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ABSTRACT: The novel inorganic SiO2–MgO–CaO whiskers (SMCWs) were incorporated into nano hydroxyapatite (HA) contained

polylactic acid (PLA) system to prepare the reinforced PLA/HA/SMCWs nanocomposite. Maleic anhydride grafted PLA (PLA-g-

MAH) was then used to modify the interface between filler and matrix. The morphology, rheological behavior, crystallization, and

mechanical property of the prepared nanocomposites were systematically investigated using scanning electronic microscope, dynamic

rheometer, differential scanning calorimeter, polarized light microscope, and mechanical test, respectively. The results showed that the

introduced PLA-g-MAH obviously improves the filler dispersion and the filler–matrix interfacial compatibility. Interestingly, the

incorporated whiskers obviously decrease the complex viscosity and hence could significantly improve the processability of system.

However, the introduction of PLA-g-MAH increases the complex viscosity to a greater extent. In addition, the added whiskers were

found to have complicated influences on the PLA crystallization. On one hand, the incorporated whiskers can enhance the melt crys-

tallization capability of PLA macromolecular chains; on the other hand, the introduced whiskers also show the inhibitive effect on

the nucleation of PLA polymer chains and the inhibition degree is related to the loading of whiskers. The combination of whiskers

and PLA-g-MAH could remarkably improve the mechanical performance of PLA/HA nanocomposite. VC 2016 Wiley Periodicals, Inc.
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KEYWORDS: biodegradable; composites; crystallization; mechanical properties; rheology

Received 22 October 2015; accepted 22 December 2015
DOI: 10.1002/app.43381

INTRODUCTION

Polylactic acid (PLA) is completely biodegradable and synthe-

sized from the direct condensation polymerization of naturally

produced lactic acid or by catalytic ring-opening polymerization

of the corresponding lactide. PLA has many advantages, such as

good biocompatibility, good mechanical performance, easy

processing, no toxicity, bioresorbability, etc. and therefore has

been regarded as the most promising biodegradable polymer

materials with environmentally benign features. PLA has broad

applications, e.g., in preparation of biodegradable fibers and

plastic parts, drug sustained-release material, surgical suture,

scaffolds, and ophthalmic materials, etc.1–10 In the biomedical

area, PLA indeed shows some important application prospects.

However, when used in preparation of materials for bone tissue

repair, PLA still exhibits some disadvantages,11–13 such as poor

toughness, unfavorable acidic degradation product formed in

human body, no osteoconduction, etc. This of course obviously

does not benefit the bone tissue repair.

Currently, there have been various methods applied to modify

PLA.14–16 The incorporation of hydroxyapatite (HA) nanopar-

ticles is one of the effective ways. As is well known, HA, as the

main inorganic component of the human bone, is an important

inorganic material with excellent bioactivity, biocompatibility,

and osteoconductivity. It could, therefore, induce the bone

growth. However, HA has poor processability and is hard to be

shaped. Obviously, compositing of PLA with HA could suffi-

ciently combine their respective advantages. This combination

can help to tune the initial mechanical strength and the decay

rate and also delay the early degradation of PLA. In addition,

the weak alkali component of HA can neutralize the acidic

products produced during PLA degradation occurring in the

human body. PLA/HA composite proves to have a structure

similar to natural bone and thus shows a potential to induce

the osteogenesis and a good biocompatibility. As a consequence,

in biomedical area (particularly bone tissue repair field), much

attention has been paid to preparation of PLA/HA biocompo-

site. In recent years, there are more and more related

VC 2016 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4338143381 (1 of 11)

http://www.materialsviews.com/


investigations conducted.17–30 For example, Jiang et al.20 investi-

gated the influence of HA with different grain size on the crys-

tallization behavior and mechanical property of HA/PLA

composite. They found that compared with HA with small grain

size range, the HA with lager grain size range is more beneficial

to promotion of crystallization of PLA and can hence result in

a higher mechanical property of HA/PLA composite. Dadbin

et al.25 prepared PLA/HA nanocomposite films using solution

casting method and the films were then irradiated with c rays.

The results showed that compared with unirradiated PLA/HA

nanocomposite, the irradiated nancomposite has a PLA crystal-

line phase and higher tensile strength. Liu et al.28 utilized a

melt-compounding process to fabricate HA nanorods and silver

nanoparticles incorporated in biodegradable PLA composite.

The prepared composite hybrids with low Ag content show

good biocompatibility and maintain a good balance between

antibacterial activity and cytocompatibility. However, there are

still challenges in the prepared PLA/HA composites, e.g., their

mechanical properties cannot satisfy the requirements of the

massive bones for the fixation strength. In order to obtain the

enhanced mechanical performance, the PLA/HA composite still

needs modification so that it can be better applied in bone

repair field.

