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A B S T R A C T

Nucleation of semi-crystalline polymers is very sensitive to perturbations of the melt state. In contrast to the
case of flow, the influence of pressure changes on nucleation has been almost neglected so far. In this work
we explore the effect of the pressure history on isotactic polypropylene crystallization by applying a brief
step-like increase of pressure to the undercooled melt. Using dilatometry and synchrotron X-ray diffraction,
an enhancement of crystallization kinetics proportional to the magnitude of the pressure pulse is revealed.
This acceleration is linked to an increase of the number of active nuclei after the short term pressurization,
as confirmed by ex-situ optical microscopy observations. Up to an order of magnitude increase in nucleation
density is found, for pressure pulses around 600–700 bar. The pressure-induced nucleating effect is inter-
preted in the light of classical nucleation theory; although a non-classical “barrier-less” nucleation mecha-
nism is also envisaged.
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1. Introduction

The crystallization kinetics of semicrystalline polymers is often tailored by acting on the nucleation stage, for instance with
purposely added nucleation catalysts. Controlling the crystallization in these materials is of paramount importance from the tech-
nological point of view: the degree of crystallinity and morphology determines their properties (e.g., optical, mechanical), while
the crystallization rate often dictates the processing times.

Nucleation kinetics is controlled by the degree of undercooling experienced by the melt, i.e., the distance between crystalliza-
tion and equilibrium melting temperatures. This parameter sets the height of the free energy barrier and the critical size that a
given crystalline cluster should overcome in order to be able to spontaneously grow to macroscopic size [1]. On the other hand,
the undercooling is related to the thermodynamic crystallization conditions, such as the pressure.

However, polymer nucleation proved to be also affected by a variety of external perturbations of the equilibrium conditions
of the system. For instance, the number of active nuclei at the crystallization temperature is related to the initial melt annealing
stage when relatively mild melting conditions are applied, an effect known as self-nucleation [2–8]. Moreover, nucleation kinetics
is also affected by the adopted cooling/heating rate from the melt or glass, respectively [9–11]. Perturbations by external force
fields, such as electric fields [12–15] or shear and elongational flows [16–23], profoundly alter the process as well.

The case of flow-induced nucleation is surely the best known in polymer crystallization, and that with the most remarkable ef-
fect. Nucleation densities can increase of several (e.g., 2–6) orders for magnitude with respect to quiescent conditions, depending
on the intensity of the flow field [17,19].
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While early studies of flow-induced crystallization were conducted under continuous shear, a landmark in the understanding
of the phenomenon was reached with the introduction of the so-called short-term shear protocol by Janeschitz-Kriegl and Eder
[16]. According to this procedure, a brief pulse of shear is imposed to the undercooled melt, with a variable duration which is
always much shorter than the characteristic crystallization time. The basic idea is that, in this way, flow only affects the nucle-
ation stage, while the growth of polymer crystals occurs under quiescent conditions. As such, the effect of flow variables on the
sole nuclei production can be easily investigated. Notice, however, that for sufficient strong flow this assumption doesn’t hold
anymore [24,25].

Although the occurrence of high pressures is common practice in polymer melt processing, for instance in injection mold-
ing, the study of pressure-induced nucleation and crystallization received much less attentions. Referring exclusively to the works
on isotactic polypropylene (i-PP), of relevance to the present study, the large majority of the experiments were carried on under
constant pressure during crystallization [26–32]. The observed increase in nucleation density with increasing pressure is under-
stood and described taking into account the higher undercooling [26–28] due to the shift of the equilibrium melting temperature
under pressure ( is about 30 °C/kbar for i-PP).

As demonstrated for flow-induced crystallization by using a flow-pulse, the application of a short-term pressurization approach
can be essential to understand the influence of pressure perturbations on the nucleation process, besides the trivial undercooling
effect in constant pressure experiments. Moreover, this protocol would also be of practical relevance, since step-like pressure
changes during polymer solidification are actually met in real processing, i.e., in the packing stage of injection molding [33,34].

