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Structural, morphological and mechanical characteristics
of polyethylene, poly(lactic acid) and poly(ethylene-co-glycidyl 
methacrylate) blends

Souad Djellali • Nacereddine Haddaoui •

Tahar Sadoun • Anne Bergeret • Yves Grohens

Abstract In this work, uncompatibilized and compatibi-

lized blends of low density polyethylene (LDPE) and

poly(lactic acid) (PLA) were subjected to several investi-

gations: Fourier transform infrared (FTIR) spectroscopy,

morphological analysis and mechanical testing (tensile,

impact, microhardness). The copolymer (ethylene-co-

glycidyl methacrylate) (EGMA) was used as compatibi-

lizer. The percentages of PLA in LDPE/PLA samples

ranged from 0 to 100 wt% while the EGMA was added to

the blend 60/40 (LDPE/PLA) at concentrations of 2, 5, 7,

10, 15 and 20 parts per hundred (phr). FTIR analysis

showed the absence of any interaction between LDPE and

PLA, but after addition of compatibilizer, reactions

between epoxy groups of EGMA and carboxylic or

hydroxyl groups of PLA were confirmed. Tensile and

impact tests revealed a loss of ductility of LDPE with the

incorporation of PLA, except for the composition 80/20

(LDPE/PLA). However, the addition of 15 phr of EGMA

led to the maximum increase in the elongation-at-break

(about three times the value of uncompatibilized blend) and

in the impact strength, but a marginal improvement was

observed for tensile strength. SEM micrographs confirmed

that the enhancement of mechanical properties is due to the

improvement of the interfacial adhesion between different

phases owing to the presence of EGMA. The microhard-

ness values of the different blends (uncompatibilized or

compatibilized) were in good agreement with the macro-

scopic mechanical properties (tensile and impact

strengths).

Keywords LDPE � PLA � Compatibilization � EGMA �
Microhardness � FTIR

Introduction

Large amounts of synthetic polymeric materials are pro-

duced and used in various field of human activity. When

finally discarded, they enter the environment as a noxious

waste because of their high resistance to microbiological

degradation [1]. Due to its good physical properties in the

solid state, its chemical inertness and its low cost, low density

polyethylene (LDPE) is one of the most widely used ther-

moplastics with a current global production of ca. 140 mil-

lion tons per year [2, 3], which results in a large tonnage of

waste. Although efforts to recycle used plastics in order to

reduce their volume in landfills have been significantly

improved, recycling would be neither practical nor eco-

nomical for certain applications such as waste bags, agri-

cultural mulch films or food packaging [4, 5]. Hence, to

reduce the dependence on landfill, there has been an

increased interest in the production of biodegradable poly-

mers [6] by their synthesis or by incorporation of natural

polymers into synthetic polymers to enhance their potential
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biodegradability [7]. Polymer blending is in general an

effective way of achieving a desirable combination of

properties, which are often absent in single component

polymers [8]. In the approach of the use of synthetic poly-

mer/natural polymer blends, the biodegradable component,

present in sufficient amounts, can be removed by micro-

organisms in the waste disposal environment and the

resulting holes are occupied by either microbes or water

leading to extensive degradation of the blend. Consequently,

the used plastic or film containing the remaining inert com-

ponents should disintegrate and disappear [9].

Current commercial biodegradable polymers are mainly

aliphatic polyesters, polyethers, poly(vinyl alcohol) and

polysaccharides (e.g., starch) [10]. Starch-based blends were

first introduced in early 1970s by Griffin [11] who used this

natural product as filler in polyethylene in order to increase

the biodegradability of the material produced. For the last

decades, many papers were focused on such blends [12–14].

Another good example of a biodegradable polymer is

poly(lactic acid) (PLA). This aliphatic polyester is derived

from renewable agriculture products with properties com-

parable to that of petrochemical plastics [15]. It is used in

different fields from pharmaceutical and medical device to

industrial packaging [16] and can degrade to carbon

dioxide, water and methane in the environment over a

period of several months to 2 years [17].

