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ABSTRACT: Poly(lactic acid) (PLA) chains are directly grafted onto a silicon surface by in situ amidation and PLA/PLA-grafted SiO2

nanocomposites are compounded using a Haake torque rheometer. To have a better understanding of the interaction between grafted

polymer chains and PLA matrix, thermal, and rheological properties of PLA/PLA-grafted SiO2 nanocomposites are explored. DSC analy-

sis shows that PLA-grafted-SiO2 can accelerate the cold crystallization rate and increase the degree of crystallinity of PLA. Shear rheology

testing indicates that PLA/PLA-grafted-SiO2 nanocomposites still exhibits the typical homopolymer-like terminal behavior at low fre-

quency range even at a content of PLA-grafted-SiO2 of 5 wt %, compared to PLA/SiO2, it is also found that the nanocomposites show

stronger shear-thinning behaviors in the high frequency region after grafting. In addition, elongation viscosity testing shows the entangle-

ment between grafted chains and matrix that is needed to improve the melt strength of PLA. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci.

129: 3019–3027, 2013
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INTRODUCTION

Polylactide (PLA), as one of most popular bio-based and eco-

friendly materials, has caused a wide range of research interests

in recent decades.1 Because of some excellent properties such as

outstanding processing performance, high mechanical properties

and excellent transparency,2 PLA holds enormous potential as

an alternative to the ubiquitous petroleum-based materials.

Although PLA retains many advantages, the main drawbacks of

the inherent brittleness, low melt strength, and slow crystalliza-

tion rate, for instance, still limit its use in the field of daily

necessities such as packaging and plastic bag. So many

researches on the modification of PLA have been taken out, for

example, melt blending with some ductile materials like PBS,3

PBAT,4 TPU Elastomer,5 and LDPE,6 grafting or blocking modi-

fication,7,8 and adding some fillers such as nanoparticles9–11 or

nature fiber.12

In the aforementioned modification, with developments in

nanoscience and nanoengineering fields, filling the nanoparticles

into PLA has been a point of great interest to both industry

and academy because the filled nanocomposites show some spe-

cial properties such as improved thermal stability and remark-

able electrical properties.13 So many researches confirm that this

is an effective way to enhance the performance of PLA. For

example, Marius Murariu et al. prepare PLA films and fibers

with PLA/ZnO composites.14 Properties of PLA/organoclay,15–18

PLA/TiO2,
19,20 PLA/MWCNT21–24 nanocomposites are also

studied. Also base on hyperbranched polymer (HBP) nanostruc-

ture, PLA/HBP nanocomposites are prepared by Amar K.

Mohanty10 and the inherent brittleness of PLA has been modi-

fied. In nanoparticles modifications, SiO2 nanoparticles which

have larger specific surface, smaller particle size and higher den-

sity of silanol groups (SiAOH) on the surface are widely used

and being a perfect candidate to improve the properties of poly-

mers, including PLA.25–28

From the previous studies, we can see that the development of

nanoscale dispersion of nanoparticles in polymer matrix and

enhancing the interfacial interaction of nanoparticles/matrix are

still two crucial problems existed in polymer nanocomposites,29

and there are many researches30–32 committing to solve these

problems, the main method is the surface modification of nano-

particles. Except for silane modification, polymer grafting is one

effective way in the nanoparticles modification. For nanocom-

posites modification, ‘‘grafting from’’ and ‘‘grafting to’’ are two

ways to modify the nanoparticles in the studies springing up

these years. Typically, ‘‘grafting from’’ method is used more

widely because it is showed higher bonding density than

VC 2013 Wiley Periodicals, Inc.
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‘‘grafting to’’ which involved the steric hindrance of polymer

