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Research progress of carbon material in the stereocomplex

crystallization of poly(lactic acid)

CHANG Weiwei' , RONG Weifeng®, PENG Hui'
(1. Analysis and Testing Center, Shandong University of Technology, Zibo 255049, China; 2. School of Chemistry and
Chemical Engineering, Shandong University of Technology, Zibo 255049, China)

Abstract: Poly(lactic acid) (PLA) is a biodegradable and biocompatible polymer. Because of its good mechanical
properties and outstanding thermoplasticity, it has excellent potential for substitution of petroleum-based poly-
mers. However, the slow crystallization rate, low crystallization and poor heat resistance of PLA, seriously restrict its
wide application and development. It has been established that formation of stereocomplex (SC) crystallites is an
effective way to improve the various performance of PLA. Nevertheless, SC crystallites are difficult to controllable
formation in the actual production and application of PLA. As a green nucleating agent, carbon material could
adjust the SC crystallization. This paper describes the crystal structures of homocrystallites (HC) and SC formed by
PLA, sorts out the researches about carbon additives on the effect of SC crystallization and discusses the possible
mechanism for carbon additives promoting SC crystallization of PLA. Finally, the current challenges are pointed out
and the future research directions are prospected.

Keywords: carbon material; poly(lactic acid); stereocomplex crystallization; nucleating agent; mechanism
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B A i Sk o o F AR, B st Rg iy . A
PESRAE L AL, AER A T SR 2R D T EL A R R
J1o AHJE, PLA [IZ5 S PERE2E (45 M BEAK . &5
FE 18 LS IR EEAR), X RBUNAAIE R . R
RUEWE . ARetEae2s . B A 2 45 n) i ™
Bl T PLA AR A & RS . L, #3% PLA
MBI ZE tERe, WH AR AEA EEMREE X
AN

PLA H. A Wil 45 S (0 et A ik . A2 e
FLW2 (PLLA) Rl iE R LR (PDLA), v 4544 4n
& 1(a) T/ o i PLLA B¢ PDLA 4% H JE & 1 [R) J5
i & (HC) 4% 1 7€ 170C &£ 47 . Tkada %5 1 & #i
PLLA 1 PDLA 7£ 3L 1R 4 I i 57 ¥4 52 4 4 (SC)
(18 1(b))#, Hf% ik 230°C, L HC ARHES T
25 50°C, X ] G 3 HE 7 PLA ARE R i SRt A
WLEE . AN, MIXT HC AL, SC 45T AR EA
BRI J A T RE LT ARG A R AR R,
T¥ & PLA S AH 5T 45 45 S 4 R R 32 v L it $4 F0
SEPERBI A RGEAR . (A& @ W 550, PLLA/PDLA
IRk &b, f#1£ PLLA. PDLA % H J& i i HC
S5 0 5 % A 2 ] B SC 45 S Y BE 4 5 i AL 1Y
o1 T AR TE A b B A K ELY R A 2 B BR
H, S5 SC A L HC B B MM E . R, %6
B SC b Rt ] LU 5 HC Sy A= it i HL
Bl >R py3G N, 23 AR LN fff PLLA F1 PDLA
A F4E AR D 1N, SC B MEAE BES, PR, ik
PEPE PR 5 SC 19 A N T 82 = PLA B9 255 P g
96 PLA (O B R HEZ, WA T/EH 5%

5 PLA A SAZ 590 AT DL AR PLA U BT

0 0
o 5 o
@ o o
CH, I, CH, ok,
3 CH; CH CH; CH H
n—1 L > CHyp-

PLLA PDLA
Amo;ehous phase

Stereocomplex crystals
.e e

e N
(b) T ) \, -y =
“e.” Homocrystalse {8 Q%

K1 ZERERFL (PLLA) FIA R LR (PDLA) 701451 (a) 5P
TSI A AR (SC) 4 iR (b))
Fig.1 Schematic representation for poly(L-lactide) (PLLA) and poly(D-
lactide) (PDLA) (a), and stereocomplex crystal (SC) formation
between PLLA and PDLA enantiomers (b) %

