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ABSTRACT: A theoretical model has been derived for the calculation of small-angle X-ray scattering
(SAXS) data from stacks of crystalline lamellae in which two or more kinds of lamellae are mixed within the
same stack according to different statistical models, ranging from the fully randommode, to alternated one, up to
block configurations. The model has been used to study the complex lamellar morphology which develops from
melt in someblends obtained bymixing two semicrystalline samples of isotactic polypropylene (iPP) characterized
by different degree of stereoreoregularity, similar molecular masses, andmelting temperatures of≈162 �C for the
more stereoregular component iPP1 and≈74 �C for the less stereoregular one iPP2. It is shown that for samples
crystallized in conditions far from thermodynamic equilibrium, the observed SAXS intensity profiles may easily
show absence of correlation peaks, associated with high amount of diffuse scattering, not easy to unravel. Using
our theoretical approach we show that featureless SAXS intensity distribution may correspond to formation of
disordered lamellar stacks with lamellae of the two components randomly mixed within the same stacks. The
tendency of iPP1 and iPP2 to formmixed lamellar stackswith a randomconfigurationprovides clear evidence that
the two components are miscible in the melt.

Introduction

Polymerblendsof twosemicrystallinepolymers that are totallyor
partially miscible in the melt state have been widely studied to
date.1-3 In the field of binary blends, the number of systems that
fulfill both requirements, i.e. miscibility in the melt and crystal-
lizationabilityof the twocomponents, is relatively small.1aThe large
interest for this category of blends derives on one hand from the
large practical importance that have achieved some of these systems
in widespread commercial applications,3 as for instance the binary
blends of linear and branched polyethylene or the blends between
two semicrystalline chemically identical copolymersdifferingonly in
composition and, on the other hand, from the large number of
different supermolecular structures and novel morphologies that
may develop upon crystallization of the two components from a
homogeneous melt.1,2,4 The kind and the number of morphologies
which are formed upon crystallization, in turn, depend on the
miscibility of components, their individual ability to crystallize, and
the composition of the mixtures. For instance, in the case of blends
of crystalline polymers where crystallization of both components
may proceed concurrently at the same temperature, formation of
interpenetrating or even concentric spherulites has been observed.1,2

In the case of binary blends of miscible components crystallizing
sequentially, instead, where one component (A) crystallizes first at
high temperatures forming spherulites, and the second component
(B) crystallizes after at lower temperatures, the B component may
form independent spherulites, independent lamellar stacks inside
the spherulites of A component, or even the two components may
form mixed lamellar stacks.1,2 Interesting complex morphologies
may also form in systems with a miscibility gap, for which liquid-
liquid phase separation may become competitive with the crystal-
lization rate of one or both components.1

The studies performed to date on semicrystalline blends with a
high level of miscibility in the melt have been concentrated both

on morphological aspects at micrometer and nanometer length
scale. Among the techniques able to probe the structural organi-
zation of these blends at lamellar level small-angle X-ray scatter-
ing (SAXS) is very useful for the possibility to study the lamellar
morphology of crystalline blends in detail, to extract precise
information on the relative arrangement of the lamellae of the
two components and amorphous phase.4,5However, themethods
of analysis of SAXS data which have been used so far, have been
namely based on the use of the one-dimensional autocorrelation
function aided with additional experiments aimed at a confident
evaluation of the relevant morphological parameters for the
description of the lamellar structure, because of the intrinsic
difficulty of using this classic approach especially in cases where
the interference between the lamellar entities of the two compo-
nents may not be neglected.

In this paper a theoretical model is derived for the calculation
of small-angle X-ray scattering (SAXS) from stacks of lamellar
crystals in which two or more kinds of lamellae are mixed within
the same stack according to different statistical models, ranging
from the fully randommode, to themodel of alternating lamellae,
up to block configurations, by explicitly taking into account the
interference between lamellae of different kinds. The theoretical
approach is tested in the case of a model blend of two isotactic
polypropylene samples characterized by a different degree of
stereoregularity and similar molecular mass and mass polydis-
persity index, synthesized using two different metallorganic
catalysts. It is shown that our approach provides unique infor-
mation related to the structural organization at nanometer length
scale of the lamellae of the two components in the blends, and
allows identifying the possible mechanism subtending the forma-
tion of different structures as a function of crystallization condi-
tions and thermal history of samples, using standard SAXS
measurements, even without scaling the intensity to an absolute
scale (e.g., electrons/cm3). We demonstrate that our approach
may be applied also to systems crystallized in non controlled
conditions, for which a wide distribution of lamellar thicknesses
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are formed, and to blends where the constituting components
have similar chemical structures, similar electron density, similar
crystal structure, and close refractive indices, features that make
the study of the lamellar organization of the two components in
the blends very difficult with different techniques.

The Model

The present model is based on the classical assumption that
stacks of lamellae may be approximated by a monodimensional
array of alternating crystalline and amorphous layers of finite thick-
ness and lateral dimensionsmuch higher than the thicknesses of the
two layers, arranged parallel each other6 as shown inFigure 1A-C.
Let lam and lcm the average thickness of amorphous and crystalline
layers of m-th component in the blend, respectively, and Fam, Fcm,
and Lm= lam þ lcm the corresponding electron density and long
spacing, respectively. For a binary blend m=1,2. The regular
repetition along a direction (e.g., z) of crystalline lamellae of
thickness lcm alternating to amorphous layers of thickness lam give
rise to an ordered array of periodicityLm as shown in Figure 1A,C.
Weassume that uponblendingand successive crystallization,mixed
stacks of lamellae of the two components are formed, and that these

stacks may be modeled as monodimensionally disordered struc-
tures where lamellae of kind 1 and 2 follow each other along z
according to aMarkov process, as illustrated in Figure 1B.Accord-
ing to thismodel given that the kth lamella in the stack corresponds
to the componentm (thickness lcm, electrondensityFcm), the (kþ 1)-
lamella follows at distance Lm separated by the kth amorphous
layer (thickness lam) and may be either of the same kind (m) with
probability pmm, or of different kind (n) with probability pmn, all
pmn’s (m, n=1, 2) being independent of k and the preceding (k- 1)
lamellae alreadyplaced in the stack. Inagreementwith the supposed
miscibility of the two components in the amorphous state, the
electron density of the layers of amorphous chains in the disordered
stack ÆFaæ is assumed to be equal to the average value of electron
density of amorphous layers of pure components Fa1 and Fa2, each
weighted by the corresponding local volume fractions of the two
components in the amorphous layers f1

0 and f2
0, not necessarily

identical to the degree of inclusion of lamellae of the two compo-
nents in the stack f1 and f2 respectively, according to equation

Æraæ ¼ f1
0ra1 þ f2

0ra2 ð1Þ
For a two component system, the four conditional probabil-

ities p11, p12, p21, and p22 along with the fractions f1 and f2 of
lamellae of kind m included in the stack are not independent,
but they are bound by the set of eqs 2, for a total number of
independent parameters equal to two:

P
m

fm ¼ 1w f1 þ f2 ¼ 1P
m

fmpmn ¼ fn w f1p11 þ f2p21 ¼ f1; f1p12 þ f2p22 ¼ f2P
n

pmn ¼ 1w p11 þ p12 ¼ 1; p21 þ p22 ¼ 1

8>>>><
>>>>:

ð2Þ
Notice that completely random arrangements of lamellae of

kind (...12212212112...) correspond to setting pmm= pmn= p and
imply that the fraction fm of lamellae of kind m is numerically
coincident with p; perfectly alternating arrangements of lamellae
of the kind (...121212...) correspond to setting pmn=1 form 6¼ n, so
that the probability that consecutive lamellae are of the same kind
pmm is equal to zero and f1 = f2 = 0.5; arrays of lamellae with a
block configuration of kind (...1111122222...) correspond to setting
pmm=1so that the values of conditional probabilities pmn form 6¼ n
are equal to zero, and the fraction of lamellae of kind 1 or 2 in the
crystalline arrays, fm, becomes the independent parameter. In
general, similar values of pmm and pmn correspond to nearly random
configurations, values of pmn for m 6¼ n close to 1 correspond to
alternating configurations, whereas values of pmm close to 1 corre-
spond to block-like configurations. Notice that only for the perfect
block configuration (i.e., p11= p22=1) the scattered intensity from
different blocks contribute additively to the total intensity, whereas
in all other cases the interference terms between different lamellae in
the stack (i.e., from lamellaewith different lamellar thickness and/or
electron density) may not be neglected.

In the general case, once set the values of a couple of indepen-
dent pmn parameters, e.g. p11 and p22, the fraction of lamellae of
kind m may be calculated by equations

f1 ¼ 1- p22

2- p11 - p22
ð3Þ

f2 ¼ 1- f1 ð3’Þ
In other terms, the model of Figure 1B, corresponds to a

monodimensional lattice where lamellae of two different kinds
are arranged parallel each other within the same stack, and the
mixing of these lamellae follows aMarkov process as given by the

Figure 1. Idealized models of ordered (A, C) and disordered (B) arrays
of crystalline lamellae and corresponding electron density profiles along z
(A0-C0). Lamellae of thickness lc1 and lc2 and electron density Fc1 and Fc2
are separated by layers of amorphous chains of thickness la1 and la2. The
structural models A, C correspond to periodic stacks of lamellae with
periodicity L1 (=lc1 þ la1) and L2 (=lc2 þ la2) respectively. In B, B0 the
lamellae of kind 1 and 2 are mixed within the same stack and follow each
otherwith the indicatedprobabilitiespmnand translationvectorsLm, in the
assumption that the thickness and electron density of crystalline lamellae
in the disordered stack are identical to those of pure components. The
electron density of amorphous layers is Fa1 and Fa2 in the ordered lamellar
stacks of pure components A and C, respectively, and it is assumed equal
to the average value ÆFaæ= f1

0Fa1þ f2
0Fa2 for the disorderedmodel B, with

f1
0 and f2

0 the local volume fractions of the two components in the
amorphous layers, not necessarily identical to the degree of inclusion of
lamellae of the two components in the stack. The lateral dimensions of
lamellae should be considered much higher than the average thickness of
amorphous and crystalline layers, and the electron density in the planes
normal to z are assumed to be constant and equal to F(z).
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transition probabilites pmn’s and the set of different translation
vectors Lm’s. In this model, for the sake of simplicity, the
thicknesses of crystalline and amorphous layers, and the electron
density of crystals have been assumed identical to those of pure
components, even though these assumptions may be easily left
out. It is worth noting that the assumption that electron density
of amorphous layers is given by a weighted average of electron
density of amorphous layers of pure components (eq 1) is a direct
consequence of the hypothesized miscibility of the two compo-
nents in the melt and amorphous state, which is likely the
condition sine qua non (necessary but not sufficient) for formation
of mixed lamellar stacks.1 Also the assumption that the electron
density of crystalline lamellae of pure components is kept by the
lamellae of each component within the mixed stacks is quite
reasonable, and corresponds to the experimental evidence that
crystalline molecular complexes of different polymers (polymer
cocrystals) are very rare. Instead, the assumption that the thick-
ness of amorphous and crystalline layers of pure components is
retained in the disordered lamellar stacks upon blending is not
necessary and indeed, the mathematical formula here derived for
the calculation of SAXS intensity fromdisordered lamellar stacks
is more general and the above assumption is not considered.