chains in the grafting step. But it might be difficult for ‘‘grafting

from’’ method to control over the molecular weight and archi-

tecture of grafting polymers,32 In contrast, ‘‘grafting to’’ is a

modular approach in which polymers can be prepared prior to

the grafting step, but the molecular weight of grafting polymers

is often not high enough, e.g., PLA which Mn was 30,000 g

mol�1 has been grafted.33

There are many researches about the modification of nanopar-

ticles with PLA chains using either ‘‘grafting to’’ or ‘‘grafting

from’’ method. Zhongkui Hong et al.34,35 prepares the PLLA

surface-grafted HAP nanoparticles by ring-opening polymeriza-

tion of L-lactide (LLA) and further blended with PLLA. In Shi-

feng Yan25’s research, L-lactic acid oligomer is grafted to SiO2

through condensation reaction without catalyst, and the results

show that the grafted modification SiO2 can serve as a candi-

date filler for toughing PLA. Ring-opening polymerization of

L-lactide from silicon surface,36 in situ melt polycondensation of

L-lactic acid and surface-hydroxylated MgO,37 PLA-grafted

CNT,38 and PLA-grafted TiO2
39 are also prepared by ‘‘grafting

from’’ method. In this study, we firstly prepare PLA-grafted-

SiO2 nanocomposites using an efficient ‘‘grafting to’’ method

through the amidation reaction and the Mn of grafted PLA is

80,000 g mol�1. And then we pay more attention to the final

properties of PLA nanocomposites filled with the PLA-grafted-

SiO2. So the crystalline behavior and rheology properties of

PLA/SiO2 nanocomposites with and without grafting PLA are

researched and compared.

EXPERIMENTAL

Materials

PLA1 (Mw ¼ 10.52eþ4 g mol�1, q ¼ 1.24 g/cm3), the commer-

cial name of REVODE101 from Zhejiang Haizheng, China, was

used as polymer matrix in this study. PLA2 (Mw ¼ 8.0eþ4 g

mol�1, q ¼ 1.24 g/cm3, without end-blocking) for reaction in

powder state was purchased from Shenzhen YiSheng, China.

Fumed Silica named Aerosil 200 (hydrophilic) was provided by

Zhoushan–Mingri, China. The SiO2 showed spherical shape

with a large surface area (�200 m2 g�1) and an average particle

size of �12 nm. The silanol group content was 1.37 mmolg�1

by volumetrically measuring. The 3-aminopropyltriethoxysilane

(APS; KH 550) (provided by Best-reagent company, Chengdu,

China), dichloromethane (CH2Cl2) were used without further

purification. N,N-dimethylformamide (DMF), toluene, and tet-

rahydrofuran (THF) were dried over 4A molecular sieves and

distilled before used.

Functionalization of SiO2 by In Situ Amidation

Reaction with PLA2

To change the surface property of SiO2, PLA chains were grafted

onto the SiO2 nanoparticles directly through solution amidation

reaction by N,N0-dicyclohexylcarbodiimide mediated. The graft-

ing reaction was introduced by repeating two processes involv-

ing (Scheme 1): (1) aminopropyl triethoxysilane was fixed on

the surface of virgin silicon; (2) PLA was introduced onto sili-

con surface which amino group as an initiator site.

Introduction of Amino Groups onto Silicon Surface. The typ-

ical example of introduction of amino groups onto silicon sur-

face is as follows40: 4 g SiO2 were dispersed in a three-necked

flask with 100 mL toluene, after ultrasonic processing for 120

min at room temperature, a solution of APS (10 mL)/dry tolu-

ene (50 mL) was added dropwise under nitrogen protecting.

Follow up treatment for 240 min at 80�C in ultrasonic environ-

ment under nitrogen, the flask was sealed into an oil bath and

refluxed for 180 min. After cooling to room temperature, the

nanoparticles modified by KH550 was suction filtered and

washed with toluene, then extracted with toluene in a Soxhlet

apparatus for 8 hr to remove the residual APS. The functional-

ized silicon was dried in vacuo at 60�C for 36 h, weighed,

recorded as SiO2ANH2 and stored for future use.

