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ABSTRACT: This article describes the use of commercial silica (SiO2) and calcium carbonate (CaCO3) nanofillers as compatibilizers in

immiscible polylactide/low-density polyethylene (PLA/LDPE) blends. The general aim of the study was to investigate the possibilities

of replacing standard commodity plastics such as LDPE based on non-renewable mineral oil resources with the biodegradable renew-

able polymer PLA in compatibilized PLA/LDPE blends for use in the packaging industry. The calculations of the minimal interfacial

energy and optimal wetting abilities indicated that SiO2 filler was a better potential compatibilizer than CaCO3 for a given PLA/

LDPE blend. This was due to its preferential localization at the interface. The significantly improved morphology of the ternary PLA/

LDPE/SiO2 blend was found to present an increased strength, toughness, and crystallinity. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym.

Sci. 2015, 132, 41414.
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INTRODUCTION

The challenges of environmental, economic, and safety issues

have forced scientists working with packaging products, as well

as producers, to replace polymers based on petrochemicals with

biodegradable polymers, or with nanocomposites,1 free from

toxic components, that will biodegrade into natural products.2,3

The most important biodegradable polymers include aliphatic

polyesters, such as polylactide (PLA),4 which are so-called eco-

friendly materials with great potential for development.5 PLA

represents one of several polymers that could reduce societal

problems associated with waste management.6 During the past

decade, PLA has been intensively investigated,7–9 as have its

applications and market.5

PLA represents an alternative to petrochemical plastics in various

applications, including the paper, fibril, film, and packaging

industries.10,11 Thanks to its good mechanical properties and

physical characteristics, PLA is interesting especially for the food

industry.12–14 Its main problem is its brittleness at room temper-

ature which presents its general disadvantage in application.15

Numerous studies have thus been devoted to biopolymers with

the aim of creating combinations with standard polyolefines to

fulfill application conditions.15,16 Also, studies have been con-

ducted on integrating inorganic nanofillers,2,17–19 with large

active surface areas, to improve mechanical properties, resistance

to heat, as well as dimensional and thermal stability of the final

composite, as a consequence of filler interactions with the matrix.

In our earlier investigations, we suggested the possibilities of

using nanofillers as reinforcing agents in composites and as com-

patibilizers in immiscible blends.20–22

This article describes an investigation of the effects of blending

PLA with a standard polyolefin, that is, low density polyethylene

(LDPE), as well as what impact the incorporation of selected

commercial nanofillers, either silica or calcium carbonate, would

have on the interface and related morphology, mechanical, and

thermal properties. The chosen fillers, that is, nanosilica

(SiO2),17 or nano-calcium carbonate (CaCO3),14 are commonly

used in such applications. The interactions of nanofillers in a

polymer blend and their preferential localization at the interface

could significantly enhance the properties.23,24

EXPERIMENTAL

Materials

The compositions of the initial polymer blends are given in

Table I. Unfilled initial blend samples were prepared in a Bra-

bender mixer with a heating time of 5 min, a temperature of

190�C and a screw speed of 60 rpm. For the testing of mechani-

cal and thermal properties, film samples were prepared in a

Dake hydraulic press, at 190�C with a preheating time of 3–4

min and heating under pressure for 5 min. The same procedure

was used for the preparation of the blends filled with the same

concentration (5 wt %) of commercial nanofillers, that is, SiO2

and CaCO3 (Table II).

VC 2014 Wiley Periodicals, Inc.
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Characterization

Surface investigations of the fillers and the blend samples were

done on a DataPhysics OCA 20 goniometer by measuring con-

tact angles with three test liquids (water, formamide, and diio-

domethane) with known surface energy values.25 Contact angle

measurements represent a valid method for determining the

surface energy of solid materials.26 Contact angles were meas-

ured by the sessile drop method, that is, by placing a drop of

the test liquid on the sample surface, with at least six repeated

measurements to ensure the reproducibility of the measured

data. Samples of SiO2 and CaCO3 fillers were prepared by press-

ing the powder at room temperature. The samples of the pure

PLA and LDPE polymers and their unfilled and filled blends

were prepared by melt pressing at 190�C followed by cooling at

25�C.18

The surface energies of the PLA and LDPE polymers, as well as

of the SiO2 and CaCO3 fillers, were calculated from the contact

angle data using the Wu method27 [eq. (1)], as well as the inter-

facial energy [eq. (2)]:
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where cd is the dispersive and cp the polar component of the

surface free energy (c 5 cd 1 cp); clv and cs are the surface free

energies of the liquid and solid, respectively, h is the contact

angle, and the suffixes m and f, respectively, stand for matrix

and filler. The Wu equation is recommended for systems con-

taining both materials with high surface energies, such as fillers,

and low surface energies, such as polymers.

