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A B S T R A C T   

The melting/crystallization properties of blends obtained by mixing two isotactic polypropylene (iPP) samples 
synthesized using single-site metallocene catalyst systems and containing a high and low concentration of rr 
triads as stereo-defects, are studied. The changes occurring at lamellar length scale during a heating/cooling 
cycle at constant scanning rate are followed in situ by performing time-resolved small angle X-ray scattering 
(SAXS) measurements. Data analysis demonstrates that the evolution of the SAXS intensity with increase/ 
decrease of the temperature is controlled by the separate melting/crystallization of the two components, the 
differences in the thermal expansion (contraction) coefficient of the amorphous and crystalline phases and the 
role of thermal fluctuations in electron density. The two components give rise to different populations of 
intermixed lamellar stacks in the blends which originate from the good miscibility of the low and high stereo
regular samples in the melt.   

1. Introduction 

Vinyl polymers including a uniform distribution of stereo-defects 
may be considered as pseudo-copolymers characterized by only one 
type of monomers for which the configurational units approach a nearly 
random sequential distribution [1]. The structure-properties relation
ships of mixtures of pseudo-copolymers differing only for the configu
rational sequences of a given monomeric unit were studied for numerous 
couples of vinyl polymers characterized by a different kind and/or de
gree of stereoregularity [2–15], such as mixtures of vinyl polymers of 
different tacticity, or tactic polymers with different degree of stereo
regularity [16–19]. As an example of the latter case of blends, a highly 
stereoregular isotactic iPP [16,17] or syndiotactic sPP [18,19] poly
propylene sample of high melting temperature was mixed with a low 
stereoregular iPP and sPP sample, respectively, characterized by a low 
melting temperature. All blends show the separate melting and crys
tallization of the components, accelerated crystallization of the low 
stereoregular component, and intermediate mechanical properties be
tween those of the pure samples. In particular, by mixing the two iPP 
samples, properties of highly crystalline, rigid thermoplastic materials 

are achieved at high concentration of the highly stereoregular compo
nent, gradually approaching elastomeric properties of low crystalline 
but still strong materials with increasing the concentration of the low 
stereoregular component [17]. Analogously, the blends obtained by 
mixing the sPP samples show high crystallinity, elastomeric properties 
and high rigidity typical of highly stereoregular sPP [20–33] at elevated 
concentration of the high stereoregular sample and gradually approach 
properties of low crystalline, thermoplastic elastomers with low 
modulus, with increasing the concentration of the low stereoregular sPP 
[19]. In both cases, the continuous change of mechanical properties of 
the blends with the concentration of the components was demonstrated 
to be similar to that one of stereo-irregular iPP [17] or sPP [19] samples 
having concentration of stereo-defects identical to the average concen
tration of stereo-defects in the blends [34,35]. As the concentration and 
type of stereo-defects in iPP and sPP is controlled in the synthetic step 
[36–41], the approach of blending two (isotactic or syndiotactic) 
pseudo-copolymers prepared with metallocene catalysts differing only 
for the concentration of stereo-defects was demonstrated to bring ad
vantages compared to the use of a single iPP or sPP component with 
tailored concentration of stereo-defects, as a wide range of properties 
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may be accessed using only two catalysts instead of resorting to a 
different metallocene catalyst for each targeted property [42–45]. All in 
all, the analysis suggests the hypothesis that the high and low stereo
regular components establish good interactions in the melt and amor
phous state. 

Furthermore, for the iPP blends, a detailed analysis of the small angle 
X-ray scattering (SAXS) data of melt crystallized specimens indicated the 
tendency of the low and high stereoregular samples to form mixed 
lamellar stacks, in which the lamellar crystals are separated by amor
phous layers including intermixed chains of the two components [16]. 
More precisely, upon cooling the melt, two leading populations of mixed 
lamellar crystals are formed, the relative amount of which depends on 
the blend composition. A first population of lamellar stacks consists of a 
dominant concentration of lamellar crystals from the highly stereoreg
ular sample crystallizing at high temperature and includes in the inter
lamellar regions up to ≈30% of lamellae from the low stereoregular 
component crystallizing at lower temperature. The second main popu
lation of lamellar stacks is formed at low temperatures and includes the 
excess of the low stereoregular component, along with lamellar crystals 
of the highly stereoregular component not comprised in the first 
population. 

The SAXS measurements of Ref. 16 were performed exclusively at 
room temperature on ex-situ melt-crystallized samples. In this manu
script, the changes occurring at lamellar length scale during the 
melting/crystallization processes of the isotactic pseudo-copolymers 
blends investigated in Ref. 16 and 17 is followed in situ by performing 
SAXS measurements. In particular, SAXS measurements are collected on 
samples during heating/cooling cycles at constant rate, and the analysis 
is extended also to the melt. As the two neat components show different 
melting and crystallization temperatures, the in situ analysis allows for 
investigating the structural changes involved in the separated processes. 