The mathematical problem of evaluating the X-ray diffraction
intensity scatteredbymonodimensionally disordered structures has
been dealt by several authors,7,8 and the derived formulas have
been used to study the diffraction at wide angle from layered
compounds as natural silicates7c or metal halides,8 which present
quite frequently stacking fault disorder consisting in the stacking
along one-direction of structural layers of different nature and/or
with different translation vectors. Within this contest we make use
of the general matrix formalism given by Allegra in ref 8d to derive
analytical formulas for the calculation of small-angleX-ray scatter-
ing intensity profiles in the case of disordered structural models
with lamellae of different kinds stacked disorderly along one
direction through different translation vectors according to a
Markov process of the kind shown in Figure 1B.

Let the kth lamella in a stack be of kindm and placed at height
zk along z (thickness lcm, electron density Fcm). The structure
factor Vk of this lamella corresponds to the Fourier transform of
a step function Sk(z), defined as

SKðzÞ ¼ rcm- Æraæ ¼ Δrm for 0 < ðz- zkÞ < lcm
0 for ðz- zkÞ < 0 and ðz- zkÞ > lcm

(

ð4Þ
and is given by the integral

VkðqÞ ¼
Z zk þ lcm

zk

Δrm expð- iqzÞ dz ¼ expð- iqzkÞVðmÞ ð5Þ

where q=2π(2(sinθ)/λ) is the scattering vectorwithθone-half of
diffraction angle, ΔFm is the contrast, i.e., the difference in
electron density between the crystalline and amorphous phase,
and the symbolV(m) denotes that the lamella in question is of kind
m, and represents the structure factor of a lamella of kind m
placed at the origin given by

VðmÞ ¼ Δrm
qi

ð1- expð- iqlcmÞÞ ð6Þ

The scattering amplitudeA(q) from a parallel stack of lamellae
including N lamellae is given by

AðqÞ ¼
XN
k¼ 1

VkðqÞ ð7Þ

whereas the general expression for the average scattering intensity
I(q) from a single disordered stack is given by

IðqÞ ¼ Æ
XN
k¼ 1

VkðqÞ
XN
k0 ¼ 1

V
�
k0 ðqÞæ ¼

XN
k¼ 1

ÆVkðqÞV�
kðqÞæ

þ
XN
k¼ 1

XN- k

l¼ 1

ÆVkðqÞV�
kþ lðqÞæþ ÆVkþ lðqÞV�

k ðqÞæ ð8Þ

In eq 8 the symbolVk* indicates the complex conjugate of the k-th
lamellar structure factor (eq 5) whereas the symbol Æ...æ denotes the
average of the square-modulus of scattering amplitude A(q) (eq 5)
over all possible configurations in the sequence of lamellae in the
stack responding to the given statistics dictated by the Markov
process. In the right-most part of eq 8 the first term corresponds to
the sumof the self-interference term of the crystalline layers, whereas
the second term is adouble sumwhichmaybebroken into the contri-
butions to the intensity due to interference between first neighboring
layers (for l=1), second neighboring layers (l=2) etc. Notice that in
replacing the average of square-modulus of A(q) with the sum of
averages of the interference terms of the lamellae we have implicitly
recognized the fact that disorder within the stacks is not correlated.

Let us first evaluate the self-interference term in eq 8. This term
is given in explicit by:

XN
k¼ 1

ÆVkðqÞV�
kðqÞæ ¼ N

X
m

fmVðmÞV
�
ðmÞðq, lcmÞ

¼ NVFV
�T ð9Þ

In the right-most part of eq 9, we have used amatrix formalism
given by Allegra in ref 8d for which V is the row vector of
structure factors V(m), V*T is the corresponding transpose
conjugate matrix, F the diagonal matrix whose elements are
the fraction of lamellae of kind m in the stack, given by:

V ¼ jVð1Þ Vð2Þ j; V
�T ¼

�����
V

�
ð1Þ

V
�
ð2Þ

�����
F ¼

����� f1 0

0 f2

�����

8>>>>><
>>>>>:

ð10Þ

Next we evaluate the contributions to the intensity due to
interference between first neighboring layers, still resorting to the
matrix formalism of ref 8d, asX

k

ÆVkðqÞV�
kþ 1ðqÞæþ ÆVkþ 1ðqÞV�

kðqÞæ

¼ ðN- 1ÞÆVkðqÞV�
kþ 1ðqÞæþ ÆVkþ 1ðqÞV�

kðqÞæ

¼ ðN- 1ÞðVFMV
�T þVFM�V�T Þ ð11Þ

In eq 11, we have considered that there are (N- 1) first neigh-
boring layers, whose contribution to the intensity is given by averag-
ing over all possible sequences of first neighboring layers, whereas in
the right-most part of this equationM is a 2� 2matrix defining the
possible translation vectors between alike and unlike first neighbor-
ing lamellae according to the assumed statistics, andM* the matrix
of the corresponding complex conjugates. More precisely

M ¼ ð1-γÞ
����� p11Æexpð- iqL1Þæ p12Æexpð- iqL1Þæ
p21Æexpð- iqL2Þæ p22Æexpð- iqL2Þæ

�����
M� ¼ ð1- γÞ

����� p11ÆexpðiqL1Þæ p12ÆexpðiqL1Þæ
p21ÆexpðiqL2Þæ p22ÆexpðiqL2Þæ

�����

8>>>>><
>>>>>:

ð12Þ

In eq 12, a Bernoulli type distribution of the number of lamellae
in the stack has been assumed,9 with (1- γ) the probability that at
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any new deposition of a lamella on the growing stack the growth
process is continued, and γ the probability that the growth is
terminated, the value of γ being assumed independent of the
number of already deposited layers. With this assumptions the
average number of lamellae in the stack ÆNæ is related to the value of
γ by the relation γ=1/ÆNæ and the general expression of scattered
intensity given by eq 8 should be intended as the average over all
possible lengths N of the stacks.

Similarly, the contributions to the intensity due to pairs of lth
neighboring lamellae is given by

Æ
XN
k¼ 1

ÆVkðqÞV�
kþ lðqÞæþ ÆVkþ lðqÞV�

kðqÞææN

¼ ÆN- læÆVkðqÞV�
kþ lðqÞæþ ÆVkþ rðqÞV�

l ðqÞæ

¼ ÆN- læ½VFMlV
�T þVFðM�ÞlV�T � ð13Þ

As a result, introducing the matrix formalism given in right-
most parts of eq 9 and 13 in eq 8, it may be shown (see ref 8d) that
the overall scattered intensity may be calculated as:

IðqÞ
ÆNæ

¼ VF½-E2 þðE2 -MÞ- 1 þðE2 -M�Þ- 1�V�T ð14Þ

where E2 is the unit matrix of order 2.
The multiplication matrix scheme in eq 14 contains self-

product terms of the structure factors of crystalline lamellae
V(m)V*(m) and cross product terms V(m)V*(n) with m 6¼ n, which
may be formally written as

VmV
�
m ¼ Δrm

q
½2- expð- iqlcmÞ- expðiqlcmÞ�

VmV
�
n ¼ ΔrmΔrn

q2
½1- expð- iqlcmÞ- expðiqlcnÞþ expð- iqlcmÞexpðiqlcnÞ�

8>><
>>:

ð15Þ
In the hypothesis that the distribution of lamellar thickness is a

Gaussian function centered at lcm (lcn) with standard deviation
σcm (σcn), eqs 15 become:

VmV
�
m ¼ Δrm

q
½2- Æexpð- iqlcmÞæ- ÆexpðiqlcmÞæ�

VmV
�
n ¼ ΔrmΔrn

q2
½1- Æexpð- iqlcmÞæ- ÆexpðiqlcnÞæ

8>><
>>:

þ Æexpð- iqlcmÞæÆexpðiqlcnÞæ� ð16Þ
where the average terms Æexp(-iqlcm)æ are given by

Æexpð- iqlcmÞæ ¼ exp -
σcm

2q2

2

" #
expð- iqlcmÞ ð17Þ

In eq 12, the averages terms Æexp(-iqLm)æ may be evaluated
assuming that also the distribution of thickness of amorphous
regions is given by a Gaussian function centered at lam with
standard deviation σam. Therefore, the average terms Æexp-
(-iqLm)æ correspond to the Fourier transform of this Gaussian
distribution function given by:

Æexpð- iqLmÞæ ¼ exp -
ðσ2

cmþ σ2
amÞq2

2

" #
exp½- iqðlcm þ lamÞ�

ð18Þ
with Æexp(iqLm)æ the corresponding complex conjugate of eq 18.

In general for a multimodal distribution of thicknesses of
amorphous layers modeled as a sum of Gaussian functions

centered around average thickness values lam1, lam2, lam3... lamj...
with j= 1, 2, 3, ... J, corresponding to standard deviations σam1,
σam2, σam3... σamj... the term Æexp(-iqLm)æ may be calculated as

Æexpð- iqLmÞæ ¼ exp -
ðσcm

2Þq2
2

" #
exp½- iqðlcmÞ�

XJ
j¼ 1

βj exp -
ðσamj

2Þq2
2

" #
exp½- iqðlamjÞ�

2
4

3
5 ð19Þ

with J the number of possible average thicknesses of amorphous
layers separating consecutive crystalline lamellae in the disordered
stack, and βj the fraction of amorphous layers with thickness lamj.

It is worth noting that eq 14 is widelymore general andmay be
easily extended to the case where a multimodal distribution of
crystalline lamellar thickness is also present, by increasing the
ordered of V, F, M, M*, and V* matrices in a right straightfor-
ward manner.

Experimental Section

For the preparation of binary blends of this study we have
utilized twowell characterized samples of isotactic polypropylene
(iPP) having different stereoregularity, synthesized with the two
highly regiospecificC2- andC1-symmetricmetallocene complexes
shown in Chart 1, activated with methylalumoxane (MAO), as
explained elsewhere.10-13 The samples have similar molecular
mass, mass polydispersity index around 2, and are denominated
iPP1 and iPP2.14 The main characteristics of these samples are
collected in Table 1.

The sample iPP1 has been synthesized using the C2-symmetric
complex 1 rac-H2C(3-tert-butylindenyl)2ZrCl2 of Chart 1,10,11 is
highly stereoregular, with a concentrationof sterreodefect essentially
consisting of rr triads equal to 0.49 mol %, and shows high melting
temperature Tm ≈ 160 �C.14 The sample iPP2 has been synthesized
using the C1-symmetric ansa-zirconocene complex 2,12,13 shows a
high concentration of stereodefects with a concentration of rr triads
of 9.53 mol %, and low melting temperature Tm ≈74 �C.

