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ABSTRACT: Poly(Llactide) (PLA) was blended with
polypropylene (PP) at various ratios (PLA:PP = 90 : 10, 80
: 20, 70 : 30, and 50 : 50) with a melt-blending technique in
an attempt to improve the melt processability of PLA.
Maleic anhydride (MAH)-grafted PP and glycidyl methac-
rylate were used as the reactive compatibilizers to induce
miscibility in the blend. The PLA/PP blend at a blend
ratio of 90 : 10, exhibited optimum mechanical perform-
ance. Differential scanning calorimetry and thermogravi-
metric analysis studies showed that the PLA/PP/MAH-g-
PP blend had the maximum thermal stability with the
support of the heat deflection temperature values. Further-
more, dynamic mechanical analysis findings revealed an
increase in the glass-transition temperature and storage

modulus with the addition of MAH-g-PP compatibilizer.
The interaction between the compatibilizers and constitu-
ent polymers was confirmed from Fourier transform
infrared spectra, and scanning electron microscopy of
impact-fractured samples showed that the soft PP phase
was dispersed within the PLA matrix, and a decrease in
the domain size of the dispersed phase was observed with
the incorporation of MAH-g-PP, which acted as a compati-
bilizer to improve the compatibility between PLA and
PP. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 121: 3223-
3237, 2011
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INTRODUCTION

Plastics are produced mostly from petroleum feed
stocks and eventually end up as nondegradable
waste at the end of their service life. Disposal by
incineration contributes to enormous environment
pollution while reducing landfill sites. These factors
have contributed to the development of environmen-
tally friendly polymers that degrade completely
under composting conditions after the end of their
service life. Poly(rlactide) (PLA), an economically
feasible material, among other biopolymers, namely,
polycaprolactone, poly(hydroxy adipate), poly(3-
hydroxybutyrate), and poly(butylene adipate-co-ter-
ephthalate), has gained considerable research inter-
est for various end-use applications."” PLA has a
high strength and modulus and is inherently biode-
gradable in nature. However, its inherent brittleness
and low toughness, which are due to a low entan-
glement density and a high value of characteristics
ratios, restricts its applications in niche markets.®’
Blends of PLA with several synthetic and biopoly-
mers have been prepared in an effort to enhance the
properties of PLA. PLA blends with collagen, poly
(butylenes succinate adipate), poly(ethylene glycol),
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poly(methyl methacrylate), polyethylene, poly(ethyl-
ene oxide), and poly(butylenes adipate-co-terephtha-
late) have been reported to improve the properties,
such as toughness, modulus, impact strength, and
thermal stability, compared to the neat polymer.®’
However, most of these polymers that are blended
with PLA' are said to be partially immiscible and
constitute multiphase blends with poor mechanical
performance because of a negligible entropy of mix-
ing. Copolymerization with other monomers and
blending with immiscible or miscible polymers is a
more practical and economical way of modifying
PLA'"™' to obtain improved mechanical perform-
ance. To solve the problem of immiscibility, compati-
bilizing agents, such as premade block or graft
copolymers that are miscible with the blend compo-
nents'>' or polymers with complementary reactive
groups formed in situ during the melt-blending pro-
cess, are used to reduce the interfacial tension and
increase interface adhesion between the immiscible
phases.'”'®

Thermoplastic polyolefins have also been exten-
sively used as toughening agents in numerous poly-
mer blending systems, including polyester'®?" and
nylon.”> These polymer blends, inclusive of PLA/
polypropylene (PP) blends, are immiscible because
of the high polarity difference between the compo-
nent polymers. Over past decades, considerable
efforts have been made to chemically modify polyo-
lefin by the introduction of reactive functional
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compounds, such as PP-g-maleic anhydride
(MAH)* and polyethylene-g¢-MAH,* to mediate the
polarity at the interface. Polar-functional-group-
grafted polymers can be used as compatibilizers for
the interfacial modification of polymer blends and
composites. The active functional group can react
with numerous reactive groups to form block or
graft copolymers acting as in situ formed or
premade compatibilizers. PP-g-MAH has been estab-
lished as an effective compatibilizer for polyolefin-
based blends and composites. Mohanty et al®’
studied the effect of PP-g-MAH on the interfacial
properties of PP/fiber composites. The PP part of
the PP-g¢-MAH is compatible with PP, and the anhy-
dride part reacts with the fiber; this creates a favor-
able interface. Similar studies on maleic anhydride
(MAH) and PP-g-MAH as compatibilizers for poly-
olefin-based systems®*® have been carried out. The
role of glycidyl methacrylate (GMA) as an interfacial
modifier has also been examined.*

In this study, the effects of MAH-¢g-PP and GMA
as compatibilizing agents for PLA/PP blends were
investigated. An extensive study of the influence of
compatibilization on the mechanical properties and
morphology of the blends was done. The thermal
properties of the blends were evaluated with heat
deflection temperature (HDT) testing, differential
scanning calorimetry (DSC), thermogravimetric anal-
ysis (TGA), and dynamic mechanical analysis
(DMA). Furthermore, the interaction of compatibil-
izer with the constituent polymers and the existence
of interfacial bonds were studied with Fourier trans-
form infrared (FTIR) spectroscopy.

