyst was used for
accelerating the crosslink reaction.
2.4 Characterisation
Gel content determination
The gel content was determined according to ASTM
D2765-95a. The sample was wrapped in a 120-mesh
stainless steel cage and extracted in boiled xylene for 6 h.
After exiraction, the cage was dried in a vacuum oven, the
gel content being defined as follows.

Yhget content = ﬁna} weight of sample x 100

(1)

initial weight of sample

FTIR analysis
FTIR was used to analyse Lhe presence of silane in the
grafted products and to determine the crosslinking degree
by means of analysing the changes in contents of methoxy-
and siloxane-groups. Films with 100um thickness wers
prepared by hol pressing at  200°C. Before the

measurement, the films were washed with an excess

amount of acetone {0 remove ungrafied silane or residual
peroxide. The ER spectra were recorded using an
Equinox 55 FTIR spectrometer.

Rheological measarement

A dynamic rheometer (Physica MCR 500) with 25 mm
diameter parailel plate was used in an oscillatory shear
mode. The rbeological behaviours of the crosslinked
products were examined at 200°C.

3. Results and discussion

Figure 1 shows the relationship between the content of
gel and the time of crosslinking. It is clearly seen that
the gel develops io the initial stage of crosslinking time
and its content sharply increases with increasing time.
The gel content of 80 % is observed after crosslinking
time of 84 h. With increasing time beyond 84 b, the gel
coatent increases very slightly. For crosslinked
composites, the similar trend is observed but in a higher
magnitude of gel content obtained. This could be caused
by a trap of fillers inside the crosslinked network.
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Figure 1. The plot of gel content as a function of
crosslinking time
Figure 2 represents the plot of IR absorption index and
crosslinking time. As mentioned earlier, during the
crosslink reaction, (rimethoxysilane groups were
hydrolysed and condensed to form siloxane linkages.

Therefore, an increase in Si-O-Si or a decrcase in Si-
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OCH: peak iotensities would indicate the progress in
crosslink reaction. However, it is difficull to determine the
intensity of Si-O-5i peak since it presents as a sboulder of
the Si-OCHj;. in this study, a decrease in the intensity of Si-
OCH; band 2t 1092 cm’! is, thus, followed to express the
progress of silane crosslink reaction. The results are
reported in the term of absorption index (Al), which is a
relative intensity of the Si-OCH; peak with the internal
reference peak. From figure 2, the Al values slightly

decrease with increasing time, tndicating an increasse in

siloxane linkages. Similar lrend is observed in the
composite system.
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Figure 2. The plot of absorption index (Al) as a function of
crosslinking time

Figure 3 demaonstrates the plot of complex modulus (G*) of
EOR and EOR composites as a funclion of crosslinking
lime. According to elastic theory®, crosslink density directly
depends upon G*, thus, an observed increase in G¥ after a
longer crosslinking time caﬁ be inferred to an increase in
crosslink density. The magnitudes of G* seem higher in the
crosslinked composites. This could be due to an obsiruction

of polymer flow by particulate fillers in such systems.

4. Cooclusions

425
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Silane crosslinked EOR and EOR composites were
characterised for their degree of crosslinking using three
different techniques, namely gel content determination,

500 | -
» crosslinked EOR

400 9 crosslinked EOR composites

300 -

G* (MPa)

200 |

a
100 5°
& *
t’
0
0 200 400 600 800

Time (h)

1000 (200

Figure 3. The plot of complex modulus (G*) as a
function of crosslinking time

FTIR analysis and rheological roeasurement. The results
show that not only the gel content determination, which
gives a direct resalt on cresslinking degree, but the FTIR
analysis and G* measurcment could be used as
alternative methods, The latter two technigues also take
less time-consuming and more environmental friendly.
However, care must be taken in interpretation of results,
especially in the casc of crosslinked composites

containing filler,
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Changes in rheological properties of elastomeric ethylene copolymer along the
progress of silane crosslinking process

Walailuck Kamphunthong~ and Kalyanee Sirisinha
Department of Chemistry, Faculty of Science, Mahidol University, Bangkok 10400