Five iPP1/iPP2 blends of composition 10/90, 30/70, 50/50, 70/30,
and 90/10 w/w have been prepared. The different blend samples
are designated as iPP1-x/iPP2-y, with x and y the weight percent of
iPP1 and iPP2, respectively. The blends have been prepared from

Chart 1. Structure of C2-Symmetric (1) and C1-Symmetric
Zirconocene (2) Precatalysts

Table 1. Viscosity AverageMolecularMasses (Mv), Content of Triad
Stereo-Sequences andMelting Temperatures (Tm) of the iPPSamples

Prepared with Catalysts of Chart 1
a

sample catalyst Mv
b mm (%)c mr (%)c rr (%)c Tm (�C)d

iPP1 1/MAO 195 700 98.54 0.98 0.49 162
iPP2 2/MAO 162 000 71.4 19.1 9.53 74
aNo or negligible regioerrors (2,1 insertions) could be observed in the

13C NMR spectra of the samples.10-13 bFrom the intrinsic viscosities
through the equation [η] = K (Mv)

R, with K = 1.93 � 10-4 and R =
0.74.15 cFrom 13C NMR analysis. dMeasured from DSC scans at
heating rate of 10 �C/min on as polymerized samples.14
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solution by dissolving weighed amounts of the two components in
refluxing xylene (bp 140 �C) for 1 h up to obtain homogeneous and
transparent solutions and then precipitating the mixture into an
excess (3:1) of cold methanol. The precipitated powders have been
washed with methanol, filtered and dried under vacuum at 60 �C
for 1 day. About 1 wt % of 2,6-di-tert-butyl-4-methylphenol has
been added in the methanol as an antioxidant. At the end of dry
process the precipitated mixtures have been weighed denoting a
weight loss of the mixed polymers less than 1% in all cases.

Compression molded films of pure components and blends,
with uniform thickness of about 1-2mm, have been prepared by
melting the dry-precipitated powders at 180 �C for 10minunder a
press and cooling to room temperature under noncontrolled
conditions, using a flux of cold water within the hot plates. The
pressure applied under the press has been regulated in such a way
to avoid preferred orientation in the film, and at same time to
minimize formation of nanovoids and surface imperfections. The
so obtained melt pressed films have been used for SAXS, wide-
angle X-ray scattering (WAXS) and DSC measurements.

SAXS data have been collected using an evacuated high perfor-
mance SAXS instrument “SAXSess” (Anton Paar KG, Graz,
Austria), which is a modification16 of the so-called “Kratky com-
pact camera”.17 Data collection has been performed in the slit
collimation configuration with SAXSess camera attached to a con-
ventional X-ray source (Cu KR, wavelength λ=1.5418 Å). The
scattered radiation has been recorded on a BAS-MS imaging plate
(Fujifilm) in a configuration which allows recording simultaneous
WAXSandSAXSdata andprocessedwith a digital imaging reader
(Fuji BAS1800), at a resolution in the small angle regionof≈60nm
(=2π/qmin, with qmin the minimum accessible value of scattering
vector permitted by our collimation set up, equal to 0.1 nm-1 and
q= 4πsinθ/λ, 2θ being the scattering angle). After subtraction for
dark current, the empty sample holder, and a constant background
due to thermal density fluctuations, the slit smeared data in the
SAXS region (for q<4nm-1) have been deconvolvedwith the pri-
marybeam intensitydistributionusing theSAXSquant 2.0 software
to obtain the corresponding pinhole scattering (desmeared) inten-
sity distribution.

In the assumption that SAXS intensity probes heterogeneities
arising from a simple two phase structure at nanometer length
scale, the SAXS desmeared data, after subtraction of the residual
background intensity (approximated as a constant Ib) has been
extrapolated to high q values with the aid of the Porod law,18 in
the hypothesis of no diffuse boundary between crystalline and
amorphous layers, i,e. by fitting the experimental data in the high
q region (1.5 nm-1 < q< 3 nm-1) with equation:

lim
q f ¥

ðIobsðqÞ- IbÞ ¼ Kpq
- 4 ð20Þ

where Kp is a quantity proportional to the Porod constant P
through a factorK due the fact that our intensity is in relative units.

For the extrapolation to q = 0 of SAXS desmeared data we
have used the Debye-Beuche equation.19 Since our blends are
isotropic systemswith no preferred orientation of the crystals, the
total scattered intensity I inclusive of the extrapolated data at low
and high q values has been transformed into one-dimensional
intensity by Lorenz factor equal to 4π(2(sin θ)/λ)2 = q2/π.18

From these data the scattering invariantQ (in relative K units)18

has been calculated as:

Q ¼ 1

2π2

Z ¥

0

Iq2 dq ð21Þ

The wide angle regions recorded simultaneously with SAXS
data has not been “desmeared”, because the used softwareworks in
the infinite slit length approximation and, at high q, this approx-
imation may not be used. However, we have checked that the
position of Bragg reflections, the width at half-height of the peaks
and the overall shape of diffraction profiles for q>7nm-1 are not

greatly affected by use of the slit collimation configuration instead
of the pinhole geometry. This has been checked by collecting wide-
angle X-ray diffraction profiles of selected samples with Ni filtered
Cu KR radiation using an automatic Philips diffractometer. The
indices of crystallinity (xc) determined from the X-ray powder
diffraction profiles obtained with the two silt configurations are
identical within the experimental error (3-5%). They have been
evaluated by the ratio between the crystalline diffraction area and
the total area of the diffraction profile. The crystalline diffraction
area has been obtained from the total area of the diffraction profile
by subtracting the amorphous halo. The amorphous halo has been
obtained from the X-ray diffraction profile of an atactic polypro-
pylene sample, then it has been scaled and subtracted to the X-ray
diffractionprofiles of the samples.The soobtainedvalues ofxc have
been then used to evaluate the volume fraction index of crystalline
phase φc given by:

φc ¼ xc=dc
xc=dc þð1- xcÞ=da

� �
ð22Þ

with dc and da themass density of crystalline and amorphous phase.
Values of 0.94 and 0.85 g/cm3 have been assumed for dc and da,
respectively, corresponding to the density of crystals of R form of
iPP20 and atactic polypropylene,21 respectively.

The thermal analysis has been performed with a Mettler-
DSC30/2285 apparatus, equipped with a liquid nitrogen cool-
ing system for measurements at low temperature. The scans
have been recorded in flowing nitrogen atmosphere at a scan rate
of 10 �C/min.

Results and Discussion

Thermal Analysis.Themixing of two different stereoisomers
of vinyl polymers to obtain new materials with improved
properties is not uncommon.3,22 In the case of polypropylene,
the studiesperformed todatehavedelineated theneatdifficulties
encountered at direct probing the level of miscibility of the
different stereoisomers in the melt and building the phase
diagramof the corresponding blends.22 This is due to the similar
refractive indexof the twocomponents in themelt and the scarce
effect of the degree of stereoregularity on the glass transition
temperature Tg, which is around 0 �C regardless of type (iso-
tactic, syndiotactic or atactic) and degree of stereoregularity.23

In addition, the study of the thermal behavior of these blends by
standardDSCmeasurements, is complicatedby the fact that the
melting point depression of a semicrystalline polymer blended
with another component is generally very small.1a,2,24As argued
by Mandelkern,24 this is an intrinsic properties of polymer
blends since themeltingpointdepression is a colligativeproperty
and the added species are generally of high molecular mass.
The blends used in this paper are a typical example of this
category of mixtures.

Representative DSC thermograms recorded during heat-
ing and successive cooling of melt pressed films of iPP1/iPP2
blends and pure components are shown in Figure 2, whereas
in Figure 3 their thermal behavior is summarized.

Themelting and crystallizzationDSC curves of our blends
(curves b-d of Figure 2) show, regardless of composition,
well separated peaks at temperatures close to those of pure
components. In particular at high temperature a single melting
and crystallization peak (curves b-d of Figure 2) is present at
≈154 and ≈112 �C respectively, close to the temperatures of
corresponding melting and crystallization peaks of the highly
stereoregular iPP1 sample (curve a of Figure 2), respectively. At
low temperatures, the double melting transition of the low
stereoregular iPP2 sample in the range 50-90 �C (curve e of
Figure 2A) is retained in the blends (curves b-d of Figure 2A),
whereas the low temperature crystallization peaks in the blends
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occurs at 55-60 �C (curves b-d of Figure 2B) and is located at
temperatures ≈30 �C higher than the crystallization tempera-
ture of neat iPP2 equal to 32 �C (curves e of Figure 2B).

The thermal behavior of our blends is typical of blends
from semicrystalline/semicrystalline polymers with components
showing separate and sequential crystallizationandmelting, one
component crystallizing and melting at high temperatures and
the second component crystallizing and melting at lower tem-
peratures, with scarce tendency to form crystalline molecular
complexes. In particular, in the case of iPP1/iPP2 blends, as
shown in Figure 3, the melting temperature of iPP1 and iPP2
components and the crystallization temperature of iPP1 de-
crease only slightly with increasing the concentration of the
second component, and only the crystallization temperature of
iPP2 undergoes remarkable increase upon blending.

The DSC data of Figure 2 with the melting point depres-
sion could suggest that the crystallization of iPP1 and iPP2
in the blends takes place from a homogeneous melt, where
the two components are mixed at molecular level, rather
than from a phase separated melt due to a liquid-liquid
phase separation before crystallizzation. In particular, the
melting point depression of both components in the blends
may be attributed to thermodynamic effects, due to the
lowered chemical potentials of the chains in the blends as
compared to those of neat components,2,3,24 coupled to the
smaller lamellar thickness achieved by crystals in presence
of a second component (morphological effect).3 The fact
that this melting depression is quite low, could indicate that
owing to the chemical similarity of the two components, the
reciprocal interactions are so weak, that the chemical poten-
tials are not greatly affected. This also indicates that the lamellar
thickness achieved by iPP1 and iPP2 upon crystallization in the

blends should be similar to those of pure components, crystal-
lized in similar conditions.

On the other hand, the small decrease of crystallization
temperature of the high temperature crystallizing (HTC)
component iPP1 in the blends probably reflects a slowing
down of crystallization kinetics essentially due to dilution
effect.2,3 In fact, since the glass transition temperatures of
iPP1 and iPP2 are similar (around 0 �C),14 we do not expect
gross kinetics and morphological variations due to this
effect. Finally, the remarkable increase of crystallization
temperature by ≈30 �C of the low temperature crystallizing
(LTC) component (iPP2) with respect to the crystallization
temperature of pure iPP2 (Figure 3) may be attributed to the
fact that since its crystallization takes place only after crystal-
lization of the HTC component (Figure 2B), the presence of
already formed crystals of iPP1 produces a nucleation effect.

