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Abstract

Three semicrystalline polyesters, poly(lactic acid), poly(caprolactone) and poly(butylene
succinate) (PLA, PCL and PBS) were melt blended to prepare binary and ternary systems of
selected compositions. In binary blends with a sea-island morphology, each of the polymers is
either the major or dispersed phase in the various samples. Analogously, different ternary
blends with a “partial-wetting” morphology are prepared, displaying droplets of PLA, PCL or
PBS minor phase located at the interface between the other two major components. The
crystallization behaviour of the three phases has been investigated under non-isothermal
conditions via differential scanning calorimetry. In binary blends, a distinct effect of
morphology on nucleation was observed, with the minor phase displaying fractionated
crystallization, as a consequence of the droplet concentration being higher than that of
nucleating impurities. Partially-wetting droplets of the different polymers in ternary blend show
instead non-isothermal crystallization analogous to the bulk material, due to the much larger

domain size. The self-nucleation behaviour of the polyesters in the binary and ternary blends
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was then compared to that of the neat polymers. It was found that the very large number of self-
nuclei generated by the self-nucleation protocol (in Domain Il or self-nucleation Domain)
applied to the samples, completely overrules any effect of blend type or composition, so that
the crystallization temperature is exclusively related to the self-nucleation temperature.
However, when melting memory is erased and sufficiently high melting temperatures are
employed, the role of heterogeneous nucleation is apparent, and the crystallization of the given
blend component is highly dependent on the particular morphology.

Keywords: Self-nucleation, ternary blends, partial-wetting, sea-island, polylactic acid,

polycaprolactone, poly(butylene succinate).

1. Introduction

Among the various possible nucleation mechanisms of semicrystalline polymers, the
peculiar self-nucleation process remains the least understood. The self-nucleation (SN) protocol
consists in melting the polymer under “mild” conditions, i.e., relatively low temperatures and/or
short times, that leads to the production of self-nuclei within the polymer melt. As a result, a
large increase in nucleation density and crystallization temperature during subsequent cooling
from the melt is observed. The exact nature of the residual order in the melt which provides the
nucleation effect is still elusive. Blundell, Keller and Kovacs were the first to apply a self-
nucleation experimental protocol to the production of single crystals with identical sizes from
solution, while its first extension to Differential Scanning Calorimetry was proposed by Fillon
et al. [1,2]. Mdller et al. have extensively investigated self-nucleation and recently they
reviewed its application to polymers, polymer blends, block and random copolymers and

nanocomposites [3].

Fillon et al. [2] divided the range of self-nucleation temperatures (Ts) in three Domains,
depending on the measured effect on re-crystallization and subsequent melting. The so-called
Domain I (or complete melting Domain) is encountered when the polymer is completely molten
and the crystalline memory of the material is totally erased. Domain Il (or self-nucleation
Domain) is entered when the applied Ts is low enough to leave self-nuclei and high enough to

avoid annealing of unmolten crystals. As a consequence, the crystallization temperature of the



material will shift toward higher values during the cooling scan after self-nucleation, while no
sign of melting from thickened crystals will be observed in a subsequent heating run. In Domain
[11 (or self-nucleation and annealing Domain), the applied Ts is so low that only partial melting
of the original crystals will result, and thus unmolten crystal fragments will anneal during the
holding time at the specific Ts. The melting endotherm after re-crystallization will thus exhibit

a sharp peak at temperatures higher than those of the non-self-nucleated material.

The issue of polymer nucleation becomes of particular interest in immiscible polymer
blends containing at least one semicrystalline component. In fact, it is well known that the
nucleation behaviour can be greatly affected by the blend morphology. For example, in binary
blends, when the crystallizable minor component is dispersed in the form of small droplets in

the continuous matrix of the major phase, fractionated crystallization can be observed. [4-14]

When the number of dispersed droplets is orders of magnitude higher than the number
of heterogeneities present in the bulk polymer, the droplets are statistically free of
heterogeneities and only surface or homogeneous nucleation can take place. Therefore, a single
crystallization exotherm may result but at much higher supercoolings. On the other hand, when
the number of droplets is equal to the number of heterogeneities present in the bulk polymer,
fractionated crystallization occurs, where the crystallization of the material can occur in two or
more exotherms which are related to the crystallization of different droplet populations

containing heterogeneities of different nucleating efficiencies. [9,11]

On the other hand, in blends with coarser morphologies, nucleation of a semicrystalline
polymer at the interface with the second immiscible component is sometime reported. [15,16]
Increasing the number of the blended polymers leads to an increased morphological complexity.
For ternary blends, under particular conditions of polymer interfacial tension ratios, a partial-
wetting morphology can be obtained. [17-22] This morphology consists of droplets of the minor
phase which are assembled at the interface of the other two major phases and display three
phase contact. To date, little is known on the nucleation and crystallization of ternary blends

containing one or more crystallizable component.