ABSTRACT

Dynamic viscoelastic measurements have been carried out on 2 series of silane-water
crosslinked ethylene-octene copolymer (EOR) to investigate the changes in
theological properties and crosslink structure along the progress of crosslink reaction.
Two rheological experiments were performed on a parallel plate rheometer in both
frequency sweep and creep-recovery modes. The viscoelastic behaviours of the grafted
and crosslinked EORs were governed by elastic response, indicated by the higher
values of storage modulus (G’) over that of toss modulus (G”). The G’ values and %
strain recovery were found to increase with increasing crosslinking tirne. The results
of theological test and gel study pointed-out that a number of polymer chains involved
in the network structure hardly changed after 96 hrs of crosslinking time but more
siloxane linkages occur, leading to a systematic change in viscoelastic properties
without a detection of weight change on the gel fraction.

 Introduction

Crosslinking is one important method for improving the high temperature properties of
polymer. The silane-water crosslinking, unlike to the typical peroxide crosslinking or
irradiation crosslinking, introduces the siloxane bonds between polymer chains,
instead of carbon-carbon bonds (Figure I). The silane crosslinking process also
conducts while the polymer is in the solid-state. Thus the crystallinity of polymer
could complicate the crosslink situation. When polymer chains are linked, the content
of insoluble material (gel) is one of the basic parameters caracterising the structure of
material. The gel content determination is thus a widely used method for following the
crosslink reaction. In a recent work we reported the gel content results of vanous
silane-water crosstinked sy stems [1-2]. The results showed ambiguous meanings on
the explanation of effect of crosslinking on the product properties [1] and on the
" progress o f silane-water ¢ rosslink reaction and crosslink s tructure after a prolonged
crosslinking time [1]. In this paper, we present dynamic vjscoelasticity results of a
series of elastomeric ethylerie-octene copolymers (EOR) of different crosslinking
degree. Two rheological experiments are performed, i.e. frequency sweep test and
creep-recovery experiment. These experiments can give one insight on ‘the
_ understandings of the progress of silane crosslinking process.

" Experimental

Materials

EOR (ENGAGE E8003) with MFI of 1.0 g.10 min", was purchased from DuPont
Dow Elastomer Co. Ltd. (Wilmington, USA). The peroxn‘le and silane were dicumyl
peroxide (DCP) and vinyl trimethoxysilane (VTMS), respectively.

Preparation of crosslinked polymers

Th;: silane-water crosslinking process consists of two steps; i.e. silane-grafling of EOR
and crosslinking of the prafted polymer. The grafling reaction of EOR with Swt-
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%VTMS and 0.1wt-%DCP was carried out in a twin-screw extruder. The temperatures
were carefully controlled in the range of 160-200°C, with a screw speed of 30 rpm.
The grafted products were, then, immersed in hot water at 70°C to conduct a crosslink
reaction. No catalyst was used in the crosslinking process.

Rheological measurements

Frequency sweep test - The parallel plate rheometer (Physica MCR 500) was operated
in an oscillatory shear mode at a constant strain of 10%. The rheological behaviours
were examined at 200 °C under the frequency ranged from 1 to 200 rad.s”': The
resultant storage (G’), loss (G”) and complex modulus (G*) values were recorded.
Creep and recovery test - The applied stress was hold constant at a given frequency
and test temperature. The resultant strain deformation was recorded. The ratio of strain
values measured and constant stress was calculated, defining as the creep compliance
(7). After the removal of stress, the strain recovery was examined from the plot of
strain as a function of time.

Determination of gel content

The gel content was determined according to ASTM D2765-95a. The sample was
wrapped in a 120-mesh stainless steel cage and extracted in boiled xylene for 6 h.
After extraction, the cage was dried in a vacuum oven. The gel content was
determined from the dried content of insoluble fractions after extraction process with
respect to the original sample content.

