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Abstract: Recently, the development of eco-friendly materials has attracted increasing attention as a major solution to
reduce environmental pollution. Therefore, if conductive materials are manufactured using biodegradable polymers,
eco-friendly conductive composites can be applied in various fields. In general, a large amount of filler is required to
achieve conductivity; however, excessive filler loading leads to increased cost and deterioration of mechanical prop-
erties. For this reason, it is important to develop materials with high conductivity at low filler contents. In this study,
biodegradable conductive composites were fabricated by optimizing conductive network formation, mixing conditions,
and polylactic acid (PLA)/polybutylene adipate terephthalate (PBAT) compatibility. As a result, the optimal carbon nano-
tube (CNT) content and processing conditions were determined, and biodegradable polymer composites with high elec-
trical conductivity were obtained using the minimum filler content. Furthermore, the incorporation of a compatibilizer
enabled the fabrication of composites with improved mechanical properties. It was also confirmed that, for the formation
of a conductive network, the spatial distribution of CNTs and the development of a co-continuous structure play a more
critical role than the compatibility enhancement of the immiscible polymer matrix.
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7} sl Al Fekey Al sl Ty ek v
s ek,

A&H Bekie £ BN AW AHE ofgl P,
deay ABLE AFHoRE AYIES B Sl gl
e wEFA YR} FsE SerEe
SRA] S, Hlol . Sekg AL ATF 20%

g FoiE

ool AdE ol FaL 3loH, Hlole EEkAs
AR ZeprE<l PLAYF 4o R 2 A1 FRE
23313l Utk polylactic acid(PLAY= 978t 71412 S35} AYA]

A, FHEAS 7 RSN AL Atol A v, ALfek 43
(brittleness)} 22 FAZIEZ Q13 thgst FolollMe] A-8-5
A AlgHstch! wEbA polybutylene adipate terephthalate
(PBAT), polycaprolactone(PCL), poly butylene succinate(PBS)
of 7H2 FAdsh RSN AaEAlel EMES, PLAS 18-S
WAgITE o] T PBATE =& it A8, 78 7H54e
7HAL e s AEalAd AEARE PLAS] QIS
A71Edl F2 ARgg 3k PLAY Wie 3 E 7t
7IAA 54E Ndstka, 1714 548 FHE o

xS Fojshs ©@2A F8j2= 7H2E (carbon black,
CB), Bk2xd3-(carbon fiber, CF), AL =F-H (carbon nano
tube, CNT)7} 912, o] Z CNTE & 31|19} H & wfieo]

= dE g AREn AR A EaAlE 2
A7targd Al x4 BHE Hrlst A 7 e
), 2FA B e YRE Hrtshd g 71A1A,
A714 545 7R BE3AE AxTt 7hssit

Axd BA] Az A, Helo] w57t $oH et
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e F7RI7IH, 7R 71A13 BsS A BRIt ©f
gt o2 A Wl CNTE & 2WA, 1714 25 A
12 (electrical percolation thresholdyS &°]= #o] 7 &
gslth A28 JAE QA TS 2ol FAER e olF
Z%-(double percolation)°]t}.* Double percolation &31%]
B 2 ENEE EFAY MEYAE AREEt, FAE
(co-continuous) TZ& FJA7|2L BHE g A = AW
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MEZ. PLA(Ingeo™ Biopolymer 3251D)= NatureWorks
Co. Ltd.(USA)®] A& Fulietaitt. PLAS] =742 th&3%
7t} Specific gravity= 1.24, F2]do] &%= 5560 C, £-&
25 155-170 C, melt flow index(190 C, 2.16 kgy= 35 g/
10 min ©]t}. PBAT(A400)= ZhuHai WanGo Chemical Co.,
Ltd.(China)®] A|E-S uljste] ARE-5190 1, PBATS] /442
Specific Gravity:= 122, &8 X% 115-125 C, melt flow
index(190 C, 2.16 kgk= 4.0 g/10 min®]t}. MWCNT(K-Nanos
210y= S=AF31HENKorea) AlE-S TPHSIAT. MWCNT=
thak Z1o] 40-50um, 2173 11-13 nm, =55 95% ©Vd2] pellet
typeS AHE-SIATE /3834 = BASF SE(Germany)A}2]
Joncryl® ADR 44682 A1-8-3}I T ADR 44682] specific gravity,
25 C& 1.08, BAFFE 7250, Frelxlel s 95 T, of|FA]
FEES 310 g/mole]t}.