AL &2, MO AZ R R, el L R ALY B
= PLA Z5 R PERE R BPERE MY T vk . HAT, ©JTF
KBTS A T AL T A DL A R 0 A
0> TR I A e, AL R 7 A
M S PLA M AR E 2 . R KR, H
X fi 28 Al il B9 g 2 HERE RSN UL 5 77 AR RS o
A B2 A R T LLAR & 4 23 HOTE PLA JE (R, {2
filf PLA S AR A%, (H KB 70 A7 AL 50 ) 46 4% 1
2ok, HEA/EYFHEME, AFE8aRERER,
i 3 1 IR o 1 A5 A E LU, 1 AL
BN H, AF T 928 PLA 25 & 5 1 R /Y T 4%
R

2 AR R A i), SRR SURSURE T
AmFEEHITRZ—, TEAHL. T BRI R
A W R o 45 I A 1 B AR o AR A
M. BROUDKRAE . e, RORSE, WHHEASR
3% ReEER AL E RN, BT T
AR RL T . B ARy — Bl s @ IG5 B 1S
IFl, mAE] PLA FE A rf,nl DL IR H R i fE
IR A%, M PR PLA $& 1A 1 25 Sk R . 7F ik
FEPE e Bk PLA SC &5 5 7 11 2 7n NI S i PR RE . A&
SCRILRR B R D S AR A% R A {2 1 PLA SC 25 5 7
THT ) 5k S HEAT 250, PRARA 41 T A TRl B 4 T
R IE AR PLAGS B2, LI O ) 22 75
PLA S & IR R BEAE 2R 595 =

1 SC @&+ B R B ALl

SC-PLA #1 Bl Ht HC-PLA E. A 941 5 i 4 3 1
fie, X5 PLA /r FHEMHESI A IR A, T
fift HHC 1 SC 11 i (AR 25 ¥ 47 B 1 L gt HC 4 B 1 1)
2290

IR, PLAA 4 AN HC FBY, 4350
ofml . B, y AR S A, Hirb o A
R o'in 4 R A 0 EL A S ] ) BEE FA 5
BT RRYE o AN TR 2R I A T AR R T A AL B
WINT T, FESMGIERTT, AR &R A A 55
s, Hor, o SRR L, R R AR E Y R
25K, KEAM185°C, BT UEIERS MR, 4 Pk
L 104 BRHE R G2 A PP HES U0, — A A i R 45
R (T,> 120C) £ T, AR afbf, 5(a) i
RUJE o i B — FP A R P IR ES (FEFE T T=
60~120°C), HATHIES o fAAHL, (H5>F5E
HERUE AN T, ShERIBERE K, E—E KT,
8(a) A AL 4y FRE S EOFHES , A MEAR P o
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fn LU0 B A TR — P 2 R EE R, o SR RTE
i EE (10~20) 1 F7 IR B (180~200°C) I AL,
15 8o 175°C, 4y T HEHES AR 3, R E A 5 00
TE B AL L AR TR B DL OB ko, B SRR T BR AR o
B,y bR PLLA G 5 A SE 25 S AR A5 10 A 1 45 44
5 43 F- it PLA R 09 A (0 F f iR 5k f
RZBIMA PR, JBTIERMAR, 3, 18EH

S

o AP

p

%20 34N PLLA #1 PDLA 43 74 22 8] 38 3 57 &
A I B — R I A A A, RIS A A SR
(SC), ZimRZEME TR R = f R P,
3, M2UiE ¥4 4 1) PLLA 11 PDLA % — 4% 5 F-47 4k,
WS M BEMEH., % WA LR PLA
B AR AR S R R B RN & 2 fIf R o 45 Fh PLLA S 5
SEA S A T Y SC R T b L S 5081 F 3R 10520,

2 HFLR (PLA) (9 4 R (e, B, v 5 SC ) MR RE &2

Fig.2 Schematic for the four crystal structures (o, B, y and SC) of poly(lactic acid) (PLA

)[21,26]

%1 3ER& PLLA #1 SC B RSH
Table 1 Cell parameters for non-blended PLLA and SC crystals'®

