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A B S T R A C T

We investigate the inter-phase migration of nucleating particles and their effect on the fractionated crystalli-
zation of polypropylene droplets dispersed in an immiscible polystyrene matrix by preparing melt-mixed 90/10 
wt% PS/PP blends with selected nucleating agents. Different concentrations of nucleating agents (NAs): Phta-
locianene Blue, NA11, Talc, and sodium benzoate, were initially incorporated either in neat PP or in neat PS. 
Then the different PS/PP/NAs blends were prepared. Contact angles were determined for the neat polymers and 
the NAs, and the results indicated that, from a thermodynamics point of view, all NAs should remain or migrate 
to the PS phase. According to SEM observations, a sea-island morphology was obtained that did not vary with NA 
addition. Hence the results should be independent of differences in the morphology. 

PP droplets crystallized in neat blends in three well-differentiated crystallization peaks (i.e., fractionated 
crystallization). The NAs induce a concentration-dependent increase in the high-temperature crystallization peak 
at the expense of reducing the low-temperature peaks, as droplets become in contact with or contain the NAs. 
When compared at a constant concentration in one of the phases, the nucleating agents have efficiencies that 
decrease in the order: Pht Blue ≈NA11>Talc>Sod Benz. Surprisingly, for the three most effective NAs, it was 
found that adding them initially to the PS phase led to a much higher nucleation efficiency (evaluated in terms of 
increases in peak crystallization temperature) than adding them to PP. This indicates that these NAs, initially 
present in the PS phase, migrate to the interface or to the bulk of the PP phase (against thermodynamics). Sod 
Benz was the only exception, as it shows a higher thermodynamic affinity to the PS phase. We explain the 
migration of most particles from the PS phase to the phases’ boundary or to the bulk of the PP droplets by 
considering that kinetic factors dominate the behavior, as, from a rheological perspective, the minor component 
(PP) always displays a lower viscosity than the matrix component (PS) under the chosen mixing conditions.   

1. Introduction

Polymer nucleation often initiates at the interface with impurities or
heterogeneities present in the bulk sample, which act as primary het-
erogeneous nuclei. The primary nucleation step can be largely affected if 
the semicrystalline polymer is mixed with a second immiscible polymer. 

In particular, the phenomenon of fractionated crystallization might 
be found when the semicrystalline component is the minor phase in an 
immiscible blend [1–3]. In fact, the number of the microdomains of the 

dispersed phase can be of the same order of magnitude or exceed that of 
the nucleating impurities. In such a case, some of the microdomains 
(commonly polymer droplets) will be free of any heterogeneity. A 
typical DSC cooling trace of this immiscible blend will display several 
crystallization exotherms attributed, in order of increasing under-
cooling, to very active nucleating heterogeneities, less efficient impu-
rities, nucleation at the interface with the matrix, and homogeneous 
nucleation. 

During the mixing process of two immiscible polymers, the 
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ω12 =
γP−2 − γP−1

γ1−2
(1)  

where γP-i is the interfacial tension between the particle and the polymer 
i, and γ1–2 is the interfacial tension between the two polymers. When ω12 
> 1the particle is located only in polymer 1, for values of ω12 <−1 the
particle is exclusively found in polymer 2, while for other values, the
particle concentrates at the interface between the two polymers. It must
be underlined that particle migration cannot be achieved under static
conditions, but it only occurs under the action of shear forces as a result
of particle-polymer droplets collisions [8,13].

Besides the above-mentioned equilibrium considerations, it should 
be reminded that mixing is a dynamic process, and several kinetics ef-
fects can arise and dominate over the thermodynamics, depending, for 
instance, on the mixing procedure (whether the particle is first mixed 
with the most or least favourable phase), the viscosity ratio and mixing 
time [8]. For example, carbon nanotubes, which, accordingly to wetta-
bility, should be selectively located in the polylactide (PLA) phase of a 
polylactide/polycaprolactone (PCL) blend, are found in the PCL phase 
because of its lower viscosity [16]. Similar findings are reported for 
carbon black particles in different blends [19,20]. By tuning the mixing 
time, Gubbels et al. could confine carbon black particles in a HDPE/PS 
blend in either of the polymers or at the interface between them [21]. 

In the present work, we want to investigate the effect of migration of 
purposely added nucleating particles on the fractionated crystallization 
of the dispersed PP droplet phase in PS/PP blends. We have recently 
shown that heterogeneous particles can efficiently nucleate PP droplets 
[22,23]. In the previous works, the different additives were mixed 
directly with the semicrystalline phase, before final blending with the 
immiscible matrix. In this study, instead, we aim to check the possibility 
of impurity transfer between the two components. Several nucleating 
particles, chosen by their different affinity for the two blend 

components, are selected. The role of additive concentration in both 
phases on the fractionated crystallization of the droplet ensembles is 
evaluated via differential scanning calorimetry. 

2. Materials and methods

An isotactic polypropylene, provided by Borealis Polyolefine GmbH
(Austria), with weight-average molecular weight (MW) and poly-
dispersity index (Mw/Mn) of 365 kg/mol and 5.4, respectively, was 
employed as the crystallizing minor blend component. An atactic poly-
styrene from Sigma-Aldrich with MW and MW/Mn of 350 kg/mol and 2.1, 
respectively, was used as the matrix polymer. 

Four different known nucleating agents (NAs) for PP were used in 
this study. Phthalocyanine blue pigment (Pht Blue), (sodium 2,2′- 
methylene bis-(4,6-di‑tert-butylphenyl) phosphate) (NA11), and talc 
were kindly provided by Borealis Polyolefine GmbH, in the form of fine 
powders. Sodium benzoate (Sod Benz) was purchased from Sigma- 
Aldrich. All the materials were used as received. 

