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A B S T R A C T

Polyethylene (PE)/polypropylene (PP) blends have attracted much attention since they offer interesting physical 
properties, including intriguing crystallization behaviour. When PE minority phase is dispersed as droplet in PP 
matrix, we have recently proved that PP can induce surface induced nucleation of polyethylene. This occurs due 
to epitaxy, and is detected by measuring an increase of PE crystallization temperature upon varying the crys
tallization temperature of PP via self-nucleation. However, so far the role of the microstructure of PP substrate on 
this peculiar nucleation process has not been addressed. To gain insights on this issue PP with varying content of 
2,1- erythro regiodefects or ethylene comonomer has been employed to tune the microstructure of the blend’s 
matrix. Surface induced nucleation is investigated upon modifying the PP matrix morphology via self-nucleation. 
The modification of the nanoscale morphology of the matrix has been analysed with Small Angle X-ray Scattering 
(SAXS), allowing to determine the crystalline lamellar thickness. The increase in the crystallization temperature 
of PP matrix results in a thickening of the lamellae, which in turns enhances the surface induced nucleation of PE 
phase, as reflected by an increase in the crystallization temperature of PE. A clear correlation between the 
crystallization temperature of PE and the crystalline lamellar thickness of PP is found. In general, nucleation of 
PE is promoted by thicker PP lamellae, but surprisingly it can also occur (with lower efficiency) on PP lamellae 
that are thinner than the average lamellar thickness of the nucleating PE.

1. Introduction

Polymer crystallization commonly occurs via two steps, i.e., nucle
ation and crystal growth. When a polymer is cooled from the melt first 
some nuclei are formed (primary nucleation) and then the growth of the 
nuclei into 3-D macroscopic crystals follows [1–3]. Two types of 
nucleation are distinguished: homogeneous and heterogeneous nucle
ation [4–6]. The latter occurs on the surface of the heterogeneous ma
terial present in the polymer melt. In this process a lower energy barrier 
has to be overcome, with respect to homogeneous nucleation, resulting 
in nucleation at lower supercooling. This is the most usual case in 
polymers, since they contain several heterogeneities/impurities, such as 

catalytic residues. Homogeneous nucleation instead occurs when the 
nucleus is formed in the bulk of the phase, due to the random fluctuation 
of density of the polymer melt. If the nucleus reaches a crystallization 
temperature-dependent critical size, it will be stable and able to trigger 
the growth of the crystal, otherwise it will revert back to the melt phase. 
Homogeneous nucleation is unusual in bulk polymers since high 
undercoolings are required for this process to occur.

The study of the nucleation step in polymers is challenging since it is 
difficult to separate it from the growth stage. A suitable strategy to study 
nucleation is to divide the polymer in micro- or nano-domains in such a 
way that the nucleation step becomes the rate limiting process [7,8]. In 
fact, once the nucleation of the polymer has occurred, the growth within 
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the domain takes place in a very short time due to the limited domain 
size. So, the growth time can be considered to be negligible with respect 
to that required for nucleation.

An example of application of this strategy is blending two immiscible 
polymers, with the minority phase being a semicrystalline polymer [9,
10]. Under the appropriate composition and conditions it is possible to 
obtain a droplet-in-matrix morphology. Given the micro- or 
submicro-scale range of the droplets, nucleation is the rate limiting step 
of the overall crystallization kinetics of the dispersed phase. Nucleation 
of the droplets which are free of nucleating impurities can occur in the 
bulk (homogeneous nucleation) or at the interface with the matrix. The 
surface induced nucleation is a special case of heterogeneous nucleation 
and it can happen in contact with a solid or molten polymer interface. 
When the nucleation of a polymer occurs onto the surface of a second 
semicrystalline polymer, epitaxy can be in place if there is some extent of 
matching between the crystalline lattices of the two polymers. This is the 
case of polypropylene/polyethylene blends.

