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This Feature Article reviews our recent work on the nucleation and crystallization of finely dispersed semi-
crystalline polymeric droplets in immiscible matrices. Droplets dispersions can be used as a toolbox to investigate
polymer nucleation. Studying the overall crystallization kinetics of the droplets can be a way to separate the
contributions of nucleation and growth rates depending on the sample. To characterize the relative importance of
nucleation versus growth, we have defined a dimensionless parameter named the “Turnbull number”. This
number equals the ratio of the time needed for a crystal to grow inside the average droplet volume, divided by
the required time for nucleation to occur in the same droplet. We show examples for Turnbull numbers close to
unity, where the overall crystallization kinetics of the droplets is dominated by crystal growth, and a sigmoidal
(second or third order) kinetics is obtained. On the other hand, when the overall crystallization of the droplets is
controlled by nucleation, very low Turnbull numbers are obtained (e.g., 0.1-0.01) with concomitant first-order
kinetics. We also show how the nucleation step in the droplets can be skipped through the strategic use of self-
nucleation. In the case of double crystalline polymer blends, the self-nucleation of the matrix can be used to study
the surface nucleation of the droplets at the interface. The role of interfacial roughness in promoting droplet
nucleation is also addressed, together with the addition of heterogeneous nucleating agents. Considering all the
body of information, we demonstrate that studying the overall kinetics of different droplet dispersions can
contribute to the fundamental understanding of polymer nucleation.

polymer to be dispersed is very low, and the number of resulting droplets
is several orders of magnitude larger than the available heterogeneities,
When a bulk material is sub-divided into droplets or microdomains the droplets will be essentially heterogeneity-free (statistically

1. Introduction

(MDs), changes in the overall crystallization of the material occur, that
can advantageously be used to understand the basic mechanisms of
nucleation and growth kinetics [1-3]. Bulk polymers typically nucleate
on existing heterogeneities (catalytic debris or other impurities derived
from their synthesis and processing).

Let’s consider the preparation of a dispersion of a crystallizable
polymer into an immiscible polymeric matrix. An asymmetric compo-
sition (e.g., 90/10 or 80/20) will generate a sea-island morphology with
a large number of droplets. When the number of heterogeneities of the

speaking). In such a case, droplets tend to nucleate at the interphase or
homogeneously in a single crystallization event. This single exothermic
event usually occurs at a much larger undercooling than that at which
the bulk polymer crystallization takes place. If the droplets nucleate
homogeneously, then the crystallization occurs at very large under-
cooling, typically close to the glass transition temperature of the
droplets.

If, on the other hand, the heterogeneity density in the bulk polymer is
comparable to the number of droplets into which the polymer is
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dispersed in an immiscible matrix, then a fractionated crystallization
process develops. This is shown with a hypothetical polymer blend in
Fig. 1 that, for illustrating purposes, we can consider as an amorphous
atactic polystyrene matrix (aPS) and dispersed crystallizable isotactic
polypropylene (PP) droplets in an 80/20 wt%/wt% composition.

Fig. 1, top left, shows the bulk PP containing nucleating heteroge-
neities with different efficiencies of nucleation. Impurity A is much more
efficient than impurity B, i.e., it offers to the PP chains a lower hetero-
geneous nucleation free energy barrier (this can be due to its chemical
nature, interactions with PP, epitaxial crystal structure match and other
effects, such as size). When the PP is cooled from the melt, it will
nucleate at lower undercooling on type A heterogeneity, triggering the
appearance and growth of spherulites. Usually, type A impurities are
present in sufficient quantity; therefore, the undercooled PP melt will be
transformed to the semi-crystalline state (all spherulites grow and
impinge on one another) before type B impurities can have a chance to
nucleate at higher undercooling. The crystallization process of bulk PP
occurs in a single high-temperature crystallization exotherm typically
recorded during a non-isothermal DSC cooling scan from the melt (e.g.,
Fig. 1, bottom left).

When the crystallizing bulk PP is dispersed into numerous droplets
within the aPS matrix, fractionated crystallization can appear if the
number of droplets is of the same order of magnitude as the number of

nucleating heterogeneities contained in the bulk polymer (Fig. 1, top
right). In this case, the A and B heterogeneities will be distributed among
the existing droplets, leading to droplets with one or more types of
heterogeneity or clean droplets. Please note that some heterogeneities
could also migrate to the matrix (during the blending process), and they
are wasted in that case.

Fig. 1, bottom right, illustrates how the crystallization of PP (now in
droplets) is split into four separate exotherms. As the crystallization of
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Fig. 1. Schematic illustration of the fractionated crystallization of PP droplets
dispersed in an immiscible polystyrene matrix, as measured by DSC. In the
present example, Bulk PP is assumed to contain two types of heterogeneities (A
and B), as shown on the left. The DSC cooling scan for this bulk PP is reported
on the left-hand side DSC curve. The same PP is dispersed into many droplets
(top, right) inside a PS matrix, where each color represents a possible nucle-
ation modality: blue, impurity A; red, impurity B; green, matrix interface (im-
purity-free droplets); purple, homogeneous nucleation (impurity-free droplets).
The right DSC curve (bottom, right) shows the corresponding cooling scan
where multiple crystallization exotherms are presented. Adapted with permis-
sion from ref. 3. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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each droplet is independent, since droplets are well dispersed and thus
separated from each other, each crystallization exotherm can be
attributed to the crystallization of different droplet populations, each
one with a different nucleation mechanism. The first droplet population
to crystallize upon cooling from the melt is that containing the most
active heterogeneities (i.e., type A). This population crystallizes at low
undercooling at exactly the same crystallization temperature as PP in
bulk. The second droplet population, crystallizing at lower under-
coolings, is that containing type B heterogeneities. The undercooling
increases as the nucleation efficiency decreases or as the energy barrier
for nucleation increases.
Further cooling of the sample causes the crystallization of the two
last droplet populations. These are constituted by heterogeneity-free
droplets. These droplets can crystallize at the interface (denoted by
the letter C in Fig. 1, right) with the PS matrix (i.e., with a surface-
induced nucleation mechanism) or homogeneously within the volume
of the droplets (denoted by the letter D). Homogeneous nucleation oc-
curs at very large undercooling, as required by the large energy barrier
that needs to be surmounted to create a primary nucleus (i.e., the for-
mation of a nucleus inside the droplet volume implies the creation of six
new surfaces, an energetically costly process). These last two types of
nucleation possibilities, surface-nucleation, and homogenous nucleation
are difficult to distinguish by DSC and are not often occurring at the
same time; they are represented in Fig. 1 to have, in one example, all
types of nucleation modalities of droplets. The distinction between these
two modes of clean droplet nucleation is often made empirically, as
homogeneous nucleation is the one occurring very close to T, or
quantitatively, by determining the domain size dependence of the
nucleation rate (surface versus volume) [4].

Typically, bulk PP can contain approximately 10° active type A
heterogeneities per cubic centimeter. If the blends are prepared with a
compatibilizer that decreases droplet size and increases the number
density of heterogeneities to values above 10°/cm?, then the blend will
contain an overwhelming majority of clean droplets, and exotherms A,
B, and C will typically disappear, leaving only a large exotherm D, where
exclusive homogeneously nucleated droplets crystallize [2].

Polymer solidification occurs via a two-step process. First, the ma-
terial nucleates, and then once stable nuclei are produced, crystals grow
[5,6]. In a bulk polymer, it is relatively simple to study separately pri-
mary nucleation and growth by employing a Polarized Light Optical
Microscope (PLOM). However, if the nucleation rate is too high and the
resulting nucleation density is too large, it may prove impossible to
follow crystal growth by PLOM. Differential Scanning Calorimetry (DSC)
can be operated under isothermal conditions, and the overall crystalli-
zation kinetics can be obtained for most crystallizable polymers.
Furthermore, DSC allows measuring the overall crystallization of
dispersed droplets.

To quantify the order of the resulting overall crystallization kinetics
determined by DSC, the Johnson-Melh-Avrami-Kolmogorov model is
commonly employed [7-12], also known as the Avrami model. The
Avrami equation can be written as [11,13].

1—V(t—1t))=exp (— K(t—15)") (€]
where V,(t) is the relative volumetric transformed fraction at time ¢, K
the overall crystallization rate constant (i.e., nucleation + growth), ty is
the incubation or induction time, and n the Avrami index.

Miiller et al. [14,15] consider that the value of n can be expressed as:

n=nep +n, 2)
where ngp is the dimensionality of the growing crystals and n, the time
dependence of the nucleation. The ngp values can only be integer
numbers, 1, 2, and 3, corresponding to one-, two- and three-dimensional
crystallites or crystal superstructural units. For polymers, ngp = 2 or 3,
corresponding to either axialites (two-dimensional lamellar aggregates)
or spherulites (three-dimensional lamellar superstructures). On the
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other hand, n, can have values between 0 and 1, where n, = O corre-
sponds to instantaneous nucleation, and n, = 1 to sporadic nucleation.

The overall crystallization kinetics of bulk polymers is typically
sigmoidal with kinetic orders of 2 and 3 (with a sigmoidal shape if, for
instance, a plot of crystallization enthalpy versus time is represented).
However, when an ensemble of isolated droplets is crystallized, the ki-
netics is typically dominated by nucleation, as the process of growth
tends to be much faster. Hence, the slow step of the kinetics is droplet
nucleation. Once a nucleus is formed inside a droplet, the time crystals
take to grow, filling the small volume of a droplet can be many times
faster than the nucleation time. Therefore, for highly dispersed isolated
MDs, such as droplets, we can consider that ngp tends to zero and n = n,.
Therefore, the overall crystallization for sporadically nucleated droplets
is characterized by first-order kinetics since nucleation in the dispersed
droplets occurs sporadically in time (i.e., n = 1).

