7lsd CEHIE g

Korean Chem. Eng. Res., Vol. 46, No. 1, February, 2008, pp. 124-130

efaet PLAS| MR A 2lgh 7HE:

A Hoq ¥
UZ% - Amyt

Oé‘dmﬂﬂ ﬂ*aaﬂﬂi}i%i—‘%
712-749 735 73] s 214-1
(2007 92 17¢ %4* 20074 10€ 104 A=)

Modification of PLA by Irradiation of Electron Beam in the Presence of
Functional Monomer: Rheological and Thermal Properties

Kyoung Soo Kang and Boo Young Shin’

School of Display and Chemical Engineering, Yeungnam University, 214-1 Dae-dong, Gyeongsan, Gyeingbuk 712-749, Korea

(Received 17 September 2007, accepted 10 October 2007)

o [e]3
I =

e ST o e SRR AR flete], Vs O
poly(lactic acid)(PLAYE A ZALE 71 0}01\3]- GMAS] 3} AApd=Rs: 248t tpeksiAl 7% PLAS A=
st A B4, 88 Wekd 44 AslEE ZARISITEH GMAE 37FHA] ol AR ZARERE 7S PLAS
E3H e} A SAES Aol PLAY %ki‘jr o Skl ZARo] SkshE B Yokt GMAS 0.1 phr B
0.3 phr= H7rste] /MAS PLAS] /39 ARl uhe W3t H3S GMAE 71eHA] ¥ 7i1dst PLAS) vlssst
A%k, 05 phr GMAS F-817 A A1 5 kGy= 719l PLAE €2]9] PLAKLE bke S JodolA] 3wt
= E‘_slx%:g} IOHH‘/]' = XVQ'EV‘]E o 11031:}

1 H HJ=

Q1 glycidyl methacrylate(GMA)7} % 7+l

Abstract — In order to fabricate a modified poly (lactic acid) (PLA) for applications requiring high melt strength, a
PLA has been irradiated in the presence of functional monomer of glycidyl methacrylate (GMA). Samples were pre-
pared with various contents of GMA and irradiation dosages, and were characterized by observing their thermal and
melt viscoelastic properties and gel faction. The complex viscosity and storage modulus of the modified PLA without
GMA were lower than those of the original PLA. Those of the modified PLA decreased with increasing dosage. In the
case of the modified PLA containing 0.1 phr or 0.3 phr of GMA, their changing tendency with dosage was similar to the
irradiated PLA without GMA. However, the 5 kGy irradiated PLA containing 0.5 phr of GMA showed the greatly
enhanced complex viscosity and storage modulus, which were about 3 and 10 times higher than those of the original
PLA at a frequency of 0.1 rad/s, respectively.
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ZEoF(PE) ¥ o2t Aial TRl S8 SUTH], 4-9].
Holls WA F2 AR ALl &gt iR} 71 A S
SIA| T, PP} Aall ] ARl Ee]F L 2 8HE (polycaprolactone;
PCL)ell gt Aol AZ=UTH10-15]. PLAC #5F A2 7
upd ZAbe] wE PLAS] A% WS B B2 Wl oist <
T O, A ATl &3k PLA 7112 st A= A9 ¢l
= A%oltH16]. RREAEH E AHAZRAL T2 el gJgk AkE
9] 7¥Agtet Thshs Ak 85 AEE WA ¢ YARE,
olgf st Hhg-2 A& BESF A o] wiitel S5 HES
g FINAE Q= AL oF’IHH3,8,16]. 53] PLAS| 7%,
7+ Bl 7 Fast B4 A 540 JdE PLA
59 AvE vt A= et

2 AFollME PLAS S84 % U A IES IANTI7] 4
3, 7154 DAl GMAE o|FSE7|2 WA PLAC 7120
oS ARAS FAFSR] 1A PLAS A|Z31], GMA7Z) E3HEA)
k& == PLAYY -2 WH OB AAAS AR Alzd 1A
PLAS} 94, fRiskd 54 9 ASIeE A= H|w #4815t
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2-1. Alk
PLA(Nature Work® PLA Polymer 2002D):= 315 2.16 kgt &5
190 °CollA =793 Fko] 4~8 g/10 min:= Cargill Dow LLCZY-E]
T-Q15Fe] s0°CelA 24A1ZF HFEF] ARESFSITE Glycidyl
methacrylate (GMA)E AldrichAF25-E] 4)3te] A §lo] A-g-st
ATt

