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ABSTRACT: The increasing use of bio-sourced and biodegradable polymers such as poly(lactic acid) (PLA) in bottle packaging presents

an increasing challenge to the polyethylene terephthalate (PET) recycling process. Despite advanced separation technologies to remove

PLA from PET recyclate, PLA may still be found in rPET process streams. This study explores the effects of PLA on the mechanical

properties and crystallization behavior of blends of PET containing 0.5–20% PLA produced by injection molding. SEM indicates an

immiscible blend of the two polymers and TGA confirms the independent behavior of the two polymers under thermal degradation

conditions. Temperature-modulated DSC studies indicate that adding PLA to PET increases the rigid amorphous fraction of the PET

moiety. Critical amounts of PLA induce stress oscillation behavior during mechanical testing. The mechanical behavior of the samples

is explained by antagonistic interaction between increased rigid amorphous fraction and decreased fracture strength arising from an

increased population of PLA microparticles. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44147.

KEYWORDS: amorphous; biopolymers and renewable polymers; differential scanning calorimetry; mechanical properties; properties
and characterization

Received 17 February 2016; accepted 30 June 2016
DOI: 10.1002/app.44147

INTRODUCTION

Polyethylene terephthalate (PET) has become one of the most

recycled plastics in Europe: in 2013, 65 billion PET bottles were

recycled in Europe. Among the challenges to the quality of

rPET are biodegradable polymers, one such being poly(lactic

acid) (PLA), which is a biodegradable polymer of L-lactose

derived by hydrolysis of plant starch.1 The similar optical prop-

erties and density of PET and PLA preclude hand sorting and

flotation separation methods, although near-infrared sorting

technology is employed to separate the two materials.2,3

Apart from packaging, recycled PET is also used for fiber appli-

cations such as textiles although some rPET, which does not

meet criteria of clarity and color for food use can be used to

make straps: in 2009 about 7% of PET recyclate was used for

strapping.4–6 Although the optical properties of PET for strap-

ping are less of a concern, the mechanical properties remain

highly important, since strapping, which is likely to fail under

load would present an obvious hazard. Previous studies have

explored the rheological properties of PET/PLA blends as these

are relevant to the blow molding process where melt flow prop-

erties must be considered. For example, in one study, it was

shown that the addition of 1% or 2% dry PLA to PET had a

very small effect on the melt viscosity of PET, but that the effect

was much more significant if the PLA was undried, since the

water present in the PLA is likely to cause hydrolysis of the

PET.4,7 Moisture has relatively little effect on the mechanical

properties of modulus and tensile strength, but significantly

reduces impact strength and elongation to break.8 Where bale

strapping is concerned, solid state properties such as tensile

strength and elongation to break are important, but these are

not measured by techniques such as melt rheology, mechanical

testing can provide the necessary information about polymer

behavior.

Although the processing temperature of PET (ca. 260 8C) is

much higher than the typical melting temperature of PLA (ca.

180 8C), it has been shown that PLA heated under nitrogen did

not appreciably begin to decompose, as indicated by the emis-

sion of gaseous breakdown products, until a temperature of

300 8C was reached.9 However the number-averaged molecular

weight (Mn) of PLA processed for 10 min in the intensive mix-

ing conditions of a Braebender Plastograph mixer in the tem-

perature range 150–200 8C was significantly reduced.10 On the

basis of these reports, it is therefore reasonable to assume that

PLA, which has been coprocessed with PET is unlikely to have

undergone decomposition other than chain scission during the

short residence time in an injection molder barrel.

Given the current efficiency of optical sorting systems for rigid

plastics it might be expected that the amounts of PLA passing
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through a system and appearing in the recyclate will be less than

1%, but, there are few published studies on the effect on mechani-

cal properties of PET when melt-processed with PLA. One study

reporting the inclusion of up to 5% PLA in PET by melt blending

concluded that 2% PLA or less had negligible effect on tensile

strength. An increase in elastic modulus by inclusion of up to 2%

PLA was explained by the reinforcing effect of the PLA, which had

a greater modulus (1710 MPa) than that of the PET used (1288

MPa).7 From a small increase in the enthalpy of fusion, the

authors concluded that inclusion of up to 1% PLA increased the

crystallinity of the PET while greater amounts reduced it. Howev-

er, the variance in the values obtained was not indicated and the

small differences involved could easily be explained by experimen-

tal error. Furthermore, it has been shown that initial crystallinity

cannot be inferred by simply considering the enthalpy of fusion,

due to dynamic changes in the crystallinity of PET during the

DSC analysis itself.11 In another study, PLA was melt blended with

PET at 20% and 40% addition, with the authors reporting a 250%

increase in Young’s modulus and 80% reduction in impact

strength according to ASTM D1822.12 However there is no data

for PLA concentrations between 5% and 20%, so the behavior of

intermediate mixtures is unknown. Furthermore, these studies are

based on intensive mechanical mixing and to date, to our knowl-

edge no-one has investigated the properties of blends arising from

processes such as injection moulding, which is one aspect of this

study.