Use of scattering methods for probing inhomogeneities in the melt of 
polymer blends due to thermal composition fluctuations is common 
[46–51]. This analysis is generally performed resorting to small angle 
neutron scattering experiments (SANS). Neutrons have the particularly 
important advantages of strong scattering contrast and deep penetration 
into materials, provided that a suitable blend component is totally or 
partially deuterated [51–53]. With use of SANS the phase diagrams for a 
variety of polymer blends have been determined in detail and a 
conclusive level of basic understanding has been achieved in this field 
[49–51]. In particular, the role of concentration fluctuations on phase 
separation at the critical points have been understood in terms of gen
eral theory of critical phenomena [47,49–51]. However, the SANS 
approach is limited due to the necessity of using deuterated samples 
especially in the case of polyolefins based samples, owing to the low 
contrast of scattering density length between the two components. Here, 
small angle X-ray scattering (SAXS) is demonstrated to be a valuable tool 
to study the melting/crystallization process of polyolefin blends, 
featuring only a low contrast in scattering density length between the 
two components. 

2. Experimental 

The blends are obtained by mixing two highly regio-regular, but 
stereo-defective iPP samples containing a uniform concentration of 
isolated rr triads equal to 0.49 (iPP-LS) and 9.53 mol% (iPP-HS), and 
nearly identical molecular masses (Mv (iPP-LS) = 196 kg/mol, Mv (iPP- 
HS) = 162 kg/mol),16,17 where the codes “LS” and “HS” stand for low 
and high stereoregular samples, respectively. Both samples are crystal
line and show melting temperatures of 162 ◦C for the sample iPP-HS and 
a double melting peak at 88 and 55 ◦C for the sample iPP-LS, whereas the 
crystallization temperatures are 117 and 32 ◦C, respectively [16,17]. 

Mixtures of iPP-HS/iPP-LS with composition 10/90, 30/70, 50/50, 
70/30 and 90/10 by weight were prepared by dissolving the compo
nents in boiling xylene under reflux up to complete dissolution and 
successive precipitation with an excess of cold methanol containing 1 wt 

% of 2,6-di-tert-butyl-4-methylphenol as anti-oxidant. The weight loss of 
the filtered and successively (60 ◦C, 1 day) vacuum dried powders was 
less than 1 wt%. The samples were successively melted up to 210 ◦C in 
between the plates of a hydraulic press, kept at this temperature for 5 
min, cooled down at room temperature by leaving the samples in be
tween the press plates, and then finely ground in a mortar. 

In agreement with ref. 17, wide angle X-ray scattering measurements 
(WAXS, Ni filtered Cu Kα radiation, Philips diffractometer) indicate that 
the iPP-HS/iPP-LS blends crystallize as mixtures of α form, due to the 
most crystalline component iPP-HS, and α/γ disordered forms, due to 
the less crystalline component iPP-LS (data not shown). The crystalli
zation of α form is prevalent in blends with iPP-HS content higher than 
or equal to 30%, whereas, in blends with lower iPP-HS content, the 
crystallization of α/γ disordered forms becomes prevalent [17]. 

DSC thermograms, were recorded using Mettler-DSC30/2285 appa
ratus in flowing N2 atmosphere at rate of 10 ◦C/min (Fig. S3). 

SAXS data were collected at the beam line 2.1 of the Synchrotron 
Radiation Source in Daresbury (Cheshire, UK) (λ = 1.54 Å) at a sample 
to detector distance of 4 m on the melt crystallized and ground samples 
introduced in a borosilicate capillary. Data collection was performed 
using a Daresbury 2-D gas filled multiwire proportional detector with 
512 × 512 pixels. Up to 255 frames could be stored in high speed 
memory using a programmable time sequence. The intensity digitization 
resolution was 16 bits. The pixel size to sample-detector length ratio was 
calibrated using the scattering recorded using collagen sample from a rat 
tail tendon. Time resolving measurements were performed during a 
heating run from 25 to 210 ◦C at a rate of 20 ◦C/min, followed by a 300 s 
isotherm at 210 ◦C and a successive cooling run at 10 ◦C/min. Data were 
collected every 10 s, on samples aged for at least two weeks. Subtraction 
for the empty sample holder and successive reduction and processing of 
the SAXS data were performed with the home-made program XESA [54]. 
A residual background (Iback) was also conventionally evaluated by 
fitting the tails of the SAXS curves (q range 1.4–1.8 nm− 1) with the 
relationship, (Pq-n + Iback), by setting n = 4 where P is a fitting parameter 
proportional to the Porod constant. 

Polarized optical microscopy (POM) images were recorded with an 
“Axioskop 40” optical microscope by Zeiss equipped with a Mettler FP90 
central processor coupled with a FP82 HT heating/freezing stage. A 
small amount of solution precipitated samples sandwiched between two 
glass slides were melted at 180 ◦C, kept for 10 min at this temperature 
and then cooled to room temperature in air, to obtain transparent films 
having a smooth surface and uniform thickness of about 30–50 μm. The 
resultant films were then placed in the heating/freezing stage, heated up 
to 200 ◦C and, after a 10 min isotherm at this temperature, cooled down 
to room temperature at a rate of 1 ◦C/min, while recording POM images. 