The inorganic whisker, a high-strength fiber grown from a sin-

gle crystal under certain conditions, is a kind of ideal fiber-like

filler for polymer reinforcement due to its extremely high

strength. SiO2–MgO–CaO whisker (SMCW), with a chemical

structural formula of Ca2Mg5[Si8O22](OH)2�n{CaMg

[Si2O6]�0.3Mg2[Si2O6]} (n 5 0.05–0.1), is a novel high-

performance inorganic silicate reinforcing filler with a radial

size in micrometer and low cost. It has an aspect ratio of 20–80

and hence a very high mechanical property (the corresponding

tensile strength and tensile modulus could even reach 1.2 and

32 GPa, respectively).31 There have been several studies on prep-

aration of SMCW reinforced polymer composite, e.g., high-

density polyethylene (HDPE)/SMCW composite,32 polypropyl-

ene (PP)/SMCW composite,33 etc. So, the SMCW could be a

good candidate to be used to reinforce PLA/HA composite. As

a kind of whisker, SMCW may cause the potential health hazard

due to its shape and size, e.g., silicose disease, etc.34,35 However,

such a risk could be avoided by melt compounding of SMCWs

with polymer and introduction of maleic anhydride grafted

polymer (enhancing the combination of whisker with polymer

matrix).

To the best of our knowledge, there is no similar work done on

SMCW reinforced PLA/HA composite system. Introduction of a

small amount of SMCWs into PLA/HA composite system not

only can further improve the mechanical properties but also

can have the virtues of PLA/HA biocomposites. In the present

work, an attempt to use SMCW as a reinforced phase to prepare

PLA/HA/SMCW composite was made for the first time. Con-

sidering the relatively poor filler–matrix interactions, maleic

anhydride grafted PLA (PLA-g-MAH) was introduced to

enhance the interfacial bonding. This paper mainly focuses on

the investigation of the rheological behavior, crystallization

behavior and mechanical properties of PLA/HA/SMCW com-

posite. The other important properties of the composite such as

biocompatibility, biodegradability, etc., will be investigated later.

EXPERIMENTAL

Materials

PLA (4032D) with a glass transition temperature of 50–55 8C

and a melting temperature of 165–170 8C was supplied by Suz-

hou Youli Technology Material Corporation. It has a melt flow

index of 3.87 g (10 min)21 (190 8C, 2.16 kg). Hydroxyapatite

(HA) with diameter in the range of 20–40 nm was purchased

from Nanjing Emperor Nano Material Corporation. SMCW

with diameter in the range of 0.2–2 lm and length in the range

of 5–50 lm, made from the tremolite, was provided by Mia-

nyang Guangda Company. Maleic anhydride grafted polylactic

acid (PLA-g-MAH) with 1.2% grafting rate was prepared by

ourselves.

Sample Preparation

The maleic anhydride grafted polylactic acid was prepared

through reactive extrusion. Firstly, a 0.05 g/mL acetone solution

containing maleic anhydride (MAH) and dicumyl peroxide

(DCP) (MAH:DCP 5 4:1, weight ratio) was prepared by dis-

solving MAH and DCP in acetone. Then, the prepared acetone

solution was added to the dried PLA pellets in a weight ratio of

PLA:(MAH 1 DCP) 5 98:2.5 with a good mixing and let the

acetone completely evaporated. The obtained PLA pellets coated

with MAH and DCP were reactively extruded in a TSSJ-25/33

co-rotating twin-screw extruder (/ 5 25 mm, L/D 5 33, Chen-

guang Research Institute of Chemical Industry). The extrudates

were cooled, pelletized, and dried and the PLA-g-MAH pellets

were finally obtained. FT-IR characterization was conducted on

the prepared PLA-g-MAH. Before measurement, the prepared

PLA-g-MAH was extracted in a Soxhlet extractor using acetone

for 24 h to remove the unreacted MAH. FT-IR analyses (the

measurement results can be found in the mechanical property

part) show that compared with pure PLA, the prepared PLA-g-

MAH has significantly weakened stretching vibration absorp-

tions of CAH group in PLA at 2998 cm21 and obviously

enhanced stretching vibration absorptions of ACH2A group in

grafted MAH at 2924 and 2851 cm21. The stretching absorption

of C@O group in grafted MAH at 1760 cm21 was overlapped

by that of C@O group in PLA. Above results indicate the suc-

cessful preparation of PLA-g-MAH. The grafting rate proves to

be 1.2% using titration method. The grafting reaction of MAH

on to PLA chains was shown in Figure 1.