SUE M=, A% 7, PLAS PBATE= Gl ot &4
At WA 213 80 T 71g QB4 2447k F<F 7
Z3}9th PLA/PBAT 7IRF HEA Y=534A]= torque
theometer (Thermo Scientific™ HAAKE PolyLab OS batch
mixer, HAAKE, Germany)E AR&-3le] A Z3IAT). 7 =
2& &= 180 C, 23% £5E 60 rpm, TAAZRS F 8
ot

FHEN SY. FHsH 542 3% @ 27 E (Anton
Paar MCR 102, Austria) 25 mm plate-plate = 713 =] 31t}
Dynamic frequency sweep testi= 180 CollA] g =|$ o,
strain 1% 4] 0.1-100 rad/s angular frequency sweep test(cw) =
Flegatdct. F2u o] A9 Hed 7S A4 sk Sl
strain sweep teste= 71 A Y53

REZX| Y. BEZA] 542 AAFARINZE (SEM IM-
60, ISP, Korea)> 2 SRR15I5 Tt &2 A3} AAoA 307
B Bz | sl on, AuEY FXE ARt =
FHE sIATh 10kVe] 7S A AlEe] sieas A
ST

M7 X EM. A2 volume resistivity tester(2450 Source
Meter®, SMU Instrument)Z 73}t A FE-S 42004
A8 on, 2dapH o 2 103] S5t

71HH &Y. A== universal testing machine DTU-
900MHA(UTM, Daekyung tech.)2. 2 724 =43}
A7 = 2] AlH-2 hot press moldingS AF8-3t ASTM
D6382] A OS2 A28} S, crosshead speed= 10 mm/
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min® 2 53] Y3}t F4 7=+ 1ZOD impact tester
(DTI-602, Daekyung tech)Z -0l A3ttt Al A
hot press moldingS AF8-3} ASTM D2569] +422 A2}
atlem, 103] skt

AHX EM. AR} FAF 3AIS(DSC, Q20 TA instruments,
USA) Ag-3le] 2431tk DSC cellS 50 mL/min®] 4:2]
Ao FR710014 4mge] MES STl ol Yo S4st
AT DSC= 12} 7HE-13F W7h24} 71 e 38& AR 21
R

4 o =2

CNT &tk Z|X3|. A3l PLA/PBAT E=2] CNT %
T A7 3RS gRlska, HAskel] s ARS 6k
ok A 2 Y] S Table 19 32715k

Azgk EREe] FHeHE B4 37F A3, ONT &
S 7t ue} A e E(storage modulus)Zt -4
(complex viscosity)= 7 FIth Aded g2 S7H=
7F =& CNTO| 73} a2 3] yehtbe ZjolH,
Az o] Z7H= CNT7} PLAS} PBATS] A& o]5A4<
A A1 wiEolt}’ Figure 1(a)olA] CNTE] o] 2 p
A W, W FaE FoellM AEEES] 712717)
AAA A 5= BPA T2 ATS HYS IR
t}. Figure 1(b)ollAl= CNT9] &Ho] 2 phr o3 off, W2
T Yol Ak 7177 FA Sk e &
4= AT} Figure 1(c)°lA] tan delta Zro] 14Xt} = HAA,
18T} 2o edA| 9 e AT dhe Zlelgk s 4= Q)
o}, s 5% A e (rtheological percolation threshold)
< AE7F AEA ek e AslM BAEAe e AseE
Hah= sk RS gt Alxg ENEE CNTO| 3
o] F71gH Wt BgAeF 2 AE-S Holw, 53] CNT2
oA AE7F AgA o e AT SRS} A2 AFTeE
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Table 1. Biodegradable PLA/PBAT Blend with Carbon Nanotubes

Sample code PLA PBAT CNT (phr)

PLA/PBAT 70 30 0
CNT1 70 30 1
CNT2 70 30 2
CNT3 70 30 3
CNT4 70 30 4
CNTS 70 30 5
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Figure 1. Dynamic Frequency Sweep Tests of biodegradable PLA/

PBAT blend with CNT: (a) storage modulus; (b) complex viscosity;
(c) tan delta.