Poly(lactic acid) is rigid and brittle, thus, it is desirable

to improve its mechanical properties, particularly for

engineering purposes. This problem can be overcome by

blending PLA with other polymers such as PE, which is

frequently used as an impact modifier for a variety of other

thermoplastics [18, 19]. Several studies on polylactide and

polyethylene blends have been reported. Some authors

[20–22] studied the toughening resulting from the incor-

poration of small amount of PE in PLA or vice versa while

others [23, 24] attempt to compatibilize this blend using a

PE-b-PLA block copolymer to enhance interfacial adhe-

sion since PLA and PE are immiscible.

In the present work, this couple of polymers was

selected because of their dual advantages: (a) the addition

of LDPE could lead to some improvements of mechanical

properties of PLA, and (b) the PLA could in turn enhance

the biodegradability of LDPE in the blend when being

exposed to environmental conditions. Another specificity

of this work is the exploitation of the co-continuous

structure of blends, which exhibits interesting properties. A

survey of the literature indicates extensive work in the area

of co-continuous morphologies in polymer blends [25–29].

This paper is focused on the investigation of structural,

morphological and mechanical properties of LDPE/PLA

blends. The copolymer ethylene-co-glycidyl methacrylate

(EGMA) was used as compatibilizer in the 60/40 (LDPE/

PLA) sample, which had a co-continuous structure. This

compatibilizer was used by Oyama [30] to enhance 0the

toughness of the PLA and the author found that the impact

strength of the PLA was improved up to 50 times. In other

studies, EGMA was found to be capable to compatibilize

blends of polylactide/polycarbonate [31], polyethylene/

polyamide [32] and polyethylene/poly(ethylene terephthal-

ate) [33].

The mechanical properties were measured by means of

the tensile, Charpy impact and microhardness testing while

structural characteristics were defined using attenuated

total reflection Fourier transform infrared (ATR-FTIR)

spectroscopy. Morphological observations were performed

by SEM technique.

Experimental

Materials

Low density polyethylene (LDPE 1003/FE/23) was

obtained from Total Petrochemicals, Belgium. The poly

(L-lactic acid), PLLA L9000, was purchased from Biomer

(Germany). It contains 92 % of L-lactide and 8 % of

D-lactide and has a molecular weight of 220,000 g/mol.

The compatibilizer used in this work was a copolymer of

ethylene and glycidyl methacrylate (EGMA) (Lotader)

produced by Arkema group, France. The most important

characteristics of the homopolymers are given in Table 1.

Melt blending and preparation of test specimens

The studied blends containing polyethylene and poly(lactic

acid) were prepared from the components in the entire

composition range from 0 to 100 wt%. The copolymer

EGMA, used as compatibilizer, was added to the blend

60/40 LDPE/PLA at different concentrations (2, 5, 7, 10,

15 and 20 phr). The melt blending for all formulations

Table 1 Characteristics of

used polymers
Sample Density

(g/cm3)

Melt index

(g/10 min)

Melting

temperature

(�C)

Vicat

temperature

(�C)

Tensile

strength

(MPa)

Elongation-at-

break (%)

LDPE 0.92 0.3 111 99 12 350

PLA 1.25 3–6 168–172 56 70 2.4



were carried out with a twin-screw extruder (Brabender,

Germany) having the following profile of temperature:

180–185 �C. Before being extruded, all polymers were

dried under vacuum at 80 �C for 24 h to remove any vol-

atile components. The obtained extrudates were pelletized

then compression moulded using a laboratory press into

1- and 4-mm thick plates at 180 �C then cooled to room

temperature. All measurements were carried out on sam-

ples taken from these plates.

FTIR spectroscopy

The chemical structure of the blends was investigated by

ATR-FTIR spectroscopy using a Bruker spectrometer

IFS66 (Golden Gate) (Bruker Optics, Germany). Each

spectrum was obtained after 64 consecutive scans with a

resolution of 4 cm-1, within the range 400–4,000 cm-1.

Blends morphology

An FEI 200-FAG (QUANTA) electron microscope (SEM)

(FEI Co., USA) was used to observe the morphology of

LDPE/PLA blends, with and without compatibilizer, at an

accelerating voltage of 50 kV. The specimens were frozen

in liquid nitrogen and snapped immediately. The cross

sections of the specimens were then coated with a thin

layer of carbon in an automatic sputter coater to avoid

charging under the electron beam and to increase contrast

during observation.