EXPERIMENTAL
Materials

PLA (4042D), with a density of 1.24 g/cc and a mo-
lecular weight of 130,000 g/mol (M/s Cargil Dow,
Bair, US-NE), was used as the base matrix. PP
(Halene-P, M312) was obtained from Haldia Petro-
chemicals, Ltd. (West Bengal, India), with a density
of 0.90 g/cc and a melt flow index of 12 g/10 min.
MAH-grafted PP (MAH-g-PP; Epolene® G-3003),
with a density 0.90 g/cc and an acid number of 47,
was obtained from Eastman Chemicals (Germany).
GMA, with a molecular weight of 142.16 g/mol,
was supplied by Hi Media Laboratories Pvt., Ltd.
(Mumbai, India). All other reagents were used
without further modification.

Preparation of the blends

PLA was blended with PP at different ratios
(PLA:PP = 90 : 10, 80 : 20, 70 : 30, and 50 : 50) with
a batch mixer with a 69-cm® volumetric capacity
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(Haake Rheocord 9000, M/s Thermo Fisher Scien-
tific, Germany) at temperature of 200°C with a rotor
speed of 30 rpm for a duration of 7 min. Before melt
blending, all the components were predried at 80°C
for 12 h. Subsequently, 3 wt % compatibilizer
(MAH-g-PP/GMA) was added to the PLA/PP blend
with a 90 : 10 ratio to prepare the PLA/PP/MAH-g-
PP and PLA/PP/GMA compatibilized blends. The
mechanism is explained in Scheme 1. The blend mix-
tures were then cooled to room temperature and
compression-molded at 190°C under 48 kg/cm?® of
pressure for a total cycle time of 15 min to fabricate
sheets of 3 = 0.1 mm thickness. Specimens were pre-
pared with a counter—cut-copy milling machine
(Ceast, Italy) as per various ASTM standards for
testing and characterization.

Mechanical properties
Tensile properties

Tensile strength at yield, tensile modulus, and elon-
gation at break were determined for samples with
dimensions of 160 x 13 x 3 mm?, with a universal
testing machine (LR 100K, M/s Lloyd Instruments,
UK) with a load cell of 10 kN. The test was carried
out according to ASTM D 638 with a gauge length
of 50 mm at room temperature and constant strain
rate of 5 mm/min. A minimum of five replicate
samples were tested, and the average value is
reported. Corresponding standard deviations were
also evaluated.

Flexural properties

The flexural modulus and strength of the compres-
sion-molded specimens with dimensions of 80 x 13 x
3 mm® in three-point bending mode were measured
according to the ASTM D 790 in the same universal
testing machine (LR 100K, M/s Lloyd Instruments,
UK). The span length was 50 mm, and the crosshead
speed was 1.4 mm/min at room temperature.

Impact properties

A V-notch with a depth of 2.54 mm was introduced
in the specimens with dimensions of 63.5 x 12.7 x 3
mm” with a notch cutter. Subsequently, the measure-

ments were carried out in an Impactometer (6545,
M/s Ceast, Italy) as per ASTM D 256.

Thermal analysis
DSC
The samples were characterized to determine the

glass-transition temperature (T,), crystallization tem-
perature (T.), and melting temperature (T,,) of PLA
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Scheme 1 Synthetic route of the PP/MAH-g-PP/PLA blend.

and the PLA/PP blends with and without MAH-g-
PP/GMA. The samples were heated from room
temperature to 250°C at 10°C/min in a differential scan-
ning calorimeter (Diamond DSC, M/s Perkin Elmer,
USA). Subsequently, the samples were maintained at
250°C for 10 min to remove the thermal history and
then cooled to —50°C at a cooling rate of 20°C/min. The
corresponding heat of fusion was recorded for calculat-
ing the degree of crystallinity (X,; %).

TGA

Virgin PLA, PP, and their blends were subjected to
TGA (Pyris-7 TG, M/s Perkin Elmer, USA) to ana-
lyze the thermal stability of the samples. Samples
weighing 5-10 mg or less were heated from 40 to
600°C at a heating rate of 10°C/min under a nitro-
gen atmosphere. The flow rate of nitrogen was
maintained at 20 mL/min. The initial degradation
temperature, weight loss, and final degradation tem-
perature (Ty) of the samples were recorded.

HDT

HDTs of virgin PLA and various PLA/PP blends
were determined with an HDT tester (M/s Toyoseiki
Co., Japan) as per ASTM D 648. The samples were
heated at a rate of 2°C/min from ambient tempera-
ture. The temperature at which the samples
deflected to 0.01” (0.254 mm) was noted as HDT.

DMA

Viscoelastic properties, such as storage modulus (E'),
loss modulus (E”), and mechanical damping parame-
ters (tan J) as a function of temperature, were meas-
ured in a dynamic mechanical analyzer (DMA Q800,
M/s TA Instruments, USA). The measurements were
carried out in bending mode with a rectangular speci-
men with dimensions of 35 x 12 x 3 mm® over a tem-
perature range of —60 to 140°C at a heating rate of
10°C/min under a nitrogen atmosphere. The samples
were scanned at a fixed frequency of 1 Hz with a
static strain of 0.1% and a dynamic strain of 0.1%.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Comparison of the IR spectra for samples of (a)
PP, (b) PLA, (c) PLA/PP blend, (d) PLA/PP/MAH-g-PP,
and (e) PLA/PP/GMA.