Mechanical properties were measured on a Zwick 1445 tensile

testing apparatus, with the following test conditions: a speed of

10 mm/min and a gauge length of 50 mm. The results were

averages of tests of five specimens of each sample. Furthermore,

the impact strength was measured by Izod testing according to

ISO 180-2000.

A VEGA 3 Tescan and FE-SEM, Mira/LMU Tescan scanning

electron microscopes were used as the primary technique to

determine the morphology of the unfilled and filled blends.

The crystallinity of PLA and its blends was determined by DSC

on a Mettler Toledo DSC 823e with an inert stream of nitrogen

flowing at 50 ml/min according to a protocol19 of two heating

cycles with a heating speed of 10�C/min and one cooling cycle

with the cooling rate of 10�C/min as follows:

First heating cycle from 290�C to 200�C; 200�C, 3 min

(stabilization);

Cooling from 200�C to 290�C; 290�C, 3 min (stabilization);

Second heating cycle from 290�C to 200�C; 200�C, 1 min (sta-

bilization); cooling from 200�C to 25�C.

The crystallinity of PLA was determined based on the regime of

heating and cooling defined below.28 The thermal history of the

sample was erased by the first heating. From the second heating

scans,28 the glass transition temperature (Tg), cold crystalliza-

tion (Tcc), and melting temperature (Tm), as well as enthalpies

(DHcc, DHm) were determined.

The degree of crystallinity of the initial PLA sample, vc, was cal-

culated using the common two-phase approximation:

vc 5 DHm/DH0
m, where DHm is the measured enthalpy of melt-

ing and DH0
m is the melting enthalpy of 100% crystalline poly-

mer (�93 J/g for PLA).17,29–31 The crystalline structure of the

composite and blends was calculated using eq. (3)32,33:

vc5DHmPLA=DH0
mPLAwf : 100% (3)

where vc is the degree of crystallinity of the PLA matrix,

DHmPLA is the melting enthalpy of PLA in the composite, blend

Table I. Compositions of the Initial PLA/LDPE Blends

PLA (wt %) LDPE (wt %)

100 0

90 10

80 20

60 40

50 50

40 60

30 70

20 80

10 90

0 100

Table II. Characteristics of the Commercial Fillers and Polymers

Characteristics

Samples BET (m2/g) Poured density (g/L) Pretreatment Tg (�C) Tm (�C) Density (g/cm3)

SiO2
a 125–175 60 Methacrylsilane

CaCO3
b 8 200–600 –

PLAc 55–60 155–170

LDPEd 0.923

a Evonik Industries AG (AerosilVR R711).
b Schaefer Kalk GmbH & Co. KG (Precarb 400).
c NatureWorks LLC (IngeoTM Biopolymer 3251D).
d The Dow Chemical Company (DOWTM LDPE 780E).
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and/or filled blend, DH0
m is the melting enthalpy of the com-

pletely crystalline PLA (93.7 J/g),17,29,30 and wf is the mass per-

centage of PLA, or expressed as (1 2 mf) with mf as weight

percentage of the other component except PLA,19 or expressed

as f, that is, the mass of the component in question.34

Sequential heating and cooling were provided to verify the

changes in glass transition, Tg, and to follow the protocol that

enables to obtain cold-crystallized samples through heating

from the glassy state.28 The glass transition temperature, Tg, was

measured as the midpoint on the inflection of the heat capacity,

whereas the cold crystallization temperature, Tcc, and melting

temperature, Tm, were determined from the peaks of the related

endothermic and exothermic maxima.3,35

RESULTS AND DISCUSSION

Surface and Interface

Table III lists the surface and interface characteristics of the

samples containing commercial SiO2 and CaCO3 fillers, PLA

and LDPE polymers as well as the prepared unfilled and filled

blends. The relatively low interfacial energy, cinterface, between

PLA and LDPE was assigned to the affinity for mixing, but the

negative value of the wetting coefficient, S, was an indication of

debonding at the interface in the immiscible blends (Table III)

and thus of the necessity of compatibilization by addition of a

nanofiller. The selectivity of the filler of being localized in the

polymer phases or migrating to the interface can be calculated

using various models based on criteria that include the interac-

tions between fillers and polymers in blends38 [eq. (4)]. Pre-

mphet and Horanont39 have shown that in filled blends the

filler is selectively situated in the polymer phase with which it

has the lowest interfacial tension. Sumita et al.37 introduced a

value, xa, (Table III) for the prediction of the filler localization

in either of the polymer phases A (PLA) or B (LDPE), or at the

interface between the PLA and LDPE polymers:

xa5
cfiller2B2cfiller2A

cA2B

(4)

If xa> 1, the filler is distributed within phase A (PLA), if 21

< xa< 1 the filler is located at the interface, and if xa<21,

the filler is located within phase B (LDPE) (Table III).