Grafting of PLA onto Silica Nanoparticles. The amidation

reaction carried out as follows. After ultrasonic processing for

120 min, the dried SiO2ANH2 (4 g)/dry DMF (100 mL) sus-

pension was added into PLA (25 g)/dry DMF (150 mL) solu-

tion. Then 1780 mg DCC and 520 mg DMAP were added into

the mixture charged in a flask. Followed by ultrasonic process-

ing for 150 min at 36�C, the flask was sealed into an oil bath

and refluxed for 6 h. All operation was carried out under nitro-

gen. After that, the reaction mixture was separated by centrifu-

gation for 45 min at 8000 rpm. The centrifugation procedure

was as follows: The products were washed with CH2Cl2 after

centrifugalized for 15 min, and then the aforementioned proce-

dure was repeated for three times. Ultimately the product was

purified by Soxhlet extraction for 50 h with hot THF to remove

the N,N0-dicyclohexylurea (DCU) and unbound PLA from the

particles. The final product was dried in vacuo at 60�C for 72 h,

weighed, recorded as PLA-g-SiO2 and stored for future use.

Preparation of PLA/PLA-g-SiO2 Nanocomposites

PLA nanocomposites were prepared in the Haake torque rhe-

ometer (XSS-300, Shanghai Kechuang Rubber Plastics Machin-

ery Set, Shanghai, China). PLA1 and PLA-g-SiO2 both were

dried in vacuo at 60�C for 12 h before melt blending. The mix-

ture of PLA1 and PLA-g-SiO2 were premixed at 175�C and the

blade rotated at a constant rate of 50 rpm for 5 min. The sam-

ples with 0.3, 0.5, 1.0, 2.0, 3.0, and 5.0 wt % PLA-g-SiO2 were

Scheme 1. Illustration of the grafting of PLLA onto APS-functionalized

silica surface.
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prepared and labeled as PLA-g-0.3, PLA-g-0.5, PLA-g-1, PLA-g-

2, PLA-g-3, PLA-g-5 nanocomposites. The neat PLA1 was sub-

jected to the mixing treatment so as to have the same thermal

history as the blends. At the same time, PLA/SiO2 nanocompo-

sites (defined as PLA-0.3, PLA-0.5, PLA-1, PLA-2, PLA-3, and

PLA-5) were also prepared in the same way for comparison.

Testing and Characterization

The FTIR analysis was performed on a Nicolet 6700 FTIR spec-

trometer in the transmission mode at the wavelength range of

400–4000 cm�1 with the resolution of 4 cm�1. Samples of un-

grafted SiO2, SiO2ANH2 and PLA grafted SiO2 particles were

respectively mixed with KBr powders and pressed into a disk

for IR measurement.

For supplementary confirming the grafted PLA and calculating

the amount of amino groups and PLA introduced onto the sili-

con surface, TGA data were obtained between 150 and 700�C.

The resulting TGA signal was obtained by a thermobalance

(TGA Q600, TA Instruments, USA) apparatus from 30 to 700�C

at a heating rate of 10�C min�1 under nitrogen atmosphere.

The crystallization behaviors of PLA/PLA-g-SiO2 and PLA/SiO2

nanocomposites were studied by differential scanning calorime-

ter (DSC) (Q20, TA Instruments, New Castle, DE). Samples of

about 5 mg were dried in vacuo at 60�C for 24 h, and then

inserted into aluminum pans for scanning as follows: the test

samples were heated to 200�C at a rapid rate and kept for 5

min to eliminate the thermal history, then cooled to 20�C at

10�C min�1 and held at 20�C for 3 min, they were then

reheated to 200�C at rate of 10�C min�1. The cooling and the

second heating curves were recorded to describe the crystalliza-

tion and melting behaviors of the nanocomposites. And the

crystallinity Xc was calculated as follow:

XCð%Þ ¼ 100ðDHm=DHf Þ

Where DHm, melting enthalpy for sample obtained at second

heating curve in DSC test

DHf , 93.6 J g�1,28 enthalpy of fusion for the perfectly crystalline

PLA

The melt viscoelasticity of the PLA nanocomposites was exam-

ined using a stress-controlled rheometer (AR2000EX, TA Instru-

ments, New Castle, DE) with parallel plate geometry. Samples

for testing were compression molded into disks with a diameter

of 25 mm and thickness of 2.0 mm at 10 MPa, 175�C. The fre-

quency sweep from 0.01 to 100 Hz was conducted at 170�C

with a strain of 2.0% (within the linear viscoelastic region of

PLA determined from strain sweep experiment at a frequency of

1 Hz) and a gap of 1200 lm under nitrogen to protecting PLA

from degradation during test.

Extensional rheology of PLA nanocomposites at constant Hencky

strain rate (e0) in the melt state was conducted with ARES exten-

sional rheometer with the extensional viscosity fixture (EVF, TA

Instruments, USA). The EVF design was based on the original

Meissner concept to elongate the sample within a confined space

by expelling the sample with rotary clamps. Instead of the rotary

clamps, two cylinders were used to wind up the sample; one cylin-

der was rotating, the other measuring the tensile force exerted on

the samples.41 Before each run of the elongation test, samples

with a size of 17 � 10 � 1 mm3 were dried in vacuo at 60�C over-

night. Testing Hencky strain rate (e0) was 0.1 s�1 and testing tem-

perature was 153�C above the Tm (about 149�C) of PLA.

RESULTS AND DISCUSSION

Surface Grafting of SiO2 Nanoparticles

Figure 1(A) shows the FTIR spectra of SiO2ANH2 and PLA-g-

SiO2 synthesized as mentioned above. Stretching bands at 406,

865, 1100 cm�1 which corresponds to the typical SiAOASi

structure existed in FTIR spectrum of all three samples. Com-

pared with the FTIR spectra of SiO2 and SiO2ANH2, new

absorption peaks appear at 1760 cm�1 for the PLA-g-SiO2 which

corresponding to the typical carbonyl stretching absorption of

PLA grafted on the SiO2 nanoparticles.42 Also from Figure 1(B),

an absorption peak still appears at 2942.48 cm�1 for SiO2ANH2

which corresponding to the CH bonds vibration of KH550

grafted on the SiO2 nanoparticles, compared to the spectral of

SiO2ANH2, not only new absorption peak appears at 2942.48,

2994.28 cm�1 for the PLA-g-SiO2 results from the stretching

vibration of CH bonds vibration of the CH2 and CH3 groups of

PLA, but also a new peak appears at 1490 cm�1 for the PLA-g-

SiO2 results from the bending vibration of CH bonds of PLA.

Further, to confirm the amidation reaction, we enlarge the FTIR

spectra of PLA-g-SiO2 and SiO2ANH2 in the scale of 300 to

2000 cm�1 [seen in Figure 1(B)]. It is more clearly that after

PLA grafted on SiO2, the characteristic band at 1637 cm�1 which

attributed to the amino group of APS introduced onto the sili-

con surface shifts to 1651 cm�1, showing the transformation

from amide band II(dNAH) to amide band I(mC¼¼O). In other

words, the peak shift confirms the formation of amide bond

through solution amidation reaction of PLA with SiO2ANH2 by

N,N0-dicyclohexylcarbodiimide mediated. As for the CAO

stretching band which should exist at 1182, 1128, and 1090

cm�1, we think SiAOASi stretching band at 1100 cm�1 has cov-

ered them. So FTIR results indicate that PLA chains have been

successfully grafted onto SiO2 nanoparticles surface in this way.

