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Preparation and characterization of linear and star-shaped
poly L-lactide blends
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ABSTRACT: A series of star-shaped poly(L-lactide) (sPLLA) with different branch length was synthesized by ring-opening polymeriza-

tion of L-lactide using pentaerythritol as initiator and stannous-octoate as catalyst. The structures and properties of the sPLLAs were

characterized by 1H-NMR, rheology, differential scanning calorimetry, and size-exclusion chromatography. The star-shaped polymers

were blended with a linear PLLA resin (3051D; NatureWorks) and studied for their melt flow and thermal properties. Blends contain-

ing 10 wt % of sPLLA displayed equivalent zero shear viscosities to PLLA 3051D, however displaying stronger shear thinning and

increased melt elasticity. The blends exhibited also similar thermal and crystallization properties as the PLLA 3051D. A higher ratio

of low molecular weight sPLLA (30 wt %; Mwtotal: 2500 and 15,000 g mol21) lowered the zero viscosity and increased shear thinning

of PLLA 3051D. Crystallization of PLLA 3051D appears to increase at 30 wt % blends with the higher molecular weight sPLLA, while

the star-shaped structure acts as a nucleating agent. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 42231.
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INTRODUCTION

Over the last decade, rising crude oil price and growing envi-

ronmental awareness have enhanced motivation toward develop-

ing biodegradable polymers from renewable resources.1–3

Biodegradable polymers have been introduced to various fields

as alternatives to traditional polymeric materials. Among all,

poly(L-lactide) (PLLA) is one of the most important biodegrad-

able polymers.4,5 Polylactide has attracted attention as a candi-

date of non-petroleum-based biodegradable polymeric materials

because PLLA is a biocompatible polymer with thermal plastic-

ity, semicrystalline with good mechanical, and seemingly good

processing properties.6–9 PLLA is widely used in many process-

ing applications, including cast and blown film as well as ther-

moforming,4,10 extrusion,10,11 and injection molding.5 However,

PLLA melts has its debilities and generally do not exhibit the

necessary strain hardening behavior, restricting its applications

for processes that require high melt strength, such as extrusion

coating, cast and blown film, as well as thermoforming.4,5,10

Improved melt processability can be achieved through use of

linear polymers in combination with branched polymers to

enhance melt strength and stabilization.6,12–15 Branching and

modification for enhanced melt flow properties of polyethyl-

ene,16,17 polypropylene,18,19 polycaprolactone,20 as well as poly-

lactide15 have been studied extensively. PLLA has also been

modified by blending with a second polymer,21,22 in order to

improve processability or with a polymeric plasticizer such as

polyethylene glycol (PEG). In high contents (more than 20%),

PEG shows phase separation and it is not stable in the PLA

matrix as a blend.23 Wang et al. showed that the overall crystal-

lization of linear PLLA will be higher comparing to the

branched PLLA; moreover, the crystallization rate as well as

melt temperature in both linear and sPLLA increased by

increase in molecular weight.14 Sakamoto et al.24 studied linear

2-arm PLLA and branched 4-arm PLLA, and reported higher

cold crystallization temperature (Tcc) values, lower degree of

crystallinity (Xc), and lower spherulite growth rate for 4-arm

compared to linear 2-arm PLLA. They showed that the glass

transition temperature (Tg), melting temperature (Tm), transi-

tion crystallization temperatures of crystalline form, and crystal

growth mechanism were not affected by the presence of branch-

ing; however, they are dependent on the Mn or Mn per one

arm, which was in agreement with Wang et al. observations.14

Some studies on blends with linear PLLA and star-shaped have

been reported. However, the information on the blends rheolog-

ical properties and the impact on the extrusion coating process

are very limited.25–32 Noteworthy, the requirements of the appli-

cations, e.g., food packaging, limit the choice of applicable poly-

mers or plasticizers to modify the PLLA. Additives should not

be volatile because this cause evaporation at the high processing

VC 2015 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4223142231 (1 of 8)

http://www.materialsviews.com/


temperatures. Furthermore, the additives should not be dis-

posed to migration which would cause possible contamination

and of course, possess food contact approval.14

In the current work, a series of star-shaped polylactide with dif-

ferent branch length have been prepared by ring-opening poly-

merization and blended with linear polylactide (PLLAs)

