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ARTICLE INFO ABSTRACT

Keywords: The study investigates the distribution of the plasticizers acetyl triethyl citrate (ATEC) and acetyl tributyl citrate

PO])’(.la'CtiC acid) (ATBC) in the mobile amorphous (MAF) and rigid amorphous (RAF) fractions of semi-crystalline plasticized poly

Elasrlcfl%ef (lactic acid) (PLA) containing 5 wt% of plasticizer. During crystallization, the ATEC and ATBC concentration in
rystallinity

the MAF increases from 5 to about 8 wt%. At the end of crystallization, the plasticizers concentration in the RAF
is lower than that in the MAF. The progressive decrease of the ATEC and ATBC concentration in the RAF region
could be linked to the growth of subsidiary lamellae in more restricted amorphous areas. The study also in-
troduces an estimation of the tensile elastic modulus of the RAF (Erar) in semi-crystalline pure and plasticized
PLA containing a-crystals. The mechanical model with crystalline lamellae perpendicular to the stress direction
turned out to be the most appropriate arrangement to represent the morphological organization in PLA samples
prepared by injection-moulding processing at high pressure. The mathematical procedure led to a crystal elastic
modulus (E¢) of the a-phase in excellent agreement with the theoretical value reported in the literature (Ec = 14
GPa), and to an Erar value around 5.5 GPa, for both pure and plasticized PLA, thus suggesting that both ATEC
and ATBC do not exert plasticizing action on the RAF.

Rigid amorphous fraction
Mobile amorphous fraction
Tensile elastic modulus

1. Introduction

Nowadays, poly (lactic acid) (PLA) is certainly the most studied bio-
based and biodegradable polymer. As lactic acid exists in r- and p-en-
antiomers, PLAs with different chirality can be synthesized. Homopol-
ymers poly (t-lactic acid) (PLLA) and poly (p-lactic acid) (PDLA) contain
exclusively 1-lactic acid and p-lactic acid units, respectively, whereas
PLA copolymers are mixtures of 1- and p-units. Commercial PLA grades
are generally copolymers of PLLA containing a small percentage of p-
units, because r-enantiomer is the isomer mainly derived from renew-
able sources [1,2]. The distribution of the 1- and p-sequences strongly
influences the crystallization ability of the PLA copolymers. Crystal-
linity, crystallization rate, and melting temperature decrease with
increasing the p-units percentage. Thus, PLA copolymers containing
more than 10-15 % of randomly distributed p-units are totally amor-
phous [3].

Different crystalline structures develop in PLLA as a function of the
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crystallization conditions [4]. The most stable crystal form («) grows at
temperatures higher than 120 °C during melt and cold crystallizations
under normal conditions in absence of stretching. The o-form is char-
acterized by a left-handed 103 helical conformation packed in an
orthorhombic unit cell. At temperatures lower than 100 °C a slightly
more disordered crystal form with looser packing, the «-form, develops,
whereas a mixture of - and a-crystals grows between 100 and 120 °C.
Around 150-160 °C, the disordered o/-form irreversibly transforms into
the more stable a-form upon heating at rates slower than 30 K/s [5].
Arguments on the occurring of this transition via melting/-
recrystallization or solid-solid transition can be found in the literature
[5-7]. By increasing the p-unit amount, the temperatures that charac-
terize the o- and the a-regions shift to lower temperatures [8-10]. Thus,
for a p-unit content of about 2 %, «’-crystals grow exclusively below
90 °C and a-crystals above 110 °C [9,10].

The good thermal properties (glass transition temperature around
60 °C and melting temperature in the range 160-170 °C), together with
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valuable mechanical properties (tensile elastic modulus of about 3-4
GPa and tensile strength at break in the range 50-60 MPa) make com-
mercial PLA grades competitive with common petroleum-based poly-
mers [11-13]. A limiting feature of PLA is its considerable brittleness,
which hinders the utilization in applications which require toughness.
To improve the PLA mechanical properties under this perspective,
different methods have been utilized, as for example drawing and
biaxial orientation [14], blending with a polymer with lower Tg, as poly
(caprolactone) (PCL), poly (butylene adipate-co-terephthalate (PBAT),
poly (butylene succinate) (PBS) or poly (butylene succinate-co-adipate)
(PBSA) [15-18], and plasticization, which is a very fast and practical
procedure [11-13].

The addition of a plasticizer generally favours the processability of a
polymer and increases its ductility and flexibility. The intermolecular
interactions between the polymer chains are broken and new in-
teractions can be established between the polymer and the plasticizer.
The presence of plasticizer molecules reduces the intermolecular in-
teractions density between the polymer chains as well as the size of the
cooperativity region at the glass transition temperature, so that the
macromolecular mobility increases and T decreases [19]. Moreover,
additional free volume is introduced due to the motions of the portions
of the plasticizer molecules that do not interact with the macromolecular
chains [20]. Non-toxic and biodegradable (“green”) plasticizers of PLA
are: lactide monomers, lactic acid oligomers, oligomeric or polymeric
poly (eythylene glycol) (PEG) and poly (propylene glycol) (PPG)
[11-13], and citrate esters (triethyl citrate (TEC), tributyl citrate (TBC),
acetyl triethyl citrate (ATEC) and acetyl tributyl citrate (ATBC)), which
are miscible with PLA up to about 25 wt% [21-28].

In general, during crystallization of plasticized polymers, the non-
crystallizable additive diffuses away from the crystal growth front and
its concentration increases in the amorphous phase. This can produce an
increase in the overall crystallization rate, as also found for the PLA/
ATBC system [10,29]. Acceleration of the crystal growth rate can be
sometimes observed also with the progress of crystallization at high
crystallization times, as for example for PLA/PEG and PLA/PPG systems,
suggesting plasticizer accumulation in front of the growing spherulites
[30,31]. As regards citrate esters, in a study on PLA/TEC mixtures, a
constant crystal growth rate was measured, which proved that during
crystallization, TEC moves from the crystalline regions into the amor-
phous phase without segregating at the amorphous/crystal boundary
[27]. The difference between ATEC and TEC is that a hydroxyl group in
TEC is replaced by an acetate group in ATEC, which suggests stronger
PLA/TEC interactions with respect to PLA/ATEC, and therefore possible
slower TEC mobility in comparison with ATEC mobility in the PLA
matrix. As regards ATBC, it is characterized also by higher steric di-
mensions, which in turn could slow down its mobility in the polymer.
Thus, the migration behaviour of ATEC and ATBC could be substantially
different from that of TEC.

An estimation of the rise in the plasticizer concentration in the
amorphous phase after crystallization can be useful for a more accurate
interpretation of macroscopic properties, as for example, mechanical
properties. A detailed analysis of the evolution of the plasticizer con-
centration must take into account also the interphase at the amorphous/
crystal boundary. It consists of a nanometric amorphous layer with
mobility reduced with respect to the amorphous regions far from the
crystals, due to its coupling with the crystals by covalent bonds [32-34].
This constrained or rigid amorphous fraction (RAF) vitrifies/devitrifies
at temperatures higher than Ty, which is defined as the glass transition
temperature of the mobile amorphous fraction (MAF), i.e. the amor-
phous region far from the crystals.

In the present study, two plasticizers of PLA with similar chemical
structure but different steric hindrance have been considered, namely
ATEC and ATBC, and the analysis of the plasticizers distribution in the
MAF and RAF regions of PLA/ATEC and PLA/ATBC mixtures has been
performed. A low ATEC and ATBC amount was utilized (5 wt%), to
avoid plasticizer loss during processing, which is proportional to its
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concentration [21] and possible migration [35].