Structural Analysis. As evidenced by DSC analysis, iPP1
and iPP2 components do not lose their ability to crystallize
upon blending forming independent lamellae with scarce or
no tendency to form cocrystals. In this section we analyze
the structural organization of the melt pressed films of our
blends at nanometer length scale using standard SAXS
measurements, without subjecting the samples to any ther-
mal or chemical treatment aimed at improving the lamellar
morphologywhich develops in non controlled crystallization
conditions. Our aim is to boost the use of conventional
SAXS measurements with intensity in a relative scale and
of conventional methods for analysis of data, for extracting
quantitative information related to the lamellar morphology
which develops in samples crystallized far from ideal condi-
tions as generally obtained in industrial processes.

In Figure 4, the SAXS and WAXS profiles of as prepared
compression molded films of pure components and blends
are reported. The SAXS intensity reported in Figure 4Ahave
been multiplied by the Lorentz factor after background
subtraction and desmearing (see Experimental Section) and
then normalized at having equal area.

The number and kinds of phases present in our samples
have been analyzed using the WAXS data of Figure 4B. These
data indicate that all iPP1/iPP2blends are crystallized in theRor

Figure 2. DSCheating (A) and cooling (B) scans, recorded at 10 �C/min,
of compressionmolded samples of the iPP1/iPP2blends of the indicated
composition (b-d) and pure components (a, e).

Figure 3. Values of melting and crystallization temperatures of melt
pressed samples of iPP1/iPP2 blends and neat components.

Figure 4. Lorentz-corrected SAXS intensities (A) and corresponding
WAXS profiles (B) of as prepared compression molded samples of iPP1
(a), iPP2 (g), and the iPP1/iPP2 blends (b-f) with the indicated composi-
tions. The SAXSprofiles inA have been normalized by the corresponding
scattering invariant definedby eq21.Thedata havebeen collected at room
temperature. Arrow in A for curve c points at a faint maximum at q ≈
0.14 nm-1 for the blend iPP1-70/iPP2-30 with 70 wt % iPP1.



Article Macromolecules, Vol. 43, No. 23, 2010 9793

γ forms, or in disordered modifications intermediate between
the R and γ forms (R/γ disordered modifications),25 depending
on the composition of the blends. In particular, the highly
isotactic sample iPP1 ([rr] = 0.49%) and the iPP1/iPP2 blends
with iPP1 content higher than 50 wt% are crystallized in the R
form(curve a-dofFigure4B), as indicatedby thepresenceof the
(110)R, (040)R and (130)R reflections at 2θ=14, 16.8 and 18.6�
of theR form,20 and the absence of the (117)γ reflection at 2θ=
20.1� of the γ form.26 The less stereoregular sample iPP2 ([rr] =
9.53%) and iPP1/iPP2 blends with iPP1 content lower than 30
wt % crystallize in disordered modification intermediate be-
tween R and γ forms,25 or as mixtures of crystals of R and γ
forms, as indicated by the low intensity of (130)R reflection of R
form20 and/or (117)γ reflection of γ form26 at 2θ = 18.6 and
20.1� respectively.

It is worth noting that the mass density dc of crystals of the
R20 and γ26 forms of iPP is nearly identical, and equal to 0.94
and 0.93 g/cm3, respectively. Assuming a mass density da of
≈0.85 g/cm3 for the amorphous phase21 of both iPP1 and
iPP2 samples, this indicate that our iPP1/iPP2 blends may be
considered as biphasic systems where crystals of the two
components of nearly identical mass density and therefore
also identical electron density, are embedded in an amor-
phous matrix of lower density.

The WAXS profiles of Figure 4B have been also utilized to
find the volume fraction index of crystalline phase φc of our
samples using eq 22.The values ofφc are collected inTable 2 and
are shown in Figure 5A (curve a). The values of φc decrease
almost linearly with increasing the content of the less stereoreg-
ular component, from the values achieved by neat iPP1of≈0.71
to the value achieved by neat iPP2 of ≈0.36, crystallized in
similar conditions, the crystallinity index being only slightly
higher than that predictedby the linear relationship in the caseof
iPP1 richblends, andonly slightly lower in the caseof blends rich
in the less stereoregular component iPP2. This suggests that the

crystallization ability of each of the two components in the iPP1/
iPP2 blends is not greatly influenced by the presence of the other
component, in agreement with DSC results.

The Lorentz-corrected SAXS intensity distribution of
compression molded films of samples iPP1, iPP2 and iPP1/
iPP2 blends (curves a, b, e-g of Figure 4A), with the
exception of the blends iPP1-70/iPP2-30 and iPP1-50/
iPP2-50 (curves c, d of Figure 4A), show in all cases a
correlation peak typical of the lamellar morphology. The
intensity of correlation peaks in the blends decreases with
respect to that of pure components, while a simultaneous
increase of the width at half height of the peaks and back-
ground intensity all over the sampled q range occurs. The
position of maxima (q*) and width at half height (W) of the
main SAXS peaks of Figure 4A are listed in Table 2. In
particular the sample iPP1 and the blend iPP90-iPP10
(curves a, b of Figure 4A) show a first and faint second order
correlation peak at q≈ 0.41 and 0.82 nm-1, respectively. The
sample iPP2 shows a single correlation peak at q≈ 0.65 nm-1

(curve g of Figure 4A), that shifts toward higher q values of
≈0.72 nm-1 for the blends iPP10-iPP90 and iPP70-iPP30
(curves e, f of Figure 4A). Finally, the blend iPP1-50/
iPP2-50 (curves d of Figure 4A) shows two faint maxima
at q ≈ 0.45 and 0.80 nm-1, whereas for the blend iPP1-70/
iPP2-30 (curve c of Figure 4A) no definite maxima are
apparent, and only a broad halo centered at q ≈ 0.80 nm-1

with a neat upturn in the low q region is present, faintly
peaked around q≈ 0.14 nm-1 (arrow in Figure 4A, curve c).

From inspection of the Lorentz corrected SAXS profiles
of Figure 4A it is apparent that for all melt pressed samples
the main correlation peak is broad, even in the case of pure
components. In particular, the width at half height of the corre-
lationpeak isW≈0.25nm-1forneat iPP1, andW≈0.5nm-1 in
the case of neat iPP2, indicating that large deviations from the
idealmodel of lamellar stacks ofFigure 1A,Coccur, andnamely

Table 2. Values of the Peak Position (q*) and Width at Half-Height (W) in the Lorentz Corrected SAXS Profiles of Figure 4A, Average Long
Spacing ÆLBæ, Average Thickness of Crystalline ÆlcBæ and Amorphous Layers ÆlaBæ, Volume Fraction Index of Crystalline Phase (Oc), Specific Inner
Surface (S/V), Correlation Length (lp), and Deviation Parameter from the Ideal Lamellar Structure (1/2ÆLBæS/V) of As-Prepared Compression

Molded Films of Neat iPP1 and iPP2 Samples and iPP1/iPP2 Blends

sample q* (nm-1) W (nm-1) ÆLBæa (nm) ÆlcBæb (nm) ÆlaBæc (nm) φc S/V (nm-1) Ælpæ (nm) 1/2ÆLBæS/V

iPP1 0.41 0.25 15.3 10.9 4.4 0.71 0.27 2.5 2.1
iPP1-90/iPP2-10 0.42 0.27 15.0 10.6 4.4 0.71 0.26 1.9 1.9
iPP1-70/iPP2-30 0.65 0.47 1.9
iPP1-50/iPP2-50 ≈0.48; ≈0.82 ≈0.96 13.1; 7.7 6.9 6.1 0.53 0.49 2.0 3.2
iPP1-30/iPP2-70 0.71 0.78 8.8 3.7 5.1 0.42 0.50 1.9
iPP1-10/iPP2-90 0.72 0.76 8.7 3.3 5.4 0.38 0.48 3.2 2.2
iPP2 0.65 0.52 9.7 3.6 6.1 0.36 0.37 3.0 2.1

aEstimated as ÆLBæ g 2π/q*. bObtained as ÆlcBæ = ÆLBæφc cObtained as ÆlaBæ = ÆLBæ - ÆlcBæ.

Figure 5. (A) Volume fraction index of crystalline phase of compressionmolded films of iPP1 and iPP2 samples and iPP1/iPP2 blends as a function of
iPP2 concentration (a,b). B: Average values of long spacing ÆLBæ, thickness of crystalline ÆlcBæ and amorphous layers ÆlaBæ, and correlation length Ælpæ of
as prepared compression molded films of iPP1 and iPP2 samples and iPP1/iPP2 blends as a function of iPP2 concentration.
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that the distribution of thicknesses of amorphous and crystalline
layers is quite broad for both components. In the case of blends,
thewidthathalf heightof the correlationpeakgradually increase
by addition of the second component. In particular this broad-
ening is small in the case of iPP1 rich blend with 10% iPP2
(iPP1-90/iPP2-10, curve b of Figure 4A), for which the width
at half height W increases from ≈0.25 nm-1 of neat iPP1 to
≈0.27 nm-1. In the case of blends rich in iPP2 component,
instead the width at half height of the main correlation peakW
increases from≈0.50 nm-1 of neat iPP2 (curves g of Figure 4A)
to ≈0.75-0.80 nm-1 for blends iPP1-10/iPP2-90 and
iPP1-30/iPP2-70, with 10 and 30 wt % iPP1 (curves e, f of
Figure 4A). Finally in the case of blends iPP1-50/iPP2-50with
equal weight fraction of the two components, a single ill defined
double peaked hump withW≈ 1 nm-1 is observed (curve d
of Figure 4A) whereas for the blend iPP1-70/iPP2-30 with
30 wt % iPP2 no well-defined correlation peak is present,
and only diffuse scattering occurs (curve c of Figure 4A). The
broadening of correlation peaks in the blends, accompanied by
the simultaneous increase of diffuse scattering all over the
sampled q range, especially in the low q region, could suggest
that the lamellar stacks formed in the blends deviate from the
ideal model of uniform and regular thickness of crystalline and
amorphous layers of Figure 1A, C, not only because the
distribution of these thicknesses are broad as in the case of pure
components, but also because additional disorder is present.

The remarkable changes of SAXS intensity distribution
shown by iPP1/iPP2 blends as a function of composition and in
particular the increase of the width at half height of correlation
peaks and of background intensity observed in the SAXS
profiles fromiPP1/iPP2blends, up toachieveanearly featureless
SAXS intensity distribution from blends with iPP2 content in
the range 30-50 wt% (curves c-d of Figure 4A), could suggest
random mixing between the lamellae of iPP1 and iPP2 compo-
nents in the blends, rather than formation of separated lamellar
stacks from the two components. In fact, in the latter case, the
scattered intensity from different blocks arising from the pres-
ence of segregated arrangements of lamellae from the two
components would contribute additively to the total intensity,
giving rise to two well separated peaks or well recognizable
shoulders, without producing any effect on the background
intensity all over the sampled q range. Only in the case that the
average size of lamellar stacksD would be of the same order as
the average interlamellar spacing (long spacing), or no lamellar
stacks at all were formed, a large background could affect our
SAXS data in the relevant q range.