The PLA-grafted SiO2 is complementally confirmed by TGA

thermograms, and the percentage of grafting of final products is

also calculated. So Figure 2(A) shows the TGA diagrams of

SiO2, SiO2ANH2, PLA-g-SiO2, and the TGA thermograms of

pure PLA2 is showed in Figure 2(B). It is generally considered

that the small weight losses between 40 and 150�C are mainly

due to the dehydration process of adhesive water and crystal

water on the surface of SiO2. So the desorption of hydroxyl on

the surface of SiO2 nanoparticles is thought to be heated to

150�C or higher. So we calculate the percentage of grafting base

on the weight loss between 150 and 800�C. In Figure 2(A), the

desorption of the surface functional groups of silanized SiO2

(SiO2ANH2) is carried out mainly from 400 to 600�C. The

temperature of maximum speed on loss in weight is 499.96�C,

which is well consistent with the research report of Jian Yu.40

And the weight loss of SiO2ANH2 is 10.75% getting from the

curve. When PLA chains are introduced onto the surface of

SiO2, the thermal desorption of the PLA-g-SiO2 could be di-

vided into two stages. One stage is from 250 to 375�C and the
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temperature of maximum speed on loss in weight is 303.86�C,

the temperature range of second degradation stage is from 400

to 575�C and the maximum degradation temperature was

428.77�C. These two stages consist of the thermal decomposition

of PLA and KH550 grafted on the surface of SiO2. Compared to

the TGA results of pure PLA show in Figure 2(B), the degrada-

tion temperature range of PLA grafted on the surface of SiO2 is

higher than pure PLA. The results indicate that the thermal sta-

bility of PLA has been increased after grafted onto SiO2.

According to the TGA results, we also can roughly calculate the

amount of PLA grafted onto the SiO2 surface as follow formulas

and the data are summarized in Table I. The results indicate

that as more as 15.23 wt % PLA is successfully grafted.

Overallgraftingð%Þ ¼ OverallOrganicComposition=g

virginSiO2=g
� 100

Net grafting (%) ¼ Overall grafting (%)-Silane grafting (%)

The results were calculated base on the weight loss obtained

between 150 and 700�C, thus, PLA grafting was 15.23 wt %,

corresponding to 0.38 mmolg�1 (PLA-grafted-SiO2).

The FTIR and TGA results further prove that PLA chains are

chemically linked onto the silicon surface. Hence, good compat-

ibility is expected between the PLA-g-SiO2 and PLA matrix. So

PLA/SiO2-g-PLA nanocomposites are prepared and the proper-

ties of them are investigated.

Properties of PLA/SiO2-g-PLA Nanocomposites

The Thermal Properties of PLA Nanocomposites. The crystal-

lization behavior of PLA nanocomposites was studied by DSC

and the results were shown in Figure 3. Because of the relatively

low crystallization rate,43 PLA showed no crystallization peak at a

cooling rate of 10�C min�1 in this study. Figure 3(A) showed the

DSC cooling scans of PLA/PLA-g-SiO2 nanocomposites after

erasing previous thermal history in Figure 3(A). Unlike PLA/SiO2

nanocomposites without melt crystallization peak, with the

increasing of PLA-g-SiO2 content, it was notable that a weak crys-

tallization peak appeared around 115�C when the content of

PLA-g-SiO2 reached 5 wt %. It seemed that PLA-g-SiO2 could

accelerate the crystallization rate of PLA as a nucleating agent.