3. Results and discussion 

3.1. Melting and crystallization analysis 

The Lorentz corrected SAXS profiles of the iPP-HS/iPP-LS blends at 
10/90, 50/50 and 90/10 composition are reported in Fig. 1 as an 
example. The corresponding SAXS profiles before the Lorentz correction 
are reported in Fig. S1. They are collected during a heating run at 20 ◦C/ 
min, and the successive cooling at 10 ◦C/min. All curves show only a 
single correlation peak. The position qmax of the maximum in the cor
relation peaks and the corresponding intensity values Imax are reported 
in Fig. 2 and S2 as a function of the temperature. 

It is worth noting that with the sole exception of the blend iPP-HS/ 
iPP-LS 10/90 (Fig. 1A,A′), the correlation peaks tend to become stron
ger and sharper with increasing the temperature, during the heating, 
and weaker and broader with the decrease of the temperature, during 
the successive cooling (Fig. 1B,B′,C,C′). On the opposite, for the iPP-LS 
rich blend 10/90 (Fig. 1A,A′), the sharpness and strength of the corre
lation peak decrease with increase of the temperature (Fig. 1A) and 
increase with decrease of the temperature (Fig. 1A’). Furthermore, for 
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all blends, the position of the maximum (qmax) tends to shift toward 
lower q values with increase of the temperature, during the heating and 
toward higher q values, with decrease of the temperature during the 
cooling (Fig. 2A–C and S2A). Simultaneously, the corresponding in
tensity values Imax (Fig. 2A’-C′ and S2A’) tend to increase (decrease) 

with increase (decrease) of the temperature, while showing stepwise 
changes in the shape of more or less pronounced undulations. 

The shift of qmax indicates that the average interlamellar distance L 
(=2π/qmax) increases (decreases) during the heating (cooling) by about 
3–5% before melting (during crystallization). These changes are only in 
part due to the thermal expansion (contraction) of the average inter
lamellar distance, as they are also caused by the gradual melting 
(crystallization) of the low stereoregular component which, as demon
strated in Ref. 16, forms imperfect and thin lamellar crystals located in 
the interlamellar regions of the highly stereoregular component. It is 
worth noting that a possible contribution to the increase of the average 
lamellar distance due to lamellar thickening of the highly stereoregular 
component iPP-HS possibly occurring through chain sliding diffusion 
mechanisms [55–57] and/or melting-recrystallization phenomena may 
be ruled out, as, compared with the time lapse involved at the adopted 
heating rate of 20 ◦C/min, chain sliding [55–57] and melting/
recrystallization would be too slow. On the other hand, in the low 
temperature range, although melting/recrystallization phenomena for 
the low stereoregular component iPP-LS are feasible (vide infra), the 
consequent lamellar thickening would have only a scarce effect on the 
values of the average interlamellar distances. 

The concomitant low temperature undulations of Imax, at about 80 ◦C 
during heating (≈50 ◦C during cooling) occur in correspondence of the 
melting (crystallization) of the low stereoregular component, whereas 
the high temperature drops (rises) of the Imax values at about 150–160 
during heating (≈90–100 during cooling) mark the final melting (initial 
crystallization) of the highly stereoregular component, in agreement 
with the results of the DSC analysis reported in Fig. S3 and S4 [16,17]. 
The undulations occurring in the temperature range 50–100 ◦C are sharp 
only for the iPP-LS rich blend 10/90 (Fig. 2A’), whereas for the other 
blends they show up as a weak waving (Fig. 2B’,C’). 

It is worth noting that the sudden drops/rises of Imax marking the 
melting/crystallization of the two components are preceded by a sig
nificant increase/decrease of the SAXS signal with increase/decrease of 
the temperature. This behavior reflects the phase changes occurring at 
lamellar length scale in the blends and are better discussed in terms of 
the changes of the scattering invariant, Q, defined as: 

Q=
1

2π2

∫∞

0

(I − Iback)q2dq (1)  

where Iback is the background intensity. Eq. (1) defines the total scat
tered intensity from an isotropic sample, after integration over the 
whole reciprocal space. In practice, as the scattered intensity is collected 
only over a limited range of q for each temperature, the integration in 
Eq. (1) was performed only over the sampled region comprised between 
qmin = 0.15 nm− 1 and qmax = 2 nm− 1, obtaining the reduced quantity Q 
(T) as a function of the temperature. This quantity still holds the relevant 
structural information. More precisely, for each sample, the phase 
changes are probed by calculating from the reduced invariant Q(T) the 
fractional invariant R(T) as: 

R(T)=
Q(T) − Qmin

Qmax − Qmin
(2)  

with Qmin and Qmax the minimum and maximum values, respectively, 
achieved by Q(T). 