For preparation of the PLA composites, the dried ingredients

with formulation composition shown in Table I were mixed in

a high-speed mixer. Then, the well-mixed ingredients were

extruded at 170–180 8C in a TSSJ-25/33 corotating twin-screw

extruder (/ 5 25 mm, L/D 5 33, Chenguang Research Institute

of Chemical Industry). The cooled extrudates were cut into pel-

lets and then dried in an oven at 80 8C for 6 h. The dried pel-

lets were molded into standard samples for tests using an

injection molding machine (K-TEC 40, Terromatik Milacron

Corporation) at melt temperature of 190 8C. The sample names

corresponding to various formulations are also given in Table I.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4338143381 (2 of 11)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


Characterization

The morphology of fractured surface of different sample was

observed on an INSPECT F scanning electron microscope

(SEM) (FEI Company, Japan) with an acceleration voltage of

20 kV. Before observation, the cryogenically fractured surface of

sample was coated with a thin gold layer. The rheological meas-

urements were performed on a Bohin Gemini 200 dynamic rhe-

ometer (Marvin Corporation) using a set of parallel plates with

2.5 cm diameter and 1.0 mm gap. The used samples with 1 mm

thickness and 2 mm diameter were firstly heated to 190 8C and

kept for 5 min to eliminate the original crystalline structures

and then cooled quickly to 180 8C. The dynamic frequency

sweep was carried out under conditions of frequency range,

strain amplitude, and temperature being 0.025–100 rad s21, 1

and 180 8C, respectively. A TA Q20 differential scanning calo-

rimeter (DSC) (TA Company) was used to analyze the melting

and crystallization behavior of different samples. The samples

(about 8 mg) were heated from 40 to 200 8C with a heating

rate of 10 8C min21 and then cooled to 40 8C with a cooling

rate of 20 8C min21 under nitrogen atmosphere. A DM 2500p

polarizing light microscope (PLM) (Leica Corporation)

equipped with a hot-stage was used to observe the isothermal

crystallization morphologies of different samples. The test sam-

ple placed between both glass slices was heated to 200 8C at a

heating rate 30 8C min21 and let the sample adequately melted.

The molten sample could form a very thin film between the

both glasses. Then, the sample was cooled to 145 8C at a cool-

ing rate of 30 8C min21 and maintained there for 30 min. The

isothermal crystallization morphology of different samples at

145 8C could be accordingly obtained. The Fourier transform

infrared (FTIR) spectra of different samples were recorded at

room temperature on a Nicolet 6700 Infrared spectrometer

(Thermo Fisher Scientific) with a resolution of 4 cm21. The

tensile and flexural tests were measured at ambient temperature

using an Instron universal testing machine 4302 (Instron Cor-

poration), according to ASTM D638 (crosshead speed

50 mm min21) and ASTM D790 (in a 3-point loading mode),

respectively. The impact tests were done at ambient temperature

on a 1400-z pendulum impact testing machine (New Sansi

Material Company) according to ASTM D256 standard.

RESULTS AND DISCUSSION

Morphology Analysis

Figure 2(a,b) compares SEM images of PLA/HA/SMCW

(2 wt %) and PLA/HA/SMCW (7 wt %) samples. As can be

seen, for PLA/HA/SMCW sample (2.0 wt %), there are agglom-

erated HA nanoparticles poorly dispersed in PLA matrix. The

interfacial combination of HA fillers with matrix is poor. Most

HA nanoparticles break away from matrix upon sample fractur-

ing due to the poor interface bonding. In addition, there are

the obvious interface gaps found between whiskers and matrix,

indicating that SMCWs also exhibit the weak adhesion to the

matrix polymer. With increasing SMCW content to 7.0 wt %,

relative to PLA/HA/SMCW (2.0 wt %) sample, the size of

SMCW aggregates is much bigger and the interfacial compatibil-

ity becomes poorer (the more obvious interface gap).

In order to improve the dispersion of HA nanoparticles and the

interfacial compatibility between fillers and matrix, addition of

PLA-g-MAH as a compatibilizer was attempted so as to achieve

the improvement in mechanical performance of PLA/HA/

SMCW composite (SMCW content was fixed at 2.0 wt %). Fig-

ure 2(c) shows the SEM images of PLA-g-MAH compatibilized

PLA/HA/SMCW system. As can be seen, compared with

unmodified PLA/HA/SMCW sample [Figure 2(a)], the HA

nanoparticles and whiskers at the fractured surface are wetted

and closely encapsulated by PLA matrix. The interface becomes

blurry. This shows that the interfacial combination is obviously

improved. In addition, the dispersion of HA nanoparticle fillers

becomes more homogeneously. Above results indicate that the

incorporation of PLA-g-MAH effectively enhances the filler–

Table I. Compositions of PLA/HA and Various Whisker Reinforced PLA/HA Nanocomposites

