
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 8

/8
/2

02
5 

10
:0

1:
43

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
In situ reactive in
aThe Key Laboratory of Polymer Processing E

China University of Technology, Guangzhou
bNational Engineering Research Center of N

South China University of Technology, Guan

Cite this: RSC Adv., 2017, 7, 32399

Received 27th March 2017
Accepted 16th June 2017

DOI: 10.1039/c7ra03513f

rsc.li/rsc-advances

This journal is © The Royal Society of C
terfacial compatibilization of
polylactide/sisal fiber biocomposites via melt-
blending with an epoxy-functionalized terpolymer
elastomer

Mingyang Hao, ab Hongwu Wu*ab and Zhihua Zhuab

The in situ reactive interfacial compatibilization and properties of polylactide/sisal fiber biocomposites

made via melt blending with an epoxy-functionalized terpolymer elastomer, ethylene/methyl acrylate/

glycidyl methacrylate (EGMA), were investigated. Scanning electron microscopy results showed that the

introduction of EGMA improved the interfacial adhesion between the sisal fibers (SF) and matrix, which

was ascribed to the improved interfacial compatibilization between the polylactide and fibers via in situ

reaction with EGMA during the melt-blending processing. It was also observed that the EGMA tends to

weld on the surface of the fibers, which is called a self-weld fiber structure. The interfacial reaction and

microstructure of the composites were further investigated by FTIR characterization, and thermal and

rheological analyses. The results demonstrated that the mobility of the polylactide molecular chain was

restricted due to the enhanced interfacial interaction of the composites. The addition of EGMA improved

the toughness of the polylactide/sisal fiber composites without much decline in the tensile strength.

Polylactide/sisal fiber composites with a good stiffness-toughness balance were obtained.
1. Introduction

Increasing awareness about environmental and sustainability
issues throughout the world has a great impact on material
engineering and design. Natural bers have attracted extensive
attention due to their ecological and renewable nature. The
development of natural ber-reinforced polymer composites is
increasing worldwide, due to their low cost, light weight, non-
toxicity, ability to be recycled, good structural properties and so
on.1–4 They have great potential to replace synthetic ber rein-
forced polymer composites.

The generally poor compatibility and interfacial adhesion
between natural bers and polymer matrix was one of the main
drawbacks of natural ber-reinforced polymer composites due
to the hydrophilic nature of natural bers.5,6 Numerous studies
have proved that good interfacial adhesion is of great impor-
tance for obtaining good mechanical properties of composites
materials.7 The interfacial adhesion greatly inuences the stress
transferability from polymer matrix to bers in composites.
Poor interfacial interactions between polymer matrix and the
ber surface are the most important mechanism of bond
failure, because the interfacial defects can act as stress
ngineering of Ministry of Education, South
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hemistry 2017
concentrators.8 Chemical treatment was considered as a effec-
tive way to improve the compatibility and interfacial adhesion
of natural ber-reinforced polymer composites.9 Many chemical
treatment methods had been carried out on natural bers,
including silane treatment,10,11 acetylation treatment,12 ben-
zoylation treatment,13 acrylation and acrylonitrile graing,14,15

dopamine treatment,16 N-methylol acrylamide graing4 and so
on. These chemical treatment methods could improve the
interfacial adhesion of natural bers and polymer matrix, while
they sometimes weaken the ber strength itself, and these
methods were generally inefficiency and the solvents used in
these methods are usually not friendly to environment. Reac-
tion processing can improve the interfacial compatibility of
composites via in situ reaction during melt-blending process-
ing, thus it is a promising method to prepare natural bre-
reinforced polymer composites without the disadvantages of
chemical treatment methods.

Natural ber-reinforced polylactide (PLA) composite is
a kind of green and fully biodegradable material. But the low
toughness of natural ber-reinforced PLA is a disadvantage for
application due to the inherent brittleness and low toughness of
PLA. It has been demonstrated that reactive blending can be an
efficient method to improve the toughness of PLA.17–20 In this
study, biodegradable polylactide was used as polymer matrix
and a functionalized reactive copolymer elastomer containing
epoxy groups, ethylene/methyl acrylate/glycidyl methacrylate
terpolymer (EGMA), was introduced into polylactide/sisal ber
RSC Adv., 2017, 7, 32399–32412 | 32399
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(PLA/SF) composites. The presence of EGMA has potential to
improve the interfacial compatibility of composites and the
toughness of natural ber-reinforced PLA via in situ reaction
with natural ber and PLA during melt-blending. The phase
morphology, interfacial reaction, thermal and rheological
behaviors, and mechanical properties of composites were
investigated.
2. Experimental section
2.1. Materials