In view of the above considerations, the overall crystallization ki-
netics order should be very different if the minor phase in a polymer
blend is dispersed or co-continuous. In a co-continuous morphology,
percolation of the crystallization phase occurs and isolated droplets will
not be present. Percolation can spread crystallization via secondary
nucleation; hence, fractionated crystallization will no longer be possible.
Cordova et al. [16], studied reactively compatibilized poly-
ethylene/polyamide, PE/PA6, blends. The functionalized polyethylene
weight fraction and extrusion conditions can be carefully tailored for the
production of blends with different morphology but similar composi-
tion. Polyamide sub-micron droplets were produced finely dispersed in
the PE matrix on the one hand and with a co-continuous morphology on
the other hand. Fig. 2 shows plots of their normalized crystallization
enthalpy data points as a function of time with superimposed fits to the
Avrami equation. TEM image insets show the blend morphology in
Fig. 2. As expected, in the case of isolated droplet dispersions, the
Avrami index is close to 1 (0.91) as the overall kinetics is dominated by
sporadic nucleation, while it is close to 3 (3.06) for the percolated PA6
phase, where the growth of instantaneously nucleated spherulites
dominates the kinetics. In this latter case, a deviation of the fitting values
from the experimental data can be seen, for conversions exceeding about
0.5. Deviations from the Avrami equation can be usually encountered in
many polymeric materials beyond the primary crystallization range,
please see ref. 13.

Even though in many cases, the overall crystallization of well-
dispersed droplets is dominated by nucleation, we have shown that
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Fig. 2. Selected overall crystallization kinetics examples that follow DSC
crystallization enthalpies as a function of time during the isothermal crystalli-
zation of the polyamide phase of immiscible PE/PA blends with either dispersed
phase (left) or co-continuous (right) morphology. Red lines represent the fit to
the Avrami equation (equation (1)). The insets are representative TEM images
of the blend morphologies [3,16]. Adapted with permission from Elsevier. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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depending on droplet size and the relative kinetics of primary nucleation
versus growth, it is also possible to find growth-dominated overall
crystallization kinetics in droplet dispersions [17]. A detailed discussion
of this relevant aspect of droplet crystallization together with experi-
mental data will be presented in sections 2.1 and 2.4.

There are many examples of fractionated crystallization in the
literature (see a recent review by Sangroniz et al. [3] and references
therein). It has been obtained in droplet dispersions [18-20], polymer
blends [1-3,21-25], polymer multilayer films [26,27], block co-
polymers [15,21,28-31], and polymers infiltrated within alumina
nanopores [21,32,33]. In this Feature Article, we will deal exclusively
with polymer blends, as we are interested in exploring how droplet
dispersions can be used to study nucleation and growth mechanisms in
polymer crystallization by combining non-isothermal with isothermal
crystallization and self-nucleation studies.

2. Nucleation modalities of semicrystalline droplets in
immiscible blends

2.1. Self-nucleation of droplets in immiscible blends

The self-nucleation thermal protocol initially devised for solution-
crystallized polymers [34] and later adapted to bulk-polymers crystal-
lized in a differential scanning calorimeter [35], aims at producing a
significant enhancement in the number of nuclei of the material by
preserving a “memory” of the previous crystalline state of the sample. In
the following, the procedure and the outcomes are briefly outlined,
while the interested reader is addressed to recent reviews to go into
more details on the phenomenon [36,37].

The first step of the procedure consists in preparing a “standard
crystalline state” by crystallizing the sample from a melt temperature at
which the thermal history is completely erased (e.g., a melting tem-
perature 30 °C above the melting peak of the sample) in a controlled way
(e.g., at a cooling rate of 10 °C/min). The sample crystallized in this way
is then heated to the self-nucleation temperature (Ts) and kept there for
a given time (e.g., 5 min). The outcome of the self-nucleation is judged
by examining the following cooling and subsequent heating scans.

When the self-nucleation temperature is high enough, all the crys-
talline memory is erased, and the subsequent crystallization tempera-
ture shows no changes in comparison to that obtained by cooling from
the “standard isotropic melt” (i.e., a fully relaxed isotropic melt, made
up by randomly coiled polymer molecules). Such samples are said to be
within Domain I or melting Domain.

Domain II is instead found when the Ts is high enough to melt most
crystals but low enough to leave the so-called “self-nuclei”. Their effect
on re-crystallization from Ts can be highlighted by an increase in the
crystallization temperature with respect to that in standard crystalliza-
tion conditions (i.e., from Domain I). Upon heating the re-crystallized
sample, no changes in the melting behaviour in comparison with
Domain I are found since the Ts temperature is too high to cause
meaningful annealing (and thus lamellar thickening) of the polymer
crystals. The self-nucleation Domain, or Domain II, can be further sub-
divided into two regions, i.e., Domain Ila (at higher temperatures) and
Domain IIb (at lower temperatures). In Domain Ila, also called melt-
memory Domain, the sample is fully molten; thus, active self-nuclei must
arise from regions in the melt where inter-segmental interactions have
survived [36,38-42]. In Domain IIb, or self-seeding Domain, Ts is too low
to melt all the crystals, and thus self-nuclei are constituted by small
crystal fragments that act as ideal nucleation sites (i.e., self-seeds) for the
crystallizing polymer.

Eventually, when the self-nucleation temperature is further lowered,
Domain III or self-nucleation and annealing Domain is entered. In this
temperature Domain, the unmolten part of the crystals anneals and
thickens, as revealed by the final heating scan after re-crystallization,
which shows a second melting endotherm at higher temperatures with
respect to the main melting peak.



S.E. Fenni et al.

When the self-nucleation protocol is applied to the droplet phase in
immiscible polymer blends, the typical fractionated crystallization
behaviour (see Section 1) is altered due to the injection of self-nuclei in
otherwise nuclei-free droplets [3]. For example, the PP minor compo-
nent of an LLDPE/PP 80/20 blend was self-nucleated at the ideal Ts (i.e.,
the lowest in Domain II) by Miiller et al. [43,44] The crystallization of
the two components, which was overlapped in the blend due to frac-
tionated crystallization of the PP phase, was thus resolved, with PP
droplets increasing their nucleation temperature up to values charac-
teristic of the self-nucleated bulk polymer phase. In another case, PP
droplets dispersed in a polystyrene (PS) matrix showed up to 4 distinct
fractionated crystallization peaks. The three exotherms occurring at
higher temperatures were due to the presence of three nucleating het-
erogeneities with different efficiencies. The lowest temperature exo-
therm was produced by the crystallization of impurity-free droplets
which crystallize at the highest undercooling [2]. When this sample is
self-nucleated at Ts,igeq;, a single crystallization exotherm is obtained at
temperatures corresponding to that of the self-nucleated neat PP. These
examples demonstrate that, as discussed in Section 1 (see Fig. 1), frac-
tionated crystallization is due to the lack of the most active nucleating
heterogeneities inside the droplets and can be efficiently eliminated if
enough nuclei are injected into each of the droplets, for instance via
self-nucleation or heterogeneous nucleation (see Section 2.4, further
on).

In the following, based on our recent work [17], we will discuss in
detail the effect of self-nucleation temperature on the non-isothermal
and isothermal crystallization processes of PP droplets dispersed in a
PS matrix. Fig. 3 shows representative examples of DSC cooling curves
for 85/15 wt%/wt% PS/PP blends from different PP self-nucleation
temperatures. Crystallization from the isotropic melt (Ts = 164 °C,
Domain I) results in two fractionated crystallization peaks located at

[ 164°C

Heat flow, endo up

0.05 W/g

120 140

40 60 80 100
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Fig. 3. Selected DSC cooling scans from the indicated T, temperatures for the
neat 85/15 wt%,/wt% PS/PP blend. The different colors of the curves represent
the three SN domains: domain I (red), domain II (blue), and domain III
(green).'”Adapted with permission from ACS publications. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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about 100 and 70 °C, with the latter, possibly due to the nucleation of
the droplets on the PS surface, being the largest. Domain II is entered
when the self-nucleation temperature is lowered by only one degree (Ts
— 163 °C, see Fig. 4). In fact, the lower temperature exotherm (at 70 °C)
disappears while the area of the higher temperature peak (at 100 °C)
increases its value, as a consequence of the larger fraction of efficiently
nucleated droplets (thanks to the applied self-nucleation or self-nuclei
injection to the originally lower temperature crystallizing fraction).

On further lowering Ts, a new fractionated crystallization peak ap-
pears at even higher temperatures (i.e., about 120 °C), and its enthalpy
becomes larger and larger, at the expense of the exothermic event at
100 °C, upon decreasing the self-nucleation temperature down to the
beginning of Domain III. Thus more and more self-nuclei are being
injected into the non-efficiently nucleated droplet population. By pro-
ceeding inside Domain III, the fraction of unmolten droplets becomes
important, and the total crystallization enthalpy diminishes. The
recorded change of fractionated crystallization behaviour of PP droplets
in a PS matrix with self-nucleation is thus in agreement with the liter-
ature [2].

For what concerns isothermal crystallization, as learned in Section 1,
isolated droplets generally crystallize independently from each other
and sporadically in time, giving rise to first-order solidification kinetics.
The crystalline volume fraction for PP droplets in a PS matrix, self-
nucleated at Tsjgeq, and crystallized isothermally at 146 °C, is re-
ported in Fig. 4 as a function of crystallization time. As evident from the
trend of the fitting line, an Avrami exponent close to 3 is obtained,
indicating sigmoidal crystallization kinetics, at variance with droplets
cooled from a Domain I melt that display an exponent close to unity [17].