It is known that the mechanical properties of semi-crystalline poly-
mers depend on microstructure and phase composition. The RAF also
contributes with its peculiarity to the mechanical response. Several
experimental and theoretical investigations have demonstrated that the
elastic modulus of the RAF is higher than that of the MAF, thus attesting
that the constrained interphase plays an important role on the stress
transfer between the crystalline and mobile amorphous phases [36-39].
A mechanical model that was proven useful for predicting the tensile
elastic modulus of semi-crystalline polymers is the Takayanagi model
[40], a combination of series and parallel elements that can describe the
different deformations that the various phases undergo under stress. The
original two-phase Takayanagi model does not consider the amor-
phous/crystal interphase, which displays organization and mobility
significantly different from the amorphous phase far from the crystals.
For this reason, the model has been recently modified and transformed
into a three-phase model, for a better and more accurate interpretation
of the tensile elastic modulus of semi-crystalline polymers as a function
of the correct phase composition [41,42]. By means of this procedure,
the elastic modulus of the RAF in PLLA and some poly (3-hydrox-
y-co-3-hydroxyvalerate) copolymers was estimated, and the moduli of
the crystalline (Ec), mobile amorphous (Eyar) and rigid amorphous
(Erar) fractions turned out to be quantitatively in the order Eyjar < Erar
< Ec [41,42]. The same analysis is here applied to PLA/ATEC and
PLA/ATBC mixtures. The aim is the estimation of the RAF elastic
modulus in plasticized PLA, for an accurate prediction of the mechanical
properties of these materials in comparison with pure PLA. The knowl-
edge of the properties of the different fractions, also by means of theo-
retical methods, can support the design of materials with targeted and
tailored properties.

2. Materials and methods
2.1. Materials

Commercial PLA Ingeo 4032D, containing 1.4 + 0.2 % of p-isomer
[43] [melt flow index (MFR): 7 g/10 min (210 °C, 2.16 kg)], was pur-
chased from NatureWorks LLC. Acetyl tributyl citrate (ATBC) was pur-
chased from Tecnosintesi S. p.A (Bergamo, Italy). It is a colourless and
odourless liquid with a density of 1.05 g/cm® at room temperature, and a
molecular weight of 402.5 g/mol [21]. Acetyl triethyl citrate (ATEC),
was purchased from TCI Europe N.V. It is a colourless liquid with a
density of 1.14 g/cm® at 20 °C and a molecular weight of 318.3 g/mol
[21].

2.2. Sample preparation

Pure PLA 4032D and plasticized PLA 4032D samples (with compo-
sition reported in Table 1) were processed in a Comac EBC 25 H T (L/D
= 44) (Comac, Cerro Maggiore, Italy) semi-industrial twin screw
extruder to obtain the pellets for the subsequent injection moulding
processing. The present study investigates in detail the mixtures
PLA_ATEC_5 and PLA_ATBC_5 in comparison with pure PLA. Mixtures
with higher plasticizers amount were prepared and analysed to assist the
data interpretation and discussion.

Table 1

Samples composition in weight fractions (wt).
Sample PLA [wt] ATEC [wt] ATBC [wt]
PLA 1.00 - -
PLA_ATEC 5 0.95 0.05
PLA_ATEC7 0.93 0.07 -
PLA_ATEC S 0.91 0.09 -
PLA_ATBC 5 0.95 - 0.05
PLA_ATBC.7 0.93 - 0.07
PLA_ATBC9 0.91 - 0.09
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Before extrusion, the as received PLA granules were dried in a Piovan
DP 615 dryer (Venezia, Italy) at 60 °C for 24 h. PLA pellets were intro-
duced into the main extruder feeder, while the plasticizers were added
using a peristaltic pump (Verderflex - Vantage3000) suitably calibrated
to guarantee a constant flow rate and the fixed plasticizer concentration.
The temperature profile adopted during the extrusion in the zones from 1
to11 was 165/175/180/180/185/185/185/185/185/185/185 °C, with
the die zone at 170 °C. The screw rate was 350 rpm, and the total mass
flow rate was 15 kg/h. The extruded strands were cooled in a water bath
at room temperature and reduced in pellets by an automatic knife cutter.
Finally, all pellets were dried in the above mentioned Piovan dryer at
40°Cfor 12 h.

The extruded pellets were injection-moulded in a Megatech H10/18
injection-moulding machine (Tecnica Duebi s. r.l., Fabriano, Italy) to
obtain ISO 527-1 A dog-bone specimens (width: 10 mm, thickness: 4
mm, length: 80 mm). Amorphous and semi-crystalline specimens were
prepared by varying the moulding temperature (Tyouq) and moulding
time (tmould)- The operative parameters of the injection-moulding pro-
cess are reported in Table 2. The temperature of the feeder/injection
zone was 185 °C for pure PLA and 180 °C for plasticized PLA. After
processing, all the specimens were quickly cooled to Tyom in less than 1
min by means of cold air. The injection-moulded samples were stored in
a dry keeper (Sanplantec Corp., Osaka, Japan) at Tyoom in @ controlled
atmosphere (50 % relative humidity) and analysed 3 days after
preparation.

Thermogravimetric measurements were performed to confirm the
plasticizers concentration in the PLA_ATEC_5 and PLA_ATBC_5 mixtures
after processing. The results and discussion are reported in the Supple-
mentary Data.

2.3. Thermal characterization by differential scanning calorimetry (DSC)
and temperature-modulated differential scanning calorimetry (TMDSC)

DSC and TMDSC measurements were performed with a PerkinElmer
Calorimeter DSC 8500 (Waltham, Massachusetts, USA) equipped with
an IntraCooler III as refrigerating system. The instrument was calibrated
in temperature with high-purity standard materials (indium, naphtha-
lene, and cyclohexane) at zero heating rate according to the procedure
for conventional DSC [44]. Enthalpy calibration was performed with
indium. To minimize the instrumental thermal lag, the sample mass was
lower than 10 mg. Small pieces of the injection moulded specimens were
obtained by using a wire cutter. Portions from the external surfaces and
the more inner regions were analysed. Non-hermetic aluminium pans
were utilized. To gain precise specific heat capacity data from the heat
flow rate signal, each scan was accompanied by an empty pan run (blank
run). The mass of the blank and sample aluminium pan matched within
0.02 mg. Dry nitrogen (99.999 % pure) was used as purge gas at a rate of
20 mL/min. The temperature upon heating was corrected for the

Table 2
Operating conditions of the injection-moulding process of PLA and plasticized
PLA.

Amorphous samples Conditions

PLA temperature of the feeder/injection zone: 180/185 °C
PLA ATEC 5 injection holding time: 10 s

PLA ATEC_7 injection pressure: 180 bar

PLA_ATEC9 moulding temperature (Tmoua): 60 °C

PLA ATBC_5 moulding time (tyouq): <1 min

PLA_ATBC.7

PLA_ATBC 9

Semi-crystalline samples  Conditions

PLA temperature of the feeder/injection zone: 180/185 °C
PLA_ATEC_5 injection holding time: 10 s

PLA_ATBC. 5 injection pressure: 180 bar

moulding temperature (Tpouq): 120 °C
moulding time (tmoud): 6 Min < tmoud < 20 min
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thermal lag, averaged on different standard materials. This lag was 0.05
min, which for the heating rates of 2 and 10 K/min, corresponds to a
temperature correction of —0.1, and —0.5 K, respectively.