PLA (4032D, D-isomer content 1.2–1.6%, 1.25 g cm�3) was
supplied by NatureWorks (Minnesota, USA). It was vacuum
dried at 80 �C for 8 h before use. The chopped sisal bers (6
mm) were obtained from Dongfang Sisal Co. (Guangdong,
China) and Table 1 shows the properties of the bers provided
by supplier. Random terpolymer (LOTADER® AX 8900, Arkema
lnc, France) of 68 wt% ethylene, 24 wt% methyl acrylate and 8
wt% glycidyl methacrylate was used.
2.2. Preparation of the composites

Sisal bers were soaked in sodium hydroxide solution (5 wt%)
for 1 h to remove lignin, pectin and waxy substances on sisal
bers surface, then vacuum dried at 80 �C for 8 h before use.
Melt blending of PLA, EGMA and sisal bers was carried out
using an internal mixer (Poton 100, China) at 210 �C for 6 min
with roller speed of 80 rpm. A series of PLA/SF/EGMA compos-
ites and PLA/EGMA binary blends with different EGMA content
were prepared. Aer that, the obtained mixtures were
compression molded at 200 �C for 3 min under 10 MPa into
standard specimens for rheological and mechanical tests.
2.3. Measurements of mechanical properties

Notched Izod impact tests were performed following the ISO
180, using a 5.5 J pendulum at room temperature. The tensile
tests were carried out on a universal tensile testing machine
(Instron 5566, USA) according to ISO 527-2 with a crosshead
speed of 2 mm min�1. At least ve specimens for each
composite were tested.
2.4. Morphological characterization

The fractured surfaces of specimens aer the Izod impact tests
and tensile tests were used for morphological characterization.
Scanning electron microscope (SEM, FEI Quatan 250, USA) was
employed to characterize the fracture surfaces morphology of
PLA/SF/EGMA composites and PLA/EGMA blends. The impact
Table 1 Properties of sisal fibers

Fiber
diameter
(mm)

Fiber density
(g cm�3)

Cellulose
content (%)

Hemicellulose
content (%)

Lignin
content (%)

25–200 1.45 67–78 10–14 8–11

32400 | RSC Adv., 2017, 7, 32399–32412
and tensile fracture surfaces were sputter-coated with a gold
layer before SEM observation to provide enhanced conductivity.

The phase morphologies of the dispersed EGMA and SF in
PLA matrix were further examined by transmission electron
microscope (TEM, JEOL 2100F, Japan). PLA/EGMA blends and
PLA/SF/EGMA composites with 10 wt% EGMA content were
cryo-microtomed at �60 �C to obtain ultrathin sections, and
then subjected to TEM observation directly.

2.5. The FT-IR measurement

In order to prove the interfacial compatibilization between the
PLA and bers via reaction with EGMA during the melt-
blending processing, the sisal bers were obtained from
composites by Soxhlet extraction using dichloromethane as
solvent and dried at 80 �C for 8 h in vacuum oven for the FT-IR
analysis. The FT-IR (Nexus 670, Thermo Nicolet Co. Ltd, USA,
KBr powder) was used to characterize the extracted bers over
a range of 4000–400 cm�1. For comparison, FTIR characteriza-
tion of PLA and EGMA resin were also performed.

2.6. Thermal analysis

A differential scanning calorimeter (DSC 204C, NETZCH, Ger-
many) was used to analyze the crystallization behavior of PLA/
SF/EGMA composites and PLA/EGMA blends under nitrogen
ow. For nonisothermal crystallization, the samples were rst
heated from room temperature to 190 �C and held for 5 min at
190 �C to eliminate the thermal history, followed by cooling
back to 40 �C at a rate of 10 �C min�1, aer 2 min in 40 �C, the
second heating scan from 40 �C to 190 �C at 10 �C min�1 was
performed. The cooling-crystallization of PLA/SF/EGMA
composites at 5 �C min�1 was also carried out. For isothermal
melt crystallization, the samples were heated from 30 �C to
190 �C and held for 5 min at 190 �C to eliminate the thermal
history, and then cooled to 110 �C at a rate of 50 �C min�1 and
held for a period of time until the isothermal crystallization was
complete. In the whole process, all samples were kept under
nitrogen ow of 25 ml min�1.

2.7. Rheological characterization

Linear rheological tests were performed by a dynamic oscilla-
tory rheometer (Anton paar, MCR 302, Austria), equipped with
a plate diameter of 25 mm and a gap of 1 mm parallel plate
geometry. Small-amplitude oscillatory shear (SAOS) measure-
ments were carried out from 0.0628 rad s�1 to 628 rad s�1 at
180 �C with strain amplitude of 1%.