SN has been previously applied to several binary immiscible polymer blends
characterized by a droplet-in-matrix morphology. It has been shown that self-nuclei can be
injected in the polymer droplet, overcoming the effect of fractionated crystallization. For
example, while an 80/20 PS/PP blend displayed four different crystallization exotherms at low

temperatures when cooling from a melt in Domain I, a single peak at temperatures



corresponding to those of the bulk self-nucleated samples was obtained upon cooling from the
lowest Ts within Domain Il. [8] Moreover, in case two semicrystalline components in an
immiscible blend show a coincident crystallization, i.e., solidify upon cooling in the same
temperature range, the self-nucleation of the high-melting temperature polymer can resolve the
two distinct crystallization events. [10] A similar effect has been found in double crystalline

block and random copolymers. [23,24]

Despite these relevant studies, a comprehensive investigation of the effect of blend
morphology on the self-nucleation behaviour of a certain semicrystalline polymer has not yet
been reported. In this work, we investigated in detail immiscible ternary and binary blends of
poly(lactide) (PLA), poly(e-caprolactone) (PCL), and poly(butylene succinate) (PBS). PLA,
PCL, and PBS were chosen due to their different crystallization and melting temperature ranges,
this facilitates the study of the crystallization of each phase separately. All the binary blends
exhibited sea-island morphology, and each polymer acted as continuous or dispersed phase in
the various samples. Ternary blends showed a partial wetting morphology, with each of the
three polyesters acting as minor component in the different cases. The effect of blending,
composition and morphology (i.e., continuous matrix, dispersed droplets, or partially wet

droplets) on the crystallization and self-nucleation behaviour of these systems will be discussed.

2. Materials and methods
2.1. Materials

Poly lactic acid (PLA) (Ingeo 3001D) was purchased from NatureWorks. PLA 3001D
is a biodegradable and crystallizable grade of PLA with D isomer content of around 1.4 %. The
melting point is in the range 170-180°C and the glass transition temperature (Tg) is located
around 55-60°C. The polymer shows a melt flow rate (MFR) of about 22 g/10 min (210°C, 2.16
kg, D1238), a density of 1.24 g/cm?® (D792) and a weight average molecular weight of 155,000
g/mol.

Poly(butylene succinate) (PBS) (1001MD) was purchased from Showa Denko. PBS
(1001MD) is a crystallizable polymer with a melting point in the range 110-115°C and a T of
ca. -32°C. The MFR is less than 3 g/10 min, its density is 1.26 g/cm?, and its weight average

molecular weight is 60,000 g/mol.



Polycaprolactone (PCL) (Capa™ 6800) was purchased from Perstorp. PCL Capa™
6800 is a biodegradable polymer of MFR of 2-4 g/ 10 min, with melting point of around 58°C
and Tg of ca. -65°C, a density of 1.1 g/cm®and a weight average molecular weight of 87,000

g/mol.

2.2. Blend preparation

The polymers were dried at 50°C under vacuum for at least 24 h before melt processing.
All the blends were prepared in a Brabender internal mixer with roller rotors. The mixing was
performed at 190°C and 50 rpm for 8 min. Nitrogen flow was used to purge the blends during
melt mixing to minimize thermal degradation. A total of 24 g material was inserted in the
mixing chamber for each blend. The samples after processing were quickly taken from the
mixer and quenched in ice water to freeze-in the morphology. After drying, the blends were
annealed at 185°C for 20 min under a N blanket, in order to stabilize the morphology. Table 1

summarizes the compositions of the different blends.

Table 1: Composition of the prepared binary and ternary blends.

Sample PLA wt% PCL wt% PBS wt%
PLA 100 - -
PCL - 100 -
PBS - - 100
PLA/PCL 90 10 -
PLA/PBS 90 - 10
PCL/PLA 10 90 -
PCL/PBS - 90 10
PBS/PLA 10 - 90
PBS/PCL - 10 90
PLA/PCL/PBS 45 10 45
PLA/PBS/PCL 45 45 10
PCL/PLA/PBS 10 45 45

2.3. Blend characterization
SEM analysis

The blend samples were cryo-microtomed at -150°C using a Leica instrument
(RM2165) equipped with an LN21 cooling system. A desktop SEM was used to characterize
the morphology at 15kV. BSE mode (image with backscattered electrons) was employed. In

some cases, the samples were stained by 2 wt % phosphotungstic acid or etched by a selective



solvent to increase phase contrast. Gold coating on the microtomed surface is employed as

needed.

Several micrographs of the most representative inner regions of the specimens were
acquired. The diameters of the dispersed phases were then measured via image analysis.
Number (Dn) and volume (Dv) were calculated using the following equations:

Dn = Znidi/ Zn; Q)
Dv = Znidi*/ Znidi®  (2)
where nj is the number of droplets “i”” of diameter D; [7,25].

Thermal behavior of the different blends with DSC

The thermal characterization of the blends was done by Differential Scanning
Calorimetry (DSC) using a Perkin EImer DSC Pyris 1 calorimeter, equipped with a refrigerated
cooling system (Intracooler 2P).

Prior to the analysis, a calibration was done using indium and tin. All measurements
were performed using sample masses of approximately 5 mg and under a continuous nitrogen

flow.