PET exhibits multiple melting endotherms, which have been

studied by superfast differential scanning calorimetry (DSC)

and temperature modulated DSC and consequently have been

shown to be due to simultaneous melting and recrystallization

of the crystal lamellae of PET.13,14 Up to three endotherms have

been observed, their appearance and intensity reflecting the con-

ditions under which crystallization has taken place. Thus the

lowest temperature endotherm represents the melting of imper-

fect lamellae formed during secondary crystallization and conse-

quently is not always present, while the next lowest isotherm

represents the original crystalline lamellae. The highest endo-

therm represents melting of primary lamellae, which have been

thickened by recrystallization.14 These studies have focused on

interpreting the behavior and appearance of these endotherms

terms of the thermal history of the PET and in particular the

crystallization conditions but the effects of inclusion of other

polymers or contaminants are less well studied. Thus in one

study it was found that the presence of 10% or more of PLA in

the PET/PLA blend interfered with this phenomenon such that

the higher melting endotherm, which is the product of the

recrystallization disappeared.15

Semicrystalline PET comprises three phases: a solid crystalline

phase; a liquid mobile amorphous phase (MAF) and a rigid

amorphous phase (RAF) with only the MAF contributing to the

change in heat capacity over the glass transition temperature as

the RAF will not undergo relaxation at this temperature.16,17

While PLA by comparison contains very little RAF, it has been

shown that increasing amounts of PLA up to 10% can increase

the RAF of PET on isothermal crystallization from the melt,

although the mechanical properties of these blends were not

reported.15,18

The miscibility of PET and PLA has been investigated by micro-

morphological and DSC studies. Hence examination of melt

compounded PET/PLA blends by scanning electron microscopy

has indicated the immiscibility of the two polymers by the exis-

tence of beads of PLA in a matrix of PET at concentrations of

PLA up to 2%, while 5% PLA or more led to a clear biphasic

morphology.7 The same authors also noted poor adhesion of

the PLA beads to the PET matrix, similar to that reported for

mixtures of PET with other immiscible contaminants.19 The net

effect of this is that as little as 0.5% PLA leads to cloudiness in

PET thereby rendering it unusable for bottles or other applica-

tions requiring optical clarity. However in another study, PET/

PLA blends containing up to 90% PLA were produced by solu-

tion casting from hexafluoro-2-propanol.15 The authors

reported that PET was able to crystallize in all the blends stud-

ied but that PLA did not crystallize when present at less than

90%. Furthermore, these blends showed a single concentration-

dependent glass transition, indicating miscibility.15 The miscibil-

ity of two or more polymers can be predicted by comparing

their solubility parameters, which describe the surface tension

of a polymer in terms of three parameters: dD for Dispersion

(van der Waals), dP for Polarity (related to dipole moment),

and dH for hydrogen bonding. A further parameter which is

often considered is the molar volume, which is a measure of the

size of the repeating monomer unit. The Hansen solubility

parameters for PET and PLA are sufficiently close as to suggest

that they ought to be miscible (Table I) on thermodynamic

grounds. However, the structure of PET is dominated by bulky

aromatic rings, which is reflected in its higher molar volume

(V) than PLA and, which may account for the separation of

these polymers in both melt and solid states.

The literature to date reports either the properties of PET con-

taining small amounts of PLA produced by melt blending or

the properties of blends containing greater amounts of PLA

obtained by solution casting. Beyond this, there are few, if any,

reports on the effect of PLA on the physical properties of PET

despite the unpopularity of PLA in the PET recycling industries.

This study reports the properties of blends of PET containing

0.5% to 20% PLA produced by a melt blending technique, i.e.,

injection molding so as to reflect amounts of PLA, which may

be encountered in a recycling situation, and discusses the effects

Table I. Calculated Hansen Solubility Parameters for PLA and PET20

Polymer
Molar volume (V)
(cm3 mol21)

Dispersive
component dD

Polar
component dP

Hydrogen bonding
component dH

Hansen solubility
parameter dT

PLA 47.1 14.0 12.9 10.0 21.5

PET 144.5 16.8 10.4 11.0 22.6
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of PLA on the mechanical properties and crystallization

behavior.

