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X-ray Scattering Studies on Multiphasic
Polymer Systems

Z.Z. Denchev and J. C Viana

IPC — Institute for Polymers and Composites, University of Minho, Portugal

17.1 Introduction

At present, multiphase and multicomponent materials such as polymer alloys, blends, and
composites consume over 80 wt% of all commercially-produced resins. The increase of this
particular segment of the plastics industry is about three times faster than of the industry as a
whole. The reason is that the modification by blending may improve significantly the resins’
mechanical performance and processability, being at the same time cost effective. Those few
resins that are used without adding of other components are most frequently semicrystalline, i.e.
they already have a multiphase structure that makes other modification less urgent [1].
Recently, a large window has opened for new structural applications of the multicomponent
polymer systems with the advent of nanoscale filled polymer composites. Changing the type,
size, shape, volume fraction, interface, and degree of dispersion or aggregation of the
nanofillers enables a great amount of unique combinations of properties with high potential for
successful commercial development [2].

In technical literature the terms ‘phase’ and ‘component’ are often used interchangeably.
In thermodynamics, however, a clear distinction is made. Thus, a phase is defined as a
chemically and physically uniform quantity of matter that can be separated mechanically from a
nonhomogeneous mixture. Hence, multiphasic polymer systems would comprise at least two
different phases, e.g. semicrystalline single polymers featuring amorphous and crystalline
phases or polymorphic polymers containing different concomitant crystalline phases. Many
polymer systems with industrial importance such as blends, colloidal polymers, polymer
composites/ filled polymers, etc. comprise two or more chemically distinct components, each
one of them being able to contain various phases as well. These components may have different
sizes, with microscopic to nanoscopic blocks being present.

Handbook of Multiphase Polymer Systems, First Edition; Eds.: Abderrahim Boudenne, Laurent Ibos, Yves
Candau, and Sabu Thomas. © 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.
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The wide use of multicomponent and multiphasic polymer systems in polymeric products
fostered the investigations on their structure development during processing and the
establishment of structures—properties relationships [3, 4]. Apart from their industrial
importance, multiphase polymers and multicomponent materials on their basis are model
systems in statistical physics for studying fundamental aspects of many properties such as
conformational properties of the chains, the kinetics of phase transitions, as well as the detailed
dynamics of diffusion processes [5]. The large molecular dimension of polymer systems
markedly reduces the mixing entropy and provides the basis for self-organized structures [6].
Because of all these reasons, investigating polymer systems comprising many components and
phases has become an important issue within modern materials science.

Generally, scattering methods are a useful tool to study a multiphase or multicomponent
system since they are sensitive to the spatial inhomogeneities due to composition or phase
fluctuations in polymer materials, either amorphous or semicrystalline. Many relevant studies in
this field have been performed by means of small-angle scattering of X-rays (SAXS) or of
neutrons (SANS) [7]. The latter technique is less accessible due to the necessity of nuclear
reactors and special safety precautions. The wide angle scattering of X rays (WAXS) called also
X-ray diffraction is very frequently used in characterization of semicrystalline multiphase
systems. The diffraction pattern contains information that is specific to each phase within the
illuminated volume, including both geometric and structural parameters, many of which are
inaccessible to other techniques. It is a common feature of all scattering techniques that the
structural information can be collected non-invasively, providing in situ and real-time
possibilities. While these capabilities already turn WAXS and SAXS into quite powerful
techniques, the output can be considerably enhanced by collecting data in synchrotron
beamlines, using high-flux and, whenever possible, micro-focused X-ray beams [8].

Although synchrotron is a good option for doing WAXS and especially SAXS, some
benchtop equipment is also available (e.g. with a Kratky camera or with a two-dimensional
detector as the NanoStar analyzer of Bruker AXS) capable of yielding good SAXS data.
Characterization of multicomponent/multiphase polymer systems by X-ray techniques is a vast
scientific area. It includes by definition the studies on all polymer blends, alloys and composites
that are made of chemically-independent constituents (components). Moreover, each
semicrystalline polymer is to be considered at least biphasic, comprising a disordered (liquid)
amorphous fraction and a solid fraction with crystalline order. If the latter is made of various
crystalline phases (polymorphs) even a semicrystalline homopolymer can be considered a
multiphase system.

With all these ideas in mind, the scope of the present chapter had to be limited to some
recent studies on the application of synchrotron WAXS and SAXS in three particular
multicomponent and multiphase polymer systems. The first system comprises materials that
became known as microfibrillar reinforced composites (MFC) produced from oriented blends of
thermoplastic semicrystalline polymers by conventional processing techniques. These materials
belong to fiber-reinforced composites that have many important engineering applications but
are notoriously difficult to study [9].

As a second material system, the structure development during processing of an
immiscible polymer blend of polypropylene (PP) and polystyrene (PS) was investigated by X-
ray scattering techniques. Structure formation in polymers blends has been widely investigated
in the last years, mainly in terms of the development of the size, shape, and orientation of the
dispersed component under flow deformation [10]. Further, the structure evolution and damage
during stretching in the solid state of polymers blends is much less researched topic.
Complementing, this second study, the structure evolution of the PP/PS blend was investigated
by time resolved x-ray scattering in a synchrotron source.

Finally, the third case reveals investigations on the structure of polymer nanocomposites
developed during processing and also during stretching. Polymer nanocomposites are a recent
class of materials, and very few studies have been published on the structure development in
them (e.g. [11, 12]).
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In this chapter, it will be also demonstrated how WAXS and SAXS can be used, along
with other characterization techniques, to characterize the structure of multicomponent and
multiphase polymer systems and how their nanostructure relates to their mechanical behavior
and properties.

17.2 Theoretical Background
17.2.1 Microfibrillar Reinforced Composites (MCF): Definition and Preparation

The MFCs, described initially about two decades ago [13-15], are a special type of in situ
nanocomposites combining the easier preparation and processability of the conventional
polymer fibrous composites with the presence of micro- and nanosized, high aspect ratio
reinforcements typical of the nano- and molecular composites. In the MFCs these
reinforcements are fibrils built of bundles of flexible, organic macromolecules produced by
appropriate mechanical and thermal treatment of a polymer blend. The typical diameters of the
reinforcing fibrils in MFC were found to be within the upper size limit of nanocomposites (i.e.
100-1000 nm). Nevertheless, they could hardly be considered typical representatives of either
macro- or nanocomposites [16].

The preparation of MFCs is quite different from that of the conventional composites,
insofar as the reinforcingmicro- or nanofibrils are created in situ during processing, as is the
relaxed, isotropic thermoplastic matrix. The preparation of MFCs comprises three basic steps
[17, 18]. First, melt-blending is performed of two or more immiscible polymers with melting
temperatures (T,,) differing by at least 30°C. In the polymer blend so formed, the minor
component should always originate from the higher-melting material and the major one from
the lower melting component or could even be amorphous. Second, the polymer blend is drawn
at temperatures equal or slightly above the glass transition temperatures (Ty) of both
components leading to their orientation (i.e. fibrillation). Finally, liquefaction of the lower
melting component is induced thus causing a nearly complete loss of orientation of the major
phase upon its solidification, which, in fact, constitutes the creation of the composite matrix.
This stage is called isotropization. It is very important that during isotropization the temperature
should be kept below T,, of the higher melting and already fibrillated component. In doing so,
the oriented crystalline structure of the latter is preserved, thus forming the reinforcing elements
of the MFC.

Although MFCs are based on polymer blends, they should not be considered oriented
blends. It is the stage of isotropization where the latter are transformed into composite
materials. Along with the loss of orientation of the matrix, depending on the chemical
functionality of both reinforced and reinforcing components, chemical reactions may also take
place resulting in the formation of a copolymeric interface. This interface plays the role of a
compatibilizer increasing the adhesion between the matrix and the reinforcing components. If
no chemical functionality is present, suppressing of incompatibility between the two materials
may be achieved by adding compatibilizing agents to strengthen the interface.

In the first studies on MFCs, the composites were prepared on a laboratory scale
performing every one of the aforementioned three processing stages separately, one after
another. Blending was realized in a laboratory mixer or a single-screw extruder to obtain non-
oriented strands that were afterward cold-drawn in a machine for tensile testing, followed by
annealing of the oriented strands with fixed ends [13-15, 19-22]. Obviously, this discontinuous
scheme is difficult to apply in large-scale production. More relevant in this case are the
continuous setups developed more recently [23—26]. Blending of the components and extruding
the initial strands could be performed in a twin-screw extruder coupled with two or more
drawing devices [24].

After the extrusion blending—drawing stage, one obtains the polymer blend at the exit of
the second haul-off device in the form of oriented, continuous cables (OC). To perform the
matrix isotropization stage, these strands are further processed by compression molding at
temperatures above Tm of the matrix and below Tm of the reinforcing fibrils, whereby the
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former melts assuming the form of the mold and embedding the bundles of oriented fibrils
whose orientation and length may be varied [27].