3. Results and discussion
3.1. Morphology analysis

The impact fracture surfaces of PLA/SF and PLA/SF/EGMA
composites with different EGMA content were examined by
SEM and shown in Fig. 1. For the PLA/SF composites without
EGMA addition, many bers were directly pulled out from PLA
matrix when the composites were broken, and many holes were
formed in the fracture surfaces, as can be seen from Fig. 1a.
These phenomena indicating the poor interfacial adhesion
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 The impact fracture surfaces of PLA/SF (80/20) (a1, a2, a3) and PLA/SF/EGMA composites with different EGMA content: (78/20/2) (b1, b2,
b3); (76/20/4) (c1, c2, c3); (74/20/6) (d1, d2, d3); (72/20/8) (e1, e2, e3); (70/20/10) (f1, f2, f3). 1 represent 200� magnification times; 2 represent
500�; 3 represent 1000�.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 32399–32412 | 32401
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between sisal bers and PLA matrix, due to the hydrophilic
nature of natural ber while polymer matrix was hydrophobic.5,6

However, the addition of EGMA into composites during melt-
blending processing decreased the bers pull-out phenomena
dramatically, as observed from the Fig. 1b–f. The bers were
tightly connected with matrix and underlay the matrix, and
tended to be broken and torn up in composites. The similar
phenomena were observed in the tensile fracture surfaces of
PLA/SF and PLA/SF/EGMA composites with different EGMA
content (Fig. 2). With addition of EGMA, more sisal bers were
broken and torn up in the tensile fracture surfaces. These
results reected that the presence of EGMA improved the
interfacial adhesion between the sisal bers and PLA matrix,
thus increased the stress transferability from polymer matrix to
bers in composites, therefore more bers were fractured
rather than been pulled out.
Fig. 2 The tensile fracture surfaces of PLA/SF (80/20) (a1, a2) and PLA/SF/
20/4) (c1, c2); (74/20/6) (d1, d2); (72/20/8) (e1, e2); (70/20/10) (f1, f2). 1 r

32402 | RSC Adv., 2017, 7, 32399–32412
Fig. 3 displays the bers surface morphology on the impact
fracture surfaces of PLA/SF and PLA/SF/EGMA composites. For
PLA/SF/EGMA composites, it was observed that some polymer
matrix resin adhered to the bers surface. Furthermore, the
adhered resin exhibited obvious elasto-plastic deformation,
indicating that it was EGMA, a kind of ternary copolymer elas-
tomer. These phenomena were not observed in the PLA/SF
composites, for which the bers on the fracture surfaces
nearly keep the original morphology and little PLA matrix
adhered to the bers surface, because of the poor interfacial
adhesion between bers and PLA matrix. Fig. 4 shows the high
magnication impact fractured surfaces within resin part of the
PLA/EGMA blends and PLA/SF/EGMA composites with 6 wt%
and 10 wt% EGMA content. For PLA/EGMA blends, the fracture
surface was rougher than that of PLA/SF/EGMA composites
(Fig. 4a and b). It could be observed from Fig. 4c and d that the
EGMA composites with different EGMA content: (78/20/2) (b1, b2); (76/
epresent 500�; 2 represent 1000�.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Fibers surface morphology on the impact fracture surfaces of PLA/SF (80/20) (a) and PLA/SF/EGMA composites (78/20/2) (b); (76/20/4)
(c); (74/20/6) (d); (72/20/8) (e); (70/20/10) (f).
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EGMA phase dispersed in the PLA continuous phase, exhibited
a typical “sea-island” phase structure. Meanwhile, more obvious
elasto-plastic deformation of EGMA phase occurred in PLA/
EGMA blends than that of PLA/SF/EGMA composites espe-
cially in the composites with 6 wt% EGMA content. These
phenomena reected the distribution of EGMA on fracture
surface. For PLA/SF/EGMA composites, lesser EGMA was found
on fracture surface within the resin part than that of PLA/EGMA
blends. It was deduced that the EGMA phase in PLA/SF/EGMA
composites tended to be enriched on the bers surface.
Further phase morphological observation by using TEM was
performed for PLA/SF/EGMA composites and PLA/EGMA blends
with 10 wt% EGMA content (Fig. 5). The “sea-island” phase
structure of PLA/EGMA blends was conrmed in Fig. 5a1 and
a2. The brillated sisal bers were observed in Fig. 5b1 and b2,
This journal is © The Royal Society of Chemistry 2017
and part of the EGMA phase tended to be enriched on the bers
surface. Fu et al. found that the poly(ether)urethane had
stronger interaction with carbon bers compared with PLA and
it played a role of “solder” to weld the carbon bers into a more
perfect network during their investigation of incorporating
poly(ether)urethane into polylactide/carbon ber composites.21

The similar phase morphology, so-called self-weld ber struc-
ture,22,23 was obtained in this study for the PLA/SF/EGMA
composites via in situ reaction processing. Part of the so
EGMA phase enriched on the sisal ber surface, and welded the
sisal bers to PLA matrix.