The injection-moulded pure and plasticized PLA samples were ana-
lysed by: (i) conventional DSC from 20 to 190 °C (to 185 °C when
plasticizers were present) at the heating rate of 10 K/min to obtain
apparent specific heat capacity (cp app) curves; (ii) TMDSC, with a saw-
tooth modulation temperature program, at the average heating rate of
2 K/min, with a temperature amplitude (A1) of 0.5 K and a modulation
period (p) of 120 s, to obtain average specific heat capacity (cp,ave)
curves and reversing specific heat capacity (cp rev) curves. According to
the mathematical treatment of TMDSC data, the modulated temperature
and heat flow rate curves can be approximated to discrete Fourier series
and separated into average and periodic components [45,46]. The
average components are equivalent to the conventional linear program
of the temperature and the corresponding conventional heat flow rate
signal, from which the ¢}, 5ve curve can be derived. Conversely, from the
periodic component, the ¢ rey curve is calculated according to Eq. (1):
Aur(T) K(0)

— (€3]

rev 7T =
(@) =2 0 e

where Apyr and At are the amplitudes of the first harmonic of the
modulated heat flow rate and temperature, respectively, o is the
fundamental frequency of temperature modulation (w = 2n/p), m is the
mass of the sample, and K(o) is the frequency-dependent calibration
factor. The average K(w) value, determined by calibration with sapphire,
was 1.00 + 0.02 for p = 120 s.

The specific heat capacities of pure ATEC and ATBC were determined
as Cprev by means of TMDSC scans in the temperature range 20-60 °C
(average heating rate: 2 K/min, At = 0.5 K and p = 120 s) by utilizing
hermetic aluminium pans, to avoid evaporations of the plasticizers.

2.4. Tensile characterization

Uniaxial tensile tests were carried out on the injection-moulded ISO
527-1 A dog-bone specimens using a MTS Criterion model 43 universal
testing machine (MTS Systems Corporation, Eden Prairie, MN, USA)
equipped with a 10 kN load cell and interfaced with computer running
MTS Elite Software. At least ten specimens for each material composi-
tion were tested at a constant crosshead speed of 10 mm/min and the
average values are reported.

2.5. X-ray diffraction (XRD) analysis

XRD data were acquired in transmission/Debye-Scherrer geometry
using a STOE Stadi P diffractometer equipped with Cu tube mono-
chromated on the Cu-Kal radiation (A = 1.5406 10\) byaGe(111),a
Johansson monochromator and a MYTHEN2 1 K detector from Dectris.
The line focused Cu X-ray tube was operated at 40 kV and 40 mA. For the
XRD analysis, small portions of the dog-bone specimens were cut out
from the central area by using a jigsaw (width: approx. 5 mm, length
approx. 5 mm, thickness: 4 mm). These specimens contained both sur-
face and internal sections of the dog-bone specimens. Data were ac-
quired in the 20 range 2-60° (maximum resolution ca. 1.5 f\) with a step
of 0.03° between consecutive points. A scan without samples was per-
formed and subtracted from each scan, to avoid the air and incoherent
scattering contributions. The X-ray crystalline fractions (X3'°) were
calculated as the ratio between the areas of the crystalline peaks and the
total area of the background corrected diffraction profiles. The lattice
constants were calculated from the positions of the most intense XRD
peaks ascribable to the PLA a-form.
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3. Results and discussion

3.1. Thermal characterization of amorphous and semi-crystalline pure
and plasticized PLA samples

Fig. 1 shows the cp rev, Cp,ave and cp app curves of the amorphous PLA,
PLA_ATEC_5 and PLA_ATBC_5 samples, prepared by injection-moulding,
together with the corresponding thermodynamic solid and liquid spe-
cific heat capacities. For pure PLA, the solid and liquid specific heat
capacities (cps,pra and cp)pra) Were determined by averaging several cp,
rev curves in the glassy and liquid regions, respectively. It can be noted
that in the cold crystallization region c;, ey displays irregular oscilla-
tions. These undulations are artefacts connected to the fast release of
crystallization latent heat [47]. In the present study, the cp ey curves
were considered only in the glassy and liquid states for the determina-
tion of the thermodynamic specific heat capacities. The derived cpspra
and cp p A expressions are in very good agreement with literature data
[48]: cps,pra = 1.16 4 0.0033-T (°C) and cp|,pra = 1.80 + 0.0012-T (°C),
with cps pra and ¢y pra in J/(g K). The measured specific heat capacities
of ATEC and ATBC in the temperature range 20-60 °C (see Fig. S2 in the
Supplementary Data), were cyatec = 1.68 + 0.0014-T (°C) in J/(g K)
and cp atec = 1.71 + 0.0024-T (°C) in J/(g K), the latter one in excellent
agreement with literature data [49]. By assuming simple additivity, the
solid and liquid specific heat capacity of the plasticized PLA samples (cps,
PLA plast and CplpLA plast) in the temperature range 20-60 °C were calcu-
lated as: Cps pLA plast = WEPLA Cps,PLA + Whplast Cp,plast aNd Cp1,pLA plast = WipLA
CplpLA + Whplast Cp,plast, Where ¢ plast is the specific heat capacity of the
plasticizer and wtpya and wt;|as: the PLA and plasticizer weight fractions.

Fig. 1 shows that the specific heat capacity increments at T, for pure
and plasticized PLA match with the difference between the corre-
sponding thermodynamic liquid and solid specific heat capacities, which
confirms that these samples are completely amorphous. This finding also
proves that the addition of the plasticizers ATEC and ATBC to PLA does
not lead to the development of strong specific interactions between the
two mixture components, due to the absence of an excess specific heat
capacity contribution to cps pra plast and cplpra plast [50]. By considering
that the chemical structure of ATEC and ATBC largely consists of COO
and CHj groups, it can be supposed that the same interactions active in
pure PLA are established also between PLA and the plasticizers.

The ¢ app curves shown in Fig. 1 display the glass transition over-
lapped by a small enthalpy recovery peak, as a consequence of the
structural relaxation that occurred during the storage at Tyoom after
preparation. The glass transition temperature (Tg) values of the amor-
phous pure and plasticized PLA samples, determined at half of the heat
capacity increment of the ¢ ey curves, are listed in Table 3. Fig. 1 and
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Table 3 show that the addition of 5 wt% of ATEC and ATBC leads to a
decrease in T of about 10 K, in agreement with previous studies [19,23,
25].

Both pure and plasticized PLA undergo cold crystallization upon
heating. Cold crystallization occurs at lower temperatures when the
samples are heated at 2 K/min. From Fig. 1 it appears clear that plas-
ticization favours cold crystallization, which occurs at slightly lower
temperatures with respect to pure PLA, as also previously reported in the
literature [10,23,25]. Cold crystallization that arises upon heating at 2
K/min leads to the growth of o-crystals, because it occurs below 100 and
90 °C for pure and plasticized PLA, respectively [4,9,10] as also attested
by the typical exothermic peak in the c; ave curves at about 150 °C, due
to the reorganization/recrystallization of the disordered o-crystals into
the more ordered a-form [5-7]. During cold crystallization at 10 K/min,
amixture of o- and a-crystals grows in pure and plasticized PLA, because
this process occurs between 90 and 120 °C [4,9,10]. At 10 K/min the
exotherm before final melting is barely detected in the c;, ap, curves, due
to the lower percentage of o'-crystals, in perfect agreement with a pre-
vious study [51].