2-2. PLA2} GMA2| &%}

PLAS} GMAZ Z2}AE] M(bagell Bz v]g] £33t o3 o)
2171(SM PLATEK Co. Ltd., TEC 30, Korea)= 4§ &35t}
O]&UE7] A5 (screw) A F< 30 mme| 1L oA F(L/D) =
3601tk 23F 3G £ 2003], vl D(barrel)S] ST
160~190 °C, T}o](die) <%=+ 185 °CE FAI819 1, ¢EEEE 10
kg/hZ ZA3th GMAS] & PLA S8 7|52% 0.1, 0.3
0.5 phr(parts per hundredy2 713 th. GMAS &3t PLA=
A5 2 mm ©]3}e] 3 (chip) FENZ Axtsto] 50 °C LA 244]
2k Azt ARSI

2-3. MK A}

AR 71457] (ELV-0.5, BINP, Russia)E ©]€-510] dAA8-9)71¢}
AR AReloll ) AV 1, 5, 10, 20, 50 2 100 kGyS AlZoll ZA}
a3tk apddo] zARE Alge 2 g AlAY ARE )
A3le] 50 °ColM 12417 o) @B Wx]Ek & wlisle] Halst
ATHI1L, 12].

2-4, BN

Alge] g4 5438 WA AR} AL A(DSC; Perkin-Elmer
Pyris 6)= ©]-&-3510] 243191t Al Z= ARolA] 200 °C7HA] 20 °C/
min® % 7FAEII T, AlRe] G4 olEs FUsH ] fIEl 5%
B2t 200°CE FAISE F 230 °C7HA] FEAIFALE 1§ Ak 79
7] skellA 10 °C/min®. 2 200 °C7H4] A71Q&eh. Al 5.2 Azlw
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= S flaliM 271 A58 FAE S8 soxhlet A&
ARg3o] 24417F 5 B chloroforms: gvl|& AMgslo] 53}
Stk Fuprel] mbE AlREe] HEAE, ATEG) 47
JE(G”) H3k= advanced rheometric expansion system(ARES;
Rheometric Scientific Co. Ltd.)& ©]-&3lo] 43It} o1& $3
ARES 578 A A5 25 mm 77| 2 mm 7179 Q8-S 945
A ow Axsgle 54 2= 190 °C, WBE(strain)> 5%
(18 Hed gJoh 31A8I%aL, T 0.1~100 rad/s7H4) A3
AA S8
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3-1. GMAE H7IGIX| g0 MAKMDIC=Z JHESH PLA

A2 PLAGYE 7dE) 1ol 22 PLA)SF GMAE H718HA] &
AR ZAREO R J)AE PLAY) e HOlR(Ty), §6-2%
(T,), A3} Table 10 VFERASITE. AApdo] ZARA] 82 €
2] PLAS] 7§ 151 °ColA] ull$- okt T, 3|7} Kol 60°C
oM FBIg T/F Bl Ao 2 7 dE PLAY] T
100 kGy Rt} 2 ARl A= 59~56 °C Alo| = =17 W3kA] ¢
ke, Hhdel 500 kGyo] ZARFNM Tz 50 °C2 A 7438191
ok T, ZARE 20 kGy7HA= Wk ez} 1 oPdellM= AL
ol whe AAasisich. AR 2ARel %t T, 9 T,0] Wehs &
A wstel WAL 2k T 8F T, EARge] g oAl gk of
el Q& wl Rl A eJEsth17]. oFei2l 22 Flory-Fox
W Ale Ak W PLAY T,F ol5shs 2o® deiA sl

T, = Ty -KM, M

T, ARo] ofF 2 We] T, Ke EAAkEe] U]
T ] HIARHFIE CJulshs Adrelal, M 8ol

8% PLAS] A9ellE T,=57°C, K=7.3x10"?] #k& 2h= 2
o7 delA rH18, 19]. Table 101 YERT A1} 73o] 45 PLAY
GEAAH)Z vie- stof el 7Rt e dapinke s
WeEl PLAS] 3t Al S7d8h7] 918l Jamshidi S18]°] A
gkl T 9 KE ARgSol e e Zlo® sidet). 100 kGy
R} sk AR 2 Z)dE PLAS] Ti= 59~56 °CR T,o} H]
S RO QA ol AR ks Zlow hkdn vk
ol 500 kGyREC = 7H ¥ PLAS] Ta= 50 °C2 4 ()2 Ak M,
= 2F 10,0000120t}. ©] F5Z Jamshidi Fll[18] 2Jall 74¥ ¢
AFEM,=22700)2C} FA| S Fholth o] =2 ZAS PLA