All the blends were prepared in a Brabender Plastograph W 50 in-
ternal mixer at 200 ◦C, using a rotor speed of 100 rpm for 10 min. The 
mixing strategy was the following: masterbatches of the two polymers 
containing different concentrations of the various nucleating agents 
were first prepared, then each of the nucleated polymers were mixed 
with the neat second component at a constant weight concentration (90 
wt% PS and 10 wt% PP). A blend with neat PS and PP was also prepared 
for comparison under the same mixing conditions. Table 1 reports all the 
prepared compositions, in which the weight concentration of the poly-
mers in the additivated samples represents the content of polymer 
masterbatches. For the sake of shortening the blends nomenclature, 
since all blends have the 90/10 composition, the 90/10 code will not be 
reported in the following. 

The additive concentrations were chosen according to the capabil-
ities for accurate weighting. The blends in which the NAs were added to 
PP covers the lower range of overall additive concentration in the 

Table 1 
Composition of the prepared blends expressed in wt%. NA refers to each of the 
employed nucleating agents (i.e., Pht Blue, NA11, Sod Benz, or Talc), whereas 
the asterisk (*) refers to the polymer in which the nucleating agent is added.  

Samples PS 
(wt 
%) 

PP 
(wt 
%) 

NAs in 
PP (wt 
%) 

NAs in 
PP (wt 
%) 

Overall conc. of the 
NA in the blend (wt 
%) 

90/10 PS/PP   0 0 0 
90/10 PS/PP* 

(+0.25 NA) 
90 10 0.25  0.025 

90/10 PS/PP* 
(+0.5 NA) 

90 10 0.5  0.05 

90/10 PS/PP* 
(+0.75 NA) 

90 10 0.75  0.075 

90/10 PS/PP* 
(+1 NA) 

90 10 1  0.1 

90/10 PS/PP* 
(+3 NA) 

90 10 3  0.3 

90/10 PS* 
(+0.07 
NA)/PP 

90 10  0.07 0.063 

90/10 PS* 
(+0.15 
NA)/PP 

90 10  0.15 0.135 

90/10 PS* 
(+0.25 
NA)/PP 

90 10  0.25 0.225 

90/10 PS* 
(+0.5 NA)/ 
PP 

90 10  0.5 0.45 

90/10 PS* 
(+0.75 
NA)/PP 

90 10  0.75 0.675 

90/10 PS*(+1 
NA)/PP 

90 10  1 0.9  

nucleating heterogeneities of the droplets (minor phase) could be 
transferred to the matrix phase. The opposite situation, i.e., migration of 
heterogeneities from the matrix to the dispersed phase, is also possible, 
in principle. 

Bartczak et al. have investigated in detail the possibility of impurity 
transfer during melt blending of isotactic polypropylene (PP) with 
several different components, namely high-density polyethylene (HDPE) 
[4], low-density polyethylene (LDPE) [5], ethylene-propylene random 
copolymer (EP) [6] and atactic polystyrene (PS) [7]. The nucleation 
density of PP was measured by quantifying the overall crystallization 
rate via DSC or by polarized optical microscopy. It was found that the 
number of PP nuclei per unit volume either decreases [4,5] or increases, 
[6,7] depending on the specific blend system, increasing the amount of 
the second component in the blend and the mixing time. This result 
clearly indicates a transfer of nucleating heterogeneities between the 
two polymers. The concept was tested by purposely adding nucleating 
agents to either of the polymers. It was shown that an equilibrium PP 
nucleation density is achieved after sufficient mixing time, indepen-
dently from the polymer that was hosting the nucleating agents at the 
beginning of the blending stage. It was then concluded that the driving 
force for the migration is of thermodynamic origin and can be quantified 
by the difference between the interfacial free energies of the impurities 
with respect to both blend components. 

The topic of migration of (nano)particles in immiscible polymer 
blends has been intensively explored more recently, with the main aim 
of localizing the nanofiller at the interface between components to 
obtain compatibilization and improved properties [8–10]. Examples of 
the studied particles include carbon black [11], nanosilica [12–14], 
carbon nanotubes [15,16] and nanoclays [17,18]. 

At the equilibrium, the localization of the particle is dictated by 
thermodynamics. The possibly uneven distribution of particles among 
the blended polymers can be predicted knowing the surface tensions of 
the three components, according to the wetting parameter, ω12: 



3. Results and discussion

The surface tensions of the various solid substrates, polymers, and
NAs were determined by measuring the contact angles with two test 
liquids, water, and diiodomethane. The average values of the contact 
angles are reported in the Supporting Information, Table S1. From these 
values, the interfacial free energy of the solid substrate can be evaluated 
according to: [26] 
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where γl is the surface tension of the liquid, θ is the contact angle, γs is the 
surface tension of the solid substrate, and the superscripts d and p are 
related to the dispersive and polar component of the interfacial free 
energies, respectively. By using two probe liquids, a set of two equations 
can be written, from which the values of the two unknown variables (γs

d, 
γs

p) are found. 
The values of the interfacial free energies for the various solids are 

reported in Table 2. The values found for PP and PS are in excellent and 

good agreement with the literature, respectively. [12] The solid addi-
tives have larger surface energies, which increase in the order: Pht Blue 
<NA11<Talc<Sod Benz. 

Once the polar and dispersive components of the surface tensions are 
known for all the blend constituents, the polymer/polymer and particle/ 
polymer interfacial tensions can be calculated with the use of the Owens- 
Wendt equation: 

γ12 = γ1 + γ2 − 2
̅̅̅̅̅̅̅̅̅

γd
1γd

2

√

− 2
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2

√

(3)  

where the subscripts 1 and 2 refer to the considered constituents (e.g., 
particle/polymer or polymer 1/polymer 2). 