Crystal form Space group cHoilfi)?lmation a/nm b/nm ¢/nm a/(°) B/(°) v/(°) Ref.
PLLA-a Pseudo-orthorhombic 104 1.07 0.645 2.78 90 90 90 [24]
PLLA-a Pseudo-orthorhombic 104 1.06 0.61 2.88 90 90 90 [15]
PLLA-a Orthorhombic 105 1.05 0.61 2.88 90 90 90 [25]
PLLA-B Orthorhombic 3 1.031 1.821 0.90 90 90 90 [15]
PLLA-B Trigonal 3 1.052 1.052 0.88 90 90 90 [26]
PLLA-y Orthorhombic 3, 0.995 0.625 0.88 90 90 90 [20]
SC Orthorhombic 3, 0.916 0.916 0.870 109.2 109.2 109.8 [21]
SC Triclinic 3 1.498 1.498 0.870 90 90 120 [22]
WF5XUE 5SS, PLLA 5 PDLA 4 ¥ 4% 2 [0 /7 15 A H o FREDE UM BRE T o RobA RE A AR Y 2% T 4

CH;--O=C F C,H--O=C & & M B.AE ] (P24 1H
H 4.6 KJ/mol)*", L ) HE AU %, SUHEAH BLAE
FHJ2& SC &b 1R TE 1 Y 32 L OK Bh oy B2, PLLA/
PDLA MR W 7E 5L 9 52 A& 45 W i) ik fEp, &
I ZRAEAE , |55, U LLA-DLA # DL P47
7 I HE R eSS A, RGP EBE R, e
B SR KT, B AR SC A, T
PLLA 1 PDLA 47 ¥ [] Z S AH BAE A, AT DA H 5
B AT B AR SC Y MRS T, IR RR 1Y AR 2
4 W T ST A 2 A 114 3R LR A sk B 4 1) 4 B
AN PR 2 R, TR A LB R B R e,
SR (AT AAME S, AR I Al 2 1 L I R

2 HMBIEPLANHESK BN A
SRR HAE O SC R TE R IR Bh ),
B E I A SC 1Y H 42 /& PLLA Fil PDLA i ¥ 5] 1R

¥4 2} PLA 43 —F 55 (1 i FR3 HE T 0 K 0 3 Pk 1
755 PLLA 5 PDLA # A7 )7 HEFW P BUf i 4640, 1A
W 7 Bt e 3R LR 1Y) &5 b B R R A R LR S S
kT EEEM. BHAr, H T PLAS MR

B BR AR A R TR B TR
B ANORAE | B AR AR Y | A B0 SO R A ik
FHEE

2.1 &RERMHA

#¢ B (CB) J2 e W WLAYRR A4 R,  CB 0B 1 5
BB B SR A g RE Ty, H T X
Or FHEEAT AR SR WL BE T, AR TR SR AR
T2 ERE, R E AR DI REYE & — R UL
o FEomF . HEN T PLA B9 8 A8 X
Liu 59 2l I AR &, B ASF 28R CB (PX M
P35, 1 L4 % 24 808 m?/g Hl 55 m?/g) il A %I
PLLA/PDLA Xf B Z v, S B 42 5 PLA M5 1A 25 &
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FH 2% EAFORE, CB R AY I AT DL i % 4
R Y B R R (250°C . 50 Hz 2500, #6)%
M 39 Pa-s 4 /55 3| 844.1 Pa-s), 33 i ¢ 4 iy T
e K K47 . PLLA/PDLA/CB & & 1 Rl i i 1 98
BCRY, BT Tk HL A kR SC 25 R L 5 ) 2
PEBERY 4 S dh o BRAh, CB I E A 4k
HA 5 0 S 2 (19.0 S/m) Fl B 7 5 ik Mk fig
(26.6 dB). X EEVERE A HE = I T CB 2 1 38 1Y I
R, PLLA/PDLA % B ml W Bfh 72 JFC R im0 By
i) PLA fif Bt AT 55 oK 8% W B () PLA 85 AH B AEHT . 78
PLA ¥4 h, PLLA/PDLA JE i i1 [ 25 % 45 ¥ 7] L)
FROEAATE, BATES ML ® T, LJE%ET SC
IR (K 3). WFgE kB, K% CB & HAYHE AN,
SC I 25 i BE B 2 38, &5 R4 = . 2 SC
AL R T T CB By R AR, R FUIKAY CB kL,
FEAIS 5 B R ME L A 42U BUBURE I 45 25 0, ot
PLA 45 S P RE I el B RO B 2%