Particle size distribution and polydispersity

Particle sizes were determined using SEM micrographs of

the cryofractured surfaces of blends containing 20 % PLA

and 80 % PLA. The software Image tools (IT3) was used to

measure particle size of the dispersed phase (500–600

particles). The mean particle size can be calculated based

on number (Dn), weight (Dw), surface (Ds) or volume (Dv),

as represented in the following equations [34, 35]:

Dn ¼
PN

i¼1 niDi
PN

i¼1 ni

ð1Þ

Dw ¼
PN

i¼1 niD
2
iPN

i¼1 niDi

ð2Þ

Ds ¼
PN

i¼1 niD
3
iPN

i¼1 niD
2
i

ð3Þ

Dv ¼
PN

i¼1 niD
4
iPN

i¼1 niD
3
i

ð4Þ

The distribution parameter (Eq. 5), r, accounts for the

heterogeneity in the particle sizes or the uniformity in the

particle sizes for a particular blend composition. In case of

monodispersity, r = 1 and for polydispersity r[ 1.

ln r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1 ni ln di � ln dð Þ

PN
i¼1 ni

s

: ð5Þ

where d, the average diameter of the dispersed phase, is

given by:

ln d ¼
PN

i¼1 ni ln di
PN

i¼1 ni

ð6Þ

Mechanical measurements

Tensile tests

Tensile properties were measured at room temperature

using a MTS Synergie RT1000 testing apparatus (MTS

Systems Co., USA) at a cross-head speed of 1 mm/min.

Dog-bone-shaped tensile specimens were cut from 1-mm

thick plates. The specimen shape, dimensions (Type VA)

and the cross-head speed were obtained from the norm

International Standards Organisation (ISO) 527-2. Young’s

modulus (E) as well as properties at failure, i.e., tensile

strength and elongation-at-break (rr, er) were obtained

from the recorded force versus elongation curves. At least

six measurements were conducted for each sample, and the

results were averaged to obtain a mean value.

Impact tests

Charpy impact tests on non-notched rectangular test bars

(60 9 10 9 4 mm) were carried out using S-102 Zwick

impact tester (Zwick Testing Machines Ltd, Germany)

according to ISO 179-1993 test procedure. The impact

machine is equipped with a pendulum hammer of 4 J and a

gauge of 40 mm length. Ten samples were tested for each

composition and the average value was reported. All the

tests were performed at ambient temperature.

The Charpy impact strength (acU), expressed in kilojo-

ules per square metre was calculated using the following

equation:

acU ¼
W

h � b
103: ð7Þ

where,

W (J): energy absorbed by the sample at the fracture;

h (mm): sample thickness;

b (mm): sample width.

Vickers microhardness test

The microhardness of uncompatibilized and compatibilized

LDPE/PLA blends was measured using a Vickers



microhardness tester (Wilson Hardness, Germany). This

test uses a square-shaped diamond pyramid indenter with

top angle of 136�. The microhardness, HV, was calculated

from the residual projected diagonal impression by apply-

ing the following equation [35]:

HV ¼ 1:854
P

d2
ð8Þ

where P is the force in Newton and d is the mean diagonal

length of the impression in millimetres, measured with an

optical microscope. The value of HV is expressed in

megapascals. For each formulation ten imprints were made

at randomly chosen places of the sample, under an inden-

tation load of 980.7 mN during 10 s.

Results and discussion

LDPE/PLA blends without compatibilizer

Fourier transform infrared (FTIR)

The FTIR spectra of LDPE, PLA and their blends are

shown in Fig. 1. Four sharp peaks dominate the spectrum

of the neat LDPE (Fig. 1 spectrum a): at 2,915, 2,850,

1,465 and 719 cm-1, which are attributed to the

stretching and bending vibration of the methylene groups

(–CH2-). The characteristic absorption band of methyl

groups at 1,373 cm-1 (–CH3 bending) is also observed in

this spectrum [36]. The spectrum of the neat PLA (Fig. 1

spectrum e) displays several characteristic peaks; the

stretching, deformation and bending vibrations of the CH

appear at 2,997–2,877, 1,456, 1,382–1,300 and

1,130 cm-1. At 953 and 920 cm-1, one can find the

bands characteristic of the backbone vibrations (C–C)

with the CH3 rocking modes. The C=O stretching region

appears at 1,750 cm-1 while the C–O stretching mode of

the ester group appear at 1,225 cm-1 and the C–O–C

asymmetric mode appears at 1,082 cm-1. At 871 and

756 cm-1, appear two bands that can be attributed,

respectively, to the amorphous and crystalline phases of

PLA [37, 38].