Other molding techniques can also be used instead of compression molding. Monticciolo
et al. [28] and later on Pesneau et al. [29] and Evstatiev et al. [30] used an approach in which
after the fibrillation of the respective blend by drawing, the oriented strands were cooled down
to freeze the morphology and chopped to pellets. The latter were reprocessed by second
extrusion or by injection molding at a temperature below the Tm of the dispersed fibrillated
component.

In this chapter an attempt is made to explain the mechanical properties of polyamide
reinforced MFCs with a HDPE matrix relating them to their structure using synchrotron WAXS
and SAXS complemented by scanning electron microscopy (SEM).

17.2.2 Clay-containing Polymer Nanocomposites

Polymer nanocomposites exhibit substantial improvement of their properties as compared with
those of the virgin raw materials and their traditional microcomposites [11, 12, 31, 32]. From
those, nanoclay-reinforced polymers received a lot of industrial and scientific interest as they
show improved mechanical properties, higher thermal resistance, reduced gas permeability and
reduced flammability [11, 32]. The influence of the incorporation of nanoclays on the structure
and hierarchical organization of a polymer, and therefore on their properties, has been
investigated. When fillers of size comparable with the segmental blocks of macromolecules are
added to the polymeric systems they interfere at the molecular level giving unusual properties,
at low levels of incorporation (even less than 1%) [31,33]. For nanoclay-filled polymers,
structural features as nanoparticles dispersion and exfoliation level influence the nanocomposite
properties [34, 35]. When adding a nanoclay to a polymer three materials may be obtained
depending upon the degree of separation of nanoclay layers (Figure 17.1): (i) a fully exfoliated
clay, resulting in a true polymer nanocomposite; (ii) intercalated clays with increased
intergallery distance due to the insertion of the polymer macromolecules;

R 3 aatcacosncecacacy _

s - 5

L) \ ;# l\ W22 S \ 20=3.15

= \ ‘ > | \ d, = 3.25 nm £ \ dy =280 nm

i\ q 1R
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Figure 17.1 Structure of a clay-filled polymer and respective Intensity-26 plot (WAXS): (a) exfoliated clay
nanocomposite; (b) intercalated composite (d; — clay inter-gallery distance; d; > dg); (c) agglomerated
(tactoids) microcomposites (do — pristine clay inter-gallery distance).
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and (iii) agglomerated nanoclays, resulting in a traditional polymer microcomposite. In most of
the cases, fully exfoliation of the nanoclays is difficult to achieve and the property enhancement
is reduced.

Due their nanometer size, X-ray diffraction (WAXS) is able to measure the clay’s
intergallery distance. However, for very low levels of incorporation of nanoclays, the absence
of a reflection peak is not a direct evidence of their fully exfoliation. The
agglomeration/exfoliation and dispersion of the nanometric reinforcements in the polymeric
matrix is essential for improved mechanical behavior [32]. Contrasting with the innumerous
studies on polymer nanocomposites in the last years, the evolution of the structure during
deformation has been investigated scarcely [36].

In this chapter, the structure development during processing of nanoclay-filled PP is
investigated. The morphology of PP is characterized for nanocomposites with different amounts
of incorporation of nanoclays. Furthermore, the structure evolution during stretching of PET
nanocomposites is studied by in situ SAXS investigations. This aims at giving fundamental
insights about deformation mechanisms at the nanoscale with adequate time-resolution.

17.2.3 The use of WAXS and SAXS in Characterization of Polymers

X-rays are electromagnetic radiation occupying the spectrum from 10 to 10> A in wavelength.
Scattering experiments with polymers are performed mostly with the Ka characteristic radiation
from a copper target tube with 1 = 1.5418 A. X-rays of similar wavelength can also be selected,
by means of monochromator, from the broad spectrum emitted by a synchrotron radiation
source.

The setup scheme of a scattering experiment in symmetrical-transmission mode
frequently used in synchrotrons is represented in Figure 17.2(a). There, radiation from the
storage ring source (1) is monocromatized by the incident beam optics (2). The sample (3) is in
upright position and the primary (unscattered) beam passes through it hitting the beamstop (5).
The detector (4) collects only the X-rays scattered at various 26 angles. This setup allows the
easy change of the sample-to-detector distance R, but requires a two-dimensional detector for
recording the complete scattering pattern.

Figure 17.2(b) shows a scheme of the classical symmetrical-reflection geometry X-ray
setup. With this setup the angle 26 is changed while recording the intensity of the scattered
radiation measured typically by a linear detector. To obtain the complete scattering pattern, the
sample should be tilted and/or rotated.

(b)

Figure 17.2 (a) — Symmetrical-transmission geometry of the X-ray setup; (b) — Symmetrical-reflection
geometry X-ray setup. 1 — X-ray source; 2 — Incident beam optics; 3 — sample; 4 — detector; 5 — beamstop;

R— sample-to-detector distance.
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Table 17.1 Subareas of scattering as a function of the sample-to-detector
distance R assuming an X-ray wavelength of » 2 0.15 nm. [8].

Subarea R m Focus

WAXS 0.05-0.2 Arrangements of chain segments

MAXS 0.2-1.0 Liquid-crystalline structure

SAXS 1.0-3.0 Nanostructure 3—50 nm

USAXS 6.0-15.0 Nano and microstructure 15 nm—2000 nm

Scattering experiments in multiphase polymer systems are carried out in four different
angular regions (subareas) shown in Table 17.1 [8].When the symmetrical-transmission
geometry is used, switching between the various subareas is made by an arbitrary change of the
distance R.

The scattering patterns obtained in the WAXS subarea yield information on the
arrangement of polymer chain segments e.g., orientation of the crystalline and amorphous
phases, crystalline structure, size of crystals, crystal distortions, WAXS crystallinity. The
subarea of middle-angle X-ray scattering (MAXS) covers the characteristic scattering of liquid-
crystalline structure and rigid-rod polymers. In the SAXS regime the typical nanostructures are
observed. Because of the long distance between sample and detector time-resolved
measurements can only be carried out at synchrotron radiation sources. The ultra small-angle X-
ray scattering (USAXS) extends the accessible structure towards the micrometer range. Time-
resolved measurements require a synchrotron beam that is intensified by an insertion device [8].
The most frequently used subareas in scattering experiments with polymers are WAXS and
SAXS.

Generally, the interactions of X-rays with matter produces two different phenomena [7]:
(1) scattering of x-rays by the individual electrons in the sample, and (2) interference among the
various scattered waves. Clearly then, the term scattering refers only to phenomenon 1, while
the term diffraction is related to the combination of 1 and 2. In fact, this distinction is often
omitted. Thus, when the scattering pattern is diffuse and especially if it is in the SAXS subarea,
the term scattering is exclusively used, even if some interference is involved. The term
diffraction tends to be used when the sample is crystalline, i.e. sufficiently regular so as to
concentrate the scattered beam around a number of sharply defined scattering directions, as is in
the WAXS subarea of semicrystalline polymers.

In principle, the X-ray experiment measures the X-ray flux (i.e. the intensity of the
scattered radiation, Is), as a function of the scattering direction, determined by the scattering
vector s or scattering angle, 26 (Figure 17.3). These data are then analyzed and interpreted so as
to obtain information about the relative placements of electrons in the sample. The theory of the
X-ray scattering in polymers has been rigorously developed and extensively described in the
specialized literature [7, 8, 37, 38].

This chapter will only focus on some specific applications of WAXS and SAXS useful for
characterization of multiphase and multicomponent systems with the emphasis on the applied
aspects and not on the theoretical and mathematical ones.

17.2.3.1 Degree of Crystallinity by WAXS

The scattering from an amorphous material such as a melt or a glass gives an intensity pattern
which is broad and essentially featureless except for the so-called amorphous halo. On the other
hand, the diffraction pattern obtained from a crystalline material consists of series of sharp
Bragg peaks, easily distinguishable from the diffuse background (Figure 17.2). Consequently, a
semicrystalline polymeric material will give a pattern representing the superposition of both of
these features, whereby their relative contributions will reflect the relative amounts of the non-
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Figure 17.3 2D WAXS patterns of an isotropic and highly oriented (stretched) PP samples and the
correspondent radial and azimuthal integration profiles (orientation direction is vertical).

crystalline and crystalline phases present. That is why, to turn diffraction measurements into a
quantitative tool for evaluating the degree of crystallinity, it is necessary to separate the
observed intensity into crystalline and non-crystalline components. After this is done, the
degree of crystallinity Xc can be defined as [6]:

Qo 47 f[,m §2 1 (s)ds

X = e R
« Q A JIIUOO st(s)ds

(17.1)

where s is the scattering vector, I(s) is the total scattered intensity, I.(s) is its crystalline
component and Q and Q. are the corresponding scattering invariants.