The examples of theoretical calculations of xa have in the liter-

ature40 been used to predict the thermodynamically balanced

distribution of nanofillers in a polymer blend.41,42 In a previous

study, we found that nanofillers could act as compatibilizers for

blends, but only in the case when they were situated at the

interface.20 The calculation of the thermodynamically preferen-

tial filler location in the blend, xa (Table III), indicated that the

SiO2 nanofillers were situated at the interface. This was charac-

terized by a relatively lower interfacial energy with both the

PLA and LDPE polymer components. Besides, silica fillers have

very high active surface areas and the commercial pretreatment

with silane may additionally activate their surface. On the con-

trary, the CaCO3 nanofillers, which create an unstable high

interfacial energy with both PLA and LDPE phases, were

according to calculation positioned in the LDPE phase of the

blend rather than at the interface (Table III). The calculation of

the interfacial energy, as well as the thermodynamically optimal

situation when the fillers are forced to the interface, is based on

the measured values of surface energy for a given blend.

It should be mentioned that it is difficult to achieve the exclu-

sive localization of nanofillers at the interface.43,44 Other factors,

such as the efficacy of mixing, viscosity and melt rheology,45,46

blend composition, and nanofiller agglomeration, could

Table III. Surface and Interface Characteristics of the Initial Polymers, the Fillers, and the Blend Samples

Interface (mJ/m2)

Surface (mJ/m2) cinterface
b Wc Sd

Filler localization
Sample cd a cp c cf/PLA cf/LDPE Wf/PLA Wf/LDPE Sf/PLA Sf/LDPE xae

Polymer

PLA 25.1 6.6 31.8

LDPE 24.6 9.2 33.8

Filler

SiO2 45.5 7.8 53.3

CaCO3 37.1 32.5 69.6

Blend

PLA/LDPE 0.42 65.1 22.47

PLA/LDPE/SiO2 5.97 6.34 79.1 80.7 15.6 13.1 0.88 interf.f

PLA/LDPE/CaCO3 19.3 15.5 81.9 87.8 18.4 20.22 29.01 LDPEg

a Surface energy: eq. (1).
b Interface energy: eq. (2).
c Work of adhesion: Wmf 5cf 1cm2cmf (m 5 matrix, f 5 filler).
d Coefficient of wetting: Smf 5cf 2cm2cmf .36

e Filler localization in blend: eq. (4).37

f The SiO2 filler was situated at the interface in PLA/LDPE blend.
g The CaCO3 filler was situated in the LDPE phase.
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diminish or even cancel the thermodynamical balance. Only if

the other above-mentioned factors are optimized for the

selected blend, the nanofillers might act as potential compatibil-

izers when situated at the interface. In such a case, an improve-

ment of the morphology and properties of a given blend in

comparison with the unfilled immiscible blend is expected. The

morphology might give more information about the filler effect

in PLA/LDPE blends.

Morphology

SEM micrographs of the fracture surfaces for the initial polymer

components PLA and LDPE were first analyzed to determine the

mechanisms of failure in the pure polymer matrices (Figure 1).