The spectra of the LDPE/PLA blends (Fig. 1 spectra of

b–d) display the characteristic bands of the two homo-

polymers (LDPE and PLA) without any noticeable chan-

ges, which indicate the absence of any interaction between

them.

Morphology

Figure 2 illustrates the scanning electron microscope

images of cryogenically fractured surfaces of LDPE/PLA

blends taken in the entire composition range. From

micrographs in Fig. 2a (20 wt% of PLA) and Fig. 2e

(20 wt% of LDPE), it can be seen that the minor phase

exhibits a morphology of spherical domains dispersed

into the major phase (matrix). Moreover, no interactions

between phases are observed and the surfaces left by

particles pulled from the matrix are smooth without any

visible roughness. The surface roughness of particles is

usually expected in case of good interfacial adhesion

between the particles and the matrix [39].

The micrographs for the 60/40, 50/50 and 40/60 LDPE/

PLA blends in Fig. 2b–d reveal co-continuous morpholo-

gies. Such morphologies consist of only two large polymer

domains, one of LDPE and one of PLA, both extending

completely throughout the structure. This co-continuous

morphology is often characterized by domain branching

and domain boundaries that frequently change curvature

[40].

However, an interesting phenomenon is observed in

the co-continuous structure previously mentioned: there

are still LDPE domains in the continuous phase of PLA

and vice versa, namely sub-inclusions inside every con-

tinuous phase or phase-in-phase structure. The formation

of sub-inclusions morphology can be explained by the

fact that at phase inversion, a small amount of each

phase is enclosed by the newly grown continuous phase

[41].

It is also observed that with increasing PLA content, the

spherical domains have the tendency to change into spa-

ghetti-like rods.
Fig. 1 FTIR spectra of LDPE, PLA and their blends: a LDPE, b 80/

20, c 50/50, d 20/80 and e PLA



Particle size distribution and polydispersity

Particle size distributions of LDPE/PLA blends, which

have the morphology of well-dispersed particles are given

in Fig. 3. In Fig. 3a, corresponding to the blend 80/20

(LDPE/PLA), it can be seen that the distribution is narrow

and almost all particles are smaller than 9 lm. However,

when the PLA is the continuous phase (Fig. 3b), the

particle size distribution is wide with some particles larger

than 15 lm.

The morphological parameters for these two formula-

tions (mean particle size, Dn, Dw, Ds, Dv, average diameter

and distribution parameter) are summarized in Table 2.

For the blend with LDPE matrix (80/20), the average

diameter of PLA-dispersed particles is about 3.572 lm

(Fig. 3a), while blend with PLA matrix (20/80) displays

Fig. 2 SEM micrographs of uncompatibilized LDPE/PLA blends: a 80/20 (92,000), b 60/40 (91,000), c 50/50 (91,000), d 40/60 (91,000) and

e 20/80 (91,000)



slightly smaller particle size of dispersed LDPE phase with

an average diameter of about 3.059 lm. Similarly, the

values of the rest of morphological parameters are greater

for the blend 80/20 (LDPE/PLA) compared with those of

the blend 20/80 (LDPE/PLA). These results show a better

dispersion and homogeneity of LDPE particles than PLA

particles in their corresponding blends.

Mechanical properties

Tensile properties

The low-speed stress–strain dependence for LDPE/PLA

blends is shown in Fig. 4. The average values and esti-

mated standard deviations of elongation-at-break, tensile

strength and elasticity modulus for LDPE, PLA, and their

blends are presented in Table 3. These data well illustrate

the changes induced by incorporation of the ductile parti-

cles of LDPE into PLA.