There are several limitations for the practical application of the above relation. First, it
will hold strictly only for non-oriented (isotropic) samples. For anisotropic materials the wide-
angle scattering must be recorded as a function of both scattering angle and sample orientation
in a texture goniometer [8], before the data can be isotropized and the exact values for Q and
Q.r can be calculated. Second, experimentally, the intensities I(s) and I,(s) are available only up
to a finite upper limit of s and not to infinity, i.e, there will always be a systematic error in Xc
due to the truncation of both integrals. Moreover, the lattice imperfections in the crystalline
phase cause that part of the scattering intensity of the Bragg peaks to be diverted to the
amorphous halo leading to underestimation of Xc. The problems caused by the data truncation
and lattice imperfections are resolved by the method for Xc determination proposed by Ruland
[39].
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Although they render theoretically satisfying results, evaluations of crystallinity based on
Eq. (17.1) are quite tedious and labor-consuming. Over the years, less accurate but simpler
methods have been developed. Whenever series of samples of the same polymer system are
being studied, there might be interest in obtaining not the absolute value of Xc but rather of
some relative measure of its changes, called also ‘crystallinity index’, y.. A simple
phenomenological method for computing of y. is based on Eq. (17.2) [8]:

A Cryst.

He= —""7"—
‘ Aam. + Acryst.

where A,y is the area of the amorphous halo and Acys.— the summed areas of all Bragg peaks
after subtraction of the machine background. Thus, the WAXS curves can be fitted by means of
a peak-fitting program using narrow peaks for the Bragg reflections and one or more wide
peaks to fit the amorphous halo. If the sample contains more than one crystallographically
distinguishable phases, their type and percentage can be studied by analyzing the number and
the positions of the respective crystalline peaks that enter in the Acys. This approach was
adopted in the present chapter. A number of approximate methods for crystallinity
measurements in polymer systems are reviewed in [38], Chapter 5.

17.2.3.2 Crystal Size by WAXS
In the equatorial scan, the width (20) of a given (h,k,l) peak is inversely proportional to the
average size of the ordered domains. The average size of the ordered domain contributing to
that diffraction peak along the direction normal to the (h,k,l) plane, Dh,k,l, is given by the
Scherrer equation:

0.942

k.t FWHM; . cos(8p11) -

where FWHMNh kI is the full width at half maximum of (h,k,1) peak, 4 is the X-ray wavelength
and 6h,k,I is angular position of the (h,k,1I) plane (half of the scattering angle, 26). The
determination of FHMHh,k,1 must be performed in peaks that do not overlap or after the peak’s
deconvolution. However, this latter option may induce relatively high errors in the estimation of
crystal size. Moreover, the peak width can be broadened by a distribution of DhkI on the sample
or straining of the crystal lattice, leading to a sub-estimation of the crystal size.

17.2.3.3 Phase Orientation Studies by WAXS

The orientation of the (h,k,l) reflection planes can be assessed by WAXS. In an oriented
semicrystalline polymer, the intensity of each reflection is very dependent upon the azimuthal
angle (p). Assuming a given unit crystal geometry, the intra-chain orientation (0,0,1) is revealed
on the meridian and the inter-chain (h,k,0) on the equator. The more concentrated is the
intensity in a reflection arc the higher is the level of crystalline phase orientation. This level of
orientation is calculated from azimuthal profiles (between azimuthal angle ¢ =0+ z/2 rad or
@ = 0 + &; Figure 17.3). The crystalline phase orientation is normally assessed by the average
square of the cosine of ¢ (the angle between the crystallographic plane and the reference
direction), <cos2¢>, defined as (assuming an uniaxial symmetry):

o T @) cost gsingd g
(cos® ¢ ==

(17.4)

ﬁr’ [ () sin pdep
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where, 1(p) is the scattered intensity of (h,k,) plane as function of ¢. The crystalline phase
orientation is normally expressed by the Hermans’ orientation function, f, (or second moment of
orientation function) defined by:

- 20
3cos ) — 1 o
f=— (17.5)

According to Eq. (17.5), if all chains are oriented on the director direction f = 1; for fully
transverse orientation f = —0.5; and f = 0 for random orientation. If the plane normal coincides
with a crystallographic axis (a, b and c) and for orthorhombic unit cell geometry, the orientation
of the different unit crystal planes ((100), (010) and (001)) is interrelated by:

{ 7, \ i 7, A i 7, A P
{_co.\'- d100) + (cos” fp(m)_} + {cos” :pu(”_} =1 (17.6)

More generally, if the crystallographic planes are not parallel and other planes of
orientation are known, the other f can be calculated by using the Wilchinsky’s method [40].

17.2.3.4 Structure Investigations by SAXS

As seen from Table 17.1, SAXS is used to study structures of size on the order of 3 nhm and
larger. Information on such relatively large structures can be collected at scattering angles 26
lower than 2°. The relation between the dimensions in the real space and those in the reciprocal
space is given by the Bragg law:

A 1

= =%
2sin6

Hence, if the distance d representing the period of repetition in the structure, (e.g. the
distance between the similar domains), is around 10 nm and larger, the corresponding scattering
angle 20 will be about 0.6° or smaller, i.e. the observations will be made in the SAXS subarea.
On the other hand, the typical distances between the crystallographic planes in polymers are in
the order of few Angstroms, therefore the scattering angle will be typically about 20-, i.e. in the
WAXS subarea.

It should be noted that all methods developed for the analysis of WAXS data are
applicable in SAXS analysis as well. In the latter case there exist theoretical results dedicated
specifically for SAXS data treatment. For example, in small angle scattering sinf can always be
approximated by 6. Moreover, in the SAXS analysis it is assumed that any details of size scale
less than 0.1 nm do not exist. In the simplest and most frequently-used analysis of SAXS data,
the observed peak of the scattering curve is related to the average distance between the
nanoscopic domains in the sample, called also the long period, L. Hence, for small scattering
angles and based on the reciprocity in the Bragg law:

L =1/sma (17.8)

In Eq. (17.8) L represents the sum of the average thickness of the crystal lamellae, I, and
of the interlamellar amorphous regions, .

In isotropic and moderately oriented polymer samples s, must be measured only after
background subtraction and Lorentz correction of the curve [8], i.e. after changing the y-axis
from I(s) to s%.1(s). Only in this case the L-data obtained directly from the scattering curve
maxima are close to the correct ones calculated by more rigorous methods [41]. Highly aniso-
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tropic materials that show intensive peaks on a relatively low background do not require
Lorentz correction. In this chapter, the correct s, values of various multiphase polymer
systems were obtained by the above procedure and discussed as a function of the materials
processing parameters.

Apparently, Eqg. (17.8) cannot be used for determination of I, and I,. To do that, the
approach of Kortleve and VVonk [42] elaborated for the case of isotropic polymers is to be
employed. The Fourier transform of the Lorentz corrected SAXS profile is calculated, namely
the linear correlation function vy, (CF) as:

Yir ;'I)w (I — Ip)q* cos(gryexpla?q®idg B,
— = - (17.9)

0] flfo (I — Ig%dg

Here, q = 2z.s; I, is that contribution to the total scattering arising from density
fluctuations (liquid scattering), and o is a term, related to the thickness of the crystal/amorphous
interface. Q is the so-called scattering invariant that can be determined by integrating the SAXS
profile over all scattering angles, i.e.:

o0
Q:f (I — Iy)g*dq (17.10)
0

The advantage of the CF method in contrast to Bragg’s law is that, in addition to the long
period L the values for I, and I, and the degree of crystallinity within the lamellar stacks (x)
(also called linear crystallinity) can be obtained.

In addition to the L value, the CF approach calculates for each sample two additional
estimates for the long spacing — from the position of the first maximum of CF (denoted as L¥)
and from twice the position of the first minimum of CF L7*). To calculate the values of I, and I,
on the basis of CF, the following equation was used:

B _ .
ﬁ:.\']{l—.\l} (l?lll
¢

where B is the position of the first intercept of CF with the r-axis. From the two solutions x; , of
the above quadratic equation, the one with the higher value is ascribed to the larger fraction of
the two phases found within the lamellar stacks. For example, in highly crystalline samples, X,
would correspond to the crystal fraction within the lamellar stacks (denoted as X, ) and 1 — X
would, then, represent the amorphous fraction within the stack.

Once the assignment of x., is made for each particular case, one may calculate the I, and I,
from the values of L employing the following equations:

le=xgqL and {; =(1 —x4)L. (17.12)

where L, as indicated in [5], may take the values of LY, or L™

The CF analysis [42] and the more recently developed linear interface distribution
function (IDF) [43] are not applicable in anisotropic polymer systems such as MFCs, but work
well in clay-filled polymers. Some recent examples of the application of the CF approach in
PA6/montmorillonite nanocomposites will be given in Section 17.3.1. Other applications of CF
and IDF approaches in isotropic multiphase polymers can be found in [44-46].
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17.3 Studies on Multiphase Polymer Systems
17.3.1 Polyamide 6/montmorillonite Nanocomposites

It is important to note that in these two-component systems the SAXS patterns can be treated
quantitatively to extract two types of structural information: related to the polymer matrix and
related to the inorganic filler. Here, the study of the polymeric part of the composite will be
exemplified. Some recent studies on the SAXS patterns due to clay are also available [47-49].