Indeed, PP and PE can be considered a model system to study 
epitaxy. This system has attracted a lot of attention, carrying out sig
nificant research to understand the physics behind this phenomena 
[11–17]. Analysing PE crystallization onto oriented PP films it has been 
proved that PE chains align in parallel along the methyl group rows 
provided by the PP. The distance between adjacent methyl groups is 
0.505 nm in the (101) direction matching the distance between PE 
chains in the (100) plane, 0.494 nm. Therefore, PE chains crystallize 
forming a 50◦ angle with PP chain axis [11–16]. Yan et al. investigated 
oriented films of PP and PE proving that epitaxial crystallization de
pends on the lamellar thickness of iPP and PE crystals. They found no 
epitaxial relationship between the PE and the PP substrate when the 
lamellae of PP are thinner than the PE lamellae. The authors explain this 
phenomenon considering that PE/PP epitaxy depends on both the 
crystallographic matching and the secondary nucleation process. 
Detailed studies of PP/PE systems have shown that the crystallization 
rate and crystallization temperature impact the epitaxial growth. By 
studying several PE grades Yan et al. found that in the case of PP/PE 
films, there is a critical thickness of PE epitaxial layer on PP surface, 
which is inversely related to the PE density. From a more applied point 
of view, some works have shown that epitaxy improves the mechanical 
performance and processing methods to obtain well defined structures 
have been investigated [18–21]. Indeed, it is possible to obtain epitaxial 
growth of HDPE onto iPP employing dynamic packing injection 
moulding. The epitaxial growth depends on the relative amount of each 
phase, being the prevailing mechanism for PP 80 %/HDPE 20 % blends 
[18]. The epitaxial growth improves the mechanical performance due to 
the bridging effect between the amorphous phase of one polymer with 
the crystalline lamellae of the other polymer [20].

A novel strategy to study polymer-on-polymer nucleation kinetics 
have been developed by our group recently, based on the study of 
immiscible binary blends of semicrystalline polymers with droplet-in- 
matrix morphology [9,10]. The method consists in injecting self-nuclei 
or self-seeds in a controlled way in the matrix polymer, applying a 
self-nucleation procedure. With this method the crystallization tem
perature of the matrix increases. The relationship between the crystal
lization temperature of both matrix and dispersed phase is investigated 
to determine the nature of nucleation. The increase of the crystallization 
temperature (Tc) of the matrix results in a modification of the crystalline 
morphology (variation in the thickness of crystalline lamellae) which 
could promote the nucleation of the droplets leading to an increase of 
the Tc of the dispersed phase. This method is only suitable when the 
dispersed phase has a lower melting temperature than the one of the 
matrix.

Taking advantage of this procedure we proved that self-nucleation of 
PP promotes the surface nucleation of PE droplets in immiscible binary 
blends. PP-induced surface nucleation is more efficient than the nucle
ation provided by polyethylene self-nuclei themselves, which indicates a 
supernucleation effect [9]. More recently, we have studied how the 

regularity of PE chain can affect epitaxial crystallization [22]. The 
regularity of PE chains impact the surface nucleation of PE droplets on 
the PP matrix. The more regular chain structure of high density poly
ethylene (HDPE) shows a more efficient nucleation than linear low 
density polyethylene (LLDPE). For low density polyethylene (LDPE), 
which consists of highly branched chains, there is no surface nucleation. 
Thus, there is a minimum critical crystallizable sequence length of PE for 
the effective epitaxial matching between PE chains onto PP crystals. The 
irregularities (branches or comonomer units) do not allow the PE chains 
to align in the valleys formed by the methyl groups of the PP preventing 
an efficient nucleation.

Although PP/PE blends have been thoroughly investigated there are 
still some knowledge gaps that should be addressed considering the 
relevance of this system in industry. One of the unknown aspects is the 
role of PP matrix on the epitaxial crystallization of PE droplets on the 
matrix surface. In this work we take advantage of our novel procedure to 
ascertain how the regiodefects or the presence of comonomer in PP 
matrix can affect the surface nucleation of PE. For that, we have studied 
several PP/PE droplet-in-matrix blends with varying content of defects 
in the PP phase. Self-nucleation of PP has been carried out to quantify 
the extent of the surface nucleation effect, and its relationship with the 
PP matrix lamellar thickness has been explored studying the materials 
by Small Angle X-ray Scattering (SAXS).

