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Abstract: Poly(lactic acid) (PLA) is an eco-friendly polymer produced by using renewable resources, but it is difficult
to apply it to foamed products because of low melt strength. In order to solve this problem, a chain extender is generally
used to improve the melt strength of PLA. In this study, glycidyl methacrylate, which determined the epoxy contents, was
used in the range of 35 to 65 wt% in polymerization, while the ratio of styrene monomer to methyl methacrylate remained
constant at the ratio of 3.5: 1. The storage modulus, loss modulus, complex viscosity, and elongational viscosity of PLA
modified with chain extender containing different epoxy group contents were measured and compared. As the epoxy
group content of the chain extender increased, the crossover points where the storage modulus and the loss modulus coin-
cided shifted toward smaller level of angular frequency. The PLAs modified with chain extenders were foamed with
sodium hydrogen carbonate. The foams were formed well and the expansion ratios were further increased when the con-
tent of epoxy group in chain extender was large.
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Figure 1. Apparatus for polymerizing chain extender.
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Figure 2. Chemical structure for polymerized chain extender.
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Figure 3. IR spectrum of chain extenders with 0.55 of GMA ratios.
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Table 1. Properties of Chain Extenders with Different GMA
Ratios

GMA ratio EE M, T, Polydispersity
0.35 457 7,552 43.8 2.26
0.45 355 8,119 44.8 2.33
0.55 289 8,917 435 2.40
0.65 257 9,334 413 247

SM/MMA=3.5, GMA+SM+MMA=1.0, EE: epoxy equivalent.

ARE QAL Aol tha S8 o] AL d|EA]7]
2 393t AE GMAM,=142)7} SM(M,=104)%} MMA
(M,=100)el] W18} Apo] 2 Zo=iE 7191%k Aol A
ZH AR QAN of|ZA] FEFe] Aths A T FA
7B B2 ol FA71E EFet Q1o R R PLAS FHEAT]
o} o B W3S 7§ e RS omgith

4 4. Figure 4= 7§12 A PLA(neat PLA)S} 72 #
PLA2] 71548 (oscillatory test) 235 YERd Ao|t}. G,
G", 5 Hxel tht 253 (angular frequency)®] &3]
A= vepd Zlolth /@ A PLAR U= 72 E PLAVE
EE#2(moduli)®] %ol O dAHA F7keke Zo= YE
3L, o] B3l PLASH AR AA] WEgo] & o] Fof
k= AL 218tk 712E PLAY G, G”, 855 H=rt
7NA A PLA #HHETF 22 2 PLAY] Slo|=FA17y 71
A717F Ak A AdlEA 7190 WS FEl AR I
o] HAaL o] 3l PLAS] A AlEde] S7F=| AT

Figure 5% 55% GMA 3o 2 7jd® g2l PLAY
G G"] W2 (crossover pointyS WERA Zo|t}, Table 2
oM R ulel o] TEEAl GMA o] 35%9A 65%=
7V E AFart aske g E ¢ G WAt
Aol Yepdth dwta oz oo} 7HE wapHe] o]F-2 HA}
gt Bt EXMMD) RS Ao o) we 7t
I GGollM G G WA o] TASthE 512 PLAS
AFEAE @9 QI MEE PLAY 2 XS 7R
e AL ougit), o]Re =2 EAgUdTE 4L /94
3 olFEE THER B AFurA] ¢ o] WAk
o] Yehh= A3t AIZE k7 B A3 Ao e A A
A2l GMA TFo] S71E5, S oFA T3] 25
5 /NE¥E PLAS EAF] TS vR= AR B
Atk

Figure 62 71 7 PLAS} 712 E PLAS 217 Axe] 4
FHE R ot A1 Hs Exlake] Zvieh @0l 9l
3, Hencky strain A& (chain entanglement)s} ¥&o] ]
th. 7§E A PLAS 7HEE PLAS v|wad 7| 2E PLAS
Bkt AlEo] JiE A PLAC vl A F7Fekitha
B Qlt}. B2 Figure 6014 B vlo} 7Fo] of| FA17] 3t

10%4 o* GMA ratio
P —=—0.35
- ®— 045
10'4 * —A— 055
v 0.65
4—PLA

Storage modulus (Pa)
*

10° L R B A | M LR AL R | — T
0.1 1 10 100

Angular frequency (rad/s)

.
o ©
10 ﬂ*‘*‘ o*

10°H @

GMA ratio
—=—0.35

®—0.45
—4A—0.55
v—0.65
4 PLA

Loss modulus (Pa)
*

10° T T T
0.1 1 10 100

Angular frequency (rad/s)

10°

(c) GMA ratio
—=—0.35
— @045

—A—0.55
¥—0.65
—9—PLA

Complex viscosity(Pa.s)

PQOOOHHOOQHQQQQ““ R
*oq

103 * ¥ " T LR L) | * x T
0.1 1 10 100

Angular frequency (rad/s)

Figure 4. Rheological behavior for neat PLA and chain-extended
PLA: (a) storage modulus; (b) loss modulus; (c) complex viscosity.
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Table 2. Angular Frequency vs. Crossover Point (G' & G"')
for Modified PLA with Chain Extender Containing Different
GMA Ratios

Angular frequency G & G"
ftem (rad/s) (Pa)
Neat PLA NA NA
GMA ratio of 0.35 6.30 81522
GMA ratio of 0.45 3.98 53956
GMA ratio of 0.55 3.16 54476
GMA ratio of 0.65 2.51 54545
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Figure 6. Elongation viscosity for neat PLA and chain-extended
PLAs.
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Figure 7. SEM images of modified PLA with chain extender con-
taining the GMA ratio of 0.35 (a); 0.55 (b).
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Table 3. Foaming Effect of Modified PLA with Chain
Extender Containing the GMA Ratio of (a) 0.35 and (b) 0.55

GMA ratio Foaming Width (mm) Expansion ratio
Before 3.55
0.35 1.35
After 4.13
Before 3.52
0.55 1.99
after 4.94
a =
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