From the values of the interfacial tensions of the different blend 
components, the wettability parameter of the various NAs can be eval-
uated using equation 1. Table 3 shows the interfacial tensions of the 
different particles with the two polymers. The wettability parameters of 
the same particles are calculated using equation 1, with polymer 2 being 
PS and polymer 1 being PP. 

The obtained values demonstrate that for all the particles, the surface 
tensions with respect to PS are lower than those with respect to PP. This 
suggests that migration of the particles towards the PS matrix during 
blending will be favoured. In fact, all the wettability parameters are 
clearly lower than −1, indicating the preferential location of the NAs in 
the PS phase, from the thermodynamics standpoint. In particular, the 
affinity for the polystyrene matrix is maximum for Sod Benz and mini-
mum for Pht Blue, with intermediate values found for Talc and NA11 
(Talc<NA11). It should be noted that the wettability parameters are 
calculated at room temperature since the temperature coefficient of the 
surface tensions of the various additives is unknown. As such, they might 
differ from the actual ones which are established at the mixing tem-
perature of 200 ◦C. Therefore, the obtained values should be considered 
only as an approximation of the real ones, notwithstanding they are 
useful for further data interpretation and discussion. 

After the initial thermodynamic characterization of the systems, the 
morphological aspects of the prepared blends are considered. Selected 
SEM micrographs of additivated blends are compared in Fig. 1. Samples 
containing 1 wt% of NAs added either in PP or in PS are chosen for 
comparison, together with the neat PS/PP blend. As expected, all blends 
exhibit the typical droplet-in-matrix morphology, which is characteristic 
of a 90/10 PS/PP composition [2,22,23]. No apparent differences in the 
PP droplet size are found when the NA is added, either in the dispersed 
or in the matrix phase, for all the investigated particles. Moreover, the 
droplet diameter also seems unaffected by the type of added particle. 

The PP droplet size distribution was quantitatively determined by an 
image analysis software. The results for the selected concentration of 
NAs, added either in PP or PS, are shown in Figs. 2a and 2b, respectively. 
The bar plots highlight the following facts: i) the type of particle does not 
affect the obtained average droplet size; ii) increasing the concentration 
of the NAs does not meaningfully vary the PP droplet size; iii) mixing the 
additive in PP or PS does not significantly change the droplet size; iv) 
considering the relative standard deviation of the droplet size distribu-
tion, the blends containing the additives are comparable to the neat 
blends. It can thus be concluded that the addition of NAs practically does 
not influence the morphology of the blends. Therefore, the crystalliza-
tion data presented in this contribution can be safely considered to be 
the result of the sole effect of NA incorporation and their possible 

Table 2 
Surface tensions of the employed polymers and nucleating agents.  

Materials γ [mN/m] γp [mN/m] γd [mN/m] 

PP 30.9 0.0 30.9 
PS 36.6 1.4 35.2 
Pht Blue 46.2 6.8 39.4 
NA11 50.4 27.5 22.9 
Talc 54.2 16.7 37.5 
SodBen 71.5 44.0 27.5  

Table 3 
Values of the interfacial free energies (with respect to PP and PS) and of the 
wettability parameters of the used nucleating agents.  

Materials γPP [mN/m] γPS [mN/m] ω12 

Pht Blue 6.6 2.1 −3.6 
Talc 15.9 8.4 −6.0 
NA11 26.7 17.8 −7.1 
SodBen 42.3 30.1 −9.7  

blends, while those where the NAs were added in PS attain a maximum 
concentration of about 1 wt%. A partial overlap exists between the two 
series, in the range of overall concentrations 0.06–0.3 wt%. 

Scanning Electron Microscopy (SEM) analysis of the internal surfaces 
of the blends was performed. At first, the samples were cryo-fractured 
under liquid Nitrogen, and then they were sputter-coated with thin 
carbon layers (Polaron E5100). The morphology of the different NAs 
was also observed via SEM. A field emission instrument (Supra 40 VP 
model, Zeiss, Germany) was used. 

The crystallization kinetics of the various blends was investigated via 
differential scanning calorimetry (DSC). Samples of about 3–5 mg were 
inserted in aluminum pans and analyzed with a DSC1 STARe System 
(Mettler-Toledo, Switzerland), under a constant nitrogen flow of 20 mL/ 
min. The DSC was calibrated with indium. All the samples were first 
heated to 210 ºC, kept there for 3 min to erase any previous thermo- 
mechanical treatment, then cooled to − 10 ºC and subsequently heated 
again to 210 ºC with scan rates of 10 K/min. 

The surface tension of the different components was determined by 
measuring the contact angles with two probe liquids (water and diio-
domethane) with a contact angle meter One Attension Theta. PP and PS 
thin films were prepared for the determination of the contact angle by 
manual compression molding on a hot plate. Contact angles of solid 
powder substrates with a test liquid is an established method to obtain 
the wettability of particles [24,25]. For measurements of the various NA 
particles, tablets were prepared by compressing a small amount of 
powder in a Specac Vertex 70 press, under a pressure of 10 ton for a few 
minutes. 

Rheological analysis was performed using an HR 10 rheometer (TA 
Instruments, USA). The polymers were prepared in the form of 
approximately 1 mm-thick plates with a compression molding press and 
subsequently subjected to a frequency sweep test at 200 ◦C, consistent 
with the adopted blending temperature. Specifically, the rheological 
measurements were carried out in a range of frequencies from 0.01 to 
100 rad/s, using an oscillation amplitude of 3% (within the linear 
viscoelastic range). 