The values the fractional invariant of the iPP-HS/iPP-LS blends with 
composition 90/10, 50/50 and 10/90 and for iPP-LS pure component 
are reported in Fig. 3 and S4, respectively, as a function of the tem
perature, as an example. 

For the 10/90 iPP-HS/iPP-LS blend (Fig. 3A), during the heating 
step, the fractional invariant, after a slight increase in the temperature 
range 20–60 ◦C, shows a reduction at 70 and 150 ◦C, marking the 
melting of the low and high stereoregular components, respectively. The 
changes of R(T) during the cooling step consist in an initial gradual 

Fig. 1. Lorentz corrected SAXS intensity of iPP-HS/iPP-LS blends at composi
tion 10/90 (A,A′), 50/50 (B,B′) and 90/10 (C/C′) recorded in situ during the 
heating step at 20 ◦C/min (A–C) and the successive cooling step at 10 ◦C/min 
(A′-C′). 
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decrease, followed by stepwise rises at ≈80 and 40 ◦C due to the separate 
crystallization of the two components. In particular, during the heating, 
the sudden drop of the fractional invariant at 20–60 ◦C reflects well the 
behavior of the neat iPP-LS component upon melting (Fig. S4A). How
ever, during the cooling, compared with the crystallization behavior of 
the iPP-LS component, in the 10/90 iPP-HS/iPP-LS blend (Fig. 3A), the 
crystallization of the pure iPP-LS sample is marked by a less pronounced 
increase of the fractional invariant (Fig. S2A). As discussed in ref. 17, 
this difference may be ascribed to the nucleating effect that the crystals 
of the iPP-HS component formed at high temperatures may have on the 
crystallization behavior of the iPP-LS component in the blends. On the 
other hand, for the 50/50 and 90/10 iPP-HS/iPP-LS blends (Fig. 3B and 
C), the fractional invariant shows a steady increase before the sudden 
drop at ≈ 150–170 ◦C due the melting of the high stereoregular 

component. During the cooling step, crystallization of the iPP-HS 
component is marked by a sudden rise at ≈80–100 ◦C, followed by a 
steady decrease toward low temperatures. In other terms, only for the 
blend iPP-HS/iPP-LS 10/90 the separated melting/crystallization of iPP- 
LS and iPP-HS at around 80 and 150 ◦C during heating and 40 and 80 ◦C 
during cooling appears sharp (Fig. 2A’ and 3A). For the blends 50/50 
and 90/10 (Fig. 2B’,C′ and 3B,C), instead, the independent melting/ 
crystallization processes of the iPP-LS component is not well-resolved, as 
it involves continuous changes. The temperatures of the leading 
melting/crystallization processes associated with the heating/cooling of 
the blends, may be better evidenced in the first derivative traces of the 
fractional invariant (Fig. 3A’-C′). Indeed, the first derivative traces show 
abrupt changes of R(T) giving rise to peaks at temperatures close to the 
melting and crystallization of the iPP components derived from DSC 

Fig. 2. Position qmax (A–C) and intensity value Imax 
(A′-C′) of the correlation peak in the SAXS profiles 
of iPP-HS/iPP-LS blends at composition 10/90 (A, 
A′), 50/50 (B,B′) and 90/10 (C/C′) recorded in situ 
during the heating step at 20 ◦C/min (filled circles) 
and the successive cooling step at 10 ◦C/min (open 
circles). In A-C the vertical arrows indicate the 
temperature where a peak in the scattering curve is 
first (crystallization) or last (melting) observed, so 
its position and intensity could be evaluated or not, 
respectively.   
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traces (Fig. S3 and S4). In particular, in agreement with the DSC ther
mograms of Fig. S3 and those reported in Refs. [16,17], the first deriv
ative of the fractional invariant R(T) shows pronounced melting and 
crystallization peaks in the temperature ranges 150–160 ◦C and 
80–90 ◦C, respectively, for the iPP-HS component whereas, for the low 
stereoregular iPP-LS component, these peaks are less distinguishable. 
Only for the blends with iPP-LS content higher than or equal to 90 wt%, 
some broad peaks emerge at 80 ◦C during heating, and in the temper
ature range 30–40 ◦C during cooling (Fig. 3A’-C′, S2A′ and S4). 
Comparing the thermal behavior of the blends as studied with DSC and 
SAXS techniques, it appears that the melting and crystallization tem
peratures of the iPP-HS component extracted from SAXS analysis are 
slightly higher and lower, respectively, than those extracted from DSC 
analysis (Fig. 3A’-C′, S3 and S4). Moreover, the melting and crystalli
zation peaks of the iPP-LS component extracted from SAXS analysis are 
less pronounced than those observed in the DSC thermograms. These 
differences are due to differences in the adopted heating rates (viz. 
10 ◦C/min for DSC and 20 ◦C/min for SAXS measurements) and to the 
different sensitivity of the SAXS and DSC techniques to the structural 
rearrangements occurring during melting/crystallization. However, 
compared with the pure components, both techniques indicate that, in 
the blends, a small decrease of the melting temperature of the iPP-HS 
occurs with increase the iPP-LS content and that, for the iPP-LS 
component, the main melting temperature is almost invariant whereas 
the crystallization temperature shows a neat increase. According to Refs. 
[16,17], the small or negligible melting point depression of iPP-HS and 
iPP-LS components is due to the fact that, under identical crystallizing 
conditions, the thicknesses of the lamellar crystals which develop in the 
blends are almost identical to those which develop in the pure sample. A 
further reason may be also envisaged in the fact that the chemical po
tentials of the iPP-HS and iPP-LS chains in the blends are not greatly 
different from those of the neat samples, owing to the weak reciprocal 
interactions and hence to the good degree of miscibility of the two 
components in the melt and amorphous state [16,17]. The neat increase 
of crystallization temperature of iPP-LS component in the blends, 
instead, can be ascribed to the nucleating efficiency of the iPP-HS 
crystals on its crystallization. 