The sigmoidal crystallization kinetics is consistent with the growth of
predetermined nuclei as 3-D spherulites, even though the droplet size is
limited to a few micrometers. Remarkably, when self-nucleation is

rp=261

1.OF

T.=146°C
0 10 20 30 40
{-1t, [min]

Fig. 4. Evolution of the crystalline volume fraction as a function of time for the
PP droplets in the 85/15 wt%,/wt% PS/PP blend, SN at T; 160 °C (Domain II).
The red line refers to the data fitting using the Avrami equation [17]. Adapted
with permission from ACS publications. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of
this article.)
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performed at the ideal temperature, most of the droplets are efficiently
and instantaneously nucleated, and thus the overall crystallization ki-
netics is dominated by the crystal growth step. This aspect will be dis-
cussed in detail in the following by analysing the undercooling
dependence of the spherulitic growth rate and of the overall crystalli-
zation rate of PP droplets self-nucleated at various temperatures (see
Fig. 5).

The growth rate data of polymer crystals as a function of under-
cooling are well described by the classical Lauritzen and Hoffman theory
[45,46], according to which it is found that:

U K,
2303R (Tc — Tw) 2303 TcAT f

Log G=Log Gy — 3

where Gy is a growth rate constant, R is the gas constant, T, is the
temperature at which polymer segmental motion stops, U* is the acti-
vation energy for the diffusion of crystallizing segments across the phase
interface, AT is the undercooling (=Tm 0 _ Te), Tc is the crystallization
temperature, and f is a temperature correction factor (=2Tc/(Tc +
Tmo)). K, is the nucleation constant, proportional to the energy barrier
for secondary nucleation.

Besides being derived for crystal growth, the Lauritzen and Hoffman
theory has been commonly employed to fit DSC data of overall crys-
tallization kinetics [13,47-50]. In the latter case, the energy barrier
obtained from the fit is an “apparent” K, (i.e., Kg) which contains con-
tributions from both primary nucleation and growth. Lorenzo et al. have
evaluated such contributions for various polymers crystallized by
varying the self-nucleation temperature [51]. Their results showed that
when self-nucleation is carried out at Tsjgeq, primary nucleation is
completely accomplished within the self-nucleation step; thus, the
overall crystallization rate measured via DSC contains information on
growth rate only.

In Fig. 5, the reciprocal of the PP droplets half-crystallization time,
which is proportional to the overall crystallization rate, is used in place
of the growth rate in the linearized form of equation (3). The data refer
to isothermal crystallization experiments performed on cooling from the
indicated Ts, and the values of the growth rate measured by polarized
optical microscopy are added for the sake of comparison. The overall
free energy barrier for crystallization, K}, is derived from the slope of the
fitting lines, while the growth rate data provide the secondary nucle-
ation energy barrier, K; Remarkably, when the ideal self-nucleation
temperature (160 °C) is employed, the slope of the line fitting the
overall crystallization kinetics is identical to the one related to crystal

B Growth Rate
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Fig. 5. Lauritzen and Hoffman plots for the DSC-determined overall crystalli-
zation rate (in the form of the reciprocal of the half-crystallization time) of neat
and self-nucleated PP droplets and for polarized light optical microscopy
determined spherulitic growth rate data for the bulk PP [17]. Solid lines are fits
to the theoretical model (equation (3)). Adapted with permission from ACS
publications.
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growth. As discussed in the literature [13,51], and in agreement with the
measured sigmoidal crystallization kinetics (Avrami exponent close to
three, see Fig. 4), this indicates that crystal growth is the
rate-determining step of the overall crystallization kinetics, while the
energy barrier for primary nucleation is negligible. Instead, with
increasing Ty, Kf; progressively increases. For instance, the value changes
from 2.65x10 [5] K? at T ideat to 19.3x10 [5] K2 when the sample is
crystallized from Domain I. The increase in the free energy barrier for the
overall crystallization at higher Ts reflects the growing importance of
the primary nucleation step, since part of the droplets (or most of them)
are not nucleated.

In conclusion, we have demonstrated that self-nucleated droplets
crystallize differently with respect to droplets solidified from a homo-
geneous melt. In particular, the lower the self-nucleation temperature,
the more the overall crystallization tends to be dominated by the crystal
growth stage rather than by the nucleation step.

2.2. Surface nucleation of droplets in immiscible blends

As discussed in Section 1, impurity-free droplets solidify at large
undercooling either via nucleation at the interface with the matrix or by
homogeneous nucleation [3]. Distinguishing between the two nucle-
ation modalities is not trivial. As an example, in the classical work of
Cormia, the crystallization of polyethylene droplets suspended in an
inert medium was claimed to occur via a homogenous nucleation
mechanism at around 85 °C [18]. However, twenty years later, Keller
and co-workers showed that higher or lower undercoolings could be
achieved when polyethylene droplets are deposited on a glass slide,
depending on the surface treatment or wetting liquid on the substrate
[52]. This demonstrated that nucleation of PE droplets occurs via a
surface-induced mechanism. To unambiguously discern between the
two nucleation mechanisms, the scaling factor of nucleation rate with
droplet size must be checked. In fact, the nucleation rate should be
proportional to the volume or surface of the droplet for homogeneous
and surface nucleation, respectively. This detailed investigation has
been carried out by Dalnoki-Veress et al. on dewetted droplets of poly-
ethylene oxide, which exhibit a dependence of the isothermal crystal-
lization time on the squared or third power of the droplets’ radius, based
on the exact nature of the used substrate [4,53]. However, such a study
has never been conducted on immiscible blends.

For blends of a semicrystalline dispersed droplet phase within an
amorphous matrix, some claims of nucleation occurring at the interface
have been made [24,54]. For example, PP was mixed with PS, PMMA,
and PC, while in the first two matrices, a single fractionated crystalli-
zation peak at 40 °C was observed, for PC/PP blends, the majority of the
droplets crystallized at around 85 °C [54]. However, the possibility of
impurity migration between the blend components (from the matrix to
the droplet phase), and hence nucleation of the dispersed phase on
different transferred impurities, cannot be safely ruled out. In double
semicrystalline blends of PP dispersed in PA-6, the nucleation of the
droplet phase at the interface was proposed, as judged by the increased
crystallization temperature in the blend with respect to the bulk PP and
by the disappearance of such an effect in the presence of some compa-
tibilizers [55].

Recently, we proposed an approach to gain clear-cut evidence of
surface-induced crystallization, which is applicable to dual semi-
crystalline immiscible blends with droplet morphology [56]. The
method is based on the exploration of the correlation between the
crystallization of the matrix phase, varied by means of the
self-nucleation process and that of the dispersed phase. At first, the
usefulness of the strategy is tested with blends of HDPE droplets in an PP
matrix, a pair of polymers that are likely to exhibit surface-induced
crystallization due to the known occurrence of polymer-polymer
epitaxy between them [57-61]. The epitaxial nucleation of HDPE onto
an oriented PP substrate has been extensively investigated in the liter-
ature: it is known that PE chains crystallize with an angle of 50° with
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respect to the PP chain axis, because of the alignment of the zig-zag PE
chain along rows of methyl groups of PP, with 0.5 nm intermolecular
distances for a chain-row match [57]. Thus, the epitaxy can only occur if
a particular geometrical relationship between PP and PE lamellar
thickness is satisfied [59].

Thanks to our approach of matrix self-nucleation, the knowledge of
surface-induced nucleation of PE on PP can be confirmed and extended
to the domain of polymer blends with droplet-in-matrix morphology.
The main results are discussed below.

Fig. 6a shows the cooling curves from the different indicated PP self-
nucleation temperatures for a blend with droplet morphology contain-
ing 30% HDPE in an PP matrix. The three self-nucleation Domains are
indicated with the colors of the curves according to the scale proposed
by Miiller et al. [36]: red for Domain I, blue for Domain II, and green for
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crystallization peaks of the two crystalline blend components are
partially overlapped, with that of HDPE found at lower temperatures
with respect to the one of PP, as judged by the relative area of the peaks.
No change in the position of the two peaks is detected at temperatures
within self-nucleation Domain I. However, when Domain II of PP is
entered, the two crystallization peaks begin to be separated due to the
remarkable increase in PP crystallization temperature. More impor-
tantly, an upward shift in the peak crystallization temperature of the
HDPE droplet phase is also recorded. Such shift is small but well
recognizable, and the increase also continues when PP self-nucleation
temperatures are within Domain III.

The crystallization temperature of the PP matrix and of the dispersed
HDPE droplet phase are reported in Fig. 6b as a function of the applied
self-nucleation temperature for different blend compositions, always