(a) PLLA/PDLA
PDLArich region

(b) PLLA/PDLA/CB
Physical network junctions

(c) PLLA/CB+PDLA/CB
PDLA-rich region

PLIA-rich region PLLA-rich region

Crystallization

“~- PLLA \~ PDLA M PLLA (I SC crystallites @ Carbon black (CB)

P13 M (CB) 442 PLLA FIl PLLA/PDLA v SC %k i v Al A Y 1 I
Fig.3 Possible roles of CB in manipulating the formation of SC

crystallites between PLLA and PDLA™

R R B TR AR O i x>, A
HBFFE XTI R E 2. mrERe . Z2Taem R 3L
R/t A MR A R L,

2.2 BMEFARSEHERMA

B i 1 5L (CQDs) WAR i sl SRR 40 K i, J2
— Fofr 7 Y v 4 (0D) 44k A1 kL, RSFAZE 10 nm
IR, SRS R etmefE I s .
CQDs %3 i # PLA Ak, AS{URE$ &5 PLA () 45
AnfiEJ), KT PLA/CQDs & 3 B RHEUR (99t
PERE, AN HTAWEZ . bS5,
Yin 5P HE TR E T, B2 % CQDs 7 Xt
e R PLA w507 4 78 SC ik . A @R IWJE, CQDs
A ASANAE 5 & W REEL AT 206 n] I8 1 58 6 e
CQDs 44 K JURL A 1] DAAG 54 b 3 15 JORLAR SC Ay K

NG A MER ARG . L, R
A/ 1 N B 25 & 254, WT LLAE PLA/CQDs #4 %}
B A B R R AN W) 45 4 1Y SC TR . Guo
470 PDLA 5 4% %) CQDs |, #1457 CQDs-g-
PDLA. PLLA 5 CQDs-g-PDLA if iz % K 4 43 1~ i)
AL S IR BEXT (B RTR), R BR T T PLA
FEM TR B e, BB AR % PLLAYS 1 32 1) PDLA 4%
P SC % o He A i CQDs Ay i 1 M A1 5 A%
M fE 5 PLA Bl AL, fRHEA E 211 SC %, K
KM T 45 R, WWFSEIESE T CQDs-g-PDLA
) e A ROR . AT R CQDs A% B 1 15 5 A
S, Y T 2 R B K (1) CQD-g-PDLA/
PLLA & 4 Wi (K 4(a)).

Lotus leaf-like micro-nano

b . _Stereocomplex
@ sphere protrusions O rystallization

(mgg% (S~
—
With C,, R

PDLA pLLA

€l 4 BAET A (CQDs)-g-PDLA (a) 55 #14% Cypp (b)
£ SC B P R BT 1
Fig.4 Schematic showing of the effect of carbon quantum dots (CQDs)-
g-PDLA (a) and fullerene Cy, (b) on the formation of SC®*"*!

O LB IR S5 4 B 0D 44 K Bk 44 kL
LA sp™*® Ze AL I X 5 AR AR 3 Bk R 2, B L3
Ao B, FIARRPUEM L T UL o P TR
B A% 235 B SR R P, RG] B R PGB A O
A B 5 AR B 3 AN BRI T I B A B T —
SRR . H R B SRS RIOL R B T2
feme Sy, e, A AEY 25 S5 SR A
TEAER P, Chang %1 B 48 T 5 4R Cqo X 55
g F 4 PLA B9 S5 S AE T (8] 4(b))o Co 7
L5 B BUZRE 11, BE I3 4R % PLA h SC 4h fn 1k,
S5 Al HURAL L RS PLA R & T 2450 HEH T
M B A AR X B, R AR D S R R T
TR SR B A, FEA I A5 B AR HE
WEFERTBL, Ut oE—2 00 A B i A e HOR
REAR A 77 AR, =TT & PLA/ W #0146 2 5 AR
NEEMREZ
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2.3 FRAKERMF