It is worth noting that during heating (cooling) the value of fractional 

invariant (and Imax, Fig. 2A’-C′) increases (decreases) not only at tem
peratures preceding (following) a steep drop (rise), but also after com
plete melting (before the crystallization onset) of the high stereoregular 
component. The increase (decrease) of the fractional invariant (and of 
Imax) during the heating (cooling) in the melt is essentially due to an 
increase (decrease) of thermal fluctuations in electron density by effect 
of the temperature. However, the fact that the fractional invariant (and 
Imax) increases (decreases) during heating (cooling) even before com
plete melting of the two components, on the low temperature side, can 
be also due to other contributions, associated with the tendency of the 
two components to form different population of mixed lamellar stacks 
[16], with differences in the thermal expansion (dilation) coefficients of 
the crystalline and amorphous phases and/or to the possible occurrence 
of melting/recrystallization phenomena during heating as indicated by 
the wavy behavior of the fractional invariant of the pure iPP-LS sample 
(Fig. S2). A model of the mixed lamellar stacks that form in the 
iPP-blends upon crystallization is shown in Fig. 4A. As studied in Ref. 16, 
thick lamellar crystals of the iPP-HS component are mixed with thin 
lamellar crystals of the low stereoregular component iPP-LS in the same 
stacks. The low stereoregular component, in particular, forms lamellar 
crystals of different thickness centered around two leading values, 
melting at well separated temperatures of ≈55 and ≈ 88 ◦C, both in the 
neat sample and in the blends [16,17]. The lamellar crystals in the stacks 
are separated by amorphous layers of the intermixed coils of the two 
components (Fig. 4A). 

In the hypothesis that the complex molecular arrangement of the iPP 
chains in the blends consists of mixed lamellar crystals of the two 
components organized in different populations of stacks [16] (average 
lamellar thickness/stack <lci>, average periodicity/stack <Li>), the 
fractional invariant R(T) may be assumed proportional to the quantity: 

R(T)∝
∑n

i=1
vi φci(1 − φci) + F(T) (3)  

where vi is the fractional amount of stacks of kind i times the contrast 
(ρci-ρai)2, ρci and ρai are the average electron density of crystalline and 
amorphous phases in the stack i, φci = <lci>/<Li> is the corresponding 
linear crystallinity index, and F(T) is the contribution to the invariant 

Fig. 3. Fractional scattering invariant (R(T)) (A–C) and first derivative of R(T) with respect the temperature (A′-C′) extracted from the SAXS profiles of iPP-HS/iPP-LS 
blends at composition 10/90 (A,A′), 50/50 (B,B′) and 90/10 (C/C′) recorded in situ during the heating step at 20 ◦C/min and the successive cooling step at 10 ◦C/min 
as indicated by the direction of the arrows. 
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from thermal electron density fluctuations, partly due also to some re
sidual background. The summation in Equation (3) is performed over all 
n different populations of lamellar stacks. The total volume fraction of 
the crystalline phase φc in the blends is given by equation: 

φc =
∑n

i=1
vi φci (4) 

In equation (3), a decrease/increase of the local linear crystallinity 
index in a stack φci due to the partial melting/crystallization of the 
lamellar crystals by effect of increase/decrease of temperature, respec
tively, may induce either a decrease or an increase of the corresponding 
contribution φci (1-φci) to the invariant ratio R(T) depending on whether 
the φci value is lower or higher than 50%, respectively. Therefore, the 
observed increase (decrease) of the fractional invariant preceding 
(following) a steep drop (rise) can be interpreted as due either to the 
gradual melting (crystallization) of the thin lamellae belonging to the 
low stereoregular component, embedded in stacks with local linear 
crystallinity index higher than 50% (Fig. 4B and C)16,17 and/or to 
occurrence of disordering (ordering) phenomena leading to an increase 

