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Poly-L-lactic Acid-based Filaments for Fused Deposition Modeling
Typed 3D Printer with Improved Impact Strength and Crystallization
Rate

Jong In Lee, Seung-Ju Oh, Ji Su Jeong, Young Jae Hwang, Jin Woo Bae, Byeong Uk Nam’
Department of Applied Chemical Engineering, Korea University of Technology and Education

2 % drtaA Eet2" o] "M EE AR8-5= Fused deposition modeling (FDM) ¥4]9] 3D ZHEHE of2 £57
9] 3D =AE vlsf| AFgt v]-&3t HOA w0 thFet AFFEofol A AFEE I Tt Poly-L-lactic acid (PLLA)E
ABESo] e FEH Hiole EEtAE o R WHEo] A9 gloH, 2 BAES 7M7) Wil FDM "H] 3D ZYE
£ g EZ A B2 IS 9 Qo SFA|RE PLLAS FDM #H4] 3D ZHEE "B ERZ ARE/7|ole W2 52
Zret b3 AR5 5 Helrh 2 AFoAl=, PLLAY W2 AT »¥ 2743t S5 7)45H7] flste] PLLA
o] JEY ZeAgo|HA FHRTIAR Poly(butylene adipate-co-terephthalate) (PBAT)S} HAIQI TalcE &7

A7kt ol% Y&E71E B9l 88 EHTSIGITE PBATY H7F= PLLAY SAZEE 33 J/molA 54 J/m 7HA] S7F
AlAt. 8HE, PLLA/PBAT EHE 2AJOA Talco] H7H= PLLAY S$AHEE 46 J/m7HA TaAAAT, 243} &%
£ 96.1 TZA F7MAAT. £3], Talc7l 3 phr d7Fg PLLA/PBAT (80/20 wt%) EdE= AL o] FA4E
(48 J/m)< AABE L% (94.4 ©)Z DAL, neat PLLARTE 943 3475 2 w2 243 £55 2y

Abstract Fused deposition modeling (FDM) type 3D printers, which use thermoplastic filaments, find
application in a greater number of industries compared to other types of 3D printers because of their
low cost and convenience. Poly-L-lactic acid (PLLA) has received considerable attention as a filament
material for the FDM type 3D printer as it is an eco-friendly bioplastic that is biodegradable. Besides,
it has lower shrinkage and a high modulus. However, PLLA has a low impact strength and a slow
crystallization rate which makes it unsuitable for use as a filament in an FDM type 3D printer. To
improve these properties, in this study, PLLA was melt-blended using a twin-screw extruder into
poly(butylene adipate-co-terephthalate) (PBAT) and Talc as an impact modifier and nucleating agent,
respectively. The addition of PBAT increased the impact strength of the PLLA from 33 J/m to 54 J/m.
However, the addition of Talc in the PLLA/PBAT blend decreased the impact strength of the PLLA from
54 J/m to 46 J/m while the crystallization temperature increased to 96.1 T. In particular, the Talc
addition of 3 phr in the PLLA/PBAT (80/20 wt%) blend achieved optimum impact strength (48 J/m) and
crystallization temperature (94.4 T), resulting in the superior impact strength and faster crystallization
rate compare to neat PLLA.

Keywords : Poly-L-lactic Acid, Poly(butylene adipate-co-terephthalate), Talc, FDM Typed 3D Printer,
Impact Strength, Crystallization Rate, Filament
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1. M2

Three dimensional printing 3D Z&®) 7|42 43}
AAEH o] H71E F sheltt 3D Y 7|eol=
Selective laser sintering (SLS), Fused deposition
modeling (FDM), Stereolithography (SLA), Laminated
object manufacturing (LOM), Digital light processing
(DLP), Photopolymer jetting technology (Polyjet)
59 teFst &9 walo] &A1t 1,2]. I F Aoyt
7Hgoll A tEH oz 714 wo] ARSE = 3D &Y
B fAES H-E 9 7] 71HF o] APy, Helol
A= FDM HPAlolth3]. o] ¥419] 3D ZdE = 47k
4 EAE A9 IHIES &S B9 YEsl
HE Qo] & 34 AFstaA 2B ES AZZTH3-5I.