The interfacial reaction between PLA and poly(ethylene-
glycidyl methacrylate) could dramatically improve the tough-
ness of PLA, which was based on the reaction of end group of
PLA molecular chain and the glycidyl methacrylate structure
RSC Adv., 2017, 7, 32399–32412 | 32403
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Fig. 4 High magnification SEM micrographs of impact fractured surfaces of PLA/SF/EGMA composites with different EGMA content: (74/20/6)
(a), (70/20/10) (b); and PLA/EGMA blends: with different EGMA content (94/6) (c1, c2), (90/10) (d1, d2).
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unit in the copolymer.17–20 In this study, the incorporating of
EGMA into PLA/SF composites was considered to have two
effects, improving the toughness of composites and enhancing
interfacial compatibility between sisal bers and PLA matrix via
in situ reaction. The interfacial compatibilization between PLA
and sisal bers via in situ reaction with EGMA during the melt-
blending processing was illustrated in Fig. 6. The hydroxyl in
nature ber surface and the end group of PLA molecular chain,
hydroxyl or carboxyl, could react with the epoxy group in
ethylene/methyl acrylate/glycidyl methacrylate terpolymer via
nucleophilic substitution. It implied that the EGMA played
32404 | RSC Adv., 2017, 7, 32399–32412
a role of “solder” between the bers and matrix and so
improved interfacial adhesion of the composites.
3.2. The FTIR analysis of extracted SF

To further prove the reaction of bonding EGMA and PLA
molecular chain onto the ber surface, Fig. 7 shows the FTIR
spectra of the raw SF and extracted SF from PLA/SF and PLA/SF/
EGMA composites. The peak at 1730 cm�1 stands for the
carbonyl (C]O) stretching vibration peak. This characteristic
peak was not observed in raw SF, however it was found that the
intensity of this 1730 cm�1 peak enhanced with addition of the
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 TEM micrographs of PLA/EGMA blends (90/10) (a1, a2) and PLA/SF/EGMA composites (70/20/10) (b1, b2) with 10 wt% EGMA content.
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EGMA, which reected the bonding of PLA molecular chain and
EGMA to the sisal bers during the melt-blending processing.
Fig. 7 The FTIR spectra of raw SF, extracted SF from the composites,
PLA and EGMA resin.
3.3. Thermal behaviors

The thermal behaviors of PLA/SF/EGMA composites and PLA/
EGMA blends with different EGMA content were investigated
using DSC. Fig. 8a shows the non-isothermal crystallization
behavior of PLA/SF/EGMA composites at the second heating
scan with a rate of 10 �C min�1. Cold crystallization peaks were
observed and the crystallization temperatures (Tcc) were
111.7 �C and 117.2 �C, 113.6 �C, 115.0 �C, 114.4 �C, 115.2 �C for
the PLA/SF and PLA/SF/EGMA composites with 2 wt%, 4 wt%, 6
wt%, 8 wt% and 10 wt% EGMA, respectively (Table 2). The
incorporating of EGMA increased the crystallization tempera-
tures of PLA/SF composites. It reected a less or harder
molecular chain mobility of PLA,24 which could be ascribed to
Fig. 6 Illustration of interfacial compatibilization between PLA and SF via in situ reaction with EGMA during the melt-blending processing.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 32399–32412 | 32405
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Fig. 8 DSC thermograms of PLA/SF/EGMA composites (a) and PLA/
EGMA blending (b) with different EGMA content at the second heating
scan with a rate of 10 �C min�1.