Fig. 2 shows the ¢ rev, Cp,ave and cp,app curves of the semi-crystalline
PLA, PLA_ATEC_5 and PLA_ATBC_5 samples after complete crystalliza-
tion (tmouwd = 20 min) at Theug = 120 °C (Fig. S3 in the Supplemental
Data displays the cp rev, Cpave and cp app curves after lower tyouias). In
Fig. 2, the cp app and cp ave curves appear substantially different from the
Cprev curves in the region slightly above T,. Reversing heat capacity
originates from the amplitude of the endothermic and exothermic events
that follow the temperature modulation, whereas cp, app and cp,ave alge-
braically account for the latent heats released or absorbed during the
heating scan [52], with the result that the glass transition can be
partially or completely masked in the cpapp and cpave curves if irre-
versible endothermic or exothermic events occurs simultaneously.
Conversely, cprev can resolve the glass transition in the presence of
concurrent irreversible processes [53]. Thus, the cp, rey curve reproduces
the true glass transition event, whereas the difference between c;, 5 Or
Cp,app and cprev has to be associated with processes that irreversibly
absorb or release enthalpy. The different shape of the cpapp and cprev
curves in the region slightly above Ty is not ascribable to cold crystal-
lization, which occurs at higher temperature (see Fig. 1). Conversely, it
is the consequence of the moulding process under pressure [54]. In the
presence of physical constraints due to crystals, a pressure-densified
glass can relax to a less dense glass with lower enthalpy when chain
mobility is sufficiently high, as it can occur above Tg [42,54].

The T, values, determined from the c;, rey curves for all the PLA and
plasticized PLA samples after different moulding times at Tpouq =
120 °C, are listed in Table 3. The glass transition temperature of pure

(A) PLA

K

(B) PLA_ATEC 5

Specific heat capacity [J/(g

(©)

PLA_ATBC 5

o

T T

120 150 180 30 60

90

120 150 180 30 60 90 120 150 180

Temperature [°C]

Fig. 1. Reversing specific heat capacity (cp rev, solid green line), average specific heat capacity (cp ave, dashed green line) at the average heating rate of 2 K/min (p =
120 s) and apparent specific heat capacity (cp,app, solid orange line) at the heating rate of 10 K/min for amorphous (A) PLA, (B) PLA_ATEC_5 and (C) PLA_ATBC_5. The
black dotted lines are the respective thermodynamic solid and liquid specific heat capacities, determined as described in the text.
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Table 3
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Glass transition temperatures (Tg); mobile amorphous weight fraction of PLA (Wyiar,pa); crystalline weigh fraction of PLA (wc pra); crystalline fraction of PLA by XRD
(X)C(f};DLA); rigid amorphous weight fraction of PLA (Wrar,pLa); experimental elastic modulus (E); tensile strength at break (TS), elongation at break at Tyoom for pure PLA,
PLA_ATEC_5 and PLA_ATBC_5 (amorphous and after crystallization at Touq = 120 °C for different moulding times). For the PLA_ATEC_5 and PLA_ATBC_5 samples the
sum (Wmar,pLa+We pLa+Wrar,pLa) is equal to 0.95. Estimated errors from repeated measurements: +0.5 K for Tg; 4 0.02 for wiiar,pra, We,pra and Xéf};'iA; +0.04 for wgap,

pLa; £0.05 GPa for E; +£1 MPa for TS; £+0.2 for the elongation at break.

Sample Tg [°C] WMAF,PLA We,pLA Xéf}}iA WRAF,PLA E [GPa] TS [MPa] Elongation at break [%]
PLA
amorphous 60.0 1.00 0.00 - 0.00 3.27 61 3.0
Timould = 120 °C, tmoud = 6 min 60.0 0.73 0.16 - 0.11 3.55 58 2.0
Tmould = 120 °C, tmould = 10 min 61.0 0.54 0.30 - 0.16 4.02 57 1.4
Tmould = 120 °C, tmouda = 20 min 61.0 0.50 0.31 0.31 0.19 4.10 57 1.4
PLA_ATEC 5
amorphous 48.5 0.95 0.00 0.00 3.15 50 4.0
Tmould = 120 °C, tmowida = 10 min 46.5 0.69 0.19 - 0.07 3.45 43 2.9
Tmould = 120 °C, tmouia = 14 min 45.0 0.58 0.28 - 0.09 3.89 38 2.0
Tmould = 120 °C, tmould = 20 min 44.0 0.56 0.29 0.30 0.10 3.98 37 2.0
PLA_ATBC.5
amorphous 49.0 0.95 0.00 - 0.00 3.13 55 3.9
Tmould = 120 °C, tmouwa = 10 min 47.0 0.66 0.24 - 0.05 3.87 44 2.2
Tmould = 120 °C, tmoulda = 14 min 45.5 0.55 0.30 - 0.10 3.95 42 1.6
Tmould = 120 °C, tmould = 20 min 44.5 0.50 0.31 0.31 0.14 4.01 40 1.6

8 8 8

(A) PLA — G, | (B) PLA_ATEC_5 (C) PLA_ATBC_5

Specific heat capacity [J/(g K)]

120 150 180

90

120 150 180 120 150 180

Temperature [°C]

Fig. 2. Reversing specific heat capacity (cp rev, solid green line), average specific heat capacity (cp,ave, dashed green line) at the average heating rate of 2 K/min (p =
120 s) and apparent specific heat capacity (cp,app, solid orange line) at the heating rate of 10 K/min for semi-crystalline (Tiyou1q = 120 °C, tmouid = 20 min) (A) PLA,
(B) PLA_ATEC_5 and (C) PLA_ATBC_5. The black dotted lines are the respective thermodynamic solid and liquid specific heat capacities, determined as described in

the text.

PLA slightly increases with the progress of crystallization, due to pro-
gressively reduced amorphous chain mobility, as a consequence of the
rising constraints caused by the crystalline structures [33]. Conversely,
for plasticized PLA, the T, values decrease as tmould increases. In this
case, the effect of the plasticizer accumulation in the amorphous phase
during the crystallization process, with consequent T, reduction, is
evidently dominant [30,31,49] with respect to the increase in the
physical constraints. The T values of the PLA_ATEC_5 samples appear
slightly lower than that of the PLA_ATBC_5 samples.

Fig. 2 and Fig. S3 display that the melting of semi-crystalline pure
and plasticized PLA consists of two barely resolved peaks. At Troud =
120 °C, only a-crystals grow, as also confirmed by XRD analysis (see
below). Thus, the double melting behaviour can be explained as melting
of the original a-crystals (although slightly perfected upon heating),
followed by melting of recrystallized a-crystals [55].

The mobile amorphous weight fractions of PLA (Wpar,pr.a) in semi-
crystalline pure and plasticized PLA samples after different tpougs at
Timould = 120 °C were calculated at the respective Tgs as wyar,pLa = Acp/
Acpa, Where Ac;, is the specific heat capacity increment calculated from

the cp,rev curves, and Acp, is the specific heat capacity increment of the
completely amorphous pure PLA. For plasticized PLA, the units of Ac,
are [J/(gpLa plast K)], where gpia plast is the weight of the PLA_ATEC_5
and PLA_ATBC_5 mixtures, whereas the units of Acp, are [J/(gpra K],
thus the calculated wuvagpra values, listed in Table 3, are the weight
fractions of the PLA mobile amorphous phase in the mixtures PLA_A-
TEC_5 and PLA_ATBC_5.