Samples PLA (wt %) HA (wt %)
SMCW
(wt %)

PLA-g-MAH
(wt %)

PLA/HA 95.0 5.0 0.0 –

PLA/HA/SMCW (1.0 wt %) 94.1 4.9 1.0 –

PLA/HA/SMCW (2.0 wt %) 93.1 4.9 2.0 –

PLA/HA/SMCW (5.0 wt %) 90.2 4.8 5.0 –

PLA/HA/SMCW (7.0 wt %) 88.4 4.6 7.0 –

PLA/PLA-g-MAH/HA/SMCW (2.0 wt %) 85.6 4.9 2.0 7.5

Note: the weight ratio of PLA (or PLA1PLA-g-MAH) to HA keeps constant (95:5).

Figure 1. The proposed grafting reaction of PLA with MAH in twin-screw

extruder.
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matrix interactions and remarkably improves the interfacial

compatibility.

Dynamic Rheological Behavior

In dynamic rheology, the complex viscosity is an important

parameter which can measure the viscoelasticity of material and

reflect the energy dissipation in every oscillation cycle.36,37 Figure

3 shows the complex viscosity curves of PLA/HA, PLA/HA/

SMCW, and PLA/PLA-g-MAH/HA/SMCW nanocomposites at

180 8C. As can be seen, in the range of test frequency, the com-

plex viscosities of all samples decrease with increase in angular

frequency (x). This shows that the melts of all the nanocompo-

sites have the characteristics of pseudoplastic fluid. In addition,

the incorporation of whiskers remarkably decreases the complex

viscosity, e.g., the complex viscosities of whiskers contained sys-

tems are significantly lower than that of PLA/HA sample without

whiskers, revealing that the added SMCWs could significantly

improve the processability of system (it is experimentally found

that the incorporation of SMCWs can really improve the extru-

sion and injection molding processability remarkably). This is a

very interesting result and the reason for this deserves the further

investigation. However, it is preliminarily believed that this is

possibly because the incorporated rigid SMCWs increase the dis-

tance between the PLA macromolecular chains and hence reduce

the entanglement interactions between polymer chains. This

would make the macromolecular chain segments move more eas-

ily than those without SMCWs added at the same temperature.

Consequently, the addition of whiskers would not deteriorate the

processability but would improve it instead.

The variation of dynamic rheological behavior of PLA/HA/

SMCW nanocomposite with SMCW content shows a compli-

cated trend, as is also shown in Figure 3. It is seen that the

complex viscosity increases firstly and then decreases with

increasing SMCW content. The maximum value occurs at

2.0 wt % SMCW loading. It is believed that although the pres-

ence of a small amount of SMCWs (<1.0 wt %) could decrease

the viscosity of composite due to increase in distance between

macromolecular chains, the viscosity is also related to the distri-

bution of SMCWs. Generally, the higher the SMCW content is,

the higher the aggregation degree would be. Based on SEM

results (Figure 2), it is clear that the increase in SMCW content

would lead to the heavier agglomeration of SMCW. When

SMCW content increases to a value in the range of 1.0–

2.0 wt %, the aggregates composed of SMCW and HA particles

could possibly wrap a part of matrix resin. This would increase

the local concentration of the dispersed phase filler particles

(the effect of this factor causing increase in viscosity might be

stronger than that causing decrease in viscosity due to the

increased distance between polymer chains resulted from

SMCW incorporation),38 thus resulting in increase in viscosity

of system. On the other hand, when SMCW content is higher

than 2.0 wt %, the increase in the distance between macromo-

lecular chains due to agglomeration of the rigid SMCW par-

ticles would be the predominating factor again. This,

undoubtedly, would make the viscosity of composite decrease

again. Very interestingly, relative to PLA/HA/SMCW sample, the

complex viscosity of the PLA-g-MAH compatibilized system sig-

nificantly increases. This is because the incorporation of PLA-g-

MAH imparts the stronger bonding force to the interface

between filler and matrix resin. Meanwhile, the maleic anhy-

dride (MAH) groups of PLA-g-MAH macromolecular chains

promote the entanglements between PLA matrix macromolecu-

lar chains. This would make polymer chains consume more

energy under shear stress field, thus increasing the complex

viscosity.