Fig. 9 DSC thermograms of PLA/SF/EGMA composites with different
EGMA additions at cooling rate of 5 �C min�1.
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the interfacial reaction of PLA and SF with EGMA. The interfa-
cial compatibilization between PLA and SF via reaction with
EGMA restricted the molecular chain movement of PLA. At the
same time, compared with the PLA/SF/EGMA composites with 2
wt% EGMA, the crystallization temperatures decreased with
more EGMA addition due to the plasticizing effect of EGMA
toward PLA. Fig. 8b shows the DSC thermograms of PLA/EGMA
blending with different EGMA content. The cold crystallization
temperatures were 111.7 �C and 117.6 �C, 113.4 �C, 111.8 �C,
112.1 �C, 112.3 �C for processed PLA and PLA/EGMA blends
with 2 wt%, 4 wt%, 6 wt%, 8 wt% and 10 wt% EGMA content,
respectively (Table 2). Compared with the PLA/SF/EGMA
Table 2 The cold crystallization temperatures (Tcc) for PLA/SF/EGMA co

Composites
PLA/SF
80/20

PLA/SF/EGMA
78/20/2

PLA/SF/EG
76/20/4

Tcc (�C) 111.7 117.2 113.6

Blends PLA
PLA/EGMA 2
wt%

PLA/EGM
wt%

Tcc (�C) 111.7 117.6 113.4

32406 | RSC Adv., 2017, 7, 32399–32412
composites, the similar phenomena occurred in the PLA/
EGMA blends. With 2 wt% EGMA addition, the Tcc was obvi-
ously improved and then was prone to decrease with more
EGMA addition. While behaving differently with PLA/SF/EGMA
composites, the addition of EGMA at 6 wt%, 8 wt% and 10 wt%
affected slightly on the Tcc of PLA/EGMA blends compared with
that of PLA, indicating that the presence of sisal bers
enhanced the interfacial reaction, thus more PLA molecular
chain movement was restricted.

A shoulder peak was observed to the le of melting endo-
thermal peak of the PLA and the composites. This phenomenon
can be attributed to some poor crystalline regions with different
crystalline structures formed within PLA.25,26 Furthermore, the
shoulder endothermal peak was enhanced with the addition of
EGMA, which demonstrated the presence of EGMA facilitated
the formation of crystalline corresponding to the low Tm peak in
the PLA and PLA/SF composites system. In terms of previous
analysis, the presence of EGMA restricted the molecular chain
movement of PLA via interfacial reaction, resulting in more
poor crystalline regions formed within PLA.

Fig. 9 shows the DSC thermograms of PLA/SF/EGMA
composites with different EGMA addition at cooling rate of
5 �C min�1. It was observed that the crystallization exothermal
peak was dramatically weakened by incorporating of EGMA
(Table 3). During the cooling stage, the mobility of PLA chain
segment is signicant for crystal growth. In terms of previous
mposites and PLA/EGMA blends with different EGMA content

MA PLA/SF/EGMA
74/20/6

PLA/SF/EGMA
72/20/8

PLA/SF/EGMA
70/20/10

115.0 114.4 115.2

A 4 PLA/EGMA 6
wt%

PLA/EGMA 8
wt%

PLA/EGMA 10
wt%

111.8 112.1 112.3

This journal is © The Royal Society of Chemistry 2017
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Table 3 The crystallization exothermal peak of PLA/SF/EGMA composites at cooling rate of 5 �C min�1

Composites PLA/SF 80/20
PLA/SF/EGMA
78/20/2

PLA/SF/EGMA
76/20/4

PLA/SF/EGMA
74/20/6

PLA/SF/EGMA
72/20/8

PLA/SF/EGMA
70/20/10

Exothermal peak (J g�1) 19.5 9.05 8.81 6.57 5.91 2.11

Fig. 10 Isothermal crystallization of PLA/SF/EGMA composites: DSC thermograms (a), relative crystallinity (b) and Avrami plots (c).
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analysis, the mobility of PLA molecular chain was restricted
because of improved interfacial interaction between PLA and
SF, especially the PLA near the interface. It can be deduced that
with addition of EGMA the interfacial compatibilization
improved, therefore part of the PLA molecular chain was
restricted and not participated in the crystallization during
cooling, resulting in reduction of crystallization exothermal
peak.

The isothermal melt crystallization of PLA/SF/EGMA
composites with different EGMA addition was studied at
110 �C. Fig. 10a shows the thermograms of composites
annealed at 110 �C. The relative crystallinity (Xt) at crystalliza-
tion time t can be calculated using the following equation.
This journal is © The Royal Society of Chemistry 2017
Xt ¼ Qt

QN

¼

ðt
0

ðdH=dtÞdt
ðN
0

ðdH=dtÞdt
(1)

where dH/dt is the rate of heat ow, and QN and Qt are heat
generated at innite time and at time t. Fig. 10b presents the
change of relative crystallinity as crystallization time for
composites. The crystallization time increased with more
addition of EGMA. The kinetic analysis of isothermal crystalli-
zation can be performed by using the well-known Avrami
equation.27,28