From Fig. 4, it is observed that while LDPE exhibited a

typical ductile behaviour with an elastic modulus of

Fig. 3 Particle size distributions of LDPE/PLA blends: a 80/20 and

b 20/80

Table 2 Morphological parameters for LDPE/PLA blends with the

morphology of well-dispersed particles

Morphological parameters LDPE/PLA blends (wt%)

80/20 20/80

Dn 4.14 3.3

Dw 5.973 3.824

Ds 9.158 4.42

Dv 13.029 5.095

d 3.572 3.059

r 1.669 1.482

Fig. 4 Stress–strain curves for LDPE, PLA and their blends without

compatibilizer

Table 3 Tensile properties of LDPE, PLA, and their blends

PLA

(wt%)

Tensile

strength

(Mpa)

Elasticity

modulus

(Mpa)

Tensile stress-

at-break

(MPa)

Elongation-

at-break (%)

0 11.9 ± 1 269.9 ± 21.5 11.9 ± 1.0 302.7 ± 20

20 8.6 ± 0.3 349.0 ± 16.3 8.0 ± 0.2 48.6 ± 1.45

40 7.4 ± 0.3 604.6 ± 27.3 6.9 ± 0.3 5.4 ± 0.9

50 9.5 ± 0.6 958.9 ± 17.7 9.3 ± 0.6 1.2 ± 0.13

60 15.8 ± 0.7 1514.0 ± 36.4 14.7 ± 0.6 3.1 ± 0.5

80 34.6 ± 1.3 2542.2 ± 85.5 30.7 ± 2.9 2.4 ± 0.5

100 64.1 ± 2.8 3588.2 ± 85.2 43.4 ± 5.8 2.8 ± 0.4



269.9 MPa and an elongation-at-break of 300 %, pure PLA

behaved as a rigid and a brittle material with a much higher

value for elastic modulus (3.59 GPa) and a very small value

for elongation-at-break (2.8 %). For intermediate formula-

tions, PLA brittle behaviour changes gradually into a

pseudo-ductile one with addition of LDPE. A plastic flow

appears progressively for the different blends upon tough-

ening mainly for the composition 80/20 LDPE/PLA. In

general, the addition of LDPE to PLA reduced the tensile

strength and elasticity modulus, but increased slightly the

elongation-at-break. The continuous decrease of tensile

properties reflects a poor interfacial adhesion. This incom-

patibility is also revealed by the negative deviation of the

values in Table 3 from the linear additivity rule.

The tensile strength of blends exhibited the lowest value

of 7.4 MPa for the composition 60/40 (LDPE/PLA), while

the elongation-at-break exhibited the lowest value of 1.2 %

for the composition 50/50 (LDPE/PLA). However, as the

content of LDPE reached 80 wt%, LDPE becomes the con-

tinuous phase and the tensile properties increase again.

From the morphological and the mechanical observa-

tions, it can be noted that the tensile properties of the

blends are strongly dependent on the composition and the

morphology. In the case of droplet-matrix morphology,

these properties were determined by the properties of the

matrix phase. For co-continuous blends, a drastic decrease

was observed except for the tensile modulus, which was

increased due to the interpenetrating phase structure [42].

Impact properties

The data of Charpy impact strength obtained for unnotched

bars of LDPE/PLA blends are plotted against the blend

composition in Fig. 5. It is shown that samples of pure LDPE

and LDPE containing 20 % of PLA did not break, indicating

that these materials kept their ductile behaviour. However,

pure PLA and the other blends exhibited remarkable brit-

tleness with fractures without any prior plastic deformation.

The impact resistance values of blends with PLA content

greater than 20 % were inferior to that of pure PLA, which is

about 14.5 kJ/m2. The lowest value was observed for the

blend 50/50 (5.89 kJ/m2). These observations confirm the

lack of good interfacial adhesion between homopolymers,

which is necessary for good stress transfer in the system.

Vickers microhardness

Like many mechanical properties of solids, microhardness

obeys the additivity law [43]:

H ¼ RHiwi ð9Þ

where Hi and wi are the microhardness and mass

fraction, respectively, of each component and/or phase.

The microhardness of LDPE phase depends only on the

degree of crystallinity since the microhardness of the

amorphous phase is Ha
PE * 0 (Tg \ 0 �C):

HPE ¼ wPE
c HPE

c ð10Þ

where Hc
PE is the hardness value for the crystalline phase.