Morphological investigations

Scanning electron microscopy (SEM)

The morphology of the impact-fractured samples was
studies with SEM (5-3400 N, M/s Hitachi, Japan). The
surface of the sample was gold-coated to avoid electro-
static charging during analysis. The interfacial charac-
teristics of the constituent polymers were studied at a
voltage of 20 kV. We evaluated the dispersion of PP in
the PLA matrix by scanning the cryofractured surfaces
of the specimens. In the representative zones of the
scanned surfaces, the PP particle diameter was meas-
ured with Autocad software. The weight-average par-
ticle diameter (d,,) was estimated by

dp =Y md? )y nid; @

where n; is the number of particles with size
d;.

The interparticle spacing (t) was determined from
d,, and the volume fraction of the PP (¢,) with Wu's
model:

T =dy[(n/69,)" 1] 2)

FTIR spectroscopy

FTIR spectra of PLA/PP blends with and without
compatibilizers were recorded with a PerkinElmer
FTIR 1720X. The spectra within the range 4000-400
cm ™' were observed. The interactions among the

compatibilizers, PLA, and PP were studied.
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RESULTS AND DISCUSSION
FTIR studies

Figure 1 depicts the FTIR spectra of virgin PP, virgin
PLA, PLA/PP, PLA/PP/MAH-g¢-PP, and the PLA/
PP/GMA blends. The FTIR spectrum of MAH-g-PP
is shown in Figure 2. The absorption bands near
1792 and 1776 cm ' were assigned to symmetric
C=O0 stretching of anhydride functions grafted onto
PP. Figure 1(a) shows CHj3 rocking, C—H bending,
CH, wagging, C—C backbone stretching, and
C—CHj stretching corresponding to PP at 998, 973,
and 841 cm™'. The IR spectra of PLA absorption
[Fig. 1(b)] at 1761, 1184, and 1091 cm !, associated
with C=O stretching, symmetric stretching of
C—0—C, asymmetric CHj, and the stretching peak
of C—O—C bonds of PLA, was similar to the obser-
vations made by Wojciechowska et al.** Absorption
peaks around 1744, 1180, 1078, 867, and 705 cm !
corresponding to PLA and PP observed in the PLA/
PP blend [Fig. 1(c)] indicated the absence of chemi-
cal interactions between the blend components. The
disappearance of the absorption peak of the anhy-
dride group of MAH-¢-PP and the emergence of a
new absorption signal representing the carbonyl of
ester linkage stretching at 1758 cm ™' in the FTIR
spectrum of PLA/PP/MAH-g-PP blend [Fig. 1(d)]
indicated interaction of MAH-g-PP with the PLA /PP
blend,” as explained in Scheme 1. The reaction
scheme detailed in Scheme 1 follows a free-radical
mechanism, wherein the peroxide initiator provides
radicals, which attract hydrogen from PP tertiary
carbon to form PP macroradicals. PP macroradicals
combine with MAH to form MAH-g-PP with a free-
radical site on the o carbon atom of the carbonyl
group in MAH. This subsequently combines with
the PLA part. Furthermore, PP is compatible with

1792
m

1776

Transmittance

1715

A 1 1
2000 1800 1600

Wavenumber (A)

Figure 2 IR spectra of pure MAH-g-PP.



PLA /PP BLENDS

Ch

HO H—0 +

Polypropylene

3227

GMA

Polypropylene

Scheme 2 Synthetic route of the PP/GMA /PLA blend.

the PP part of MAH-g-PP. The active site in the an-
hydride part of MAH-g-PP reacts with the carbonyl
group of PLA; this results in the ester linkage. Fig-
ure 1(e) represents the FTIR spectrum of PLA/PP/
GMA and shows a new peak at 698 cm ' in the
spectrum, which was attributed to the presence of
any unreacted unsaturated alkene group in GMA
and indicates the absence of any successful interac-
tion (Scheme 2). As shown in Scheme 2, GMA reacts
only with the PLA component, whereas it shows no
interaction with PP.

Mechanical properties of the PLA/PP blends

Effect of the blend compositions on the
mechanical properties of the
PLA /PP blends

Tensile properties. The tensile properties of virgin
PLA and its blends are depicted in Table I. It is evi-
dent that the virgin matrix displayed a tensile
strength of 48.71 MPa, with a tensile modulus of
1254 MPa and a percentage strain at break of 2.69%.
The incorporation of PP matrix to the tune of 10-70
wt % within the PLA matrix resulted in a decreased
tensile strength in the resultant blends. This was
probably due to incompatibility of hydrophobic PP
with polar PLA or to the high polarity difference
between the constituent polymers, which resulted in
sharp boundaries between the two polymeric phases
and led to the formation of voids and microcracks
when the samples were subjected to constant
deformation.!

However, the tensile modulus and stress at break
of the blend increased at the blend ratio of 90 : 10, to
the tune of 11 and 18%, respectively, compared to
those of virgin PLA. PP incorporated within the
PLA matrix probably acted as a reinforcing agent,
which contributed to enhancing the modulus and
stress at break in the case of the PLA/PP blend.
Conversely, a decreasing trend in the tensile modu-
lus was observed with increases in the PP content
beyond 10 wt % in the blend system. This phenom-
enon was attributed to the increase in the extent of
incompatibility between the constituents with
increasing amount of PP.