Figure 2. SEM photographs of PLA/HA/SMCW (2.0 wt %) (a), PLA/HA/SMCW (7.0 wt %) (b), and PLA/PLA-g-MAH/HA/SMCW (2.0 wt %) (c) nano-

composites. The arrows indicate the distributed SMCWs. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. The relationship between complex viscosity and angular fre-

quency for PLA/HA, PLA/HA/SMCW, and PLA/PLA-g-MAH/HA/SMCW

nanocomposites. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Figure 4 shows variation of the storage modulus (G0) and loss

modulus (G00) of various nanocomposites with angular fre-

quency (x). It is known that the storage modulus and loss

modulus, characterizing the elastic property and viscous prop-

erty of polymer material, respectively, are related to the energy

storage and energy loss in deformation process of each cycle.39

From Figure 4, it is seen that with decrease in x, G0 and G00 of

all composites present decreasing tendency and G00 is higher

than G0. This indicates that the prepared nanocomposites

exhibit viscoelastic behavior where the viscous effect predomi-

nates. In addition, the dependence of G0 of composite on x
deviates from the classical linear viscoelastic theory in the low

frequency region and there is a special viscoelastic response

with a feature of plateau occurring (particularly, with increase

of SMCW content to 7 wt %, the well-defined plateau is much

more obvious), i.e., the composites show some solid-like behav-

iors. This indicates that the movement of PLA macromolecular

chains is strongly confined by the fillers and such a confinement

is due to formation of network structures of filler particles in

composite. Moreover, both G0 and G00 of PLA/HA sample are

higher than those of PLA/HA/SMCW and PLA/PLA-g-MAH/

HA/SMCW samples, indicating that addition of whiskers effec-

tively reduces the internal friction of polymer chains, decreases

the adhesion effect of melt on mold and hence enhances the

melt flowability. As a result, both G0 and G00 of composites

decrease. It is also noted that both G0 and G00 of PLA-g-MAH

compatibilized sample are significantly higher than those of

uncompatibilized systems with different whisker content. How-

ever, for the latter, both G0 and G00 of all the related samples are

close. This indicates that in the PLA-g-MAH contained sample,

the incorporation of PLA-g-MAH could increase the rigidity

and internal friction of composite, i.e., effectively enhances the

interactions between polymer chains and also the ones between

polymer chains and fillers. This exactly reflects the compatibiliz-

ing effects of PLA-g-MAH.

Figure 5 shows the mechanical loss (loss angle tangent, tand)—

dynamic frequency (x) relationship curves of various samples.

The mechanical loss (tand 5 G00/G0) is related to the motion

ability of polymer chains.36 As can be seen, in the low frequency

region (<1 rad s21), tand of PLA/HA/SMCW sample increases

with increase in whisker content. This is possibly because the

incorporation of whiskers promotes the movement of macro-

molecular chain segments and at the same frequency the ampli-

tude of motion of polymer molecular chains augments, thus

increasing mechanical loss. In the higher frequency region

(>1 rad s21), the mechanical losses of PLA/HA/SMCW samples

with different whisker content tend to be close and however is

obviously higher than that of PLA/HA sample without whisker.

This indicates that, when the angular frequency is higher than

1 rad s21, on one hand, the difference in mechanical loss

between PLA/HA/SMCW samples with different whisker con-

tent would become small and on the other hand, the whisker

incorporation would have remarkable influence on the dynamic

rheological behavior when the whisker content is lower than a

certain critical concentration. In addition, it is also noted that

the mechanical loss of PLA/PLA-g-MAH/HA/SMCW sample is

close to that of PLA/HA sample. This could be related to the

fact that the incorporated PLA-g-MAH increases the viscous

Figure 4. The viscoelastic parameters storage modulus G0 (a) and loss modulus G0 0 (b) of PLA/HA, PLA/HA/SMCW and PLA/PLA-g-MAH/HA/SMCW

nanocomposites as a function of angular frequency. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. The variation of loss tangent tand of PLA/HA, PLA/HA/SMCW

and PLA/PLA-g-MAH/HA/SMCW composites with the angular frequency

x. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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resistance of system and hence weakens the movement of poly-

mer molecular chains.