However, for the PLA phase, the hardness of the

amorphous phase should be taken into account since

measurements are performed at room temperature, i.e.,

below the glass transition temperature of PLA (*58 �C).

HPLA ¼ wPLA
c HPLA

c þ wPLA
a HPLA

a ð11Þ

The experimental hardness values obtained for the neat

polymers and their blends are presented in Fig. 6. The

dashed line represents the corresponding additive values.

The neat homopolymers have very different values of

microhardness: 34 MPa for LDPE (ductile material) and

243 MPa for PLA (rigid material). A small decrease is

observed in microhardness with addition of 20 wt% of

PLA, which may be explained by the fact that the

presence of LDPE (matrix) may inhibits the crystallization

of PLA leading to a decrease in crystallinity which, in

turn, causes a reduction in the microhardness [43]. For

the rest of the blends, the microhardness increase with

the incorporation of the PLA but all values were

lower than those expected from the additivity law

(dashed line).

LDPE/PLA (60/40) blend with compatibilizer

The compatibilizer, EGMA, used in this work was chosen on

the basis of works of Minkova et al. [44] and Oyama [30].

Minkova et al. [44] studied the blend of LDPE with EGMA

Fig. 5 Effect of PLA content on Charpy impact strength of

uncompatibilized LDPE/PLA blends



and found high compatibility between these two compo-

nents. On the other hand, the study of Oyama [30] on PLA/

EGMA blends showed an important improvement in the

mechanical characteristics of PLA by its reactive blending

with EGMA. Thus, an enhancement in the interfacial adhe-

sion in the ternary blend PE/EGMA/PLA could be expected.

Fourier transform infrared (FTIR)

The spectra of 60/40 LDPE/PLA blend compatibilized with

different amounts of the copolymer EGMA are shown in

Fig. 7. The spectrum of the copolymer ethylene-co-glyc-

idyl methacrylate (Fig. 7, spectrum a) displays the pres-

ence of epoxide FTIR bands positioned at 997, 910 and

847 cm-1, the C=O band at 1,734 cm-1, as well as the

characteristic bands of the polyethylene. The spectra of

compatibilized blends (Fig. 7, spectra of c–e) show several

changes; the most important and worth mentioning are:

(a) the disappearance of the characteristic bands of the

compatibilizer (998, 910 and 849 cm-1) (b) the reduction

of the carbonyl band (1,734 cm-1) with increase in the

amount of the compatibilizer and (c) the appearance of new

band in the region of 3,200 cm-1, which can be assigned to

bounded hydroxyl groups (OH). All these changes confirm

the reaction occurring between the epoxy groups of GMA

and the functional groups (hydroxyl and carbonyl) of the

PLA, which lead to a good compatibilization of the blend.

Also, as seen in spectra of compatibilized blends, the

carbonyl bands shift from 1,747 to 1,730 cm-1, which may

be due to hydrogen bonds or cross-linking.

Morphology

The series of SEM micrographs obtained for the 60/40

(LDPE/PLA) blend with different EGMA contents are

presented in Fig. 8. These micrographs illustrate the effect

of addition of the compatibilizer on the morphology of the

blend 60/40 (LDPE/PLA).

From micrographs in Fig. 8a–g, it can be seen that the

shape and apparent size of the phases change continuously.

The compatibilizer has the tendency to reduce the co-con-

tinuous domains leading to much finer co-continuous struc-

ture of the compatibilized blends than that of the

uncompatibilized blend. This indicates that the compatibi-

lizer, being localized at the interface, had retarded the coa-

lescence of the dispersed phase. However, this effect is more

noticeable for 20 phr of EGMA where more and more

droplets are discernible in the matrix. This is in agreement

with published reports indicating that compatibilizers play a

role similar to emulsifiers in liquid emulsions: they help to

stabilize the morphology of immiscible blends and extend

the range of droplet-matrix morphology [25, 45, 46].