Fig. 1. SEM micrographs of the neat blends and blends with 1 wt% of the NAs added either in the PP or in the PS phase.  

Fig. 2. Average sizes (and related standard deviations) of the PP microdomains in the 90/10 PS/PP blends at the indicated overall concentrations of additive: (a) 
corresponds to blends where NAs are mixed with PP first, whereas (b) refers to blends where NAs are added to the PS phase before mixing with PP. The shaded area 
represents the size interval (standard deviation around the average value) of the PP droplets in the neat PS/PP blend. 



particle fracture under the action of shear forces. 
Next, the non-isothermal crystallization results of the different 

nucleated blends are considered. Fig. 3 reports the effect of increasing 
NA concentration either in PP (a,c) or PS (b,d) phase for two nucleating 
additives, namely NA11 (a,b) and Sod Benz (c,d). At first, the crystalli-
zation of the neat PS/PP blend is analysed. A typical fractionated crys-
tallization behavior can be observed, with at least three distinct 

Fig. 3. DSC curves during cooling from the melt for 90/10 PS/PP blends additivated with NA11(a,b) and Sod Benz (c,d) at different concentration either in the PP (a, 
c) or PS (b,d) phases.

migration among the two phases. 
In addition to that of the blends, the morphology of the nucleating 

particles has been checked as well. Representative SEM images and 
average sizes of the various NAs are reported in Fig. S1 and Table S2 of 
the Supporting Information, respectively. Although some of the particles 
exhibit larger sizes with respect to PP droplets, we note that the actual 
morphology after blending could be largely different due to possible 



not further investigated. 
The results related to Pht Blue and Talc are reported in Fig. S2 of the 

Supporting Information. Phtalocyanine blue pigment has a very efficient 
nucleating behavior, promoting the formation of a high temperature 
crystallization peak already at very low concentrations and indepen-
dently of the initial distribution (PP vs. PS phase). Talc presents instead a 
nucleating efficiency intermediate between Sod Benz and NA11, it gives 
rise to fractionated crystallization peaks at high temperatures but of 
relatively low intensity. Both nucleants are effective when added to PP 
or PS phases, indicating the possible kinetic localization of some parti-
cles at the PS/PP interface or in the PP droplet phase. 

To directly compare the nucleating efficiency of the different NAs 
particles, the DSC cooling curves of the blends containing the same 
concentration of nucleating particles dispersed firstly in either PP or PS 
are shown in Fig. 4. 

By comparing the exotherms obtained after adding a constant weight 
percent of the different NAs in the dispersed PP phase (Fig. 4a), it can be 
deduced that Pht Blue is the most efficient nucleating agent, as the high 
temperature crystallization peak is the sharpest and with the largest 
area. The second in the rank is NA11, for which the heterogeneously 
nucleated PP droplets crystallize at a temperature comparable to that of 
Pht Blue, but with substantially smaller enthalpy. Also, a part of the 
droplet ensemble is still clean of any impurity, as judged by the area of 
the homogeneous nucleation peak at 45 ◦C. Besides the possible differ-
ence in intrinsic nucleating efficiency between the two particles, this 
suggests that a larger number of droplets is nucleated in the case of Pht 
Blue with respect to NA11, possibly due to an easier migration of the 
particles to the interface or to the PP phase, in agreement with the lower 
affinity with the PS matrix deduced by the wettability parameter 
(Table 3). 

The enthalpy of crystallization of the heterogeneously nucleated 
droplet fraction for the systems containing Sod Benz and Talc is much 
lower than that of the other two nucleants indicating a mild or low 
nucleating efficiency (Fig. 4). The addition of Talc gives rise to multiple 
exotherms in the high-temperature region, possibly because of different 
droplet sizes or Talc particle specific surface. Considering the same 
concentration of nucleants added to the PS matrix leads to the same 
ranking of NAs efficiency. The high-temperature peak area is typically 
larger (and, correspondingly, the homogeneous nucleation peak 
smaller) with respect to the case of NA addition in the dispersed PP 
phase, due to the higher overall concentration of particles in the blend 
(see Table 1). Again it is evidenced how, for any of the nucleating agents, 
the particles are not exclusively confined to the PS phase, as the ther-
modynamics would prescribe, but interact with PP droplets (by migra-
tion at the interface or to the bulk), being able to enhance their 
crystallization kinetics. 

In order to exclude possible differences between intrinsic nucleating 
efficiency of the various NAs when added to bulk or blended PP, Fig. S3 
reports the crystallization curves of the various additivated PPs, together 
with that of neat PP. Crystallization temperature increases of around 
15 ◦C, 16 ◦C, 4 ◦C, and 8.5 ◦C for Pht Blue, NA11, Sod Benz, and Talc, 
respectively, were measured independently of the nucleant concentra-
tion. The observed nucleation effects of the various NAs in neat PP are 
thus consistent with those reported for the sample blended with PS 
(Fig. 4). 

To better understand the ability of particle’s inter-phase migration, 
the crystallization of blends containing the same overall concentration 
of NAs, but incorporated first either in the PP or in the PS phases are 
compared in Figs. 5a-d. 