The percentage elongation at break did not show

any appreciable increase at 10-30 wt % PP content.
However, beyond 30 wt % PP, the percentage elon-
gation increased; this revealed the change of failure
mode from brittle to ductile.** With the incorpora-
tion of PP above 50 wt %, PP formed a continuous
phase with PLA domains dispersed within the
matrix.
Flexural properties. The variation of the flexural prop-
erties of the PLA /PP blend as a function of PP con-
tent is enumerated in Table I. Virgin PLA showed a
flexural strength of about 13.2 MPa, which tended to
increase in the PLA/PP blends with 10 wt % PP.
This behavior was probably due to the plasticizing
effect of PP within PLA, which is brittle in nature.
However, the addition of PP beyond 10 wt % led
to decreases in the flexural strength and flexural
modulus and indicated a phase-separated morphol-
ogy in the immiscible PLA /PP blends.

Journal of Applied Polymer Science DOI 10.1002/app
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Impact properties. The effect of PP content on the
notched Izod impact strength of the PLA /PP blends
of various compositions at room temperature is
given in Table I. It was evident that virgin PLA dis-
played an impact strength of 21.09 J/m, which
increased to 24.81 J/m in the case of the blend with
10 wt % PP. Beyond 10 wt % PP, there was a signifi-
cant decrease in the impact strength of the blend.
The blends prepared at PLA /PP ratios of 80 : 20 and
70 : 30 exhibited a decrease in the impact strength to
the tune of 26 and 14.7%, respectively. The solubility
parameters of PLA and PP were 9.7 and 16.8 MPa'/
?, respectively. This difference might have contrib-
uted to the immiscible characteristics between the
component polymers and, thereby, decreased the
impact properties. However, with the increase in PP
content beyond 30 wt %, there was an increase in
the impact strength of the blends compared to virgin
PLA. This behavior was probably due to the high
impact strength of the virgin PP matrix (98.97 J/m),
which contributed to an enhancement in the absorb-
ing impact energy in the blends. At a 50 : 50 ratio of
PLA/PP, there was an increase in the impact
strength of virgin PLA from 21.09 to 39.93 J/m. Sim-
ilarly, blends with 70 wt % PP exhibited an opti-
mum impact strength of 40.43 J/m. However, in all
cases wherein the PP part was a major component,
it formed a continuous phase with PLA domains as
a dispersed phase, and the impact strength was
lower compared with the PP matrix. This further
confirmed that PLA and PP are incompatible in
blends.*

Micromechanical modeling

Tensile strength. To investigate the discontinuity in
the blend system, the tensile strength data were
compared with the Nicholais-Narkis (N-N) model
(Table T) and porosity model (P model).**** These
models have been used in two-phase polymer
blends/composites to study the discontinuities in
the system. The tensile strength is proportional to
the area fraction or volume fraction of the discontin-
uous phase.*>

In the N-N model, the area of fraction is consid-
ered operative.”® The weightage factor (K) describes
the blend/composite structure. For hexagonal pack-
ing of the dispersed phase in the plane of highest
density, K = 1.1,39 and those with no adhesion in
the presence of a spherical dispersed phase (K =
1.21). K = 1 stands for the absence of stress concen-
tration, and when the dispersed phase did not
weaken the structure, K = 0. The value of K indi-
cates the interphase adhesion; the lower the value of
K is, the better the adhesion will be:>*
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p/om = (1 — Ko7) 3)

where K = 121, o, is the tensile strength of the
blends, o, is the tensile strength of virgin PLA, and
¢4 is the volume fraction of PP.

In the P model, the discontinuous phase was con-
sidered equivalent to voids or pores that affected the
mechanical properties of the two-phase systems® on
account of nonadhesion at the phase boundaries.
The parameter o describes the stress concentration
in the structure:

Op/Om = exp(—0aQy) @)

where o = 0.55.

Experimentally determined values of the corre-

sponding tensile strength versus ¢; per the N-N
model and P model and are represented in Table I.
It is evident from the Table 1 that the experimentally
determined values of the tensile strength showed a
positive deviation compared with the theoretical val-
ues of the N-N model. This may have been due to
the little bit of interaction between PLA and PP in
the blends. Furthermore, in case of the P model, the
experimentally determined values of the tensile
strength showed a negative deviation compared
with the theoretical values of the P model with the
incorporation of PP. This decrease in the tensile
strength may have been due to a change in the effec-
tive cross-sectional area brought about by the dis-
persed phase, as PLA /PP blends are incompatible in
nature, which results in sharp boundaries between
the two polymeric phases and leads to the formation
of voids and microcracks when the samples are sub-
jected to constant deformation.
Tensile modulus. To investigate and compare the ten-
sile modulus of the blend system, two models were
used, namely, the Einstein model and Guth’s model
(Table I). In case of poor adhesion, where the poly-
mer matrix slips by the filler particles,40 the Einstein
Eq. (5) was used:

Ey = En(1+¢) ©)

where ¢ is the volume fraction of the particles and
E,, and E, are the Young’s moduli of the matrix and
composite, respectively.