Domain III. At the highest self-nucleation temperatures, the with droplet-in-matrix morphology. The different self-nucleation
a) E ] b) — Fig. 6. (a) DSC cooling scans from the indicated T?*
Vi (IPE) 225°C DI : ‘:/DHPP DI values for the 70/30 wt%,/wt% PP/HDPE blend. The
| * | | 4150 different colors of the curves represent the three SN
i ! | 122} ¥ - domains: Domain I (red), Domain II (blue), and
' 1 1 Domain III (green). (b) T. values for HDPE (left y-
= 4140
= ! 171°C 1 axis) and PP (right y-axis) in the 90/10 wt%,/wt%
o) : 120k * 1 PP/HDPE, 80/20 wt%;/wt% PP/HDPE, and 70/30 wt
"g | ¥ I {130 %,/wt% PP/HDPE blends as a function of T?. (c) T,
0] : 170°C 8 : : 8 variation as a function of T; for the neat HDPE across
3“ | o I ¥ © the self-nucleation Domains of PP and PE (from 225
o) i 169°C] s 118F " P 1120 ~ 10160 °C and from 140 to 125 °C, respectively) and
o= aa] 1 & for the 70/30 wt%/wt% PP/HDPE blend in the self-
g 168°C E 4110 \-/U nucleation domains of PP only. The self-nucleation
or \' , N\ / 1 = 116} 1 B~"  Domains of PP phase in the blend are reported in
E 167°C 1 “': I E.' e black color whereas the ones of HDPE are in blue
o \I / \ / B~ ¢ HDPE in (90/10 PP/HDPE)| | 100 color. The solid lines reported for each series are
L 166°C | ¥ HDPE in (80/20 PP/HDPE), guides to the eye [56]. Adapted with permission
165°C I\} \ / L114F —@— LIDPE in (70/30 PP/LHDPE)| 490 from ACS publications. (For interpretation of the
o0 - ¥¢ PP in (90/10 PP/HDPE) references to color in this figure legend, the reader is
§ - 164°C [ o ¥— PP in (80/20 PP/HDPE) referred to the Web version of this article.)
- ~f ] 112}|—@—PP in (70/30 PP/HDPE) | 130
. L f . L N . = i - 3 < ""b‘ L
100 110 120 130 140 150 160 NN ON ) %
o PP o
Temperature [°C] ;" [°C]
C) Bl
?‘:II 1 [N PP
120fe o P ]
PP PP
" pu Dr
I [
119} Qi L B :
#J .‘l I
| UL .J |
I
s n i
— 118} | .L ] 4
S~ - (
U—l IlJ |
il [ 1
E | |
= 117F e '.' 1
— | g
Q
~ : 1
116 : : .
:J \J =
il 4 ! _

—m— ncat HDPE
—®&@— HDPE in (70/30 PP/HDPE)

L el i

160 180 200 220

T, [°C]

120 140



S.E. Fenni et al.

domains are also indicated for the sake of discussion. As already grasped
by Fig. 6a, neither of the phases show meaningful variations in the T¢ for
self-nucleation temperatures within PP Domain I. Domain II and Domain
IIT show, as expected, a steep increase in the crystallization temperature
of the PP matrix, which is paralleled by a substantial increase (up to
3 °C) of the HDPE droplets’ T¢. The results are consistent as they are
obtained for all the investigated blends. This correlation between the
rise in matrix crystallization temperature and the increased crystalliza-
tion kinetics of the droplet phase clearly points towards an interaction
between the two components at the interface. In particular, the hy-
pothesis is that the increased crystallization temperature of PP modifies
the crystalline state of the matrix, i.e.,, by increasing the lamellar
thickness, which in turn favours HDPE nucleation at the interface via an
epitaxial mechanism.

Interestingly, this increase in the crystallization kinetics of HDPE
occurs at self-nucleation temperatures that are well above those
required to self-nucleate neat HDPE (see Fig. 6¢). In fact, in neat HDPE,
the crystallization temperature as a function of self-nucleation temper-
ature is invariant down to below 130 °C, while in the blend, the
nucleation effect is active already below 170 °C. Moreover, when the
maximum increase in T¢ for HDPE droplets is compared with neat HDPE
self-nucleation, a nucleation efficiency [62] of around 140% can be
calculated [56]. This indicates extremely efficient nucleation, higher
than that achievable with the self-nuclei of the same material, a phe-
nomenon termed “supernucleation” [63-65].

Another interesting observation about the results presented in Fig. 6¢
is that after self-nucleating the PP matrix, the PE droplets experience a
much wider Domain II, which now includes Domain Ila (or the melt
memory sub-Domain) [36,37] as opposed to neat HDPE or the PE
component in the blend without self-nucleation of the PP matrix. The
origin of this peculiar melt memory effect is the surface-nucleation
capability of the self-nucleated PP lamellae at the blend interface on
the HDPE droplets. A similar situation has been encountered in
PS/HDPE blends (see Fig. 11 and its discussion below), where
surface-induced nucleation also enlarges the Domain II of dispersed
HDPE droplets.

SEM micrographs on etched samples were acquired to investigate the
morphological details of this nucleation process of HDPE droplets on a
PP matrix. In particular, Fig. 7 displays a magnification of the droplet-
matrix interface of samples crystallized upon cooling from 225 °C (PP
Domain I, panel a) or from 163 °C (PP Domain III, panel b). In general, the
PE lamellar stacks are oriented in a direction perpendicular to the
droplet/matrix interface. What should strike the attention is the
remarkable difference in lamellar density at the interface in the two
samples (Fig. 7a vs. Fig. 7b). It seems that when cooled from PP Domain
I, a lower linear density of nucleation develops at the interface, while
when a self-nucleation temperature within Domain III is chosen, a
transcrystalline layer develops since the nucleation density at the
interface is so high that impingement among the individual growth
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fronts occurs and growth proceeds perpendicular to the interface, at
least up to a certain extent. In Fig. 7b it is also possible to distinguish the
thickened PP matrix lamellae, which have a thickness comparable to
those of PE at the interface. In summary, morphological analysis cor-
roborates the hypothesis of nucleation at the interface in droplets of
HDPE in a self-nucleated PP matrix.

To gain more insights in the mechanism of interfacial nucleation of
HDPE droplets on the PP matrix, isothermal crystallization experiments
have been performed. Due to the exceedingly low rate of heat released
by the dispersed droplet freezing, an isothermal step crystallization
protocol has been adopted [14,66]. Fig. 8a reports an enlarged view of
the melting endotherms obtained after steps of different duration at one
chosen isothermal T¢ and focused on the temperature range of the PE
droplet phase. The melting enthalpy of the peak progressively increases
with time, indicating an increased fraction of solidifying droplets.
Notably, the saturation of the crystallization process was not reached
due to the known process of secondary crystallization and isothermal
thickening of PE lamellae.

Fig. 8b shows the crystallization kinetics of PE droplets at the given
crystallization temperature of 123 °C, but in contact with a PP matrix of
different lamellar thickness (varied via selecting the self-nucleation
temperature) is shown. The overall crystallization kinetics increases
with decreasing the PP matrix self-nucleation temperature, thus moving
from Domain II to further inside Domain III, in agreement with the non-
isothermal crystallization data shown in Fig. 6b. As shown by the matrix
melting traces and by small-angle X-ray scattering (SAXS) analysis on
selected samples, the lamellar thickness of PP increases with lowering
the self-nucleation temperature from 169 to 163 °C [56], thus sup-
porting the hypothesis of enhanced surface nucleation of PE dispersed
droplets on thicker PP matrix’s lamellae.

As stated in the introduction, a clear indication of nucleation-
controlled crystallization in an ensemble of droplet microdomains is
the obtainment of first-order overall crystallization kinetics (or equiva-
lently, an Avrami exponent equal to one). Thus, the Avrami fitting has
been performed on crystallization data of HDPE droplets dispersed in an
PP matrix. Some examples of the obtained fit of the experimental data at
different crystallization temperatures are provided in Fig. 8c, for a blend
containing 20 weight percent of HDPE phase. For all the crystallization
conditions, a satisfactorily fit is obtained, with values of the Avrami
exponent comprised between 0.8 and 1.2, thus in agreement with a first-
order kinetic model of the overall crystallization kinetics. Next, the data
are plotted in the linearized form of equation (4) below (which assumes
an Avrami index n = 1) in Fig. 8d:

X
1—
KXonax

=exp (—IV(t—1y)) 4

where X/Xqy is the fraction of droplets already crystallized, I represents
the average nucleation rate, and V is the droplet volume.
From the slope of the lines reported in the plot, the values of the

Fig. 7. SEM images of the 70/30 wt%,/wt% PP/HDPE blend after cooling from (a) 225 °C (Domain I of PP phase) and (b) 163 °C (Domain III of PP phase) [56]. Scale

bar is 1 pm. Adapted with permission from ACS publications.
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nucleation rate (multiplied by the interfacial area, in the case of surface
nucleation) can be directly derived. Knowing the value of the droplet
surface area from morphological analysis, the rate of nucleation of HDPE
droplet on the PP surface is finally calculated.

The derived heterogeneous nucleation rates can be analysed ac-
cording to a classical nucleation model to attain information on the
nucleation mechanism for the cases of different matrix lamellar thick-
nesses (i.e., different self-nucleation temperatures). The nucleation rate
of the polymer on a substrate can be expressed in the linearized form as
follows [67,68].

U 1600,A0 TO”
2303R (Tc — Tw) 2303k Te(ATARS)?

Log I=Log I, — 5)

where I is the temperature-independent frequency term, U* is the
activation energy related to the transport of chain segments across the
phase boundary, R is the gas constant, T is the crystallization tempera-
ture, Ty, is the temperature below which all motions associated with

viscous flow cease, o and o, are the lateral and basal surface free energies
of the crystals, respectively, Ao is the interfacial free energy difference,
Tme is the equilibrium melting temperature, k is the Boltzmann constant,
AT is the undercooling (=T;;°~ T¢), Ahy is the heat of fusion per unit
volume of crystal at T,,°, and f is a correcting factor (=2T¢/(T¢ + Tn°)),
which accounts for the variations of the heat of fusion with temperature
when a large range of supercooling is investigated.

Of particular interest are the two parameters obtained by fitting the
experimental nucleation rate data with equation (5): Iy and As. The
latter value corresponds to the difference in surface’s free energy
resulting from the replacement of a substrate/melt interface with a
substrate/crystal plus a crystal/melt interface because of the formation
of the first crystalline layer on the heterogeneous substrate. The
magnitude of Ao is proportional to the free energy barrier for nucleation;
thus, the lower its value, the faster and less temperature dependent the
nucleation will be [17,69-72]. Instead, Iy, which depends on the mo-
lecular and transport properties of the nucleating polymer, represents a
frequency of nucleation events per unit area (in the case of surface
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nucleation) [17,67,68,72].

Fig. 9 shows the experimental data obtained on two series of HDPE
droplets in contact with a PP matrix self-nucleated at temperatures of
167 °C (Domain II) and 163 °C (Domain III), are shown, together with the
regression lines according to equation (5). The values of Iy and As are
extracted from the intercept and the slope of the fitting lines,
respectively.