SEM o|m|X|of|l A mjEZ 2 A2 PLA, B4+ A4S PBATO|T}
ot H7HAIE YA 9L Figure 2(a)= F 229 Alol9]
H8Ad o2 Q&) uith-d(sea-island) 725 UERATH
3, Almo] M&slA BzEh. PLA/PBAT £ =0 CNT 1
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Figure 2. SEM images of biodegradable PLA/PBAT blend with
CNT: (a) PLA/PBAT; (b) CNT1; (c) CNT2; (d) CNT3; (e) CNT4;
(f) CNT5.

phrs F7FHA F4F Ae] A717F B2 A 02 HalA|RE o
23] vkl 25 Ho|m AHo] elsiA ARt et
CNT o] 2 phr o3 o, 4k <] 2717 7l Ae
2 5tk ONTE A= AES 71X AL A+ PLARTHE
13FE A& 7HA AL = PBATY 318H4 213lw71 =&
o2 d#A Ak’ o]H s o]F=E PLA/PBAT S oA
= PBAT 7ol == 9x|3}7] wj&o] A4k Ade] A717}
S7VelA Ei= Zolth® o] 2 phr o)/de] A= F 2L
2] Aol ALl AAEA| eeth 1 olfi= v 2
o] Ardg 4 o} aEAF EMEe] Y RS ksl
A, e YRk F A F g g e T A Al
EA514) "tk PLA/PBATO] CNTE H7FsiAl =4 3154
Z1s}= 2 QI PBAT “doll F= &M =uh, B & CNTE
71 g3 A PBATS] $Hko &2 98] CNT/| 5+ 3L
2 Al $1x51A Hlrt. wEhA, PLA/PBATS] 7842
S7WZ7] wZel F aERke] A el SUsk Aol

EAE9] IF E4S RIsp| sl AAAIEZA (DSOS
A28 T Table 2= PLA/PBAT £ =29 fE]xo] %,
WAAS &% 88 255 PLA 549 EAS YeRE A4S
& Adrk AxE EWNToA CNTE o] S7stel] wf
g fEldolen, WA 2 7Aadit) vAeAde 1
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Aol ofsf A ETh ey £ aEARe] zlsdo] St
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Table 2. DSC Peak Temperature of Biodegradable PLA/PBAT
Blend with CNT

Sample code T, (°C) T.. (°C) T, (°C)
PLA/PBAT 65.32 93.87 169.58
CNT1 64.24 96.31 169.85
CNT2 64.35 95.44 170.59
CNT3 63.54 94.36 169.94
CNT4 63.91 92.70 169.71
CNT5 62.94 93.83 169.77

o] 3t& YERATE o]gt o=, PLA/PBATC] CNT &
| 71l we} PLA frejxlol 57} SolA| AL Qlof, &
LEARE] A8 o) Frtske Aoler dd S Q. o=
SEMelA A3l mE22] #4 Aiels dX|sh= 2ol
T} F7H 02, ONT ol SVl wel Wa7gst vl=7} oF
A= AL B 5 At ol AA3} Ay} dhse A
o, 0|5 FalME ONTS| EA17F 2482 Hallslal 2SS
o = Atk ESH, ONT gdo] S715te] met = o
Ui 4Ake] ol Skl =z, o] 2 <lal] A% A=
o B2 a7t Ho] 443}t TEo] elAS ofn|sitt

Azg =0 713 EAS IR ET] Qs AXAE
ES 3t AHAFES Foi7 58 B 14
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Figure 3914 PLA, PLA/PBATE A A 9] A& A &ES
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with CNT.
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Figure 4. Notch impact strength of biodegradable PLA/PBAT blend
with CNT.

