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Abstract: The aim of this study was to investigate the effect of poplar wood fiber as a bio-nucleating agent on the
mechanical properties and crystallization behaviors of poly(lactic acid) (PLA), and compare with common nucleat-

ing agents talc powder and hydrazide compounds. Poplar wood fiber (WF) (0.5wt%, 1wt%, 2wt%, 4wt%), talc powder
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(Talc) (1wt%, 2wt%, 4wt%, 8wt%) and hydrazide compounds (TMC-300) (0.3wt%, 0.5wt%, 1wt%, 2wt%) were
blended with PLA to prepare composite at various contents by extrusion and molding process, respectively. The
optimal content of each nucleating agent was determined based on mechanical properties of composites. The
effect of WF, Talc and TMC-300 under optimal content on the crystallization properties including crystallization
behaviors, crystal morphology and structure of PLA-based composites was compared. All the three types of nucleat-
ing agents can improve the notched impact strength of PLA. Compared with Talc and TMC-300, the addition of WF
results in more significant improvement in tensile and flexural properties of PLA-based composite. Under the
optimal addition content (1wt%) of WF, the elongation at break, tensile and flexural strength increase by 27%, 17%
and 18% in comparison with neat PLA, respectively. The effect of WF, Talc and TMC-300 on the crystallization beha-
viors of PLA was studied through differential scanning calorimetry. Results show that adding 1wt% WF can improve
the crystallinity of PLA in the non-isothermal crystallization, but it is much lower than that of composite with 1wt%
Talc and 0.5wt% TMC-300. According to the isothermal crystallization kinetic analysis, WF can also reduce the half-
crystallization time of PLA matrix, and improve the crystallization rate. The half-crystallization time under iso-
thermal crystallization at 110°C is reduced from 23.6 min (neat PLA) to 7.2, 2.7 and 1.4 min when adding 1wt% WF,
1wt% Talc and 0.5wt% TMC-300, respectively. Hot-stage polarized light microscope observation shows that the crys-
tal morphology of PLA induced by various nucleating agents is different during 110°C isothermal crystallization. WF
and Talc provide a large number of nucleation sites for PLA crystallization, which promotes the grain refinement of
PLA. TMC-300 induces PLA to form fibrous bundle-like crystals accompanied with higher crystallization rate, which
is consistent with isothermal crystallization kinetic analysis results. The SEM observation of impact facture morpho-
logy after etching treatment indicates that the accumulation of crystals with different morphologies is one reason
for the difference of mechanical properties. Wide angle X-diffraction analysis shows that all the three types of
nucleating agents can promote the generation of orderly a-crystal. The diffraction peak intensity of o10)/(200)
crystals is highest when adding WF. Besides, WF can significantly decrease the crystal size of PLA. This study
demonstrates that poplar wood fiber can be used as a bio-nucleating agent for PLA, which plays dual effect of rein-
forcement and nucleation. This study provides a basis for optimizing the nucleation ability of WF for PLA, and also
provides references for further promoting the green development of wood-plastic composite.

Keywords: biomass fiber; poly(lactide acid); nucleating agent; bio-based composite; mechanical properties;

crystallization behaviors
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PLA (2002D), D-lactic 7% & 4.25wt%, ¥ {& i sh 48
% 4~8 g/min (210°C, 2.16 kg), 7= T 3£ [& Nature
Works A ] . Talc (B! 5 . T823197), ki & %
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Fig.1 Microscopic morphology and particle size distribution of various nucleating agents: Poplar wood fiber (WF) ((a), (d), (e)),
talc powder (Talc) ((b), (f)), hydrazide compounds (TMC-300) ((c), (f))
®1 RMAEEE WF, Talc 1 TMC-300 H &R ZLE (PLA) BEAMHINEER 146
Table 1 Density and mechanical properties of poly(lactide acid) (PLA)-based composites
with various contents of WF, Talc and TMC-300
Sample Density/ Notched impact Tensile Tensile Elongation at Flexural Flexural
P (g-cm™)  strength/(kJ-m™) strength/MPa  modulus/MPa  break/% strength/MPa  modulus/MPa
PLA 1.15+0.01 1.49+0.06 43.9+3.1 2985+188 1.63+0.20 71.6+3.4 2 788+297
0.5WF/PLA  1.16+0.01 1.74+0.19 52.2+0.2 3 405+78 2.63+0.25 84.5+3.1 2 723+223
1WEF/PLA 1.16+£0.01 1.69+0.12 51.4+0.1 3 398+55 2.07+0.03 84.7+1.7 2988+180
2WF/PLA 1.17+0.00 1.70+0.10 49.7+0.3 3517422 1.93+0.05 84.0+2.6 3 000+£126
4WF/PLA 1.17+0.01 1.79+0.13 48.4+1.4 3 465+111 1.66+0.12 79.4+4.8 3 13475
1Talc/PLA 1.15+0.01 1.97+0.11 50.7+0.7 3 057£105 1.82+0.08 75.4+10.0 2242197
2Talc/PLA 1.13+0.03 2.01+0.14 44.3+1.9 3 074£135 1.58+0.13 60.6+10.2 2468+178
4Talc/PLA 1.15+0.02 1.84+0.11 43.0+3.0 3 100£194 1.53+0.17 68.2+2.5 2 635+260
8Talc/PLA 1.16+0.02 1.87+0.11 36.7+1.8 3 373£169 1.29+0.11 63.5+6.6 2908+227
0.3TMC/PLA 1.17+0.01 2.14+0.05 48.9+0.9 2938+188 1.87+0.13 79.0+2.9 2 399+142
0.5TMC/PLA 1.14+0.01 2.07+0.32 51.7+1.1 2948+137 1.95+0.07 76.2+7.3 2495+183
1TMC/PLA  1.15+0.01 1.77+0.12 49.4+2.8 3 039£100 1.82+0.19 78.1+7.1 2475172
2TMC/PLA  1.1440.05 1.90+0.07 46.5+1.9 3 056+93 1.61+0.07 66.4+6.1 2 694+33
Wi 24 K R B . R A 5E Tale A1 TMC-300 76 KA 7R RHRhr B, B 3 Fh iz R 5

PLA Y EHL s i 43 3 A 1wt% F1 0.5wt% .