produced by NatureWorks LLC, with the trade name 3051D.4

The performance of these blends in extrusion coating is of par-

ticular interest. The main focus of this work is increase in the

melt viscosity while the linear PLLA 3051D is plasticized. The

thermal and rheological properties as well as phase behavior of

linear PLLA blends containing 10 and 30 wt % of sPLLAs stud-

ied using differential scanning calorimetry and dynamic rheol-

ogy. Overall use of star-shaped PLLA in the blend has modified

the runability, heat sealability, and barrier properties due to

increase in melt viscosity, at the same time, thermal stability

improved by branching of polymer and shifting the start of

degradation temperatures to higher temperatures, respectively.

EXPERIMENTAL

Materials

L-Lactide (Purac Biomaterials, Netherlands) was recrystallized

from toluene before use. Pentaerythritol (PERYT) were used as a

co-initiator and Sn(II) 2-ethylhexanoate as a catalyst (both from

Sigma Aldrich, USA) without further treatment. Chromatography

grade tetrahydrofuran (THF), CDCl3, toluene, ethanol, and chlo-

roform were purchased from Sigma-Aldrich USA; all chemicals

were used as received. The polylactide was supplied as granular

pellets by NatureWorks LLC, USA (commercial grade 3051D).

SYNTHESIS OF sPLLA AND PREPARATION OF BLENDS

The polymerization of star-PLLA was performed in a flame-

dried and nitrogen-purged 250 mL flask reactor with magnetic

stirring. First, L-lactide monomer was fed to the reactor with

an appropriate amount of PERYT. The amount of co-initiators

(PERYT) was calculated based on aimed molecular weight

which varied between 2000 and 100,000 using eq. (1).33

Amounts of Co-initiator5ðL-lactide3Efficiency374Þ
=ðTotal aimed MwÞ

(1)

After repeated evacuation and purge with nitrogen, the reactor

was immersed into an oil bath at 160�C under nitrogen atmos-

phere.33 The polymerization was initialized by injection of

0.05 mol % Sn(Oct)2 from Sn(Oct)2/toluene solution (10 wt

%), reaction time were 60–75 min. The reaction was terminated

by cooling the reactor to room temperature. The polymers were

dissolved in chloroform and precipitated into a 10-fold excess

of cold ethanol, isolated by filtration, and dried under vacuum

(133 KPa) at 32.4�C overnight. All blends were prepared in

solution using chloroform (24 h), then evaporated at 50�C, and

further dried under vacuum (133 KPa) for 24 h. SPLLAs were

mixed with linear PLLA (3051D) at mass ratios of 10 and 30 wt

%. Prior to blending, sPLLAs and 3051D were dried in vacuum

(133 KPa) overnight at 32.4�C.

Analytical Methods
1H-NMR spectra were recorded on a Bruker AV 600 M in

CDCl3 at 25�C and the peak positions are reported with respect

to tetramethylsilane (TMS). Molecular weight and molecular

weight distribution of all star-PLAs were obtained by size exclu-

sion chromatography (SEC) using evaporative light scattering

detector (ELS). Polymer solutions were prepared with 1 mg

mL21 of chloroform and filtered through a PTFE 0.2 mm filter.

Fifty microliters of the samples were eluted at 40�C using auto

injector system with a flow rate of 1 mL min21. Differential

scanning calorimetric (DSC) measurements were performed on

a calorimeter (TA instruments Q1000 Differential Scanning Cal-

orimeter) in standard aluminum pans under an N2 atmosphere.

All samples were heated from 260 to 200�C and cooled down

to 260�C at a rate of 10�C min21 and then reheated to 200�C.

The Tg (glass transition temperature), Tcc (temperature of cold

crystallization), Tm (melting temperature), Ti (the initiation of

degradation temperature for samples obtained by DSC in a sep-

arate run from 260 to 250�C), and DHm (enthalpy of fusion)

were taken from the second heating curve to eliminate the effect

of thermal history. Three crystallinities were determined.