Figure 1(a) displays brittle fracture surfaces with little plastic

deformation portraying a few long threads of deformed PLA

material, which was similar to results found in the literature.28

Moreover, there was a lack of large-scale plastic deformation.14

Conversely, the pure LDPE illustrated in Figure 1(b) presented

the behavior of a plastically deformed material. Polymer materials

yield when crazing or shear-yielding occurs. The fracture surface

of crazing often appears more brittle than that of shear-yielding

in the sense that less plastic deformation can be detected on it.47

SEM micrographs of unfilled PLA/LDPE blend speciments with

various compositions (taken after the tensile tests) are presented

in Figure 2. As can be seen, the PLA and LDPE phases were

incompatible, that is, they created two distinct phases. Spherical

domains of dispersed phases are more commonly formed in

systems where phase separation occurs while the polymers are

liquid.48 The sample fracture path follows the particle–matrix

interface and holes remain where particles have been pulled out

of the matrix polymer, showing weak adhesion between the

phases. The higher amount of LDPE phase illustrates the

increase in plastic deformation with pulled-out fibrils [Figure

2(b,c)]. The micrographs indicate a weak interfacial adhesion

associated with the incompatibility in the PLA/LDPE blend,

which corresponds to the negative wetting coefficient shown in

Table III. The addition of nanofillers in composites might

improve the interactions at the interface with polymer matrix

Figure 1. SEM micrographs of fracture surfaces after the failure of pure PLA (a) and LDPE (b).
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and reinforce the system. The effect of adding SiO2 and/or

CaCO3 (5 wt %) nanofillers in the pure PLA and LDPE

polymers can be seen in Figure 3. The SEM analysis was

expected to provide a qualitative view of the bonding process

and the nature of the region of the modified matrix surround-

ing the filler.48

Figure 2. SEM micrographs of unfilled blends of PLA/LDPE 80/20 (a), 50/50 (b), and 20/80 (c).

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4141441414 (5 of 14)

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


The imaging of the PLA/filler composites in Figure 3(a) reveals

a better dispersion and distribution of silica fillers as opposed

to their CaCO3 counterparts, for which filler agglomerates were

highly visible. According to results from the literature,35 the

silica filler with a higher surface area in PLA/SiO2 composites

showed a high level of dispersion (<1 mm) and distribution as

well as adhesion to the polymer matrix. Also, it has been

found48 that the chemical modification of fillers might change

the failure at the interface from adhesive to cohesive. The com-

mercial treatment of SiO2 nanofillers, usually with a silane cou-

pling agent, as in our case with methacrylsilane (Table II),

promotes the interfacial attraction between the organic PLA

phase and the inorganic filler phase and increases the phase

compatibility. In some cases, this is due to the covalent bonds

through chemical reactions with hydroxyl groups in the organic

phase.17 PLA is known to have slightly polar oxygen atoms

which could form hydrogen bonds with hydroxyl groups49 on

filler surfaces and/or produced by the filler pretreatment. Dim-

ple patterns, like those seen in Figure 3(a), have already been

found in semicrystalline polymers and are attributed to a frac-

ture of strained craze fibrils.50 Conversely, the LDPE/filler nano-

composites [Figure 3(b)] showed a larger plastic deformation,

especially in the case of LDPE/CaCO3, as a consequence of

stress-whitening and necking during tension, with numerous

fibrils drawn out of the polymer with cavities residing among

them. These cavities are microvoids that initiate a ligament

shear-yielding process during tension formed at the polymer/fil-

ler interface due to debonding or in the polymer matrix due to

the microvoiding of the matrix.14

The results in Figure 3 point at the fact that SiO2 is better dis-

tributed in both matrices, that is, PLA and LDPE, than the

CaCO3 nanofiller. This is in correlation with the significantly

lower energy with both PLA and LDPE matrices, and a more

stable interface, contrary to CaCO3 that creates an unstable

interface with a much higher interfacial energy as indicated in

Table III. The effects of the SiO2 and CaCO3 fillers on the mor-

phology of the selected filled blend PLA/LDPE/filler (80/20/5)

Figure 3. The effects of the SiO2 and CaCO3 nanofillers (5 wt %) in pure PLA (a) and pure LDPE (b).
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are illustrated in Figure 4. The role of a compatibilizer, for