Results and discussion

Figure 2 shows the plot of G’ and G” of the neat EOR and its modified as a function
of frequency. A very strong frequency dependence of G’ and G” of the neat elastomer
indicates the domination of viscous response which is a characteristic of uncrosslinked
melt. The introduction of silane units increases irregularity in polymer structure and
chain entanglement in the grafted polymers. As a result, the G’ values of the grafted
sample are somewhat higher than those of neat polymer throughout the entire
frequency. A fier c onducting a c rosslink reaction, the flattening of G’ and G’ being
higher than G” indicate that the samples in the present experiment were crosslinked
from lightly to heavily. The effects of crosslinking time on G’ values are clearly seen
in Figure 3, revealing the characteristics of much denser network along the progress of
crosslink reaction. The results of strain recovery experiment reveal also a drastic
snapback of strain after stress removal due to the existence of elastic structure inside
the crosstinked samples. Increasing the crosslinking time the % strain recovery is
observed. These rheological results seem to be more meaningful than those of gel
results as shown in Figure 4. A systematic increase in gel contents with time is only
observed below 96 hrs of crosslinking process where the content of approximately
80% was reached. Increasing the time further, the contents of gel scarcely change.
From the rheological results and gel study, it could be said that a number of polymer
chains involved in the network structure are hardly changed after 96 hrs of
crosslinking time but more siloxane linkages occur, leading to a systematic change in
viscoelastic properties without a detection of weight change on the gel fraction. This
dictates that the silane crosslinking process is still progressed for a long time after gel
content reaches plateau region.



Conclusions

Various silane-water crosslinked EOR were prepared. The G’, G” and G* were
measured by a parallel plate rheometer in a frequency sweep mode whereas the strain
recovery and creep compliance were determined from creep and recovery test. The
results revealed the domipation of elastic phase and frequency independent behaviour
in the silane-crosslinked products. By increasing the time of crosslinking process, the
crosslinked structure became denser, leading to a product with improvement in ability
for recovery process.
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Role of Solid-State Silane Crosslinking on Structure and Properties of

Ethylene-Octene Copolymer
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Abstract

The changes in crosslink structure, rheological and mechanical properties of ethylene-octene
copolymer (EOR) along the progress of silane-water crosslink reaction were investigated. The results
of gel study and rheological test pointed out that 'the crosslink structure changes with increasing the
reaction time. In the early stage, the gel content and crosslink density increased systematically with
time. However, a number of polymer chains involved in the network structure hardly altered after 96
hrs of crosslinking time but more siloxane linkages occurred, leading to a systematic change in

viscoelastic and tengile properties without a detection of weight change on the gel fraction. With a

denser network, the crosslinked products showed an improvement in material strength. -

Keywords: Silane-water crosslinking, Ethylene copolymer, Structure, Property

1. Introduction

Crosslinking is one important method for
improving the hi g1!'1 temperature properties of polymer.
The silane-water crosslinking [1-3], unlike to the
typical
introduces the siloxane bonds between polymer chains,

peroxide or irradiation crosslinkings,

instead of carbon-carbon bonds (Figure I).

CH;
CH,
5 OH

/\/\/\/ ’Z\/Y\/ -
CH, | CH;
CH; e Her

|

| —_r :
CH; +3H,0 |

|
|
|

I 0
I .
CHE | S+ OCH, He’ls;OH HO S OM
OCH, + 3c(1)4 oH CH,
3 C,[-[2

AANANS

Figure 1. Silane crosslink reaction

Since each Si atom has three reactive groups,
up to six PE macromolecules may be joined to each
crosslink, which enhances the mechnical properties of

the crosslinked products. The crosslink reaction also

conducts while the polymer is in the solid-state. Thus
the crystallinity of polymer could complicate the
crosslink situation.

In this paper, we present results on the -
changes in crosslink structure, rheological and
mechanical properties' of EOR along the progress of

silane-water crosslink reaction.

2. Experimental

2.1 Materials

EOR (ENGAGE E8003) with MFL of 1.0 g.10
min', was purchased from DuPont Dow Elastomer
Co. Ltd. (Wilmington, USA). The peroxide and silane
vsed were dicumyl peroxide (DCP) , and vinyl

trimethoxysilane (VTMS), respectively.