17.3.1.1 Materials and Sample Preparation

This series was prepared by extrusion-blending of neat PA6 with a PA6/nanoclay masterbatch
containing 20% of montmorillonite (MMT) supplied by Nanocor. After compression molding
of the respective granulates, isotropic PA6 nanocomposites in the form of laminate plates were
obtained in which the MMT content varied between 1 and 7.5 wt.%.

17.3.1.2 Experimental Techniques

The structure of the PA6/MMT laminates was studied by SAXS in the setup previously
described. The 2D SAXS patterns were cut to obtain the respective 1D scattering profiles which
were then analyzed by the SASDAP software (Copyright© 1995 by R. Verma, A. Biswas and
B. Hsiao, DuPont Experimental Station, Wilmington, DE, USA). This software computes the
linear CF and derives values for LY, L™ , I, and |, according to Eqs (17.8-17.12).

17.3.1.3 Structure of PA6/MMT Composites
Figure 17.4 shows the dependence of the Bragg long spacing LB on the MMT content. It can be

seen that with the increase of the MMT content, the intensity of the PA6 peak decreases until it
completely disappears in the PA6/5% MMT sample.

Intensity 1, a.u.

T T T T T T T T T T T T T T T T T T T 1
0,02 0,04 006 0,08 0,10 012 0,14 0,16 0,18 0,20
Scattering vectors, nm~"!

Figure 17.4 1D SAXS profiles of PA6/MMT nanocomposites containing various amounts of
montmorillonite clay, wt.%: 1 —no MMT, 2 — 1%; 3 — 2.5%; 4 — 5%; 5 — 20% (Nanocor masterbatch).
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Table 17.2  Comparison of structural parameters obtained by WAXS and SAXS as a function
of the MMT content in PA6/MMT nanocomposites. For designations see the text.

Sample composition 4 parameters WAXS Structural parameters (SAXS)
PA6 no MMT Lg=90A li =584
Crystallinity index: 0.41 LeM =91 A l, =334
y =0.168 a = 0.242; a/y = 1.44 Xe = 0.664
PA6 1% MMT Le =93 A ly =59 A
Crystallinity index: 0.43 LeM =93 A l, =344
y =0.290; @ = 0.140; a/y = 0.48 Xc = 0.616
PA6 2.5% MMT Le =104 A l =63 A
Crystallinity index: 0.335 LeM =97 A =344
Yy =0231, 0 =0.194; a/y = 0.84 X = 0.656
PA6 5.0 % MMT Lp =120 A li =68 A
Crystallinity index: 0.388 LcM = 102A l; =34A
y =0.268; «a =0.120; a/y = 0.45 X. = 0.629
PAG 20% MMT Lg=132A I, =83 A
Crystallinity index: 0.335 LcM = 117A l, =34 A
y =0.261; ¢ = 0.074; a/y = 0.28 X. = 0.667

It seems that the introduction of MMT decreases the density difference between the
amorphous and crystalline PA6 phases. In the sample with the largest amount of MMT, it is the
amorphous phase that becomes denser. The reappearance of the density difference results in a
new SAXS peak corresponding to larger Lg (Table 17.2). As a result of this observation one
may conclude that, if a simple two-phase model is considered for the PA6 matrix, the nanoclay
is distributed within the amorphous phase and not within the crystalline one.

Figure 17.5 shows the CF curves of the PA6/MMT composites compared to that of the
neat PA6 matrix. Curves 4 and 5 reveal larger long spacing values (denoted in Table 17.2 with
LM to distinguish from those obtained from the raw SAXS profiles), being with broader size
distributions, as compared to the CFs of samples 1-3.

The CF analysis allows the division of LY into two parts: |; (larger) and I, (smaller)
values, corresponding to either the average thickness of the crystal lamellae, I, or to that of the
interlamellar amorphous layers, l,. Table 17.2 contains also the values of the intra-stack
crystallinity fraction denoted as X.. As explained in the notes to Eq. (17.11) above, the value of
Xc is supposed to be always higher than the average crystallinity index, obtained byWAXS. The
assignment of the 1; and I, values is only possible after consideration of all data from WAXS
and SAXS in the table. Thus, with the increase of the MMT content there is a general trend
toward a slight diminution of the average WAXS crystallinity index, whereby the fraction of the
y -PA6 polymorph notably increases. At the same time, both LB and LcM values increase, due
to the augmentation of the larger size l;, whereas the I, values remain constant. Having in mind
the explanation of the intensity changes of the SAXS peak in Figure 17.4, it can be concluded
that the modification of PA6 with MMT results in the expansion of the amorphous phase, in
which the MMT is concentrated, i.e. I; = I, and I, = I.. Forthcoming studies in this PA6/MMT
system will allow correlating the said nanostructural changes with the mechanical properties of
the respective hanocomposites.
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Figure 17.5 Linear correlation function curves of PA6/MMT nanocomposites containing various amounts
of montmorillonite clay, wt.%: 1 —no MMT, 2 — 1%; 3 — 2.5%; 4 — 5%; 5 — 20% (Nanocor masterbatch).

17.3.2 Microfibrillar Composites (MFC)
17.3.2.1 Materials and Sample Preparation

For the preparation of the oriented MFC precursors, the selected amounts of the HDPE, PA6
and YP granulates were premixed in a tumbler in various proportions. Each mixture was
introduced into a K-Tron Soder gravimetric feeder that fed it to the hopper of a laboratory
modular Leistritz LSM 30.34 intermeshing co-rotating twin-screw extruder [50].

At the exit of the last haul-off device the blends are in the form of oriented, continuous

cables (OCs). The OCs were cut and aligned in the form of unidirectionally arranged bundles
(unidirectional ply laminate, UDP. This was subjected to selective melting whereby
isotropization and controlled crystallization of the matrix occurred in a hot press at a fixed
temperature of 160°C, a pressure of 2 MPa and a cooling rate of ca. 10°C/min. Standard
rectangular laminate plates (60x120mmwith a thickness of 0.1-1.5 mm) were obtained from all
the precursors. They were used for structural and morphological characterization, as well as to
yield specimens for the tensile tests.

17.3.2.2 Experimental Techniques

Scanning ElectronMicroscopy (SEM) To analyze the morphology of theMFCs and their
precursors, SEM of freeze-fractured specimens was used. For each blend, specimens were
collected for morphological analysis typically at three different locations of the extruder line: at
the extrusion die, after the first and after the second haul-off units. The final MFCs obtained
after compression molding were also analyzed. All samples were sputter-coated with gold and
observed in a Leica S360 SEM at magnifications of x 2.0 k, x 5.0 k and x 7.5 k. Most of the
specimens studied were obtained by cryogenic fracture with liquid nitrogen and the fractured
surfaces were observed by SEM.
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X-ray Measurements Details All WAXS and SAXS patterns in this study were registered at the
Soft Condensed Matter Beamline (A2) of HASYLAB, Hamburg, Germany using synchrotron
radiation with a wavelength fixed to 0.15 nm, using the symmetrical transmission geometry
(Figure 17.2(a)). The sample-to-detector distance for SAXS was set at 2830 mm, the diffraction
patterns being registered by means of a MAR CCD 2D detector with exposure times of 30 s.
For the WAXS measurements the detector was positioned at 90 mm in respect to the sample.
The various MFCs were studied in transmission mode, the sample thickness being in the 0.1-
1.5 mm range. Scattering patterns were obtained at certain temperatures in the 30—300°C range
employing a typical heating rate of 20C/min. A specially designed sample holder was used
allowing for a controlled heating/cooling of the sample in the 25-300C range. An IMAGO
multi-channel process and program controller of JUMO GmbH & Co. KG was used to regulate
the sample temperature in heating or cooling at various rates. The difference between the read-
out and real temperature of the sample was found to be 3-4-C at a heating or cooling rate of
20°C/min.

17.3.2.3 Results and Discussion

SEM of HDPE/PA6/YP MFC The SEM images of the final MFCs (Figure 17.6, 1-4b) confirm
that: (i) the PA6 reinforcing component has well-expressed fibrillar morphology, and (ii) the
average diameter of these fibrils is in the upper nanometer — lower micrometer range, e.g. from
0.6 to 1.5 um (samples without compatibilizer) and from 0.5 to 1.0 um (compatibilized samp-

After extruder MFC UDP

80/20/0

77.5/20/2.5

75/20/5.0

70/20/10

Figure 17.6 SEM images of various HDPE/PAG/YP materials after cryogenic fracture at the various stages
of the MFCs preparation (compositions given in wt.%): non-oriented blend right after the extruder die (1-4

(a)); UDP composites fractured along the fibrils axis (1-4 (b)).
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Figure 17.7 2D SAXS images of two HDPE/PA6/YP UDP MFC with compositions: 1 — 80/20/0; 2 —
70/20/10; at different temperatures: (a) — pattern of starting MFC at 30°C; (b) — pattern at 160°C,
heated in the beam; (c) — pattern at 30-C after heating at 160-C. The fibril axis is horizontal [47].

les). Therefore, depending on the compatibilizer content, the resulting composites can be
considered as either nanostructured (NPC) or microfibrillar (MFC). Further on the second
abbreviation the second abbreviation will be accepted.