The crystallinity which appeared at cooling ramp (Xc) was cal-

culated using Xc (%) 5 DHc/DHm0 3 100, the crystallinity at

cold crystallization (Xcc) was calculated using Xcc (%) 5 DHcc/

DHm0 3 100 and the crystallinity on melting (Xm) was calcu-

lated using Xc (%) 5 DHm/DHm0 3 100, where DHm is the

Table I. Characterizations of Synthesized sPLLAs

DSC SEC 1H-NMR
Star-PLAs Tc (�C)/Xc

a Tg (�C)b Tcc (�C)b Tm (�C)b Xcc
b Xm

b Ti (�C)b �Mn �Mw �PD �Mn

S1 NA 34.4 Amorphous 215 2400 2700 1.14 2500

S2 NA 43.2 113 136 5 5 225 5400 8300 1.55 5500

S3 NA 53.1 110 147–156 39 39 228 11,500 19,000 1.65 12,000

S4 94.3/3 57.4 104 167 40 45 230 14,600 38,000 2.61 15,000

S5 95.4/25 57 97 168 25 49 240 33,400 55,000 1.65 35,000

a Determined from first cooling run.
b Determined from second heating run.
Xc (%) 5 DHc/DHm0 3 100.
Xcc (%) 5 DHcc/DHm0 3 100.
Xm (%) 5 DHm/DHm0 3 100.
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enthalpy of fusion and DHm0 is the enthalpy of fusion of 100%

crystalline PLA (93 J g21).34 Rheological measurements were

performed with a rotational rheometer (TA Instruments

AR2000) using a parallel-plate geometry. Isothermal frequency

sweeps were carried out at 240�C under nitrogen, using a

25 mm parallel-plate geometry and the gap was set to 1 mm.

The applied strain and frequency range were 0.125% and 100–

0.5 Hz, respectively. The steady-state flow step was also meas-

ured using the same parallel-plate geometry using shear rates

(_c) from 0.005 to 175 s21. The viscoelastic parameters, namely,

storage modulus (G0), loss modulus (G00), complex viscosity

(g*), loss angle (d), and shear viscosity (g) were calculated by

using TA Data analysis software.

RESULTS AND DISCUSSION

Synthesis and Molecular Characterization of sPLLAs

The ring-opening polymerization of L-LA was carried out using

pentaerythritol (PERYT) as a tetra-functional initiator and

Sn(Oct)2 as catalyst at 160�C for 60–75 min.33

Molecular characterization of sPLLA samples, determined by

SEC and 1H-NMR, are listed in Table I. Based on 1H-NMR, it

is obvious that star-shaped poly L-lactide (sPLLA) has been

attained.24,33 The results clearly indicate that the average

number-molecular weight of the polymers obtained from SEC

were in good agreement with the average number-molecular

weight based on 1H-NMR data. Though, in the case of the

higher molecular weight samples, the obtained molecular num-

ber average was slightly lower than expected based on feeding

([M] [I]21).

Thermal and Rheological Properties of sPLLAs. DSC was used

to examine the thermal properties and crystallization behavior

of sPLLA and their blends with PLLA-3051D. The DSC curves

of all sPLLA during the first cooling scan and the subsequent

heating scan are shown in Figure 1.

Three sets of crystallinity data for the sPLLAs are presented in

Table I: crystallinity formed during cooling Xc (%), crystallinity

at cold-crystallization, Xcc (%) during the second heating, and

total crystallinity at melting, Xm (%) which is a combination of

the two other crystallization processes.

Concerning pristine sPLLAs, only small, hardly detectable exo-

thermic crystallization peaks in the cooling ramp, Xc (%) were

observed, except for two sPLLA samples, S4 and S5, revealing

clear crystallization peaks centered at around 95�C [Figure

1(A)]. The second heating scan showed a glass transition, Tg,

centered at 34�C for S1 and the Tg increased gradually with

increasing molecular weight of the sPLLA to 57�C for S5. A

broad exothermic (cold crystallization) peak centered at 113�C
(Tcc) was displayed for S2 and the Tcc decreased gradually with

increasing molecular weight to 97�C for S5. The S1 remained

amorphous, while a broad endothermic (melting) peak centered

at 136�C was displayed for S2 (DHm 5 5 J g21) increasing to 40

J g21 for S4. However, S5 showed a lower cold crystallization

(DHcc 5 25 J g21) mostly due to its higher degree of crystalliza-

tion at cooling, Xc, of 25 J g21. This shows that 4-arm PLLA

with longer branch lengths crystallize more easily during the

cooling and heating process. A significant increase in the melt-

ing temperature (Tm) of 30�C was detected with increasing

molecular weights from S2 to S5. Notably, sPLLA with higher

molecular weights, S3 and S4, exhibit two visible melting endo-

therms [Figure 1(B)]. It is believed that multiple melting peaks

are often related to crystals with different degrees of perfection.