2.2 Preparation of crosslinked EOR

The silane-water crosslinking process consists

of two steps; i.e. silane-grafting of EOR and
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crosslinking of the grafted polymer. The grafling
reaction of EOR with § %VTMS and 0.1 %DCP was
carried out in a twin-screw extruder. The temperatures
were carefully controlled in the range of 160-200°C,
with a screw speed of 30 rpm. The grafted products
were, then, immersed in hot water at 70°C to conduct a
crosslink  reaction. No catalyst was used in the

crosslinking process.

2.3 Gel content determination

The gel content was determined according to
ASTM D2765-95a. The sample was wrapped in a 120-
mesh stainless steel cage and extracted in boiled
xylene for 6 h, After extraction, the cage was dried in a
vacuum oven. The gel content was determined from
the dried content of insoluble fractions after extraction

process with respect to the oﬁgihal sample content.

2.4 Rheological measurement

The parallel plate rheometer was operated in
an oscillatory shear mode at a constant strain of 10%.
The rheological behaviours were examined at 200 °C
under the frequency ranged from 1 to 200 rad.s”. The
complex modulus (G*) values were recorded.

For creep and recovery test, the applied stress
was hold constant at a given frequency and test
temperature. The resultant strain deformation was
recorded. The ratio of strain values measured and
constant stress was ‘calculated, defining as ;he creep

compliance (J).

2.5 Tensile testing

The stress-strain behaviours were determined
according to ASTM D638, A crosshead speed of 500

mm.min”’ with a load cell of I kN was employed.

3. Results and discussion

The gel content determination is a widely

used method for following the crosstink reaction in

various systems. Figure 2 shows an increase in the gel
content with increasing time. This finding is generally
observed in various crosslinked systems. The rate of
crosslink reaction is faster in the early stage of
crosslinking. Without catalyst, the EOR reaches 80%
gel after 96 hrs. of crosslinking time. Increasing the
time further, the ge) contents tend to level off.

Another effective way of characterising
crosslink network is by determining crosslink density
{v). Based on the theory of elasticity, the number of
crosskink in a unit volume or crosslink density can be
predicted using the following equation: [4]

G’ =VRT

where R is gas constant and T is temperature.

The calculated crosslink density of EOR at 20
rad. s is shown in Figure 3 the crosslink density does
not show a plateau region as observed in the gel

results, but systematically increases with increasing

time.
100
Salo o
b
£ 60 $
8 -
- 407
@]
20
1
0 L] ¥ ¥ T 1
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Figure 2. Gel content as a function of time

0.10 ,
3 0.08
=
E )
> 0.067 .
g
< (.047 *
o
._%
2 002
o *
O‘OOJ T T T T T

0 200 4200 600 800 1000 1200
Immersing time (hrs)

Figure 3. Crosslink density as a function of time
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The influences of crosslink network on 4. Conclusion

rheological properties can be seen from Figure 4 it is Silane-water crosslinking of EOR was

evident that all crosslinked polymers exhibit much  performed in the solid-state without the presence of

lower magnitudes of ), compared to neat EOR sample.  catalyst. Increasing the time of crosslinking, the

A difficulty in polymer chain mobility caused by the  crocclink density linearly increases while the get

presence of crosslink network should be responsible  roqitg show an increment in the early stage and then

for this behavior. With increasing the crosslinking |oye) off As the network becomes denser, the changes

time, a reduction in J magnitude becomes more  jn yiscoelastic behaviours and mechanical properties

pronounced, indicating an improvement in strength of 510 sboerved.
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rheological behaviours in which an increasing time of
crosslinking to 360 hrs leads to a mark decrease in

material extensibility without a change in gel content.
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Figure 5. Effect of crosslink on stress-strain curves
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Influence of Various Ethylene Copolymers on the Silane-Water

Crosslinking of High Density Polyethylene
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Department of Chemistry, Faculty of Science, Mahidel University, Bangkok Thailand 10400
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Abstract

Silane-water crosslinking of high density polyethylene (HDPE) was investigated. Various
ethylene copolymers including ethylene-octene copolymer, ethylene-butene copolymer and ethylene-
viny! acetate copolymer were introduced to the HDPE, in order to facilitate diffusion of water which
aids crosslink reaction. The results show that the copolymers increase the rate of crosslinking of HDPE.
The hydrophilicity of the copeolymer plays a major role on silane crosslinking, whereas the amount of
crystalline component in the copolymers shows a minor effect. After crosslinking, all crosslinked
products exhibit an improvement in the thermal oxidative stability.