None of the images of MFCs in Figure 17.6 permits measuring directly the fibrils’
lengths. Their average lengths and aspect ratios of the reinforcing PA6 fibrils could be
evaluated indirectly as indicated in [35]. First, the diameters of the PA6 globules embedded in
the HDPE matrix are measured in the SEM micrographs of HDPE/PA6 blends before
orientation (Figure 17.6, 1-4(a)). Then, the diameters of the fibrils in the final MFCs are
measured from the respective SEM images and averaged. Supposing that the fibrils’ geometry
is cylindrical and that they are produced by deforming the respective PA6 spheres without the
formation of voids, i.e., that the volume of the PA6 nodules at the extruder die (Figure 17.6,
images 1-4(a)) and of the respective MFC fibril (images 1-4 (b)) are the same, the average
length and the aspect ratio of the latter are computed. Thus, in non-compatibilized PAG6-
reinforced MFCs the length of the reinforcing fibrils can reach 120 um, whereas the maximum
length in the presence of compatibilizer is ca. 40 um. This would give aspect ratios of 80—200
and 40-80, respectively.

Discussing the MFCs in Figure 17.6 it is worth noting that the fibril thickness in images
1-4 (b) varies as a function of the sample composition. The question arises if the fibrils
observed are of pure PA6 or also include at their interface physically or chemically bonded
oriented HDPE. This question can be elucidated by X-rayscattering experiments.

2D SAXS Studies of HDPE/PA6/YP MFC It can be supposed that after the matrix
isotropization stage the final composite will contain fibrillar reinforcement components
embedded in a fully isotropic matrix. The presence of fibril-shaped phase is undoubtedly proved
by the SEM micrographs of the UDP MFCs in Figure 17.6. Figure 17.7 represents the SAXS
patterns of two HDPE/PAG/YP UDP MFC compositions: without compatibilizer (1) — 80/20/0
and with compatibilizer (2) — 70/20/10 at different temperatures. The first examination of the
2D SAXS patterns (images 1(a) and 2(a) show that both composites contain isotropic scattering
of randomly distributed lamellar structures and equatorial scattering maxima attributable to
lamellar crystals oriented parallel to the horizontal fiber direction. The isotropic ring and the
oriented maxima display similar long spacings of >220A. This is a clear indication that the
observed oriented reflections cannot originate from the reinforcing PA6 whose Lg values are
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Figure 17.8 Azimuthal distribution of the scattered intensity in the 2D SAXS images of two
HDPE/PA6/YP UDP MFCs: (a) 80/20/0; (b) 70/20/10. 1 — Initial MFC at 30-C; 2 — in beam heating
at 160-C; 3 — at 30°C after heating to 160°C. The dashed line indicates the fiber direction [47].

typically between 70 and 90 A [46]. Consequently, it can be supposed that a fraction of the
HDPE matrix material has crystallized upon the oriented PA6 fibrils thus forming a
transcrystalline layer (TCL) at the interface.

Without a special treatment it is impossible to observe at the same time the HDPE and
PAG6 scattering in patterns 1(a) and 2(a) because of the strong differences in the scattering
intensities. Heating the two UDP MFC samples at 160 °C eliminates the HDPE scattering and
reveals the oriented PA6 reflections (images 1(b) and 2(b)). Cooling back to 30°C causes the
HDPE matrix to recrystallize. This process takes place differently in the two MFCs under
investigation.

The oriented HDPE TCL in 70/20/10 MFC at 30°C after the selective melting of the
matrix maintains its equatorial orientation (Figure 17.7, 2(c)), whereas in the 80/20/0 system it
rotates by 90° and appears at the meridian (Figure 17.7, 1(c)). Isotropic scattering was also
present in the two patterns.

This reorientation of the HDPE scattering of is better observed if azimuthal cuts of the
above patterns are performed (Figure 17.8). The curve of the noncompatibilized sample (Figure
17.8(a)) clearly shows that after recrystallization the peak of intensity is not at 0° (i.e. along the
fiber axis) but at —90 or 90°. In the compatibilized sample (b) the azimuthal distribution of
scattered intensity remains the same at 30°C and at 30 after 160°C. It is noteworthy that this
reorientation of the lamella that takes place in the noncompatibilized samples is not
accompanied by chain direction reorientation, i.e. the chain direction of PA6 and that of the
oriented HDPE fraction continue to coincide, as in the starting image at 30°C. This effect will
be discussed in the next section dedicated to the WAXS studies.

To make a distinction between the two fractions of HDPE, the subtraction procedure
described by Nogales et al. [51] was used. The 2D WAXS patterns were first corrected for the
incident beam intensity and then the empty chamber scattering was subtracted. It was assumed
that the total scattered intensity could be separated into two contributions: (i) the isotropic
contribution from the amorphous chains and the non-oriented crystals, being directly
proportional to the azimuthally independent component of the total scattered intensity, and (ii)
the oriented contribution from all oriented (with varying degree of orientation) scatterers calcu -
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Figure 17.9 Deconvolution procedure of the SAXS pattern of the 75/20/5 UDP MFC. (a) — original
SAXS image;(b) intensity pattern of the isotropic scattering; (c) intensity pattern of the oriented
scatters obtained by subtraction (a) — (b) [12]. The fiber axis is horizontal [47].

lated by subtracting the azimuthally independent component from the total scattered intensity.
To determine the azimuthally independent intensity and to perform the said subtraction, a
subroutine incorporated into the POLAR 2.7.1 X-ray software was used [52]. Thus, Figure
17.9(a) shows the pattern of the total scattering of the 75/20/5 MFC composition at 30°C. The
computer-generated 2D image of the isotropic intensity is presented in Figure 17.8(b), and the
resulting image obtained after (a) — (b) subtraction, corresponding to the oriented scatterers is
shown in Figure 17.10(c). As seen from the latter, the said procedure not only separates the two
HDPE components, but also reveals clearly the oriented PAG fraction located along the equator.

In Figure 17.10, a 3D visualization of the initial pattern (a) and that of the oriented
scattering (b) for the same 75/20/5 composition is given. Image (b) shows better the PA6
contribution to the oriented part of the scattering, pointed by the arrows.

Table 17.3 contains the HDPE and PA6 Lg values determined from the scattering patterns
of six UDP MFCs with different HDPE/PAG6/YP compositions. It can be seen that in the
absence of compatibilizer, there are no significant differences between the long spacings values
of HDPE lamellae located in the bulk (isotropic) and those of the oriented HDPE lamellae in the
transcrystalline layer (oriented). Introducing YP compatibilizer results in smaller long periods
in the oriented HDPE fraction, while that of the bulk matrix fraction remains as in the non-
compatibilized compositions. Only in the 65/30/5 UDP MFC the distance between the oriented

70001 |
5000 |
3000 |
1000 |
100 . - 1000
~.~~ 800
700 o _ang
1000 0

Figure 17.10 3D SAXS patterns of UDP MFCs before (left) and after (fight) the subtraction of the
azimuthally independent component of the total scattered intensity. The white arrows indicate the
scattering of the PA6 reinforcing phase
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Table 17.3  long spacing values of the HDPE/PA6/YP UDP composites at 30°C without (Lg) and
with (Lg) deconvolution.

HDPE/PAG/YP Lo A Lo A
N® composition PAB HDPE total HDPE-iso HDPE-orient. PA6 orient.
1 90/10/0 100.5 223 224 222 95
2 80/20/0 90 229 225(231) 222 (225) 86
3 77.5/20/2.5 94 221 224 211 91
4 75/20/5 94 220 224 213 92
5 70/20/10 87 215 225 (245) 210(214) 88
6 65/30/5 82 236 223 231 77

Note: The values in parentheses were obtained after recrystallization of the HDPE by in beam heating to 160°C
followed by cooling down to 30°C. [47].

HDPE lamellae is bigger than that of the isotropic fraction. Most probably, this could be
explained as a result of a higher amount of PA6 in this composition. As regards the PA6 LB
values, they vary in the 77-95A interval. The PA6 long period of 77 A in the 65/30/5
composition is the closest to the value of the neat oriented PAG6 [46].

As mentioned above, after recrystallization, the HDPE fraction in the non-compatibilized
and compatibilized samples orients in different ways — in the first case the scattering maxima
appeared on the meridian, while in the second maintained their position on the equator. As seen
from Table 17.3, in both 80/20/0 and 70/20/10 samples, an increase of the Lg values of the
isotropic HDPE — in the presence and in the absence of compatibilizer — was observed after
matrix recrystallization (the data in parentheses).