This was more obvious in nonisothermal cold crystallization

process of PLA nanocomposites [Figure 2(B, D)]. A cold

Figure 1. FTIR spectra of SiO2, SiO2ANH2, PLA-g-SiO2, and PLA2: (A) 300–3900 cm�1 and (B) 300–3300 cm�1 region which break from 2000 to 2550 cm�1.
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crystallization peak would appear at the heating rate of 10�C

min�1 also due to the relatively low crystallization rate, and for

PLA/SiO2 nanocomposites, virgin SiO2 nanoparticles did not

show any effect on the cold crystallization behavior of PLA when

the addition amount of SiO2 achieving as 5 wt %, as showed in

Figure 3(D). The cold crystallization temperature for all samples

was listed in Table II. Different from PLA/SiO2 nanocomposites,

combined with the second heating curve in Figure 3(B), the cold

crystallization temperature of PLA tended to move to low temper-

ature range with the increasing of PLA-g-SiO2 content showed in

Figure 3(B), even the content of PLA-g-SiO2 achieving as 5 wt %,

the cold crystallization temperature was 119.19, 6�C lower than

the temperature of neat PLA. And the crystallinity Xc of PLA/

PLA-g-SiO2 nanocomposites changed notably, the crystallinity of

PLA-g-5 achieved as high as 26.84%, notably higher that PLA-5.

The grafting PLA chains would be an important factor on the dif-

ferent crystallization behavior of PLA nanocomposites. And this

difference illustrated that the initial cold crystallization ability of

PLA slightly improved with the increasing of PLA-g-SiO2 content.

It was obvious that the functioned silicon nanoparticles acted

more active in promoting the crystallization of PLA than bare

SiO2. From the DSC scans of typical thermal behaviors of PLA/

PLA-g-SiO2 nanocomposites, glass transition (Tg), cold crystalli-

zation peak (Tc) and the melting point (Tm), were summarized

in Table III. The introduction of PLA-g-SiO2 into PLA did not

result in a noticeable change in Tg (�61�C) and Tm (ca. 147�C)

possibly due to the relatively low concentration of PLA-g-SiO2

in composites. It was known that branched PLA chains could

play a role of nucleating site on the crystallization of PLA,44

from the analysis above, we thought that the grafting PLA

chains on the surface of SiO2 nanoparticles promoted the melt

and cold crystallization of PLA in some degree as nucleating

sites. And this was under investigation by us.

The Melt Rheology Properties of PLA Nanocomposites

Dynamic oscillatory shear measurements. Generally, dynamic

oscillatory shear measurements proved to be a useful tool to

Figure 2. TG and DTA curves of SiO2, SiO2ANH2, PLA-g-SiO2 (A) and pure PLA2 (B).

Table I. The Overall and Net Grafting of SiO2, SiO2ANH2, SiO2APLA

Materials Overall grafting (wt) Net grafting (wt)

SiO2 5.39%

SiO2ANH2 8.95% 3.64%

PLA-g-SiO2 24.18% 15.23%
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characterize the behavior of nanofiller network in polymer ma-

trix.45 So the storage moduli and loss moduli at different load-

ings for PLA/SiO2 and PLA/PLA-g-SiO2 nanocomposites

obtained from dynamic rheology measurements were illustrated

in Figures 4 and 5, respectively. In the case of PLA samples, it

was excepted that typical homopolymer-like terminal behavior

(at low frequencies, PLA chains were fully relaxed and exhibited

typical homopolymer-like terminal behavior with scaling prop-

erties of �G0�x2 and G00�x as shown in Figure 4) exhibited at

low frequency. After nanosilicon was added, we could see that,

the storage moduli G0 was higher than loss moduli G00 at low

frequency when the SiO2 loadings achieving up to 3 wt % and

above. And at higher SiO2 loading (5 wt %), the dependence of

G0 on frequency was weak and G00 was totally independent of

the frequency at low frequency range, exhibiting nonterminal

low frequency behavior. It was generally accepted that in

dynamic oscillatory shear measurements, the characterization of

solid-like behavior in nanocomposites was mainly focusing on

the low frequency range.45 So this nonterminal low frequency

behavior revealed that large agglomeration of nanoparticles

formed in the samples, result in large-scale polymer relaxations

in composites were effectively restrained. But for PLA/PLA-g-

SiO2 nanocomposites, we had the master curves for G0 and G00

of PLA/PLA-g-SiO2 composites illustrated in Figure 5, the same

as other reports,15,46 elastic modulus G0 monotonously increased

with the content of PLA-g-SiO2 nanoparticles. But compared to

Figure 3. DSC traces of PLA nanocomposites at a cooling rate of 10�C min�1 (left) and at a second heating rate of 10�C min�1 (right): PLA/PLA-g-

SiO2 (A and B), PLA/SiO2 (C and D).