Crystallization Behavior

Figure 6 shows the melting (a) and crystallization (b) curves of

various samples. The corresponding DSC parameters are listed in

Table II. It can be seen that there are four peaks occurring in DSC

heating curve of PLA/HA sample, corresponding to enthalpy

relaxation (62 8C, associated with the glass transition), cold crys-

tallization (97 8C), crystal phase transition (155 8C), and crystalli-

zation melting peak (169 8C), respectively. In PLA/HA sample,

the small endothermic peak occurring in glass transition region is

caused by the enthalpy relaxation, which is associated with physi-

cal aging of PLA and can be attributed to the melting of the

locally ordered domains formed during PLA aging process.40,41

However, the incorporation of whiskers restrains the appearance

of enthalpy relaxation. With increase of whisker content to

2.0 wt % or more, the enthalpy relaxation phenomenon even dis-

appears. This indicates that the incorporated whiskers can effec-

tively prevent the physical aging of PLA. The reason for this may

be that the added rigid whiskers promote formation of the net-

work structures of filler particles, which possibly prevent the for-

mation of the locally ordered domains during aging process to a

certain extent. At near 100 8C, there is an obvious cold crystalliza-

tion exothermic peak occurring in PLA/HA sample. This is

because the macromolecular chains of PLA matrix with slow crys-

tallization rate have no time to be arranged into the lattice in

molding process due to rapid cooling and hence cannot crystallize

adequately. In the subsequent DSC heating process, the quenched

macromolecular chains are unfrozen and arranged regularly and

hence could be reorganized into the crystallization regions. The

cold crystallization peak can reflect the crystallization capability

of macromolecular chains to a certain degree. It is interesting

that, with increase in whisker content, on one hand the cold crys-

tallization temperature decreases and on the other hand the cold

crystallization peak weakens and even disappears (whisker

content �2.0 wt %), indicating that the added whiskers can hold

back the cold crystallization of PLA and make the PLA crystalliza-

tion more easy. The reason for this can be explained as follows.

The rheological measurements mentioned before show that the

incorporated rigid whiskers could reduce the entanglement of

PLA polymer chains, which is beneficial to the regular arrange-

ment of these PLA chains. This would make the PLA macromo-

lecular chains, which could not crystallize before, is able to

crystallize again upon cooling molding. As a result, in the subse-

quent DSC heating process the cold crystallization peak would

weaken and even disappear. This indicates that the added

whiskers can enhance the melt crystallization capability of PLA

macromolecular chains, i.e., they are able to promote the regular

arrangement of polymer chains and hence be beneficial to crystal

growth.

Figure 6. The DSC heating (a) and cooling (b) curves of PLA/HA, PLA/HA/SMCW, and PLA/PLA-g-MAH/HA/SMCW nanocomposites. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table II. Melting and Crystallization Parameters Obtained from DSC Curves of PLA/HA, PLA/HA/SMCW and PLA/PLA-g-MAH/HA/SMCW

Nanocomposites

Samples Tm (8C) Tco (8C) Tc (8C) Xc (%) DT (8C)

PLA/HA 169.8 116.4 95.0 2.5 74.5

PLA/HA/SMCW (1.0 wt %) 169.7 104.7 91.1 3.4 78.2

PLA/HA/SMCW (2.0 wt %) 169.7 104.9 91.2 6.6 78.0

PLA/HA/SMCW (5.0 wt %) 169.5 105.7 93.6 12.6 75.4

PLA/HA/SMCW (7.0 wt %) 169.2 105.8 94.3 12.8 74.6

PLA/PLA-g-MAH/HA/SMCW (2.0 wt %) 167.8 104.7 91.3 6.2 77.9

Note: Tco, Tc, Xc, and DT are onset crystallization temperature, crystallization temperature, crystallinity and supercooling degree, respectively;
Xc 5 DH/DH0. Where DH and DH0 are melting enthalpy of sample and melting enthalpy of 100% crystallized pure PLA (93.7 J g21), respectively.
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From Figure 6 and Table II, it is also seen that, the addition of

whisker and increase of its content show small influence on the

melt temperature of sample but big influence on onset crystalli-

zation temperature (Tco), crystallization temperature (Tc), and

crystallinity (Xc). The incorporated whiskers with different load-

ing (1.0–7.0 wt %) can all decrease Tco and Tc. But the Tc

decrease degree for different loading of whiskers contained sam-

ple is also different. This suggests that the incorporation of dif-

ferent loading of whiskers has no heterogeneous nucleation

effect on PLA but would inhibit the nucleation of PLA macro-

molecular chains to different degree (as is also confirmed by the

later PLM observation). With increasing SMCW content, the

corresponding Tc also increases (but still lower than that of

PLA/HA). This indicates that the higher loading (5.0–7.0 wt %)

of whiskers has the weaker inhibitive effect on the nucleation of

polymer chains than the lower loading (1.0–2.0 wt %) of

whiskers. This could be related to such a fact that the higher

loading of whiskers have a relatively bigger aggregation degree,

which can increase the distance between polymer chains and

hence make the regular arrangement of macromolecular chains

be more easy. Based on above analysis, it is clear that there are

two opposite effects of whiskers on crystallization of PLA poly-

mer chains, i.e., inhibition of nucleation and promotion of crys-

tal growth, which could be related to the content and

dispersion state of whiskers. With increasing the SMCW con-

tent, the Xc increases also. This is possibly because at the higher

whisker loading the inhibition of nucleation becomes weakened

and simultaneously the promotion of crystal growth is

enhanced. It is also noted that, in the DSC cooling crystalliza-

tion process, the addition of whiskers increases the supercooling

Figure 7. PLM images of PLA/HA (a–c) and PLA/HA/SMCW (2.0 wt %) (a0–c0) nanocomposites at 145 8C at different time: 5 min (a and a0), 10 min