2. Experimental section

2.1. Materials

All the materials were provided by Borealis Polyolefine GmbH. 
Polyethylene with density 935 kg/m3 and a short chain branches of 15/ 
kCH2 was always employed as the minor phase in the blends. Several PP 
grades were used, including PP containing regiodefects and ethylene 
comonomer. In particular the employed PP were: highly isotactic PP 
with 98 mmmm % (mmmm indicates the content of stereodefects), PP 
with 1 % of 2.1e regiodefect and PP with 2.1 and 4.6 wt% of ethylene 
(C2) comonomer. The melt flow rate (MFR) for the neat materials is 
shown in Table S1, Supporting Information. 2.1e regiodefects are 
introduced in PP chains during polymerization, indeed regio or stereo 
defects can be generated. When olefin addition occurs as head-to-head 
regio 2,1-erythro defects are introduced. Those defects interrupt the 
regularity of the chain impacting thermal and physical properties [23,
24].

2.2. Blending

PP/PE blends were prepared in 80/20 wt% ratio by melt-mixing. The 
polymers have been melt-mixed for 10 min in an internal batch mixer 
HAAKE PolyLab by Thermo Fisher. The rotor speed was 50 rpm and the 
mixer barrel temperature was set to 180 ◦C. The composition and codes 
of the prepared blends are displayed in Table 1. In the sample code, the 
letter r stands for the amount of regiodefects, the letter c for the ethylene 
comonomer content. The number after each letter indicates the weight 
percentage of the defect. The samples r0.2c0, r0.4c0 and r0.6c0 have 
been prepared by blending in different proportions the r0c0 and r1c0 

Table 1 
Code and characteristics of the investigated PP/PE 80/20 wt% blends.

Code r 
2.1e %

c 
C2 wt%

r0c0 0 0
r1c0 1 0
r0c4.6 0 4.6
r0c2.1 0 2.1
r0.2c0 0.2 0
r0.4c0 0.4 0
r0.6c0 0.6 0
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polypropylenes.

2.3. Scanning electron microscopy (SEM)

The morphology of the blends was studied employing SEM. The 
samples were first prepared in the Differential Scanning Calorimetry 
(DSC) applying the appropriate self-nucleation procedure with selected 
self-nucleation temperatures (Ts). Then the polymers were cut with a 
Leica EMUC7 microtome at − 100 ◦C. Subsequently, they were etched 
using a 1 % KMnO4 in 85 % H2SO4 solution for 15 min. Afterwards the 
samples were rinsed with deionized water for 10 min, and stirred in a 30 
% H2O2 solution for 10 min. Finally, the etched samples were rinsed in 
deionized water and with acetone. The samples were then coated with Pt 
employing a Quorum Q150T S plus sputter coater and the images were 
acquired with a ThermoFischer Apreo SEM.

2.4. Differential Scanning Calorimetry (DSC)

The thermal properties of the blends were investigated using a DSC 
250 from TA Instrument connected to an intracooler RCS90. The 
equipment was calibrated employing an Indium standard. All the mea
surements were performed in a nitrogen atmosphere, with a flow of 50 
mL/min. Aluminium pans with 6–7 mg of material were prepared to 
carry out the experiments.

2.4.1. Non-isothermal experiments
To assess the thermal properties non-isothermal measurements were 

carried out by heating the materials to 200 ◦C at 10 ◦C/min, to ensure 
that the thermal history was removed. After spending 5 min at 200 ◦C, 
the material was cooled down to 0 ◦C at 10 ◦C/min, and it was heated 
again at 10 ◦C/min to record the melting behaviour of the polymer.

2.4.2. Self-nucleation experiments
The self-nucleation behaviour of the materials was studied employ

ing the method developed by Fillon et al. [25–27] First the thermal 
history is removed by heating the material to 200 ◦C, see Fig. 1. After 
spending 5 min at 200 ◦C, the material is cooled down to 0 ◦C to obtain a 
standard crystalline state. Then the material is heated to the selected 
self-nucleation temperature, Ts, adequate for the self-nucleation study of 
the PP matrix. The sample is kept at this Ts temperature for 5 min and 
then it is cooled down to 0 ◦C. After this step the material is eventually 

heated to 200 ◦C. The heating and cooling scans have been performed at 
10 ◦C/min. To determine the temperature range corresponding to each 
self-nucleation domain the cooling scan from Ts (a) and the subsequent 
heating scan (b) are analysed, see Fig. 1.