From the peak position, q*, the average value of long period
ÆLBæ can be obtained as ÆLBæ ≈ 2π/q* (where subscript B
indicates that we have applied the Bragg law for evaluation of
this parameter). It is apparent that the value of ÆLBæ is ≈15 nm
forneat iPP1and iPP1/iPP2blendwith iPP2 content of 10wt%,
is≈9.7 nm in the case of iPP2 and decreases to≈9 for iPP1/iPP2
blends with iPP2 content of 90 and 70%. Since in our blends
bothcomponentsare semicrystalline themeasuredvaluesof long
period of blendsmay be assumed to be the average interlamellar
spacing between iPP1 and iPP2 lamellae.

The values of ÆLBæ, in turn, can be used for a rough evalua-
tion of the average thicknesses of crystalline and amorphous
layers ÆlcBæ and ÆlaBæ, respectively given by ÆlcBæ≈ ÆLBæφc and ÆlaBæ
≈ ÆLBæ- ÆlcBæ. The values of ÆLBæ, ÆlcBæ, and ÆlaBæ are reported in
Table 2 and are shown in Figure 5B as a function of blend
composition. It is apparent that the average thickness of amor-
phous phase in between the crystalline lamellae ÆlaBæ increases
almost linearly with iPP2 concentration in the blends from the
value of 4.4 nmof neat iPP1 to the value of 6.1 of neat iPP2. The
average values of lamellar thickness ÆlcBæ instead closely mimic
those of interlamellar spacing ÆLBæ and are≈11 nm for neat iPP1

and iPP1 rich blends and ≈3.5 nm for neat iPP2 and iPP2 rich
blends. The largest deviations from these trends occur for blends
with iPP1 concentration in the range 30-50 wt%, for which the
positionofmaxima is ill-defined.Average values of long spacing,
lamellar thickness and thickness of amorphous layers of iPP1,
iPP2, and iPP1/iPP2blends (with the exceptionof theblendswith
iPP2 content 30-50wt%) may be obtained also resorting to the
classic method based on the evaluation of autocorrelation func-
tion of electron density fluctuations normalized by the scattering
invariant,6 and indeed the values of these parameters evaluated
with thismethodarevery similar to those calculateddirectly from
Lorentz corrected SAXS curves, plotted in Figure 4A. Since this
kind of analysis would not add any new information, these data
are not shown. Indeed, the most important result of analysis of
Figure 4A consists in the fact the in iPP1 rich blends and in iPP2
rich blends the average values of morphological parameters
which characterize the lamellar stacking are dominated by the
major component, whose lamellar thickness is not significantly
perturbed by the presence of the minor component.

We have also checked the nature of interface between amor-
phous and crystalline regions. As illustrated in the Experimental
Section, indeed, the SAXSdesmeared curves after subtractionof
the residual background intensity (approximated as a constant)
has been extrapolated to high q values with the aid of the Porod
law,18 in the hypothesis that no diffuse boundary between crys-
talline and amorphous layers occur, by fitting the experimental
data in the high q region (1.5 nm-1 < q<3 nm-1) with eq 20.
The results of this fit are shown inFigure 6.Of course, transition
zones at the lamellar surfaces are expected to lead to deviations
fromPorod law.Thegoodfittingof the tailsofdesmearedSAXS
profiles from iPP1, iPP2 and iPP1/iPP2 blends to the Porod law
even at q< 1.5 nm-1 indicates that the boundary between the
amorphous and crystalline layersmay be considered sharp, with
no diffuse interface.18

As a further check, we have also evaluated the specific
inner surface S/V of the as prepared compression molded films
of our samples with the aim of determining the length scale of
heterogeneity which characterize their structure18 and to gain
indirect information relative to the degree of deviation of the
structure from the ideal lamellar model.6c To this aim, since our
systems may be considered to a good approximation as a
random dispersion of two phases (crystalline and amorphous
regions) of volume fractions φc and (1 - φc) and definite
composition, the values of the constant Kp obtained by the fits
of Figure 6 with the Porod law (eq 20), and the scattering
invariantQ evaluated through eq 21 have been used to find the
specific inner surface of our systems S/V, using

S

V
¼ Kp

2πQ
φcð1-φcÞ ð23Þ

The inverse of specific inner surface has the dimension of a
length and is as a measure of the length scale of heterogene-
ities (crystalline and amorphous regions) that characterizes
the structure of our blends Ælpæ. This parameter is given by:

Ælpæ ¼ 4φcð1-φcÞ
S=V

¼ 8πQ

Kp
ð24Þ

The values of S/V and Ælpæ of our samples are listed in
Table 2, and those of Ælpæ are also reported in Figure 5B . In
practice, the value of Ælpæmay be considered as a measure of
the average size of the heterogeneities present in a system.
These values are in all cases comprised between 2 and 3 nm in
our systems indicating that the length scale of heterogeneities
which characterize the structure of pure components is not
greatly modified upon blending.
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Finally, the halved product of the average long spacing
ÆLBæ and specific inner surface area S/V, i.e. 1/2ÆLBæS/V, has
been used as a disorder parameter which characterizes the
deviations of the structure of our samples from the ideal
lamellar model.6c The value of this product should be 1 for
the ideal lamellarmodel.6c The values of thedisorder parameter
of our systems are reported in Table 2. It is apparent that it is
around 2 in all cases with the exception of the blend iPP1-50/
iPP2-50, for which this product is close to 3. Such large posi-
tive deviations fromunity are only in part due to the large error
associated with the approximated evaluation of the average
long spacing ÆLBæ, but rather indicate that a large amount of
disorder is present in our systems, due to formation of curved
lamellae, presence of amorphous regions outside the lamellar
stacks, voids and other heterogeneities of the same size as the
lamellar thickness. However, whatever the origin of such
disorder, the most important result is that such defects are
alreadypresent in theneat iPP1and iPP2 components, andmay
not be responsible for the remarkable changes observed in the
SAXS intensity distribution (Figure 4A and 6) of blends.

In conclusion, the results of the analysis performed in this
section strongly support the hypothesis that the mixing of the
two samples of iPP with different degree of stereoregularity
gives rise to mixtures which are miscible in the melt, where the
two components tend to crystallize forming mixed lamellar
stacks. The thickness of amorphous and crystalline layers and
layer thickness distribution of neat components is not largely
affected in the blends, and the so obtained structures may be
confidently modeled as nearly biphasic systems with sharp
boundary between the amorphous and crystalline layers, com-
pletely neglecting the presence of diffuse interfaces.

X-rayModeling.Wehave used eq 14 derived in theModeling
section to calculated one-dimensional SAXS profiles from ideal
models of lamellar structures including stacking fault disorder to
be compared with the experimental Lorentz-corrected SAXS
profiles of our samples shown in Figure 4A. Such disorder
consists of lamellar crystals of different thickness stacked with
faults along the z directions (Figure 1B) according to different
statistical models, ranging from completely random, to more
block configurations. For the sake of simplicity, the calculations
are shown only for the two limiting statistics, the completely
random model, and the block configuration. We recall that in
the latter case the two kind of layers form separated stacks and
the scattering intensity from different blocks contribute addi-
tively to the total scattering intensity.

We have assumed that two kinds of lamellae are mixed,
fixing the ratio of the lamellar thickness lcm to the long period
Lm of each kind of lamellae equal to lc1/L1= 0.71 for the
lamellae of kind 1 and lc2/L2 = 0.36 for the lamellae of kind 2.

The value of lcm/Lm corresponds to the so-called linear degree
of crystallinity, and is generally close to the volume fraction
index of crystallinity determined with a different technique. In
our case the values of 0.71 and 0.36 correspond to the volume
fraction index of crystallinity φc of as prepared compression
molded films of neat iPP1 and iPP2 samples (see Table 2). In
view of the nearly identical electron density from crystals of
iPP1 and iPP2, and that also the electron density of amorphous
phase of neat components may be assumed identical, the value
of contrastΔFm of species 1 and 2 has been considered identical
in eq 15, so that the exact value of this parameter does not affect
the calculations.

In Figure 7, the calculated SAXS profiles are shown for
different degree of inclusion of the two kind of lamellae in the
stack, ranging frompure component 1 (i.e., f1=1, f2=0), to
pure component 2 (i.e., f1= 0, f2= 1), for the statistical ran-
dom model (A) and the block configuration (B).

Figure 6. Desmeared SAXS intensity distribution of as prepared compressionmolded films of iPP1 (A,O) and iPP2 (B,Δ) neat samples and iPP1/iPP2
blends with 10 (A,0), 30 (A,Δ), 50 (A,3), 70 (B,O) and 90 wt% (B,0) iPP2. The experimental data for q>2 nm-1 have been cut, to better visualize
the q-4 scaling of the tail region.

Figure 7. Calculated one-dimensional SAXS profiles for the statistical
model with random (A) and block (B) configuration, and the indicated
degreeof inclusionof the twokindof layers in the stack,with f1=1, f2=0
corresponding to pure component 1 (a), f1 = 0, f2 = 1 corresponding to
pure component 2.Calculations havebeenperformedby setting the values
of relative standard deviations of the distribution of thickness of amor-
phous and crystalline layers σ/lc1 = σ/la1 = σ/lc2 = σ/la2 = 0.1, long
spacing, and thickness of amorphous and crystalline layersL1=15.3 nm,
lc1=10.9 nm, la1=4.9 nm for the component 1, and L2 = 9.7 nm, lc2 =
3.6 nm, la2 = 6.1 nm for the component 2, respectively, and average
number of crystalline lamellae in the stack ÆNæ=10. The position of first
q1(m) and second order q2(m) (m=1, 2) peaks from stacks of pure
components 1 and 2 are indicated by vertical lines.
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In these calculations the relative standard deviations of the
distribution of thickness of amorphous and crystalline layers
σ/lcm and σ/lam, respectively, has been fixed equal to 0.1 for
both the components. The values of the long spacing L1 and
L2 have been assumed identical to those of neat iPP1 and
iPP2 components in the as prepared compression molded
films and equal to 15.3 and 9.7 nm respectively, so that also the
values of thickness of crystalline lcm and amorphous layers lam
coincide with the experimental values shown by neat iPP1 and
iPP2, corresponding to lc1=10.9 nm, la1=4.9 nm for the com-
ponent 1, and lc2 =3.6 nm, la2 = 6.1 nm for the component 2,
respectively (see Table 2). Finally, finite dimensions of the
lamellar stacks along z have been assumed with a Bernoulli
type distribution, by setting the average number of crystalline
lamellae in the stack ÆNæ= 10.