The crystalline weight fractions of PLA (w¢ pr.4) after different tyou1ds
at Tould = 120 °C were estimated from the cp app curves at 10 K/min as
difference between the crystalline weight fraction disappearing during
the melting process (wcm) and the crystalline weight fraction growing
during the cold crystallization process (wc.), which is present only for
the lowest tmoud investigated (see Fig. S3 and Table S1). i.e. wepra =
Wem - Wee- In detail, wey, was calculated dividing the experimental
enthalpy of melting (Ahy) by the enthalpy of melting of 100 % crys-
talline a-crystals at the average melting peak temperature of 167 °C
(Ahyp° = 139 J/g) [56], whereas w¢., which is connected to the crys-
tallization of a mixture of o~ and a-crystals, was obtained dividing the
enthalpy of cold crystallization (Ah) by the average enthalpy of fusion
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of 100 % crystalline o- and a-crystals at the average crystallization
temperature of 100 °C (Ahy° = 96 J/g) [56]. (The occurring of
exothermic «o'- o transformation upon heating for the lowest tyoud
investigated was not considered, due to the low measured Ah, values.)
Table S1 in the Supplementary Material lists the average Ah, and Ahy,
values obtained from several repeated measurements on portions of the
injection-moulded specimens near and far from the external surfaces.
For plasticized PLA, the units of Ahy, and Ah are [J/gpra plast], Whereas
those of Ahy° are [J/gpral, thus the calculated wepra values, listed in
Table 3, are the weight fractions of the crystal phase in the PLA_ATEC_5
and PLA_ATBC_5 mixtures.

For comparison, the crystalline weight fractions of the completely
crystallized PLA, PLA_ ATEC5 and PLA ATBC.5 samples were also
determined by XRD analysis (X%f}:[ﬂA) (see section below and Table 3).
The very good agreement between the crystallinities determined by
means of two different techniques confirms the accuracy of the Ahp,°
values utilized for the calculation of wc pra.

From the crystalline and mobile amorphous fractions, the rigid
amorphous weight fraction of PLA (wrarppra) Was determined by dif-
ference: as Wrar,pra=1-wc,pra-Wmarpra for pure PLA, whereas as wgrar,
PLA:0-95'WC,PLA'WMAF,PLA for plasticized PLA.

Inspection of Table 3 discloses that PLA plasticization with ATEC and
ATBC does not significantly alter the phase composition in the semi-
crystalline samples. The only relevant point is that RAF appears
slightly lower in the plasticized PLA samples, especially for the PLA_A-
TEC_5 mixture, which displays simultaneously a slightly higher MAF
value. Higher mobility can be experienced also by amorphous portions
quite close to the crystals, which could result in a decrease of the RAF
thickness and an extension of the MAF region. This confirms that the
nanostructure of the amorphous phase strongly depends on the poly-
mer/plasticizer interactions [57]. The ratio wrar,pLa/Wc,pLa is in perfect
agreement with previous studies on pure PLLA and PLA/ATBC mixtures
[33,49].

3.2. XRD analysis of semi-crystalline pure and plasticized PLA samples

Fig. 3 shows the XRD patterns at Tyoom Of pure PLA, PLA_ATEC_5 and
PLA_ATBC_5 after crystallization at Tpy,oug = 120 °C for tioud = 20 min.
All patterns exhibit the profile of the a-phase, easily identified by the
position of the most intense (110/200) and (203/113) peaks at the 26
scattering angles of 16.6° and 19.0° and by the (103/004), (011) and
(211) peaks at 12.5°, 14.8° and 22.3°, as well as for several other less
intense reflections at higher angles [4,56].

From the position of the most intense peaks, the average crystallo-
graphic parameters were derived for the orthorhombic cell of PLA
a-phase. The interplanar distances (dny) were calculated according to
the Bragg’s law (n\ = 2dyy sinb), and used to obtain the dimensions of
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the crystalline PLA cell through the equations [58]:

(di) > = (h/a)’ + (k/)* + (1/c)? &)

Table 4 lists the calculated unit cell dimensions and the estimated
cell volume. From these data, by assuming that the crystalline unit
houses two helices with ten units in three turns [59], a crystalline
density (pc) of about 1.285 g/cm® was calculated for the crystalline
a-phase of the PLA here utilized. This density value is very close to pc
values found in the literature [60,61]. The crystal fractions of
completely crystallized PLA, PLA_ ATEC_5 and PLA_ATBC_5 samples,
calculated from the XRD profiles (Xé,%]fA), are listed in Table 3 and
already discussed in the previous section.

3.3. Quantification of the ATEC and ATBC concentration in the MAF and
RAF regions of semi-crystalline plasticized PLA samples

An estimation of the actual ATEC and ATBC concentration in the
MAF of the semi-crystalline PLA_ATEC_5 and PLA_ATBC_5 samples was
performed from interpolation of the T, vs. plasticizer content curves (see
Fig. S4 in the Supplementary Data). The T, values of amorphous
PLA_ATEC and PLA_ATBC mixtures with increasing plasticizer concen-
tration are listed in Table 5, together with mechanical properties data.

As expected, by increasing the plasticizer amount, the Ty decreases.
The Ty values of the PLA_ATEC mixtures appear slightly lower with
respect to PLA_ATBC mixtures, likely due to a higher interaction density
between the PLA chains and the ATEC molecules, which are character-
ized by lower dimensions of the non-interacting alkyl groups. This could
reduce the size of the PLA cooperativity region and accordingly the glass
transition temperature [19].

Comparison between the Ty values listed in Table 3 and the T; data
reported in Table 5 for increasing ATEC and ATBC concentration reveals
that the concentration of the plasticizers in the MAF of the semi-
crystalline PLA_ATEC_5 and PLA_ATBC_5 mixtures is between about
6.5 % and 8.0 %, increasing with crystallinity (see Fig. S4 in the

Table 4
Unit cell parameters, cell volume and crystal density of PLA from XRD analysis of
semi-crystalline PLA, PLA_ATEC_5 and PLA_ATBC_5 samples.

Sample a[A] b [A] ¢ [A] Volume pc [g/cm?]
(4%

PLA 10.65 + 6.02 + 28.99 + 1858 + 10 1.287 +
0.02 0.01 0.05 0.005

PLA_ATEC.5 10.65 + 6.03 + 29.01 + 1862 +7 1.284 +
0.01 0.01 0.03 0.005

PLA_ATBC.5 10.64 + 6.03 + 29.04 + 1863 + 8 1.284 +
0.02 0.01 0.05 0.005

(A) PLA

Intensity [a.u.]

(B) PLA_ATEC_5

(C) PLA_ATBC_5

201

Fig. 3. XRD patterns of (A) PLA, (B) PLA_ATEC_5 and (C) PLA_ATBC_5 at T;oom after crystallization at Tyoud = 120 °C for tymoud = 20 min. The scattering of the
amorphous phase (orange line) is also shown, as well as the background (black dashed line).
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Table 5

Glass transition temperatures (Tg); experimental elastic modulus (E); tensile
strength at break (TS), elongation at break at T;oom of amorphous PLA_ATEC and
PLA_ATBC mixtures with increasing plasticizer weight fraction. Estimated errors
from repeated measurements: +0.5 K for Tg; +0.05 GPa for E; &1 MPa for TS;
+0.2 for the elongation at break.