A significant improvement of the amount and quality of structural information extracted
from the oriented part of the scattering in the UDP SAXS patterns (Figure 17.8(c)) can be
achieved by image reconstruction followed by computation of the respective Chord Distribution
Function, CDF, as suggested in a series of recent papers by Stribeck et al. [53, 54]. An example
of this treatment is given in Figure 17.11 for the two UDP MFC samples without and with
compatibilization. The image reconstruction comprises background correction and calibration
for beam intensity, followed by filling of the ‘blind’ areas behind the beam stop and its wire.
Thereafter, the computation of the CDF is performed. It is worth noting that all these
procedures are carried out automatically using the pv Wave® programming environment [55].

Analyzing the reconstructed patterns of the oriented scattering in the two samples under
investigation, it can be concluded that the respective LB values of HDPE (oriented and
isotropic) as well as of the PA6 almost coincide with those in Table 17.3. Interesting
information can be extracted from the quite complex CDF functions. It is important to note that
the CDF images reflect mostly the structure of the HDPE-oriented TCL and to a lesser extent
that of the PA6 fibrils. Moreover, the CDF reveals more features than the respective SAXS
pattern, being its transformation to the real space. Thus, in the as-prepared UDP MFC without
compatibilization (80/20/0 sample), the HDPE TCL forms a microfibrillar system with first and
second order long periods, with the HDPE domains being side-by-side and not shifted.
Introducing compatibilizer (70/20/10 sample) maintains these structural features but results in
the appearance of tilted oriented HDPE domains. The differences between the oriented SAXS
fractions in compatibilized and non-compatibilized UDP MFC materials and especially in the
corresponding oriented precursors become better pronounced during a simultaneous
SAXS/straining experiment. As it was demonstrated recently [55], the automated procedures
described above allow the processing of hundreds of data frames associating the structural
features with the simultaneously obtained mechanical behavior in stretching or load cycling
modes.
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Figure 17.11 Reconstructed SAXS patterns (oriented scattering) of two UDP MFC materials and their
respective chord distribution functions. Fibril axis is vertical. The CDF function is presented in
absolute values (both positive and negative faces in one image). For more details see the text.

2D WAXS Studies of HDPE/PA6/YP MFC The SAXS studies of UDP MFC materials gave
evidence that the reinforcing fibrils most probably have a layered, coaxial structure: a core of
oriented PA6 and a shell of oriented, transcrystalline HDPE. The WAXS measurements
supported this hypothesis.

The visual inspection of the 2DWAXS patterns of UDP MFCs (Figure 17.12) shows that
the crystallographic characteristics of HDPE and PAG6 are very similar leading to a strong
overlapping of the respective diffraction peaks. Nevertheless, one can notice that at 30°C there
is a co-existence of isotropic Debye rings and crystalline reflections oriented parallel to the
horizontal fibril direction. At 160°C the HDPE reflections change into a diffuse amorphous halo
revealing the oriented PAG reflections.

To separate the contribution of the isotropic and oriented crystalline fractions and to
study their origin, the same subtraction procedure as with the SAXS patterns was applied.
Figure 17.13 exemplifies this treatment for the 80/20/0 (a) and 70/20/10 (b) HDPE/PAG/YP
UDP MFCs showing the starting real 2DWAXS patterns (left), the computer-generated
isotropic part of the scattered intensity (center) and the resulting 2D WAXS images of the
oriented part after subtraction (right).

Subtracting the isotropic crystalline and amorphous fractions allows the outlining of the
oriented crystalline reflections that are otherwise undetectable. Together with the expected
oriented PAG6 reflections in the right images in Figure 17.13, one observes also clear reflections
of the oriented matrix. The two weak equatorial arcs belong to the (200) and (002/202) planes
of PA6 and the other two, more intense equatorial reflections belong to the (110) and (200)
planes of orthorhombic unit cell of HDPE. This is one more indication for epitaxial
crystallization of matrix material upon the reinforcing fiber, whereby the chain direction in the
matrix crystals coincides with that in the reinforcing PA6 fibrils. Judging from Figure 17.13,
this is valid for both selected samples — non-compatibilized (a) and compatibilized (b).
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Figure 17.12 2D WAXS patterns of HDPE/PA6/YP microfibrilar composites taken at various
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Figure 17.13 Example of the analysis of theWAXS patterns at 30-C of UDP MFCs: Left — total
scattered intensity; Center: calculated isotropic intensity; Right: oriented scattered intensity. (a) —

80/20/0 and (b) — 70/20/10. The fiber axis is vertical [47.]
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Figure 17.14 3D WAXS patterns of UDP MFCs before (left) and after (right) the subtraction of the
azimuthally independent component of the total scattered intensity. The white arrows point at the (200)
reflections of o PA6 [47].

Figure 17.14 shows the 3D images of the real WAXS patterns before treatment (left) and
of the oriented scattering after subtracting (right) of the same two MFCs. The white arrows
indicate the position of the a-PA6 (200) reflection. This representation shows better the
anisotropy of the HDPE (110) and (200) diffractions.

For a quantitative evaluation of oriented and isotropic parts of the total scattered
intensities, the respective 2DWAXS patterns were integrated in the 0—180° range to get the
1DWAXS profiles, which were afterwards fitted by Gaussian peaks. The results from peak-
fitting applied in the 80/20/0 MFC sample are presented in Figure 7.15(a) and (b). The
deconvolution of the integral profile of the oriented part clearly shows the (110), (200) and
(210) contributions of the HDPE (Figure 17.15(a), the shaded reflections)) and also the four
crystalline reflections of a- and y PA6. The peak-fitting of the isotropic part displayed
crystalline reflections (110), (200) and (210) of the HDPE matrix only and the amorphous halos
of PA6 and HDPE, respectively (Figure 17.15(b)). Based on the angular position of the
reflections, the d-spacings (dhkl) of the corresponding planes were calculated. A quantitative
evaluation of the peak-fitting results for two representative MFCs — without (80/20/0) and with
compatibilization (70/20/10), as well as data for d-spacings are given in Table 17.4.
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Figure 17.15 1D WAAXS profiles of the 80/20/0 HDPE/PA6/YP UDP MEF exemplifying the peak-fitting
of the oriented scattering (a) and of the isotropic EWAXS scattering (b). The pattern in (a) was obtained
after subtraction of (b) from the initial WAXS pattern with the total scattered intensity [47]

Table 17.4 Results from the deconvolution of the oriented and isotropic part of 2D WAXS
patterns of selected HDPE/PAG/YP UDP MFC.

HDPE/PAG/YP
80/20/0 70/20/10

WAXS Reflections 20, deg. Content, %  dh, A 20, deg. Content, %  dhy, A

Oriented part of WAXS intensity
{200) — a PAB 19.90 28.5 4.34 19.92 28.7 4.34
(001) -y PAG 21.05 6.6 4,11 21.35 7.6 4.07
{(110)— HDPE 21.44 34.9 4.03 21.33 38.2 4.05
(200) - y PAB 21.79 13.7 3.97 21.66 7.6 3.99
(002)(202) —a PAB 23.09 6.9 3.75 22.99 6.9 3.76
{200) - HDPE 23.69 7.9 3.65 23.74 9.1 3.65
(210) - HDPE 29.61 1.5 2.94 29.50 1.9 2.95
PAG6 fraction, % 55.7 50.8
HDPE fraction, % 443 492

Isotropic part of WAXS intensity
{(110)— HDPE 21.13 14.6 4.09 20.97 9.8 4.12
{200) - HDPE 23.56 11.4 3.67 23.48 12.6 3.69
{210)—- HDPE 29.29 1.9 2.96 29.24 1.3 2.97

Notes: In the isotropic part of the WAXS intensity the crystalline reflections only are included. The
difference to 100% will give the content of the amorphous HDPE and amorphous PAG. dhy is the d-
spacing of the respective crystalline plane. The oriented reflections are considered 100% crystalline [47].

Notes: In the isotropic part of the WAXS intensity the crystalline reflections only are included. The
difference to 100% will give the content of the amorphous HDPE and amorphous PA6. dhkl is the
dspacing of the respective crystalline plane. The oriented reflections are considered 100%

crystalline [47].
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Figure 17.16 Schematic presentation of the fiber cross-sections of 80/20/0 and 70/20/10 UDP MFCs.

From Figure 17.15 and Table 17.4 it can be seen that a significant part of the HDPE
matrix is able to crystallize oriented along the PAG6 fiber, thus forming a transcrystalline layer in
such a way that the chain directions of the two polymers coincide. The rest of the matrix,
situated in the bulk, crystallizes isotropically. The relation between the content of the PA6
fibrils and the oriented part of the HDPE matrix (the crystalline fraction) is almost 1.03:1.00 in
the 70/20/10 MFC and 1.26:1.00 in the 80/20/0 system. This means that in the presence of
compatibilizer a larger part of the HDPE is included in the transcrystalline layer without
changing considerably its crystallographic characteristics. Based on the d-spacing values it can
be concluded that the HDPE unit cell is slightly larger in the bulk, as compared to that in the
oriented transcrystalline layer.