It is immediately evident that the Ac values obtained for the two
systems are very close or identical, as expected, since the surface en-
ergies of the matrix and the nucleating polymer do not change among
them. An average value of around 0.186 mJ/m? is obtained [56]. Such
an extremely low value of interfacial free energy difference supports the
epitaxial nucleation hypothesis, as similarly low Ao are obtained in the
literature for systems in which epitaxy or lattice match between the
nucleating polymer and the substrate is known [69-72]. The difference
between the two ensembles of droplets, which leads to a difference in the
nucleation kinetics, being higher for those in contact with the matrix
self-nucleated at the lowest temperature, lays instead in the
pre-exponential parameter I, i.e., the intercept of the fitting lines in
Fig. 9. In particular, the values for the system with PP self-nucleation
temperature of 163 °C are about 4 times larger than that for a
self-nucleation temperature of 167 °C. This indicates a much larger
number of available nucleation sites, in agreement with the morpho-
logical analysis presented in Fig. 7, which evidences a larger PE nucle-
ation density at the interface in the respective case. All these data,
together with some SAXS analysis which demonstrate that for surface
nucleation of HDPE droplet on the surface of PP matrix to occur, a
particular geometrical relationship between the two polymers’ lamellar
thickness must subsist, are strong indications that an epitaxial nucle-
ation mechanism is also active for the HDPE droplets embedded in an PP
matrix, in analogy with thin films of the same polymers [57-61].

A further proof that nucleation occurs at the interface in HDPE/PP
blends with droplet-in-matrix morphology is provided by the use of an
efficient compatibilizing agent. When a commercial ethylene-ran-
methyl acrylate random copolymer is used as a compatibilizer, a
reduction in the HDPE droplets size is observed, suggesting the locali-
zation of the third polymer at the interface between PP and HDPE. When
the PP matrix is self-nucleated, the overall crystallization kinetics of the
PE droplets in the blends containing the compatibilizer slightly de-
creases in comparison with the neat blend [73]. It is clear that compa-
tibilizer addition can, in this case, somewhat interfere with the surface
nucleation caused by the self-nucleated PP lamellae.
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Fig. 9. Temperature dependence of the nucleation rate of HDPE droplets, in the
80/20 wt%/wt% PP/HDPE blend, according to equation (5) when the PP ma-
trix is crystallized at two different TF? values (163, 167 °C). The solid lines are
the result of a linear fitting [56]. Adapted with permission from ACS
publications.
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The mentioned strategy, consisting of the self-nucleation of a matrix
semicrystalline polymer to highlight the surface nucleation of the
dispersed phase, is applicable to any polymer pair, provided that the
melting temperature of the polymer dispersed into droplets is lower than
the one of the matrix of the blend. As such, the method can conveniently
be used to scout the surface nucleation effect of different matrices to-
wards a given polymer. Recently, we extended the approach to binary
blends of poly(1-butene) (PBu) droplets dispersed in PP and poly
(vinylidene fluoride) (PVDF) matrices and to PCL droplets in various
matrices (PP, HDPE, PBu, PVDF, and poly(butylene succinate) (PBS))
[74]. The results related to PCL droplets crystallization from the various
self-nucleated matrices are reported in the following (see Fig. 10).

Fig. 10a compares the self-nucleation effect of the matrix on PCL
droplet crystallization in the various blends with the results of neat PCL.
No increase in PCL’s T¢ is detected for temperatures corresponding to
Domain I of a given matrix. When the self-nucleation temperature is
lowered below a certain threshold, a clear increase in PCL crystallization
can be grasped, whose extent depends on the matrix considered. As
discussed in the case of HDPE/PP blends, the enhancement of PCL
droplet’s nucleation kinetics is possibly due to the thickening of the
lamellae of the matrix phase, which serves as a nucleating template. The
data in Fig. 10a allow us to draw a nucleation efficiency scale among the
different polymer surfaces (matrices). Considering the maximum in PCL
Tc for each blend, the order found is: HDPE > PP > PB > PBS > PVDF.
Notably, PCL/HDPE blends show an efficiency higher than 100%,
similar to what occurs in the case of PP/HDPE. Also, in this case, the
reason might be related to the occurrence of polymer-polymer epitaxy,
already demonstrated by Yan et al. for this polymer pair in the form of
thin films [75,76]. The second ranking of PP might be due to some de-
gree of crystallographic matching with PCL, also reported in the litera-
ture [77]. Even in the absence of an epitaxial mechanism, the occurrence
of droplet nucleation at the interface with the matrix is clearly demon-
strated for all the investigated polymer pairs by means of the matrix’s
self-nucleation strategy. In the case of PCL/PVDF blends, although sur-
face nucleation is still active, crystallization is occurring at temperatures
lower than those recorded for the neat polymer. This result can only be
due to the loss of some nucleating impurities by the PCL dispersed phase
to the PVDF matrix during melt mixing.

A different perspective on the same surface-nucleation phenomenon
is offered in Fig. 10b, where the T¢ values for the PCL droplets are
plotted as a function of the matrix T¢, varied via self-nucleation. For all
the systems besides PCL/HDPE, the T of PCL droplets increases linearly
with the T¢ of the matrix, which in turn is indicative of an increased
lamellar thickness of the substrate. As such, the observed correlation
between the crystallization temperatures of the two phases suggests an
increase in the droplet nucleation kinetics when in contact with thicker
lamellae of the matrix polymer, as discussed above for the case of PP/
HDPE blends. According to the template nucleation model [59,78] put
forward for polymer-polymer nucleation, thicker lamellae of the sub-
strate polymer enable easier nucleation of the second phase since crys-
tallizing polymer chains segments suffer a lower free energy penalty due
to the reduced contact with the substrate polymer’s amorphous chain
segments.

Our work on a variety of double semicrystalline blends with droplet-
in-matrix morphology thus demonstrates that surface nucleation of the
droplets is the major nucleation mechanism in such systems.

2.3. Interaction between self-nucleation and interfacial roughness in
immiscible blends

In this section, the peculiar relationship between the roughness of
the interface in immiscible blends and the self-nucleation behaviour of
the dispersed droplets will be considered. In our recent work, we
investigated the self-nucleation of HDPE droplets in their immiscible
blends with either PS or Nylon 6 matrices [79]. Fig. 11a shows the DSC
cooling scan after self-nucleation of the HDPE phase at different Ts. The
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crystallization enthalpies of the two main fractionated crystallization
peaks are also reported as a function of T; in Fig. 11b.

Considering the used neat HDPE, it crystallizes upon cooling from
the melt in a single crystallization exotherm peaked at 116 °C and
exhibited a conventional self-nucleation behaviour, where a very nar-
row DII (in the range 131-128.5 °C) is obtained. According to section
2.1, it is worth mentioning that neat HDPE in the present case exhibits
only self-seeding domain DIIb (with a total absence of the melt-memory
Domain DIIa). On the other hand, in the 90/10 PS/HDPE blend where
HDPE is present in the form of droplets dispersed in the PS matrix, the

10

HDPE minor phase exhibits fractionated crystallization where two main
exotherms, T and T,o, peaked respectively at 115.7 °C and 90 °C are
observed when the system is cooled from T higher than 154 °C (i.e., DI,
see red curves in Fig. 11a). The results indicate the existence of droplets
that crystallize at different degrees of undercooling. In terms of
enthalpy, it should be noted that the crystallization enthalpy of the T,
exotherm (i.e., AH,;) is much lower than the one of the T,y exotherm (i.
e., AH.y), indicating that only a small portion of droplets contains highly
active heterogeneities, while most of the HDPE droplets are free of im-
purities or contain heterogeneities with lower activities and crystallize
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at higher supercooling. By decreasing T to 154 °C, AH; starts to in-
crease at the expense of the enthalpy of AH,, indicating the successful
injection of additional self-nuclei inside some of the droplets (see Fig. 11
a,b). Further decrease of T; down to 126 °C (i.e., Ts ideqt) leads to an
additional increase of AH,; until AH.; becomes practically negligible.
The obtained results showed for the first time an HDPE phase with a very
large self-nucleation domain DII, having a width of about 28 °C and an
upper limit well above the equilibrium melting point of the polymer.
The obtained DII includes both a very wide melt-memory domain (DIla)
and the self-seeding domain (DIIb). Any further decrease of Ts below
126 °C leads to the appearance of annealing, and thus we enter the self-
nucleation and annealing domain (DIII) [79].

By extracting the HDPE phase from the 90/10 wt%/wt% PS/HDPE
blend and employing the same SN thermal protocol on the recovered
polyethylene phase, the authors demonstrated that when HDPE is not
dispersed in the PS matrix, the polymer reverts to the original SN
behavior of neat HDPE. To interpret the results, we refer to the work of
Gateski et al. [80], who reported severe surface roughening and mean-
ingful changes at the interface after PP phase crystallization takes place
in a PP/PE blend upon cooling from the melt. Considering these results,
we attribute the observed peculiar SN behaviour in the blend to some
surface roughness-induced nucleation originating from the PS/HDPE
interface.

It is worth stressing that after cooling the system from the equili-
brated melt, the HDPE droplets undergo crystallization, and their sur-
face becomes rough. The shape of the formed lamellae will then be
imprinted (forming a replica of the rugged surface topography) on the
PS side of the interface during the subsequent heating scan to Ts, when
the T, of PS is exceeded and its viscosity is relatively low. We can then
imagine that the obtained additional surface roughness can only be
erased by heating the sample to a higher temperature (Ts in Domain I),

Polymer 264 (2023) 125514

where HDPE is fully molten, and the PS component is fluid enough to
relax the interfacial asperities. For lower Tg, the rough topography of PS
is retained because the viscosity of the polymer is too high and prevents
interface relaxation. Obviously, the rough interface promotes HDPE
nucleation during cooling from Ts, providing abundant surface-
nucleation sites [4].

