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Abstract

A simple and inexpensive small-angle light scattering (SALS) instrument for soft condensed matter studies has been
developed; the instrument has the advantage of simplicity of equipment, rapid detection and presentation of the entire
small-angle pattern for investigation. A wide scattering vector range is achieved using a CCD detector; despite the low-
budget components utilized the instrument characteristics have enabled us to obtain high-quality light scattering data from
soft matter systems. The setup is especially well suited to studies of systems with a weak scattering power and/or a time-
dependent structure evolution in a wide spatial range with sub-micrometer resolution. The technique enabled to measure
the size, anisotropy, radial periodicity and internal structure of polymer spherulites at a resolution below that achieved by
optical microscopy. Applications of this instrument to investigate the microstructure and spatial correlations in semi-
crystalline polymers using the Debye-Bueche theory, and in thermotropic liquid crystalline polymers are also reported.
Furthermore, it is demonstrated that the technique is also suitable to study the evolution of microstructure with applied
uniaxial tensile strain in thin polymer films.
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Resumen

Un instrumento sencillo y de bajo costo de difraccion de luz a 4ngulo-pequefio (SALS, por sus siglas en inglés) para
estudiar la materia condensada suave ha sido desarrollado; el instrumento tiene la ventaja de simplicidad de equipo, rapida
deteccion y la presentacion del patrén de dngulo-pequefio completo para su investigacion. Un rango amplio del vector de
difraccién se logra al utilizar un detector CCD; a pesar del bajo costo de los componentes utilizados, las caracteristicas del
instrumento nos han permitido obtener datos de alta calidad de difraccién de luz de sistemas de materia suave. El
dispositivo estd especialmente adaptado para el estudio de sistemas con difraccién débil y/o con evolucién de la
microestructura dependiente del tiempo en una gama espacial amplia con resolucidon de sub-micras. La técnica permitié
medir el tamafio, la anisotropia, la periodicidad radial y la estructura interna de las esferulitas de un polimero a una
resolucién por debajo de la alcanzada por microscopia Optica. Las aplicaciones de este instrumento para investigar la
microestructura y las correlaciones espaciales en polimeros semicristalinos usando la teoria de Debye-Bueche, y en cristale
liquidos poliméricos termotrépicos también son reportadas. Ademds, se muestra que la técnica es también conveniente
para estudiar la evolucién de la microestructura al aplicar una tension uniaxial a peliculas poliméricas delgadas.

Palabras Claves: Difraccion de luz a dngulo- pequeiio, Microestructura, Polimeros, Morfologia

1. INTRODUCTION the early days, commercial instrumentation for light
scattering measurements was not available and the

The light scattering (LS) technique and theoretical responsibility for the design and construction of this

background were initially developed to characterize
polymeric solutions and colloidal suspensions. Key
physical properties such as molecular weight and
radius of gyration were the major subjects [1, 2]. In
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instrumentation relied on the scientists themselves
[3-5]. This technique consists of scanning a wide
scattering angle range (typically 90°), therefore the
instruments were usually equipped with a
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photometer on a wide-angle goniometer. After
developments for over half a century, this technique
(sometimes termed wide-angle light scattering,
WALS) is now well established [6, 7]. Nowadays
commercial instruments are also equipped with
autocorrelators thus enabling dynamic
measurements for the determination of diffusion
coefficients of polymeric chains in solution [8].

Along these developments, since the 1960’s Stein
and coworkers pioneered a light scattering technique
to investigate the higher ordered structures in
condensed systems, especially the spherulitic
microstructure of partially crystalline polymers
[9,10], the microstructure in deformed polyethylene
samples [11], and the influence of thermal annealing
on polymer’s crystalline microstructure [12]. The
value of the technique was rapidly recognized and
successfully applied to investigate polymer
microstructure in industrial laboratories [13]. In
order to investigate the optically anisotropic
structure a depolarized light scattering (DPLS)
technique was employed, that is, a polarizer and an
analyzer are inserted along the light beam path
before and after the specimen, respectively. For the
measurement of the higher ordered structure a small
scattering angle range is scanned compared with the
former technique, WALS. Therefore, this type of
light scattering technique is often termed small-
angle light scattering (SALS).

The usefulness of SALS is now well established and
the technique is routinely utilized to investigate soft
condensed matter as well as complex fluids. For
instance, SALS has been utilized to investigate
capillary flow behavior in worm-like micelles [14],
phase separation dynamics in binary fluid mixtures
[15], phase separation kinetics in polymeric blends
[16, 17], orientation behavior of solutions of poly (y
-benzyl-L-glutamate) in an electric field [18],
domain texture coarsening in thermotropic polymers
[19], aggregation kinetics during drying of particle
monolayers [20] , and polymerization-induced phase
separation kinetics [21]. There also a number of
applications into biological systems as SALS has
been applied to study the human cornea [22] and
biological cells [23].