The calculated profiles of Figure 7 from stacks of pure
systems 1 and 2 (curves a, g of Figure 7) show narrow peaks
at the same positions of first and second order correlation peaks
observed in the case of as prepared compression molded films
of neat iPP1 and iPP2 samples (curves a, g of Figure 4A), i.e.
q1(1)≈ 0.41 nm-1, q2(1) ≈ 0.82 nm-1, for the pure system 1,
q1(2) ≈ 0.65 nm-1, q2(1) ≈ 1.3 nm-1, for the pure system 2.
Although the width at half height of these peaks is much nar-
rower than the experimental one, (due to the small value of
relative standard deviation for the thickness of crystalline and
amorphous layers assumed in the calculations), the calculated
profiles for themixed systems show some interesting features. In
fact, apart from the trivial result obtained in the case of the block
configuration (Figure 7B) for which the profiles of pure systems
1 and 2 contribute additively to the total scattering intensity
distribution in the mixed systems (curves b-f of Figure 7B), the
calculated profiles obtained for the randomly mixed lamellar
stacks (curves b-f of Figure 7A) show that increasing the degree
of inclusion of lamellae of kind 2 within the stack of lamellae 1
(curves b, c of Figure 7A), and of lamellae of kind 1 within the
stackof lamellae2 (curves e, f ofFigure7A) thecorrelationpeaks
become broader and broader and tend to shift toward lower q
positions.When the degree of inclusion of lamellae from the two
components within the stacks becomes identical (i.e., f1 = f2 =
0.5), the first orderpeakof thepure system2atq1(2)≈0.65nm-1

and the second order peak of pure system1 at q2(1)≈ 0.82 nm-1

merge into a single broadpeak, spanning the region 0.5-1 nm-1

(curves d of Figure 7A). Simultaneously a large increase of
diffuse scattering subtending the correlation peaks occurs, espe-
cially in the low q tail range. One of the drawback of this kind of
calculation is that a zero order peak is always calculated
nonzero,6 whereas in the experimental Lorentz corrected curves
the zero-order peak is zeroed due to multiplication by q2.
Actually, thewidthathalf heightof the zero-orderpeak increases
with decreasing the dimension of the stack along z, and with
increasing the standard deviation and the degree of disorder.

More realistic calculated diffraction profiles with broader
peaks, showing width at half-height close to those normally
observed in the case of samples crystallized in isothermal
conditions at high temperatures (≈0.2 nm-1) could be obtained
by increasing the value of the relative standard deviation of the
distribution of thickness of amorphous and crystalline stacks to
values close to 0.3. As an example, in Figure 8 we show the
calculated SAXS profiles obtained by setting σ/lc1= σ/la1= σ/
lc2 = σ/la2 = 0.3. Such broadening corresponds itself to a shift
of correlation peak in the calculated patterns toward lower
values of q. In order to keep the position of these peaks for pure
components 1 and 2 close to those observed in the case of neat
iPP1 and iPP2 the values of long spacing L1 and L2 have been
slightly reduced, while keeping the ratio lc1/L1≈ 0.71 and lc2/L2

≈ 0.36, by settingL1=14.3 nm, lc1=10.15 nm, la1=4.15 nm for
the component 1, and L2=9.3 nm, lc2=3.35 nm, la2=5.95 nm

for the component 2. Since for large values of the parameter σ
the calculated profiles are not very sensitive to the dimensions
along z of lamellar stacks provided that the average number of
crystalline layers in the stacks ÆNæ is higher than 3, the calcula-
tions of Figure 8 correspond to the limit of stacks of infinite
length (γ = 0 in eq 12). Also in this case the calculations have
beenperformed for the two limit statisticalmodels of disorder in
the succession of lamellar crystals in the stack, the random
configuration (Figure 8A) and the block one (Figure 8B).

Although the correlation peaks of the calculated diffrac-
tion profiles of Figure 8 remain still too narrow in compar-
ison with the experimental ones, direct comparison of the
Lorentz-corrected SAXS curves of Figure 4Awith the results
obtained with our modeling in Figure 8 allows to gain some
important information.

First of all, inspection of profiles of Figure 8B correspond-
ing to the block-like configuration indicate that in no case
the changes observed in the experimental SAXS profiles of
Figure 4A can be explained simply as the result of additive
contribution from lamellar stacks of the two neat components.

Then, confining the attention to the calculated profiles corre-
sponding to the random configuration statistics of Figure 8A, it
is apparent that for small random inclusion of lamellar crystals
ofkind2within stacks rich in lamellaeofkind1,up to10%(f1=
0.9, f2= 0.1, curve b of Figure 8A), only a small broadening of
the main correlation peak and a small increase of the back-
ground intensity in the low q region is produced. This could
explain the changes observed in the SAXSprofiles of Figure 4A,
in going from neat iPP1, to the blend iPP1-90/iPP2-10, with
10 wt % iPP2 (curves a,b of Figure 4A). The profile of blend
iPP1-90/iPP2-10, indeed, is similar to that of neat iPP1, and
shows only a slight broadening of the correlation peak, and a
slight increase of the background intensity. This suggests that
iPP2 lamellar crystals formed in this blend are almost totally
included in the lamellar stacks of iPP1 component.

Figure 8. Calculated one-dimensional SAXS profiles for the statistical
model with random (A) and block (B) configuration, and the indicated
degreeof inclusionof the twokindof layers in the stack,with f1=1, f2=0
corresponding to pure component 1 (a), f1 = 0, f2 = 1 corresponding to
pure component 2.Calculationshavebeenperformedby setting the values
of relative standard deviations of the distribution of thickness of amor-
phous and crystalline layersσ/lc1=σ/la1=σ/lc2= σ/la2=0.3, long spac-
ing, and thickness of amorphous and crystalline layers L1 = 14.3 nm,
lc1 = 10.15 nm, la1 = 4.15 nm for the component 1, and L2 = 9.3 nm,
lc2=3.35 nm, la2=5.95 nm for the component 2, respectively, in the limit
of stacks of infinite length. The position of first q1(m) and second order
q2(m) (m = 1, 2) peaks from stacks of pure components 1 and 2 are
indicated by vertical lines.
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In the case of calculated profiles of Figure 8A, remarkable
changes occur already for the random inclusion of ≈30%
lamellae of kind 2within the stacks of lamellae of kind 1 (f1=
0.7, f2 = 0.3, curve c of Figure 8A). The calculated profile,
indeed, shows just a small hump at q ≈ 0.7 nm-1, a neat
upturn in the low q region and large amount of diffuse
scattering all over the spectrum. A similar profile is obtained
in the case of random inclusion of ≈50% lamellae of kind
2 within the stacks of lamellae of kind 1 (f1 = 0.5, f2 = 0.5,
curve d of Figure 8A), the major differences with curve c
consisting in the presence of amore pronounced hump at q≈
0.65 nm-1, a less pronounced upturn in the low q region and
larger amount of diffuse scattering all over the spectrum. The
calculated profiles of kind c, d of Figure 8A are in qualitative
agreement with the nearly featureless SAXS curve of blend
iPP1-70/iPP2-30, containing 30 wt % iPP2 (curve c of
Figure 4A). Probably, at this composition the maximum
degree of inclusion of iPP2 lamellaewithin the lamellar stacks
of iPP1 component is achieved. On the basis of calculated
profiles of Figure 8A, which show that the calculated patterns
become nearly featureless already by setting f1 = 0.7, f2 = 0.3
(curve c of Figure 8A), we argue that the maximum degree of
inclusion of iPP2 in the stacks of well formed lamellae of iPP1
component should be around 30%.

The calculated profiles of lamellar stacks rich in the com-
ponent 2 indicate that the random inclusion of 10% ( f1 = 0.1,
f2 = 0.9, curve f of Figure 8A) and 30% ( f1 = 0.3, f2 = 0.7,
curve e of Figure 8A) lamellae of kind 1 in the stacks of lamellae
of kind 2 produces just a neat broadening of the correlation
peaks of pure system 2 (curve a of Figure 8A), associated with
increase of diffuse scattering at low values of q. In no case these
calculated SAXS profiles correspond to those of iPP2 rich
blends, with iPP1 content of 10 and 30 wt % (curve f, e of
Figure 4A), which show amuch higher broadeningwith respect
to neat iPP2. Probably, at these compositions, the experimental
SAXS curves reflect the presence of at least two independent
family of lamellar stacks. A first family is rich in iPP1 compo-
nent, which crystallizes at high temperatures, achieving the
maximum degree of inclusion of lamellae of iPP2 component.
The excess of iPP2 component, which crystallizes at lower
temperatures forms the second family of lamellar stacks even-
tually including the iPP1 lamellae not comprised in the first
family. Since the family of lamellar stacks rich in the iPP1
component are highly disordered their contribution to the total
intensity consists of large background and broad halos, and
only the family of lamellar stacks rich in iPP2 contribute to the
maximum, with position close to that of neat iPP2 (curve g of
Figure 4A). Formation of two disordered families of lamellar
stacks explains also the neat increase of the width at half height
W of the main correlation peak observed in the case of blends
iPP1-10/iPP2-90 and iPP1-30/iPP1-70, from ≈0.50 nm-1

for neat iPP2 to≈0.75-0.80 nm-1 for these blends (curve e,f of
Figure 4A and Table 2) as well as the presence of the double-
peaked small hump observed in the case of blend iPP1-50/
iPP2-50 with 50 wt % iPP2 (curve d of Figure 4A).