2.5. Small-angle X ray scattering

The lamellar thickness of the materials was determined by Small- 
Angle X-ray Scattering. The materials were measured at the BM26 
beamline of the European Synchrotron Facility, ESRF France. The 
measurements were carried out employing a 12 keV X-ray source and a 
Pilatus 1 M detector with a sample-detector distance of 2.95 m. The raw 
data were integrated via the software Bubble, obtaining the scattered 
intensity as a function of the scattering vector, q, q = (4 π sinθ)/λ being 
2θ the scattering angle and λ the wavelength [28–30]. The q-range was 
previously calibrated employing silver behenate as reference. The sole 
PP matrix was studied instead of the blends, since in the blends over
lapping of PE and PP long period might occur, preventing the accurate 
determination of the PP matrix long period. As PE is the minor phase and 
it crystallizes after PP, it is assumed that it does not affect the lamellar 
morphology of the PP matrix phase in the blends. Thus, the SAXS data of 
the neat PP are considered as representative of those of the PP in the 
blends. The effect of PP self-nucleation temperature on the long period 
was assessed by studying materials that were previously prepared in the 
DSC according to the SN procedure at selected Ts.

2.6. Wide-Angle X ray scattering

The crystallinity degree of the materials and the crystalline structure 
was studied by Wide-Angle X-ray Scattering (WAXS). A Rigaku Mini
Flex600 diffractometer was employed with a Rigaku D/teX Ultra de
tector. CuKα was employed as X ray sourced filtered by Ni. A preliminary 
self-nucleation procedure without the last heating step was applied to 
the samples in the DSC to study the effect of the self-nucleation tem
perature on the crystalline state.

3. Results and discussion

3.1. Morphology of the blends

The binary PP/PE blends have been analysed by SEM to ascertain the 
morphology and the size of the droplets, after applying the self- 
nucleation procedure at a certain Ts. In all cases a droplet matrix 
morphology is observed with PE minority phase forming dispersed 
droplets (Fig. 2). The images indicate that the size of the droplets does 
not vary significantly with the type of PP matrix studied. In Table 2 the 
number average diameter of the droplets is displayed for a selection of 
the blends. Only slight variations are observed. The blends with an 
amount of regiodefects between 0 and 1 % are not displayed, but they 
are expected to have a morphology similar to that of the r0c0 and r1c0 
blends. The results indicate that the incorporation of few regiodefects or 
comonomer does not impact in a significant way the blend morphology. 
Given the obtained similar droplet size, possible differences in the 
thermal behaviour between blends can be related to the characteristics 
of the PP matrix alone, rather than to differences in the morphology.

3.2. Non isothermal crystallization

Non-isothermal DSC experiments were performed to analyse the 
thermal properties of the blends, see Fig. 3. During the cooling scan most 
of the blends exhibit a single crystallization peak, which implies that 
simultaneous crystallization of PP and PE phases occur, i.e., a super
position of the crystallization processes of both polymers. The DSC scans 
of neat polymers are shown in SI (Fig. S1) and the melting and crys
tallization temperature are included in Table S2. For some of the blends 
such as r0c0, r0.2c0 or r0.4c0, a lower temperature shoulder can be 

 erutarep
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Fig. 1. Self-nucleation thermal procedure. The cooling scan from Ts (a) and the 
subsequent heating scan (b) are analysed to determine the self-nucleation Do
mains of the samples.
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distinguished in the crystallization peak, which is attributed to the 
crystallization of the polyethylene phase. By increasing the amount of 
regiodefects there is a shift of the main Tc (related to the PP phase) to 
smaller values, as could be expected [31,32]. Similarly, when the 
ethylene comonomer is introduced in the PP chains lower crystallization 

temperatures are obtained [33].
The subsequent heating scans show two melting peaks, the one 

around 125 ◦C corresponds to the melting of PE and the second one 
ranging from 145 to 165 ◦C to the melting of the PP phase. There is a 
significant reduction of the melting temperature (Tm) of the PP phase 
with increasing the regiodefects content or introducing a comonomer, 
which is related with the formation of thinner crystalline lamellae upon 
previous crystallization. Instead, the melting temperature of the PE 
phase does not vary significantly with changing the PP matrix type, 
being the differences within 1 ◦C.