Sample T, [°C] E [GPa] TS [MPa] Elongation at break [%]
PLA_ATEC5 48.5 3.15 50 4.0
PLA_ATEC_7 46.0 3.06 47 4.1
PLA_ATEC9 42.0 2.96 41 4.2
PLA_ATBC_5 49.0 3.13 54 3.9
PLA_ATBC_7 46.5 3.08 44 4.0
PLA_ATBC9 42.5 2.99 43 4.1

Supplementary Data). From these percentage values, the ATEC and
ATBC amount in the MAF (gplast in Mar) Was calculated (see Table 6,
where all values refer to 1 g of mixture.) For example, for tpouq = 10
min, a percentage of 6.3 % of ATEC means that the PLA MAF amount is
93.7 %. Being the PLA MAF 0.69 g, it can be deduced that the ATEC mass
in the MAF is 0.04¢ g. The ATEC molecules not included in the MAF were
clearly embedded in the RAF. Thus, the ATEC amount in the RAF (gplast in
raF) was estimated as difference (gplast in RAF = gplast — §plast in MAF) and the
relative percentage was obtained as: gplast in RAF/ (Eplast in RAF + ERAF,PLA)-
Similarly, the ATEC and ATBC quantities present in the MAF and RAF
after different t,ougas were derived (see Table 6).

Table 6 shows that the ATEC and ATBC concentration in the MAF
increases with the crystallization progress, and it is equal in the
PLA_ATEC_5 and PLA_ATBC_5 mixtures. In parallel, the ATEC and ATBC
concentration in the RAF decreases. Most likely, the large ATEC and
ATBC molecules are progressively rejected from the RAF, due to the
stress and constraints imposed by the crystalline segments, which could

Table 6

Estimation of the ATEC and ATBC accumulation in the MAF (gpjast in Mar) and
RAF (gplast in ra¥) Of the PLA_ATEC_5 and PLA_ATBC_5 mixtures during crystal-
lization. All the values refer to 1 g of mixture. gpyo and gpjas are the weights of
PLA and the plasticizer, respectively. The weights of the crystalline, mobile
amorphous and rigid amorphous fractions (gcpra, 8var,pLa and grar,pLa) COITE-
spond to W pra, Wmar,pLa and Wrar,pra, as listed in Table 3.

Sample 8grrA &c, 8MAF, &RAF, 8plast 8plast in 8plast in
[g] PLA PLA PLA [g] MAF RAF
[g] [g] [g] [g] [g]
PLA_ATEC_5 095 019 0.69 0.07 0.05  0.04¢ 0.004
tmould = 10 min 6.3 (5.4
%) %)
PLA_ATEC 5 095 0.28 0.58 0.09 0.05 0.04s 0.00s
tmould = 14 min (7.2 (5.2
%) %)
PLA_ATEC.S 0.95 0.29 0.56 0.10 0.05 0.04;, 0.003
tmould = 20 min (7.8 3.0
%) %)
PLA_ATBC 5 095 0.24 0.66 0.05 0.05  0.044 0.00¢
tmould = 10 min (6.3 (10.7
%) %)
PLA_ATBC_5 095 030 0.55 0.10 0.05 0.045 0.00;
tmould = 14 min 7.2 6.5
%) %)
PLA_ATBC 5 095 0.31 0.50 0.14 0.05 0.04» 0.00g
tmould = 20 min (7.8 (5.4
%) %)
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hinder their accommodation. It was proven that the free volume of PLA
increases during crystallization due to the formation of many and
smaller holes localized in the RAF [62]. For the holes present in the
MAF, an average volume of about 93 A3 was estimated [63]. This value
is much lower of the van der Waals volume of the ATEC and ATBC
molecules, ie. the space impenetrable to other molecules, which,
calculated according to a group contribution method [64], is approxi-
mately 280 and 380 A%, respectively. Thus, by taking into account that
the holes in the RAF are generally smaller than those in the MAF [62], it
is intuitive to imagine how the large ATEC and ATBC molecules can be
hardly embedded between the constrained amorphous segments of the
RAF. The progressive decrease of the ATEC and ATBC concentration in
the RAF region could be linked to the growth of lamellae in more
restricted amorphous areas. The formation of these subsidiary lamellae
could require the removal of the plasticizer molecules from the growth
front, due to difficult rearrangements provoked by the close already
existing lamellae. In any case, the ATBC percentage that remains trap-
ped in the RAF is slightly higher with respect to the smaller sized ATEC,
most likely due to its higher dimensions and more complicated migra-
tion. The analysis of the Hansen’s parameters relative to PLA, ATEC and
ATBC (& = 20.1, 18.9 and 18.0 (J/cms)l/ 2 respectively) [22] demon-
strates that the intermolecular cohesive forces between PLA and ATEC
are higher with respect to those of the PLA/ATBC mixture. This confirms
that the lower removal of the ATBC molecules from the RAF is due to
hindered migration and not to favoured intermolecular interactions.

3.4. Tensile characterization of amorphous and semi-crystalline pure and
plasticized PLA samples

The values of the experimental elastic modulus (E), tensile strength
at break (TS), and elongation at break measured at Tyoom, for amorphous
and semi-crystalline samples after crystallization at Tpoulq = 120 °C for
different moulding times, are listed in Table 3. The tensile properties of
the analysed samples differ due to the crystallinity increase with the
moulding time. The higher the sample residence time, the greater the
brittleness, which results in an elastic modulus increment and in a
decrement of both the stress and elongation at break. The fracture
behaviour of all the semicrystalline specimens appears brittle, support-
ing the idea of crystalline domains considered as stress concentrators
leading to premature failure of the materials. The addition of the plas-
ticizes induces a small decrease in the elastic modulus and tensile
strength, whereas the elongation at break increases, in agreement with
literature data [23].

To better correlate the mechanical properties of PLA, PLA_ATEC_5
and PLA_ATBC_5 samples with phase composition, from the crystalline
weight fraction, and the mobile amorphous and rigid amorphous weight
fractions including both PLA and the plasticizer (guar,pLA+8plast in MAF
and grar,pLA+Eplast in RAF, respectively, see Table 6), the corresponding
volume fractions (v¢, vmar and vrar) were estimated. As densities of the
crystal phase (pc) and the mobile amorphous fraction (pyar), 1.285 g/
cm?®and 1.25 g/cm® [60,61] were utilized, respectively. By assuming the
density of the RAF (i) equal to that of the MAF, or (ii) slightly lower
(approximately — 10 %, according to previous estimations performed for
PLLA and other polymers [42,62,65,66]) almost identical v¢, vmar and
vrar Values were obtained (4:0.01). The calculated volume fractions, vc,
vmar and Vrap, listed in Tables 7 and 8 for PLA, PLA_ATEC_5 and
PLA_ATBC_5, are however almost equivalent to the respective crystal-
line, mobile amorphous and rigid amorphous weight fractions.

3.5. Modelling of the tensile elastic modulus of the RAF of semi-crystalline
pure and plasticized PLA

For the estimation of the elastic modulus of the RAF in pure and
plasticized PLA, the two- and three-phase models previously applied to
pure semi-crystalline PLLA were adopted as a first attempt [42]. The
schematic representation of these two- and three-phase Takayanagi
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Table 7
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Crystalline (v¢), mobile amorphous (vwmar) and rigid amorphous (vgar) volume fractions of PLA, PLA_ATEC_5 and PLA_ATBC_5 samples; texture parameters (A and ¢)
and elastic modulus of the crystal phase and the connected RAF (E¢"), calculated according to the SP_2 phase model; texture parameters (« and p), elastic modulus of the
crystal phase (Ec) and elastic modulus of the rigid amorphous fraction (Erar), calculated according to the SP_3 phase model.