The data about the PA6 and HDPE fraction in the oriented scattering can be used to obtain
an estimate of the TCL thickness in UDP MFC materials. From the SEM studies (Figure 17.6)
one can estimate the average visible thickness of the reinforcing fibrils in the MFC
composition. Let us take samples 1(b) and 4(b) and suppose that the fibrils are cylindrical with
a PAG6 core (with a diameter 2R1) being uniformly coated by coaxial transcrystalline layer of
HDPE whose thickness is given by R2 — R1. Therefore, the visible diameter of the fibril
estimated form SEM will be R2. Figure 17.16 gives a schematic view of the cross-sections in
the two selected UDP MFCs — without and with compatibilization.

Whenever X-rays are interacting with matter, their main partners are the electrons in the
studied sample. Thus X-ray scattering is probing the distribution of electron density, p(r), inside
the material. In the field of WAXS, p(r) is identical to the average electron density, p. For a
given material or specific phase within a material, p is calculated as [8]:

Z M

p =Ny Pm (17.13)

iy

Here, pm, is the respective average mass density, NA is the Avogadro’s number (6.022 x
102 mol™), Zy is the number of electrons per molecule or monomer unit and My, — the
molecular weight of molecule or monomer unit. Logically, the intensity of the radiation
diffracted by either the PA6 or HDPE component will be proportional to the volume of this
phase V; and the respective average electron density p;:

]é ~ Vi pi (17.14)
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If we denote by Vpae the volume of the PAG6 core, it can be written that

Vpas = mLR] and (17.15)
Vic, = nL(R; — R7) (17.16)

Combining Eq. (17.14) with (17.15) and (17.16), the following simple dependence can be
deduced between the visible by SEM fibril radius R, and that of the PA6 core R;:
wherein k = pp:&and f = iver

N

Ri=R;. |——. 17.17

Sy ( )
DPE

Table 17.5 summarizes the structural information related to the reinforcing fibrils as
revealed by SEM and WAXS methods (i.e. 2Ry, 2R, and R, — R;) for MFC materials without
and with compatibilization reinforced by PA6 or PA12. The same table contains also some
mechanical data obtained with these composites, as well as with the neat HDPE matrix material
and with the neat oriented polyamides.

It can be concluded that the formation of transcrystalline layers TCL is a common feature
for all MFCs containing either PA6 or PA12. There can be a significant difference between the
TCL thicknesses in PA6 and PA12 reinforced composites, as well as in the compatibilized and
noncompatibilized MFCs with the same reinforcement. Compatibilization results in thinner
fibrils in which not only the polyamide core, but also the TCL are finer. In PA6 reinforced
MFCs the TCL is more than two times thicker than in similar HDPE/PA12/YP composites.
Obviously, the TCL thickness is directly related to the mechanical performance of the MFCs,
whereby the larger the thickness, the lower the properties. Thus, no matter that the E1 value of
neat oriented PA6 is much higher than that of PA12, in both compatibilized and
noncompatibilized MFCs this values is either similar or lower in the HDPE/PAG/YP materials.
At the same time, the oy of the HDPE/PA12/YP materials are significantly higher, irrespective
of the almost coinciding values of the neat oriented polyamides. It is to be noted the superior
flexural stiffness of the PA12 composites, whichmay have to do with the increased flexibility of
PA12 and its better compatibility with HDPE. One has to bear in mind also that in the 80/20/0
samples the formation of TCL can be attributed to physical interactions at the matrix—fibril
interface. In the 70/20/10 systems, however, it should be a result of chemical reactions between
the maleic anhydride of YP and the amide groups of the polyamide [57]. It can be expected that
in the latter case the TCL will include polyolefin component from the YP compatibilizer, which
is different from the bulk matrix HDPE. This could be one of the possible explanations of the
inferior mechanical properties of the compatibilized samples.

ISPA6

Table 17.5 Dependence between the structural parameters related to the oriented reinforcing component and
the mechanical behavior in various MFC materials.

HDPE/PAG/YP HDPE/PA12/YP Neat materials

80/20/0  70/20/10  80/20/0  70/20/10 PA6 orient. PA12 orient. HDPE isotropic

2R,, nm 1000 750 700 560 - - -
2Ry, nm 733 524 567 457 - - -
R2-Ry, nm 134 113 66 52 - - -
E;, MPa 1095 920 1054 972 3180 2240 827
oy, MPa 57 37 64 55 230 233 26
Cg, MPa 2624 2294 3414 3404 - - 1478

Notes: E; is the secant modulus determined at 1% strain; o, is the maximum stress at break and Cg is the three point support
flexural stiffness determined according to Nunes et al [56].
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17.3.3 Immiscible Polymer Blends
17.3.3.1 Materials and Sample Preparation

A blend of polypropylene/polystyrene (PP/PS) was selected for the investigations, comprising a
semicrystalline and amorphpous polymers. The two polymers PP/PS were mechanically
blended in a tumbler mixer, in the ratio of 70/30 wt%. The blend was then directed injection
molded in the form of small tensile specimens. High back pressure was used to promote a better
mixing between both components.

17.3.3.2 Experimental Techniques

The structure of the injection molded PP/PS specimens was characterized by SEM and WAXS
techniques. The specimens were also stretched in a tensile machine until different strain levels
(of 5, 10, 15, 20 and 25%) in the plastic regime (inducing permanent deformation, but allowing
molecular relaxation). The structure of the deformed specimens were then analyzed by 2D
WAXS and SAXS experiments (not simultaneously), which allowed the characterization of .the
structure evolution of the semicrystalline polymer (PP) and damage occurring by nanocavitation
phenomena (e.g. at the polymer interfaces) upon stretching. The sample-to-WAXS detector
distance was of 13.4 cm and the sample-to-SAXS distance of 280 cm.

17.3.3.3 Results and Discussion

Structure Development During Processing Figure 17.17 shows the solid-state morphology of
the PP/PS injection molded blend. In Figure 17.17(a) are presented the polarized light
microscopy (PLM) and scanning electron microscopy (SEM) images of the blend. The injection
molded specimen evidences a typical skin—core microstructure. In the skin layer, the disperse
component (PS) features very thin and highly elongated strands (in the flow direction, FD) due
to the high deformation rates applied during molding. In the core, this disperse component is
constituted by particles of different shapes (e.g. spherical, elongated fibers) of higher
dimensions, mostly oriented transversely to FD [58].

Figure 17.17(b) shows the WAXS and SAXS patterns of the blend. These are average
patterns through half thickness of the molded specimens. From the WAXS pattern, the molded
PP/PS blend features an oriented PP crystalline phase, expectantly in the skin region. A bimodal
orientation distribution of the crystalline phase of PP is revealed, with a relatively high a*-axis
oriented component [59]. This may arise from the development of transcrystalline structures
growing on the highly oriented PS component. The SAXS pattern reveals a typical shish-kebab
structure, with lamellae perpendicular to FD and growing in lamellar stacks along FD. The
central black region of the SAXS patterns suggest that the PP/PS blend may show some
nanosized voids, which may be originated at the interface between the two polymers.

Structure Evolution During Stretching The structure evolution and damage during solid-state
stretching of immiscible (non-compatibilized) PP/PS blend was also investigated by X-ray
scattering techniques. Compared with the neat PP, the PP/PS blend shows substantially reduced
deformation capabilities. Figure 17.18 presents the obtained stress—strain curve, and
correspondent WAXS and SAXS patterns at given strain levels.
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Figure 17.17 Morphology of the injection molded PP/PS blend: (a) polarized (left) light and scanning electron

(right) microscopy images; (b) WAXS (left) and SAXS (right) patterns.
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Figure 17.18 Stress—strain curve of PP/PS blend and WAXS and SAXS patterns at given strain levels.
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The PP matrix shows little evolution of its crystalline structure during stretching, with a
slight increase on the level of crystalline phase orientation in the stretching direction, SD. This
appears to take place at low strains during the initial linear zone of the stress—strain curve (up to
¢ = 0.05). The crystalline lamellar structure is progressively and partially destroyed on the
course of deformation (reduction on the intensity of the two vertical lobules of the SAXS
patterns). Significant voiding also occurs during deformation. Voids seem to be nucleated
parallel to SD (¢ = 0.05), presumably at the interfaces between the two components. Then they
increase laterally, growing mainly perpendicular to SD (¢ = 0.10). At larger strain levels these
voids become bigger and more elongated perpendicular to SD (& = 0.15). In the meanwhile, the
void size increases so that SAXS could not detect them and the SAXS pattern reduces its size (¢
> 0.15), but smaller voids continue to grow (¢ = 0.20), until complete specimen failure.
Concomitantly, the stress reaches a maximum level (at ¢ = 0.08) that progressively decreases
until break. It should be remembered that both PP and PS are immiscible and no compatibilizer
was used. The use of a compatibilizer should expectantly change the deformation mechanism
[27, 60].

17.3.4 Non-conventional Molding of PP Nanocomposites

Shear controlled orientation in injection molding (SCORIM) is a non-conventional injection
molding techniques where high levels of shearing are applied to the molten polymer during the
solidification phase [61]. This develops high level of molecular orientation. When processing
clay-based polymer nanocomposites, these high shearings may be beneficial for achieving a
high level of clay orientation and a better exfoliation and dispersion of the nanoclays, thus
imparting an improved mechanical behavior of the moldings.