example, a well-designed block copolymer,51 is to produce a

much finer and more uniform phase structure, similar to the

results of introducing other compatibilizers into incompatible

polymer blends.52

It is known from literature that a small amount of nanofiller

significantly changes the morphology and lowers the size of dis-

persed domains in blends.53,54 Inorganic nanofillers are often

added into blends as a third component to modify their per-

formance.18 It is especially important to clarify the role of

interface-localized nanoparticles when determining the proper-

ties of polymer blends.18 When nanofiller particles are thermo-

dynamically forced to the interface, they might surround the

dispersed domains in the blend creating a so-called “soft core-

rigid shell” structure and “sea-island” morphology.18

The morphology of the tensile-fractured surface of the ternary

blend PLA/LDPE/SiO2 (80/20/5) [Figure 4(a)] was much

improved in comparison with the unfilled binary blend [PLA/

LDPE: 80/20 in Figure 2(a)] with a significant decrease of the

dispersed phase size (from �8–12 mm to �2–5 mm) due to an

increased adhesion and a lack of signs of debonding at the

interface. This has been recognized elsewhere as an indication

that the compatibility between phases in the blend was

improved.16 The fine morphology of the filled PLA/LDPE/SiO2

blend in comparison with the rough morphology of the unfilled

PLA/LDPE blend of equivalent composition demonstrates that

the selected commercially pretreated SiO2 filler could improve

the compatibility between the PLA and LDPE phases. The

untreated hydrophilic silica might lead to microcomposites with

agglomerates in the polymer matrix, while the pretreated, less

hydrophilic, functionalized silica possibly lowered the size of the

filler agglomerates and improved its dispersion.13 The commer-

cially functionalized nanofiller SiO2 acted as a compatibilizer

in the PLA/LDPE blend and produced a finer morphology

[Figure 4(a)]. The improvement was believed to originate from

the selective localization of SiO2 at the interface in the PLA/

LDPE blends. This assumption was well supported by the calcu-

lations based on the optimal SiO2 filler surface energy, which

indicated that the filler was thermodynamically forced to the

Figure 4. The morphology of PLA/LDPE/filler blends (80/20/5) filled with SiO2 (a) and CaCO3 (b).
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interface (Table III). The effect of the efficient compatibilization

in the blend34 is illustrated by the evident matrix deformation,

which is characteristic of shear yielding, and the dispersed

particles of the other phase not clearly defined by the matrix

[Figure 4(a)]. Conversely, the SEM micrograph in Figure 4(b)

of the PLA/LDPE 80/20 blend filled with 5 wt % CaCO3 por-

trays an intensive plastic deformation with no signs of interac-

tions at the interface between phases with a rough fracture

surface and visible filler aggregation. Cai at al.55 confirmed that

the morphological evolution of immiscible blends is strongly

dominated by self-agglomerating patterns of nanoparticles dis-

persed in polymer melts. Debonding at the interface in incom-

patible PLA/LDPE blend (80/20) [Figure 5(a)] is still present in

blend with CaCO3 agglomerates (80/20/5) [Figure 5(b)], located

mostly in LDPE phase, contrary to the compatibilizing effect of

SiO2 nanofillers [Figure 5(c,d)], visible mostly as coronet situ-

ated at the interface (Table III). An increase of the amount of

LDPE in the PLA/50LDPE blend worsened the morphology of

the unfilled blend but still the addition of SiO2 lowered the

domain size [Figure 6(a)], much more than in the case of

CaCO3 filler addition [Figure 6(b)].

Mechanical Properties

The mechanical properties of unfilled PLA/LDPE blends of vari-

ous compositions are presented in Figure 7 and Table IV. For

PLA, the initially high strength at break, as well as its high

modulus, was lowered with the addition of LDPE, depending

on the composition. Conversely, the high elongation at break of

LDPE did not influence the elongation of the blend to any sig-

nificant extent, except in the case with a higher percentage in

the immiscible PLA/LDPE blend. The brittle fracture surfaces of

PLA which were visible in SEM micrographs (Figure 1) corre-

lated well with a high modulus and strength at break as well as

a very low elongation of the initial PLA. The plastic failure of

pure LDPE was followed by a high elongation but a low

strength at break (Table IV and Figure 7). The significant drop

Figure 5. Debonding at the interface of unfilled PLA/LDPE blend (80/20) (a) and in filled blend (80/20/5) with CaCO3 (b) decayed with SiO2 addition

located mostly at the interface (c, d).
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in strength at break with the increased amount of LDPE

(Table IV) due to a lack of interactions was in agreement with

morphological signs of debonding at the interface (Figure 2).

This was accompanied by a negative wetting coefficient indicat-

ing a debonding of the phases in the PLA/LDPE blend (Table

III). It is evident that the failure at the interface appeared due

to a lack of adhesion between the phases (Figure 2). Moreover,

the significantly increased plastic deformation visible in SEM

micrographs [Figure 2(b,c)], lowered the strength as the amount

of LDPE was increased in the blend (Table IV). The worsened

mechanical properties of the immiscible PLA/LDPE blend as

compared with the initial PLA indicated the necessity of using

nanofillers as a potential compatibilizer.