Non-isothermal analysis: In these measurements, the samples were first heated from room
temperature to 200°C at 10°C/min and held at 200°C for 3 minutes, to erase the thermal history
of all the components. The samples were then cooled at a cooling rate of 5°C/min from 200°C
to —20°C, while the cooling scan was recorded. Finally, a second heating scan at a heating rate

of 5°C/min was performed and acquired.

Self-nucleation experiments (SN): samples were analyzed using the self-nucleation procedure
described hereinafter [2,3]:

1) Erasing the crystalline history by holding the sample in the melt at 200°C for 3 min (25°C
above the melting point of the component with the higher crystallization and melting

temperatures).
2) Creation of a standard crystalline state by cooling from 200°C to -20°C at a rate of 20°C/min.

3) Complete/partial melting of the sample by heating the sample at 20°C/min from -20°C to a

selected temperature (Ts), where the sample was kept for 5 min. Depending on the value of Ts,



during these 5 min the sample completely melts (Domain 1), self-nucleates (Domain I1) or self-

nucleates and anneals (Domain I11).

4) Crystallization of the samples, thermally treated in the preceding step 3, by cooling from Ts
to -20°C at a rate of 20°C/min.

5) Subsequent melting of the re-crystallized sample by heating from -20°C to 200°C at a rate
of 20°C/min.

For the self-nucleation study, each sample was used for three SN temperatures only, and
subsequently replaced with a fresh sample, in order to avoid the effect of possible degradation
of the polymer at high temperatures on its crystallization behavior. A faster heating/cooling rate
with respect to the one adopted in the non-isothermal crystallization protocol has been
employed for self-nucleation experiments, in order to reduce the analysis time.

5.3. Results and discussion
Morphological characterization with Scanning Electron Microscopy analysis

Figure 1 shows SEM micrographs of cryogenically fractured surfaces of
PLA/PCL/PBS, PLA/PBS/PCL, and PCL/PLA/PBS blends. It is clear that all ternary blends
exhibit a partial-wetting morphology, in which the phase with the lower content (10 wt%) self-
assembles into droplets located at the interface of the co-continuous structure formed by the

other two major components, with a content of 45 wt% each.



Figure 1. Morphologies of ternary blends PLA/PCL/PBS, PCL/PLA/PBS and PLA/PBS/PCL
with a weight composition of 45/10/45, after annealing for 20 min at 185°C. a) and b) were
directly imaged after cryo-microtoming; ¢) was stained by tungstic acid followed by gold
coating (~1 nm thickness) before SEM analysis.

A clear phase separation was observed which confirm the immiscibility between all
blend components. The obtained morphology is mainly controlled by the spreading coefficient
and the interfacial tension between polymer pairs. The spreading coefficient gives the tendency
of one component to spread over another component or to locate at the interface between the
other two components. The exact shape of the droplets at the interface between components in
different blends (45/10/45 PLA/PCL/PBS, 45/10/45 PLA/PBS/PCL, and 45/10/45
PCL/PLA/PBS) is controlled by the difference in the interfacial tension value between the
middle phase and the other two surrounding components [18].

Figure 2 shows that all binary blends exhibit sea-island morphology in which the minor
phase is dispersed in the form of droplets inside the matrix of the major phase. The droplets

size range is from 0.5 to around 2 pum. Similarly to the morphology observed in ternary blends,



the sea-island morphology of binary blends revealed the immiscibility of the different polymer
pairs. The cavities observed in different blends resulted either from the selective extraction of
a given phase or from the debonding between the polymer phases during the cryogenic fracture
(Figures 2c-2f). Complete debonding is a sign of immiscibility and poor adhesion between the
different components in the binary blends.

a) 90/10 PBS/PLA | : b) 90/10 PBS/PCL ¢) 90/10 PCL/PLA |
- '1 F

d) 90/10 PCL/PBS |8 0

Figure 2. Morphologies of binary blends after annealing for 20 min at 185°C: a) 90/10
PBS/PLA, b) 90/10 PBS/PCL, c) 90/10 PCL/PLA, d) 90/10 PCL/PBS, €) 90/10 PLA/PCL and
f) 90/10 PLA/PBS. a) and b) are cryo-microtomed samples after extraction of PLA and PCL,
respectively by THF. c)-f) are cryo-fractured images without extraction.

The droplets size in binary and ternary blends has a strong effect on the crystallization
behavior (temperatures and enthalpies) of the minor phase component, which leads to the
appearance of the fractionated crystallization with the decrease in the droplets size, and in some
cases a meaningful effect on the crystallization of the matrix component as well [4,7-14].

Table 2 reports the average particle size of the different minor phases within the blends
(measured by counting at least 100 micro-domains), and the percentage of the minor phases
located at the interface in the different ternary blends.

Table 2. Composition (wt%) and phase size (Number average (Dn) and volume average (Dv)

diameters) of the minority phase in binary and ternary blends.



