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EE: E Ao ZLFEAHPLA) 9 $84EE =o)7] Y5l
PLA®] ZE|Ad veladeo]E(GMA) S PLAY] 7kt 3 xpx
S 22819 PLAS 713193tk GMAE 5 phr(parts per hundred
parts of resin) ® 148kl AP ZAES WAZ|H 71 PLAS
AzBlon, o]F 7, fIgH 54 9 Asle s ARt S5t
0.1 rad/selA 221 300 kGy = 71d¥E PLASH <= PLAS] 544
8 B AR vluslE B Ee oF 2108, ®PdES ©F 14500
H 7F58he 2R 0% ol & Wk Holth AShe] AvlE ZA
& 200 kGy ©J3kE Ak AlRelx] dofuk #AEE-E- 7h st v
K= 7B 8} 9hgo] SAlslthE As & = ARl

= =2 T M

Abstract: Poly (lactic acid) (PLA) has been modified by electron
radiation in the presence of 5 phr glycidyl methacrylate (GMA)
to enhance the melt strength of PLA. The modified PLA was pre—
pared by varying the dose of irradiation and was characterized
by observing the thermal properties, the melt viscoelastic pro—
perties and the gel fraction. The irradiated PLA with 300 kGy in
the presence of 5 phr GMA showed drastically improved com—
plex viscosity and storage modulus properties: a complex
viscosity of about 210 times higher and a storage modulus of
14500 times higher than those of virgin PLA when measured at
a frequency of 0.1 rad/s. Gel fraction study revealed that a
branching reaction was more dominant than a crosslinking reaction
when the PLA was irradiated with less than 200 kGy.

Keywords: poly (lactic acid), electron beam irradiation, glycidyl
methacrylate, complex viscosity, Cole—Cole plot.
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AAE G goleR= S 7KL Qo] el =
3 9k? gk PLAE €6
W AIEATY 5
£ 3A1E o)1 Ikt olefdh e
A (chain extender) & AFE310] EAES S7MAI7IAU, 2RSS
7] a#AH(branched—polymer) 5%, Wikl Az 2 7iA)A
2 R weE 3goR 1Ak 245 71X 3Hbranching)
a7} 7hrsk(cross—linking) 3R= HPHo] Al QIeE ™ whsgtE
HE E84% 7ol B3t 7HX3) 7HrRkS T BAlel 2alRkgo]
Uofu} REg-2do] 3l&t) o] st WS Rk WO R F o
T WA B2 AR Al o)sh Al A A7) s HS
w3 k07! el PLAE AP ZAle] o3 aikgo]
A Dol oz BApe] 7Xsh 7hslr) 2 o] ok A
o7 A QLY o] ATl olelst Bafuke-S Zoli A
A AR S A7) 918l GMA 37F 5 AARS 24810
WA PLAS] sk 5448 Asret!’ 1 293 i S0t
4= 0.1 rad/sel EIPEAE7) 5= PLAS] <F 108 A= 3242191
of HE 109 ARe] P2 HESTIAAIE o3t vk
o7 JIAsE PLAS HISSE gho R =2 85857 Q7= AUE
ubrA|, S8 E 52 S8l o3413] $HA7) Al

TJEEE B ATolas o]d ddtolla GAJeA] E3d 1A 3
A 85 AE 2 A BES 2= 7 PLAE AlEskaAt sk3l
t} o1& 93l 715 @ISl GMA 52 5 phr2 F7] 30|11
AP Al geksleloit). Alxd Aase] fEks, o
AT} ASICE Z7sto] 2 AT F4 @ oFE ATk

A=

A=}

=

S

Alef. PLA (Nature Work® PLA Polymer 2002D) & 35 2.16
kg¥ &% 190 CTollM 43 MI gko] 4~8 g/10 minZ Cargill
Dow LLCEHE 743130 50 CelA 24A3F 1x38lo] ARg-st
At} Glycidyl methacrylate (GMA) = AldrichAFE5E 1951
A Glo] ARgaalrt.