In the case of r0.2c0, r0.4c0 and r0.6c0 in which two polypropylene 
have been blended, considering that regiodefects are incorporated in the 
chain with extreme regularity there is minimum possible segregation 
and effects of non-random distributions. Indeed, the DSC results do not 
provide any sign of segregation of two PP types. As has been mentioned, 

Fig. 2. SEM images of a selection of the studied blends after cooling to room temperature from specific Ts in DSC: r0c0 at 158 ◦C, r1c0 at 150 ◦C, r0c2.1 at 159 ◦C and 
r0c4.6 at 153 ◦C.

Table 2 
Number average diameter (dn) of the PE 
droplets in the different blends.

Blend dn (μm)

r0c0 1.34
r1c0 1.44
r0c2.1 1.52
r0c4.6 1.16

Fig. 3. a) Cooling and b) heating scans of the blends with different regiodefects and comonomer content in the PP phase.
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the Tm and Tc of the blends with different regiodefect content, follow the 
expected trend with intermediate values between the two mixed mate
rials [34–36].

3.3. Self-nucleation behavior

The self-nucleation behavior of the blends was studied applying the 
self-nucleation procedure explained in the experimental section 
[25–27]. To determine the self-nucleation Domains of the sample the 
cooling scans from Ts and the subsequent heating scans are analysed: as 
an example the results of r0c0 blend are displayed in Fig. 4. When the 
r0c0 blend is heated to Ts temperatures equal to 172 ◦C or above, an 
isotropic melt is obtained since in the following cooling scan one crys
tallization peak is obtained and its Tc does not depend on the applied Ts 
temperature, i.e., Tc is always equal to 117.2 ◦C. We note that only one 
peak is observed but a shoulder at 114.6 ◦C, which corresponds to the PE 
phase crystallization, is also present. The self-nucleation temperature 
region above 172 ◦C is known as Domain I of PP. If the Ts temperature is 
reduced to 170 ◦C or below two crystallization peaks appear: the largest 
peak at 123.1 ◦C corresponds to PP matrix solidification and the small 
peak at 116.1 ◦C is related to the PE phase crystallization, which is the 
minority component. The increase in the Tc of PP indicates that at this 
temperature some self-seeds were left, which increase the nucleation 
density and consequently the crystallization kinetics. This temperature 
range (167–170 ◦C) corresponds to the self-nucleation Domain II of PP. 
When reducing the Ts to temperatures equal or below 167 ◦C a pro
gressive increase in the Tc of PP and PE is observed and, most impor
tantly, an additional melting peak at higher temperatures for the PP 
phase appears in the subsequent heating. This additional Tm corresponds 
to the melting of small crystal fragment survived at Ts which have 
annealed and thickened. Thus, at temperatures equal to 167 ◦C or below 
the sample is in Domain III of PP.

The self-nucleation results can be summarized by considering the 
melting endotherm obtained when heating from the standard crystalline 
state, and superposing to this curve the crystallization temperature ob
tained at each Ts temperature [25–27]. The data corresponding to the 
r0c0 blends are displayed in Fig. 5a. Above 170 ◦C a constant crystal
lization temperature is observed, with PP and PE crystallizing concom
itantly, this temperature region corresponds to Domain I. Then at 
temperatures equal or below 170 ◦C the crystallization peak is split in 
two, with PP crystallizing at higher temperatures than PE due to the 
self-seeding. This occurs in Domain II. It is worth to note that in the 
temperature range of Domain II there are some self-seeds, rather than 
self-nuclei, since the DSC endotherm does not reach the baseline [27,

37]. This implies that the sample is in Domain IIb since self-seeds or 
crystal fragments can be present. Thus, for this blend there is no melt 
memory effect, which is conventionally indicated as that induced by 
self-nuclei not detected by the DSC (when the endotherm reaches the 
baseline). When reducing the Ts there is a slight increase of the Tc cor
responding to the PE phase. Finally at temperatures equal to 167 ◦C or 
below in which annealing of PP phase occurs, in Domain III, the Tc of PE 
reaches a constant value, similarly to the Tc of PP that reaches saturation 
with respect to Ts. The SN summary results for neat polypropylenes are 
displayed in the SI (Fig. S2).