Blends Droplet size of the minor % of the minor phase at

phase (Dn/Dy) (Um) the interface
90/10 PLA/PCL 0.41/0.54 --
90/10 PLA/PBS 0.54/0.61 -
90/10 PCL/PLA 0.45/0.55 --
90/10 PCL/PBS 0.35/0.43 --
90/10 PBS/PLA 1.4/3.6 --
90/10 PBS/PCL 1.8/5.1 --
45/10/45 PLA/PCL/PBS 21.6/28.1 95+ 1%
45/10/45 PLA/PBS/PCL 8.3/10.1 94 + 2%
45/10/45 PCL/PLA/PBS 24.6/32.9 98+ 1%

DSC non-isothermal analysis

Figures 3 and 4 show DSC cooling scans and subsequent heating scans at 5°C/min for
all binary and ternary blends, respectively. The thermal properties obtained during cooling and
heating are separately reported in Table S1 and S2 of the Supplementary Material. The
crystallization and melting enthalpies were normalized by the weight fraction of the respective

component.
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Figure 3. a) DSC cooling scans, b) zoom of the temperature region displaying weak thermal
transitions upon cooling in selected samples, and c¢) subsequent DSC heating scans for the
indicated binary blends at a cooling and heating rate of 5°C/min. The curves of neat polymers
are added for the sake of comparison.
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Figure 4. a) DSC cooling scans and b) subsequent DSC heating scans for the indicated ternary
blends at a cooling and heating rate of 5°C/min. The curves of neat polymers are added for the
sake of comparison.

At first the neat polymers are considered. Neat PBS crystallizes with a sharp peak at
around 83°C, and on heating it exhibits a small cold crystallization exotherm at 100.5°C, and
eventually melts at around 116°C (with a bimodal melting peak, which is probably a result of a
reorganization process of the lamellae during the heating scan). PCL shows a crystallization
peak at 37°C, and melts at around 61°C. Finally, PLA exhibits a broad crystallization event
peaked around 101°C during cooling from the melt, a cold crystallization peak at around 97°C
during heating, and a second exothermic event at about 155°C just before melting. On the basis
of the literature, this peak can tentatively be attributed to the recrystallization of PLA

mesophase into more stable a-crystals [26]. PLA then melts at around 170°C.

Figure 3 shows that the melt blending process affects the crystallization behavior of the
different systems. Considering the crystallization of the PLA phase, in samples where this
polymer is the major component, we can find a negligible shift in the crystallization peak
temperature, while the crystallization enthalpy is distinctly higher in the 90/10 PLA/PBS blend
with respect to the 90/10 PLA/PCL blend. Accordingly, in the heating scans (Figure 3c) a lower

cold-crystallization enthalpy was obtained for PLA in the binary blend with PBS as minor



component, with respect to that with 10 wt% PCL. We can thus deduce a mild nucleating effect
of the PBS phase during cooling from the melt, while the presence of PCL droplets does not
significantly affect PLA major phase crystallization. The small nucleating effect can be
attributed to impurity transfer from the PBS to the PLA phase, or to the effect of the PBS/PLA
interfaces. Similar results of enhancement of the melt and cold crystallization rate of PLA in
presence of PBS droplets were reported in literature [27-29]. Likewise, several papers reported
the enhancement of the cold crystallization rate of PLA in contact with PCL droplets [25, 30-
32].

When PLA is the minority component of binary blends, i.e., is present as droplets in a
PCL or PBS matrix, no trace of crystallization during cooling can be observed, while a small
cold-crystallization exotherm is recorded on subsequent heating. It is deduced that the
concentration of PLA droplets created by blending is larger than that of the nucleating
heterogeneities existing in neat PLA. As such, the nucleation of crystals is delayed and does
not occur on cooling before reaching the glass transition [7,11,33-35].

Considering the crystallization of PCL, in 90/10 PCL/PLA and 90/10 PCL/PBS, the
crystallization temperature keeps practically constant despite the addition of PLA or PBS.
Instead, a clear reduction of the crystallization kinetics was observed for the PCL minor phase
in 90/10 PLA/PCL and 90/10 PBS/PCL. The crystallization temperature of PCL decreased from
37 to around 15°C in 90/10 PLA/PCL, while the 90/10 PBS/PCL blend exhibits fractionated
crystallization, with a minor peak at the same value of the neat PCL and a second crystallization
event around 24°C. The depression of crystallization temperature indicates that most of the
droplets contain less-active heterogeneities, and thus require a larger undercooling to crystallize
at detectable rates [7]. It is worth noting that a minor fraction of PCL droplets nucleated by the
same type of heterogeneities active in the neat polymer is still present in the PBS/PCL binary
blend (see figure 3b).