FDM %4] 3D ZRiE o] AMGE= FEHIE Aol
acrylo-butadiene-styrene (ABS), polycarbonate
(PC), Poly-L-lactic acid (PLLA) 5°] QItH4]. o] Zo]
Al ABSS} PC= WiEA /o] 243t RS AYL gl
4, AgolA fefiEe SEtaEoH HARESgolnE
o] 711 4= St} weEbA, e @S Folal
A BEoH Y EtAEE YRR S YYHES] ARgol
S it

ojlfgt olfE AlEoA feEH BESHFo] Sl=
PLLA= %1874 Hlo]Q ETtAEoldA ¥ygo] AY ¢l
I £2 SHEZ 7H7] il FDM 4] 3D ZHE
& HHE AQEHN T2 IS W lr}4,6-8]. o)
A%t PLLAE o|=§h AHo|x E+6tal SAE7 R
of &dE XFEC] AA MAMA= AT ik EF,
PLLAE =¥ 23} S5 & Qg kEoA U2 &84
SES] HHIET} & d7hx] SES AlZto] Hash,
ol wa} &8 £rt LA THIE AR ARE
£l A7 ATHO, 101

B oA, PLLAY] We F47%=
3t £ 5 7iAsh] Yol el EgtAEoldA 4
BAA 9%& o= Poly(butylene adipate-co-
terephthalate) (PBAT)2} #A|Q] TalcE PLLAS} 3
A7¥sto] ol YE7|E B9 &8 EA=Sth &8
EAEE Bof AxE HEY 78S gRlsty] Hsh
Melt index MDE &%ttt E3 o] FAYEE
Q1517] 918l 1zod impact testE Pt al, Thckd
o] nEZAE E4517] 98l Scanning electron
ojuE FJsHgrt 1Ex

=

ol g

=~ — 1

A%

microscope (SEM)

Differential scanning calorimetry (DSC) £41&
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Fig. 1. Structure of the PLLA, PBAT, and Talc
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2 JFo] AR8E PLLAE= Nature WorksAH)
4032D (MI=3.0 g/10 min, 190 T, 2.16 kg)S AR&3
9Act. PBATE BASFARS] BX7011 (MI=2.7~4.9 g/10
min, 190 T, 2.16 kg}& AM&5I AL, Talc= KOCHAF
9] KCM-6300< AH&sHAIth ol&9] ++2&+& Fig. 19
LR

al
=<

2.2 M9 =4

PLLA, PBAT, TalcE Asizl =Ade] wet FUsHA
3kttt ol% co-rotating BtY9] o1& &4&E
7] (Bautek, BA19, L/D=40, 19 ®)E o|&3}o] 8§
EdEsg olF 4E719 3HAIFE Fke 150
rpmC & Psilon, FPLE= 160~180 CE A
ottt dETAHE B9l Ax" Heleto] ]
(Bautek, BA-PLT)E &3f @alslol¥y, o]5 60 €T A
T AZR7|ONA 24417t ARSIt ARE "Wl 34
B 242 98l A&7 (Heunghwa, HVM-25VS)&
o]8sto] ASTM EF AJHOZ A& 5.
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2.3 ME 2AM