W 4N K3 (CNTs) S ik 19 55 — F [ £ S 44
Ho i R B 2 R 2 A 2 R sp®, BRIRZF L) o
BEEHE, T CNTs %18 2 454 5 4 505 i A
I, B, CNTs AR N R 2500 A 28205 45 1
B B AT 28 254 . MR A CNTs 2% i 4 i )2 4K
B8, KBl BRE CNTs (SWCNTSs) il £ BE
CNTs (MWCNTs), i T HAMR¢ 1) —2E (1D) 2544 Fil
R K, CNTs BT brEae, 7EH
T RBUR . PRI AR Y A B TR B R i
So S AR . FW A EEGE AL, CNTs
B/, HRBAUR, 5 PLA H:filmis ok, ootk
JG R EREM R L2, 55 PLA A1 HAE FHE ARk
gy, DA AE AR PLA BSAZ 45 &b 0 TR0 o 2%
Yang % " IS LR Be Sk, B & T CNTs &t
PLA Xt Bfk b SC I Um0 . AXER I 0.2wt% CNTs
3| PLLA/PDLA RS 1R & v, skl LLSZ 3 100% SC
4hfho UESE T CNTs %3 in I 76 fid i PLA SC 45 7
THT P S 2 R T o R T I R R SRk T A SR LR M
BE, B AR b & S AE HIAS [ 19 95 570 X PLLA/
PDLA/CNTs 1 SC &5 & FE th A &2 9, ¥ i 1k 5
RAEBARRIE N, WA R E A MR T SC 4 i
AR B o 3K AR F T IV A B RN 28 SR i 7 R
SC WTE s ik T K ¥ i 42, AR F 5+
BERYY HCS 9828 . Quan %1 7E PLLA/PDLA i1
A MWCNTs, it & % (POM) W42 2], ALk
PLLA/PDLA iR Y, = o MR & 0 sl R 2% B2 44
i, Bk RSB, UESE TS n ) s AR
{EE A MWCNTs J&, XFBR R L5 S ERIA T
R, Y HEN MWCNTSs Xf PLA 4% 5 7778 P3N A
IR . — 7 T MWCNTS 5% 19 8 68 71, i
TR S 5K S5 —TJ5 1, MWCNTSs X}
mn A KA S AR A (B 2 o p AR A R R
mn R Bl B, MWCNTSs (9 £7 75 23 T4 SC (1 45 1),
HAALEME TR, MI1E kI, | TBERN,
PLLA/PDLA/MWCNTs & & # L 75 1B i 72 i
SN, ML RS, MWCNTSs [ 2% 8 I8 78 3F 45
fm A B S R R R . ORI CNTs 19 A5 =
JAZAE T, He 5" it i 9 2811 CNTs R 1H IR
FEFE SC-PLA ¥ 31 ikr I, 7ER S B pegh it i,
X U6 B 5 3R ) CNTs 7] LAE A i 37, A 2
fi¢ #f PLLA/PDLA 4% 7£ J 3% I 1 SC %5 i (1] 5(a).
& 5(b)). L% N 0.003wt% F¥) CNTs, PLA HY 45

JE 0] Bk 60.4%., M T A ORI E A, SC-
PLA/CNTs HA 1 S AU #4135 5770 A b b o 5

(b) o SC-PLA powder particles

£ SC-PLA powder particles :
(a) & powder particles coated with CNTs

Formation
of SC
crystallites [T/~
is limited

CNTs
f?ﬂé % induce SC
rystallization

7k Interface’y s
. ST
region

f’tl'glﬁlﬂlz"t"l"%m\CNTs Ti-SC crystallites within [jjfl-Newly formed SC
cham particles crystallites