PLAS} GMA2| =&t PLA%I GMA 5 phr& ZekAg Exof ¢
o vlg] 238 TR 0]% ¢HE71(SM PLATEK Co. Ltd., TEC 30,
Korea) Z £-823319t) o1590=7] 2~I5(screw) A5 30 mm
o)1 Hol/A|E(IL/D) = 36013tk A5 3)3d= 1 2003],
v (barrel) & €5+ 160~190 C, tlel(die) &5+ 185 CE
A&, EEES 10 kg/hrz 288190tk GMAS &893 PLAE
A% 2 mm ©]3}2] F(chip) FEIE Axksio] 50 T ENA 244]
5 24lfsto] ARgslch

MR ZAL AAPA714571(ELV-0.5, BINP, Russia) 2 08310
A 719} A= Adedeli] A1 1, 5, 10, 20, 50, 100, 200, 300,
400, 500 kGy& A5l ZARISITE ZAFES] AFAl7]19F ZARRE
o7 AL AR AleE A e (radical) AlAS AR

aP7] f18lo] 50 Tollx] 122413 o) @2l WA|g 5 Wgsjo] B

a3,
24, AR A4 B4 WA Al A BDSC, perkin-

elmer pyris 6) & o]83}e] Z73I30TE Alga= Ad2elA] 200 T7HA|
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20 C/min®= 71933l AlRe] 9 olgE w8kl &7 9
3l 53 81k 200 CE fAI%E §- =30 T7HA = Az 1 5 A
2= 19)7] dlelld 10 T/min®Z 200 T7HA A71F8130tk A 5.9
Ashies S| 21eiM 271 MRS FAE 578kl soxhlet A
= ARE310] 24417 B9 5 chloroform e f0|2 ARg3lo] F&3t
s, 2] A HAER ARLISlc) okl e Alsse] &
RS, AFRIE(G) B EHIE(G”) WIshe advanced rheo—
metric expansion system (ARES, Rheometric Scientific Co.
Ltd.)& ol&slo] SIStk oI5 Slell ARES S48 AlES A5
25 mm, 77 2 mm A2 AR YFHAFHOE AZxsIGink =
% 5= 190 C, WEE (strain) & 5% (A3 A doD = 17
3131, = 0.1 ~100 rad/s7H] W37 S350

2 A EE

BXMEM. /NA PLAS fefHol(Ty), $825(Th), 4849
(Arp) 2 ASPEE Table 1] ®Ick AAbA Al o5k E24ws)
E B0l oA 715w ek GMA7ZE PLAS] 24 E40)
WA= FEs AR, GMA 5 phrs 37FsE PLA (A 24} 0]
) o] 7,9+ Th 457 PLA (virgin PLA) ¢} Rlwale] 242+ 10 C2h
5 C 7Asieith oy st &9 k= GMA7ZF PLAY] £314
(miscibility) ©] QITR= AR $-853 A] PLAS} 2A19)= & &
3 = odeS omit) w8k A wAEH SIS ol
&t @S GMAZ}FPLAS] 7heA] 98ks: 3lo] PLARAL 6785 &
WA AR &7} wels] wiRolt !

AP 2] JekS AR RE 97 S50] AR 24}
ol A JES WL 93-S Tableo] HoiF=ar itk WA 7, W3}
£ H¥, GMA F7F2 10 CH 7281 77t A Akl &
7¥ekrE Sokslo] ARk 200 kGyollk] €3] 3853l o)
& 7,9 38 kAl 28-EE GMAZF 24} iaRksol Frtst
o 279 Wit R k) IEXT GMA A7) Al ¢
A=A ] el GMA 1EA AAE 7FsAE Qluk 18]
L Habdo] 2ARE w) AlRE-S A AElo|a 7)A1d 4658

Table 1. Gel Fraction and Thermal Properties of Irradiated PLA
Containing 5 phr GMA

Irradiation dose Gel fraction Ty Tm AH:

kGy) (%) (0) (T) J/g)

Virgin PLA 0.1 61 154 0.02

0 1.1 51 149 15.4

1 0.8 51 149 17.4

5 0.5 56 151 6.2

10 0.7 58 151 29
20 0.6 58 150 1.7
50 0.4 59 149 1.8
100 0.9 59 148 0.8
200 1.1 61 146 0.9
300 28 60 142 0.9
400 68 59 - -
500 69 58 - -

E2|H, A34¢ A5%, 20109

e

o] QISI7] wiitel] Exlko] & GMA aAle] A 715242 vk v
Ut sekec) S, 7, WEE B vlwd vk 2A19) 10 kGy
7] B 7t F SRt F 24 400 kGyoldeli= &892
B e QISlck 88U (UmD AE R, IS KkGy FAF A
FO] &-gdo] FAsH 7819 400 kGy oPdelrl= e-ds] Alet
2}, olefgt A= AR ZAlel] 2ls) 718} vEgolvt 7kws) vE
50| Yolub Aol gt Agst S5 7hae) viEo] 7 9
7kl eJgt 7o) % As) o A wirow drEck o
AEAS ARt B v, 2 A7) /A dSelx] Aol vhe-(E3
WS, 7FA3E Wks 2 7hst WkS) FollA] o Wkgo] 2 dofit=
] RS e o) Askee] duE & ) ZARF 200 kGy7t
A= Wl 22 73} Hgo] Zhaws) RhgHT) 9-Allekal, 2ARE 300
kGyol oAl kst §hgo] -Algt 1o & ghekeict