To the best of our knowledge, only one study adopting this experimental protocol (analogous to the short-term shear experi-
ments) exists at present [35]. In this work, Zhang et al. did not detect any effect of pressure pulses of various duration at different
temperatures (with a pressure of 800 bar) on the subsequent non-isothermal crystallization temperature. They concluded that ei-
ther no pressure-induced nucleation precursors are formed during the pressure pulse, or that possibly formed nuclei immediately
dissolve back in the melt when the extra-pressure is released.

In this study we designed an improved short-term pressure protocol to detect even minute changes in the nucleation density of
the system upon application of pressure pulses. The key feature is the choice of a slow isothermal crystallization at relatively low
undercooling, so that the nucleation density of the unperturbed system is low enough, and even mild effects of pressure pulses
on the concentration of active nuclei could be highlighted. An enhancement of nucleation density upon short-term pressurization
of an undercooled i-PP melt is actually observed, and its origin is discussed in light of the classical nucleation theory. Further-
more, the possible existence of an atypical mechanism of nuclei formation is also hypothesized.

2. Experimental

2.1. Material

The material elected for this investigation is a commercial isotactic polypropylene (Borealis HD601CF) used in several other
studies [21,24,25] with a weight average molecular weight M ⁠w of 365 kg/mol and a polydispersity index M ⁠w/M ⁠n of 5.4. The nom-
inal melting point (evaluated from differential scanning calorimetry heating run at 5 °C/min) is 166 °C.

2.2. Dilatometry

The experiments were performed with a commercial PVT confining fluid dilatometer (Gnomix Inc.). Upon calibration, this
type of apparatus measures relative specific volume variations with a precision of 0.0004 cm ⁠3/g. For the dilatometric measure-
ments, approximately 1 g of iPP pellets was used as received. Mercury was employed as confining fluid.

Isobaric cooling (2 °C/min) and heating (5 °C/min) experiments were performed at 100, 300, 600 and 900 bar to evaluate the
linear dependence of melting and crystallization temperatures on the applied pressure. These were found to be = 32 °C/
kbar and = 27 °C/kbar, respectively, in good agreement with previous literature data [26,27,36]. The relative specific
volume vs. temperature curves are collected in the Supporting Information, Fig. S1.

Short-term pressure pulse experiments were carried out according to the protocol depicted in Fig. 1: the sample was heated
up to 220 °C at 5 °C/min under a pressure of 100 bar and kept at 220 °C for 10 min to erase the possible memory of previ-
ous thermo-mechanical history on subsequent crystallization. Then, it was isobarically (100 bar) cooled at 2 °C/min to the cho-
sen isothermal crystallization temperature, T ⁠c = 145 °C. After temperature stabilization (about one minute), the pressure was in-
creased from the reference value of 100 bar (P ⁠c) to different levels (P ⁠pulse) in the range 200–700 bar. The pressure was kept con-
stant for 1 min, and then released back to 100 bar. Both pressure increase and decrease were completed in less than 10 s. The
pressures applied during the pulse were varied in a random fashion to prevent any systematic error in the dilatometry measure-
ments when the same sample was used for different experiments. Note that the pressurization time (60 s) is much shorter than
the typical crystallization time at 145 °C and 100 bar (crystallization half-times of the order of 20,000 s). Hence, the definition
of short-term pressure pulse experiment applies. After the pressure pulse, the relative decrease of specific volume due to crystal
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Fig. 1. Adopted experimental protocol. The crystallization temperature, T ⁠c, and the duration of the pressure pulse, , were 145 °C and 60 s for dilatometry, and
140 °C and 30 s for in situ X-ray experiments, respectively.

lization was followed in time at T ⁠c and P ⁠c. The repeatability of the experiments was assessed from multiple crystallization mea-
surements for selected values of pressure pulses.

The relative variations of specific volume were then converted to absolute specific volume, , by equating the initial value to
the value for the specific volume of isotactic polypropylene at 100 bar and 145 °C measured by He and Zoller [26].

The degree of space filling ( ) as a function of time could then be obtained from the specific volume evolution by using:

(1)

where and are the values of the specific volume at a given time t, at the initial state and at the end of crystallization,
respectively.