Using the information gained from calculations shown in
Figure 7 and 8, our theoretical approach has been used to
model the experimental SAXS curves of our blends. A direct
comparison of experimental (Lorentz corrected) SAXS
curves from compression molded films of iPP1 and iPP2
neat components and iPP1/iPP2 blends shown in Figure 4A
with calculated profiles is presented in Figure 9. In order to
mimic the width of correlation peaks of experimental SAXS
curves, in the calculations the values of standard deviations
that describe the distribution of thickness of crystalline and
amorphous layers have been regulated by setting the values
of σci/lci and σai/lai in the range 0.3-0.6. The values of long

spacing Li, and thicknesses of crystalline and amorphous
layers lci and lai have been consequently adjusted in order to
reproduce the experimental position of correlation peaks. In
some cases the presence of more than one family of lamellar
stacks could be clearly identified. We have started by simu-
lating the experimental SAXS profiles of the films of neat
iPP1 and iPP2 samples. Successively, the SAXS profiles of
iPP1/iPP2 blends have been modeled using the morphologi-
cal parameters found for pure iPP1 and iPP2 to identify the
components entering in the various families of lamellar
stacks contributing to the total scattered intensity. We ad-
dress the components entering in each family of lamellar
stacks as belonging to the HTC component 1 if the values of
L1/lc1 remain high, around 0.71 ( 0.10; as belonging to the
LTC component 2 if the values ofL2/lc2 are low, around 0.36
( 0.10. Labels “a” and “b” identify families of lamellar stack
containing in prevalence the HTC component 1 and LTC

Figure 9. Comparison of slit desmeared SAXS profiles after Lorentz
correction from films of iPP1 (A) and iPP2 (G) neat samples, and iPP1/
iPP2 blends (B-F, C0) having the indicated composition (e) with the
SAXS curves calculated for statistical models with different degree of
inclusion of layers from theHTC component 1 defined by lc1/L1=0.71(
0.10 and the LTC component 2 defined by lc2/L2= 0.36( 0.10. Symbols
“a” and “b” denote contribution to the SAXS intensity from families of
lamellar stacks containing in prevalence the HTC component (a, a0, a0 0)
and the LTC component (b, b0); unprimed symbols are relative to stacks
including crystals of theHTCandLTCcomponentwith thickness lc1≈ 10
nm and lc2 ≈ 3 nm, respectively, primed and double primed symbols are
relative to stacks including crystals of theHTC andLTC component with
nearly halved thickness, i.e., lc1 ≈ 4-5 nm, lc2 ≈ 2 nm, respectively (see
Table 3). The continuous lines correspond to the SAXS curve obtained by
summing the various component.Films inpartsA-Ghavebeenprepared
bymelt pressing using a flux of cold water within the hot plates during the
cooling step; the film in part C0 has been obtained under the same
conditions but without using the flux of cold water. The star in part C
denotes a faint peak at q ≈ 0.14 nm-1 observed in SAXS curve of
iPP1-70-iPP30 blend with 70 wt % iPP1.
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component 2, respectively. In Table 3 the characteristic mor-
phological parameters used to simulate the experimental
SAXS curves in Figure 9 are collected.

In the case of neat component iPP1, the main features of
SAXS distribution intensity (curve e of Figure 9A) could be
captured by introducing at least two families of lamellar stacks
both characterized by a value of linear crystallinity lc1/L1 of
≈0.71, coinciding with the experimental value of volume frac-
tion index of crystalline phase. In particular a first family of
lamellar stacks of type a consists of well developed crystalline
lamellae of average thickness lc1 ≈ 10 nm (σc1/lc1 = 0.3) sep-
arated by amorphous layers of thickness la1 ≈ 4 nm (σ1/la1 =
0.5) (curve a of Figure 9A). A fraction Fstack equal to ≈0.68 of
these kind of stacks accounts for the main correlation peak at q
≈ 0.40 nm-1 in the experimental profile e. The second family of
lamellar stacks, dubbed a0, consists of less perfect crystalline
lamellae of nearly halved thickness i.e. with lc1≈ 5 nm (σc1/lc1=
0.35) separatedby amorphous layers of thickness la1≈ 2nm (σ1/
la1 = 0.5) (curve a’ of Figure 9A). A fraction Fstack equal to
≈0.32 of this kind of stacks roughly accounts for the secondary
correlation peak at q≈ 0.80 nm-1 in the experimental profile e.

For the neat component iPP2, the main features of SAXS
distribution intensity (curve e of Figure 9G) could be simulated
by using a single family of lamellar stacks of kind b character-
ized by lc2/L2 ≈ 0.36 coinciding with the experimental value of
volume fraction index of crystalline phase. These stacks consist
of crystalline lamellae of average thickness lc2≈ 3 nm (σc2/lc2=
0.3) separated by amorphous layers of average thickness
la2 ≈ 6 nm (σa2/la2 = 0.5) (curve b of Figure 9G).

In the case of iPP1-90/iPP2-10 blend, comprising 90 wt %
iPP1, the experimental SAXS distribution intensity (curve e

of Figure 9B) is similar to that one of neat iPP1 (curve e of
Figure 9A). Accordingly, the main correlation peak at q ≈
0.40 nm-1 may be accounted for by 65% disordered lamellar
stacks of kind a, consisting in the randommixing of 90%HTC
component 1with thickness of crystalline and amorphous layers
lc1 ≈ 10 nm (σc1/lc1 = 0.3) and la1 ≈ 4 nm (σa1/la1 = 0.5) and
10%LTCcomponent 2with lc2≈ 3 nm (σa2/lc2=0.3) and la2≈
6 nm (σa2/la2=0.5) (curve a of Figure 9B). The remaining 35%
of stacks is reminiscent of the family of kind a0 already present in
neat iPP1, and consists of 90% layers from theHTCcomponent
1with nearly halved thickness of crystals (lc1≈ 5 nm- σc1/lc1=
0.35, la1 ≈ 2 nm - σa1/la1 = 0.5) randomly mixed with 10%
layers from the LTC component 2 (lc2≈ 3 nm- σc2/lc2= 0.35,
la2≈ 6 nm- σa2/la2= 0.5) (curve a0 of Figure 9B). This second
fraction of lamellar stacks accounts for the secondary correla-
tion peak at q ≈ 0.80 nm-1 in the experimental profile.

In a similar way, the SAXS profile of iPP2 rich blend,
iPP1-10/iPP2-90, comprising only 10 wt % iPP1, (curve e
of Figure 9F) is close to that one of neat iPP2 (curve e of
Figure 9G). The main correlation peak at q ≈ 0.70 nm-1,
indeed, may be accounted for by a disordered lamellar stack of
kind b comprising 90% layers from LTC component 2 with lc2
≈ 3 nm (σc2/lc2=0.3) and la2≈ 6 nm (σa2/la2=0.5), randomly
mixed with 10% defective layers of HTC component 1 with lc1
≈ 5 nm (σc1/lc1=0.3) and la1≈ 2 nm (σa1/la2=0.5) (curve b of
Figure 9F). In order to account for the presence of the long tail
region for q > 1 nm-1 in the experimental curve e, a second
family of lamellar stacks of kind b0 had to be introduced,
including exclusively layers of the LTC component 2 (i.e., with
lc/L ≈ 0.36), where 10% of layers with lc2 ≈ 3 nm - σc2/lc2 =
0.35, la2 ≈ 6 nm - σa2/la2 = 0.5, characteristics of neat iPP2

Table 3. Values of Morphological Parameters Used for Modeling the Slit Desmeared SAXS Profiles after Correction for the Lorentz Factor of
Compression Molded Films of Neat iPP1 and iPP2 Samples and iPP1/iPP2 Blends of Figure 9a

sample
type of
stack Fstack

b
type of

component/stack
lci

(nm)c σci/lci
c

lai
(nm)c σai/lai

c fi
c Σlci (lci þ lai)

-1 xc
d

iPP1 a 0.68 HTC 10.15 0.3 4.15 0.5 1 0.71 0.71
a0 0.32 HTC 4.61 0.35 1.88 0.5 1

iPP1-90/iPP2-10 a 0.65 HTC 9.23 0.3 3.77 0.5 0.9 0.67 0.67
LTC 3.35 0.3 5.59 0.5 0.1

a0 0.35 HTC 4.61 0.35 1.88 0.5 0.9 0.67
LTC 3.35 0.35 5.95 0.5 0.1

iPP1-70/iPP2-30 a 0.13 HTC 10.15 0.6 4.15 0.6 0.7 0.61 0.50
LTC 3.35 0.6 5.95 0.6 0.3

a0 0.32 HTC 4.61 0.6 1.88 0.6 0.7 0.61
LTC 3.35 0.6 5.95 0.6 0.3

a0 0 0.24 HTC 4.26 0.35 1.74 0.5 0.7 0.61
LTC 3.35 0.35 5.95 0.5 0.3

b0 0.31 LTC 1.88 0.35 3.35 0.5 1 0.36
iPP1-70/iPP2-30 slowly cooled a 1 HTC 8.52 0.3 3.48 0.5 0.7 0.61 0.61

LTC 3.35 0.3 5.59 0.5 0.3
iPP1-50/iPP2-50 a0 0.46 HTC 4.26 0.35 1.74 0.5 0.7 0.61 0.49

LTC 3.35 0.35 5.95 0.5 0.3
b0 0.54 LTC 3.35 0.35 5.95 0.5 0.3 0.36

LTC 1.88 0.35 3.35 0.5 0.7
iPP1-30/iPP2-70 a0 0.61 HTC 4.61 0.35 1.88 0.5 0.7 0.61 0.51

LTC 3.35 0.35 5.95 0.5 0.3
b0 0.39 LTC 3.35 0.35 5.95 0.5 0.1 0.36

LTC 1.88 0.35 3.35 0.5 0.9
iPP1-10/iPP2-90 b 0.69 HTC 4.61 0.3 1.88 0.5 0.1 0.40 0.39

LTC 2.88 0.3 5.12 0.5 0.9
b0 0.31 LTC 3.35 0.35 5.95 0.5 0.1 0.36

LTC 1.88 0.35 3.35 0.5 0.9
iPP2 b 1 LTC 3.35 0.3 5.95 0.5 1 0.36 0.36

aLabels “a” and “b” identify families of lamellar stack containing a prevailing amount of the high temperature crystallizing (HTC) component 1 and
the lower temperature crystallizing (LTC) component 2, respectively; unprimed symbols a, b are relative to stacks including crystals of theHTCandLTC
componentwith thickness lc1≈ 10 nmand lc2≈ 3 nm, respectively; primed (a0, b0) and double primed (a0 0) symbols are relative to stacks including crystals
of the HTC and LTC component with nearly halved thickness. bFractional amount of the different families of lamellar stack. cThickness of crystalline
(lci) and amorphous layers (lai), corresponding relative standard deviations (σci/lci, σai/lai) and degree of inclusion (fi) for theHTC (i=1) andLTC (i=2)
components comprised in the families of lamellar stacks of kind “a” and/or “b”. dLinear degree of crystallinity evaluated as the sum of the partial
crystallinity for each family of stacks Σfi lci/(lai þ lci) multiplied by the corresponding fraction Fstack.
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sample (Figure 9G), are randomlymixed with 90% layers com-
prising crystals of nearly halved thickness (lc20 ≈ 2 nm - σc2/
lc2 = 0.35, la20≈ 3 nm- σa20/la20=0.5) (curve b0 of Figure 9F).
The relative amount of stacks of kind b and b0 is 69%and 31%,
respectively (see Table 3). No detectable amount of lamellar
stacks including well-formed lamellar crystals of the HTC
component with lc1 ≈ 10 nm could be detected, either because
the correlation peak from these stacks occurs at q less than our
resolution limit (qmin,≈ 0.1 nm-1) and their amount is very low
or because these crystals are not formed at all when the
concentration of iPP1 component is below a threshold limit.