As shown in Figure 1(B), the intensity of the Tm2 peak (156�C)

was higher than that of the Tm1 peak (147�C) for samples S3

and S4; however, S5 exhibited only one melting peak (168�C).

Thus, the intensity ratio of Tm2 to Tm1 peaks increased with

branch length. Initial degradation temperature Ti shown in the

second heating scan in Figure 1(B) started at 215�C for S1 and

the Ti increased gradually with increasing molecular weight of

the sPLLA to 240�C for S5. Notably, 3051D showed Ti at 210�C
which is lower than all sPLLAs.

From these results, it can be concluded that the structure and

molecular weight of the sPLLA polymers plays a significant role

Figure 1. DSC curves of sPLLAs: (A) the first cooling scan and (B) the

second heating scan. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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in the process of crystallization. sPLLAs can be appropriate and

helpful for faster crystallization during cooling because the

branch points can act as nucleating centres to accelerate crystal-

lization. Nevertheless the perfection of the crystals might be dis-

turbed as a result because branched PLAs are less capable of

increasing the lamellar thickness due to their restricted mobility

in comparison with linear PLLA.35 Four-arm PLLA were synthe-

sized according to Korhonen et al.,22 though with different

molecular weights comparing to their research and compared

with Wang et al.14 and Sakamoto et al.24 The Tg (indicator of

chain mobility), Tcc (indicator of ability to crystallize during

heating), Tm (indicator of crystalline thickness), Ti (indicating

initial thermal degradation), and DHm (indicator of final degree

of crystallinity during heating) of the sPLLAs increased with

increasing Mw except for S1 with the lowest molecular weight,

in which neither a cold crystallization nor a melting peak was

observed, in Figure 1. The rheology of pure star-shaped PLLA

was analyzed at 190�C using a Bohlin Vor Rheometer (rota-

tional rheometer). The shear viscosity of low Mw star-shaped

polymers is lower than for its corresponding linear polymer

with similar molecular weight due to higher segment density

and reduced hydrodynamic volume.15 However, the viscosity of

the star-shaped polymer increases faster with the molecular

weight and surpasses that of the linear analog at some specific

molecular weight, as the star-shaped polymer possesses

restricted chain mobility due to chain entanglements and

motional constraints as one end of the arm is anchored to the

star core.15

The rheological properties of the low molecular weight samples

S1 and S2 were not measureable at 190�C because of their very

low shear viscosity; therefore, they had to be analyzed at 150�C.

The viscosity curves of the neat star-shaped polymers (not

included) showed an obvious influence of the molecular weight

on the flow properties. A higher Mw yielded a slightly higher

zero shear viscosity (g0), also with a more pronounced shear

thinning behavior.

In a shear field, the larger object dissipates more energy, result-

ing in a higher viscosity. Consequently, star-shaped polymer’s

larger hydrodynamic volume compare to comparable linear one

would naturally lead to a higher viscosity.36 Nonetheless, all our

star-shaped polymers have lower shear viscosities compared to

linear 3051D (Mw 5 121,000 and MWD 5 2.59), due to their

substantially lower molecular weights (Mw 2500–35,000 g

mol21) and denser structures.

Blends of sPLLA and Linear PLLA

A series of sPLLAs with increasing arm lengths (molecular

weights) were synthesized and their blends were prepared via

solution blending with the content of 70 and 90 wt % of com-

mercial 3051D PLLA (NatureWorks LLC). The basic informa-

tion on the neat polymers is listed in Table I. Three sPLLA—

low, medium, and high molecular weight (2500, 12,500, and

35,000 g mol21)—have been chosen for further rheological

analysis as blends with the linear PLLA at 240�C.