To verify the appearance of the PS/HDPE interface at different T,
SEM and TEM analyses on the blends were performed. The micrographs
were taken at room temperature after cooling from the different Ti.
Fig. 12a and b shows results of the SEM micrographs of the cryogenically
fractured surface of 90/10 wt%/wt% PS/HDPE blend self-nucleated at
170 °C and 132 °C, respectively. Results confirmed that the PS surface
roughness and the interface state are clearly changed after changing the
self-nucleation temperature. In fact, by employing a Ts of 170 °C (T;
within DI), the HDPE droplets reach an isotropic melt in parallel with the
PS matrix having a very low viscosity; hence the surface of both HDPE
and PS becomes fully relaxed, and the interface smoothens (Fig. 12a).
On the other hand, when a T; of 132 °C is applied, the interface between
the HDPE phase and the PS matrix remains rough and deformed
(because at this Ts, the PS matrix is not fluid enough to relax the inter-
face and make it smooth). Consequently, due to such a rough interface,
the HDPE phase exhibits enhanced surface nucleation and crystalliza-
tion during the following cooling.

Fig. 12¢ and d shows TEM micrographs of the 90/10 wt%/wt% PS/
HDPE blend after self-nucleation at 170 °C and 140 °C, respectively.
Fig. 12d confirms the enhanced surface nucleation in which, by
employing a T of 140 °C (a T; at the lower temperature range of DII, see
Fig. 12b), the crystallization of HDPE droplets tends to be controlled
mainly by surface-induced nucleation (see arrows in Fig. 12d pointing to
some PS/HDPE interface spots from which the nucleation initiated). The
presented findings emphasize clearly that the employed T; was able to

Fig. 12. (a,b) SEM micrographs and (c,d) TEM micrographs of the SN 90/10 wt%,/wt% PS/HDPE blend; (a,c) SN at 170 °C, (b) SN at 132 °C, and (d) at 140 °C. The
arrows show points from which some HDPE crystalline lamellae start. The applied thermal protocol before this SEM/TEM analysis is shown in Fig. S1 of [79].

Adapted with permission from ACS publications.
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affect: (i) the roughness of the interface; (ii) the crystalline memory of
the HDPE phase (also possibly due to the presence of some type of or-
dered polymer chains trapped inside the formed cavities and grooves at
the PS/HDPE interface); (iii) the HDPE surface induced nucleation.
Moreover, Fenni et al. [79] investigated the SN behavior of the HDPE
in a 90/10 wt%/wt% Nylon 6/HDPE blend. Results showed that also in
the case of the Nylon 6 matrix, the HDPE phase exhibits a very strong
melt-memory with an upper limit of DII at 160 °C. In this case, the
enhanced melt memory was attributed to the surface roughness induced
by Nylon 6 crystallization during the first cooling step of the SN thermal
protocol, which in turn affects the blend interface and hence the overall
SN behaviour. The obtained stronger melt memory and the enlarged
self-nucleation Domain in the PS/HDPE phase were also observed in
several other systems where other amorphous matrices were employed
[79]. These findings allow to conclude that the observed strong
melt-memory is a general effect associated with the presence of interface
when HDPE is dispersed in another matrix, and that there can thus be an
intriguing interplay between the self-nucleation of polymer droplets
(section 2.1) and their surface-induced nucleation (section 2.2).

2.4. Heterogeneously nucleated droplets in immiscible blends

Droplets clean from naturally occurring nucleating impurities
constitute an ideal system for studying heterogeneous nucleation effects.
In fact, as recognized by Keller and co-workers [52], removing “back-
ground” nucleation sites in pure droplets provides a good baseline,
against which the efficiency of an intentionally added nucleating agent
can be probed with high sensitivity. Moreover, as shown in Section 1,
isolated droplets display first-order overall crystallization kinetics (see
Fig. 2), which in principle make the direct measurement of heteroge-
neous nucleation rate possible.

Two main methods for the study of heterogeneous nucleation by
means of droplets crystallization can be found in the literature. The first
requires the deposition (or the direct formation) of the droplets on the
heterogeneous substrate, which has to be tested for its nucleation effect.
The application of this method dates back to 1967, when Koutsky et al.
deposited polyethylene droplets on different alkali halides cleaved sur-
faces, recording meaningful differences in the achievable undercooling
[81]. More recently, Dalnoki-Veress et al. demonstrated that nucleation
occurs at the surface in dewetted droplets of polyethylene on atactic
polystyrene substrate and in poly(ethylene oxide) (PEO) on crystallized
isotactic polystyrene [4,82]. The scaling of nucleation rates with the
basal surface of the droplets was evidence of heterogeneous nucleation
of the polymer on the given substrate. Finally, the heterogeneous
nucleation of a highly oriented pyrolytic graphite substrate towards PEO
was measured in a non-isothermal droplet crystallization experiment by
Dolynchuk et al. [83]. An increase of about 11 °C in crystallization
temperature was detected with respect to dewetted PEO droplets on
atactic polystyrene, which are known to solidify via homogeneous
nucleation [4,53].

The second method consists in using droplets incorporating the
nucleating particle that needs to be tested for its efficiency. This strategy
was first adopted by Perepezko et al. for metallic droplets [84]. They
studied the nucleation of tin droplets inoculated with different chemical
compounds, i.e., various oxides, sulphides, and tellurides. A difference
in the undercooling achieved by the distinct compounds was found.
Later, the approach revealed to be effective also for semicrystalline
polymers droplets in immiscible blends. Santana and Miiller showed
that, while a PS/PP blend with droplet morphology exhibits fractionated
crystallization behaviour (see Section 1), by adding a phthalocyanine
blue pigment to the blend a single crystallization exotherm was found at
a temperature higher than those of the bulk PP phase [85]. Baer et al.
also studied droplets of PP in a PS matrix, but obtained via breakup of PP
nanolayers. The droplets were nucleated with different soluble or solid
heterogeneous nucleating agents or polymer additives [54,86-88].
Again, it was seen that the low-temperature exotherm, characteristic of
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the homogeneous nucleation process, disappears in favour of a
high-temperature one with increasing nucleant’s concentration, pro-
vided that the size of the PP droplet was commensurate to the size of the
added particle.

It must be underlined that most of the above-mentioned works, while
demonstrating the concept of using droplets crystallization to study
heterogeneous nucleation, largely focused on non-isothermal measure-
ment only. Recently we have carried out a detailed investigation,
including isothermal heterogeneous nucleation rate measurements, on
PP droplets nucleated with various additives and dispersed in an
immiscible polystyrene matrix [17]. The key findings are summarized in
the following.

Fig. 13 reports the effect of adding an increasing concentration of the
nucleating agent sodium 2,2'-methylene bis-(4,6-di-tertbutylphenyl)
phosphate), commercially named NA-11, on the fractionated crystalli-
zation of PP droplets in a PS matrix. When 0.1 wt% of nucleating agent is
added, the DSC curves upon cooling from the melt of that system is
basically identical to that of the neat PS/PP blend. One minor difference
is found at around 50 °C where a small fractionated crystallization peak
is found for the blend containing 0.1 wt% NA-11. This peak in PP blends
is commonly attributed to a fraction of extremely small droplets which
nucleate via homogeneous nucleation [54,85-88]. Its presence in the
blend with NA-11 but not in the neat PS/PP system might be due to
slight unintended differences in the preparation conditions, or to dif-
ferences in the viscosity ratio of the components with the presence of the
nucleating agent. It should be noted that the same amount of NA-11
added to bulk polypropylene evidences a nucleation effect with
respect to the neat polymer. As such, we deduce that at this concen-
tration, since no effect is recorded in the blend, either the number of
NA-11 particles is insufficient to nucleate the large number of droplets,
or that part of the nucleating agent is lost in the blending process, via
transfer to the matrix phase [89].

When the NA-11 concentration is increased, the low crystallization
exotherms (at approximately 70 and 100 °C) progressively disappear, in

PS/PP/NAT11-0.1

PS/PP/NA11-0.25 !

PS/PP/NA11-0.5

PS/PP/NA11-2

Heat flow, endo up

0.1 W/g
L ]

60 90 120 150
Temperature [°C]

(]
(e)

Fig. 13. DSC cooling curves of bulk PP and blends containing NA11 nucleating
agent at the indicated composition in weight percentage [17]. Adapted with
permission from ACS publications.
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favour of a new high-temperature crystallization event located above
120 °C. The high-temperature peak continuously increases its area with
the addition of more nucleating agent, indicating a larger amount of
efficiently nucleated droplets and/or a faster crystallization kinetics due
to a higher average number of nucleating seeds per droplet [90].
Moreover, for the highest amount of added NA-11, the homogeneous
nucleation peak related to the fraction of smaller droplets also disap-
pears, suggesting that the number of NA-11 particles is high enough to
nucleate all the droplets in the system, in agreement with similar find-
ings in the literature [86,88].

To demonstrate that nucleation is the rate-determining step also for
heterogeneously nucleated droplets, analogously to neat droplets, we
focused our attention on isothermal crystallization kinetics. Represen-
tative examples of the evolution of the crystalline volume fraction (ac-
cording to the Avrami equation, see Section 1) with time for PP droplets
nucleated with NA-11 or neat are shown in Fig. 14 a and b, respectively.

Polymer 264 (2023) 125514

It can be seen that the data are well described by the Avrami equation
(continuous lines in Fig. 14 a and b), and the Avrami exponent can be
easily appreciated by the slope of the linearized plot of the Avrami
equation, reported in Fig. 14c.