FUEA 24, dRkFoR aEAR] AR S B
Az W Bl A4 S v A o® deiA] Qiok 1
2} WA A 2ol oJebd,*® 7Bk (branched—chain) 2 7}
WA (crosslinked—chain) 0] &718kel] wfe} 4412 3554
B-5-A] (newtonian fluid) o4 1= (power—law) S W= BT
HAAS] 35 0= vk sl AFEHIE(G) 3 AR E
(7)) FHTAE ZA ke 3o gl St Figure 12 5
el W BT () WskE RolT= Z182zolvtk Figure 19
<5 PLA 38545 B9, T3 10 rad/s olslelles wH FA15
‘& Holtp} 71 oPdel= e sh(shear thinning) F4-& Kol
T AP A AR aAle] EEEAS Holal Qltk AR &
AbslA] kil GMAYE 378k PLAS] HAEE B &5 PLAK
ot FA| 38k o= GMAZF PLAS] 7ReA] 93ks: al9la= 2
u]gict,

A ZAR W RS §iskE B, 297k e 4
A gols] T ofF 2 WislE HojFrh AR 2AKE
& BE NS 53R kel oEsks He HAE mEs
HEA FA12) BAS Belom, ZAlEo] S7leas Sl o
7t 2 5SS Bt o) drpAe| 9t anx} sA qkgol]
A TR B2 ThiAkzo] AEGY] Mo R siekec)
kA AxPA 1, 5, 10, 20, 50, 100, 200, 300 kGy ZAM F3l<=
0.1 rad/selx9] == PLAS} vlwalo] Bobdei= 712} ok (.8, 2.6,
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Figure 1. Complex viscosity curves of irradiated PLA with 5
phr GMA measured at 190 C.



A4 #ARE 1AE PLAC) §sH

3.4, 14, 28, 53, 180, 2108 =94t} o dAA Hud HEs
A Aol B = QI Aok o37)o]] Ashzo] Avkel 7k
o] AR, ZARF 200 kGy olah ZAF AZ2] Asles 0.8~
1.1% Aol ZARTE o= ZARE 200 kGy olake] AApd xA}
o gJalf dolt wEAke] FEMsh= 7hus) YR wAke] & 7t
A3} HEgo] = dolukg-& dallerh 124 300 kGy oV ZAF
B ARS] Al g8 S7Fske A SR Kol 300 kGy o1
ol = Zhusts: dojehs: el

Figure 298] 3] g A E(G) 2] WHslE 2H, AArA
1, 5, 10, 20, 50, 100, 200, 300 kGy FAM] 531 0.1 rad/selx]
o] &= PLA A&} nlwste] oF 2, 30, 60, 500, 1410,
3280, 12500, 145008l $£3kc}. B8k 2P Akl kel A3ed
Eo| SAedERTT & 1A9} T (solid—lke) FFE RO, 2
FAERlAE HgAQl A7) HodS = rubber —plateau3 2] 59
Sk S HojEr) o]t @2 wRlEo] & 7S AR Tl
SPE7h 52 TEAelA HISSHA VbR o ® JhuslEr) A
A oko- TP 7RAL] A9 Kim 527 BAlgo] 2 714 Az9]
ARESF el A E= AAIAEQ E]E 73 (temporary
pseudostructure of the physical network) W2 s}