Bt} dnkog vz}t A= A7) Ao 545 7t
A7) Wil =& AAAGES 7RItk 1714 58S 7o
&17] 98] PLA/PBAT B =o] CNT 1 phrS H7letol &
]3] AAA el 4L Bk 8y, CNT 2 phr o]+
B AAAGEC] B4 G99 ks BoliA F45H 3
gt} ol At EHE kol ONTZF M2 ol =4
U2 ZE A7 wZell 2HA o] Fhisk= Aol
olgA U= Ulof] dje] Tt o= A T St
P A7 IAEE7F 548 S7kslet, o] 7o) dAlish=
=2 2713 H% Al T=F(electrical percolation threshold)
olgfal &k, o] o] tellM AF= HEA SR 73t 23]
wjiZoll, PLA/PBAT®] 712 357 A $2 CNT 2 phr
de & Aok
Az ERT 7AH B4 T, SHXES Figure 490
YepIith $47=E Als7F o sed o3t duRE
9] Ao} ©h9] Foll thel] VR o R, SARETT =
S5 WAl S AEE onsit. FAUE &4
A¥, PLAE FHAO R Rlal SAZ =7 7P vk e,
Z7d (brittleness)©] =2 PLAYI 14 (ductility)°] 3 PBATS
EW =3, PLAS] HA o] BHetyo] FAET ST
Hr} g, CNTE #7Fehke 74921 CONT o] St
w2l FARET F7rek e AS B 4 Utk o= CNTZF &2
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Table 3. Mixing Methods and Contents of the Blend Manufactured
for Mixing Process Optimization

Sample code Step 1 Step 2 Content (phr)
Prl PLA/PBAT/CNT - 70/30/2
Pr2 PLA/CNT PBAT 70/2/30
Pr3 PBAT/CNT PLA 30/2/70
Pr4 PLA/PBAT CNT 70/30/2
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Figure 5. Dynamic frequency sweep tests of the blend manufac-
tured for mixing process optimization: (a) storage modulus; (b)
complex viscosity.

Table 3o YERAATE CNT -2 ofjv] A3-S F3l gl
3l 2 phr2 ISt

Pri-& 282 FA 9 7S dEEPI2 o2 A zxet
Lot} P27} Pr3= ZH2t PLA B2 PBATS} CNTS ¥
2 &3} 5, PBAT = PLAS F718h= Wog Alx3}
3L, Prd= PLAS} PBATS A& &85t H, CNTE #
7tele WA o E Az thet SR A £
A= o] ONT] #4ke Hrtslr] S8l frHes E4e &
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Table 4. Mixing Methods and Contents of Conductive Composites for Improved Compatibility

Sample code Step 1 Step 2 Step 3 Content (phr)
PLA/PBAT PLA/PBAT - - 70/30
CNT PLA/PBAT/CNT - - 70/30/2
CNT P PLA/PBAT CNT - 70/30/2
CNT/ADR PLA/PBAT/CNT ADR 4468 - 70/30/2/0.5
CNT/ADR P PLA/PBAT ADR 4468 CNT 70/30/2/0.5
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Figure 6. Dynamic frequency sweep tests of PLA/PBAT-based con-
ductive composites through improved compatibility: (a) storage
modulus; (b) complex viscosity; (c) cole-cole plot; (d) tan delta.

Figure 7. SEM images of PLA/PBAT-based conductive composites
through improved compatibility: (a) CNT; (b) CNT_P; (c) CNT/
ADR; (d) CNT/ADR_P.
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Figure 8. Volume resistivity of PLA/PBAT-based conductive com-
posites through improved compatibility.
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Figure 9. Mechanical properties of PLA/PBAT-based conductive composites through improved compatibility: (a) tensile strength; (b) elon-

gation at break; (c) toughness; (d) notch impact strength.
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