To explain the reinforcing effect of colloidal fillers,
Guth and Gold*' introduced a quadratic term, which
is a modified form of the Einstein equation and is
represented as Eq. (6). It is used to find the interac-
tion between filler particles:

Ey, = E,(1+25¢ + 14.1¢?) (6)

where ¢ is the volume fraction of the filler.
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It is evident from Table I that an increase in the
experimental values of the tensile modulus was
shown with an increase in PP compared with the
theoretical values shown by the Einstein model. This
may have been because the PP incorporated within
the PLA matrix probably acted as a reinforcing
agent, which contributed to enhancing the interfacial
interaction and led to an enhancement in the modu-
lus. However, a decrease in the experimental values
of the tensile modulus was shown with an increase
in PP content when compared with the theoretical
values shown by Guth’s model. This phenomenon
was attributed to the increase in the extent of incom-
patibility with increasing amount of PP.

Factors influencing the reactivity of MAH-¢-PP and
GMA on the PLA/PP blends

As evident from Table I, the PLA/PP blend compo-
sitions showed characteristics of immiscible and
multiphase blends with poor mechanical perform-
ance. The mechanical test results discussed in earlier
sections indicated that PLA/PP blends at a 90 : 10
ratio exhibited optimum tensile modulus and stress
performance values. Hence, this composition was
retained for further studies to investigate the effect
of the addition of reactive compatibilizers, GMA and
MAH-g¢-PP, on the interface and properties of the
blends. To enhance the mechanical properties of a
blend, the compatibility between two phases has to
be increased. In this context, both PLA and PP were
incompatible polymers, which showed the formation
of a biphase morphology at the interface in all com-
positions. The mechanism of action of GMA is
depicted in Scheme 2. Furthermore, PLA, being a
brittle polymer, is difficult to process and to improve
the processability of PLA while retaining its inherent
biodegradability characteristics; a minimum quantity
of PP was added.

Tensile properties. The tensile properties with and
without compatibilizers are tabulated in Table II. It
was evident that the tensile strength increased from
37.12 to 46.32 MPa, by 19.8%, with the incorporation
of 3 wt % MAH-g-PP compared to that of the
uncompatibilized blend and was almost comparable
with virgin PLA. However, the tensile modulus
increased marginally to 6% in the presence of MAH-
§-PP, which was probably because the interfacial ad-
hesion level had no influence on the low-strain ten-
sile properties.*> Nevertheless, the percentage stress
at break and percentage strain at break increased to
the tune of 20 and 29%, respectively, compared to
those of the uncompatibilized blend. This increment
in the tensile properties was attributed to the
improved interfacial interaction between PLA and
PP. The anhydride group of MAH-g-PP reacted with
the carbonyl group of PLA, and the PP part of the

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II
Effect of the Compatibilizers on the Tensile Properties of the Optimized Blend

Tensile Tensile Stress at Strain at

Composition strength (MPa) modulus (MPa) break (%) break (%)
V-PLA 48.71 = 7.0 1254 = 55.0 12.76 £ 0.4 2.69 £ 0.25
V-PP 27.25 = 4.5 983.31 = 13.0 8.69 = 0.85 16.39 + 0.46
PLA/PP (90 : 10) 37.12 = 4.0 2302 + 16.0 37.08 + 4.0 1.87 + 0.32
PLA/PP (90 : 10) + 3% MAPP 46.33 = 1.46 2433 = 21.0 46.309 *= 1.44 2.617 = 0.31
PLA/PP (90 : 10) + 3% GMA 35.22 = 2.13 2050 + 68.0 33.429 * 2.76 2.22 *+ 041

*Note: V-PLA = virgin PLA; V-PP = virgin PP.

compatibilizer became compatible with PP. Thus,
MAH-¢-PP effectively reduced the interfacial tension
between PLA and PP and, thus, resulted in improved
compatibilization and more shear yield during testing.

Conversely, decrease of 5% in tensile strength,

12% in tensile modulus, and 11% in stress at break
were observed with the incorporation of 3 wt %
GMA. This was probably due to the incompatibility
of GMA with the PLA/PP blend. The epoxy group
of GMA formed an ester linkage via the carbonyl
group of PLA, whereas no such linkage or interac-
tion of GMA was seen with PP, as evident from
FTIR studies discussed later.
Flexural properties. The modified interface influenced
the flexural strength and flexural modulus. The
MAH-g¢-PP incorporated blend showed an increase
in strength from 17.32 to 32.6 MPa to the tune of
47%. The soft PP phase present in the matrix and
MAH-¢-PP increased the dissipation of stress energy
through the modified interface. The flexural strength
was also positively affected by 3 wt % GMA, with
an increase from 17.32 to 22.27 MPa, by 28.5%, in
comparison with the uncompatibilized blend.

The flexural modulus of the PLA /PP blend exhib-
ited a marginal decrease from 2952 to 2740 and 2920
MPa with the incorporation of MAH-¢-PP and
GMA, respectively. This may have been due to the
formation of a soft phase at the interface region. PP
reduced the stiffness of virgin PLA because of the
associated reduction in the effective cross-sectional
areas of the samples, which resulted in the reduction
of property values, as shown in Table IIIL

Impact properties. An increase in the impact strength,
by 17%, from 25 to 29 J/m, was observed with the
incorporation of 3 wt % MAH-¢-PP; this may have
been due to improved interaction of MAH-g-PP with
the PLA /PP blend interface, which led to a better
dispersion of PP within the PLA matrix (Table III).
This further result in the reduction of particle size of
the dispersed-phase PP, which is cited from the
SEM studies discussed in later sections, led to an
enhancement in the compatibility with decreasing
interfacial tension.