Having identified the leading families of lamellar stacks
formed in our system, the modeling of SAXS profiles of iPP1-
70/iPP2-30, iPP1-50/iPP2-50 and iPP1-30/iPP2-70 blends
comprising70, 50, and30wt%iPP1 (curve eofFigure 9C-E) is
straightforward.We first notice that in all three cases the SAXS
profilesofFigure9C-Efeaturea long tail region forq>1nm-1

as in the case of blend iPP1-10/iPP2-90 (Figure 9F). This
indicates that in these blends a portion of stacks of kind b0 is
present, including lamellae of the LTC component 2 of low
thickness. The reason why lamellar stacks of kind b0 containing
crystals of iPP2 component of low thickness are apparent in the
blendswith iPP1 concentration in range 10-70wt%and not in
the neat iPP2 sample may be envisaged in the fact that in
presence of the more stereoregular iPP1 component, a sort of
fractionation occurs. Only the most stereoregular portions of
chains of iPP2 component are included in the stacks in between
the crystalline lamellae of iPP1 component which form at high
crystallization temperatures, so that the less stereoregular por-
tions of iPP2 chains are rejected in the interlamellar regions and
form disordered stacks, where irregular crystals of small thick-
ness of the LTC component 2 are embedded.

In particular, the SAXS profiles of blends iPP1-50/iPP2-50
and iPP1-30/iPP2-70 (curve e of Figure 9D, E) may be de-
scribed in terms of at least two contributions.More precisely, for
the blend iPP1-50/iPP2-50 the experimental double peaked
SAXS profile of Figure 9D (curve e) may be accounted for by
thepresenceof stacks of kinda0 arising from the randommixing
of 70% layers of HTC component 1 with thickness lc1≈ 4 nm
(σc1/lc1 = 0.35), la1 ≈ 2 nm (σa1/la1 = 0.5) and 30% layers of
the LTC component 2 with lc2 ≈ 3 nm (σc1/lc1 = 0.35), la2 ≈
6 nm (σa1/la1 = 0.5) (curve a0 of Figure 9D), whereas the long
tail region is accounted for by the presence of stacks of kind
b0 including 30% layers from the LTC component 2 with lc2 ≈
3 nm - σc2/lc2 = 0.35, la2 ≈ 6 nm - σa2/la2 = 0.5, randomly
mixed with 70% layers still of LTC component 2, but with
crystals of nearly halved thickness (i.e., lc20 ≈ 2 nm- σc2/lc2 =
0.35, la2 ≈ 3 nm - σa2/la2 = 0.5) (curve b0 of Figure 9D), the
relative amount of stacks of a0 andb0 being≈50%(seeTable 3).
For the blend iPP1-30/iPP2-70, instead, the primary correla-
tion peak at q ≈ 0.80 nm-1 of experimental SAXS profile of
Figure 9E (curve e) may be accounted for by the presence of
stacks of kind a0 arising from the randommixing of 70% layers
ofHTC component 1with thickness lc1≈ 5 nm (σc1/lc1=0.35),
la1 ≈ 2 nm (σa1/la1 = 0.5) and 30% layers of the LTC com-
ponent 2 with lc2≈ 3 nm (σc1/lc1= 0.35), la2≈ 6 nm (σa1/la1=
0.5) (curve a0 of Figure 9D), whereas the long tail region is
accounted forby thepresenceof stacksofkindb0 including10%
layers from the LTC component 2 with lc2 ≈ 3 nm- σc2/lc2 =
0.35, la2 ≈ 6 nm - σa2/la2 = 0.5 randomly mixed with 70%
layers of LTC component 2 of nearly halved thickness for the
crystals (lc20 ≈ 2nm- σc2/lc2=0.35, la2≈ 3nm- σa2/la2=0.5)
(curve b0 of Figure 9F). For this blend, the relative amount of
stacks of a0 and b0 is 61% and 39%, respectively (see Table 3).
As in the case of blend iPP1-90-iPP2-10 with 90 wt % iPP1,
also in the case of blends iPP1-50/iPP2-50 and iPP1-30/
iPP2-70nodetectable amount of lamellar stacks includingwell

formed lamellar crystals of the HTC component with lc1 ≈
10 nm could be detected, probably because the correlation
peak from these stacks occurs at q less than our resolution
(qmin,≈ 0.1 nm-1).

Finally, in the case of iPP1-30/iPP2-70 blend with 70 wt%
iPP1, the featureless Lorentz corrected SAXS curve from the
compression molded film (curve e of Figure 9C) may be
describedasdue to thecontribution frommore than twofamilies
of lamellar stacks. In particular, the high q tail region may be
accounted for by a population of lamellar stacks of kind b0
arising from irregular crystals of the LTC component 2 (lc20 ≈
2nm- σc2/lc2=0.35, la2≈3nm-σa2/la2=0.5) not included in
the stacks of theHTCcomponent 1 (curve b0 ofFigure 9C). The
intensity distribution in the low q regionwith the upturn and the
faint peak at q≈ 0.14 nm-1may be accounted for by a family of
lamellar stack of kind a, including 70% of well developed
crystals of the HTC component 1 with lc1 ≈ 10 nm - σc1/lc1=
0.6, la2≈4nm- σa1/la1=0.6, randomlymixedwith 30%layers
of the LTC component 2 with lc20 ≈ 3 nm- σc2/lc2 = 0.6, la2≈
6 nm- σa2/la2= 0.6 (curve a of Figure 9C). Lamellar stacks of
type a0 anda00 are also present, including 70% layers of theHTC
component 1 with crystals of low thickness (lc1≈ 4-5 nm, la1≈
2 nm) randomlymixed with 30% layers of the LTC component
2with lc2≈ 3nm, la2≈ 6nm(curves a0 anda00 ofFigure 9C).The
stacks of kind a0 and a00 account for the experimental SAXS
distribution intensity in the q region intermediate between the
low q upturn, and high q tail. The fraction of lamellar stacks of
kind a, a0, a00, and b0, are 0.13, 0.32, 0.24, and 0.31, respectively.
It isworthnoting that in the caseof compressionmolded filmsof
iPP1-70/iPP2-30 blendwith 70 wt% iPP1, obtained from the
melt without using a flux of cold water within the hot plates
during the cooling step to room temperature, the slit desmeared
SAXSprofile, after correction for theLorentz factor, (curve e of
Figure 9C0) may be accounted for by a single family of lamellar
stacks of kind a consisting of 70% layers from the HTC
component 1 with lc1 ≈ 9 nm - σc1/lc1 = 0.3, la2 ≈ 3 nm -
σa1/la1 = 0.5 randomly mixed with layers from the LTC
component 2 with lc2 ≈ 3 nm - σc1/lc1 = 0.3, la2 ≈ 6 nm -
σa1/la1 = 0.5 (curve a of Figure 9C0).

The good agreement of experimental SAXS profiles of our
samples with those calculated using our theoretical approach
shown in Figure 9, clearly demonstrate the tendency of iPP1
and iPP2 to formmixed lamellar stacks. Formation ofmixed
lamellar stacks for all blends definitely rules out occurrence
of a liquid-liquid phase separation prior crystallization of
the HTC component. Crystallization of iPP1, indeed, occurs
from a homogeneous melt, at any composition, where the
two components are mixed at molecular level. In fact, the
formation of mixed lamellar stacks in blends may occur only
if the two components are miscible in the melt state.

Formation of mixed lamellar stacks in semicrystalline/
semicrystalline blends has been rationalized in terms of the
classic parameter δ1 introduced by Keith and Padden,27

defined as δ = D/G, where D is the diffusion coefficient of
the noncrystallizing component andG the linear growth rate
of the crystals. This parameter is a measure of the distance
that the noncrystallizing component may diffuse during the
time step of crystallization of the first component and must
be of the same size of the morphological feature which
develops during that time.1 Only when the value of the
parameter δ is less than 1 mixed lamellar stacks may be
formed, because a remarkable amount of the low tempera-
ture crystallizing component iPP2 remain trapped into the
growing lamellar structure of component iPP1. More com-
plexmorphologiesmay also be formed in these conditions, as
for instance interpenetrating lamellar stacks of the two
components, with only partial inclusion.1
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Conclusions

A theoretical model has been derived for the calculation of
small-angle X-ray scattering (SAXS) from isolated lamellar stacks
in which two or more kinds of lamellae are mixed within the same
stack according to different statistical models, ranging from the
fully randommode, to alternated one, up to block configurations.

We have shown that the SAXS profiles calculated from ideal
models of disorder with the judicious choice of the proper
parameters may be advantageously compared with the experi-
mental SAXS profiles of polymer blends, obtaining information
not easy to gain using different techniques, even in the case of
samples crystallized in non controlled conditions.

Our theoretical approach allows overcoming some limitation
of more classic methods of analysis of SAXS data, in cases of
blends of semicrystalline/semicrystalline polymers crystallized
from themelt in conditions far from thermodynamic equilibrium.
The classic analysis of SAXS data from these systems, indeed, is
complicated by the nearly featureless SAXS profiles obtained for
some compositions with no apparent correlation peaks, whereas
more direct observations, e.g., with scanning electronmicroscopy
and/or optical microscopy would be highly demanding due to the
similar chemical nature of the two components without using
some ad hoc chemical or thermal treatment.

We have shown that lack of definite correlation peaks in the
SAXS profiles associated with the presence of large amount of
diffuse scattering shown by some blends does not necessarily
correspond to the lack of lamellar morphology, but that these
featureless SAXSprofilesmay also originate from lamellar stacks
with the lamellae of the two components randomly mixed within
the same array, stacked with faults.

Our modeling approach has been tested in the case of some
model blends obtained bymixing two semicrystalline iPP samples
characterized by two different melting temperatures. A unified
vision of the complex morphology at nanometer length scale of
these blends has been obtained, demonstrating that the nano-
structural organization of these blends depends on the composi-
tion. In all cases, mixed lamellar stacks are formed. In particular,
in the case of blends rich in the high temperature crystallizing
component iPP1, a high degree of inclusion of lamellae of the
second less stereoregular components is achieved, up to reach the
maximumdegree of inclusion in the blends with 30 wt% iPP2. In
the case of blends rich in the less stereoregular component iPP2,
at least two families of lamellar stacks are formed, a family rich in
iPP1 component, which forms at high temperatures, achieving
themaximumdegree of inclusion of lamellae of iPP2 component,
and a second familywhich forms at lower temperatures, including
the excess of iPP2 component and eventually the iPP1 lamellae
not comprised in the first family. Formation of mixed lamellar
stacks in these systems provide clear evidence that the two
components are miscible in the melt state.

The model derived in this paper is widely more general, and
may be easily extended to more complex systems including more
than two kinds of lamellae, the presence of transition zones
between amorphous and crystalline layers within the stacks, and/
or distributions of thickness of amorphous and crystalline layers
different from the classic Gaussian one. In view of the large
commercial importance that some semicrystalline/semicrystalline
blends have achieved, as for instance the blends of differently
branched grades of polyethylene, we believe that our kind of
approach may help elucidating the complex morphology which
develops in these samples, even in the case of manufactures
obtained directly from industrial implants, and not necessarily
crystallized under controlled conditions.
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