(decrease) of contrast, and/or to melting recrystallization phenomena 
occurring during heating. In other terms, for the iPP-HS rich blends, the 
majority of stacks have linear crystallinity index around 70%.16,17 As 
shown in Fig. 4B, the partial melting (crystallization) of the thin and 
defective lamellar crystals of the iPP-LS component, placed in the 
interlamellar amorphous regions of the leading iPP-HS component, 
induce only a small decrease (increase) of the φci values. As long as the 
φci values remain higher than 50%, these stacks are expected to give an 
increasingly higher (lower) contribution to the fractional invariant 
during heating (cooling), because the corresponding term φci (1-φci) 
increases (decreases) with decrease (increase) of φci (Fig. 3C). At the 
same time, during heating, the increase of the invariant ratio is also due 
to the fact that the melting of the low stereoregular component creates 
pools embedded in the stacks filled by completely melted chains that 
induce an increase of the electron density fluctuations and of the 
contrast, as the thermal expansion of the amorphous phase is higher 
than that of the crystals. Similarly, during cooling, not only the electron 
density contrast decreases due to thermal contraction, but also the 
electron density fluctuations decrease, as the crystallization of the low 
stereoregular component creates lamellar crystals in the interlamellar 

Fig. 4. Model of stacked lamellar crystals of the iPP-HS (thick crystals) and iPP-LS (thin crystals) crystals that take place in iPP-HS/iPP-LS blends (A), and successive 
evolution during heating/cooling leading to the gradual melting/crystallization of the thin and defective crystals of the iPP-LS component (B,C). 
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pools of amorphous phase, which act as hurdles to the segmental motion 
of the chains. It is worth noting that these arguments hold also for the 
iPP-LS rich blends and for the blend 50/50 (Fig. 3A and B). Indeed, a 
small population of stacks with linear crystallinity index φci higher than 
50% (Fig. 4B) do exist also in these blends. However, the fact that a large 
population of stacks are characterized by φci values lower than 50%16,17 

suggests that the increase (decrease) of electron density fluctuation with 
increase (decrease) of the temperature consequent to the gradual 
melting (crystallization) of the low stereoregular component, associated 
with the enhanced thermal expansion (contraction) of the amorphous 
phase, play the main role. 

3.2. Melt analysis 

It is worth noting that the results of the present analysis provide 
definitive evidences about the tendency of the low and high stereoreg
ular iPP samples to crystallize forming different populations of inter
mixed lamellar stacks in their blends. The formation of intermixed 
lamellar stacks strongly suggests the hypothesis that the two compo
nents show a good level of miscibility in the melt. Accordingly, phase 
separation is induced by the separate crystallization of the two compo
nents. In particular, the crystallization of the high stereoregular 
component iPP-HS at high temperature, enriches the surrounding 
environment of the low stereoregular sample iPP-LS. At lower temper
atures, the low stereoregular component crystallizes forming lamellar 
crystals that partly remain entrapped in the interlamellar amorphous 
regions of the high stereoregular component, partly give rise to new 
populations of stacks in which the defective portions of chains of the 
high stereoregular component are either included in the crystals of the 
iPP-LS component, or form independent crystals embedded in the stacks. 
According to this scenario, the possible occurrence of a phase separation 
already in the melt is investigated, from the analysis of the SAXS curves 
collected in the melt. 

The SAXS curves of the iPP-HS/iPP-LS blends at 10/90, 50/50 and 
90/10 composition collected at high temperatures are reported in Fig. 5, 

as an example. Data collected at 175, 190, 200 ◦C during heating and 
150 ◦C during the successive cooling are reported. For each sample, the 
SAXS data, after subtraction for the residual background and division by 
the value of the corresponding reduced invariant Q(T) as defined before, 
collapse into a single curve. 

Due to the low contrast in electron density of the two components, 
the SAXS profiles cannot be analyzed in terms of the Random Phase 
Approximation (RPA) devised by de Gennes [58,59]. The RPA is a mean 
field approximation that neglects contributions from thermal composi
tion fluctuations and only the spatial composition fluctuations are 
accounted for, in the assumption of ideal Gaussian statistics for the 
conformations of the chains [52,53]. According to the RPA, in a 
single-phase incompressible polymer blends, the scattering intensity I(q) 
scales as q− 2. However, for the iPP-HS/iPP-LS blends the scattering in
tensity in the melt decreases with a power law of q with exponent equal 
to − 4 (Fig. 5). This suggests that X-rays probe the thermal composition 
fluctuations normally observed in homogeneous polymer melts and/or 
the presence of nanometric impurities separated from the surrounding 
melt by a sharp interface. 