2.3. In-situ X-ray measurements

2.3.1. Pressure cell
Structural and morphological evolutions after pulses of different pressures were investigated by combining in situ synchro-

tron X-ray measurements and a pressure cell adapted from a multi-pass rheometer (MPR). This experimental setup was used in
previous works as a slit flow device and it has been described in detail elsewhere [37–39], recent modifications allow to apply
and carefully control pressures up to 1000 bar on polymer specimens. The sample (120 × 6 × 1.5 mm) is confined between two
hydraulically driven pistons: pressurization and de-pressurization can be imposed by moving the pistons towards or away from
each other, and the set values of pressure are controlled by mean of two pressure transducer positioned near each of the pistons.
Cooling occurs by pumping a cooling medium through the cell (resulting in an average cooling rate of 7 °C/min) and a diamond
window placed in the middle of the pressure cell allows on-line scattering measurements (Fig. 2). The effect of shear flow, due
to the movement of the piston and compressibility of the material, is confined to the region of the pressure cell close to the pis-
tons, far away from the X-ray observation window, and does not affect the measurements. Therefore, all the observed effect on
crystallization kinetics can only be ascribed to pressure changes. To confirm this, we show a clearly isotropic 2D SAXS pattern
collected at the end of the isothermal crystallization at 145 °C and a pulse of 700 bar in the Supporting Information, Fig. S2.

Fig. 2. Schematic drawing of the pressure cell combined with synchrotron WAXD/SAXS measurements.
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The short-term pressure pulse protocol was used also for this set of X-ray experiments (Fig. 1), but experimental conditions
were modified due to time limitations at the synchrotron facility. After erasing of the previous thermo-mechanical history at
220 °C for 10 min the sample was cooled to an isothermal crystallization temperature of 140 °C, which is lower with respect to
the dilatometry experiments. This resulted in faster crystallization kinetics and, as a consequence, the duration of the pressure
pulse was shortened accordingly (30 s instead of 60 s), to prevent the material from crystallizing during the pressurization step.
In this way, although the isothermal crystallization temperature and the duration of the pulse were changed for this set of exper-
iments, the purpose of separating the nucleation stage from the crystal growth step is still fulfilled and the results from the two
different techniques will be compared throughout this paper. Note that in this case the sample was changed for each experiment.

2.3.2. In-situ Xray measurements and data analysis
Time resolved Small Angle X-ray Scattering and Wide Angle X-ray Diffraction (SAXS and WAXD) measurements were car-

ried out at beamline BM26B [40] at the European Synchrotron Radiation Facility (ESRF) in Grenoble with a X-ray wavelength
= 1.033 Å. Simultaneous acquisition of SAXS and WAXD patterns was performed using a Pilatus 1 M detector 981 × 1043 pix-
els of 172 m × 172 m, at a distance of 6.47 m from the pressure cell) and a Pilatus 300 K detector (1472 × 195 pixels of 172

m × 172 m, at a distance of 0.21 m from the sample cell), respectively. The detectors were triggered by an electric TTL pulse
at the start of the displacement of pistons during the pressure pulse, in order to synchronize data acquisition. The structure evolu-
tion during the 30 s pressure pulse was monitored using an exposure time of 5 s, the following 1200 s of isothermal and isobaric
crystallization were followed with an acquisition time for 30 s (10 s exposure time and 20 s waiting time). The distance and tilt
angle of the SAXS and WAXD detectors were calibrated using rat tail collagen and -Al ⁠2O ⁠3 ( -aluminum oxide) standard pow-
der, respectively. After correction for the background and air scattering, all X-ray images were normalized for synchrotron beam
fluctuations using an ionization chamber placed before the sample, and for the sample absorption using a photodiode placed on
the beamstop. In addition, X-ray images of a completely molten sample at 140 °C were collected before the pressure pulse and
used as amorphous scattering pattern in the crystallinity evaluations. 2D WAXD and SAXS images were processed with the soft-
ware package FIT2D to obtain 1D intensity profiles as a function of the scattering angle (2 ) for WAXD and of the scattering

vector for SAXS.