Table 1. Gel fraction and thermal properties of irradiated PLA

Sample Doses  Gel fraction T, T, AH;
(kGy) o) §9) §9) )

Original PLA 0 03 60 151 0.03
MPGO01 1 0.8 59 151 0.4
MPG02 5 0.9 58 151 0.4
MPGO03 10 1.0 58 151 0.9
MPG04 20 0.9 58 151 1.0
MPGO5 50 1.1 57 147 1.9
MPGO06 100 1.2 56 146 35
MPGO07 500 0.9 50 141 4.1

Korean Chem. Eng. Res., Vol. 46, No. 1, February, 2008



126

10°

)
xxxxxxxxxxxxxxx§§§§§§§§§§§
mgrrooooo0000000000000000000 !!!Q
>ooooooooooooooooooooooooggggo
oo
ALAAAAAAAAAAAAAAAAAAD
— ADMAAAAAAALL
[
&'102 -
B T e o s T e -
IS

FERR S R R AR |

10'
® Original PLA X1 kGy 0 5 kGy
© 10 kGy A 20 kGy =50 kGy
+100 kGy
10°
10" 10° 10' 107
o [rad/s]
Fig. 1. Complex viscosity curves of irradiated PLA.
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2A1o] Z718

AP 2AF REOE PLAY] 887055 £91E T 9l 7S 52
ZHIEE I} 2 S-S 719] Ao 4 Qlvhs 21 on|ditt

=iye)
=

A=}

2 Al Bt 4

T

b ow 1A fuehs

r

o W )3 BAE] el S gsich, BAge] S
Ak AFRAZE A3 S sk S, BERE oS A g
AE(G)E T7F8kL S5 A o] g% AXE &%
< weltky A QIUH17, 18, 23]. Fig. 1~30] ZARZ] w2 A
10°
® Original PLA !!*
82503
. | X1kGy i!o°3°
10° | o 5kay .§§§og°° Al
©10 kGy a3X020°% 428
10° | a20kGy a2X005° 7 at
=50 KGy l-;§°g° Al _-
(¢ | t100KGy G EXZT0o% Al -0
© Bx"0,% A == +
o #X5%0 A - +%
o LB OO A - +
= [ 4 00 AA - ++
G g a3 X %07 A =+t
10 o A +
m X5006% A -=+7
| L] oA.Q AA ++
Xxo OZAA _:1?
) -
10 o%XA ___++
T4+
§ -+
10 —=TE
T
10~
10 10° 10’ 10
o [rad/s]

Fig. 2. Storage modulus versus frequency for irradiated PLA.
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Fig. 3. Plot of storage modulus against loss modulus for irradiated PLA.
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oA Hzo] o] PLAS] A9+ 21