Therefore, in order to evaluate the average correlation distance ξ 
over which the electron density fluctuations can be considered not to 
change significantly, the SAXS data of the blends in the melt state are 
analyzed using the Debye-Bueche (DB) equation [60]. The electron 
density fluctuation in a given point i, ηi is defined as the difference be
tween the corresponding electron density ρi and the average electron 
density <ρ>, that is ηi = ρi - <ρ>. The DB equation may be applied to 
isotropic systems in which the normalized (auto)correlation function of 
electron density fluctuations γ(r) = <ηiηj> r/<η2>, with i and j two 
points at distance r, may be assumed to decay according an exponential 
function: 

γ(r)= exp(− r / ξ) (5) 

In Equation (5) the average correlation distance ξ represents also a 
measure of the size of the fluctuations as well as of the extension of the 
inhomogeneities in the melt. The DB equation corresponds to the Fourier 
Transform of Equation (5) [60] and is given by: 

IDB(q)=
K

(1 + q2ξ2)
2 (6)  

where K is a constant which places the intensity on an arbitrary scale. 
As an example, and without loss of generality, the values of the in

verse square root of the SAXS data collected at 175 ◦C for all blends 
(after normalization for the corresponding invariant, (Q(T)/I)− 0.5) are 
reported in Fig. 6 as a function of q2 (DB plot). Similar plots would be 
obtained using the SAXS data collected in the melt at different 
temperatures. 

From Fig. 6, it is apparent that all samples show a linear dependence 
of the quantity (Q(T)/I)− 0.5 from q2 in almost the same q range. How
ever, the SAXS data for the blends with iPP-HS content >50 wt% 
(Fig. 6B) show a slightly different slope with respect to the data of the 
blends with iPP-HS content ≤50 wt% (Fig. 6A). Deviations from line
arity in the DB plot occur at q higher than ≈1 nm− 1 due to the spreading 
of SAXS data, and at q lower than a critical value q* equal to ≈0.4 nm− 1 

for the sample iPP-LS and the blends with iPP-HS content ≤50% 
(Fig. 6A’), and to q*≈ 0.3 nm− 1 for the sample iPP-HS and the blends 
with iPP-HS content >50% (Fig. 6B’). The values of the average corre
lation distance ξ extracted from the fit of the DB equation to the SAXS 
data collected at 175 ◦C correspond to ≈4 and ≈ 3 nm for the blends 
with iPP-HS content >50 wt% and ≤50%, respectively, and are similar 
to the correlation distance ξ obtained for the neat components iPP-LS 
and iPP-HS, respectively. The results obtained using the SAXS data 
collected in the melt at temperatures different from 175 ◦C are similar. 

The present analysis suggests that the melt state of the iPP blends is 
dominated by the low strereoregular component iPP-LS for the blends 
with iPP-HS content ≤50%, by the high stereoregular component iPP-HS 

Fig. 5. SAXS curves of iPP-HS/iPP-LS blends at 10/90 (A), 50/50 (B) and 90/ 
10 (C) composition recorded in situ during the heating step at 20 ◦C/min for 
temperatures higher than 175 ◦C and the successive cooling step at 10 ◦C/min, 
for temperatures higher than 120 ◦C. The scaling of the tails with q− 4 is indi
cated. The SAXS intensity, after accurate subtraction for the background in
tensity has been normalized to the corresponding (reduced) invariant defined in 
the main text. 
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for the blends with iPP-HS content >50 wt%. The iPP components are 
largely miscible and form an entangled intermixed network in the melt. 
Similar to the pure components, in the melt, fluctuations of electron 
density occur at length scale of ≈3 nm for the blends rich in iPP-LS 
component and ≈4 nm for the blends rich in the iPP-HS component, 
giving rise to spatially correlated inhomogeneities over domains of 
limiting size D = 2π/q* equal to ≈15 and ≈ 21 nm, respectively. The size 
of the inhomogeneities and the size of the global domains over which 
fluctuations are correlated reflect the strength of the correlations, which 
in turn depends on the intrinsic flexibility of the chains of the leading 
component. For the low stereoregular sample iPP-LS and the iPP-LS rich 
blends, the strength of these correlations is lower than the correlation 
strength involved for the electron density fluctuations in the high ste
reoregular component iPP-HS and the iPP-HS rich blends. We infer that 
these differences reflect well the lower intrinsic flexibility of the chains 
of the low stereoregular sample iPP-LS compared with that of the high 
stereoregular sample iPP-HS [61]. 

3.3. Morphological considerations 

The formation of intermixed lamellar stacks along with the melt 
analysis of the iPP blends strongly support the hypothesis that crystal
lization of the blends starts occurring from a homogeneous melt. This 
hypothesis is in good agreement with the homogeneous spherulitic 
morphologies which develop from the melt. As an example, the spher
ulitic morphology which develops in iPP-HS/iPP-LS blends at 10/90, 
50/50 and 90/10 compositions are shown in Fig. 7. The POM images are 
collected at 121 ◦C while cooling the melt from 200 ◦C to room tem
perature at rate of 1 ◦C/min. At this temperature, only the high stereo
regular component iPP-HS crystallizes. 