Crystallinity was calculated after deconvolution of the total intensity scattered by the crystalline ( ) and amorphous (
) domains using:

(2)

The degree of space filling was obtained from crystallinity evolution using:

(3)

where is the measured values of the crystallinity at a given time t, the values before the pressure pulse and the
values at the end of the crystallization process. The relative amount of crystals in the and phases was evaluated from the
time-resolved X-ray diffraction profiles, as suggested by Turner-Jones et al. [41] and Murthy and Minor [42], by measuring the
ratio between the intensity of the (1 1 7) ⁠γ reflection at 2 = 13.2°, typical of the phase, and the (1 3 0) ⁠α reflection at 2 = 12.1°,
typical of the phase. The fraction of the two polymorphs crystals is thus given by:

and . The intensities of (1 1 7) ⁠α and (1 3 0) ⁠γ reflections were evaluated from the areas
underneath the corresponding diffraction peaks above the diffuse amorphous halo in the X-ray diffraction profiles.

The long period ( ) was calculated from the Lorentz corrected 1D SAXS intensity profiles by simple application Braggs
law: , where is the value of the scattering vector corresponding to the maximum of the correlation peak of the
integrated intensity. The lamellar thickness ( ) was estimated as = , where is the crystallinity evaluated from
WAXD.
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2.4. Polarized optical microscopy

The samples crystallized after the application of different pressure pulses were recovered from the pressure cell and ana-
lyzed ex-situ using polarized optical microscopy. Optical micrographs were taken under crossed polars, from samples slices of
50 m thickness cut parallel to the X-ray direction at 4 different positions along the slit length.

The number of spherulites per micrograph, N ⁠A, was counted in the visible field. Knowing the observed area, , the approx-
imate nucleation density per unit volume was evaluated according to Janeschitz-Kriegl et al. [19,43]:

(4)

3. Results

3.1. Dilatometry

The time evolutions of the specific volume after pressure pulses of different magnitude are presented in Fig. 3 on a linear (a)
and on a logarithmic scale (b), to emphasize the changes of crystallization kinetics and the recovery of specific volume after the
pulse, respectively. As expected, the specific volume, , gradually decreases with time from the value of a completely amor-
phous iPP melt to a final constant value, = 1.1522 cm ⁠3/g, indicating the end of crystallization. Assuming specific volumes of
1.0695 cm ⁠3/g [44] and 1.2657 cm ⁠3/g [26] for fully crystalline and fully amorphous iPP at 145 °C, the final crystallinity degree can
be evaluated as x ⁠c = ( )/( ). A value of 0.58 is found, in agreement with the data obtained by van Drongelen
et al. after crystallization of the same material in non-isothermal conditions [45].

Two main observations can be made on the results of the dilatometry experiments: (1) the volume contraction associated to
the phase transition occurs at shorter and shorter times with increasing the magnitude of the pressure applied during the pulse,
and (2) the specific volume completely recovers after the pulse to the value of the complete amorphous sample (1.2657 cm ⁠3/g)
only for P ⁠pulse lower than 500 bar. For pressures pulses ranging from 500 to 700 bar, a small decrease in the specific volume is
observed after the de-pressurization at 100 bar, indicating partial crystallization during the 60 s spent at high pressure. However,
the crystallinity after the pulse is estimated to be less than 1%, i.e., it can be safely assumed that most of the crystal growth
takes place after the pressure pulses. The space filling evolution for the set of dilatometry experiments evaluated by using Eq. (1)
is presented in Fig. 4, together with the crystallization half-times ( ) as a function of the pressure applied during the pulse.
As already evident from the specific volume time evolutions, crystallization kinetics is accelerated and a monotonic decrease
of the crystallization half-time with increasing P ⁠pulse is observed. A pulse of 700 bar reduces by more than half the value of the
crystallization half-time, with respect to the reference value (no pulse applied). We note that the pressurization/depressurization
steps cause a consecutive raise and drop of the polymer temperature. Temperature variations as big as 1.5–2 °C were measured
for the experiment in which the highest pressure pulse (700 bar) was applied. This transient effect lasted at most 400 s, before
the set isothermal crystallization temperature was reached. This temperature undershoot, one order of magnitude shorter than the
crystallization half-time at 145C and 100 bar, did not cause any appreciable effect on crystallization kinetics/nucleation, which is
found to be dominated by the effect of the pressure pulse. Indeed, the crystallization half-time for an isothermal crystallization at