(b and b0), and 20 min (c and c0). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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degree (DT) (DT refers to the difference between equilibrium

melting temperature and crystallization temperature). Previous

studies revealed that the smaller DT is more advantageous to

the crystallization of polymers.42 This indicates that at the same

cooling rate, PLA/HA sample could crystallize earlier than PLA/

HA/SMCW sample and the former could generate crystal

nucleus more easily. From Table II, it is also seen that, the

introduced PLA-g-MAH decreases the melting temperature of

samples, illustrating that the MAH groups of PLA-g-MAH could

possibly restrict the movement of PLA macromolecular chains

through their hydrogen bonding interactions with PLA and

make PLA crystallize less perfectly. Compared with PLA/HA/

SMCW sample, the addition of PLA-g-MAH has no significant

effect on the crystallinity.

In order to further investigate the influence of whiskers incorpo-

ration on the crystallization of PLA in PLA/HA system, the

polarized microscopy (PLM) analyses were carried out on PLA/

HA and PLA/HA/SMCW (2 wt %) samples. Interestingly, at 150

8C and within 30 min, many growing PLA spherulites are

observed in PLA/HA sample, but no crystal nucleus formation is

observed in PLA/HA/SMCW sample. This illustrates that the

incorporation of whiskers inhibits the nucleation of PLA macro-

molecular chains, which is in agreement with the DSC results. To

better compare the crystal nucleation and crystal growth of PLA/

HA with those of PLA/HA/SMCW, the crystallization tempera-

ture was decreased to 145 8C and PLM technique was also used

to investigate the isothermal crystallization behavior at different

time. The results are shown in Figure 7. As can be seen, in the

same time interval, the density of the formed crystal nucleus of

PLA/HA/SMCW is obviously lower than that of PLA/HA. With

extension of the crystallization time, the formed spherulites grad-

ually grow up. The spherulites of PLA/HA collide each other and

deform due to their dense distribution. Comparatively, the spher-

ulites of PLA/HA/SMCW are much more perfect. The final

dimension of the spherulites in both samples is similar. Above

analyses further illustrate that although the added whiskers affects

the nucleation number, they do not prevent the movement of

PLA macromolecular chains and the crystal growth.

Figure 8 shows the PLM photos of PLA/HA and PLA/HA/

SMCW (2 wt %) samples isothermally crystallized at 145 8C for

30 min. As can be seen, both samples show the typical spheru-

lite morphologies with the well-defined Maltese crosslike extinc-

tion pattern. In addition, comparing the PLM photos of both

samples, it is seen that the incorporation of whiskers does not

prevent the growth of crystals and the formed spherulites are

more distinct [Figure 8(b)]. This further indicates that in the

whiskers incorporated sample the growth of spherulite is more

stable, the crystal defects are less and the formed spherulites are

more perfect.

Mechanical Properties

Figure 9 shows the mechanical properties of PLA/HA sample

and PLA/HA/SMCW samples with different whisker content.

With increase in whisker content, the tensile strength increases

firstly then decreases and the maximum value occurs at

2.0 wt % whisker loading (reaching 69.0 MPa, increased by

7.0% as compared with PLA/HA sample without whisker). It is

further noted that, with increase in whisker content, the impact

strength also increases firstly and then decreases and reaches the

optimum value (16.4 kJ m22) at 2.0 wt % whisker loading

[increased by 24% as compared with PLA/HA sample

(13.3 kJ m22)]. Besides, for flexural strength, with increase in

whisker content, it exhibits a slowly increasing tendency (reach-

ing 99.0 MPa at 7.0 wt % whisker loading, increased by 11.0%

as compared with PLA/HA sample). Above results show that a

small amount of the incorporated inorganic whiskers could

exhibit both reinforcing and toughening effects. When the

whisker content is at 2.0 wt %, the prepared PLA/HA/SMCW

nanocomposite could have the best comprehensive performance.