Whereas previous reports have studied inclusion of up to 40%

PLA by melt compounding and larger amounts of PLA have

only been studied by solution casting, currently data on the

behavior of this binary system in the concentration range 5–

20% is missing. In this article, we investigate the effect of 0.5–

20% PLA on the microstructure of PET and relate this to the

observed trends in key mechanical properties. DSC was used to

investigate the nature of the blend of the two polymers while

SEM analysis was used to investigate their miscibility. Mechani-

cal testing focused on tensile strength and Charpy impact resis-

tance as physical parameters relevant to the likely end-use of

PET, which does not meet optical clarity standards. The

mechanical behavior of the samples is explained by antagonistic

interaction between increased rigid amorphous fraction and

decreased fracture strength arising from an increased popula-

tion of PLA microparticles. The proportion of RAF in PET

increased with increasing PLA, increasing the likelihood of

stress oscillation behavior under dynamic tensile testing until

offset by the weakening effect of PLA microparticles in the

polymer blend.

MATERIALS

Hisun Revode 201 injection molding grade PLA of weight-

average molecular weight (Mw) 5 150,000 Daltons containing

3.5% D-lactate was obtained from Bioresins.eu (Olney, Bucks

MK46 5FP UK). Melinar Laser1 injection grade PET (intrinsic

viscosity: 0.82 dl/g) was obtained from Distrupol Limited, UK.

PET resin was dried at 107 8C for 8 h and PLA was dried at

40 8C prior to processing trials.

METHODS

Injection Molding

Injection molding was done with a Battenfeld HM40 4/130

Injection Moulder. The nozzle and barrel temperatures were 265

and 260 8C, respectively and the injection and holding pressures

were 480 and 300 bar, respectively. The tool produced one ten-

sile “dog bone” and one impact bar per shot. The holding time

was 4 s with a tool temperature of 25 8C. Full injection molding

conditions have been described previously.21 Blends of PET con-

taining 0.5%, 1%, 2%, 5%, 10%, and 20% w/w PLA were pre-

pared by preblending the dried resin pellets in a container

before adding to the feed hopper of the injection molder. The

concentration of the PLA in PET was calculated from the

weights of the components in each mixture.

X-ray Diffraction Analysis

X-ray diffraction analysis (XRD) was performed on the injection

moulded parts directly using a Bruker D8 Advance X-ray dif-

fractometer with a LynxEye detector, operating at 40 kV voltage

and 40 mA current using CuKa radiation (k 5 0.1542 nm) in

the range 108–308 2 theta (2u) in 0.038 increments. The speci-

mens had no additional treatment prior to analysis.

Mechanical Testing

Tensile testing was done according to ASTM-D638 using a

Lloyd instruments EZ20 extensometer with 20 kN load cell and

an extension rate of 50 mm/min. Ten specimens per treatment

were tested. Impact testing (ten specimens per treatment) was

done according to ISO 179-1 on unnotched bars (10 3 4 3

80 mm3) using a Resil Impactor Junior (CEAST Instruments).

All testing was carried out at ambient temperature (20 8C).

Figure 1. Injection molded test pieces of PET containing 0% to 20% PLA.

Figure 2. X-ray diffractograms of injection molded PET and PET/PLA

blends.

Figure 3. Thermograms of injection molded virgin PET and virgin PLA

pellet used in the study.
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Differential Scanning Calorimetric Analysis

Specimens (10 mg) were analysed on a Mettler Toledo D820

differential scanning calorimeter. The specimen was heated to

280 8C at 10 8C/min to remove thermal history, cooled to 25 8C

at the same rate and finally heated again to 280 8C at the same

rate. Enthalpies of cold crystallization, melting (fusion) and

recrystallization on cooling were derived from the area of the

peak in each case and normalized to the sample weight.

The derived enthalpy was corrected for the PLA content using

eq. (1).

DHcorr5DH= 12xð Þ½ � (1)

where:

DHcorr, the corrected enthalpy (J g21); DH, the normalized

enthalpy of the transition (J g21); x, the fraction of PLA in the

blend.

When amorphous material is heated through its glass transition

temperature, the heat capacity increases stepwise and the height

of the step is proportional to the amount of mobile amorphous

phase in the material: a purely crystalline material does not

show a glass transition. The increase in heat capacity is there-

fore a measure of the proportion of mobile amorphous phase.

The change in heat capacity (DCp) over the glass transition was

measured using temperature-modulated DSC since this tech-

nique is more sensitive to small changes in this parameter.21

Specimens were heated at 3 8C 3 min21 from 30 to 90 8C,

which covered the glass transition of PET with a temperature

amplitude of 1 K and a period of 30 s.