Keywords: Silane-water crosslinking, High density polyethylene, Ethylene copolymers, Thermal properties

1. Introduction
Properties of polymer, particularly high
moedified by

crosslinking of the polymer chains. One method which

temperature properties, can be
is of interest and becomes increasingly used in the
industry s a silane-water crosslinking method. Silane-
water crosslinking takes place in two stages, First, a
small amount of silane is grafied onto the polymer
chains. The grafted polymers are subsequently shaped
into finish products and then crosslink‘ed in the
presence of water. Rate and degree of crosslinking
depend on several factors. One of which is the amount
of crystalline component in the material. High density
potyethylene (HDPE) due to its high

crystallinity, has low silane absorption and low water

level of

diffusion. Introducing the second component having
lower crystallinity is hypothesised to favor diffusion of
water which aids crosslink reaction. In this study,
various ethylene copolymers were analysed for their

effects on structure and properties of silane-

crosslinked HDPE.
2. Experimental

2.1 Materials )
HDPE was from Bangkok Po!yethylt::ne Co.
Ltd.
copolymer with octene content of 7.6 %mol (EO76),;
and that with octene content of 10.9 %mol (EO109},

Copolymers used include ethylene-octene

ethylene-butene copolymer (EB) and ethylene-vinyl
acetate copolymer with vinyl acetate content of 18
%wt (EVA).

2.2 Preparation of crosslinked polymers

HDPE and its blends with various
copolymers in the ratio of 80/20 were prepared in a
Haake Rheocord batch mixer. The grafling reactions of
the blends were carried out at 170°C using 5 % vinyl _
wrimethoxysilane and 0.1 % dicumy! peroxide. The
grafted products were then compression-molded into !
mm thick sheets. The sheets were subsequently

immersed in hot water at 70°C for conducting a
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crosslink reaction. No catalyst was used in accelerating

reaclion.

2.3 FTIR analysis

Fourier Transform Infrared (FTIR) spectra
were recorded from a Perkin-Elmer spectrophotometer

in the wavenumber range fram 4000-600 cm™'.

2.4 Solvent extraction

The amount of crosslink was reported in a
term of gel content which was determined from the
insoluble fractiar: of silane-crosstinked polymers after
extraction in refluxing xylene according to ASTM
D2765-95a. The crosslinking rate was calculated from
the slope of the graph plotted between gel content and
immersing time in the

between 0-12 hrs.

initial crosslinking time

2.5 Differential scanning calorimetry

The thermal behaviors of samples were
studied by a Perkin-Elmer DSC-7. The samples were
heated from 50 to 170°C at a scan rate of 20°C.min’".
The crystallinity (x.) was calculated by taking the
values of heat of fusion (AHy) divided by the enthalpy
required for 100 % orystallinity which is equal to 290
1g' Iy

2.6 Thermogravimetric analysis

The thermogravimetric experiments were
performed using a Perkin-Elmer TGA-7 thermal
analyzer. The samples were heated from 40 to 600 °C
using a heating rate of 20 °C.min”, with a controlied

oxygen flow of 60 mi.min™.

3. Results and discussion

Fure ILDPE

Gresfird HOPE

Wavrnumher {cm’
Figure 1. FTIR spectra of unmodified and silane
grafled HDPE

Figure | shows the FTIR spectra of HDPE
before and after silane-grafting reaction. The peaks at
798, 1092 and 1192 cm’ corresponded to the
absorption of methoxysilane group (8i-OCH;) clearly

reveal the presence of silane units in the samples.