As well known, entanglements between molecular chains in

molten polymers can be enhanced by introducing branched

structures to the polymer resin, thereby distinctly enhancing the

melt strength/elasticity. Improving melt processability of poly-

mer resin by increasing melt strength and melt elasticity is well

understood and has been evaluated for different materials.37,38

Effects of randomly branched PLLA by reactive extrusion with

different peroxides have been studied in our previous work.39

Peroxide treatment is often connected with cross-linking/gela-

tion of the polymer which may severely endanger melt process-

ing, e.g., in extrusion coating. Therefore, it would be important

and desirable to control the quality and degree of branching in

the polymer.

To obtain more identical conditions with materials going

through a dry-blending process during an extrusion coating, the

sPLLA have been mixed in solution with 3051D PLLA, so that

they are melted (dry-blended) for the first time in the rheome-

ter under the same conditions as in the anticipated extruder

dry-blending with 3051D pellets.

Thermal and Rheological Properties of sPLLA Blends

Thermal Properties. The thermal characterization of sPLLA

blends were determined by DSC. The glass transition tempera-

tures of neat star-shaped polymers S1–S5 were 34.4, 43.2, 53.1,

57.4, and 57�C, respectively, while the Tg of pure 3051D is 60�C
(Tables I and II). Qiu et al. studied the crystallization and mis-

cibility of different biopolymer blends.40 They studied the mis-

cibility by the composition dependency on Tg, change of Tm,

and cold crystallization temperature. The Tg values of the pres-

ent PLLA blends with S1–S3 are slightly dependent on the blend

composition, proving that the binary blends are partially misci-

ble.40,41 This suggests that sPLLA acts as a plasticizer in linear

PLLA. Especially, a significant depression of Tg by 7�C (12%

reduction) was observed in PLLA with 30 wt % of S1, which is

a typical behavior for plasticized semicrystalline polymers. The

glass transitions of the blends reveal the interactions between

the respective polymers in blends. Particularly, some level of

compatibility may be interpreted when the two separately

observed Tgs are shifted toward each other or just one Tg

appears in a binary polymer blend.42 It has to be mentioned

Figure 2. DSC curves of star-PLA blends from the second heating scan.

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

wileyonlinelibrary.com.]
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that Tg of PLLA 3051D, S4, and S5 are so close, 60, 57.4, and

57�C, respectively, that it is ambiguous to conclude if any

depression of Tg have appeared in the blends. The first heating

scan of pristine linear PLLA pellets showed an endothermic

peak (melting, T 5 149�C, not shown), but no detectable melt-

ing in the second heating scan. The curves of the second heat-

ing scan of all blends containing 10% of sPLLAs and 30% of S1

samples displayed one glass transition temperature (Tg) centered

at 53–61�C implying compatibility of these blends. Though, no

crystallization was detected during the cooling ramp followed

by an amorphous plateau showing that sPLLAs in the used con-

centrations could not crystallize neither improve the crystalliza-

tion of pure PLLA (Figure 2). Initial degradation temperature

(Ti) of the PLLA 3051D and corresponding blends with sPLLA

are shown in Figure 2 and Table II. PLLA 3051D showed a Ti at

210�C and addition of 10 wt % S1–S5 increased the Ti slightly

from 210 to 214�C, respectively. Remarkably, blends with 30 wt

% of sPLLAs displayed increment from 215�C for S1 to 222�C
for 30% S5. Initial degradation temperature is a sign of thermal

stability of polymers. Notably, 3051D showed a Ti at 210�C
which is lower than all sPLLAs and their blends emphasizing an

improvement of thermal stability by using star-shaped structure.