The improvement in mechanical performance of whiskers rein-

forced PLA/HA nanocomposite is limited due to the uncompa-

tibilized interface. So, it is necessary to use modifier to enhance

the interfacial adhesion. PLA-g-MAH was accordingly used. The

results are shown in Figure 10. As can be seen, compared with

the unmodified PLA/HA/SMCW sample, there are substantial

increases in all the mechanical properties (including tensile

Figure 8. PLM images of PLA/HA (a) and PLA/HA/SMCW (b) nanocomposites after isothermally crystallized at 145 8C for 30 min. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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strength, flexural strength, and impact strength) of PLA/PLA-g-

MAH/HA/SMCW sample (the tensile strength, flexural strength

and unnotched impact strength have been further increased

from 69.0, 96.2, and 16.0 to 91.2 MPa, 124.6 MPa and

25.7 kJ m22, respectively. The increase degree reaches 32.2, 29.5,

and 60.6%, respectively). Above encouraging results show that

incorporation of PLA-g-MAH could remarkably improve the

mechanical properties (particularly the impact property) of

PLA/HA/SMCW nanocomposite, which shows the good appli-

cation prospect. For PLA-g-MAH compatibilized system, there

are the maleic anhydride (MAH) groups on the macromolecular

chains of PLA-g-MAH, which can participate in the interfacial

reaction. On one hand, the grafted MAH groups can possibly

have interfacial esterification reactions with the hydroxyls on

the surface of fillers HA and whiskers; on the other hand, the

bone macromolecular chains of PLA-g-MAH can be closely

entangled and hence well compatibilized with the same bone

macromolecular chains of PLA matrix resin. As a result, the

interfacial bonding could be significantly enhanced. The interfa-

cial compatibilizing mechanism of PLA-g-MAH above men-

tioned could be well illustrated using Figure 11. Since the good

PLA–filler interfacial adhesion can overcome formation of the

micro cracks between PLA matrix and whiskers, the mechanical

performance (particularly the impact strength being representa-

tive of the toughness to a certain degree, a very important phys-

ical property) of PLA/HA composite could be effectively

augmented.

In order to confirm the interfacial compatibilizing mechanism

of PLA-g-MAH above proposed (the interfacial esterification

reactions between PLA-g-MAH and SMCW/HA fillers), the FT-

IR measurements were carried out. The results are shown in

Figure 12. The attribution of the featured absorptions of PLA

and PLA-g-MAH has been involved in the experimental part.

For HA, the peak at 3564 cm21 can be attributed to the stretch-

ing vibration absorption of OAH group in OH2. The absorp-

tions at 3401 and 1632 cm21 are caused by the stretching

vibration and the bending vibration of AOH groups in H2O

adsorbed on HA, respectively. The bands in the range of 960–

1090 cm21 are ascribed to the featured absorptions of PO32
4

group. Due to the low content of HA, the featured absorption

of HA are covered by the strong absorptions of PLA in PLA/HA

and PLA/HA/SMCW samples. However, for the FT-IR spectrum

of PLA-g-MAH contained PLA/HA/SMCW sample, there are

new peaks occurring at 1309 cm21 and in the range of 1590–

1660 cm21, which could be attributed to the stretching vibra-

tion absorption of SiAOAC group and the vibration absorption

Figure 9. Effect of whisker content on the mechanical properties of PLA/HA/SMCW nanocomposites: tensile and flexural strength (a) and unnotched

impact strength (b). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 10. The mechanical properties of PLA/HA/SMCW and PLA/PLA-g-MAH/HA/SMCW nanocomposites: tensile and flexural strength (a) and

unnotched impact strength (b). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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of CAO group in ester group, respectively. This shows the exis-

tence of the possible interfacial esterification reactions between

PLA-g-MAH and SMCW/HA fillers.

CONCLUSIONS

In this paper, the SiO2AMgOACaO inorganic whiskers were

used to reinforce PLA/HA nanocomposites. Meanwhile, PLA-g-

MAH was adopted to enhance the interfacial compatibility. In

the uncompatibilized PLA/HA/SMCW nanocomposite, the dis-

persion of HA nanoparticles and the filler–PLA matrix interfa-

cial adhesion are both poor. The introduction of PLA-g-MAH

proves to remarkably enhance the interfacial compatibility and

the filler dispersion. The dynamic rheological experiments verify

that the incorporation of an appropriate amount of whiskers

obviously decreases the complex viscosity. This would be benefi-

cial to improvement in the processability of system. However,

the addition of PLA-g-MAH obviously increases the complex

viscosity. The crystallization results show that the introduced

whiskers have the inhibitive effect on the nucleation of PLA

macromolecular chains. The inhibition degree is depended on

the content of whiskers. On the other hand, the incorporated

whiskers also effectively prevent the occurrence of PLA cold

crystallization, showing the introduced whiskers can enhance

the melt crystallization capability of PLA. The PLM observa-

tions further confirm the inhibitive effect of whiskers on the

nucleation of PLA polymer chains. However, they do not

restrain the growth of crystals. Only addition of an appropriate

amount of whiskers can reinforce and toughen the PLA/HA

nanocomposite. The incorporation of PLA-g-MAH can further

enhance the mechanical properties of the reinforced nanocom-

posites to a considerable degree.
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