The PE in the blend shows an increase in the Tc of almost 3 ◦C in the 
130–170 ◦C temperature region, which corresponds to Domain II and 
Domain III of PP, as can be seen in Fig. 5c. However, the neat PE does not 
show any significant increase in the Tc in this particular self-nucleation 
temperature region. Indeed, at high temperatures, neat PE shows a not 
systematic variation of Tc within 1 ◦C, until the temperature is reduced 
to Domain II of PE at 130 ◦C, see Fig. S3. Thus, the increase of the Tc of PE 
in the blends suggests that surface nucleation of PE onto the PP phase is 
occurring [9,22,38]. In particular, the trend of Tc for the PE phase is 
attributed to the increase in the lamellar thickness of the PP matrix with 
decreasing its self-nucleation temperature, as will be discussed below, 
which promotes a more efficient surface nucleation of PE.

For the sample with 1 % regiodefects, r1c0, a similar result is 
observed, with the blend exhibiting DI, DIIb due to self-seed and Domain 
III, Fig. 5b. Melt memory or Domain IIa produced by self-nuclei is absent 
in this blend. Recently, it has been reported that regiodefects in PP can 
promote melt memory effect due to the crystallizable sequence parti
tioning during crystallization, even if they are mainly incorporated 
within the crystal [39]. However, in the present work the regiodefects 
do not have a significant effect on melt memory. The regiodefects in the 
matrix do not prevent the occurrence of PE surface nucleation. The PE Tc 
in r1c0 increases around 2.5 ◦C going from PP matrix Domain I to Domain 
III (see Fig. 5d), which is similar to the increase observed in the r0c0 
blend.

Qualitatively analogous results are shown by the blends containing 
2.1 and 4.6 wt% ethylene comonomer, see Fig. S4. Those blends exhibit 
the three self-nucleation Domains including 1 ◦C of Domain IIa or melt 
memory effect.

Considering all the results of the studied blends, the crystallization 
temperature of PE phase can be related to the crystallization tempera
ture of the PP matrix, varied through both the self-nucleation process 
and the changes in the chain microstructure/constitution (Fig. 6). An 
apparently linear trend between the crystallization temperature of both 
phases is observed. Interestingly, the data of several blends lay on a 

Fig. 4. a) Cooling scans from several Ts temperatures showing the crystallization of PP and PE and b) subsequent heating scans.
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single curve, obtaining a master curve, except for the data corresponding 
to the sample r0c4.6, that has the highest amount of comonomer. As 
practically all the data superpose, there is a unique slope which implies a 
single mechanism of nucleation of PE onto the PP phase notwithstanding 
the PP chain microstructure. Thus, the sensitivity of PE crystallization 
temperature to the surface induced nucleation of PP depends only on the 
Tc of the PP matrix. This could be tentatively related to the lamellar 
thickness of PP, as we know that this morphological parameter is a 
function of the crystallization temperature. The blend r0c4.6 shows a 
slightly different slope and much lower values of PE Tc for a given Tc PP. 
It seems that 4.6 wt% is a high comonomer amount, so the most 
constitutively defective PP is affecting more significantly the surface 
nucleation of PE, possibly due to the major differences in the lamellar 

thickness of the PP phase in this sample compared with the others, as it 
will be shown later on.

In a previous work from our group, we demonstrated that the reg
ularity of PE chains that form the droplets affects the sensitivity of the PE 
surface nucleation to the changes in the PP lamellar thickness [22]. In 
that case different slopes between the Tc of the same PP matrix and the 
Tc of the different PE droplets were obtained, depending on the chain 
regularity of PE. More regular PE shows higher Tc values and a more 
marked response of the crystallization to the variation in the Tc of PP. 
We concluded that epitaxial crystallization is more efficient for highly 
regular PE chains. On the other hand, the chain defects hindered the 
arrangement of PE chains onto PP substrate, reducing the ability of PP to 
surface nucleate the PE.