As shown in Figure 2 and Table II, an addition of 30 wt % of

S2–S5 exhibited exothermic peaks at 120–125�C (cold crystalli-

zation, Tcc), and a broad endothermic peak at 147–152�C (melt-

ing, Tm) also only one Tg is observed suggesting compatibility

in the blend. No significant influence on the crystallization of

the PLLA 3051D was observed since the amounts of total crys-

tallinity equalizes to the proportion of crystalline sPLLAs in the

blend. However, the crystallization on heating (annealing) of

the blend of S5–30 wt % was 30%, which is nearly doubled as

estimated based on the content of S5 and a sharp melting peak

appeared which would be sign of melting of linear PLLA (Figure

2). Therefore, one could conclude that S5 increased ability of

3051D to crystallize on the heating ramp. This would be due to

the reorganization of amorphous segments into crystalline ones,

as a result of increased macromolecular freedom upon increas-

ing temperature.43

The heat of melting (DHm) and the exothermal heat of crystalli-

zation (DHc) of the blends were found to increase with an

increased concentration and size of the sPLLA. The temperature

of the melting peak shifted toward higher temperature as the

Mw of the sPLLA increased. A double endotherm was observed

for 3051D with S5–30 wt %, implying the existence of two dif-

ferent crystals in this blend, likely due to perfection issues

resulting from disturbed crystallization or melting of the linear

PLLA. Therefore, authors believe that 30 wt % of S5 could sig-

nificantly affect crystallinity of 3051D as compared with blends

containing lower concentrations and lower molecular weight

sPLLA. Comparing the thermal behavior of the pure PLLA and

sPLLA with the corresponding blends, the Tg value was attrib-

uted to the combined sPLLA/3051D amorphous domains. The

exothermic peaks owe to the crystallization of sPLLA blocks,

and the broad endothermic peak due to the overlapping of the

melting temperature of the crystallites with different crystalline

size.24

Rheological Properties. To understand the melt flow properties

of the PLLA blends, a detailed investigation of the rheological

behavior of these blends with varying sPLLA concentration was

done, performing the rheological measurements at 240�C to

mimic the extrusion conditions at industrial processes. The

analyses were performed under nitrogen atmosphere in order to

minimize thermal oxidation. All blends were mixed in solution

(chloroform) and dried, in order to avoid premature thermal

degradation and to obtain the “true” material behavior during

its first melting (as it would be in the case of a dry mix during

extrusion). Thus, the results are comparable with the material

properties at an extrusion coating processes. The main focus

has been on the rheological properties such as storage modulus

(G0), loss modulus (G00), complex viscosity (g*), and shear vis-

cosity (g). The storage modulus G0 reflects the elastic part and

Table II. Thermal Properties of 3051D/ Star-PLA Blends

DSC

Samples Tg (�C) Tm (�C) Tc (�C)/Xcc Xm Ti (�C)

3051D/10%-S1 57 Amorphous 210

3051D/10%-S2 59 Amorphous 211

3051D/10%-S3 60 Amorphous 212

3051D/10%-S4 61 Amorphous 212

3051D/10%-S5 60 Amorphous 214

3051D/30%-S1 53 Amorphous 213

3051D/30%-S2 56 147 123/1.6 1.6 215

3051D/30%-S3 57 147 121/5 5 216

3051D/30%-S4 60 148 124/10 10 219

3051D/30%-S5 60 148–152 120/30 30 222

3051D Ref. 60 Amorphous 210

All data are determined from second heating run.
Xcc (%) 5 DHcc/DHm0 3 100.
Xm (%) 5 DHm/DHm0 3 100.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4223142231 (5 of 8)