Figure 8b’–g’ show micrographs of the 60/40 (LDPE/

PLA) blend containing various amounts of EGMA at

Fig. 6 Vickers microhardness of LDPE/PLA blends as a function of

PLA content

Fig. 7 FTIR spectra of: a EGMA, b uncompatibilized blend, and

compatibilized 60/40 LDPE/PLA blends compatibilized at different

amounts of compatibilizer: c 5 phr, d 10 phr, e 15 phr and f 20 phr

EGMA

Fig. 8 SEM micrographs of: a uncompatibilized blend and compat-

ibilized 60/40 (LDPE/PLA) blends at different compatibilizer

contents: b and b’ 2 phr; c and c’ 5 phr; d and d’ 7 phr; e and e’
10 phr; f and f’ 15 phr; g and g’ 20 phr (SEMs (a–g): Magnification

91,000 and SEMs (b’–g’): Magnification 910,000)

c





higher magnification. This magnification can help to

illustrate the interface between LDPE and PLA domains. It

can be observed for small amounts of compatibilizer

(2–7 phr) that the interface between the LDPE matrix and

the PLA is still smooth and clear, except fewer points of

junction, suggesting poor adhesion between the two phases

thus poor mechanical properties. When the EGMA content

reached 10 phr (Fig. 8e’), the micrograph showed that the

copolymer is more concentrated at the interface, therefore

the interfacial adhesion between the two phases is

improved.

As the level of EGMA attained 15 phr (Fig. 8f’), the

interface between the blend phases showed further con-

nections where the component domains are almost indis-

tinguishable. At 20 phr (Fig. 8g’), the compatibilizer had

the tendency to be localised inside phases rather than at the

interface and the presence of emulsion-in-emulsion mor-

phology is clearly seen, but there are still few connections

between the two phases. This is the reason of dropping of

mechanical properties at this content as is discussed in the

next section.

Mechanical properties

Tensile properties

Figure 9 illustrates the stress–strain curves for the 60/40

(LDPE/PLA) blend for various amounts of the compatibi-

lizer EGMA (from 2 to 20 phr). The average values and

calculated standard deviations of the tensile properties

(elongation-at-break, tensile strength and elasticity modu-

lus) obtained from these curves are presented in Table 4. It

can be observed that when the EGMA content is low

(2 phr), the blend behaves as a rigid material with an

elongation-at-break lower than that of the uncompatibilized

blend. However, as the EGMA content increased the blends

show an increase in the plastic flow before rupture. The

elongation-at-break increases gradually to reach the max-

imum value (14.7 %) for 15 phr of compatibilizer, i.e.,

about three times greater than the value obtained for the

uncompatibilized blend. This enhancement may be due to

the localization of the copolymer at the interface inducing a

decrease in interfacial tension between LDPE and PLA

phases and allowing the achievement of good ultimate

mechanical properties. But, when EGMA content exceeds

15 phr, the elongation-at-break starts to drop till 11.8 %,

which is an abnormal behaviour. This decrease in elonga-

tion-at-break may be attributed to the formation of cross-

linked structure resulting from the excessive reaction

between the epoxy group of GMA and the many hydroxyl

groups arising from the epoxy-carboxyl reaction [30].

The data also show that, while the presence of the

compatibilizer did not affect the maximal tensile strength

and tensile strength-at-break, the elasticity modulus has

gradually decreased with the increase of EGMA content.

This result would be expected considering the elastomeric

nature of this compatibilizer.

Impact properties

The relationship between the impact strength of 60/40

LDPE/PLA blend and the content of compatibilizer is

presented in Fig. 10. The first observation is that, during

the test, all samples have a brittle fracture mode without

any plastic flow before failure. The impact strength of

unnotched samples decreased rapidly when small amount

(2 phr) of the compatibilizer was introduced, where it

dropped from 9.93 (no compatibilizer) to 6.28 kJ/m2. A

gradual increase in the impact strength was observed for 5

and 7 phr but their values, 7.45 and 7.92 kJ/m2, respec-

tively, were still lower than that of the uncompatibilized

Table 4 Tensile properties of 60/40 LDPE/PLA blend containing the

compatibilizer

EGMA

(phr)

Tensile

strength

(Mpa)

Elasticity

modulus

(Mpa)

Tensile stress-

at-break

(MPa)

Elongation-

at-break

(%)