Due to the versatility of this technique and advances
in instrumentation, in-situ studies of flowing
complex fluids have been carried out. These studies
include flow-induced texture orientation in lyotropic
[24] and thermotropic [25] liquid crystalline
polymers, flow-induce phase transitions in
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thermotropic ~ polymers  [26],  shear-induced
coalescence in polymer blends [27], and shear-
induced crystallization on polyolefins [28, 29].

The SALS technique was initially implemented by
using an arc lamp as light source and photographic
film as the detector for the scattered light [9-12]. In
order to produce a beam of parallel light and a
monochromatic light from the diverging white light
source, a lens and a pinhole device as well as
monochromatic filters were, respectively, employed
[9,10]. In order to carry out quantitative angular
profile analysis, a photomultiplier tube on a small-
angle goniometer was also employed in addition to
the photographic film. Later on the He-Ne laser was
introduced as the light source [13] further fueling
the development of this technique.

Further developments in electronics made possible
to build a photodiode array making possible to
measure the angular profile at once and leading to
time-resolved measurements [30]. In the same way,
charge-coupled device (CCD) image sensors to
record two-dimensional SALS patterns replaced
photographic film. However, note that the exposure
area of the CCD image sensor is usually very small.
Accordingly, a condenser lens focusing the scattered
light onto the CCD plane has been utilized [31,32].
In other cases, the scattering pattern has been
projected on a white screen and indirectly recorded
by a CCD camera equipped with an imaging lens
[14, 25, 26]. A great advantage in the former
method is that the scattered light can be directly
brought into the CCD plane without loss of
intensity. However, in order to obtain the scattering
pattern on the CCD plane, the distance of the
sample-to-condenser lens and the distance from the
condenser lens to the CCD plane must be tightly
arranged according to the focal length (F) of the
condenser lens. That is, there is no flexibility in the
camera length of the scattering geometry. On the
other hand, imaging the scattered pattern on a screen
is a flexible method because enables adjusting the
camera length without compromising the optics of
the instrument. There is a penalty to be paid
however, and it is the lose of brightness and
resolution due to the smearing effect on the screen
when the scattered light is projected, however the
correction factors are negligible for scattering angles
less than 26=15° [33].

In this work we describe a simple and inexpensive
design of a SALS setup where the imaging screen
method has been adopted. The following sections
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are devoted to the description of the setup and of the
procedures for instrument adjustment and
calibration. We then demonstrate through case
studies that, despite the simplicity and low-budget
components utilized to set this instrument, it is
possible to characterize the submicron spherulitic
microstructure in partially crystalline polymer thin
films, the internal structure of a spherulite, the
texture microstructure in thin films of liquid
crystalline polymers and the characterization of
microstructure in thin polymer films subjected to
uniaxial tensile deformation.

2. EXPERIMENTAL
2.1 SALS instrument design

The apparatus developed for the SALS
measurements is shown schematically in Figure 1a.
The optical components were mounted on an optical
breadboard manufactured by Edmunds Optics Co.
(New Jersey, USA). The light source is a vertically
polarized He-Ne laser (wavelength A = 632.8 nm) of
0.8 mW power (model 1500 manufactured by JDS
Uniphase Corp., Santa Rosa California, USA).
Immediately downstream from the laser there are
iris diaphragms with adjustable apertures that work
as pinholes (PH). The PH function is to collimate
the main beam such that stray reflections are
prevented from reaching the sample. The incident
intensity was then attenuated by using neutral
density filters (Edmunds Optics Co.). The
polarization direction of the incident beam was set
by a polarizer (P) with the polarization axis set
vertically. The polarized light impinged on the
sample (S) and the incident and scattered light
passed through a 40 mm diameter polarizer whose
polarization axis is now set at 90°, this is called the
analyzer (A). The 0°-90° orientation of the polarizer
and analyzer sets the so-called Hy polarization
condition. The scattered light falls onto a diffusing
plate (sand blasted glass, manufactured by Edmunds
Optics Co.) placed 126 mm downstream from the
sample. The main function of the diffusing plate is
to act as an image transfer screen onto which the
light detection device can be focused. A circular
beam stop made of black foam of 8.5 mm diameter
was used to prevent the main beam to impinge
directly on the detector. For image recording a
charge-coupled device (CCD, model PC-23C, Super
Circuits, Taiwan) with C-mount ring and wide-angle
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lens (manufactured by Computar, Japan) was used.
The CCD has a resolution of 200 pm/pixel. The
CCD was located 50 cm behind the diffusing plate.
When enabled the CCD captures a two-dimensional
image covering the scattering angles 20 between 2
and 15 degrees. The scattering patterns were
displayed on the color monitor of a PC and recorded
via an IMAQ frame grabber (model PCI-1405,
National Instruments, USA). Frame grabbing was
performed using National Instruments software. The
image analysis was carried out using the software
ImageTool v.3, a Windows XP — based application
developed by The University of Texas Health
Science Center in San Antonio (USA). The entire
setup is encased in a black box made of acrylic
polymer sheets. Figure 1b shows a picture of the
instrument with the black box removed.