MI+= Melt indexer (Tinius Olsen, MP600)E ©o]-&
Sto] ASTM D1238 2ol w2t 190 T, 2.16 kgollAl
27319t} 24 == ASTM D256 #380] wet Az
H AHE =4 A4F T [zod impact tester (Qmesys,
QM700A)E ol&sto] 7719 MES &7 & HL, 3
SHE ALt 5719 HlolB & B olsith BER
Az LS o8l MEZ F9% SOl el
TFHS Au T8 ¥ SEM (Emcrafts, GENESIS-2000)
ol-g3to] 3000819 H&ZE &SIt PLLA Ed=
z2/09] AA3t AL e 22 HoR EASH
t}. oF 10 mg =2 M2 DSC (PerkinElmer, DSC
4000)% o]&3}o] 30~200 T 7HA] 1A} £-238}0] 7]&
9] Gol&& AATIGT °F 30 T/A ¥Zst3 L, o]
£ o] 200 T7HA 23 S5} BE 2 da
2971014 10 €/min®] &=8 2EHIE Ut
DSC 5% % PLLA9| Aot ex= 27} 523 HlolEE
v o= thgo] Ao wa} Akt 11,12].

x = DT A )
e ><
CAH, 0 X W, !

o)
Fq. (D914 AH,2 PLLAS] 88 12w (/9)E 1}

EF ™, AHe= Te (cold crystallization temperature)

F7¥e} Qg (j/g)olet. AHm 1002 PLLAZF 100% Z

A wo] &8 AT 93.7 J/golH, Wik EHE %
ollA] PLLAY] WHE-2S Upehiict
3. dn & i

3.1 PLLA/PBAT £#E°| EM

3.1.1 PLLA/PBAT £#IE9o| REZX|

PBAT &3]l wE PLLA mhhde] ZEZXE Bl
517] 915l Table 19] 2AH=E BEL AFSIAL, ol
o] HERAE Fig. 2°] Uetlith. Neat PLLA= A%HY
o2 windge xH FA4ES Hol: ¥, PBATZF A7t
® 242 PBAT ¥A} PLLA WEZA Yo BAlE o]
P AL gt & Uit E3E PBATS] glegfo] 20
wi%7IA = ARHe] A Aol FdHor Zot, 30 wi%
M= dAS Aol FAsH ARl wet ARt
ot Ao & IRl ). ol2fdt ATE 53l PBATS

34

ko] 30 wt% H7IEIRS o PLLAZYE Q] AFEE]7}
7IAA E4e AN ALE st

Table 1. Formulation of the PLLA/PBAT blends

Sample PLLA (wt%) PBAT (wt%)
L100 100 -
L90B10 90 10
L80B20 80 20
L70B30 70 30

Fig. 2. SEM images of the (a) L100;
(c) L80B20; (d) L70B30

(b) L90B10;

3.1.2 PLLA/PBAT E3IE9| 712N U SHZAT

Fig. 32 PBAT 3] @2 PLLAS] MI AZHE et
Witk Neat PLLAS] MIE= 3.2 g/10 min& 7F& 29t
o, PBATY 3Fo| $71gtel =2t PLLAY MIE &
7Fole 2& &1 4= Q). ol= PBATZF €A o
2 51917] w2l PLLAS S840] Z71%t A¥folck
[7]. ¥RtE o= FDM 4] 3D ZHE-§ FepEE MI
7} 10 g/10 min (190 T, 2.16 kg) o1& wj AR&o]
ojge Aoz I#A SItH13]. wehA, PBATO| 5
o] 30 wt% A7Fg L70B30 249 MIE 7|&A 2} &=
of FDM ¥4] 3D ZHHE§ HHE A=A H23et
o=z Holrh
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Fig. 3. MI results of the PLLA/PBAT blends
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Fig. 4. Izod impact strength results of the
PLLA/PBAT blends

Table 2. Formulation of the PLLA/PBAT blends
including Talc

Sample PLLA (wt%) PBAT (wt%) (T) ‘;lrc)
L80B20T1 80 20 1
L80B20T3 80 20 3
L80B20T5 80 20 5