The mechanical results of pure PLA and LDPE and selected

blends filled with the same percentage (5 wt %) of SiO2 and/or

CaCO3 fillers are presented in Table V. The effect of the SiO2

nanofiller on the increased strength at break and impact

strength in the filled blends in comparison with the unfilled

blend (Table IV), especially in the case of a higher amount of

PLA, was in correlation with the filler’s potential role as a com-

patibilizer thanks to a lowered interfacial energy (Table III) and

being localized at the interface between the PLA and LDPE

phases (Figure 5). The initial toughness, measured as the impact

strength, showed a slight increase only with the addition of a

small amount (10 wt %) of LDPE, and then decreased with

Figure 6. SEM micrographs of filled blends PLA/LDPE (50/50/5) filled with SiO2 (a) and CaCO3 (b).

Figure 7. Stress–strain curves of the initial polymers and the PLA/LDPE

blends.
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higher amounts of LDPE (Table IV). The toughness was found

to significantly depend on the properties of the dispersed phase

in the composites and/or blends. Anderson and Hillmyer34

reported that the toughness of a blend of poly(L-lactide)

(PLLA) and polyethylene could be significantly improved with a

PLLA-PE block copolymer as a compatibilizer when the most

rigid PE obtained the medium adhesion at the interface. For

example, the use of PLA-PE block copolymers as compatibilizers

in a blend of PLA with PE changed the interfacial adhesion

between the matrix and the dispersed phase depending on the

structure of compatibilizer. Wu56 suggested that the critical dis-

tance between the particles of a dispersed (rubbery) phase

known as the critical matrix ligament thickness that should be

below this value to achieve toughness, where only Van-der-

Waals adhesion is necessary to achieve toughness. It is believed

that the critical distance is related to the overlay of stress fields

around the dispersed phase. When the stress fields interplay, the

matrix phase is subjected to shear yielding, which gives rise to a

tough behavior.34 On the contrary, other authors have claimed

that an increase in interfacial adhesion is adversative to tough-

ness,57 and/or has no influence on it.58

Our results showed that the addition of a commercial silica

nanofiller which was pretreated with methacrylsilane (Table II)

increased the toughness, but also the strength, in a PLA/LDPE/

SiO2 blend with a higher amount of PLA (Table V). It is known

that the too strong hydrophilic interactions between the

untreated silica nanofillers and the matrix caused by SiAOH

groups, that is, hydrogen and Van der Waals bonds, might be

reduced and optimized by a surface modification of the silica,

which in turn increases the fine dispersion of silica in the poly-

mer matrix.13 Mechanical results in Table V confirmed that the

Table IV. Mechanical Properties of the Unfilled Blends

Composition (%) Mechanical properties

PLA/PE-LD ry (MPa) ey (%) E (MPa) rb (MPa) eb (%) W (Nm) aiU (kJ/m2)

PLA 100/0 – – 1496.0 52.9 3.70 0.52 14.2

90/10 – – 1275.7 34.0 2.68 0.24 16.7

80/20 – – 906.2 22.8 2.94 0.20 11.8

60/40 – – 710.5 13.5 2.00 0.07 8.2

50/50 – – 377.7 8.0 2.82 0.07 9.6

40/60 – – 272.0 9.1 5.62 0.18 (N)

30/70 – – 206.8 8.9 7.64 0.22 (N)

20/80 9.9 13.80 192.3 9.4 15.03 0.53 (N)

10/90 9.8 20.05 161.6 8.5 36.53 1.61 (N)

PE-LD 0/100 9.1 17.77 167.0 7.5 64.68 2.80 (N)

(N) 5 No rupture of the sample occurred during impact.

Table V. Mechanical Properties of the PLA/LDPE Blends Filled with 5 wt % Nanofillers

Mechanical properties

Composition (%) ry (MPa) ey (%) E (MPa) rb (MPa) eb (%) W (Nm) aiU (kJ/m2)

PLA/PE-LD 1 SiO2

PLA 100/0 – – 1665.4 51.1 3.04 0.33 12.5

90/10 – – 1372.2 40.9 2.80 0.30 17.7

80/20 – – 1241.4 34.9 2.68 0.26 17.6

50/50 – – 342.8 16.5 3.01 0.16 11.0

10/90 10.6 9.29 224.9 10.6 9.52 0.39 (N)

PE-LD 0/100 8.7 8.66 192.2 6.3 11.89 0.46 (N)

PLA/PE-LD 1 CaCO3

PLA 100/0 – – 1785.1 43.3 2.51 0.28 14.3

90/10 – – 1355.3 33.9 2.39 0.22 14.5

80/20 – – 1127.4 31.7 2.67 0.22 9.8

50/50 – – 305.7 9.5 2.60 0.08 7.7

10/90 10.9 11.2 221.3 10.6 11.54 0.63 (N)