The proportion of mobile amorphous fraction (uMA) in the

blends was calculated by a method validated for PET-PLA mix-

tures according to eq. (2).15

1MA5
DCMeas

p Tg

� �

DCPET
p Tg

� �
W PET

� �
1 DCPLA

p Tg

� �
W PLA

� �h i (2)

where DCMeas
p Tg

� �
is the increment in heat capacity measured

over the Tg of PET; DCPET
p is the increment for 100%

Figure 4. Thermograms (first heat) of injection molded PET/PLA blends, showing cold crystallization and fusion. Glass transitions of PLA and PET are

indicated by arrows. Curves are displaced vertically for clarity.

Table II. Thermal Properties (First Heat) of Injection-Molded PET Blends Containing 0.5–20% PLA

First heat

% PLA Tg 1H (8C)
Tcc

1H (8C)
DHcc

1H J g21
DHcc

1Hcorr. J g21 Tm 1H (8C)
DHm

1H J g21
DHm

1Hcorr J g21

0 69.5 6 0.5 133.0 6 0.5 26.5 6 0.9 26.5 6 0.9 248.1 60.6 237.3 6 0.7 237.3 6 0.7

0.5 70.7 6 0.3 136.5 6 0.3 26.5 6 0.5 26.6 6 0.5 250.2 61.3 237.2 6 0.4 237.4 6 0.4

1 69.6 6 0.6 131.2 6 1.1 26.4 6 0.9 26.7 6 0.9 249.6 60.3 239.2 6 0.7 239.6 6 0.8

2 70.4 6 0.3 135.0 6 0.2 26.9 6 0.6 27.4 6 0.6 248.9 6 60.3 238.1 6 0.8 38.9 6 0.8

5 74.0 6 0.6 131.0 6 1.3 24.0 6 1.4 25.3 6 1.5 249.5 6 0.8 239.2 6 3.1 241.3 6 3.3

10 72.0 6 0.6 131.4 6 0.3 22.7 6 4.4 25.2 6 4.9 251.8 6 0.7 240.3 6 0.1 244.8 6 0.1

20 72.4 6 2.5 126.9 6 2.9 22.0 6 1.7 27.5 6 0.6 250.6 6 0.4 238.9 6 0.9 248.7 6 0.4

Tg, glass transition temperature; Tcc, temperature of cold crystallization.
DHcc 1H, measured enthalpy of cold crystallisation, first heat.
DHcc 1H corr., Normalized enthalpy of cold crystallization, first heat, corrected for PLA content.
Tm, melting temperature, first heat.
DHm 1H, measured enthalpy of melting, first heat.
DHm 1H corr, Normalized enthalpy of melting, first heat, corrected for PLA content.
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amorphous PET (obtained from the ATHAS data bank); DCPLA
p

is the measured increase in heat capacity for PLA over the Tg of

PET.

Thermal Gravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was performed on one

specimen per treatment using a Mettler-Toledo TGA/DSC1

Thermogravimetric Analyzer. The specimen (10 mg) was heated

in an alumina crucible from 50 to 650 8C at 10 8C min21 under

nitrogen gas.

SEM Investigation

To study the micromorphology of the PET/PLA blends, the

samples were cooled in liquid nitrogen and then broken to give

brittle failure surfaces. To check for artefacts created by freezing,

samples were also fractured without freezing. All specimens

were cut, mounted on aluminum SEM stubs using conductive

adhesive pads and coated with palladium/gold. Scanning elec-

tron microscopy was carried out on a HITACHI S3200N scan-

ning electron microscope.

RESULTS AND DISCUSSION

Examples of the test specimens produced by injection moulding

are shown in Figure 1. The haziness of the pieces increased with

increasing PLA content such that PET containing 5% PLA or

more were effectively opaque. Even small amounts of PLA

(<0.1%) will produce detectable haze in PET and this is the

principle reason for its rejection by PET recyclers.23 X-ray dif-

fraction analysis (Figure 2) revealed that all the injection-

moulded samples were amorphous, since there were no peaks

corresponding to crystalline forms of either PET or PLA, both

of which would have been seen in the range 108–308 2 theta.15

Differential Scanning Calorimetric Analysis

The DSC thermograms of injection molded PET and virgin PLA

are shown in Figure 3. The PLA exhibited a clear glass transi-

tion but neither cold crystallization, melting nor crystallization

on cooling from the melt, which indicated that this PLA was

amorphous, therefore all crystallinity observed in the DSC stud-

ies was due to PET alone. The PET exhibited a glass transition

and cold crystallization during the first heat, showing that there

was both amorphous and crystallizable PET present and there-

fore that the polymer was quenched in the injection molding

process. Thermograms of the first heat of all the samples

showed a clear glass transition for PET around 70 8C, while a

glass transition around 55 8C, which was taken to be due to

PLA, was apparent in the blends containing 5% or more PLA

(Figure 4). There was no evidence of a glass transition between

these temperatures, which confirms that the blend was

Table III. Thermal Properties (First Cool and Second Heat) of Injection-Molded PET Blends Containing 0.5–20% PLA