Fig. 3. Time evolution of the specific volume 145 °C after pulses of different pressure plotted on a linear (a) and a logarithmic scale (b).
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Fig. 4. Time evolution of the space filling at 145 °C after pulses of different pressure (a) and related crystallization half-time (b) obtained from dilatometry exper-
iments. The value of 100 bar corresponds to the isobaric reference experiment.

143 °C measured with the same experimental technique, was found to be around 15,000 s, more the double of the measured
for the experiment with the pulse of 700 bar.

3.2. In-situ X-ray measurements

The acceleration of crystallization kinetics after pulses of pressure deduced from dilatometric experiments is independently
confirmed by the on-line X-ray measurements. The time evolution of crystallinity for experiments performed using the pres-
sure cell is reported in Fig. 5a. Crystallization kinetics becomes increasingly faster, with increasing the pressure applied during
the pulse and, for the experiments with a pulse of 600 and 700 bar, a detectable partial crystallization is observed already dur-
ing the 30 s at higher pressure. Similar results were found from the independent analysis of the SAXS invariant (see Fig. S3 in
Supporting Information). The fraction of material crystallized immediately after the pulse for these two experiments is 1.5 and
3% respectively, while the final values of crystallinity is about 60% for all the experiments, in agreement with the value derived
from dilatometry, despite the different experimental conditions. Once more, we underline that the great majority of crystal growth
occurs upon de-pressurization (at 100 bar), and this confirms the effectiveness of our devised short-term pressure protocol in
separating the nucleation stage from bulk sample crystallization. As expected due to the crystallization under non-atmospheric
pressure, some amount of phase develops, next to the usual monoclinic polymorph. The evolution of the relative amount
of the two different phases is not appreciably affected by the pressure pulses (Fig. 5b). The formation kinetics of both phases
is speeded up with increasing the pressure during the pulse, but the final relative amount remains the same for all the experi-
ments, independently of the magnitude of the pressure pulse. As well known from previous works on polypropylene crystalliza-
tion under pressure [45,46], in these conditions of temperature and pressure the -phase growth rate is higher than the one of

Fig. 5. Time evolution of the crystallinity (a) and of the and phase contents (b) for the experiments performed at 140 °C coupling the pressure cell with in
situ X-ray.
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the -phase, and therefore the first polymorph largely prevails at the end of the crystallization. We note that the ratio between
and crystallinity in a bulk sample is a function of the ratio between the respective growth rates. We deduce that the growth

process of the two polymorphs is apparently not influenced by the short transient at higher pressures. In agreement with recent
observations on iPP crystallization under shear flow [23], it is reasonable to hypothesize that the growth rate returns immediately
to the value characteristic of the thermodynamic boundary conditions (T ⁠c, P ⁠c), as soon as the perturbation (flow or pressure in this
case) is removed.

Further support to this hypothesis is provided by the final values of the lamellar thickness, reported as a function of the pres-
sure applied during the pulse in Fig. 6. The final value of lamellar thickness is 14 nm, independently from the value of P ⁠pulse.
Clearly, the short time experienced by the material at higher pressure does not have a clear effect on the final structure and mor-
phology, these being affected only by the actual temperature and pressure at which the crystal growth occurs.