The curves of Fig. 5 are grouped and coloured according to the 
overall concentration of NA in the blend. Given the chosen 90/10 PS/PP 
blend composition, a concentration of 0.07 wt% in PS and of 0.75 wt% in 
PP corresponds to an approximate total NA concentration of 0.07 wt%, 
an overall concentration on average of 0.12 wt% is obtained with 0.15 
wt% in PS or 1 wt% in PP. Finally, a global concentration of about 0.26 
wt% is given by adding 0.25 wt% NA in PS and 3 wt% in the dispersed 

exothermic peaks located at about 110, 75 and 45 ◦C. These events can 
be related, from high to low temperatures, to naturally occurring 
nucleating impurities in PP, PS interface, and homogeneous nucleation 
of the droplet population with smallest sizes, respectively [2,22,27]. 
This is consistent with the low concentration of PP in the blend and the 
small average droplet size with a relatively wide dispersion. 

Considering the blends containing NA11 added to PP (Fig. 3a), it can 
be seen that with increasing particles concentration in the dispersed 
phase, a crystallization event at lower undercoolings (around 120 ◦C) 
develops and increases in intensity at the expense of the peak at 75 ◦C 
first, and more gradually of the peak at 45 ◦C. The high crystallization 
temperature peak increases its temperature slightly with increasing 
concentration, but its peak area increases with concentration signifi-
cantly. This indicates a growing population of nucleated droplets, while 
the parallel decrease of the homogeneous nucleation peak (at 45 ◦C) 
suggests that also the droplets with the smallest sizes get gradually 
heterogeneously nucleated. Interestingly, the low undercooling peak 
tends to disappear for higher nucleating agent concentration. This effect 
might be due to agglomeration of the particles, thus decreasing their 
nucleating ability, or to a more efficient transfer to the thermodynami-
cally favoured PS phase during mixing, because of the increased number 
of collisions with the higher particle concentration [13]. 

These results are consistent with those of Baer et al., who also studied 
droplets of PP in a PS matrix, but obtained via breakup of PP nanolayers 
and thus of smaller size. The droplets were nucleated with different 
soluble or solid heterogeneous nucleating agents [28–30]. Similarly to 
our case, it was seen that the low-temperature exotherm, characteristic 
of the homogeneous nucleation process, disappears in favor 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. 

A similar situation occurs when NA11 is added to the PS matrix (see 
Fig. 3b). In particular, a peak at even lower undercoolings develops 
(around 125 ◦C) and grows with concentration. The almost complete 
disappearance of the homogeneous nucleation peak suggests an even 
higher nucleating efficiency in this case, compared to the addition of 
NA11 to the dispersed phase, possibly due to the higher overall particle 
concentration with this mixing procedure. Remarkably, despite the 
particle wettability values significantly lower than − 1, which would 
predict the location of the nucleating particles in the PS phase, nucle-
ation of the PP droplet can still occur when the NA is added to the PS 
matrix. This result shows that a certain number of nucleating NA11 
particles is either located at the polymer/polymer interface or has been 
transferred to the PP droplets during mixing, indicating a predominant 
kinetic effect against the thermodynamics considerations. 

The effect of adding Sod Benz on PP droplets fractionated crystalli-
zation can be evaluated from Figs. 3c and 3d. It is possible to note that 
the nucleating effect of these particles is far less marked than that of 
NA11. This is evident because the crystallization peak at lower under-
cooling is found at lower temperatures and is by far less intense. 
Moreover, the droplet population that nucleate homogeneously is al-
ways present, also in samples with Sod Benz concentration of 1 wt% in 
the dispersed phase. Adding the nucleant to the PS phase does not 
significantly improve the nucleating efficiency, despite the higher 
overall concentration, the heterogeneous nucleation peak has a small 
intensity; it is broad and located at relatively low temperatures. To 
explain the behavior of Sod Benz, with respect to that of NA11, two 
factors can be considered. The first is the intrinsically lower nucleating 
efficiency of the former nucleant compared to the latter [22]. The sec-
ond consideration is the higher affinity of Sod Benz to the PS phase, as 
demonstrated by the higher absolute value of the wettability parameter 
(Table 3). The thermodynamics thus implies a stronger driving force for 
the migration or selective localization of Sod Benz particles in the PS 
matrix, with respect to PP droplets. It should be mentioned that the 
recorded thermal behavior of the PS*(+0.07 Sod Benz)/PP blend (see 
Fig. 3d) is peculiar and out of the trend and the reason behind this was 



PP phase. 
The data relating to phthalocyanine blue are reported in Fig. 5a. For 

all three overall particle concentrations, the position of the heteroge-
neous nucleation peak (i.e., crystallization temperature) and the 
enthalpy of crystallization are remarkably similar, notwithstanding the 
initial phase of additive incorporation. This result confirms the easiness 
of additive migration from PS to the PP (or to the interface), against 
interfacial tensions equilibrium but in agreement with the lowest 
possible affinity to the PS phase (i.e., lowest wettability absolute value). 
Interestingly the behavior is independent of nucleant concentration, 
evidencing that the migration can occur already at low particle loadings. 
NA11 particles, instead, display meaningful differences depending on 
the phase to which they are initially added (Fig. 5b). Considering the 
lowest overall concentration (0.07 wt%), when the nucleant is added to 
the PP dispersed phase, the heterogeneous nucleation peak around 
120 ◦C is prominent, and the homogeneous nucleation peak is small. On 
the contrary, when NA11 is incorporated first in the PS matrix, the major 
fractionated crystallization peak is that of homogeneous nucleation at 
45 ◦C, and the peak at low undercooling is weak. Similar behavior is 
found for an overall concentration of 0.12 wt%. The fact that, despite its 
relatively high intrinsic nucleation efficiency, NA11 does not give a 
meaningful contribution to PP droplet nucleation when added to the PS 
matrix, suggests its low tendency to migrate from PS to the interface or 
bulk PP phase. Or, equivalently, the NA11 has a preference to be located 
in the PS matrix, in agreement with the high negative value of the 
wettability parameter, ranking second among all the nucleants. An 
anomalous behavior is instead found for the highest overall concentra-
tion, where the nucleating effect when adding NA11 to PS is larger than 
when it is added to the PP dispersed phase. However, as previously 
discussed, the reason might be the too large initial concentration in the 
PP phase, which can cause particles agglomeration phenomena or more 
favourable migration of the nucleant to the PS phase. 