A
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Figure 2. Storage modulus versus frequency for irradiated PLA
with 5 phr GMA measured at 190 C.
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Figure 3. Plot of storage modulus(G”) against loss modulus
(G”) for irradiated PLA with 5 phr GMA.
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Figure 3¢] W38 Cole—Cole =4 (modified Log ¢’ vs. Log ¢”
plot) &A1 71ARESeIA doft 7Ex3), 7hws) 9 e ko]
ARE A8 S Qrka dEA kT Anrdow S Al
GAkE Ao oA 71e7 T oF 24 5elal o] gk S 2
Aol JERs B o=tk g Qivk Z1euh Ak AREo]
IS AY 7 rslEE 1 7187 280 ZopAal 59} Ak
R0 RS = A1 o7 WRFQITh Figure 32 B9 &5
PLA®] 71271 1.74% 28T} ofgF w2 FolA|ul o <At
A% ABEAR: PLAY] 71871 28} B AR B9k o] 7)
e AR AR wlEt Al Fasste] sl w200 kGy
ZAFAEE 0272 - UhE 3 Hofam, Aoy 52 300 kGy
ZAFAES] 71871 T ok 11 ghe] 0.072 A2 kst v
Ao 1oIF= rubbery—plateau g HolFL) o)z Avph=
s dEo] vl olglF o= wie- vk 787 jrew A7t
A WhEEl i pEAjelrE BoIAA] GGk gro|k T 2t
# 200 kGy o8}z ZARE AIBEE Kim™ o] A3t nle} o]
AREST @l ARl AAARD 84 ThTx wEoE It
It 300 kGy AT AlEE EAkgo] 2 7HAKET B 4t}
9 TtEAE0] Wol| FAE QY] wiEo 2 k) 400, 500 kGy
FAF A B 7HuskEr} 0} 200 C ool E AlREe] HA] oF
o} f¥iskA] £33k 4= lgich

ol AEES BM. E A9 WY TS WA PLAC £38

dolx] ARE ZAkte] TR AR o] FolA]E
Ao JIAA, Whe/d TS Al 5 AEshe vk dERYE
thEr} 2 A7) gA, fHEH Aks SAR Y sAUE Yo
L= ol RESWIAUSS Figures 4—601 ¥tk Figure 404=
A2 A oJgt PLAS] walldbe- 9 7taws) vhemIAYUSS
o] Frh!T ol ATl 425 PLAC] HARANE 2Akebd H-
gl HhgRE dojub= AyE Rlrh 2 ATl AR doldt
WSS oitellRd thea gtk WA GMAS PLAC| &-g-&gst
W= Figure 504 191 njel 7 kS-S ofidel 4= Stk GMAE 2
% A% 1719} oA 1 (epoxy group) 17FE 7HAT Q= 2 71578 &
A2 25k GMAS] Y= PLA W¢7](-0OH, —COOH) £}2]
e 23} Hk2-(etherification) B! o|AE]3} HF2-(esterification) & &
0713170 U] GMA (14918 GMA) = PLA £} AlolAjole]] 312
Al £} 7EaA|ZA 0] ks sl AR ey 1 thgo R
AV () o) Alsell RS FARH, 28°] PLA 1A} 2
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Figure 4. Expected reaction mechanism for the chain scission
and crosslinking of PLA by irradiation.
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oH Q
Figure 5. Schematic of reaction between GMA and PLA chain

ends.

CH
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Il O CHz H
CH. 3
s C— O— CHz—CH CHx—D c c 2 e-beam b

C
CH3 =] o CHa |
H

vt CH—— 0—— CHo— CH—— CHa— 0—— G —— G ——CHz

l
o

oH

Figure 6. Expected reaction mechanism for the branching
modified PLA with GMA by irradiation.

S (radical) ZF 17012] GMA 2FcZo] Ad€ 4= Qlt} & 5 PLA
W #4¥k2(quaternary carbon) 2] 4R} €3] (abstraction)
Hol BAAE Sl S Z2ES 2 PLAEAF 22 (Figure
4), GMAS} §E-3E PLA ddel] Sls GMAZ] 25 Aol A=
G- 23 PLA 134t 2he) 2 (Figure 6), 18] 7]RkS-
GMA w25 E AVde gridolct o5 1A} g A2
7Pelell Sl Ak 2Ed7)e] dhgste] 7EXIsHFigure 6) Wk
52 7kus) §hg-(Figure 4)©] dofufAY Falldke-(Figure 4)0] &
ot = QIth Y B Aol o] Ak o} vk AlslE (200 kGy
ofet ZAKD) 9 =2 BT g AedES] Azl s &
uf, 252 WEAF HUZES AR 2 HkEsle] wRlEe] & TERKE
S AR} Hakea) 7lnkeS PLA EA} Alolrlolo]] 1124 &
telo] Q= GMA 2FZe] 238llel 7haRke-(Figure 4) &2 %18
P Al 2T} whEslo] o)F RES-S Al ] wite R F5E
. T2eu ZAKE 300 kGy oPdeliE 7has) ghgo] K HAEo]
A7) ehe R0 Ak, ol e AU T Be iR
S WP wEel] Bal E2 7hke-S oA GMAZE 7551
o2 FEHh

o o

o
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