3.4. Lamellar thickness and crystalline structure

It is assumed that the variation in the crystallization temperature of 
PP induced by self-seeds or annealed crystals brings to the formation of 
thicker crystalline lamellae, with decreasing the PP matrix’s self- 
nucleation temperature [40,41]. To gain insight in this relationship, 
the long period of the different PP matrices has been investigated by 
SAXS. As an example, in Fig. 7a the SAXS patterns of r0c0 PP matrix 
crystallized by cooling from several Ts temperatures are displayed. In all 
the curves a main peak is observed which corresponds to the long period 
of the material. i.e., the repeating length of the density periodicity 
comprising the crystalline lamella and the amorphous layer. When the Ts 
is reduced, a shift to lower q values for the maximum, i.e., a larger long 
period value, is observed. For the r0c0 blend, the PP matrix enters 
Domain II at 170 ◦C and Domain III at 167 ◦C. The increase of the long 
period with Ts below 167 ◦C correlates well with what expected from the 
self-nucleation behavior, i.e., a shift to higher crystallization tempera
ture and an annealing, which both lead to thicker lamellae. To verify if 
self-nucleation has any effect on the crystallinity degree or crystalline 
phase, Wide-Angle X-ray Scattering (WAXS) measurements were also 
carried out, see Fig. 7b. For r0c0 the pattern of the monoclinic α-phase 
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can be recognized. A minor fraction of γ-polymorph could be individu
ated [42], especially at the highest self-nucleation temperatures. A 
magnification around 20◦ is displayed in the SI, Fig. S5.

A similar trend is observed for the PP which contains 1 % regiode
fects. Again, the long period increases when reducing the Ts below 
156 ◦C, Fig. 7c. The WAXS patterns show a majority of α-phase, with a 
significant fraction of γ-phase (as judged from the peak centered at 
around 20◦), see Fig. 7d. Changing the Ts varies slightly the polymorphic 
composition, with γ-phase showing a maximum content at around Ts of 
156 ◦C. It has been proved that PP containing regiodefects displays 
γ-phase [31,32]. The amount of γ-phase increases when cooling from 
Domain II [39]. This is in line with a previous study in which it was 
demonstrated that reducing the isothermal crystallization temperature 
the amount of γ-phase increases [31].

The results obtained on the copolymers are included in the SI, 
Fig. S6. From SAXS experiments, an increase of the long period with 
reducing Ts is observed, however less significant than the increase for 
the r0c0 blend. WAXS patterns show that the copolymers contain 

gamma phase as highlighted by the (117)γ reflection at 20◦ [42].
The volume crystallinity, XCV , and the long period as a function of the 

Ts are shown in Fig. 8. The crystallinity degree evaluated from WAXS 
experiment and corrected for the density of the amorphous and the 
crystalline phase (i.e., volume-based crystallinity) is calculated accord
ing to: 

XCV =
XCW

XCW +
ρc
ρa
(1 − XCW)

XCV being the volume-based crystallinity, XCW the weight-based crys
tallinity, ρa the density of the amorphous phase, and ρc the density of the 
crystalline phase. For PP 0.85 and 0.936 g/cm3 values were used [43,
44].

The results indicate an increase of the crystallinity degree of around 
10 % as the self-nucleation temperature is reduced for r0c0 and r1c0. 
This could be expected considering that via self-nucleation the crystal
lization process is promoted. This effect is not observed for the PP matrix 
containing comonomer, so the incorporation of comonomer prevents the 

Fig. 7. SAXS and WAXS patterns of PP matrix after crystallizing by cooling from the indicated Ts temperatures: a) SAXS of r0c0, b) WAXS of r0c0, c) SAXS of r1c0, 
and d) WAXS r1c0.
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increase in crystallinity degree applying low Ts temperatures. Regiode
fects and comonomer reduce the crystallinity from 65 % to 53 %. The 
long period that comprises the crystalline lamellar thickness and 
amorphous layer shows a similar trend, with an increase at low Ts 
values, that correspond to Domain III in which annealing occurs.