X(t) ¼ 1 � exp(�ktn) (2)
RSC Adv., 2017, 7, 32399–32412 | 32407
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Table 4 Isothermal crystallization half time and kinetic parameters of
PLA/SF composites with and without EGMA addition

Samples n k (min�n) t1/2 (min)

PLA/SF 80/20 wt% 1.91 0.234 1.77
PLA/SF/EGMA 78/20/2 wt% 1.90 0.101 2.77
PLA/SF/EGMA 76/20/4 wt% 2.10 0.0706 2.97
PLA/SF/EGMA 74/20/6 wt% 1.94 0.0809 3.03
PLA/SF/EGMA 72/20/8 wt% 1.89 0.0791 3.16
PLA/SF/EGMA 70/20/10 wt% 2.11 0.0420 3.77

Fig. 11 Changes of complex viscosity as functions of angular
frequency for PLA/SF composites with different EGMA content.
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where X(t) is the relative crystallinity, k is the crystallization rate
constant and n is the Avrami exponent reecting the mecha-
nisms of crystal nucleation and growth, and the following
equation can be deduced from eqn (2)

ln{�ln[1 � X(t)]} ¼ ln k + n ln t (3)

By plotting ln[�ln(1 � X(t))] versus ln(t), the Avrami expo-
nent, n, and crystallization rate constant, k, were determined.

Fig. 10c demonstrates the Avrami plots, from which the n
and k can be obtained as Avrami parameters. The obtained
Avrami parameters are summarized in Table 4. It was found
that as increase of EGMA addition, the n value varies from 1.89
to 2.11, indicating the crystals tend to grow in two dimensional
for composites. Compared with PLA/SF composites, the k value
of PLA/SF/EGMA composites decreased with addition of EGMA.
The crystallization rate constant of k associated with nucleation
and growth, while it is not properly to compare the crystalliza-
tion rate of composites from the k values directly, for the unit of
k is min�n and the n values are not constant for different
samples.29 Based on the Avrami parameters of n and k, the
crystallization half-time t1/2, reecting the crystallization rate,
can be calculated from the following equation.

t1=2 ¼
�
ln 2

k

�1=n

(4)

The obtained crystallization half-time was 1.77 minutes for
PLA/SF composites and 2.77, 2.97, 3.03, 3.16, 3.77 minutes for
PLA/SF/EGMA composites with 2 wt%, 4 wt%, 6 wt%, 8 wt% and
10 wt% EGMA content, respectively (Table 4). It demonstrated
that the PLA/SF/EGMA composites exhibited a lower crystalli-
zation rate compared with that of PLA/SF composites. The
explanation for this would be that the decreased mobility of the
PLA chain segments restricted its alignment into crystalline
regions, thus reduce the crystallization rate of composites.
3.4. Rheological characterization

The rheological behaviors of polymers or polymer composites
are very sensitive to the change of microstructure, which
attracted fundamental interest in this study. Small amplitude
oscillatory frequency sweeps were executed to analyze the effect
of incorporated EGMA on the rheological behavior of PLA/SF
32408 | RSC Adv., 2017, 7, 32399–32412
composites and so to estimate the microstructure change of
composites.

Fig. 11 presents the changes of complex viscosity, |h*|, as
a function of angular frequency for the PLA/SF composites with
different EGMA content. It can be seen that at low angular
frequency the complex viscosity of composites increased with
the increasing amount of EGMA. And, two types of frequency
dependence of complex viscosity occurred for the composites.
For the PLA/SF and PLA/SF/EGMA composites with low EGMA
content, that were 2 wt% and 4 wt%, the complex viscosity
nearly remained constant at the low angular frequency range,
and then decreased with further increasing of angular
frequency, which exhibited a transition from the Newtonian
plateau to power law regime at the inection point. While, the
Newtonian shear ow behavior was not observed for PLA/SF/
EGMA composites with 8 wt% content. And, it can be seen
that the shear-thinning behavior occurred in the whole experi-
mental angular frequency range, which implied that the
composites with high EGMA content followed more obviously
power law regime.30 The shear-thinning behavior was enhanced
for composites with increasing content of EGMA. These
phenomena can be ascribed to the improved interfacial inter-
action between bers and matrix via in situ reaction of PLA and
SF with EGMA during the melt processing, which also reduced
the chain mobility of PLA, and therefore the dynamic viscosity
was enhanced. At the same time more chain entanglement
might form in composites as the EGMA content increased,
resulting in enhanced shear-thinning behavior.