PE-LD 0/100 10.0 16.1 178.7 7.6 57.45 2.45 (N)

(N) 5 During impact there is no rupture of the sample.
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addition of SiO2 filler which raised the interfacial adhesion

between PLA and LDPE, leading to a significant improvement

of the strength at break and the toughness. These improve-

ments in mechanical properties of the blends filled with silica

correlated well with the observed fine morphology with silica

mostly located at the interface, contrary to the effect of the

CaCO3 filler (Figures 4 and 5). The addition of CaCO3 nano-

fillers had a smaller effect on the improvements of the proper-

ties in the filled blend, which was in agreement with the

results of an unstable high interfacial energy and filler situa-

tion in one of the phases (LDPE) rather than at the interface

(Table III). The highest impact resistance, together with the

highest strength at break, determined by the fine morphology

obtained for the blend composition PLA/10–20LDPE/5SiO2

(Table V), was a result of an optimal composition and the effi-

cacy of SiO2 as a compatibilizer.

Thermal Properties and Crystallinity

In order for biopolymers to compete with the commodity plas-

tics, their mechanical properties should be at least equivalent or

better. Improved mechanical properties of the biopolymer PLA

may be achieved by the addition of silica nanofillers that created

nanostructures and increased the crystallinity due to the effect

as a nucleating agent for PLA’s crystallization.13 The tensile

properties of PLA may also vary depending on its crystallinity.59

DSC measurements were thus performed to determine the ther-

mal properties and potential PLA crystallinity in unfilled and

filled PLA/LDPE blends. DSC thermograms of the second heat-

ing of the initial PLA, LDPE, and their blends with various

compositions are presented in Figure 8 and Table VI. The

degree of crystallinity for PLA can be seen in Table VI and was

calculated using eq. (3). It depends on the molecular architec-

ture and thermal history of the sample.28 The DSC

Figure 8. DSC scans of the second heating of the initial PLA, LDPE, and their blends. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Table VI. Thermal Characteristics of PLA, LDPE, and PLA/LDPE Blends with the Calculated Degree of Crystallinity for PLA

Samples
Glass
transition

Cold
crystallization PLA Melting LDPE Melting PLA

PLA degree
of crystalla

PLA/PELD
Tg

(�C)
Tcc1

(�C)
DHcc1

(J/g)
Tcc2

(�C)
DHcc2

(J/g)
TmPELD

(�C)
DHmPELD

(J/g)
TmPLA

(�C)
DHmPLA

(J/g)
vcPLA

(%)

PLA

100/0 59.4 98.9 24.7 155.0 3.3 – – 169.9 35.5 38.1

90/10 59.1 100.4 19.5 155.8 2.8 110.6 3.2 169.9 37.4 44.6

80/20 59.6 100.4 16.9 155.8 2.3 111.1 5.8 169.8 31.4 42.2

60/40 61.3 102.6 9.2 156.6 1.3 111.8 11.9 170.0 23.9 42.8

40/60 60.2 104.3 2.4 156.9 0.6 111.9 16.1 169.6 15.1 40.5

20/80 – – – – – 111.8 80.4 168.8 7.9 42.4

10/90 – – – – – 112.3 91.3 168.7 3.5 37.6

PELD

0/100 – – – – – 112.8 102.5 – – –

a vc [eq. (3)].
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thermograms in Figure 8 and the data in Table VI illustrate the

clear glass transition of the initial PLA at Tg 5 59.4�C and two

peaks of cold crystallization at Tcc1 5 98.9�C and Tcc2 5 155.0�C
with a large melting peak at Tm 5 169.9�C. Two crystallization