Sod Benz nucleant (Fig. 5c) has a low intrinsic nucleating efficiency, 
as already discussed. Dispersing it first in PS or PP phase provokes dif-
ferences in the fractionated crystallization behavior. In particular, a 
weak heterogeneous nucleation peak is only discernible when Sod Benz 
is initially added to the PP phase. The observation leads to the 

hypothesis that this nucleant locates preferentially in the PS matrix, 
which is supported by the highest thermodynamics affinity for that 
phase (see wettability parameters in Table 3). For what concerns Talc 
(Fig. 5d), the situation is similar to Sod Benz, although a small nucle-
ating effect is also present when the particles are added initially to the PS 
matrix (see weak peaks above 100 ◦C). This might indicate that the 
possibility of migration between the phases exists, although it is less 
relevant than what was observed for Pht Blue (Fig. 5a). In fact, according 
to the wettability parameter, the affinity of Talc to PS is lower than that 
displayed by Sod Benz and NA11. 

The crystallization temperatures of the heterogeneous nucleation 
crystallization peak (i.e., highest crystallization temperature peak) and 
the related enthalpies for the various blends are collected in Fig. 6 and 
Fig. S4, respectively. The data are represented by filled symbols when 
the nucleant is added first to the PP dispersed phase, or by empty 
symbols, for blends prepared by dispersing the particles initially in the 
PS matrix. As deduced from Table 1, the series of samples with nucleants 
in PP covers the low range of overall concentrations, while the other 
samples extend the range to about 1 wt%. The overlapping range of 
concentration spans from 0.07 to 0.26 wt%, as shown in the DSC curves 
of Fig. 5. 

The data related to Pht Blue, NA11, and Talc (Figs. 6a, b and d) 
display a similar behavior: the crystallization temperature increases 
with the overall concentration of nucleant until an asymptotic value is 
reached. The highest value at saturation is reported for NA11, closely 
followed by Pht Blue, while Talc is about 4–6 ◦C lower. For the blends 
with nucleants initially incorporated in PS, the increase in crystalliza-
tion temperature with increasing particles concentration must be related 
to a more efficient transfer to the droplets (or to the interface), as a result 
of the augmented number of particle-droplet collisions during mixing 
[13]. Notably, for all these NAs, the blend with the highest concentra-
tion incorporated initially in the PP phase deviates from the overall 
trend, showing a markedly reduced crystallization temperature. As 
previously suggested, the reason for this can be found in a possible ag-
gregation of the nucleating particle, which decreases the effective sur-
face area available for nucleation. Alternatively, an increased migration 
towards the thermodynamically favoured PS phase at high nucleant 

Fig. 4. DSC curves during cooling from the melt for the 90/10 PS/PP blends with 0.5 wt% of the different NAs added either in the PP (a) or PS (b) phase.  



loading is also possible. Considering the region of overlapping concen-
trations between the nucleants added to PP and PS, it can be seen that 
the crystallization temperature is always higher when the NA particles 
are initially incorporated in the PS matrix, rather than in the crystal-
lizing PP phase. This result is rather counterintuitive and indicates that 
the effective concentration in the droplet (or at the interface between the 
droplet and matrix) is higher in the former case, i.e., when the NAs are 
firstly dispersed in the matrix. The crystallization temperature gap be-
tween the two blending strategies is particularly low for Pht Blue and 

Talc, while it is larger in the case of NA11. We hypothesize that this 
difference is correlated to the easiness of inter-phase particle migration, 
being substantial for Pht Blue and Talc (the NAs with the lowest affinity 
with the PS phase) and lower for NA11 (larger thermodynamic affinity 
towards the PS matrix). 

A completely different situation holds for Sod Benz particles 
(Fig. 6c). Here the maximum crystallization temperature value achieved 
is the lowest among the various NAs, in agreement with its lowest 
intrinsic nucleation efficiency. Moreover, the increase of crystallization 

Fig. 5. DSC curves during cooling from the melt for the 90/10 PS/PP blends with a similar overall concentration of the different NAs: Pht Blue (a); NA11 (b); Sod 
Benz (c); Talc (d). The curves are grouped in pairs according to the overall concentration of particles in the blend, which corresponds approximately to 0.07, 0.12, 
and 0.26 wt%, from bottom to top. 



Fig. 6. Crystallization temperatures of the heterogeneous nucleation crystallization peak of the various blends, as a function of the overall NA concentration for Pht 
Blue(a); NA11 (b); Sod Benz (c); Talc (d). The filled symbols refer to blends where the nucleant is initially added to the PP dispersed phase, the empty ones to blends 
where it is first mixed with the PS matrix. 



Fig. 7. The two overall concentrations of 0.07 and 0.12 wt% are 
considered only, to avoid issues with possible particle aggregation 
phenomena for the higher concentration (3 wt% in PP). The crystalli-
zation temperature recorded for the nucleant initially dispersed in PS 
has been subtracted from the one detected when the nucleant is firstly 
located in PP. An average ΔTC for the two above mentioned overall 
concentrations is calculated. 