For both systems, the Avrami exponent is close to 1, clearly indi-
cating that the nucleation step dominates the overall crystallization. The
remarkable finding is that even if efficient nucleating agents are added
to the droplets, although the overall crystallization kinetics accelerate in
comparison to that of the non-nucleated droplet, it remains nucleation
controlled. The reason for this must be found in the reduced size of the
droplets, which makes negligible the time for filling the droplet volume
by crystal growth with respect to the nucleation time (even if the
nucleating agent shortens the latter). On the contrary, droplets self-
nucleated at T deq display an Avrami exponent close to 3, represent-
ing growth-controlled crystallization (see Section 2.1). The linearized
Avrami data of ideally self-nucleated droplets are added to Fig. 14c, for

n=1.13 -

b}l

08F

B= Ll

Fig. 14. (a,b) Evolution of the crystalline volume
fraction as a function of effective crystallization time
1 for the PS/PP/NA11-0.25 and self-nucleated PP
droplets from T; = 210 °C (Domain I), respectively.
The red lines represent the fitting of the data with
the Avrami equation. (c) Linearized Avrami plot of
1 the crystallization data related to: PS/PP/
NA11-0.25; self-nucleated PP droplets from T
160 °C (Domain ID); self-nucleated PP droplets from
Ts; 210 °C (Domain I). The colored lines represent
linear fittings in the conversion range 3-20%, from
which the indicated values of Avrami index are
obtained.”Adapted with permission from ACS pub-
lications. (For interpretation of the references to
color in this figure legend, the reader is referred to
the Web version of this article.)
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the sake of comparison. As discussed in the respective section, in self-
nucleated droplets, primary nucleation is accomplished practically
instantaneously, so the rate-determining step has to be the crystal
growth stage. The concept of the competition between growth and
nucleation time scales inside a droplet of average size will be further
discussed in detail in this section.

The values of the Avrami exponent obtained for the various systems,
i.e., PP droplets in PS matrix self-nucleated at different temperatures and
heterogeneously nucleated with the various nucleating agents, are re-
ported in Fig. 15 for comparison. The data are clustered in two areas,
between two and three (growth-controlled crystallization) or around
one (nucleation-controlled crystallization). In particular, both the
droplets self-nucleated from Domain I (see Section 2.1) and those
nucleated with the different additives lay in the first-order kinetics re-
gion (Avrami exponent equal to one). However, a difference in the
achievable undercooling for the two systems is observed, with hetero-
geneously nucleated droplets crystallizing at much higher temperatures
than neat droplets cooled from Domain I, because in the latter nucleation
probably occurs at the interface with the matrix, with a much higher
interfacial free energy difference Ao.

It is noteworthy that first-order kinetics can thus always be found
when nucleation is the rate-determining step of the overall crystalliza-
tion, i.e., in droplets that are homogeneously nucleated [53], laying on a
nucleating substrate [81], or containing heterogeneous nucleants such
as in this case [17].

On the contrary, PP droplets self-nucleated at temperatures within
Domain II (see Section 2.1) display Avrami exponent comprised between
two and three, characteristic of sigmoidal overall crystallization ki-
netics, controlled by two or three-dimensional crystal growth. The
Avrami exponent and the achievable range of undercoolings increase
with decreasing Ts. This is because for only partially self-nucleated
droplets the contribution of primary nucleation to the overall crystalli-
zation kinetics becomes of importance (see Section 2.1). Therefore, a
transition from sigmoidal to first-order crystallization kinetics is found
when moving from T jgeqs to Domain I [17].

As shown by the analysis of the Avrami indexes, crystallization in
droplets dispersed in a matrix in immiscible blends is not always
controlled by nucleation, but growth can play a decisive role in deter-
mining the overall crystallization kinetics. To further understand this
concept, a dimensionless number that compares the time scales for
growth and nucleation inside the droplets can be employed [90]. The
mean “growth time”, tg, i.e., the time required for a crystal growing
inside a droplet of volume V to completely fill the domain, is given by:

* PS/PP, T, 210°C

~ 35| @ psee, 7, 162°C Growth-controlled 1
S s0k| @ PSPRT, 161°C v
s “[|w e, T, 160°C :' |
= 25} = psePNALL2 A vY ]
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Fig. 15. Avrami indexes for neat PS/PP blends with different SN temperatures
(T) and for 85/15 wt%/wt% PS/PP nucleating agents blends as a function of
crystallization temperature (T.).'”Adapted with permission from ACS
publications.
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Va4
tg=—

G (6)

where G is the spherulitic growth rate at the given temperature. On the
hand, the “nucleation time” ty in a droplet of the same volume is given
by:

1

tN:IoV )

where I is the nucleation rate determined by equation (4) (see Section
2.2). The denominator of equation (7) is, in essence, the slope of the
fitting lines of the plots analogous to those shown in Fig. 8d. When
droplet systems show sigmoidal crystallization kinetics, e.g., for self-
nucleated droplets, the half-crystallization time can be used instead of
the “nucleation time”, for testing the hypothesis of solidification
controlled by nucleation in this case as well.

The ratio between the two above-defined times, i.e., growth time/
nucleation time, is thus informative about which is the mechanism
controlling the overall crystallization in the droplet. In particular,
growth will dominate the crystallization process for values of this
dimensionless number close to unity, while values much lower than one
correspond to nucleation control. In the latter case, it can be assumed
that a single nucleus will form in the droplet, and the growth proceeds
fast enough so that the time for its occurrence can be neglected. We
propose to name the ratio between mean growth and nucleation times
(tg/ty) in a droplet system the “Turnbull number”, in honour of the
pioneering work of the scientist on droplet crystallization [18,19].

Values of this dimensionless number for two different droplet sys-
tems, namely PP droplets in a PS matrix and HDPE droplets in a PP
matrix are reported in Fig. 16 a and b, respectively. In Fig. 16a, data for
heterogeneously nucleated and self-nucleated droplets are displayed as a
function of the isothermal crystallization temperature. Droplets self-
nucleated at the ideal temperature display a ratio between growth and
nucleation times close to unity, indicating growth-controlled solidifi-
cation kinetics, in agreement with the measured sigmoidal trend of
crystalline volume fraction with time (see section 2.1) and the conse-
quent value of the Avrami exponent equal to three (Fig. 14 c and 15). On
the other hand, for droplets nucleated with sodium benzoate or NA-11
and for neat droplets cooled from Domain I, the mean nucleation times
are tens to hundreds of times longer than the time required to grow a
crystal inside the whole droplet volume. This is clear-cut evidence for
nucleation control in the overall crystallization, conforming to the
measured first-order kinetics (Fig. 14 a and b and Fig. 15). Interestingly,
the Turnbull number decreases with increasing Tc in these systems,
meaning that the difference between growth and nucleation times gets
wider as the undercooling decreases, as a consequence of steeper tem-
perature dependence of the nucleation rate with respect to the growth
rate.

A different situation is shown in Fig. 16b, which reports the data of
neat and compatibilized PP/HDPE blends, where HDPE is the droplet
phase. Remarkably, at higher undercoolings the overall crystallization
rate of HDPE droplets can be measured directly and exhibits sigmoidal
kinetics. Accordingly, the Turnbull number, tg/ty, is close to unity for
both neat and compatibilized blends. This indicates that growth is the
rate-limiting step of the overall crystallization in the HDPE droplets
since the nucleation rate must be very high at these low crystallization
temperatures. Higher crystallization temperatures are achieved by
employing the self-nucleation of the matrix strategy outlined in Section
2.2. In this case, for all the investigated systems, nucleation times largely
exceed the growth times inside the droplets, with the Turnbull number
being smaller than 0.01. This drastic change in the Turnbull number
with increasing crystallization temperature must be related to a different
undercooling dependence of the nucleation and growth rates, with the
latter being retarded much less than the former with increasing T¢.

Having demonstrated that PP droplets in immiscible blends can be



S.E. Fenni et al.

Qo

) % PS/PP, T, 210°C
V¥ PS/PP, T, 160°C

O PS/PP/NA11-2 3
A PS/PP/SB-2

10

()

£

=

g

2 b ______ . P
< v

o v
I3)

=

Z,

~ O01F -
[0}

£ A‘Eh

H o

< Y W

£ 001} A m ;
o 2

S

O

000 == 5=20 T30 140150

Temperature [°C]

Polymer 264 (2023) 125514

PP/PE 70/30

PP/PE/COMP 70/30/3
PP/PE/COMP 70/30/6
PP/PE 70/30 SN k
PP/PE/COMP 70/30/3 SN
PP/PE/COMP 70/30/6 SN

d
p

Growth time / Nucleation time

0.1F 4
3
0.01}F 0% 1
8033
v
00N~ 122 122 12

Temperature [°C]|

Fig. 16. Turnbull number (i.e., ratio between growth time and nucleation time) at different temperatures for (a) PP droplets for the indicated 85/15 wt%/wt% PS/PP
systems [171, and (b) PE droplets in the mentioned PP/PE systems.” Adapted with permission from ACS publications and Elsevier.

heterogeneously nucleated [17], we turned our attention to the use of
nucleating agents with dual nucleation ability, able to promote the
formation of different PP polymorphic structures [91]. In particular,
some heterogeneous nucleating agents are known for their ability to
nucleate a metastable polymorph, called the p-phase [92-94], which is
desirable because of better balanced mechanical properties compared to
the usual a-phase. In our recent work, we adopted the developed
droplet-in-matrix approach to study the heterogeneous nucleation
behaviour of two such nucleating agents, namely Quinacridone Quinone
(QQ) and N,N’-dicyclohexylterephthalamide (DCHT) [91].