Table 1. The grafting index of various blends

Sample Grafting index
Si-g-HDPE 1.94 £0.04
Si-g-HDPE/EO76 1.58 £ 0.05
| Si-g-HDPE/EO109 1.14 + 0.02
Si-g-HDPE/EB 1.74 £ 0.06
Si-g-HDPE/EVA 0.73 + 0.04

The degree of grafting in a term of grafting
index was then calculated from the relative intensity of
absorption peak at 1092 cm™ to that of the reference
peak at 1377 cm’'. The resuits of Table 1 show a
reduction in a degree of grafting caused by the

presence of copolymers.

90

80

70
X
g .
T 404l -~ HDPE :
g w04 -+ IIDPE/EQ
i -+ HDPR/EQL09

0 ¢ - HDPE/EB

1o ~ HDPEEVA

0 : " ¥ T v

0 60 120 180 240 300 360
Immersing time (hrs)

Figure 2. Gel content of various crosslinked samples



By immersing the silane-grafted polymers in
waler, the methoxy groups (Si-OCH,) were hydrolysed
and formed into the silanol groups (Si-OH). These
silancl groups were then condensed and the siloxane
(8i-0-8i) crosslink network was obtained. As shown in
Figure 2, the amount of gel increases with increasing
time. The same trend is observed in all blends but with
difference in  magnitude of gel content. The
incorporation of ethylene copolymers clearly increases
the rate of crosslinking.

Table 2. Gel content and crosslinking rate of various

crosslinked samples l

Gel content® | Crosslinking
Samples (%) rate
(%o, hr'h)
HDPE 79.10 1.77
HDPE/EOQ76 .80.87 2.23
HDPE/EQ109 81.66 3.04
HDPE/EB 80.83 1.65
HDPE/EVA $0.33 3.69

*: determined after 360 hrs of crosslinking time

Table 3. Effect of crosslink on percentage of

crystailinity
Decomposition
temperature (°C)
Samples Before Al:ter -
crosslinking crosslinking
for 360 hrs
HDPE 413 448
HDPE/EQ76 412 441
HDPE/EQ109 416 449
HDPE/EB 414 43%
HDPE/EVA 417 445

The highest rate is found in the case of
HDPE/EVA blends, followed by HDPE/E0Q109,
HDPE/EQ76, and HDPE/EB, respectively (Table 2),
These results point out that the structure and properties
of ethylene copolymers play significant role in
crosslinking of HDPE. EVA with its polar groups in
the molecules has a strong ability for water diffusion.
EO, although, is a hydrophobic material, increases

diffusion of water in HDPE due to its low crystalline
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content (Table 3).

Table 4. Effect of crossliink on decomposition

lemperature

% Crystallinily

Samples Before crogl?::;il'lg

crosslinking

for 360 hrs
HDPE 6l 6)
HDPE/EO76 49 47
HDPE/EO109 49 50
HDPE/ER 50 >0
HDPE/EVA 49 30

Table 4 demonstrates the results on the

decomposition temperature of silane-crosslinked

HDPE. It could be seen that the decomposition

temperatures can be significantly increased by

introducing a crosslink network into the system. A -

slight decrease in thermal oxidative stability of HDPE
was resulted when incorporating the copolymers in the

systems.

4. Conclusion

The silane-water crosslinked HDPE  was
prepared. The effects of various ethylene copolymers
on the structure and properties of crosslinked HDPE
were studied using FTIR measurements, solvent
DSC and TGA

incorporation of copolymers was found to increase the

extraction, techniques. The
crosslinking rate of HDPE. The highest rate was found
in HDPE/EVA blends, followed by HDPE/EOI09,
HDPE/EQ76, and HDPE/EB, respectively, The results
pointed out that the hydrophilicity plays a major role
whereas thé amount of crystaltine portion has a minor
effect on the silane crosslinking. The thermal oxidative
stability of HDPE was found to be improved by
crosslinking. A slight decrease in this property was

observed after introduction of the copolymers.
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