Table II. The Tg, Tc, Tm, and Xc (crystallinity) of PLA/SiO2

Sample Tg Tc Tm Xc (%)

PLA 60.49 125.32 147.72 21.45

PLA-0.3 60.83 125.45 148.04 18.30

PLA-0.5 61.02 124.26 148.21 20.65

PLA-1 60.83 121.74 146.97 24.47

PLA-2 60.25 124.15 147.33 21.53

PLA-3 61.02 122.35 147.55 25.37

PLA-5 60.83 125.32 147.55 21.34

Table III. The Tg, Tc, Tm, and Xc (crystallinity) of PLA/PLA-g-SiO2

Sample Tg Tc Tm Xc (%)

PLA 60.49 125.32 147.72 21.45

PLA-g-0.3 60.07 123.53 146.74 22.84

PLA-g-0.5 60.86 124.07 147.47 22.01

PLA-g-1 61.05 124.14 147.51 21.13

PLA-g-2 61.24 122.64 147.40 23.26

PLA-g-3 61.24 122.49 146.99 24.55

PLA-g-5 60.83 119.19 146.60 26.84
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PLA/SiO2 composites, it was worth noting that the nanocompo-

sites still exhibited the typical homopolymer-like terminal

behavior at low frequency range even PLA-g-SiO2 loading was

as high as 3 wt % and above. The phenomenon which the tran-

sition from the solid-like behavior at lower frequencies to the

matrix-dominated behavior at higher frequencies didn’t happen

indicated that the nanofiller network showed more stable in the

range of whole frequency after grafted. Also the complex viscos-

ities g* of PLA nanocomposites showed difference after the

nanoparticles was grafted from the analysis of follow part.

The complex viscosities g* of PLA, PLA/SiO2, and PLA/PLA-g-

SiO2 composites exhibited in Figure 6. Neat PLA performs

Newtonian behavior in the high frequency as a semistiff poly-

mer.47 The complex viscosities g* of PLA/SiO2 composites was

demonstrated in Figure 6(A), It is obvious that g* increased

with the increase of the SiO2 content and this behavior is

mainly dependence on the nanoparticles content. Along with

the increase of the SiO2 content, shear-thinning behaviors

appeared. When the SiO2 loading achieved as high as 5 wt %,

strong shear-thinning behaviors were observed in the full fre-

quency region. Similar rheological behaviors were observed in

polymer nanocomposites containing clay OMMT.48 But if sili-

con was grafted, different performance would exhibit. After PLA

grafted on the SiO2, we got that the complex viscosities g* still

increased continuously with the increase of PLA-g-SiO2 content

[Figure 6(B)], which is different from the result of Yan-Bing

Luo’s.19 But unlike PLA/SiO2 nanocomposites, the complex vis-

cosities didn’t change notably, it didn’t exhibit a transition from

liquid-like to solid-like viscoelastic behavior even at high PLA-

g-SiO2 loading (5 wt %). As discussed previously, it revealed

that the grafted nanofiller dispersed more uniform in the ma-

trix, and so the nanofiller network exhibited more stable under

shearing.

Except for this, we found that more obvious shear-thinning

behaviors happened in the high frequency region in Figure 6(B)

for PLA-g-2 and PLA-g-3 nanocomposites. We thought that, for

PLA-g-SiO2/PLA blends, after grafted, the entanglements

between grafted PLA chains and matrix molecular chains would

make the nanoparticles network more perfect. So the molecular

Figure 4. 170�C storage moduli (A) and loss moduli (B) at different

loadings for PLA/SiO2 nanocomposites.