A series of DSC melting curves obtained for different crystallization
times, employing the isothermal step crystallization method [14,66], for
PP droplets nucleated with QQ and dispersed in a PS matrix, are dis-
played in Fig. 17a. Two melting peaks at ca. 143-147 °C and 152-155 °C
are distinguished. Based on detailed calorimetric and structural analysis
[91] they are attributed to the melting of - and a-crystals, respectively.
As judged by the relative fraction of the two peak areas, a comparable
amount of the two phases is generated during crystallization. Interest-
ingly, the two phases show distinct nucleation kinetics, with the quan-
tity of a-phase being larger than that of p-phase at the beginning of the
crystallization, while at progressively longer times, the amount of
B-phase increases faster than that of a-phase.

An example of the evolution of the a- and p-peak melting enthalpies
during crystallization of QQ containing PP droplets is shown in Fig. 17b
and c, respectively, together with the corresponding Avrami fittings.
Also, in this case, an Avrami exponent close to one is obtained, thus
confirming that B-nucleated PP droplets crystallize according to a
nucleation-controlled regime, analogously to the previously discussed
heterogeneously nucleated droplet systems. From the trend of the
melting endotherms and of the melting enthalpies, it must be deduced
that, since QQ possesses a dual nucleating ability, nucleation of either a-
or B-crystals occur in each droplet, according to the nucleating agent
selectivity at the chosen crystallization temperature. Thus, some drop-
lets will contain exclusively a- and some others $-form, with the possi-
bility of p-phase nucleating on top of a-phase crystals (known as growth
transition or cross-nucleation [95,96]) being disregarded due to the
limited droplet size and extremely short polymorph growth time.

Now that the capability of studying droplets in immiscible blends
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nucleated by a variety of additives has been assessed, the directly
measured heterogeneous nucleation rate can be used to derive an
“intrinsic” nucleation efficiency scale. To this aim, the heterogeneous
nucleation model of a polymer onto a substrate described in Section 2.2
(equation (5)) can be applied.

Fig. 18a summarizes the nucleation rate data for the various a- and
B-nucleated droplets, plotted according to equation (5), and including
the data for neat PS/PP blend for the sake of comparison. As described in
Section 2.2, the parameter A¢ can be obtained from the slope of the line
that fits the data. Thus, the slope of the plots in Fig. 18a is directly
proportional to the free energy barrier for nucleation. The isothermal
crystallization kinetics of the neat blend, which occurs onto unknown
impurities or at the interface with PS, can be considered a less efficient
a-form nucleating agent. Therefore, for the a-phase, the slope increases
in the order NA-11 < sodium benzoate < unknown impurities/PS sur-
face. In the case of the B-crystals, the temperature dependence of the
nucleation rate data according to equation (5) is much steeper for QQ
than for DCHT.

The derived values of A¢ for the various substrates and the two
polymorphs are reported in Fig. 18b. As discussed in Section 2.2, the
lower the interfacial free energy difference, the highest the nucleating
efficiency of the given substrate. The Ao of the a-phase nucleating agents
obtained by the droplet technique can be compared with similar values
reported in the literature. A wealth of data on heterogeneous nucleation
rates can be found in the literature concerning fiber-induced crystalli-
zation of PP [97,98]. The best nucleating fiber, i.e., poly(tetrafluoro-
ethylene) has a Ac of about 5 mJ/m?, which is slightly higher than those
shown in Fig. 18b for sodium benzoate and NA-11. Different values of
interfacial free energy difference have been found for these two nucle-
ating agents by using different measurement methods or different het-
erogeneous nucleation models [69,99]. However, the discrepancy
between the values derived from the nucleated droplet technique and
those in the literature is within a reasonable 15% [17].

For the p-phase, the free energy barrier for nucleation on QQ is about
double the one for nucleating onto DCHT. Moreover, the DCHT Ao value
below unity is likely due to the known occurrence of epitaxial nucleation
[92], as previously discussed in Section 2.2 for the case of HDPE/PP
surface nucleation. For QQ, no epitaxial crystallization with p-PP is
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3 Fig. 17. (a) DSC final heating scans of the 80,/20/2

[ [ b)*

% AH,, of a-phase

wt%/wt%/wt% PS/PP/QQ blend after isothermal
crystallization at 131 °C for different times. (b, c)

present the evolution of the melting enthalpy of the
a-phase and p-phase, respectively, in the 80/20/2 wt
%,/wt%/wt% PS/PP/QQ blend, calculated from the
heating scans after isothermal crystallization at
128 °C for different times. Solid lines in (b,c) are the
fitting of (b) a-phase and (c) p-phase data using the
Avrami equation (1); the calculated Avrami indexes
(n) are also reported.”’Adapted with permission
from the Royal Society of Chemistry.
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reported, although it is confirmed for the structurally similar y-quina-
cridone [100]. Thus, the higher interfacial free energy difference with
respect to DCHT might be due to a worse crystallographic matching
between PP and QQ in comparison to that between PP and DCHT.

The work presented in this Section demonstrates the possibility of
heterogeneously nucleate droplets in immiscible blends and shows how
this strategy can be used to derive fundamental information on nucle-
ating agents and the heterogeneous nucleation process in general.

3. Conclusions and outlook

In this Feature Article, we described in detail the major nucleation
modalities of semicrystalline droplets dispersed in an immiscible blend,
based on our recent works in the topic [3,17,74,79,91]. Immiscible
blends with droplet-in-matrix morphology are an interesting system for
learning about several nucleation aspects. In fact, when the number of
droplets is high enough, they are statistically clean of nucleating
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impurities, and different effects can be highlighted.

These clean droplets usually crystallize at large undercooling, but
their solidification behaviour can be drastically changed by injecting
self-nuclei into them. Self-nucleation provokes an increase in the droplet
population crystallizing at high temperatures, comparable to the ones of
the self-nucleated bulk polymer. Moreover, if the self-nucleation con-
ditions are ideal, i.e., for Ts at the lower limit of Domain II, the free
energy barrier for primary nucleation becomes negligible. Thus, in such
conditions, the overall crystallization is dominated by crystal growth,
contrary to that of droplets self-nucleated in Domain I, notwithstanding
the small droplet volume.

Clean droplets which are not self-nucleated commonly nucleate at
the interface with the immiscible matrix since the nucleation barrier for
homogeneous nucleation is typically higher than that of surface-induced
nucleation. For blends made by two semicrystalline polymers, the
occurrence of surface nucleation can be demonstrated by showing the
correlation between droplet and matrix overall crystallization kinetics
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Fig. 18. (a) Temperature dependence of the nucleation rate of PP droplets in the indicated systems according to equation (5). (b) Calculated Ac value for a- and

B-phase of PP with different heterogeneous nucleating agents or substrates.

when the latter is changed via a self-nucleation protocol. By applying
this method with different polymer pairs, we demonstrated that surface
nucleation is most efficient for polymers for which an epitaxial nucle-
ation mechanism is active at the interface.

Besides the above-mentioned crystallographic interactions, the
interfacial surface roughness can also play a major role in droplet
nucleation. In particular, it is shown that the self-nucleation tempera-
ture range (i.e., Domain II and specifically, Domain Ila) of HDPE in
immiscible blends can be greatly enlarged, up to temperatures above its
equilibrium melting temperature, with respect to the same polymer in
bulk. Morphological evidences indicate that this is due to the formation
of a rough interface between the two polymers during heating to Ts (for
amorphous matrices with relatively low Tj), or during crystallization of
the matrix at high temperatures (for a semicrystalline major compo-
nent), which provides abundant surface nucleation sites on
recrystallization.

Eventually, impurity-free droplets can conveniently be used to scout
the intrinsic nucleating efficiency of nucleating agents. If nucleating
additives are added to the droplet systems, they provide heterogeneous
seeds for nucleation and increase the droplet population that crystallizes
at lower undercoolings. Moreover, analogously to clean dropets, the
overall crystallization kinetics of such heterogeneously nucleated
droplets displays a first-order kinetics, the signature of a nucleation-
controlled crystallization mechanism. Therefore, this strategy gives
direct access to heterogeneous nucleation rate measurements and en-
ables the application of nucleation rate models that provide the free
energy barrier of the process, on the base of which different nucleating
additives can be meaningfully compared.

In order to understand whether the crystallization kinetics of a
droplet ensemble is truly governed by nucleation, and the contribution
of crystal growth can be safely neglected, we have introduced the use of
a dimensionless parameter named the “Turnbull number”. This number
is given by the ratio of the time required to grow a crystal inside the
average droplet volume divided by the time needed for nucleation to
occur in the same droplet. Therefore, Turnbull numbers close to unity
indicate that the droplet crystallization is dominated by crystal growth,
as in the case of self-nucleated droplets or of HDPE droplets crystallized
at relatively large undercoolings. In these cases, sigmoidal overall
crystallization kinetics (second or third order) is also found. Instead,
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droplets for which the crystallization is controlled by nucleation have
Turnbull numbers typically lower than 0.1-0.01 and display a first-order
crystallization kinetics.

This Feature Article did not explore in detail the case of homoge-
neous nucleation, as it is not very common in immiscible blends due to
the typically prevailing surface nucleation mechanism. However, if a
sufficiently inert substrate would be found for a given system, a study of
homogenous nucleation in polymer blends, including the role of droplet
phase sizes on nucleation rate, would be highly interesting. For what
concerns the topic of surface nucleation, compelling proofs of its
occurrence have been reported in the case of double semicrystalline
polymer blends with droplet morphology. On the other hand, the case of
amorphous matrices still needs to be explored in detail, particularly
bringing evidence of surface nucleation and a further understanding of
the mechanism, being any crystallographic matching impossible. Het-
erogeneously nucleated droplets can be further studied to improve our
fundamental knowledge of nucleating agents. If this topic is pursued, a
better description of the migration of nucleating impurities between
matrix and droplet phases could be achieved.
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