Fig. 12 displays the changes of storage modulus, G0, and loss
modulus, G00, as functions of angular frequency, u, for the PLA/
SF/EGMA composites with different EGMA addition. It can be
seen that as increasing of EGMA content both of the storage
modulus and loss modulus of composites were improved,
especially the composites with 8 wt% EGMA content. For linear
polymer, the storage modulus and loss modulus are well-known
angular frequency dependence, that are G0 f u2 and G00 f u, in
the terminal angular frequency region, for which mainly the
longest relaxation times contribute to the viscoelastic behavior.
As shown in Table 5, the slopes of G0 at the low angular
This journal is © The Royal Society of Chemistry 2017
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Fig. 12 Changes of storage modulus (a), loss modulus (b) and tan d (c) as functions of angular frequency for PLA/SF/EGMA composites with 20
wt% SF content and different EGMA addition.

Table 5 The slope of G0 and G00 at the low angular frequency region

Terminal
slope PLA

PLA/SF
80/20

PLA/SF/EGMA
78/20/2

PLA/SF/EGMA
76/20/4

PLA/SF/EGMA
72/20/8

G0 1.822 0.623 0.624 0.724 0.586
G00 1.055 1.053 0.944 1.051 0.812
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frequency region were 1.822, 0.623, 0.624, 0.724 and 0.586 for
the processed PLA, PLA/SF composites and PLA/SF/EGMA
composites with 2 wt%, 4 wt% and 8 wt%, respectively. And
the corresponding slopes of G00 at the low angular frequency
region were 1.055, 1.053, 0.944, 1.051 and 0.812, respectively.
The slops of G0 were lower than that of G00, which indicated
a solid-like behavior of composites.31 The deviation from the
ideal uid at low angular frequency demonstrated high elas-
ticity for PLA/SF/EGMA composites, especially the sample with
high EGMA content.

The high elasticity of PLA/SF/EGMA composites can also be
illustrated by loss tangent (tan d ¼ G00/G0). And the frequency
dependence of tan d can be adopted to conrm the gel point of
This journal is © The Royal Society of Chemistry 2017
cross-linking systems.32,33 This method was widely used for
polymer composites to estimate the percolation thresholds of
the llers.34,35 The changes of loss tangent, as functions of
angular frequency were shown in Fig. 12c. For neat PLA, tan d

descended with increasing angular frequency, which was
a typical rheological behavior of liquid-like materials. Behaving
differently, PLA/SF/EGMA composites displayed a gel-like
behavior. The tan d decreased and showed less dependence
on angular frequency. And nearly a plateau was reached in PLA/
SF/EGMA composites with 8 wt% EGMA content. In terms of
previous analysis, the in situ interfacial reaction of PLA and SF
with EGMA restricted the molecular chain movement of PLA,
and sisal bers acted as physical cross-linker. The stress relax-
ation of PLA molecular chain became more difficult in melt
state, thus improved the elastic response of composites and the
gel-like behavior occurred. The gel-like behavior of PLA/SF/
EGMA composites also indicated the formation of self-weld SF
network structure,21 and this result was consistent well with
Malchev' study.36 The in situ interfacial reaction of PLA/SF/
EGMA composites during melt-blending processing resulted
in the enrichment of EGMA on ber surface, which was also
RSC Adv., 2017, 7, 32399–32412 | 32409
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conrmed in SEM analysis, facilitating the formation of bers
network.
Fig. 14 Tensile strength and tensile modulus of PLA/SF/EGMA
composites (a) and PLA/EGMA blends (b) with different EGMA content.
3.5. Mechanical properties

The impact strength of PLA/SF/EGMA composites with different
EGMA content is shown in Fig. 13. The impact strength of
composites ascended with increasing of EGMA content. The
impact strength of composites with 10 wt% EGMA was over
three times more than that of PLA/SF composites. As shown in
Fig. 1, the PLA/SF composite exhibited a much smoother frac-
ture surfaces than that of PLA/SF/EGMA composites with high
EGMA content, indicating a typical brittle fracture behavior of
composites without EGMA addition. The elasto-plastic defor-
mation of matrix could also be observed from Fig. 3, and some
of them occurred on the ber surface. These results contributed
to occurrence of large energy dissipation, consequently
improved the impact strength.