4. Discussion

As stated before, our approach aims to separate nucleation during a sharp and short increase of the pressure from the sub-
sequent crystal growth, which, in these experiments, mainly occurs after the pressure is returned to the chosen reference value
(100 bar). The time evolution of the degree of space filling is usually described by using the Avrami-Kolmogorov equation [47]:

(5)

where C is the overall rate of crystallization and n the Avrami exponent, which reflects the crystal dimensionality and the type of
nucleation (sporadic or heterogeneous, i.e. predetermined). For a heterogeneously nucleated polymer melt with spherulites grow-
ing in 3 dimensions Eq. (5) becomes:

(6)

where both nucleation density N and linear growth rate G are a function of temperature and pressure only. Avrami exponent be-
tween 2 and 3 are observed in the Avrami plots of the dilatometry and X-ray experiments, shown in the Supporting Information,
Fig. S4. He and Zoller [26] already observed a decrease in the Avrami exponent during isothermal crystallization of iPP at ele-
vated pressure. For the aim of simplicity of our analysis, we consider the Avrami exponent equal to 3, as a reasonable approx-
imation (see Fig. S4, the slope is actually very close to 3. Small deviations, observed especially for the experiments in which
crystallization already happens during the pulse, can be explained by a not constant growth and nucleation, for a short time, during
the application of the pulse). On the basis of the recovery of the specific volume after the pressure pulses (Fig. 3b) we can safely
assume that most of the growth process occurs after de-pressurization at 100 bar. Therefore the growth rate can be considered
constant for all the performed experiments, since crystallization always occurs under the same isothermal and isobaric conditions.
From the experimentally determined values of crystallization half-time, t ⁠1/2, we can estimate the number of nuclei that act as crys-
tallization centers for each experiment:

(7)

It follows that the observed decrease of t ⁠1/2 with increasing the pressure during the pulse (Fig. 4b) can be related to an in

Fig. 6. Final values of the lamellar thickness as a function of the applied pressure pulse at 140 °C. The value of 100 bar corresponds to the isobaric reference
experiment.
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creased nucleation density. In other words, the temporary increase of pressure during the pulse causes the formation of extra nu-
clei that can survive upon de-pressurization and subsequently grow into crystals.

Further support to this hypothesis is provided by the ex-situ microscopy analysis of the samples collected after the experiments
in the pressure cell. Micrographs of samples crystallized after different pressure histories (i.e., without pulse, and with pressure
pulses of 300 and 500 bar) are shown in Fig. 7. The characteristic spherulitic morphology can be appreciated with the average
spherulites dimensions decreasing with increasing the magnitude of the pressure pulse, indicating a higher nucleation density.
Besides, rectilinear boundaries between impinged spherulites are observed, as expected for predetermined nucleation [48]. The
absolute value of nucleation density could be evaluated from the crystallization half-times using Eq. (7) and values of growth
rates from literature. [45] However, for a relative comparison it is sufficient to calculate the ratio between the nucleation density
after a given pulse of pressure ( ) and the reference value (without pressure pulse, ):

(8)

The nucleation densities ratios from dilatometry, X-ray experiments and optical micrographs are presented in Fig. 8. Data from
the three different techniques show good agreement, although the dilatometry and the X-ray experiments were performed in dif-
ferent experimental conditions. Therefore the order of magnitude of the nucleation increase by pressure pulses can be considered
accurate. The absolute values of nucleation densities estimated from POM micrographs are 9.58 × 10⁠10 and 1.04 × 10⁠12 nuclei/
m ⁠3, for the reference experiment at 100 bar and the experiment with a pulse of 600 bar, respectively (for quantitative estimation
of nucleation densities by POM see Fig. S6 in Supporting Information).

The increase in the concentration of athermal nuclei can be interpreted in light of the kinetic theory of nucleation [4,49]. The
rate of formation of ordered clusters of a given size is governed by the kinetics of association and dissociation of single ele-
ments, for instance chain stems in the case of polymers. Under these conditions a Boltzmann-like equilibrium distribution of
cluster size (CSD) results: the probability of finding clusters of size r decreases with increasing their dimension. When the tem-
perature is lowered below T ⁠m crystallization can occur and the equilibrium CSD is modified until a “steady-state” situation sets
in [4]. The number of active nuclei at the crystallization temperature is given by the concentration of clusters with sizes larger

Fig. 7. Optical micrographs of microtomed samples after isothermal crystallization at 140 °C and 100 bar (a) and after crystallization in the same conditions and
previous application of pressure pulses of 300 (b) and 500 bar (c).