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


loss modulus G00 the viscous part of polymer melts. Branching

is often introduced to polymeric material to modify the flow

properties for specific melt-forming operations. It is well under-

stood that when the branch length exceeds some critical value,

it leads to an increase in the viscosity compared to the linear

molecule with the same molecular weight due to entanglements

by the branches.44

Complex viscosity and storage modulus of PLLA 3051D and

blends are shown in Figure 3. It is clear that PLLA 3051D

exhibit terminal flow behavior at low frequency in the

dynamic storage modulus (G0) and loss modulus (G00), i.e.,

scales to G0ax2 and G00ax, respectively, which are characteris-

tics for a viscoelastic liquid. For all blends containing 10 wt

% of sPLLAs and 30% of S5, a shoulder (deflection in curve

slope) on the G0 curve is seen (frequency �2 Hz) which indi-

cates that the storage modulus exhibit weak frequency

dependency at moderately low frequencies. This nonterminal

behavior indicates the presence of a longer relaxation process

not detected in the linear PLLA. It should correspond to the

“additional” elastic response originating from the surface

interaction between the droplets (sPLLA) in the discrete phase

and the continuous matrix (linear PLLA), and has been

reported for many blends with lower level of miscibility or

immiscible blends.45 Similar results were reported by Lee

et al.46 with experimental values of the G0 obtained from

either phase separated or degraded polymer blends. This

result could be examined together with complex viscosity fre-

quency dependence of the same blends (Figure 4). The com-

plex viscosity increases as the frequency decrease, as is typical

for yield stress fluids, i.e., from 20 Pas to 70 Pas. The slopes

of log G0 vs log x for the pure PLLA and blends with 30%

of S1 and S3 were close to 2, respectively, which is similar to

the behavior of thermorheologically simple polymers in

the terminal regime implying miscibility in these blends

(Figure 3).47 This shows that the blend ratio and the interface

between PLA and sPLLA play an important role in the

Figure 3. Storage modulus as a function of frequency for linear PLA 3051D and star-PLA blends with different molecular weight and concentrations.

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

Figure 4. Complex viscosity as a function of frequency for linear PLA 3051D and star-PLA blends with different molecular weight and concentrations.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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viscoelastic response of these blends. However, more study is

needed to better understanding of the specific viscoelastic

response of the blends observed at lower frequencies.

The shear viscosity of a molten polymer typically displays a

constant value at very low shear rates (zero shear viscosity g0),

and which begins to deviate from g0 at some characteristic

shear rate (non-Newtonian). Figure 5 summarizes the shear

viscosity (g) of linear PLLA and its blends with sPLLAs at

240�C. Linear PLLA has a zero shear viscosity g0 of about 100

Pas and approaches power law behavior at higher shear rates.

Blends containing 10% of all sPLLAs and 30% of S5 show zero

shear viscosity (g0) similar to linear PLLA (3051D) as well as

shear thinning starting almost immediately (shear rate of

�0.1 s1), and finally leveling to different, rather constant vis-

cosities, 2 Pas at 30% of S1 to 30 Pas for 10% of S5. This

points out that total molecular weight of these blends

remained rather unaffected, while their polydispersity has

increased. In case of blends with 30% of S1 and S3, the zero

shear viscosity decreased one order of magnitude (from 100 to

20 Pas) which indicates declined total molecular weight. These

blends also showed shear thinning beginning at shear rates of

�0.1 s1, and finally the viscosity decreased to a very low vis-

cosity of about 0.1 Pas. These latter blends showed a larger

range of viscosity values due to stronger shear thinning which

is attributed to plasticizing effects of low-molecular-weight

sPLLAs at this concentration.

The rheological properties showed that beside linear PLLA, the

blends can be divided into two categories: blends containing

10% sPLLA and PLLA with 30% of S5 showed some level of

immiscibility and blends with 30% of S1 and S3 which appears

more homogeneous and miscible.

CONCLUSION

Star-shaped (4-arm) PLLAs, with various total molecular

weights were synthesized using pentaerythritol. The sPLLAs

structures were confirmed by 1H-NMR spectroscopy and

characterized with dynamic rheology, DSC, and size-exclusion

chromatography. The sPLLAs were further blended with com-

mercial PLLA by solvent mixing. Miscibility, morphology,

and rheological behavior of the blends were investigated by

DSC, steady shear flow, and dynamic rheology. Star-shaped

PLLA showed higher thermal stability and the initial degrada-

tion temperature of linear PLLA was increased by blending

with sPLLA, which proves that blending improved the ther-

mal stability of linear PLLA 3051D. All blends appear to have

some level of compatibility since only one Tg have been

observed. However, based on the thermal and rheological

characteristics of the studied blends, two different morpholo-

gies were observed: first blends containing 10% of all sPLLAs

or 30% of S5, which showed slightly immiscibility and par-

tially a two-phased morphology, and second, miscible and

homogenous blends containing 30% of S1 and S3. The inter-

face between two polymers plays an important role in the

viscoelastic response of molten sPLLA/ linear PLLA blends. It

could be concluded that miscibility, phase behavior, and crys-

tallization of the blends were influenced significantly by

amounts and type of the added sPLLAs, as we postulate

sPLLA can act as a nucleating agent due to its branched

structure. Blending of 3051D with 5 and 10% of S5 was

tested on an extrusion coating pilot line. Star-shaped polymer

seems to enhance heat sealability but not neck-in or adhe-

sion. Water vapor transmission rate (WVTR) was similar to

pure 3051D but in the lower concentration, WVTR was

increased.
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