0 7.4 ± 0.3 604.6 ± 27.3 6.9 ± 0.3 5.4 ± 0.9

2 7.4 ± 0.4 542.8 ± 30.8 6.7 ± 0.2 2.9 ± 0.5

5 7.5 ± 0.2 501.3 ± 32.9 6.8 ± 0.1 7.1 ± 0.8

7 7.3 ± 0.1 426.2 ± 33.9 6.5 ± 0.2 7.3 ± 0.9

10 7.3 ± 0.2 412.9 ± 33.9 6.7 ± 0.2 9.8 ± 1.0

15 7.9 ± 0.2 435.1 ± 37.2 7.1 ± 0.2 14.7 ± 0.5

20 7.1 ± 0.1 374.3 ± 20.4 6.7 ± 0.1 11.8 ± 0.9

Fig. 9 Stress–strain curves of 60/40 LDPE/PLA blend containing

different amounts of compatibilizer



blend. However, there was a slight improvement for 10, 15

and 20 phr content of compatibilizer, but the more notable

one was for 15 phr where the impact strength of compat-

ibilized blend increased by about 1.2 times.

This suggests that the EGMA has good potential to

increase the impact strength of such blends since it lowers

the interfacial tension, which ensures the required level of

interfacial adhesion between components, thus promoting a

better stress transfer in the system. One can improve further

this impact strength if the PLA becomes softer by lowering

its glass transition temperature with addition of a suitable

plasticizer [47–49].

Vickers microhardness

Figure 11 illustrates the microhardness variation of the

ternary blend (LDPE/PLA/EGMA) as a function of EGMA

content. At low contents of the compatibilizer (2–5 phr),

there is a gradual increase in the microhardness of the

blend, which corroborate with results of Minkova et al.

[44] and Oyama [30]. According to the results of Minkova

[44], the values of microhardness of LDPE/EGMA blends

obeyed the additivity law. On the other hand, the results of

Oyama [30] showed an increase in the crystallinity of PLA

when the rate of EGMA was low, increasing thus the mi-

crohardness of the PLA phase.

Beyond 5 phr of compatibilizer, a decrease in the mi-

crohardness of the mixture was observed which reflected

the good compatibilizing effect of EGMA due to the for-

mation of graft copolymers PLA-EGMA at the interface

[30]. The lowest value of microhardness is observed for

15 phr EGMA. However, a second increase in the

microhardness was noted for 20 phr of compatibilizer,

which may be due to cross-linking caused by the excessive

reactions between the epoxy group of EGMA and the acid

and hydroxyl groups of PLA, or cross-linking of the

compatibilizer itself.

Conclusion

In this study, structural, morphological and mechanical

properties of uncompatibilized LDPE/PLA blends and

60/40 (LDPE/PLA) blend compatibilized with the

copolymer (ethylene-co-glycidyl methacrylate) (EGMA)

were investigated.

The FTIR results confirmed the reaction occurring

between the epoxy groups of GMA and the functional

groups (hydroxyl and carbonyl) of the PLA, which led to a

good compatibilization of the blend. The morphological

study supported the FTIR results and showed that the

incorporation of EGMA in the blend LDPE/PLA (60/40) at

a level greater than 7 phr led to further connections

between the blend phases and the component domains are

almost indistinguishable. From the results of mechanical

properties (impact and tensile strengths), the uncompati-

bilized blends show a typical behaviour of immiscible

blends with a sharp drop in these properties. However, the

60/40 (LDPE/PLA) blends containing 15 phr of EGMA

showed maximum mechanical strengths. The microhard-

ness characteristics of the different blends (uncompatibi-

lized or compatibilized) were in good agreement with the

macroscopic mechanical properties such as yield stress,

Young modulus, impact strength, etc. Based on the results

obtained by the different techniques used in this study, we

can conclude that the immiscible LDPE/PLA blends can

Fig. 10 Effect of the compatibilizer content on Charpy impact

strength of 60/40 (LDPE/PLA) blend

Fig. 11 Vickers microhardness variation of the ternary blends

(LDPE/PLA/EGMA) as a function of compatibilizer content



efficiently be compatibilized by the EGMA. The later is

able to create chemical bonds between macromolecular

chains of the different polymers.
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