Fig. 8. Ratio between the nucleation density with and without pressure pulse (100 bar), evaluated with different experimental methods (dilatometry at 145 °C,
WAXD and polarized optical microscopy at 140 °C), as a function of the pressure value during the pulse. The dashed line is a guide to the eye.
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than the critical value (r ⁠∗) determined by the undercooling dependent free energy barrier for nucleation ( ⁠∗); i.e., by the area
underneath the CSD function for r > r ⁠∗.

The results of our short-term pressurization experiments indicate that the number of aggregates with a supercritical size at T ⁠c
and P ⁠cafter the pressure pulse is higher than the reference situation. thus the “steady-state” cluster size distribution function is
perturbed with respect to the original situation. This is schematically depicted in Fig. 9. The CSD of the perturbed melt has an
enhanced concentration of large-size clusters, with a correspondent depletion of small elements resulting in an increase in the
number density of supercritical clusters (the difference between the red and black hatched areas in the plot of Fig. 9).

Clearly, several clusters increased their dimensions during the short pressurization stage: this cluster growth can be interpreted
in light of the classical nucleation theory. Aggregates that are large enough to overcome the Gibbs free energy barrier for nucle-
ation are kinetically stable, i.e., they spontaneously grow to large size crystals, since their growth is associated with an overall
decrease of the free energy of the system. Both the critical cluster size (r ⁠∗) and the height of the free energy barrier ( ⁠∗) depend
on the undercooling, which in turns depend on pressure because of the well-known Clausius-Clapeyron equation which relates
melting temperature to pressure [50]: an increase of pressure corresponds to an increase of the undercooling at constant crystal-
lization temperature. Therefore, both r ⁠∗ and ⁠∗ are decreased during the applied pressure pulse, with respect to their values at
T ⁠c and P ⁠c. This scheme also apply to heterogeneous nucleation, whereas the magnitude of the free energy barrier at a given un-
dercooling is reduced compared to the homogeneous case, by the effect of the nucleating substrate-polymer crystal favorable in-
teraction.

This is schematically shown in Fig. 10, where the free energies of nucleation are plotted as a function of the cluster size for a
crystallization temperature of 145 °C and two different pressures (100 and 500 bar) according to the simplified nucleation model
[51,52] described in the Supporting Information and assuming a pressure-dependence of the i-PP ( ) of 32 °C/kbar.

Upon application of the higher pressure several subcritical clusters will instantaneously become supercritical (step 1 of the
pathway in Fig. 10), and will therefore achieve kinetic stability and undergo further growth (thermodynamically favorable situa-
tion, step 2 in Fig. 10). Moreover, the lower energy barrier will also increase the frequency of other embryos-to-nuclei transfor

Fig. 9. Concentration of clusters as a function of their size: reference steady-state cluster size distribution (black line) and CSD after the pulse of pressure (red
line). The hatched areas represent the number of aggregates with supercritical size under the given thermodynamic conditions (T ⁠c, P ⁠c) in the two situations. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Free energy of nucleation as a function of the cluster size at T ⁠c = 145 °C, for different values of applied pressure (pressures of 100 and 500 bar).
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mations, due to spontaneous fluctuations in the clusters size. Although new nuclei can develop during the time spent at P ⁠pulse,
their growth into macroscopic size crystals is still limited, as testified by the negligible crystallinity increase in the pressurization
stage observed with dilatometry or X-ray measurements (Figs. 3b and 5a). Once pressure is brought back to the reference value
of 100 bar (step 3 in Fig. 10), some of the clusters might have already grown to such an extent that they are supercritical also
in the new conditions (T ⁠c, P ⁠c), and can therefore continue their growth during the isothermal crystallization (step 4 in Fig. 10).
The pathway in the free energy-cluster size landscape highlighted in Fig. 10 can account for the measured increase in nucleation
density induced by the pressure pulse.