< T (0) FoelM A A& Heplickt
I 10 rad/s ool oFs At o]E S YEhE dAdE
HojFa ok AtF o g e ALK, 5, 10 kGy) o2 /A%
PLAS?] 35 A% Qa9 PLAS o5 AR B33 % (Fig.
Do} AL E(Fig. 20 2AREO] S7185E Yolxlt) o5l
AP A oJgh AR R HEg-0 2 Ealefo] Yoy wlito]
t}. 20 kGy ©1d2] FAFol| M= 314 10 rad/s O dellr] Hols
 Agkel=guiA] Al o) AREAE HEgol| o] EAlo)
Al FHaekar itk A eJnjgith od fash ol A=
o 23, logG' vs. log G" F41J (3 Cole-Cole plote|2HlE &
) 71871 WARRRE W AT 98 JES A B A
o] A3 wEh o] Z4] A= S ITH 17, 21-23]. Han} Kim
[22] logG' vs. logG" plot AR aitAtelrd= EA 2 =
2o AdFglo] & A el QA HAEE, ARES] 7EA ], Zha
3} 9l AR e 22 T IEAREE logG' vs. logG"
plot> Th2 Aate]] =olA] ke whzsigict. o Ao A3
TAREC] ¥E Cole-Cole plote] 7171 oF 2 JE0]1, AR T
Z7} WA AR AR 26 Folxit), Fig, 3914 K
o], 10 kGyR T @& ZARFC & 7)€ PLAS ¥3 Cole-Cole
plot®] 71&71%= A8l PLAS} H|SSE 1.72 F0% 72 st
A Yepsith 35 P49 Avtkel nlwshd, vwE] v AR
u] ArpAzALl o8] AR SR BRIt A4 W
A Qheths 1S & = lok 18y 20 kGy oS FANSR
NAE PLAS] 7|87 ARG whet Al Zoll= A e Kol
T Q) Al 9 5540 AR & w 1H3 Cole-Cole plot
o] 718717} A4t olfins B4 BAkE fhAe] of st Al &
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3-2. MAME TARGHK| &1 GMAS| H7to=z JiEISH PLA
Table 2] A|E4 MPG10, MPG30, MPG502] A¥= ¥, GMA
9 <fo] S7Ietell mebd GMAS] A7iko s Jfd3t PLAY T
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Table 2. Gel fraction and thermal properties of irradiated PLA containing GMA
Sample GMA (phr) Doses (kGy) Gel fraction (%) T,(°C) T, (°C) AH,(J/g)
MPG10 0.1 0 0.5 59 151 0.4
MPG30 0.3 0 0.7 57 151 0.7
MPG50 0.5 0 0.9 56 150 0.9
MPGI11 0.1 1 0.7 58 151 14
MPGI12 0.1 5 0.9 58 151 1.7
MPG13 0.1 10 0.5 58 151 24
MPG14 0.1 20 0.7 57 151 6.2
MPG15 0.1 50 0.9 57 149 15.7
MPG16 0.1 100 0.6 56 148 14.1
MPG31 0.3 1 0.2 57 151 2.6
MPG32 0.3 5 0.6 57 151 5.7
MPG33 0.3 10 0.9 56 151 5.7
MPG34 0.3 20 1.2 57 151 9.4
MPG35 0.3 50 0.9 56 149 15.0
MPG35 0.3 100 1.6 56 147 14.4
MPG51 0.5 1 0.5 57 150 1.0
MPG52 0.5 5 1.2 57 151 14
MPG53 0.5 10 0.9 57 150 1.2
MPG54 0.5 20 1.3 57 151 1.2
MPG55 0.5 50 0.9 56 150 35
MPG56 0.5 100 1.7 55 147 13.8
59°ColA 56°C= Aefe] PLAS] ghuch Hull 4 ° 7k s 10°
o, oleld T,2] 7t 2)e] pLAC AAHEAREO % A 2 Lt
ok A AL W] ohjeh Ak £2714] PLASH o T
GMAZF] £ (miscibility)o] 9)7] W0 2 eItk GMAY] 3 at 3800 ,80 1
Wrow /A8 PLAS) §-89 e AAnk o Skslol, 10 pBgde ot 0T |
o= EsMdol Y GMAZF PLAY] 7haA] 0182 slo] BAtEe) ol Eﬂu§§§§AAA__-' ++++
NS 77 AR Swe] 9T F] vEoIH?24]. T BOEE 00 T T
ZELI—I Fig. 4, 7, 1001]7\1 0 kGy?_] %“?‘i JTJL_}‘]Q’E‘ GMA-O/l §7} ED 10 !EE§§§§ A A__- ++++- Origina! PLA
o MAE PLAS HFHEE GMA %] 7l e 7 B xACT L 2-mT et ookey
s kA 7SS BolFgitt Wi, 13 Cole-Cole plotd] 100 X§§ aB8-" +F : ! tgy
71671= GMAS] <Fe] Z7he} gl glo] Aae] PLAS) H:ah 7t abt =TT o o key
107 A.'++++ A 20 kGy
10° i+t =50 kGy
+100 kGy
10
SEEEEEEEEEEEEEEny o o o o
Rm—— !!!!!!!...... o [rad/s]
0so0 0000 § if ﬁ gg § g i‘ g g gg g EXu R uxy * ¥ " Fig. 5. Storage modulus versus frequency for irradiated PLA contain-
4 °°°°°°°°0§“ ing 0.1 phr of GMA.
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Fig. 4. Complex viscosity curves of irradiated PLA containing 0.1 phr
of GMA.