For the iPP-HS/iPP-LS blend at 10/90 composition, sporadic bire
fringent lamellar aggregates, uniformly distributed over the whole 
observation area are embedded in the matrix of the low stereoregular 
component still in the melt state (Fig. 7A). For the iPP-HS/iPP-LS blend 

Fig. 6. Debye-Bueche plot where the square root of the ratio between the 
reduced invariant Q(T) and the SAXS intensity I of the iPP-LS and iPP-HS 
samples and the corresponding blends is reported as a function of q2. SAXS 
data are collected at 175 ◦C, for the pure iPP-LS sample and the iPP-HS/iPP-LS 
blends at composition 10/90, 30/70 and 50/50 (A) and for the pure iPP-HS 
sample and the iPP-HS/iPP-LS blends at composition 70/30, 90/10 (B). The 
fit of the square root of the inverse of Equation (6) to the data is indicated. 
Insets A′ and B′ mark the cross over occurring at q* between the linear behavior 
and the curvature of the experimental data occurring in the low q region. 

Fig. 7. Polarized optical microscopy (POM) images of iPP-HS/iPP-LS blends at 
10/90 (A), 50/50 (B) and 90/10 composition. The images are recorded at 
121 ◦C while cooling the melt from 200 ◦C at rate of 1 ◦C/min. 
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at 50/50 composition, the observation area is fully covered by bire
fringent entities of irregular shape due to the crystallization of the iPP- 
HS component (Fig. 7B). For the iPP-HS/iPP-LS blend at 90/10 
composition, open spherulites of the iPP-HS component are formed, 
which assume a characteristic star-like shape, where filamentous bire
fringent entities emanate from a central point (Fig. 7C). The POM images 
of the blends in Fig. 7 are completely different from the more conven
tional spherulitic morphology which develops in the neat iPP-HS sample 
at 121 ◦C, under the same crystallizing condition (Fig. S5). These results 
indicate that the presence of even small amounts of iPP-LS component in 
the blends has a strong influence on the spherulitic morphology of the 
high stereoregular sample iPP-HS, due to the good level of miscibility of 
the two components in the melt. 

4. Conclusions 

The melting and crystallization process of blends formed by two 
isotactic pseudo-copolymers is investigated for the changes occurring at 
lamellar length scale, by performing in situ time-resolved SAXS mea
surements during a heating and cooling step, at a controlled scanning 
rate. A method for the analysis of SAXS data is devised, which demon
strates that non-trivial structural and mechanistic information may be 
obtained without resorting to more sophisticated experiments, based on 
SANS technique and deuterium labelling of polymers. 

The iPP samples are characterized by a low and high degree of ste
reoregularity and show melting and crystallization in well separated 
temperature ranges. In particular, the melting temperatures of the high 
and low stereoregular samples occur at ≈160 and ≈ 50–90 ◦C, respec
tively, whereas the corresponding crystallization temperatures are 
around 117 ◦C and 32 ◦C, respectively. As the two iPP samples show the 
separate crystallization and melting in the blends, the present analysis 
has allowed to single out the leading transformations of each component 
in the blends as a function of temperature. 

The analysis of SAXS data collected during the heating/cooling scans 
indicate that the two components crystallize forming different pop
ulations of intermixed lamellar stacks in the blends, due to a good level 
of miscibility of the corresponding chains in the melt. The formation of 
this complex morphology is possibly triggered by phase separation 
occurring in the homogeneous melt at the onset of crystallization of the 
high stereoregular component, according to a simple pathway. The key 
steps of this pathway include the progressive formation of lamellar 
crystals from the high stereoregular component at high temperatures, 
with the consequent increase of concentration of the low stereoregular 
component in the surrounding melted regions. Successively, mixed 
lamellar stacks are formed with further decrease of the temperature, as 
also the low stereoregular component crystallizes. The resultant lamellar 
crystals in part are formed within the interlamellar amorphous regions 
of the previously formed stacks, in part generate independent pop
ulations of stacks, possibly including the defective crystals of the high 
stereoregular component. 

The SAXS analysis is extended to the melt. It is shown that after 
suitable scaling, the SAXS data of the blends collapse into unique trends, 
allowing to identify two subsets of blends, which behave in the melt 
similar to the neat components. The two subsets of blends are charac
terized by a different length scale of electron density fluctuations, that is 
by a characteristic distance for the decay of electron density fluctuations 
ξ of the order 3 and 4 nm for the blends rich in the low and the high 
stereoregular components, respectively. It is also shown that these 
fluctuations give rise to spatially correlated inhomogeneities over do
mains of limiting size of D ≈ 15 and ≈ 21 nm, in the two subsets of 
blends, namely those rich in the low and the high stereoregular 
component, respectively. The concept of fluctuation strength is intro
duced, as a link to the molecular microstructure of the iPP chains. The 
concept entails that for the polymer blends rich in the low stereoregular 
component and the neat iPP-LS sample, low values of ξ and D are 
associated with a low correlation strength and hence with a high 

intrinsic flexibility of the dominant chains, whereas for the polymer 
blends rich in the high stereoregular component and the neat iPP-HS 
sample high values of ξ and D are associated with a high correlation 
strength and hence with a low intrinsic flexibility of the dominant 
chains. 
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