Fig. 14 presents the tensile strength and tensile modulus of
PLA/SF/EGMA composites (Fig. 14a), PLA/EGMA blends
(Fig. 14b) with different EGMA content. The tensile modulus of
PLA/SF/EGMA composites and PLA/EGMA blends were
decreased with more EGMA addition, and it was found that the
tensile modulus was improved by SF composites, reecting
enhanced stiffness of PLA/SF/EGMA composites compared with
that of PLA/EGMA blends. The tensile strength are 46.5 MPa,
51.9 MPa, 50.9 MPa, 49.3 MPa, 47.9 MPa and 45.3 MPa for the
PLA/SF and PLA/SF/EGMA composites with 2 wt%, 4 wt%, 6
wt%, 8 wt% and 10 wt% EGMA content, respectively. The
incorporating of EGMA into PLA/SF composites did not cause
much decline of tensile strength. On the contrary, with the
addition of 2 wt% EGMA, the tensile strength was improved
from 46.5 MPa to 51.9 MPa. And as the EGMA content
increased, the tensile strength decreased mildly. The tensile
strength of the composites with 10 wt% EGMA still preserved as
97.4% of the PLA/SF composites. Behaving differently, the
tensile strength of PLA/EGMA blends decreased signicantly
with increase of EGMA content, which was consistent with the
results reported in the previous studies.19,20 The tensile strength
Fig. 13 Impact strength of PLA/SF/EGMA composites with different
EGMA addition.

32410 | RSC Adv., 2017, 7, 32399–32412
of PLA/EGMA blends with 10 wt% EGMA content preserved as
70.1% of the neat PLA. The PLA/SF/EGMA composites can
preserve the tensile strength than that of PLA/EGMA composite.

The tensile strength, tensile modulus and impact strength of
PLA/SF and PLA/SF/EGMA composites with different SF content
and 4 wt% EGMA were shown in Fig. 15. The tensile modulus
was improved as increase of SF content, indicating enhanced
stiffness in high sisal bers content (Fig. 15a). However, as
increase of SF content, the tensile strength of PLA/SF compos-
ites decreased. This phenomenon could be ascribed to the poor
interfacial adhesion between bres and matrix. More bers
added more defect points of microstructure of composites were
induced, which resulted in the stress concentration under
loading conditions, and therefore the tensile strength of PLA/SF
composite declined with the addition of SF. Behaving differ-
ently with PLA/SF composites, the tensile strength of PLA/SF/
EGMA composites improved as increase of SF content.
Furthermore, more SF additions, more signicantly enhance
effect was observed. The impact strength of PLA/SF/EGMA was
also enhanced, compared with that of PLA/SF composites
(Fig. 15b). The results implied that PLA/SF composites were
simultaneously reinforced and toughened via addition of 4 wt%
EGMA.

The above analyses demonstrate that the presence of EGMA
improved the interfacial adhesion of SF bers with matrix via in
situ interfacial reaction, and a part of the EGMA was prone to be
This journal is © The Royal Society of Chemistry 2017
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Fig. 15 Tensile strength, tensile modulus (a) and impact strength (b) of
PLA/SF and PLA/SF/EGMA composites with different SF content.
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enriched on the surface of SF, welding the sisal bers to PLA
matrix. Therefore a moderate interface was formed between
bers and PLAmatrix, which decreased the stress concentration
under loading conditions and transfer the loads from PLA
matrix to SF more effectively.8,37,38 In terms of previous SEM
analysis, for the composites with the presence of EGMA, the
bers were tightly connected with matrix and underlay the
matrix, and many bers were broken and torn up in fracture
surface rather than pulled out, reecting more effective of stress
transfer. Therefore, the improved interfacial adhesion of sisal
bers with matrix compensated the decline of tensile strength
because of the introduction of so EGMA elastomer, and hence
the tensile strength of PLA/SF/EGMA composites could be
preserved. The self-weld ber structure contributed to obtain
good mechanical stiffness-toughness balanced properties.

4. Conclusions

In this work, a simple melt-blending method was used to
fabricate polylactide/sisal ber biocomposites with addition of
an epoxy-functionalized reactive elastomer, ethylene/methyl
acrylate/glycidyl methacrylate (EGMA) terpolymer. The intro-
duction of EGMA improved the interfacial adhesion between
sisal bers and matrix via in situ reaction of PLA and SF with
This journal is © The Royal Society of Chemistry 2017
EGMA during the melt-blending processing. And, it was also
observed that part of EGMA tend to weld on the ber surface,
which was called self-weld ber structure. The interfacial reac-
tion andmicrostructure of composites were further investigated
by FTIR characterizations, thermal and rheological analyses.
DSC and dynamic rheological measurements indicated that the
molecular chain mobility of PLA was restricted due to the
improved interfacial interaction of composites. The incorpo-
rating of EGMA into PLA/SF composites was considered to have
two effects, enhancing interfacial compatibility of sisal bers
and PLA matrix, and improving the toughness of composites.
The addition of EGMA facilitated composites to obtain a good
mechanical stiffness-toughness balanced property, improving
the toughness of PLA/SF composites without much decline of
tensile strength.
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