The impact strength was found to decrease by 6%,
from 25 to 23.3 J/m, with the incorporation of GMA
in the blend ratio; this was probably due to an
increase in the stress concentration level, as there
was no specific interaction of GMA with the PLA/
PP blend.

Stress—strain characteristics

Figure 3 shows the stress-strain curve of virgin
PLA, PP, and the uncompatibilized and compatibi-
lized PLA/PP blends. To improve the mechanical
properties, T, must be lower than the testing tem-
perature. If T, is lower than the testing temperature,
the mobility of chain segments increases, and the
chains can move more easily.* The high modulus
and low percentage strain at break of about 1254
MPa and 2.69%, respectively, of virgin PLA con-
firmed hard and brittle characteristics, whereas PP
exhibited a lower modulus and high percentage
strain at break; this indicated a ductile nature. With

TABLE III
Effect of the Compatibilizers on the Flexural and Impact
Properties of the Optimized Blend

Flexural Flexural Impact
strength modulus strength
Composition (MPa) (MPa) (J/m)

V-PLA 132 + 4.0 4185.45 = 73.0 21.09 £ 5.0
V-PP 112 = 8.0 1000 =+ 43.0 98.17 = 9.0
PLA/PP (90 : 10) 1732 = 7.0 2952 = 70.0 24.82 = 4.0
PLA/PP (90 : 10) + 3% MAPP 32.60 = 10.0 2740 = 77.0 28.76 * 3.5
PLA/PP (90 : 10) + 3% GMA 2227 + 8.0 2920 * 58.0 23.36 £ 4.0

*Note: V-PLA = virgin PLA; V-PP = virgin PP.
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Figure 3  Stress-strain curve for PLA, PP, PLA/PP, PLA/

PP/MAH-g-PP, PLA/PP/GMA blends. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com]

the incorporation of 10 wt % PP into the PLA ma-
trix, the percentage stress increased with a corre-
sponding increase in the modulus. This represented
a change in the failure mode from brittle to ductile.
However, elongation did not show any dramatic
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change in comparison to virgin PLA because only a
small amount of PP was incorporated in the brittle
PLA. Furthermore, with the incorporation of 3 wt %
MAH-g-PP in the blend, there were increases in the
modulus and percentage stress at break to 2433 MPa
and 46.309%, respectively, which may have been
due to enhancements in the interfacial interaction of
PLA with PP. The compatibilizer plays a role like a
bridge in the blend system, decreasing the phase
boundary between the polymers and improving the
miscibility of the blend, as discussed by Chenget
et al.* Similarly, the incorporation of 3 wt % GMA
also showed an increase in the modulus but to a
somewhat extent lesser in comparison to the MAH-
§-PP compatibilized blend; this was probably due to
a lack of specific interaction of GMA with PP.

Morphological investigation
SEM

SEM micrographs of the impact-fractured surfaces of
the PLA/PP (90 : 10) blends are illustrated in Figure
4(a). The phase separation between the continuous
PLA phase and dispersed PP phase is clearly shown

Figure 4a SEM micrographs of PLA /PP (90/10) blend at (a) 100 um, (b) 50 um, (c) 30 um.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4b SEM micrographs of PLA /PP (90/10) 4+ 3%MAPP as a compatibilizer at (a) 100 pm, (b) 50 pm, (c) 30 pm.

in the figure. The micrograph reveals a distinct two-
phase morphology with the PP phase dispersed
evenly within the PLA matrix. The fine pin holes
visible in the micrographs clearly indicate that PP
phase separated out during the application of impact
force because of the immiscibility of the blend
Cornponen’[s.31

Figure 4(b) represents SEM micrographs of the
PLA/PP/MAH-g-PP blends at different magnifica-
tions. It can be observed that the incorporation of
MAH-g-PP in the blend led to improved miscibility
and reduced the interfacial tension between PLA
and PP.*° The particle size of the dispersed phase
was also found to decrease with compatibilization.
The SEM micrographs of the PLA /PP blends compa-
tibilized with GMA [Fig. 4(c)] showed randomly dis-
tributed PP within PLA matrix.

The particle size of the PLA /PP blend components
could not be calculated. The average particle size of
the GMA compatibilized blends was observed to be
9.16 pm. This indicates the absence of any favorable
interaction between GMA and the component poly-
mers, as observed in the FTIR studies and

Journal of Applied Polymer Science DOI 10.1002/app

which was already discussed in an earlier section.
Furthermore, the average particle size of PLA/PP/
MAH-g-PP was calculated to be 5.82 pm, which was
lower as compared to that of the GMA-compatibi-
lized blend. A decrease in the particle size upon
compatibilization, even to the submicrometer level,
was observed by Ravikumar and Ranganathaiah®
for poly(trimethylene trephthalate) (PTT)/maleinized
ethylene propylene diene monomer (EPDM) blends
and Arvind et al.* for PTT/linear low-density poly-
ethylene blends.

DMA
E/

The temperature dependence of E’' of PLA, PP, and
the PLA/PP blends is depicted in Figure 5. E/,
obtained from DMA, is closely related to the load-
bearing capacity of the material, and when the
experiment is carried out in three-point bending
mode, it is analogous to the flexural modulus meas-
ured per ASTM D 790.%
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Figure 4c

The incorporation of 10 wt % PP resulted in the
reduction of E' of the virgin PLA polymer. This
decrease was attributed to the presence of a soft PP
phase, which decreased the crystallinity and stress
level of the virgin matrix. However, the addition of
MAH-g-PP had a positive effect on E’, which exhib-

Storage Modulus (MPa)
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Figure 5 Variation of storage modulus with temperature
for a) PLA, b) PLA/PP/MAH-¢-PP, ¢) PLA/PP/GMA, d)
PLA/PP, e) PP.