First cool Second heat

% PLA Tc 1C 8C DHc 1C J g21 DHc 1C corr. J g21 Tg 2H 8C Tm 2H 8C DHm 2H J g21 DHm 2H corr. J g21

0 182.1 6 0.2 35.2 6 1.2 35.2 6 1.2 79.0 6 0.8 246.4 6 0.2 236.7 6 0.1 236.7 6 0.1

0.5 193.2 6 1.2 37.9 6 0.7 38.0 6 0.7 79.4 6 0.5 246.8 6 0.1 235.2 6 0.8 235.4 6 0.8

1 196.5 6 0.5 39.5 6 0.5 39.9 6 0.5 78.7 6 0.4 247.1 6 0.0 235.8 6 0.2 236.2 6 0.2

2 195.0 6 0.3 38.5 6 0.9 39.3 6 0.9 78.3 6 0.3 246.8 6 0.2 235.8 6 0.3 236.5 6 0.3

5 200.0 6 1.8 36.9 6 1.0 38.8 6 1.1 76.8 6 5.3 248.1 6 0.9 233.9 6 0.9 235.6 6 0.9

10 202.4 6 0.5 38.4 6 0.9 42.7 6 1.0 77.6 6 1.2 248.8 6 0.7 231.1 6 5.8 238.1 6 2.2

20 204.0 6 1.0 35.9 6 1.4 44.9 6 1.7 76.9 6 0.2 248.0 6 0.4 232.6 6 0.8 240.7 6 1.0

Tc 1C, crystallization temperature, first cool.; DHc 1C, measured enthalpy of crystallization, first cool; DHc 1C corr., normalized enthalpy of crystalliza-
tion, first cool, corrected for PLA content; Tg 2H, glass transition temperature, second heat; Tm 2H, melting temperature, second heat; DHm 2H, mea-
sured enthalpy of melting, second heat; DHm 2H corr., normalized enthalpy of melting, second heat, corrected for PLA content.

Figure 5. Thermograms (first cool) of injection molded PET/PLA blends containing 0–20% PLA, showing recrystallization exotherms. Curves are dis-

placed vertically for clarity.
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immiscible. Stress relaxation over the Tg of PET was seen in the

samples containing 0–2% PLA, but not in those containing

larger amounts. This can interfere with measurement of the

change of heat capacity over this transition when conventional

DSC is used, but in this case by using mDSC, the stress relaxa-

tion did not appear in the heat capacity trace and so a reliable

value for delta Cp can be obtained.

Table II summarizes the thermal properties of the injection

molded PET/PLA blends produced for this study. During the

first heating phase, all samples showed a glass transition for

PET, but the glass transition for PLA was only discernible in

when PLA was present at 10% or greater. The first heat glass

transition temperature and first heat melting temperature of

PET were not significantly affected by the presence of PLA,

which is consistent with other findings.7

All samples exhibited cold crystallization during the first heat,

because the rapid cooling during the injection molding process

prevented complete crystallization of the PET, consequently this

crystallization process resumed on heating during the DSC anal-

ysis. The measured enthalpy of cold crystallization (shown as

“DHcc 1H” in Table II) of the whole sample, as derived from

the thermograms, apparently decreased with increasing PLA

content. However, the PLA content of the sample has to be con-

sidered, since the PLA itself does not crystallize as was demon-

strated by running a sample of PLA alone (Figure 3), therefore

a correction must be applied and this equation is given in the

description of the method. When this correction (shown as

“DHcc 1Hcorr” in Table II) was applied, it can be seen that there

was no significant change in the normalized cold crystallization

enthalpy of the PET, indicating that PLA had no effect on PET

crystallization during cooling in the mold and therefore the

amount of crystallizable PET was independent of the PLA

added. A similar correction was applied to the enthalpies of

fusion and this revealed that the normalized enthalpy of fusion

of the PET increased with increasing PLA, this effect being most

evident in the 5%, 10%, and 20% treatments. The fact that the

cold crystallization enthalpy remained constant while the melt-

ing enthalpy increased might invite the conclusion that initial

crystallinity increased with increasing PLA content. However,

the X-ray diffractograms show clearly that all the injection-

molded samples of PET/PLA blend were in fact amorphous.