Sample Ve vmar  Vrar M (Eq. (3)) ¢ (Eq.(3)) Ec' [GPa] (Eq.(3)) «(Eq.(4)) P(Eq.(4))  Ecl[GPa] (Eq. (4)  Erar [GPa] (Eq. (4))
PLA tyoud = 6 min 016 073 011 0.14 0.42 13.0 0.40 0.53 13.2 5.8
PLA tyoud = 10 min 030 054 016 027 0.65 13.5 0.56 0.33 14.6 5.9
PLA tmoud = 20 min 031 050 0.19 0.30 0.66 13.5 0.57 0.32 14.6 5.9
PLAATECS tmoya = 10 min 019 0.74  0.07  0.17 0.47 13.2 0.41 0.52 14.2 5.8
PLA_ATECS5 tmouq = 14 min ~ 0.27  0.63  0.10  0.29 0.66 13.8 0.57 0.32 14.8 5.8
PLAATECS5 tmowa =20 min ~ 0.28  0.62  0.10  0.32 0.67 13.8 0.58 0.30 14.9 5.9
PLAATBCL5 tmoya = 10min ~ 0.23  0.71  0.06  0.20 0.50 13.3 0.42 0.51 14.7 5.8
PLA_ATBCL5 fmoya = 14 min ~ 0.29  0.60  0.11  0.29 0.66 13.7 0.56 0.33 15.0 5.8
PLA_ATBC.5 fpouq =20 min ~ 0.30  0.55  0.15  0.32 0.67 13.9 0.59 0.30 15.0 5.9

Table 8

Crystalline (v¢), mobile amorphous (vvar) and rigid amorphous (Vgar) volume fractions of the PLA, PLA_ATEC_5 and PLA_ATBC_5 samples; texture parameters (A and
) and elastic modulus of the crystal phase and the connected RAF (E¢') (calculated according to the PS_2 phase model), texture parameters (« and p), elastic modulus of
the crystal phase (Ec) and elastic modulus of the rigid amorphous fraction (Erar) (calculated according to the PS_3 phase model).

Sample Ve VMAF  VRAF A (Eq. (5)) ¢ (Eq. (5))  E¢’ [GPa] (Eq. (5)) o (Eq. (6)) B (Eq. (6))  Ec[GPa] (Eq. (6))  Egar [GPa] (Eq. (6))
PLA tmoud = 6 min 0.16 0.73 011 0.19 0.40 11.7 0.34 0.57 13.9 4.7
PLA tmoud = 10 min 0.30 054 016 0.27 0.61 12.6 0.52 0.34 14.3 5.1
PLA tmoud = 20 min 0.31 0.50 0.19 0.28 0.62 12.7 0.53 0.32 14.0 5.3
PLA_ATEC5 tmouiga = 10 min -~ 0.19  0.74  0.07 0.23 0.52 12.1 0.49 0.49 13.9 5.1
PLA ATEC5 tmouida = 14min ~ 0.27  0.63  0.10 0.29 0.66 12.9 0.60 0.32 14.3 5.3
PLA_ATEC5 tmoua =20 min 028  0.62  0.10  0.30 0.68 13.2 0.61 0.30 14.3 5.5
PLA ATBCS tmouid = 10 min -~ 0.23  0.71 0.06 0.25 0.59 12.5 0.56 0.42 14.1 5.1
PLA ATBC5 tmouida = 14min~ 0.29  0.60 0.11  0.28 0.65 13.0 0.58 0.33 14.0 5.6
PLA ATBC5 tmouia =20min ~ 0.30 055 0.15 0.29 0.66 12.9 0.59 0.31 13.9 5.5

models, which consist of series-parallel arrangements (SP_2 phase and
SP_3 phase, respectively), is shown in Fig. 4. These models represent a
situation with crystalline domains dispersed in the amorphous phase, as
it takes place in semi-crystalline polymers with low or intermediate
crystallinity degree. As experimental findings and theoretical estima-
tions suggested that the elastic modulus of the RAF is higher than that of
the MAF [36-39], in the two-phase model the crystal phase and the RAF
were considered as a single block, due to the tight connection between
these two fractions. Conversely, in the three-phase model, the RAF was
inserted as separate block between the MAF and the crystal. The texture
parameters A, ¢, « and f, which range from 0 to 1, are connected to the
phase composition and the degree of parallel and series coupling of the
different phases. Thus, in the model SP_2 phase, the product A is con-
nected to the sum of the volume fractions of the crystal phase and the
RAF, whereas (1-A) is linked to the volume fraction of the MAF. For the

1 MAF 12 MAF

: 4

» |C+RAF MAF » | ¢ || rRaF || maF
| S - 1-@ —| —o— [ 1-a-B | [+ B

=

(A) SP_2phase

(B) SP_3phase

Fig. 4. Schematic representation of (A) the 2-phase (SP_2 phase) and (B) the 3-
phase (SP_3 phase) mechanical models of semi-crystalline polymers according
to the series-parallel arrangement of the crystalline (C), mobile amorphous
(MAF) and rigid amorphous (RAF) fractions. In these models, the crystalline
lamellae are parallel to the stress direction.

model SP_3 phase, the volume fraction of the crystal phase is linked to
the product Aa, the volume fraction of the MAF to (1-A+pA), and the
volume fraction of the RAF to AM(1-a-p).

The equations that express the elastic modulus of semi-crystalline
polymers according to the SP_2 phase and SP_3 phase models are
respectively:

1 1-2 A

1 - 3)
E Eyr  @EC'+ (1 — @)Eyar

1 1-1 A

g (C))
E Emr  aEc+ (I —a—P)Emr + PEmr

where E is the elastic modulus of the semi-crystalline polymer, E¢' the
overall elastic modulus of the crystal phase and the connected RAF, E¢
the elastic modulus of the crystal phase, Eyar the elastic modulus of the
mobile amorphous fraction and Erar the elastic modulus of the rigid
amorphous fraction. This theoretical approach considers E¢', Ec and Egar
as unknown quantities, whereas the experimental values of Eyar are
maintained fixed. The analysis was applied to pure PLA and the plasti-
cized PLA samples. A two-step procedure was utilized. First, an iterative
numerical method (by means of Excel Data Solver Function) was utilized
to calculate the parameters A, ¢ and E¢' according to the SP_2 phase
model, by minimization of the error between the experimental and the
theoretical elastic moduli predicted by Eq. (3). The calculated A pa-
rameters were successively maintained fixed for the resolution of Eq.
(4), to estimate the parameters a, f, Ec and Egap, on the basis of the SP_3
phase model. The experimental and theoretical value reported in the
literature for the crystalline elastic modulus of PLLA a-form, E; = 14
GPa [67] was utilized as initial value for E¢' (first iteration) and Ec
(second iteration), whereas initial values between 4 and 8 GPa were
assumed for Egar (second iterations). The combinations of parameters
producing the smallest deviation between the experimental and calcu-
lated elastic modulus were chosen as final results. For Eyar, the
following fixed values were utilized: 3.3 GPa for pure PLA (see Table 3),
3.1 GPa for PLA_ATEC_5 and PLA_ATEC_5, corresponding to a plasticizer
amount of about 7 wt% (see Table 5).
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Table 7 lists the calculated A, ¢ and E¢' values, linked to the me-
chanical configuration SP_2 phase (Eq. (3)), followed by the a, §, Ec and
Egrar values connected to the mechanical configuration SP_3 phase (Eq.
(4)). For comparison with the calculated texture parameters, Table 7
also displays the volumetric crystalline, mobile amorphous and rigid
amorphous fractions (v, vmar, and vrar, respectively).