@

v PLLA matrix . - BT
et == EE===

) ‘ In crfa&’ﬁ %ﬁ\ SCensales
MWCN TR

.| | —PLLA matrix cha
.| ——Grafted PDLA chains

PLLA/MWCNTs-g-PDLA
composite

—PLLA matrix chains
|—Grafted PLLA chains e
PLLA/MWCNTs-g-PLLA
composite

[%5 PLLA/PDLA (a) #1 PLLA/PDLA/fR44K%E (CNTs) (b)*! 55 PLLA/
£} CNTs (MWCNTs)-g-PLLA (c) fil PLLA/MWCNTs-g-PDLA (d)"**
AR T ISR 7R T R
Fig.5 Schematic illustration showing the interfacial microstructures of
PLLA/PDLA (a), PLLA/PDLA/carbon nanotubes (CNTs) (b)"** and
PLLA/multi-walled CNTs (MWCNTs)-g-PLLA (c), PLLA/
MWCNTs-g-PDLA (d) nanocomposites'*”

R CNTs R B3, B FHERM
FE1H RE R = 1 b 3R R R AN e, (R
BoHRE, EREWEME T WAL, T
CNTs fE @ T2 SRR 2 N o o 1
/b CNTs 7F PLA FEAR i SR AR 104 o 55 1o A 25 1
e RE I e B 0 i A Bt 77 ¥ o De Arenaza
AU g PLLA K dm A% b ik, @ id 65 MWCNTSs
Z 8 m-n AH B AR, 38 i MWCNTs (4 43 5 .
g LS IR VR I MWCNTSs B FE 5 (1 45 fb M HE R 45 T
FIRE S B & T 2% o B MWOCNTS %8 i it 1) 3%
i, SCZ5 i W m T HC 45 db o 71— il, TE40
KRR R TR R A E g 2 H
T 1 B 5 T AN A 2 RN A ) 4 oK ORI 23 R] 43 AR
Brzezinski 55 1 4 PLLA 7F ¥2 % 1k £ BE ik 94 K 45
(MWCNT-OH) 47, il I MWCNT-g-PLLA,
9K J5 5 PDLA i i 2 iR il # T PDLA/MWCNT-g-
PLLA . W E &%), 7 MWCNT % &8 1wt% A,
HAT SCHE L, W MWCNT-OH # i K e 7F T
PLLA/PDLA 4} F %% /4 78 4> £ filt . Liu %5 U 3 5
£ 3 B & ¥ MWCNTs I% #% %] PDLA |, 15 %
MWCNTs-g-PDLA, % 4% 5 i) PDLA %% 5 PLLA %
R YR AL G IR HEI A — e, IR A
B SC kL (81 5(c). Kl 5(d)), BT LIAER—
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Fig.6 Schematic representations incorporation carbon nanofibers

(CNFs) to promote the formation of SC
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Fig. 7 Schematic for the edge- and basal-plane induced stereo-

complexation on the surface of graphene oxide (GO)®"!
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Fig.8 Schematic showing the synthesis of GO-g-PDLA by the direct melt-

polycondensation approach and the formed GO enhanced SC network!®”
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RBiE R UK E 0.25%107"° cm® cm/(cm?s-Pa)) A1 /)
SEVERE (BLAHGR 2 70 MPa, #% [CH g 2 GPa)

WA — LR

A FHAS [R]85 A ek 1) 5 4 e i R B, P

NI Z— o

2 S T A MR UZ X PLA SC B U 3

K2 BRERGKBIIZFIXT PLA SC FZR A & EL B B2 00 S 45

Table2 Summary of the effect of carbon nano nucleating agent on the SC formation and fraction in PLA blends

[ 3 5 PLA 25 f T 255 Pk BRI B T AR 4 )5 %5

M

& SC E"J %:':[: Flizél E _I:;,‘ I_I—:f ttll‘jﬁaﬁ [33,36-37, 41-42, 44-45, 51, 57, 61-63, 65] .