The increase in melting enthalpy can therefore be explained by

an increase in the amount of crystallinity developed in the

specimen as it was heated during the DSC analysis, brought

about by nucleation either from the added PLA or shorter

chains resulting from polymer chain scission on heating.10 It

has been shown that PET, when heated, undergoes melting and

recrystallization between the glass transition temperature and

the final melting, processes which are revealed by modulated

DSC but not by conventional DSC.14 Consequently, any differ-

ence between the enthalpies of cold crystallization and fusion of

a sample of PET does not necessarily indicate the presence of

initial crystallinity, as confirmed in this study by the XRD anal-

ysis. However, an additive which promotes the recrystallization

during the heating phase of the DSC analysis, will increase the

melting enthalpy.

During the first cooling phase, pure PET crystallized at 182 8C

on cooling from the melt (Figure 5) but in the presence of PLA,

the crystallization temperature increased with increasing PLA to

204 8C, which again suggests a nucleating effect (Table III). The

glass transition temperatures of the samples, measured during

the second heat, were higher than the values obtained in the

first heat. This is consistent with the results of other workers

who observed that the glass transition of quenched amorphous

PET was lower than that of semicrystalline PET obtained by

Figure 6. Thermograms (second heat) of injection molded PET/PLA

blends containing 0–20% PLA, showing melting endotherms. Curves are

displaced vertically for clarity.

Table IV. Mobile and Rigid Amorphous Fraction of PET/PLA Blends

Obtained by Injection Molding

%PLA in
PET/PLA blend

Mobile amorphous
fraction (uMA)

Rigid amorphous
fraction (uRA)

0 0.80 6 0.06 0.20

0.5 0.69 6 0.07 0.31

1 0.73 6 0.04 0.27

2 0.71 6 0.02 0.29

5 0.72 6 0.05 0.28

10 0.70 6 0.01 0.30

20 0.70 6 0.01 0.30

Figure 7. Percentage weight loss of PET/PLA blends as a function of tem-

perature. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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controlled cooling.15 However, they also found that the presence

of 20% PLA lowered the Tg by �20 8C, whereas in our study,

PLA had little effect on the glass transition of the PET.

As discussed in the introduction, PET can exhibit a double melt-

ing endotherm due to melting and recrystallization and this was

also seen in the samples prepared in this study (Figure 6), which

showed an endotherm (I) at 238 8C, which represents the crystal-

line PET present in the specimen at the start of the second heating

cycle, followed by a higher temperature endotherm (II) whose

peak was at 246 8C. In contrast to other investigators, we found

that increasing the amount of PLA in the blend increased the area

of endotherm (I). If endotherm (I) is taken to represent melting

of crystals formed during the first cool cycle of the analysis, then,

endotherm (II) represents melting of PET crystals formed during

recrystallization and again this can be explained by a nucleating

effect of PLA leading to the formation of a larger population of

crystallites with a lower melting temperature: the greater the

amount of PLA, the greater the population of these crystallites.

The mobile amorphous fraction (uMA) of injection molded PET

was 0.8 (Table IV); whereas that of the PET-PLA blends varied

around 0.7, as calculated by using eq. (2) given in the Experi-

mental Method. Since the injection-molded samples all demon-

strated negligible crystallinity, as shown by XRD analysis

(Figure 2), the remainder of the amorphous moiety must there-

fore be present as rigid amorphous fraction (RAF). The pres-

ence of amorphous phase additional to the mobile amorphous

phase is supported by dynamic thermal mechanical analysis

(DTMA), the results of which are presented as Supporting

Information. Blending PLA into the PET therefore increased the

rigid amorphous fraction at the expense of mobile amorphous

fraction. Earlier in this article it was proposed that enhanced

crystallization of PET from the melt in the presence of PLA

may have been due to a nucleation effect of short chain degra-

dation products of PLA: these same degradation products may

facilitate the transformation of mobile amorphous to rigid

amorphous fraction in the injection molding phase, although

the rapid cooling arrested the full transition from RAF to crys-

talline phase, that has been proposed for PET.18 This process

could take place without necessarily involving transesterification

reactions between PET and PLA, as has been proposed by

others.7

Thermogravimetric Analysis

The weight loss curves over the range 205–550 8C are shown in

Figure 7. PET showed the highest onset of degradation around

340 8C and while the lower amounts of PLA, i.e., 0.5%, 1%, and

2%, slightly decreased the onset of rapid degradation, inclusion

of 5% or more PLA drastically reduced the onset temperature

of degradation as well as the onset temperature of rapid degra-

dation. PLA showed the lowest residual weight (5% of the start-

ing mass) at 550 8C, due to its aliphatic nature, while PET

showed a higher residual weight (22% of the starting mass).