Obviously, the probability of finding supercritical clusters after de-pressurization (at T ⁠c and P ⁠c) is inversely proportional to
the height of the free energy barrier for nucleation at the pressurization stage, . Since this barrier will decrease with the
magnitude of the pressure pulse applied, the obtained nucleation density increases accordingly, as clearly shown in Fig. 8. This
increase is thus directly related to the pressure dependence of . The above described mechanism of cluster growth is surely
active during short-term pressurization experiments. However, the existence of a different, “barrier-less” nucleation mechanism,
simultaneously active with this first one, can also be hypothesized. Indeed, a non-classical pathway for nuclei formation, gov-
erned by melt dynamics, has been proposed by Kornfield et al. [53] for the flow-induced nucleation of isotactic polypropylene.

Following this idea, it appears reasonable that during the densification of the material at P ⁠pulse, while polymer chains segments
are brought closer to each other, some of them will be at a reciprocal distance favorable to their interactions, i.e., similar to the
one that the chains possess in the crystalline lattice. When the pressure is released, such clusters generated in a non-classical way
will probably not dissolve, if the gain in stability due to improved segmental interactions overcomes the effect of thermal motions
which tends to randomize them.

If we compare our observations with previous literature results reported by Zhang et al. [35], an apparent discrepancy is found.
Despite working with the same material, these authors did not observed any meaningful shift in the non-isothermal crystallization
temperature upon the application of pressure pulses (800 bar) at different undercoolings. They deduced that either no extra-nuclei
were formed during the short-term pressurization, or that, if formed, they did not survive to the de-pressurization. However, the
explanation of the apparent discrepancy can be that, under their experimental conditions, the extra-nuclei induced by pressure
were simply undetectable. Indeed, the pressure-induced increase of nucleation density that we observe in this work is of modest
entity (about 1 order of magnitude of added nuclei, for the highest pressure pulse), especially if compared to the more widely stud-
ied flow-induced nucleation phenomenon. Intuitively, the effect of an enhanced nucleation density on crystallization kinetics can
be detected only if the number of extra-nuclei is at least comparable to the “reference” concentration of nuclei of the unperturbed
system. This reasoning has been applied by Byelov et al. to explain the apparent ineffectiveness of flow-induced nucleation on
several heterogeneously nucleated polypropylenes [20].

The nucleation density obtained in the non-isothermal crystallization of i-PP under the conditions employed by Zhang et al.
[35] can be estimated to be about 7 × 10⁠13 nuclei/m ⁠3, using the crystallization kinetics model of van Drongelen et al. [45] (for a
crystallization temperature of 115 °C and a pressure of 100 bar). This value is almost 3 orders of magnitude higher than the one
measured by POM in our reference experiment at 140 °C and 100 bar. It follows that Zhang et al. did not observe any effect of
pressure pulses on crystallization kinetics because the number of naturally occurring nuclei formed upon isobaric cooling from
the melt overwhelmed the small increase of nuclei during the pressurization stage. Much higher pressures during the pulse would
have been needed to generate a detectable number of nuclei under their experimental conditions.

5. Conclusions

A simple experimental protocol was designed to study the effect of “short-term” pressure increases (P ⁠pulse) on the nucleation
process of an undercooled polymer melt. The experiments, conducted on a well characterized isotactic polypropylene and for a
wide range of applied pressures, showed a clear acceleration in crystallization kinetics with increasing the magnitude of the pres-
sure during the pulse. The enhanced crystallization kinetics results from an increase in the number of nuclei as a consequence of
the pressurization step. This increase of nucleation density is equal to about 1 order of magnitude for the highest pressure pulse
(700 bar). The results, confirmed independently by different experimental techniques (dilatometry, on-line SAXS/WAXD and
polarized optical microscopy), were explained in the light of classical nucleation theory and pressure dependence of the under-
cooling. However, a non-classical “barrier-less” process of nuclei formation could also be put forward. The observed effect can
have a practical relevance, for the understanding and modeling of semicrystalline polymer solidification during processing. Brief
pressure jumps are indeed experienced by the crystallizing polymer melt, for instance during injection molding. Moreover the
proposed short-term pressure protocol opens multiple possibilities for further studies of this phenomenon. For example, inves-
tigating polymers with different pressure sensitivities of the melting point, or with different melt compressibility could help to
elucidate the intimate mechanism underneath the enhanced nucleation.
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