(c)

SEM micrographs of PLA/PP (90/10) +3%GMA as a compatibilizer at (a) 100 um, (b) 50 um, (c) 30pm.
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ited an increase of 8% at 30°C. The phase bound-
ary between the incompatible constituents was
modified by MAH-¢-PP and, thus, allowed efficient
stress transfer at the interface. The plasticizing
effect of GMA, which turned the blend to a soft
phase, resulted in no appreciable change in E’, as
expected. In the case of virgin PLA, the rate of fall
of the matrix modulus was significant around
60°C, which was probably the T, region of the ma-
trix. However, in case of the blends, the T, shifted
to a higher transition, which was found to be max-
imum in case of the PLA/PP/MAH-g-PP blends.
This phenomenon was primarily due to the rein-
forcing effect of the MAH-g-PP, which contributed
to an effective stress transfer to the matrix at the
interface. This indicated a higher thermal stability
in the blends.

E//

PLA showed a sharp transition around 61.88°C cor-
responding to its T,, whereas PP showed two differ-
ent transitions around 23.58°C (B transition), corre-
sponding to its T, and 95.79°C (a transition), related

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Variation of loss modulus with temperature for
a) PP, b) PLA/PP, c) PLA/PP/GMA, d) PLA/PP/MAH-g-
PP, e) PLA.

to the crystallite melting, shown in Figure 6. The
PLA /PP blend with 10 wt % PP showed two differ-
ent transitions around 27 and 85°C. The high-tem-
perature peaks were probably associated with the T,
of PLA and the low-temperature peak of PP. This
confirmed the formation of a biphase structure in
the blend. With the incorporation of MAH-g-PP, the
Tg of PLA was shifted to a higher value of 75.61°C,
and a weak transition, as compared to the uncompa-
tibilized blend, was observed at 17.59°C, correspond-
ing to the T, of PP. A similar trend was observed for
the PLA/PP/GMA blend. The E” values of the
PLA/PP/MAH-¢g-PP and PLA/PP/GMA blends
were observed to be 479.4 and 325.0 MPa, respec-
tively. The higher modulus of the MAH-g-PP com-
patibilized blend exhibited its improved interfacial
stability compared to GMA. This further indicated

HeatFlovEndo Up (mw)

1 A 1 1 [
o0 130 140 150 160 170 180

Temperature (°C)
Figure 7 DSC melting thermograms of a) PLA, b) PP, c)
PLA/PP (90/10), d) PLA/PP/MAH-¢-PP, e) PLA/PP/
GMA.
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the reinforcing effect of MAH-g-PP, which restricted
the segmental motion of the matrix chain.

Thermal properties
DsC

DSC heating and cooling thermograms, illustrating
the melting and crystallization behaviors of PLA, PP,
and the PLA/PP compatibilized blend systems, are
depicted in Figures 7 and 8. It is evident that the DSC
thermogram of virgin PLA shows a single sharp
endothermic peak, revealing characteristic T,, of the
matrix polymer around 151°C, whereas that of PP
shows a broad T,, around 164°C. The PLA /PP blend
also revealed a similar melting range, corresponding
to the PLA matrix. However, two distinct melting
peaks around 150 and 165°C, corresponding to that of
PLA and PP, respectively, were observed in the blend;
this indicated a phase-separated morphology, which
was in agreement with the SEM studies. In the case of
the PLA/PP blend compatibilized with MAH-g-PP,
the melting transition of PP broadened and became
cocontinuous with that of PLA. This opened up a mis-
cibility window between the two incompatible poly-
mers. Conversely, the transition peak became more
prominent with the incorporation of GMA as a com-
patibilizer; this, thereby, confirmed insufficient inter-
action between the two polymers with GMA at the
interface. Also, a marginal decrease in T,, was
observed, which could be attributed to the small
decrease in lamellar thickness.*

T,, values of crystalline polymers can be related to
the size and perfection of crystal units. T, T., and
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Figure 8 DSC crystallization thermograms of a) PLA/
PP/MAH-¢-PP, b) PP, c) PLA/PP, d) PLA/PP/GMA.
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TABLE IV
DSC Analysis of PLA, PP, and the PLA/PP Blends

COI’HpOSitiOI’lS Tg (DC) Tc (OC) Tm (OC) AHm (]/g) chlend (0/0) XCPLA (0/0)

V-PLA 61.68 113 151.02 — 33 33
V-PP — 106.57 164.82 41.87 — —
PLA/PP (90 : 10) 61.60 124.18 150.42 13.08 15.52 13.97
PLA/PP (90 : 10) + 3% MAPP 60.07 124.41 150.65 16.77 20.25 17.92
PLA/PP (90 : 10) + 3% GMA 55 117.97 146.91 9.45 11.40 10.09

*Note: V-PLA = virgin PLA V-PP = virgin PP.