Figure 5. 170�C storage moduli (A) and loss moduli (B) at different

loadings for PLA/PLA-g-SiO2 nanocomposites.
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disentanglement became more obvious under shearing, result to

the ruin of nanocomposites network and so stronger shear-thin-

ning behaviors exhibited in the high frequency region.

From the analysis above, we got that the distribution of grafted

silicon nanoparticles in PLA matrix had been greatly improved.

And the entanglement between grafted PLA chains and PLA

matrix greatly improved the stable of nanofiller network. Finally

the entanglement effect influenced the rheology properties of

PLA greatly.

Elongational viscosity testing. The extensional rheology testing

of nanocomposites was actualized at 153�C, and the constant

Hencky strain rate (e0) was 0.1 s�1 and the results were showed

in Figure 7. In the following discussion, data for pure PLA and

the composites which loading silicon nanoparticles lower than 2

wt % didn’t get because the sample sagged down as the low

melt strength. We can’t obtain the melt strength directly in the

test, so using the tensile force as a comparable parameter to

compare the melt strength of PLA nanocomposites with differ-

ent nanoparticles loadings seemed like a viable way. Figure 7(A)

exhibited the tensile force vs. time for PLA nanocomposites at

153�C. The peak value was defined as the melt strength of

materials. From Figure 7(A), it could be obtained that the melt

strength increased through adding nanoparticles to matrix.

Especially for PLA-5 which large agglomeration of nanoparticles

happened, the tensile force was further greater than others. But

large agglomeration of nanoparticles was not expected in as it

would adversely affect the properties of nanocomposites. The

molecular entanglement effect in PLA/PLA-g-SiO2 nanocompo-

sites mentioned in shearing viscosity measurement was also

conducted in elongational viscosity testing, which can be

obtained from Figure 7(B) that illustrated the elongational vis-

cosity vs. time for PLA nanocomposites. Compared to PLA/

SiO2 nanocomposites, the Extensional viscosities of PLA/PLA-g-

SiO2 tended to rising or maintain the same level after a certain

time of stretching for PLA-g-5 and PLA-g-2 nanocomposites,

seemed like a characterization of strain hardening. This demon-

strated that the molecular entanglement between grafted PLA

chains and PLA matrix provided the condition for obtained

strain hardening of polymer melt in processing. Only nanopar-

ticles played the role of the physical crosslinking points in the

matrix, strain hardening expected to appear when the physical

crosslinking network would suppress the contribution of

stretching on molecular orientation along the flowing direction

during the elongational flow. And this function is still under

research for us.

Figure 6. 170�C complex viscosity at different loadings for PLA/SiO2 (A)

and PLA/PLA-g-SiO2 (B) nanocomposites.

Figure 7. 153�C tensile force VS time (A) and viscosity VS time (B) for

PLA/SiO2 and PLA/PLA-g-SiO2 nanocomposites (hencky strain ¼ 0.1 s�1).
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CONCLUSION

Functionalization of SiO2 nanoparticles with PLA chains was

completed first, and then the reaction of PLA chains to the

nanoparticles was confirmed by FTIR and TGA analysis. Also

the amount of grafted PLA chains was calculated from TGA

data and the net grafting was relatively high. DSC data showed

that the introduction of PLA-g-SiO2 into PLA matrix could

improve the crystallinity of the composite slightly. Dynamic os-

cillatory shear measurements showed that the grafted silicon

nanoparticles performed stronger shear-thinning behaviors.

Even more interesting was the result from elongational viscosity

testing, it exhibited the molecular condition for strain harden-

ing, which is worth further research. We’d like to see the as-pre-

pared PLA/PLA-g-SiO2 nanocomposites could be a candidate

for the fabrication of biomedical materials and eco-friendly

daily products solving environmental problem.
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