Fig. 4= PBAT @l w2 PLLAY] 3474 A3
£ Uehdch. S2AEZAI PBATY] geo] 20 wi%7}
A= PLLAS] SAFE7t A&H 08 S7koke 24 &
A3 4= ATt sHAgE PBATS] ol 30 wi%/t A
7HE%E We SAREIE o5 HAasilr
PBAT §&fo] ool wheh 4zl 27do] #AA] =of
Uehd Zza gohEoll]. olfst A7 Fig. 29
PLLA e REZ XA PBAT 5] 30 wt% 47t
S92 W e Do el ARt & & A

ol
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Fig. 5. Effect of Talc content on the MI of the
PLLA/PBAT blends
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Fig. 6. Effect of Talc content on the Izod impact
strength of the PLLA/PBAT blends

t}. PLLAS] SEM, MI, $27% 4215 B PBAT
o] 20 wt%<l L80B20 &AJo] 7MeAlT S44 =
ZHolA FDM 4] 3D ZHE-E YeHHE A2 A 7}
Z Agst Aoz AHEQict wekA, Table 29 24
2 L80B20 &40 TalcE thafst g=foz Hristo]
Talc ko] W2 PLLAY] 7124, 22474 %, 181 2
g3t Aol s BAskAH.

= =
SHE9 E4

3.2 PLLA/PBAT/Talc
3.2.1 PLLA/PBAT/Talc £3=9| 7f2A ol ZAUT
Fig. 5% [80B20 2430l thefdt 3teFo] Taler} 71

ke mjo] MI ZnhE Uehd J#olc). Taled] o] &

7K3sto] weh PLLA/PBAT BelE 249] M= A&xoz

725190t} ol rigiddt Talc?} PLLAS] 3342 4]
7] EolcH14]. sHAIEE, Talcrt 7K e 2449 MI
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L

+ 10 g/10 min °Js}e]7] wiZe]] FDM HH4] 3D e
geEZN 235t Zoa Hlrh

Fig. 62 L80B20 /g0l thefst 3Hg9| Tale7t 7}
g Wo] AP A3 YEbd I8 Zo|t}. Talc
7} A7bER] 2 180B20 R4S neat PLLAS} B w35}

FA7T7} oF 60% AF5et W, Talco] $ago] S7t
gto weh PLLA/PBAT B¥= 240 SAREE A&
Zog 7kAstgnh. ol& Talc®l 7} PLLAY 94
(ductility)S TAAIFH7] H&olcH15].

3.2.2 PLLA/PBAT/Talc 39| ANS HE

Fig. 72 L80B20 ZAJof| t}Fst =59 Talc7t A7)
oS W9 2H3} ASS vehd 1ms A7 Y
A1 23 52 IF 9 HolHE ARSIt ol o
St Tee (cold crystallization temperature, A2 2%
3} &%), T (crystallization temperature, 233} 2
%), T (melting temperature, 8 2%)E Table 3
o] Uyebdlitt. Fig. 7(@% RH, Talcrt A7FEA] ¢k
B100, L100, L80B20 /3> ¥z IHgoflA] F3igt 2
A3} Aol HolA] AoktH12,14,16]. ¥, Talcrt
7 BE RS 97 BFFolA F3E 2785 Asl
TEEQIL, Talco] TeFo] 715l wet o &2 2%
oA A3t} o]FojF o, AA3L peakd] Eo|7t F
7¥st3iet. ol= TalcZt 84 A& 3ol =k PLLAY
A4 FAo| I FA, A ULE ASAIH7]
FoltH14]. o]2fst o]lfg-= ¥z oA Ejlstr] ol
¥ neat PLLAS] A3} 25 &= Talc7} 717 AR
ot W2 Ao2 gt Tale #7F o]% 243t 2=9]
S7He B2 73 Aol B =2 2=o4 st Al
HB& neat PLLAEY © #e] 243} o]Fojd 4
WeS uigitt. kA, PLLA E-1E 2404 Talc
9] X7H= PLLAY 2A3t £& © HZA st FDM
WA 3D mRE 9] &8 S & JiAsto] BAkE Y
A 4 & Aog 7|gqdrh