17.3.4.1 Materials and Sample Preparation

PP was reinforced with different amounts of incorporation of nanoclay (montmorillonite,
MMT): 0, 0.5, 1, 3, 5 and 10 wt%. The PP and the nanoclays were mechanically blended in a
tumbler mixer, and then directed injection molded in the form of a rectangular bar. High back
pressure was used during the plasticating phase of the injection molding cycle in order to
promote a better mixing.

17.3.4.2 Experimental Techniques

The molding microstructures were characterized by polarized light microscopy (PLM),
scanning and transmission electron microscopy (SEM and TEM, respectively) and WAXS.
Charpy impact tests were performed at room temperature (23°C). Fracture surfaces were
observed by scanning electron microscopy (SEM).

17.3.4.3 Results and Discussion

Processing conditions and composition modify markedly the microstructure of molded PP
nanocomposites. Figure 17.19 shows the effect of incorporation of MMT for fixed processing
conditions (but expectantly for different thermomechanical environments due to the increase
onmelt viscosity by the incorporation of MMT). The addition of MMT affects the
microstructure of the mouldings (e.g. skin—core structure, the development of semicrystalline
morphologies). With increased content of MMT the microstructure becomes coarser and more
multi-laminated. The MMT acts as a morphology director, affecting the structure development
during processing.

Figure 17.20 represents the SEM image of the external layer of the PP+5% nanoclay filled
material system. In these images the flow direction is normal to the scanned surface, pointing
outwards of the paper surface. A good dispersion of the MMT agglomerates in the polymer
matrix was achieved. These agglomerates, with few micrometers of length, have a platelet-like
shape. They are all well aligned as response to the applied shear level during processing.
SCORIM technique was capable of shaping the MMT agglomerates into platelets, of well
dispersing them in the polymeric matrix, and of orienting them in the flow direction.
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Figure 17.19 Microstructure of the SCORIM moldings with different percentage of incorporation of
nanoclay (MMT).The cuts are perpendicular to the bar length (or to the flow direction).

Figure 17.21 shows the variation of the impact toughness of the moldings with increased
content of MMT. In the same graph are also presented the correspondent 2D-WAXS patterns.
The fracture energy is maximized for an incorporation of 5 wt% of MMT, with gains of more
than 100% in the total absorbed energy. The addition of MMT does not change significantly the
flexural modulus (not shown), but enhance greatly the impact toughness. Furthermore, low melt
temperatures and high shearing times lead to the best mechanical performance. The mechanical
properties of PP are determined by the incorporation of nanoclays and by the processing
conditions, both being highly interrelated.

The WAXS patterns reveal that the skin layer of neat PP moulding shows a small level of
crystalline phase orientation. This orientation increases with the incorporation of MMT. Figure
17.22 presents the equatorial 1-20 scan for different percentage of incorporation of MMT.
Adding MMT induces the formation of s-phase PP (reflection at 26 = 16.2°, not present on the
neat PP. This phase shows an improved toughness than the more common a-phase [62].
Simultaneously, the crystallinity index (not shown) decreases with the incorporation of MMT.
The incorporation of MMT has several effects: (i) increases the level orientation of the
crystalline phase; (ii) induces the formation of g-phase PP; and (iii) reduces the degree of
crystallinity. The nanoclay acts as morphology directors, thus determining the mechanical
response of the moldings.

@ flow direction

Figure 17.20 Scanning electron microscopy image of PP filled with 5% of MMT. The flow direction
points outwards the paper surface.
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17.3.5 Stretching of Nanoclay PET Nanocomposite

Polymer nanocomposites have received a lot of attention recently because of their improved
performance, namely their enhanced mechanical behavior [63]. However, the mechanisms

underlying these enhancements are still not well understood.
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Figure 17.22 Equatorial Intensity-26 curves for the skin layer of SCORIM molding with different % of

incorporation of MMT (the WAXS patterns are those of Figure 17.21)..
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The use of in situ structure-sensitive experimental techniques during deformation studies are
therefore of paramount relevance. Following this approach, small angle X-ray scattering
(SAXS) investigations under synchrotron sources may give fundamental insights about
deformation mechanisms at the nanoscale with adequate time-resolution.

17.3.5.1 Materials and Sample Preparation

Different organo-modified layered silicate/montmorillonite were used: Nanofil_R 2 and 32
(referenced as NF2 and NF32, respectively) from Sud-Chemie. These nanoclays are
functionalized with long chain hydrocarbon/ benzyl groups. NF2 and N3F2 have average initial
particle size of 8 and 30 um, respectively (agglomerate dimensions), which are composed of
platelets with typical dimensions of 100-500 nm x 1 nm (nanoclay).

The PET nanocomposites with 0.3% of nanoparticles (and also neat PET for comparision
purposes) were prepared via mechanical blending in a tumbler mixer and subsequent melt
blending in a special asymmetric mini mixer [64]. Compression molded plates were then
prepared and rectangular tensile specimens were cut from them in a hydraulic press.

17.3.5.2 Experimental Techniques

A miniaturized uniaxial stretching machine was positioned perpendicular to the incident X-ray
beam to perform tensile tests. Tensile specimens were stretched in situ at a constant velocity (5
mm/min) at HASYLAB, A2 soft condensed matter beam line, DESY, Hamburg, Germany,
while acquiring two-dimensional SAXS patterns (30 s of accumulation time)

17.3.5.3 Results and Discussion

Figure 17.23 (top) shows the stress—strain curves of the PET nanocomposites, evidencing the
different reinforcing nature of the nanoparticles, mainly in terms of stress and deformation
levels. Both nanoclay types reinforced the PET, increasing the stress levels and the deformation
capabilities.

Figure 17.23 (bottom) also presents some SAXS patterns during stretching. The
incorporation of the nanofillers influences the deformation mechanism of PET. This is
dependent upon the initial size of the clays agglomerate (8 and 30 um for NF2 and NF32,
respectively). For the initial strains, ¢ = 0.22, the SAXS patterns are similar for neat and filled
PET. For ¢ = 0.58, the SAXS patterns from neat and filled PET differ: the neat PET shows an
intense horizontal streak corresponding to voids highly oriented in SD (between highly
stretched fibrils that develop parallel to SD); whereas the PET nanocomposites show a cross
pattern with an intense streak in the vertical direction (eventually due to external reflection of
the interfaces of the crazes with the polymer) and a less intense streak in the horizontal direction
(possibly due to elongated voids between fibril is inside the craze) [66]. It may be suggested
that the appearance of crazes is delayed (in terms of strain levels) for the PET nanocomposites.
Furthermore, at that strain level the void size is slightly bigger for PET reinforced with NF2. At
higher deformations, ¢ > 0.95, and for all material systems, large voids are formed highly
oriented in the SD, which increase in size with deformation. For the PET nanocomposites, the
generated voids are smaller and with a narrower size distribution as compared with the neat
PET. For the PET reinforced with NF32 (higher initial particle size), the formed voids are even
smaller and have a narrower size distribution when compared to the NF2 nanoclay. PET-NF32
shows the lowest sustained stress level.

The deformation mechanisms in polymer nanocomposites are still not well understood.
The adoption of in situ structure-sensitive experimental techniques (mainly X-ray diffraction
experiments) during deformation studies is therefore of paramount relevance for identifying the
active deformation mechanisms and for establishing the relationships between the structure and
mechanical performance.
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Figure 17.23 Stress-strain curve of PET nanocomposites (top) and correspondent SAXS patterns at
different strain levels (bottom) (adapted from [65])

17.4 Concluding Remarks

This chapter demonstrates that synchrotron WAXS and SAXS studies can be very useful in
studying the relation between the structure and the mechanical properties in multiphasic
polymer systems. The standard testing methods and software used for SAXS and WAXS data
handling, however, show some limitations and need further development. In most of the
instances, the WAXS and SAXS patterns are processed and interpreted, reflection by reflection,
so as to extract indirectly the structural information (assuming a structural model). The latter
can often be distorted or even damaged due to various reasons related either to the data
collection or to the data treatment. The progress in the X-ray experiments during the last years
has been tremendous and included development of new two-dimensional X-ray detectors, the
use of high power X-ray microbeams, and the application of novel processing methodologies
allowing for a direct transformation of the WAXS and SAXS 2D patterns into an image of the
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nanostructure. The calculation of the CDF, briefly discussed in this chapter, can provide
structural information absolutely unavailable in other ways. With the advent of the
nanotechnologies requiring a strict and rigorous control over the structures on the nanometer
scale, this method can be of some importance for both industry and academia. The latest
invention is the fast tomographic imaging method based on SAXS data from a scanning-
microbeam experiment [67]. By means of this method, real-time X-ray experiments using
mechanical testers for slow or fast load-cycling test can be incorporated into the synchrotron
beamline. In such a way, fatigue and failure can be studied in polymer systems within
reasonable intervals of time and the data related to microstructure variation inside the material.
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