Fractionated crystallization of PCL droplets, as described above, is a common
phenomenon that is frequently seen in immiscible blends. [7-14] This behavior occurs when
the number of droplets is equal or higher than the number of highly active heterogeneities
present in the bulk polymer. Such highly active heterogeneities are responsible for the
heterogeneous nucleation of the bulk polymer at low supercoolings. When a population of
droplets does not contain these highly effective heterogeneities, it can only crystallize at higher
supercoolings by nucleating onto less active heterogeneities present, or at the interface with the

matrix. Homogeneous nucleation can only occur when the number of droplets exceeds by



several orders of magnitude the number of all nucleating heterogeneities present in the bulk
polymer and is not normally encountered in non-compatibilized polymer blends, as droplet
sizes are too large [11,36]

In the binary blends 90/10 PBS/PLA and 90/10 PBS/PCL, the crystallization
temperature of PBS was slightly decreased from 82.5°C to 80°C, possibly due to some impurity
transfer from PBS to the other phases during melt processing. When PBS forms dispersed
droplets, it exhibits slower crystallization. In 90/10 PLA/PBS the crystallization temperature
decreased to around 3°C (see figure 3b), while in 90/10 PCL/PBS, the crystallization of PBS
droplets appeared to be concomitant with the crystallization of PCL matrix, peaked at 36.5°C.

This deduction will be confirmed later on by applying the self-nucleation protocol.

At this stage, the crystallization behavior of the various components in ternary blends
is considered. Figure 4a shows the DSC cooling scan of neat components and ternary blends: it
is clear that melt blending does not affect significantly the crystallization behavior of both PCL
and PBS in all the ternary blends. On the other hand, no trace of PLA crystallization could be
detected in 45/10/45 PLA/PCL/PBS and 45/10/45 PCL/PLA/PBS ternary blends, suggesting a
possible transfer of nucleating impurities from PLA to the other molten phases during mixing.
Instead, PLA crystallizes on cooling to a certain extent in the ternary blend 45/10/45
PLA/PBS/PCL.

The DSC heating scans of the different homopolymers and ternary blends are reported
in Figure 4b. No significant changes of the PCL and PBS melting temperatures and enthalpies
was observed, while the cold crystallization temperature of the PLA component is slightly
decreased in both blends with respect to the one of the homopolymer, suggesting a possible
mild nucleating effect of PBS and/or PCL. We note that the cold crystallization enthalpy of

PLA in the ternary blends is not measurable, due to the overlap with the PBS melting peak.

Contrary to what has been observed in binary blends, fractionated crystallization of the
minor phases has not been observed in ternary blends. The different behavior can be attributed
to the large droplet size difference, as highlighted in Table 2. In particular, the average size of
the minor phase domains increased from around 1 um in binary blends to around 20 pm in
ternary blends, for all the considered polymers. The larger droplet size in ternary blends results
in a higher opportunity of finding highly active nucleating heterogeneity inside the minor phase,
which in turns leads to its crystallization at supercoolings similar to those detected for the neat
homopolymers.



The data presented in Figures 3 and 4, revealed that the variation in the droplets sizes
(Table 2) of the different dispersed phase does not significantly affect the crystallization

behavior of the various components.

Self-nucleation
Self-nucleation of PLA in 90/10 PLA/PCL blend:

Figure 5 shows DSC cooling and heating runs after self-nucleation of the PLA phase at
different Ts values. Under normal conditions, i.e., heating the sample into Domain I, PLA shows
an almost negligible trace of crystallization trace during cooling (around 100°C), while it
undergoes extensive cold crystallization upon subsequent heating. By applying SN, the

crystallization rate of the self-nucleated PLA increases noticeably.

At temperatures higher than 170°C (Domain I), no changes in the cooling and/ melting
behaviors of PLA can be observed. When the employed Ts is in the range 170-169°C (Domain
I1), a clear PLA crystallization exotherm appeared in the DSC cooling scan, and the subsequent
cold-crystallization decreases accordingly. Within Domain 11, the decrease in the employed Ts
results in a large increase in the crystallization temperature and enthalpy (Figure 5a). Further
decreases in Ts to temperatures lower than 168°C resulted in an additional enhancement in the
crystallization behavior. In particular, two distinct crystallization events appear on cooling, with
the relative fraction of the higher temperature one becoming larger with decreasing Ts (Figure
5a). In agreement with this enhanced crystallization, no cold-crystallization exotherm was
observed on subsequent heating.
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Figure 5. a) DSC cooling scans (at 20°C/min) for 90/10 PLA/PCL blend after 5 min at the

indicated Ts. (b) Subsequent heating scans (at 20°C/min) after the cooling runs shown in (a).

Moreover, the step increase in heat capacity associated with the glass transition of
amorphous PLA, which in samples self-nucleated at higher temperatures occurred around 65°C,
although partially superposed to the melting endotherm of the PCL minor phase, could not be
clearly detected (Figure 5b)and is apparent on cooling only (Figure 5a). Finally, a sharp
annealing peak at higher temperatures in the melting scan appears, allowing the detection of

Domain I11.

The three self-nucleation Domains of PLA within the 90/10 PLA/PCL binary blend are
summarized in Figure S1 (Supplementary Material file), where the crystallization temperature
at the different Ts are superposed to a standard DSC melting endotherm of PLA. The transition

between Domain | and Domain Il is practically coincident with the melting endotherm endpoint.
Self-nucleation of PCL in 90/10 PBS/PCL blend:

Figure 6a shows the DSC cooling curves after self-nucleating the PCL minor phase at
different Ts. It should be noted that due to the relatively small Ts values employed to SN the
PCL phase, Figure 6 only plots a limited temperature range, hence the PBS phase melting

cannot be observed when a Ts value of 140°C was employed.