Inspection of Table 7 shows that the product A¢ correctly increases
like the sum of the volumetric fractions (v¢ + Vrar). The E¢' values
calculated by Eq. (3) appear close to the theoretical value for the crys-
talline elastic modulus of PLLA a-form, which is around 14 GPa [67],
although E¢' also includes the RAF modulus. The resolution of Eq. (4) for
the SP_3 phase model leads to E¢ data slightly higher than the theoretical
value, together with a proper trend of the texture parameters o and f: Ao
and M(1-a-B) correctly increase like v¢ and vrap, whereas (1-A+ pA) de-
creases like vyar. The calculated Egap values are very similar to the value
previously estimated for PLLA by utilizing the same SP_3 phase method
[42]. A Epar value included between E¢ and Eyjar is in perfect agreement
with intuitive and theoretical expectations: weaker intermolecular in-
teractions with respect to the crystal phase validate a lower Egrap value
with respect to Ec, whereas a higher chain rigidity with respect to the
MAF rationalizes a higher Egar value with respect to Eyjap. No difference
between the Egar values for pure and plasticized PLA was estimated.

With the aim of modelling the systems under study as correctly as
possible, an additional attempt was performed by considering that pure
PLA and plasticized PLA samples were prepared by injection-moulding
at high injection pressure. Operative conditions of injection-moulding
have important effects on the crystal morphology. Three distinct crys-
talline zones have been reported in the cross-section of specimens pre-
pared by injection-moulding [68]: a skin layer with fibrillar
morphology, containing highly oriented lamellar structures, a shear
zone with crystallinity orientation that progressively decreases as the
distance from the skin increases, and a core zone with spherulitic
morphology with no preferred orientation. For PLA it was also found
that injection-moulding produces non-spherulitic semi-crystalline
structures in the skin region, due to the strong orientation of the melt, so
that the growth of short lamellae perpendicular to the flow direction was
detected [69]. Although the tensile elastic modulus of PLLA a-crystals
exhibits marked isotropy, with a theoretical modulus along the chain
axis only slightly higher than that in the perpendicular direction [67], it
could be useful to consider a different arrangement of the phases.
Indeed, by switching from an iso-strain condition for the linked crys-
talline, mobile amorphous and rigid amorphous fractions, as in the SP_3
phase model, to an iso-stress condition, it is possible to take into account
the presence of oriented crystals. Fig. 5 shows parallel-series

- L

' '
B | MAF
1-¢ MAF |
g
] MAF 1-a-B| RAF MAF
*
C+RAF i |
+ 1
H « | C
e A | e 1-A —»| ' A - 1-A —

(A) PS_2phase (B) PS_3phase

Fig. 5. Schematic representation of (A) the 2-phase (PS_2 phase) and (B) the 3-
phase (PS_3 phase) mechanical models of semi-crystalline polymers according
to the parallel-series arrangement of the crystalline (C), mobile amorphous
(MAF) and rigid amorphous (RAF) fractions. In these models, the crystalline
lamellae are perpendicular to the stress direction.
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arrangements (PS_2 phase and the PS_3 phase), in which the crystal-
line lamellae are perpendicular to the stress direction.
The equations that describe the elastic modulus according to con-
figurations PS_2 phase and the PS_3 phase are respectively:
AECEMAF

E=(1-AEpr+———"—— )
@Eyar+(1 — @)Ec

AEcEyarErar
E=(1—=A)Eur + (6)
( VEuar AEyarErar + PEcErar + (1 — @ — B)EcEyar

The same two-step procedure described above was again applied,
and the results are collected in Table 8. For the PS_2 phase model, the
product Ag correctly increases like the sum (V¢ + Vrar), as well as, for the
PS_3 phase model, A and A(1-a-p), which increase like v¢ and vrap,
whereas (1-A+ pA) decreases like vyap. The most important results are
that, by utilizing these parallel-series arrangements, E¢' correctly turns
out lower that the theoretical crystalline elastic modulus of PLLA a-form
(14 GPa), whereas E¢ values perfectly match with it. The Egar values for
the PLA_ATEC_5 and PLA_ATBC_5 mixtures do not substantially differ
from that of pure PLA, which means that ATEC and ATBC do not act as
plasticizers in the RAF region, due to the stronger constraints exerted by
the close crystals. This analysis proves that the parallel-series arrange-
ment is the most accurate description of injection-moulded specimens
with partial crystals alignment.

Experimental confirmation of the morphological arrangement of the
amorphous fractions in pure and plasticized PLA could be provided by
Atomic Force Microscopy (AFM) analysis [70], which could also allow
the measurement of the elastic modulus of the amorphous phase as a
function of the distance from the crystals. This route will be possibly
investigated in a successive study.

4. Conclusions

The main focus of the present study has been the investigation of the
ATEC and ATBC distribution in the MAF and RAF regions of PLA/ATEC
and PLA/ATBC mixtures containing 5 wt% of plasticizer. Accurate
measurements of the specific heat capacity of pure and plasticized PLA
proved that the addition of ATEC and ATBC to PLA does not lead to the
development of strong specific interactions between the two compo-
nents, as the interactions that are established are likely similar to those
active in pure PLA.

An estimation of the ATEC and ATBC concentration in the MAF and
RAF of the PLA_ATEC_5 and PLA_ATBC_5 mixtures during crystallization
displayed that the plasticizer percentage progressively increases in the
MAF up to about 8 wt%, whereas it decreases in the RAF region. The
progressive decrease of the plasticizer concentration in the rigid amor-
phous interphase could be linked to the growth of subsidiary lamellae.
The formation of these secondary lamellae in more restricted areas could
request the removal of the plasticizer molecules from the growth front.
The ATBC concentration in the RAF was estimated higher with respect to
the ATEC concentration, likely due to its greater steric hindrance and
slower migration.

The present study also proposes an estimation of the tensile elastic
modulus of the RAF connected to a-crystals in semi-crystalline PLA,
PLA_ATEC_5 and PLA_ATBC_5. The calculations were performed on the
basis of mechanical analytical models widely applied to semi-crystalline
polymers, here modified according to a three-phase approach. To
identify the mechanical model that better represents the morphological
organization in PLA samples prepared by injection-moulding at high
injection pressure, two different models were considered, with crystal-
line lamellae parallel and perpendicular to the stress direction, respec-
tively. The most appropriate model turned out to be the parallel-series
arrangement, with crystalline lamellae perpendicular to the stress di-
rection, in agreement with the presence of oriented lamellar structures
in the specimens. The mathematical procedure led to an E value for the
a-phase in excellent agreement with the theoretical value reported in the
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literature (Ec = 14 GPa), and to a Egar value around 5.5 GPa for pure and
plasticized PLA. This means that the ATEC and ATBC molecules do not
exert plasticizing action on the RAF, whose mobility is mainly governed
by the close crystal regions.
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