Fig. 7(b)E ®9, PLLAC] PBATW H71E 1L80B20
249 Tee= neat PLLAO] H]5f 74T 2 SRIT 4=
At ol= PBAT7F PLLAY] 2783}t 58S FHAIA
7] &oltH7,17]. ES, TalcZt F7b ZE A9
Teee BEEA] EoE, o)A ¥ ZHoflA Aol
o] FA=] A9 F8S HAAF7| ECRE B
QITH12,14]. 183l Talc?] FFgo] S7Hds gt
5 70 T peakE H I} o= TalcZt E43 HAY
g Toll Tt JF2 H2 ZA0E HITH14].
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Fig. 7. Effect of Talc content on the crystallization
behavior of the PLLA/PBAT blends. (a)
Cooling thermograms; (b) Heating thermograms

Table 3. Te, Tm, Tc of PLLA, PLLA/PBAT blend,
PLLA/PBAT/Talc blends

Sample Tee (C) T () Te ()
L100 104.8 166.5 -
1L80B20 97.6 164.8 -
L80B20T1 - 165.0 90.7
L80B20T3 - 165.6 94.4
L80B20T5 - 166.0 96.1

Fig. 82 Eq. (D)ol =} A4let PLLA E/IE 249
2A3EE Yehdth TaleZb 371EA] 2 L1003
L80B20 24J2 AiHo g B2 AYS=g Helct. vt
9, TalcZt M7bd BE 242 30%0) 717k Z23she
£ Holo, Talc9] 3ol 715kl whet PLLAS] 273
ste7t A& 02 F7ksth ol dellA dFatix
o] Talc7} 9] g F7HA Uehd Aot E3h
PLLAE= 2R3t} S71tl wet 3473 =7} adhe
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Fig. 8. Effect of Talc content on the crystallinity of
the PLLA/PBAT blends
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Fig. 9. Correlation of Izod impact strength, MI,
crystallization temperature of PLLA/PBAT
blends depending on the Talc content

Fig. 9% PBAT®} Talc7t #7He PLLA E3= X
o] FAYE, MI, 2H3t =9 AUAAE vehd 1
g zolct. Taleo] To] F7Itel ==k PLLA/PBAT
B 249 $A4EL MIE Z4AsHAT, 243t &
L7t F7boke AdE Bt 5o, A% 3EA%LE,
M, 273} =5 Kl L80B20T3 42 neat PLLA
Ho} SAZEI} 45% 5715t BAl0] 94.4 T &2 &
TojlA AAstEle] st vt A" AE T
5 Ah ol2fet AAES B Gk IRAE E

2 ol 8 34 #olgel FDM 4419 3D ZalE
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gE 4 L80B20T3 FAdo] 7F Aglet Aoz
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4. Z8

2 AToAE FDM 4] 3D ZEE deHlE
A= AHgEE BEshd EStAE PLLAY S 34
73wt b9l AAS £ E 7)A5k] S8 PBATS} Tale
£ A7iete] ol 4EVIE B9 &8 EU=sHh
PLLA°l PBATS A7Ito 24 PLLAY 27k
o 54 J/m7HA] S7Fstcbrt ZHAskglnt. ol SEM 24
< B3l PBAT gFo| wolzlol whet Ad#te] A H: A
A1, olof whet AHEE]7t Dol WEdS I 4
QIQith. PLLA/PBAT & A9 Talc7t A7HEU0S
Y= FEALEF AF AASIARL A3 227t
96.1 TZ7HA 716ttt o] AL A J&-E Sk Tale
7} PLLAS] 27 34 58l 9 "zl7] WEelth
E3], L80B20T3 &4 FDM 4] 3D ZdE &0
A5t MIE HOo|HA neat PLLA tiH] A3 T7}
45% Z713t 48 J/me} 94.4 To] =& 243}t 22 1
Aot wEbA, FARES 2ASE £ A AAS
L80B20T3 ®/Jo] &< ol&sto] 53tz FDM 4]
9] 3D ZEE LEHIE AR=H 7P A Aes
et 4= otk

A
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