As a consequence of melt blending, the PCL phase within 90/10 PBS/PCL undergoes
fractionated crystallization showing two crystallization peaks (at around 31 and 22°C),
corresponding to two populations of PCL droplets containing nucleating heterogeneities with
different efficiencies. The SN protocol causes the injection of self-nuclei into PCL droplets. By
decreasing Ts within Domain Il, the enthalpy of the low-temperature crystallization peak
decreases, while the opposite occurs to the high-temperature crystallization event. Also, a shift
of the major crystallization peak towards higher temperature is observed. The annealing at Ts
causes the appearance of a small endothermic signal above the melting point of PCL crystals,
which is associated to an annealing peak of the PBS matrix. This can be confirmed in separate
experiments, where the same annealing is applied, but avoiding the crystallization step of the
PCL phase (see Figure S2 in the Supplementary Material).
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Figure 6. a) DSC cooling scans (at 20°C/min) of 90/10 PBS/PCL blend after 5 min at the
indicated Ts. (b) Subsequent heating scans (at 20°C/min) after the cooling runs shown in (a).

At temperatures equal to or lower than 58°C all the droplets are self-nucleated (as judged
by the disappearance of the low-temperature exotherm), and Domain Il is found. In fact, a
sharp peak related to the high melting-temperature annealed PCL crystals is observed, although
probably partially superposed with the PBS low-temperature endotherm. PCL displays a strong
crystalline memory effect: Domain Il extends to Ts = 71°C, i.e., 10°C above the standard

melting endpoint (Figure S3, Supplementary Material). The strong crystalline memory of PCL



at temperatures distinctly higher than its melting point was recently investigated by means of

rheological and dielectric spectroscopy measurements. [37,38]

Self-nucleation of PBS in 90/10 PCL/PBS blend

Self-nucleation can also be used to separate the “coincident crystallization” of double
crystalline polymer blends. Coincident crystallization occurs when the two crystalline
components of a blend displaying sea-islands morphology crystallize concurrently in the same
temperature range. Typically, once the crystallization of the matrix starts, it is quickly followed
by the crystallization of the dispersed droplets, nucleated by the crystalline matrix. Therefore,
DSC cooling scans shows a single crystallization peak, while two separate melting peaks
associated with the melting of each component are observed in the subsequent heating scan.
The presence of coincident crystallization phenomena can be revealed by WAXS and/or self-
nucleation techniques [3,4,7,23,24,39-41].

Figure 7a and 7c show the DSC cooling and heating scans of 90/10 PCL/PBS self-
nucleated at different Ts, between 140°C and 110°C, while Figures 7b and 7d show a close-up

on PBS crystallization and melting temperature ranges.

At Ts higher than 118°C, a single crystallization peak around 35°C can be observed, but
upon heating both PCL and PBS phase melting peaks are clearly revealed, indicating that

coincident crystallization of both polymers took place during the cooling scan.

For lower self-nucleation temperatures, in the range 118-116°C, two crystallization
peaks located between 65-100°C appear (see Figure 7b). These exothermic peaks can be related
to the crystallization of different populations of PBS droplets. Simultaneously, the
crystallization enthalpy of the main peak around 35°C decreases from 56 J/g at Ts = 140°C to
53 J/g at Ts 116°C (not shown). This small decrease is an indirect proof of the obtained
separation between PBS and PCL crystallization events. Below Ts =116°C, PBS crosses into
Domain 111, and the further increase in the crystallization temperature is associated to the
emergence of PBS annealing peaks with high melting temperature (see Figures 7c and 7d). We
note that Domain Il in this system starts only slightly above the end of the melting endotherm
of PBS (Figure S4, Supplementary Material), however, the self-nucleation effect is dramatic,

since the crystallization temperature shifts from below 40°C (coincident with PCL major phase)



for Domain I, to above 70 and 90°C. The obtained results demonstrate the efficiency of SN

protocol in separating coincident crystallization phenomena.
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Figure 7. a) DSC cooling scans (at 20°C/min) of 90/10 PCL/PBS blend after 5 min at the
indicated Ts; (b) is a close-up of the PBS crystallization temperature range; (c) Subsequent
heating scans (at 20°C/min) after the cooling runs shown in (a); (d) is a close-up of the PBS
melting temperature region.

In the following, the self-nucleation behavior of the minor components, located at the interface
between the two major phases in the ternary blends, is analyzed and compared to that of binary

blends and neat polymers.