These differences can be explained partly by PLA containing a

greater proportion by weight of embodied oxygen, so that more

of the carbon can be lost as carbon dioxide and carbon monox-

ide, while PET has a lower oxygen content so that less carbon

can be volatilized, added to which is the presence of aromatic

rings, which tend to be resistant to thermal degradation.

The first derivative plots of the degradation region (Figure 8)

provide a more sensitive indication of the onset of thermal deg-

radation and also reveal features during the major mass loss

phase of the analysis. Thus in this experiment, PLA showed a

degradation onset at 296 8C, with a maximum degradation rate

at 369 8C and ending at 399 8C, while PET degraded between

368 and 500 8C, with a maximum rate at 439 8C. One of the

issues with PLA contamination of PET is its poor thermal sta-

bility relative to PET and this is evident in the TGA traces. The

temperatures used in the injection moulding were lower than

the onset temperature of PLA degradation so it is unlikely that

PLA would show appreciable thermal degradation during injec-

tion molding. The first derivative plot also revealed that PLA

and PET both underwent single degradation events and that

adding PLA in any amount did not change the temperature of

this derivative peak, indicating there was no effect on the tem-

perature of maximum mass loss. However, the higher amounts

of PLA (5%, 10%, and 20%) reduced the onset temperature to

around 320 8C, which was within the degradation range for

PLA. This suggests that the PLA was not stabilized by its inclu-

sion into PET, since at the degradation onset temperature, both

Figure 8. Differential weight loss of PET/PLA blends as a function of tem-

perature. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Table V. Weight Loss of PET/PLA Blends over the Degradation Tempera-

ture Range of PLA (296–3998C), Corrected for PET Weight Loss over the

Same Range

%PLA in
PET/PLA
blend

% weight loss
between
296 and 399 8C

% weight loss
corrected for
weight loss
due to PET

0 4.1 (0)

0.5 4.0 20.1

1 5.6 1.5

2 6.0 1.9

5 9.8 5.7

10 14.1 10.1

20 19.2 15.1
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polymers would have been completely molten and phase separa-

tion, as indicated in the electron micrographs, is likely to have

occurred, leaving the PLA susceptible to degradation during the

thermal analysis. There was good agreement between the per-

centage weight loss in the degradation range for PLA and the

PLA content, after correcting for the weight loss of PET (Table

V) although the weight loss of the sample containing 20%

added PLA was less than expected. A number of small peaks

such as those appearing around 375 8C indicate sporadic

decomposition of material less stable than PET. At this tempera-

ture both polymers would have been molten, so these small

peaks may represent decomposition of droplets of PLA.

Scanning Electron Microscopy

The micromorphology of the injection moulded samples con-

taining 0%, 2%, and 20% is seen in Figure 9, which shows that

the PLA was present as beads embedded in the PET matrix in

the case of 2% and 20% PLA: these inclusions were absent in

the PET itself and therefore were a product of the PLA since

the beads increased in size with increasing PLA content and

being immiscible with PET, the molten PLA assumed a spherical

shape due to surface tension effects, giving rise to the spherical

shape of the droplets on cooling. In the specimen containing

2% PLA the beads were clearly embedded in much larger cavi-

ties, indicative of some shrinkage of the polymers. The PLA

used in this study was amorphous and therefore would not

exhibit shrinkage due to crystallization although some densifica-

tion due to cooling might be expected. The structure of beads

within voids was seen in both nonfrozen and frozen samples

and therefore not an artifact of the freezing process. In the sam-

ple containing 20% PLA, there was evidence that the beads

were elongated in the direction corresponding to the direction

Figure 9. SEM images (6,0003 magnification) of fractured injection molded PET containing zero, 2% and 20% PLA. PLA beads are indicated by white

arrows. Samples labeled ‘RT’ were fractured at room temperature, all other samples were frozen in liquid nitrogen before fracturing. The scale bar in

each image represents 6 lm.
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of flow in the molded part, suggesting that the flow of polymer

melt had some effect in aligning the PLA inclusions. In all the

images it can be seen that the PLA and PET are not bonding in

any way, despite their similar Hansen solubility parameters and

therefore the PLA would contribute to the weakening of the

PET as seen in the reduction in mechanical properties, discus-

sion of which now follows.

Mechanical Properties

The tensile moduli of the specimens are shown in Figure 10.