The crystalline lamellar thickness (lc) has been calculated by multi
plying the measured long period for the volume-based crystallinity. The 
dependence of lc on crystallization temperature of the various PPs, 
varied thanks to the self-nucleation procedure, is shown in Fig. 9. In 
general the lamellar thickness increases with crystallization tempera
ture, less markedly for the materials containing various amount of de
fects, and more steeply for crystallization temperatures above about 
130 ◦C. The range of lamellar thickness varies from about 5 to roughly 
20 nm. Remarkably, the behaviour of all the material can be described 
by the same trend. The behaviour is in line with the expected increase in 
the thickness of the lamellae as the crystallization supercooling (in non- 
isothermal conditions) is decreased [40,41].

At this point, in view of the secondary nucleation theory of polymer- 
polymer epitaxy proposed by Greso et al. [11], the nucleation of PE, i.e., 
namely its crystallization temperature, can be correlated to the thickness 
of the lamellar substrate. Considering that the chain axes of PE and PP 
are not parallel in the epitaxial nucleation of these polymers, a certain 
matching between the lamellar sizes of the depositing PE stems and of 
the PP substrate along the crystallographic matching direction should be 
fulfilled. For this reason, in Fig. 10 the crystallization temperature of PE, 
which reflects the efficiency of surface nucleation induced by PP, is plotted against the ratio between lc,PP and the cos(50◦), according to 

Refs. [11–13]. A clear correlation between the two values is found, with 
the nucleation rate of PE being a direct function of lc,PP/cos(50◦). The 
average lamellar thickness of PE is also indicated in the plot, by a dashed 
vertical line. According to the secondary nucleation theory applied to 
PE/PP epitaxy [11] nucleation can efficiently occur only when lc,PE < lc, 

PP/cos(50◦). If the opposite would be true, then the PE stems would span 
more than one PP lamellae and suffer some free energy penalty for the 
deposition on the PP amorphous layer. Interestingly, from our data, it is 
seen that for thin PP lamellae a small increase in their thickness results 
in a strong increase in the PE Tc. This indicates that nucleation of PE can 
also occur for lc,PE > lc,PP/cos(50◦), hence it can happen across more 
than one PP lamella. However, if one considers the PE Tc values, this 
situation determines a lower nucleation efficiency with respect to that 
obtained for lc,PP/cos(50◦) > lc,PE. Regarding the sensitivity of Tc PE with 
respect to lc,PP, this is greater when lc,PE > lc,PP/cos(50◦), since probably 
PE nucleation is largely affected by the thickness of the PP amorphous 
layer on which the nucleus must form. Once lc,PP/cos(50◦) reaches the 
value of lc,PE, the increase of Tc PE with lc,PP becomes smaller because a 
large fraction of PE lamellae can already grow via epitaxy on the thick 
PP substrate, and the advantage of further increase of lc,PP is no longer 
significant.

130 140 150 160 170 180
0.50

0.55

0.60

0.65

0.70

0.75

0.80
 r0c0
 r1c0
 r0c2.1
 r0c4.6

X c
v (

%
)

Ts (°C)

a)

130 140 150 160 170 180
0

10

20

30

b)
 r0c0
 r1c0
 r0c2.1
 r0c4.6

d 
(n

m
)

Ts (°C)

Fig. 8. a) Crystallinity degree and b) long period as a function of self-nucleation temperature for the blends.
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4. Conclusions

In PP/PE blends, the self-nucleation of PP matrix promotes the sur
face nucleation of PE droplets. We have recently demonstrated that the 
regularity of polyethylene chains impacts epitaxy between PE and PP, 
and that a certain crystallizable sequence length of PE is required to 
observe the effect. In this work we focus on the role of PP matrix 
microstructure in the epitaxy of PP/PE blends. PP matrices including 
varying content of regiodefects or ethylene comonomer are considered. 
Applying the self-nucleation procedure an increase of the crystallization 
temperature of PP phase is induced which in turns causes a thickening of 
PP lamellae. This results in a more efficient surface induced nucleation 
of PE droplets, as deduced by the increase of crystallization temperature 
of PE phase. A clear correlation between the crystallization temperature 
of PE and the lamellar thickness of the PP matrix is established. Both the 
presence of regiodefects or comonomer impacts the lamellar thickness of 
PP, so this parameter (lc) is suitable to capture the role of the PP 
microstructure. Overall, this work sheds light on the nanoscale 
morphological parameters of the PP matrix which are involved in the 
epitaxial crystallization of PE droplets in such polyolefins blends.
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