£ FABFE 2102 Fig. 6, 9, 1290141 0 kGy©] 79l vhepsteh. 1
APE AR o2 GMAS] 7ivko 2 Ake A9, 7143} Bl
7Hgh jhS- 5ol ofupA] ehthe Zle iRtk

3-3. GMA2| M7Ie} MAMMO| ZAIZ JHEISH PLA

Table 2¢1] 221 0.1 phr GMAE 7}skal AR 0= 7|4k PLA
=9 T T, AARnke = i gk pLASH A2 nisedt gk 71
A}, 59 w5 2 WS 7HITE ol2fg A¥= GMAS] ol
Zho} ol ell= & S FA FoAIRl 7R EA AR5
Lollis &2 vA7] wiolth, Hed 5455 e Fig. 4~6
< 2, AR 2Ae] Sl wEl Al PLAS H s}

1 H H1-
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Fig. 6. Plot of storage modulus against loss modulus for irradiated
PLA containing 0.1 phr of GMA.
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Fig. 7. Complex viscosity curves of irradiated PLA containing 0.3 phr

of GMA.
A RHIES Al TAsIth(Fig. 4). 71EF AslE, 35543, Fig. 5
o] A% &dE 9 Fig. 69 3 Cole-Cole plot A HAARES.

2 7WAsk PLASH vs=e AEE BIlvh &, A% GMA 7=
AR AP Eetal 7haAlEA Ads) el wA|=
< Akt thE EAE & IS T4 ESIsith

GMAS] °F& 03 phrz F7kekar Axpd o= 71xsh PLAS] A
shesl 9% 548 vEbd Table 25 R, T = 5756 °C, T,
151~147 °C, A3LEE 0.2~1.6%, 8L 0.7~15.0 J/g®Z GMA
0.1 phre H7lety HAPA o2 /MASE PLASKS H|slgion, =
Abgel whet 71 ghEe] Wskshs APE AR 12y, st
2 A (Fig. 7~9)A AFHIED logG' vs. logG' F4 71&71¢]
22 W3ls BEe 5= 9IStk GMA 0.3 phrs 718kl 10 kGy
o] zAfeFo g AF st PLAS] ARV ES v Tk el
o] PLAS ZEET} =3UTHEig. 8). ©)F GMA %] 71l ¢
3l BAF AREERS-] W Ao 5 oS oJnlsitt. W3 Cole-
Cole plot 71271914 GMA 0.3 phra 3718k 10 kGy2] ZARE
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Fig. 8. Storage modulus versus frequency for irradiated PLA con-
taining 0.3 phr of GMA.

5
10 ® QOriginal PLA(slope=1.72)
00 kGy(slope=1.67)
1001 X1 kGy(slope=1.66)
05 kGy(slope=1.59)
©10 kGy(slope=1.44)
A 20 kGy(slope=1.44)
_ 10| =50 kGy(slope=1.34)
a +100 kGy(slope=1.19)
[0}
10?
10'
10°
10' 10° 10° 10°* 10°
G'"[Pal

Fig. 9. Plot of storage modulus against loss modulus for irradiated
PLA containing 0.3 phr of GMA.
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Aol BATK(Fig. 9). o)z HEgoll 23t AR F32] Wsht
ApE 2] Mt lSle= ovlgith

GMA?] k& 0.5 phr 7}ekar Axpa-g 2Akste] 7HasE PLA
o] 7 547 ASEE HojFs Table 25 WV, AL, T, Bl
T, & 2 ARE 231oll4] GMAS] §Hgol] A5 wisg) & xlol&
Rolx] ekohtt T8y 498 GMAY o] AA k= o] A
¥ PLARC}E 27 7Aasiolt), ARk o g A7 wiajella] it
Ape] ARETRTE A ellx] 7Y Zhans AR T RE TR AR
59| AT 43 (packing)©] §olaHA] ekof A7Ystr) FHash=
Aee Bolvkar A Qluh2s, 26]. 1B PR o3 §-5He 7+
2 GMAZ} 7haA|E 2Hg38te] 41e] 29S8 sto
A3t £S5 TV adRn AR 78 Tt 22 AL
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T8, o5 2 FARE(100 kGy)el 7ol 8898 Bk 4
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Fig. 10. Complex viscosity curves of irradiated PLA containing
0.5 phr of GMA.
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Fig. 11. Storage modulus versus frequency for irradiated PLA con-
taining 0.5 phr of GMA.
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