Self-nucleation of PLA in 45/10/45 PCL/PLA/PBS blend

Figures 8a through 8d show the crystallization and melting behavior of 45/10/45
PCL/PLA/PBS ternary blends upon cooling and subsequent heating from different self-
nucleation temperatures, with emphasis on the PLA phase. By employing self-nucleation
temperatures higher than 170°C, no changes are found in the cooling or re-heating scans, a
behavior characteristic of Domain I. Upon decreasing Ts, the crystallization process of PLA is
enhanced, and Domain Il is encountered. In particular, a small exothermic peak around 125°C
can be found during cooling from Ts= 169°C, while the crystallization of PLA from Ts=170°C
cannot be directly detected. Nevertheless, the bimodal melting endotherm on subsequent
heating suggests a different crystallization process with respect to higher self-nucleation
temperatures. Therefore, Ts = 170°C can be tentatively attributed to Domain Il. Domain Il is
found for self-nucleation temperatures equal or lower than 168°C. Next to the main
crystallization event, a second small exotherm at higher temperatures appears in the cooling
scan, possibly related to the nucleation effect of annealed crystal fragments (Figure 8b). The
presence of such crystals is detected on subsequent heating, as evidenced by a relatively sharp
melting peak around 175°C. The width of Domain Il for the PLA phase in the ternary blend is
only about 2 Celsius degrees, partially superposed with the high temperature tail of the standard
melting endotherm (Figure S5, Supplementary Material file).
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heating scans (at 20°C/min) after the cooling runs shown in (a); (d) Close-up of the PLA melting
temperature region.

Self-nucleation of PBS in 45/10/45 PLA/PBS/PCL

The results on the behavior of PBS droplets at the interface with PLA and PCL Domains

are reported in Figure 9 for various self-nucleation temperatures.
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Figure 9. a) DSC cooling scans (at 20°C/min) for 45/10/45 PLA/PBS/PCL blend after 5 min at
the indicated Ts; (b) Heating scans (at 20°C/min) after the cooling runs shown in (a).

Crystallization of PBS occurs slowly during cooling from the melt (i.e., in Domain I,
see Figure 9a, cooling DSC scan from Ts =140°C) resulting in a broad exotherm. Under this
cooling condition, PLA crystallization is bypassed, and it can only crystallize upon subsequent
heating, in a temperature range which is superposed on the melting of PBS crystals (Figure 9b).
The lowest self-nucleation temperature (i.e., in Domain 1) probed, Ts =120°C shows already a
clear signature of enhanced PBS crystallization. The crystallization peak is shifted to
temperatures higher than 15°C than those typical of Domain | crystallization, and displays a
sharper appearance. In addition, no trace of PLA cold-crystallization is observed in the

subsequent heating step.



The PBS crystallization temperature (Figure 9a) continues to increase upon lowering Ts,
without apparent changes in the melting behavior, down to a self-nucleation temperature of
116°C (Domain 11, see Figures 9a and 9b). For lower self-nucleation temperatures, Domain |11
is entered as judged by the reduction in crystallization enthalpy upon cooling and by the changes
in the shape of the subsequent PBS melting endotherm. Although we did not investigate in
detail the onset of the self-nucleation Domain (i.e., the Domain I/Domain Il transition
temperature), it is already clear that the crystalline memory effect extends well above the end
of the melting endotherm (Figure S6 Supplementary Material), similarly to what is typically
found for the neat polymer [24]

Self-nucleation of PCL in 45/10/45 PLA/PCL/PBS

The self-nucleation of PCL droplets at the interface with solid PLA and PBS phases is
analyzed in Figures 10a through 10d. The behavior is analogous to that previously shown in
PBS/PCL binary blend. A distinct self-nucleation effect can be deduced for Ts lower than about
70°C (Domain 11, see Figure 10a). The exact identification of Domain Ill, from the melting
trace after re-crystallization (Figures 10b and 10c) is complicated by the concomitant
occurrence of an endothermic effect (annealing peak or aging of the rigid amorphous fraction
[42-44]) related to the PBS phase, just slightly above the melting peak of PCL (see also Figure
6 and S2). Tentatively, the melting of annealed PCL crystals can be distinguished from the
PBS-related endotherm at Ts equal or lower than 58°C, when the PBS signal becomes weaker
while the peak attributed to PCL gets sharper. The relatively strong memory effect of PCL is
confirmed also for this blend, since the fully relaxed Domain I is obtained only at temperatures

well above the end of the crystals melting endotherm (Figure S7, Supplementary Material).
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Finally, the self-nucleation behavior of the different polymers in the various blends is
compared in Figures 11a through 11c. As a general remark, we note that the boundaries between
the self-nucleation Domains are basically unaffected by the blending process, or at most they
vary by about 1 or 2 Celsius degrees. Moreover, the T values of self-nucleated samples at the
same temperature within Domain Il are remarkably similar, notwithstanding the phase content
in the blend or the blend type (binary vs. ternary). This is true for all the three polymers, but is
particularly evident for PLA and PBS phases.