For all the NAs, excluding Sod Benz, the ΔTC are negative, meaning 
that it is more efficient from the nucleation point of view to add the 
nucleant’s particles to the PS matrix than to the crystallizing PP phase, 
for the same overall NA concentration. As previously mentioned, the 
opposite behavior of Sod Benz must be related to its higher affinity for 
the PS phase, which prevents a substantial migration of the additive 
towards the droplet-matrix interface or to the bulk of the PP droplet 
phase. Interestingly, the two nucleating agents displaying the lowest 
affinity to the PS matrix (Pht Blue and Talc), show the lowest values of 
ΔTC. This means that their migration towards PP, driven by the me-
chanical forces during mixing rather than by thermodynamics, is 
somewhat easier in these NAs. NA11, instead, presents a large temper-
ature gap, although opposite with respect to the one of Sod Benz. This 
can be the result either of a certain migration from PP droplets to PS 
phase (assisted by thermodynamics) or of a better migration in the 
opposite direction (against thermodynamics), resulting in higher crys-
tallization temperatures when the nucleant is in PS with respect to when 
it is in PP. The non-monotonic trend of ΔTC as a function of the wetta-
bility parameter underlines that the migration of additives able to affect 
crystallization is not a sole function of thermodynamics and interfacial 
tensions, but other kinetic factors must come into play. These include 
the shear forces acting during mixing, and are thus related, for instance, 
to the viscosity ratio between the phases and the particle size/shape, 
which affects the particles’ dispersion state. 

To investigate these kinetics effects, and most importantly, those that 
lead to the remarkable migration of the particles from the PS matrix to 
PP droplets or the interface, opposite to the thermodynamic prescrip-
tion, a rheological analysis of the two polymers under melt blending 
conditions was conducted. Fig. 8 reports the viscosity of PS and PP as a 
function of the applied shear rate at a constant temperature of 200 ◦C. 
The shear rate (γ̇) representative of the mixing conditions inside the 
mixer chamber is indicated in the plot, and has been evaluated ac-
cording to: [31] 

Fig. 7. Average difference in crystallization temperatures (for the overall 
concentrations of 0.07 and 0.12 wt%) considering the nucleant initially added 
to the PP dispersed phase with respect to blends where it is first mixed with the 
PS matrix, as a function of the wettability parameter of the various NAs. 

Fig. 8. Complex viscosity as a function of angular frequency for rheological 
measurement carried out on PS and PP at a temperature of 200 ◦C. The vertical 
dashed line indicates the average shear rate value holding during mixing in the 
Brabender Plastograph. 

rate with increasing nucleant overall concentration is only found for 
samples where the particles are originally added to the PP dispersed 
phase (with the exception of the 3 wt% concentration, as discussed 
above). On the other hand, for Sod Benz added to the PS matrix at first, 
the trend of the data is practically flat. The most striking difference 
between Sod Benz and the behavior of the other NAs is, however, that 
for this additive the crystallization temperatures obtained when it is 
added to the crystallizing phase are higher than those recorded when 
incorporating it in PS. This is exactly contrary to the finding for Pht Blue, 
NA11 and Talc, reported above. It is thus deduced that, as a consequence 
of the higher affinity of Sod Benz for the PS matrix, when the particles 
are added to this latter phase, no meaningful migration to the interface 
or to the bulk of the PP droplets takes place, resulting in a practical 
absence of nucleating effect. 

For what concerns the associated crystallization enthalpies, reported 
in Fig. S4, it can be stated that a general increasing trend is found with 
increasing the overall NAs concentration, indicating an increase in the 
number of heterogeneously nucleated droplets. The highest enthalpies 
are found for Pht Blue and NA11, while lower values are recorded for 
Sod Benz and Talc. Regarding the overlapping concentration range be-
tween the two nucleant addition strategies, it can be observed that Pht 
Blue presents comparable values, perhaps as a consequence of the 
already underlined easiness of particle migration between the phases. 
Instead, for the rest of the nucleants, higher enthalpies are recorded 
when the particles are initially located in the crystallizing PP phase, in 
agreement with the higher thermodynamic driving force for the locali-
zation of the particles in the PS phase, but in contrast with the larger 
crystallization temperatures determined for the nucleants dispersed in 
the PS phase (Fig. 6a,b,d). It must be deduced that when these NAs are 
added to the PS matrix, the nucleation is more efficient (higher crys-
tallization temperature), but a lower number of droplets is heteroge-
neously nucleated (lower crystallization enthalpy). 

To explore the hypothesis of correlation between the crystallization 
temperature gap for the same overall concentrations (with incorporation 
of the additive either in PP or PS) and the thermodynamic driving force 
for NAs migration, the average value of crystallization temperature 
difference (ΔTC) is plotted against the measured wettability parameter in 



γ̇ =
2πRN
60h

(4)  

where R is the radius of the rotor blade (which changes with position), N 
is the rotor speed during mixing (in rpm), and h is the gap between the 
mixer chamber wall and the rotor blade. The average shear rate between 
the maximum and minimum possible values is calculated, using the 
following parameters, measured directly from the mixing chamber and 
rotors: Rmax = 18.5 mm, hmin = 1 mm and Rmin = 10.5 mm, hmax = 9 mm. 

Notably, the viscosity of PS is always higher than that of PP, in all the 
investigated range of shear rates. In particular, the viscosity ratio PS/PP 
goes from about 8 in the Newtonian region of low shear rates to 
approximately 2 at the shear rate characteristic of the mixing conditions 
(about 30 rad/s, assuming the validity of the Cox-Merz rule [31]). As 
such, the PP dispersed phase is the one presenting the highest fluidity 
during mixing, a fact that can affect the selective localization of the NA 
particles. It has been shown in the literature that particle distribution 
among the phases opposite to those predicted by thermodynamics 
considerations alone could be achieved when one of the phases is 
characterized by a lower viscosity [16,19,20]. In fact, independently 
from the phase in which the particles were initially incorporated, CNT 
and carbon black have been shown to migrate towards the interface and 
into the lower viscosity phase. The results of fractionated crystallization 
of our systems, especially those in which the nucleants are initially 
incorporated in PS, are thus consistent with such migration from the 
thermodynamically favoured PS phase towards the interface or the bulk 
of the dispersed PP phase, possessing a lower viscosity. 