Xt 3 i Bl AZ 7R AR B IS 0 A R R A
PLA JE 5 & b0 J1 2 Pk RE A 0 — 28 % Lo o #

W 2 B, 3 R0 sz 300 0 A 2 RE £ & il 1 o
drokJE, HAds i 0.5wt% TMC-300 X & 4 1 8} (1)
bl o R A A O WK, ANTRT 2(a) s s WA

LA PPRLG IB 2f REA Brd, AnE 2(b) B
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Samples with the same alphabetical designation are not significantly different using Tukey paired t-tests (P >0.05); Same letter indicates no significant
difference between groups
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Fig.2 Density and mechanical properties of PLA-based composites at optimal nucleating agent content: (a) Notched impact strength;

(b) Density and elongation at break; (c) Tensile properties; (d) Flexural properties
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Fig.3 DSC 2nd heating curves of PLA-based composites

with various nucleating agents
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Table2 Non-isothermal crystallization parameters of PLA-based composites with various nucleating agents

Sample T,/ C T/ C T/ C AH,,/(J-g™) T./C 4H../(J-g™) Xc(noniso)/ %
PLA 63.3 155.1 — 126.2 18.8 2.6
1WF/PLA 63.3 154.9 — 126.9 14.5 6.7
1Talc/PLA 63.3 150.9 157.7 108.3 14.0 10.9
0.5TMC/PLA 62.7 150.9 156.7 104.0 4.7 21.8

Notes: Ty, Tyo AH,—Melting temperature and melting enthalpy of double melting peaks, respectively; AH..—Enthalpy of cold
crystallization; X oniso)—Crystallinity of PLA-based composite during non-isothermal crystallization.
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Fig.4 Heat flow-time curve of PLA-based composites with various nucleating agents under isothermal crystallization at 100°C, 110°C, 120°C
®3 FMAREMZFE PLA BESMHENERER Avrami S5
Table 3 Avrami parameters of PLA-based composites with various nucleating agents under isothermal crystallization
Sample Tc/ c n k/min™ tl/g/min AHm/Ugil) Xc(iso)/%
100 2.0 1.5x10°° 22.8 28.6 30.6
PLA 110 2.1 8.9x10™ 23.6 29.7 31.8
120 1.8 1.7x10°° 27.1 13.7 14.6
100 2.5 4.0x107° 8.1 27.9 30.1
1WF/PLA 110 2.4 5.9x107° 7.2 29.7 32.1
120 2.0 1.1x10°° 24.4 29.7 32.1
100 1.9 1.3x10™" 2.4 25.4 27.4
1Talc/PLA 110 2.7 4.6x107° 2.7 27.0 29.1
120 2.5 5.0x107° 6.9 27.6 29.8
100 2.3 1.2x107" 2.1 26.6 28.6
0.5TMC/PLA 110 2.4 3.0x10™" 14 24.9 26.7
120 2.6 1.2x10™" 2.0 25.4 27.3

Notes: T.—Crystallization temperature; n—Avrami exponent; k—Overall crystallization rate constant; t;,,—Half-crystallization time;
X(iso)— Crystallinity of PLA-based composite during isothermal crystallization.
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110°C ., 120°C 5 il &5 ik 72 A0 X 25 o B2 bl B (] A2 Bt AR B AR AL i gk B “S” W, ERIEE AU,
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Fig.5 Variation of relative crystallinity versus time (X;-t) for PLA-based composites with various nucleating agents

under isothermal crystallization at 100°C, 110°C, 120°C
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Fig. 6 Half-crystallization time of PLA-based composites with various

nucleating agents under isothermal crystallization at 100°C, 110°C, 120°C
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Fig. 7 Crystal morphology evolution of PLA-based composites with various nucleating agents under isothermal crystallization at 110C:
(a) PLA; (b)IWF/PLA; (c) 1Talc/PLA; (d) 0.5TMC/PLA
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Fig.8 SEM images of the impact factures of PLA-based composite with various nucleating agents by etching treatment:
(a) PLA; (b) 1WF/PLA; (c) 1Talc/PLA; (d) 0.5TMC/PLA
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Table 4 Crystallite sizes and crystallinity of PLA-based
composites with various nucleating agents

Sample 20/(°) B D/nm Xe(110)/(200)/ %
PLA 18.75 0.10 14.33 0.1
0.5TMC/PLA 16.84 0.35 3.92 0.7
1Talc/PLA 16.75 0.26 5.27 0.3
1WF/PLA 16.79 0.36 3.86 3.8

Notes: 20—Scattering angle; §—Full width at half maximum at
(110)/(200) reflection in radians; D—Crystal size; X.10)/200)—
Crystallinity at (110)/(200) reflection for PLA-based composites.
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