We can deduce that the production of self-nuclei is mainly determined by the Ts
temperature with no significant influence of blend morphology. This can be interpreted
considering the exceedingly high number of self-nuclei that can be injected into the system, in
comparison to the number of existing nucleating impurities or interfaces in the blend. Typically,
the self-nucleation process is capable of introducing approximately 102 to 103 self-nuclei at
the ideal self-nucleation temperature (i.e., the lowest temperature in Domain Il, where the
maximum number of self-nuclei are produced) [2,3]. PCL is the polymer with the highest
heterogeneous nucleation density in the bulk, as compared to PBS and PLA, as judged by the
typical spherulitic size upon cooling from the melt (data not shown). In the case of bulk PCL,
the maximum heterogeneous nucleating density has been estimated by polarized optical
microscopy to be of the order of 105-108 nuclei/cm?. This means that SN of PCL can enhance
its nucleation density by 4-7 orders of magnitude. In the cases of PBS and PLA the enhancement

would be even larger [45,46].

On the other hand, self-nucleation temperatures within Domain | reveal morphology-
related differences in Tc, since the intrinsic nucleation behavior of the particular blend is
exposed. We note that the data reported in Figure 11 differ from those discussed in Tables S1

and S2 and Figures 3 and 4, due to the different cooling rate employed (i.e., 20 vs. 5°C/min).
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For what concerns the PLA phase, crystallization can be inhibited at 20°C/min for the
neat polymer, as well as for binary and ternary blends with a minor fraction of this component
(see Figure 11a). Interestingly, for binary blends with PBS or PCL where PLA is the matrix, a
different behavior is observed. The 90/10 PLA/PCL blend can crystallize to a certain extent
upon cooling at 20°C/min, while the same does not occur in the 90/10 PLA/PBS blend. This
enhanced crystallization can be due the different nucleating impurities that have been
transferred to the PLA matrix in the two cases, or to a higher nucleation efficiency at the
interface with molten PCL droplets, with respect to molten PBS. It should also be considered
that PBS droplets in this blend have a high tendency to coalesce during melting, contrary to
PCL ones. As such, the small differences in the nucleating effect towards PLA between the two
molten polymers can be enhanced by the much higher amount of PCL surface per unit volume

of blend, due to the smaller droplet size after melting for some time.

In the case of PBS, crystallization at temperatures equivalent to those of the neat
polymer occurs in Domain | for binary blends where PBS is the major component, as well as
in ternary blends where PBS forms (relatively large) droplets at the interface between PLA and
PCL. However, crystallization is depressed in the binary blend with 10 wt% PBS (Figure 11b).
Among the two blends (90/10 PLA/PBS and 90/10 PCL/PBS), the one with PCL as major phase
shows the faster kinetics. This is attributed to differences in the transfer of nucleating impurities
between the polymers during blending. Furthermore, the possible nucleating action of
crystalline PLA on molten PBS, might be inactive given the fact that PLA is not able to

crystallize at the applied cooling rates.

Finally, in the case of PCL, only minor differences between the crystallization of the
neat polymer, the ternary blend with PCL concentration of 10% and the two binary blends
(90/10 PBS/PCL and 90/10 PCL/PBS) could be observed (Figure 11c). In particular, by
comparing neat PCL and 90/10 PCL/PBS blends, a small nucleating effect of PBS droplets on
the PCL matrix can be noticed, and it can be attributed to the crystallization of PBS phase which
induces the coincident crystallization of PCL matrix. On the other hand, PCL droplets in 90/10
PLA/PCL binary blend crystallize at much larger undercoolings with respect to those in 90/10
PBS/PCL blend. This difference of about 20 Celsius degrees can be tentatively ascribed to the
nucleating effect of crystalline PBS or to the differences in droplet size between the two blends,
given the much larger volume-averaged diameter of PCL domain size in the PBS/PCL blend
(see Table 2).



4. Conclusions

In this work, we focused on triple-crystalline thermoplastic polyester immiscible blends.
The crystallization of these complex materials greatly depends on their morphology, as
determined by their composition and thermal history. Two different kinds of blend morphology
were successfully produced, namely a sea-island morphology in binary blends and a partial-
wetting morphology in the ternary blends.

For binary blends, the crystallization behavior was investigated by DSC, revealing
enhanced or depressed crystallization of a given polymer in the different blends. In particular,
a small acceleration of PLA cold-crystallization by both PCL and PBS phases was observed,

while slower crystallization Kinetics for the dispersed phase was reported for all polymers.

The self-nucleation behavior of the different polymers in the various blends was also
studied. It was found that the crystallization temperatures of samples self-nucleated at the same
temperature are remarkably similar, notwithstanding the phase content in the blend or the
morphology. As a consequence, the boundaries between different self-nucleation Domains are
also basically unaffected by the blending process, or at most they vary by less than 2 Celsius
degrees. This is true for all the three polymers, allowing us to deduce that the production of
self-nuclei is mainly determined by the self-nucleation temperature, with only a negligible
influence of blend morphology and polymer content. This is attributed to the exceedingly high
number of self-nuclei produced by SN, in comparison to the number of existing nucleating
impurities or interface-induced nuclei. In fact, when Ts temperatures within Domain | are
employed (i.e., no self-nucleation), the influence of heterogeneous nucleation is highlighted, in

particular for minor components in blends with sea-island morphology.
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