While adding up to 2% PLA raised the modulus relative to the

control value, adding 5% of more of PLA reduced it by about

10%. The initial increase in modulus can be explained by the

increase in the proportion of rigid amorphous fraction (RAF)

detected by thermal analysis while the decrease was possibly due

to the disruptive effect of the PLA microparticles in the matrix.

The voids surrounding these inclusions interfere with stress

transfer, thereby reducing the modulus, as noted by Leclair and

Favis.23 The PLA itself cannot play any role in the mechanical

properties of these materials since there is evidently no interface

with the PET as shown by SEM examination.

A similar pattern is seen in the yield strength (Figure 11), which

was variably affected by up to 2% PLA, but 5% or more PLA

reduced the yield strength significantly. Ultimate tensile strength

(UTS) decreased with increasing PLA content up to 10% PLA;

at 20% most of the specimens showed brittle failure so UTS is

not shown for this PLA content. The UTS of the 2% PLA sam-

ples was anomalously high and therefore not presented in the

figure, the reason for this is discussed later.

Adding as little as 0.5% PLA reduced the Charpy impact

strength of PET from 114 to 98 KJ 3 m22 and further reduc-

tion was seen when the PLA was increased to 5% or greater

(Figure 12). The specimens became noticeably more brittle and

inclined to shatter into smaller fragments at higher PLA con-

tents. This brittleness can easily be explained by the increase in

the population and size of PLA beads in the PET matrix. These

beads interfered with the structural integrity of the matrix, and

did not bond with the PET, as shown by the SEM images,

which revealed voids around the PLA inclusions.

The stress–strain curves for the injection molded samples are

shown in Figure 13. The elongation to break for control PET in

this experiment was around 400%, but this was drastically

reduced to below 60% by inclusion of 0.5% and 1% PLA, indi-

cating that contamination with PLA at these concentrations can

cause serious embrittlement of the samples. The 20% PLA sam-

ples also showed wide variation in strain to break, with the

majority of the samples failing at 5% strain or less, although

two samples broke at 200% elongation. Given that the DSC

XRD analyses showed no effect of these amounts of PLA on ini-

tial crystallinity, the reduction in elongation to break is more

likely to be due to a physical effect of the microbeads of PLA

and the surrounding voids.

Interestingly, all the samples with 2% PLA that were tested

showed stress oscillation behavior, with an onset at 250% strain

and which resulted in overall strain hardening and consequently

anomalously high UTS of 34.1 MPa, with elongation to break

in excess of 600%. This behavior was demonstrated less fre-

quently by samples containing 5% PLA, where the onset of

stress oscillation was at 450% strain. Stress oscillation is known

to occur in crystallizable polymers prone to extensive cold

drawing, which was demonstrated by the 2% PLA samples.24,25

That it occurred in all specimens of the 2% PLA sample and

also in some of the 5% and 10% PLA loadings suggests that the

PLA contributed to the manifestation of this behavior through

its effect on the crystallizability of the PET. This is consistent

with the observation that crystallization onset occurred at a

higher temperature and therefore more readily in the samples

Figure 12. Charpy impact strength (unnotched) of injection molded PET/

PLA blends.

Figure 11. Yield strength and tensile strength of injection-molded PET/

PLA blends.

Figure 10. Young’s modulus of injection-molded PET/PLA blends.
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containing PLA, as strain-induced crystallization is a necessary

prelude to the onset of stress oscillation.25,26 Arnout suggested

that RAF promotes strain-induced crystallization by acting as a

nucleant and this is consistent with the results obtained in this

study.18 At 20% PLA however, the disruptive effect of the PLA

microparticles, which were also much larger in this material,

was the overriding factor resulting in failure of the material, so

that no stress oscillation was apparent.

Figure 13. Stress–strain curves of injection molded blends of PET and PLA. Testing speed 5 50 mm min21.
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CONCLUSIONS

The effect of inclusion of PLA into PET during injection mold-

ing has been studied by thermal analysis, X-ray diffraction,

scanning electron microscopy, and mechanical testing. Injection

molded samples were uniformly amorphous as shown by XRD

analysis and the exhibition of cold crystallization on first heat-

ing during DSC analysis. PLA enhanced the development of

crystallinity during recrystallization from the melt, but not dur-

ing cold crystallization, which can be explained by PLA acting

as a nucleant. The impact strength and tensile properties of

yield stress and ultimate tensile stress were drastically reduced

by PLA when present at greater than 2% concentration and this

was ascribed to the increasing population of microscopic beads

of PLA, which also increased in size with increasing PLA con-

tent. The nucleation effect of PLA also induced stress oscillation

behavior in samples containing 2% PLA or more, although this

was negated at higher PLA content by the dense population of

PLA microparticles.
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