4. Conclusions

The effect of nucleating particle migration on fractionated crystal-
lization of polypropylene droplets in an immiscible PS matrix was 
investigated by adopting a dual blending strategy. Selected PP nucle-
ating agents were initially incorporated either in the PP crystallizing 
phase or in the PS matrix at different concentrations. 

Contact angle measurements on the polymers and particles reveal 
that, from the thermodynamics point of view, all the nucleating agents 
should be preferentially located in the PS matrix phase, because of the 
lower interfacial tension with this polymer with respect to PP. 

The droplet-in-matrix morphology of the blend is practically unaf-
fected by the addition of the NAs in either of the phases, thus allowing a 
meaningful comparison of the sole effect of NAs incorporation and inter- 
phase migration on the fractionated crystallization of PP droplets. 

The fractionated crystallization behavior of PP droplets is instead 
largely affected by the NAs incorporation, as judged by the emergence of 
a crystallization peak due to heterogeneously nucleated droplets at 
higher temperatures, at the expense of the homogeneously and inter-
facially nucleated droplets crystallization at larger undercoolings. When 
compared at an identical concentration in one of the phases, the 
nucleating agents demonstrate a different efficiency, decreasing in the 
order Pht Blue ≈NA11>Talc>Sod Benz. 

The comparison of the crystallization curves for equivalent overall 
concentrations, but with NAs particles dispersed first either in PP or PS, 
reveals similar results for Pht Blue, while for the rest of the nucleants it is 
more efficient (in terms of crystallization enthalpy) to initially add the 
nucleant to the PP phase. Despite this, it is remarkable that a meaningful 
nucleating effect is recorded for the nucleant original addition to the PS 
matrix, implying a migration of the particles to the interface or to the 
bulk of the PP phase (against thermodynamics). 

Although the calculated wettability parameters of the various par-
ticles are of general help for understanding the observed behavior, they 
do not explain all the effects, as kinetic factors affecting migration 
probably arise during mixing. For instance, the surprising migration of 
most particles from the PS phase to the phases’ boundary or to the bulk 
of the PP droplets can be tentatively explained from a rheological 
perspective, as the minor component displays a lower viscosity with 

respect to the matrix under the chosen mixing conditions. 
This work provides a systematic evaluation of the effect of nucleating 

particle migration on crystallization in immiscible blends and can 
therefore help further understanding of the fractionated crystallization 
phenomenon. 
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immiscible fluids: morphology development in polymer blends, Polymer (Guildf) 
50 (6) (2009) 1333–1350, https://doi.org/10.1016/j.polymer.2008.12.029. 

[9] A. Taguet, P. Cassagnau, J.-M. Lopez-Cuesta, Structuration, selective dispersion 
and compatibilizing effect of (nano)fillers in polymer blends, Prog. Polym. Sci. 39 
(8) (2014) 1526–1563, https://doi.org/10.1016/j.progpolymsci.2014.04.002. 

[10] M. Nofar, R. Salehiyan, S.S. Ray, Influence of nanoparticles and their selective 
localization on the structure and properties of polylactide-based blend 
nanocomposites, Compos. B Eng. 215 (2021), 108845, https://doi.org/10.1016/j. 
compositesb.2021.108845. 

[11] F. Gubbels, R. Jerome, E. Vanlathem, R. Deltour, S. Blacher, F. Brouers, Kinetic and 
thermodynamic control of the selective localization of carbon black at the interface 
of immiscible polymer blends, Chem. Mater. 10 (5) (1998) 1227–1235, https://doi. 
org/10.1021/cm970594d. 

https://doi.org/10.1016/j.tca.2022.179407
http://refhub.elsevier.com/S0040-6031(22)00260-X/sbref0002
http://refhub.elsevier.com/S0040-6031(22)00260-X/sbref0002
http://refhub.elsevier.com/S0040-6031(22)00260-X/sbref0002
http://refhub.elsevier.com/S0040-6031(22)00260-X/sbref0002
https://doi.org/10.1016/j.progpolymsci.2021.101376
https://doi.org/10.1016/0032-3861(86)90239-9
https://doi.org/10.1016/0032-3861(84)90384-7
https://doi.org/10.1016/0032-3861(85)90013-8
https://doi.org/10.1016/0032-3861(85)90013-8
https://doi.org/10.1016/0032-3861(87)90002-4
https://doi.org/10.1016/j.polymer.2008.12.029
https://doi.org/10.1016/j.progpolymsci.2014.04.002
https://doi.org/10.1016/j.compositesb.2021.108845
https://doi.org/10.1016/j.compositesb.2021.108845
https://doi.org/10.1021/cm970594d
https://doi.org/10.1021/cm970594d


[12] L. Elias, F. Fenouillot, J.C. Majeste, Ph. Cassagnau, Morphology and rheology of 
immiscible polymer blends filled with silica nanoparticles, Polymer (Guildf) 48 
(20) (2007) 6029–6040, https://doi.org/10.1016/j.polymer.2007.07.061. 

[13] L. Elias, F. Fenouillot, J.-.C. Majesté, G. Martin, P. Cassagnau, Migration of 
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