peaks for PLA were described by Hoogsteen et al.,60 and

assigned to the two crystalline modifications, that is, ortho-

rhombic (b) and pseudo-ortorombic (a) structures. The relative

degree of crystallinity in the PLA/LDPE blend was calculated

from the enthalpy of fusion while the first PLA peak at

�100�C, corresponding to cold crystallization, became over-

lapped by the LDPE melting peak at �110�C as the LDPE phase

increased. The second small crystallization peak, visible in Fig-

ure 8 at �155�C, just before the PLA melting, disappeared

when the amount of LDPE was increased. Polylactide can crys-

tallize if it is annealed above Tg and the degree of crystallinity

and the melting point may vary although they depend signifi-

cantly on annealing, conditions of polymerization, and amount

of meso-, D-, or L-lactide.61 The melting temperature and degree

of PLA crystallinity generally depend on the molecular mass,

thermal history, and purity of the polymer.62,63 The commercially

available PLA is usually a copolymer of poly(L-lactide) with

meso-lactides or D-lactides, where the content of D-enantiomers

influences the PLA properties such as the melting temperature,

degree of crystallinity, and so forth.2 The crystallinity is usually

lower with a higher content of L-isomer, and the same goes for

the glass transition temperature and melting temperature.64,65

Depending on the amount of optically active L- in D,L-enantiom-

ers, which usually constitute commercial PLA,31 PLA can crystal-

lize in three forms (a, b, and c). The a-structure is more stable

and has a melting point Tma 5 185�C that is higher than that of

the b-structure, that is, Tmb 5 175�C.6 With the reduction in

Figure 9. DSC thermograms of the second heating of samples filled with

5 wt % of SiO2 (a) and CaCO3 (b). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Table VII. DSC Analysis of the Binary and Ternary PLA/LDPE Blend Compositions

Glass
transition

PLA cold
crystallization LDPE melting PLA melting

PLA degree of
crystall.a

Samples
Tg

(�C)
Tcc

(�C)
DHcc

(J/g)
TmPE-LD

(�C)
DHmPE-LD

(J/g)
TmPLA

(�C)
DHmPLA

(J/g)
vPLA

(%)

PLA/PE-LD 15 wt % SiO2

100/0 61.0 98.7 29.4 – – 170.9 44.6 47.9

90/10 60.7 96.6 24.8 111.0 3.8 171.0 40.7 51.1

80/20 60.6 95.8 22.3 111.3 7.2 169.8 34.7 49.0

50/50 61.3 97.0 14.4 112.5 16.6 169.7 22.4 50.7

10/90 – – – 112.3 81.4 167.8 4.1 46.7

0/100 – – – 112.1 100.4 – – –

PLA/PE-LD 15 wt % CaCO3

PLA 100/0 59.9 96.8 28.8 – – 169.1 46.9 50.4

90/10 60.0 97.3 14.5 110.4 5.6 168.8 39.2 49.2

80/20 60.5 98.6 15.5 110.9 10.6 169.2 37.0 52.2

50/50 60.3 101.6 2.5 110.9 19.6 169.1 20.1 45.5

10/90 – – – 111.8 92.5 168.0 4.1 45.8

0/100 – – – 112.5 113.0 – – –

a vc [eq. (3)].
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content of L-isomers, a lowering of the crystallinity, as well as of

Tm and Tg, was observed.64,65 The presence of meso-lactides can

lower Tm by 50�C.31 The increased amount of LDPE in the blend

did not change Tm, Tg, or the initial degree of crystallinity. The

enthalpies of melting and crystallization were significantly

reduced with the higher amount of LDPE in the PLA/LDPE

blend (Table VI), which was expected due to the lower mass con-

tent of PLA.

The effects of filler addition on the DSC thermograms are visi-

ble in Figure 9 and Table VII. The crystallinity of the pure PLA

matrix, as well as of the filled blends (Table VI), increased with

addition of either of the nanofillers (i.e., SiO2 or CaCO3)

(Table VII). The resultant higher crystallinity might be a conse-

quence of a favored nucleation66 and regular arrangement of

PLA chains.19

CONCLUSIONS

The surface energy investigations of the given components in

PLA/LDPE/nanofiller blends and the calculation of thermody-

namic parameters at the interface were used as an indication of

the potential role of a nanofiller as a compatibilizer in condi-

tions where it is preferentialy situated at the interface.

The commercially pretreated SiO2 nanofiller, which according to

the thermodynamical calculations and morphology proofs was

mostly located at the interface, acted as a compatibilizer in the

PLA/LDPE blend, as it significantly lowered the size of the dis-

persed domains and thus improved the dispersion and interac-

tions, correspondingly enhancing the mechanical properties of

the filled blend.

The commercial CaCO3 nanofiller showed less efficacy, which in

the PLA/LDPE blend caused a failure of the heterogeneous sur-

face with signs of phase debonding followed by visible plastic

deformations that lowered the strength at break of the incom-

patible systems. This was in correlation with the high interfacial

energy and preferential filler localization in one of the phases

(LDPE) rather than at the interface.

The decreased size of the dispersed domains and the fine mor-

phology in the PLA/LDPE/SiO2 blend demonstrated that SiO2

could improve the compatibility between the PLA and LDPE

phases, and as a consequence increase the toughness and crys-

tallinity of the final material.
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