AH,, is enthalpy melting.
heat of fusion are represented in Table IV. Crystalliza- = TGA

tion peaks could not be obtained for virgin PLA in
this investigation. Lewitus et al.*® reported that PLA
showed a weak transition at 112°C, closer to that of
PP, which exhibited a sharp transition corresponding
to T, at 106.57°C. As evident from the crystallization
thermogram T,, the transition had an outward shift,
which indicated an increase in T, after blending. The
single transition noted for the blend samples may
likely have been due to the overlapping of the peaks
of the constituent polymers. The incorporation of PP
within the PLA matrix increased T, of the virgin poly-
mer from 112 to 124.18°C. Furthermore, the PLA /PP
blends compatibilized with MAH-g-PP also showed a
single transition at 124.41°C, thus revealing that T.
remained constant, regardless of the addition of
MAH-g¢-PP. Conversely, with the incorporation of
GMA, T, showed only a marginal increase, to 117°C,
as compared with the neat polymer; this indicated a
lack of favorable influence of GMA on improving the
compatibility of PLA and PP.

The X, (%) values of PLA and its blends are dis-
played in Table IV. X, of 100% crystalline PLA was
taken to be 93.6 J/g on the basis of the studies car-
ried out by Lewitus et al.*® It was evident that X, of
PLA decreased with the incorporation of even a
small quantity of PP, that is, 10 wt %, which was
probably due to the increase in the amorphous
region between the lamellae, which, thus, inhibited
the crystallization process of PLA.** A further
increase in X. was obtained with the incorporation
of MAH-¢-PP within the blend composition. This
was probably due to the modified interface of PLA/
PP with the incorporation of MAH-g-PP.

The thermal stabilities of the virgin PLA, PP, and
PLA/PP blends evaluated by TGA are represented
in Table V and Figure 9. As evident from Table V,
PP was thermally more stable than PLA. The onset
temperature of thermal degradation (T;o) of PLA
was 352°C, whereas PP started to degrade at 374°C.
The incorporation of 10 wt % PP resulted in the
decrease of Tyo of PLA to 374°C in the blend. Simi-
larly, the temperature at 50% weight loss (T) also
decreased in the case of the blend to 369°C, as com-
pared with that of the neat polymer (389°C). Both
Ty and T5p had an increase in magnitude with the
addition of MAH-¢g-PP as a compatibilizer. The
physical and chemical bonding between MAH-g-PP
and the polymers resulted in an enhancement in the
thermal stability.”® Conversely, the incorporation of
GMA led to decrease in Tqy and Tsp; this indicated
the absence of any reaction taking place within the
blend constituents. T¢q also increased from 420°C for
virgin PLA to 465°C for PLA/PP blend which was
decreased to 450°C and 460°C with the incorporation
of compatibilizers MAH-g-PP and GMA within the
blend matrix.

Heat distortion temperature

The HDT values for PLA, PP, and PLA /PP are tabu-
lated in Table V, which shows that the incorporation
of PP to the tune of 10 wt % increased the HDT of
PLA from 68 to 72.3°C. Furthermore, the addition of
MAH-g-PP resulted in an additional increase in
HDT of the PLA matrix in the blend to 79°C. This
further confirmed the reduced interfacial tension in

TABLE V
Thermal Properties of PLA, PP, and the PLA/PP Blends
Composition Ty (°C) Tso (°C) T (°C) HDT (°C)
V-PLA 352 389 420 68
V-PP 374 429 480 88
PLA/PP (90 : 10) 337 369 465 72.3
PLA/PP (90 : 10) + 3% MAPP 345 373 450 79.8
PLA/PP (90 : 10) + 3% GMA 320 361 460 74.0

*Note: V-PLA = virgin PLA; V-PP = virgin PP.
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Figure 9 TGA curves for virgin PLA, PP, PLA/PP, PLA/
PP/MAH-g-PP and PLA/PP/GMA.

the blend matrix due to the formation of bonds at
the interface. The interaction of GMA with PLA also
caused a slight increase in HDT compared with that
of neat PLA.

CONCLUSIONS

Experimental findings revealed that PLA/PP blends
at various ratios were successfully prepared with the
melt-blending technique. Mechanical test results
indicated an increase in the tensile modulus, tensile
strength, flexural strength, and impact properties of
PLA with the incorporation of PP. Further addition
of MAH-g-PP increased TM, TS, FS, and IS by 6, 20,
47, and 17%, respectively. Thermal studies employ-
ing TGA revealed an increased thermal stability in
the blend matrix. However, there was a decrease in
the crystallinity and the presence of two distinct
melting peaks, as observed from DSC thermograms.
E’" of PLA was found to increase in the blend matrix
compatibilized with MAH-g-PP in comparison with
that of the virgin PLA. The formation of interfacial
bonds between PLA-MAH-g-PP and PP was also
confirmed from the FTIR spectra. Furthermore, the
morphological findings confirmed extensive plastic
deformation with a homogenized dispersion of the
PP phase within the PLA matrix in the presence of
MAH-g-PP. Thus, on the basis of our observations,
we concluded that PLA, being an inherently brittle
polymer with limited thermal stability, was difficult
to process. The incorporation of PP with a minimal
concentration of 10 wt % led to improved process-
ability. The PLA /PP blend constituted an immiscible
system with a biphase morphology. The incorpora-
tion of suitable compatibilizers acted as a boundary
between the two phases while improving the disper-
sion characteristics of the PP phase and enhancing
the overall properties in the system.
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