Crystallinity (xsc)
Nucleating agent and fraction (fsc) Comment Ref.
of SC
CB: 10wt% PX fec=100% CB particles can adsorb PLLA and PDLA chains in their surface. The nucleation [33]
30wt% P35 sc= capacity of CB is related to its surface.
1wt% CQD Xgc=27.5% CQD nanoparticles effectively regulate the size, distribution, stacking and [36]
(200 MPa, 200°C, 4h) f5c=78.5% hierarchical architecture of granular SC.
CQDs-g-PDLA- Xsc=41.4% The grafted CQDs as active foreign heterogeneities can enhance the [37]
30wt% Jsc=100% heterogeneous nucleation and facilitate the formation of SC.
Yo 93.3% Due to CH-=n interactions, PLLA and PDLA chains epitaxially adhere to
Coo-1wt% SCT &0 the surfaces of C,, which significantly increasing the chances of interactions [41]
fsc=100% b .
etween enantiomers.
Xsc=51% CNTs acted as the anchor to promote intermolecular nexus and shortened
CNTs-0.2wt% f5c=100% the chain coupling distance between PLLA and PDLA. [42]
On the one hand, the strong nucleation ability of MWCNTs accelerated the
MWCNTs-1wt% Xgc=61.8% nucleation and growth of spherulite; On the other hand, MWCNTs have [44]
dynamic and spatial effects on crystal growth.
C.NTSTO'OOIV‘{I% and _ SC crystallization induced by CNTs at the interface can overcome the restriction of
sintering-assisted Xsc= 60.4% e [45]
chain diffusion.
method
CNF-4wt% Xeo=20.7% CNl?s provide nucleation surface and facilitate the arrangement of PLLA/PDLA [51]
chains.
GNPs-3wi% Xe=21.7% The su.rface 1n.duct10n process of GNPs greatly shorens the crystallization [57]
induction period.
GO-0.05wt% fuc=100% Plane—.and edge induced crystalhzatlpn caused l?y randomly anchoring [61]
and oriented arrangement of the chains, respectively.
Xoo=(76.9+2.5)% In the GO-g-PDLA-filled system, GO can only promote SC formation due to the
GO-g-PDLA-20wt% fsc_—% 7'%_ ’ presence of grafted PDLA, while GO can both promote HC and SC formation in [62]
semm PLLA/PDLA/GO mixtures.
Xsc=24.5% . . .
G-g-PDLA-5wt% £c=80.9% SC is mainly generated at the interface of G-g-PDLA and PLLA. [63]
sc=00.
GO@CNT 95.1% HC and SC Due to the strong interfacial interaction and uniform dispersion of GO@CNT [65]

nanohybrid-0.05wt%

nanohybrid in PLA, a large number of crystal nuclei are induced and stabilized.

Notes: GNPs—Graphene nanosheets; G—Graphene nanoplatelets.

3 FRd RN INFME 3 R FLER SC 45 R HLH

T bRV b — Fh s (o 0I5 YL ds sk, mr L
AR Bl 3% PLA (W 45 b e BE L kB PR HF SC
mn R AE G, R IR M RES PLA Z 8] (A8 BLAE T,
A B3k Fh VR G PLA 285 AT o0 118 8 45 Bl 38 AS L
BIH . (HRMF TR FTIR G & 8L, Wbt Al
(9 A AT RLAS G %) 16 3R PLLA 5 PDLA 43 1 46 [A]
CHy--O=C 28 A B /E 1, 3k & SCIE i 4
TS I HE D Bl A R R A R B ), —
75 T A PLA fb A (0 A #2106 S AR A A%, BRI T

PLA S s i F B BE, 48 AR A 5 B, DTG ik
LI ERE; D — I, BRI ICRR Y R T AR
ALk PLA 4 T8 SR 41 R 98 KA s £ 1i, th T+
W B 5 PLA 2 [6] () CH-n 2 #H B /EFH, PLLA 5
PDLA 4 5% 1 W B £ fe o4 F 2 100, 33X R R 14 i
T XSy 7 RE 2 () 4 sl W T RE 1, PLLA 5 PDLA
Sy FREAH E 985 59 E, WL T K& SC i
K (K 9). BRABHE S SC RN SRy, 4%
T PLASEREA NS A IE B, T 28 W4 7F A K
FOVF B B0 B, I PLA 0 1l B 2R 4 6 5
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Fig.9 Schematic representation for crystallization process for PLLA/

PDLA blends in the absence and presence of carbon additive
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