Screen
a
( )ccn FC S

N

A P PHD PH
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Figure 1. (a) Experimental setup of the small-angle light
scattering (SALS) instrument. L: laser, PH: pinhole, D:
neutral density filter, P: polarizer, A: analyzer, CCD:
charge-coupled device, FC: focusing lens, PC: computer.
(b) Photograph showing the light scattering setup with the
black box removed.

2.2 Instrument calibration

For the determination of the sample-to-detector
distance, D, an optical microscopy calibration
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graticule 1 mm long was used (made by Graticules
Ltd, Tonbridge, Kent, England). The reticule
contains 100 divisions/mm and therefore there is a
distance of 10 um per division. The reticule can be
considered a one-dimensional crystal. Figure 2a
shows an optical micrograph of a section of the
reticule. Figure 2b shows the corresponding SALS
pattern where there are intense and sharp reflections
on one axis; note that the diffraction pattern
corresponds to the Fourier transform of an array of
periodic slits and shows three orders of reflection.

(a)

p—
0
S

-,

Intensity (a.u.)

I
q (um-)

2 3

Figure 2. Calibration of SALS instrument. (a)
Calibration reticule where one division corresponds to 10
um. (b) SALS pattern of reticule showing the main
reflection and the second and third orders of reflection.
The pattern is asymmetric as the reticule was tilted 10°
with respect to the incident beam in order to enhance the
3" reflection. He-Ne laser and Hy polarization condition.
(c) Intensity scan of pattern (b) as a function of scattering
vector g. Note that the 4™ order of reflection is now
apparent.
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From the digitized pattern an intensity scan was
extracted along the reflections. The X-axis of the
scan, in pixels, was converted to wm by applying the
conversion factor specified by the CCD
manufacturer of 200 pum/pixel. The scattering angle
26 for the first order reflection was obtained from
Bragg’s relationship [34]

2d-Sin@=n-A, (1

where @ is half the scattering angle, n the order of
reflection and A the radiation wavelength (632.8
nm). For a first order reflection n =1 and therefore

20=2- sin‘l(%j ) )

Incident .'
Beam

D

Figure 3. Schematics of scattering geometry. S: sample,
D: sample-to-detector distance, 26;: scattering angle of ith
reflection, r;: radial distance from the center to ith
reflection.

The sample-to-detector distance D was obtained
from the scattering geometry (see Figure 3) using
the trigonometric relationship

-
Tan(20)=—, 3
an(20) 5 (3)

where r is the radial position to a given reflection, as
shown schematically in Figure 3. The sample-to-
detector distance is then obtained from the relation

.
S — 4
Tan(260) “
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From equation (4) a sample-to-detector distance of
D = (126.08 £ 0.10) mm was determined. The
uncertainty in the value of D was estimated from at
least five independent measurements. Figure 2c
shows the intensity scan extracted from the SALS
pattern 2b. The intensity is plotted as a function of

the magnitude of the scattering vector |cf| =q

_47-Sin6
—

The plot shows the first, second, third and fourth
orders of reflection located at q,, ;= 0.62 um'l, Qo=
1.23 um™, qus= 1.83 pm’’, and qs= 2.45 pm’'. The
d spacing associated with these reflections are d,=
10.05 pm, d,= 5.1 um, d;= 3.4 um and ds= 2.5 um.
Therefore, from the spacing of the first order
reflection, d;, we recover the value of the minimum
spacing in the calibration graticule, i.e., 10 pm.

(&)

Moreover, note that the sample-to-detector distance
chosen give a scattering angle range from 20 = 2° to
15° translating in a d-spacing of ca. 18 to 1.7 um
(the scattering space is reciprocal to the real space,
therefore small angles mean large d-spacing). This
spatial resolution is of course a function of the
sample-to-detector distance and our instrument
setup allows for easy reposition of the screen in
order to change this range.

3. RESULTS AND DISCUSSION

The SALS instrument described here is simple in its
concept and versatile; the following sections present
a small selection of applications to study the
microstructure in soft condensed matter.

3.1 Ring structure in polymeric spherulites

The usefulness of the SALS technique was first
applied to investigate the internal structure of a
polymeric spherulite. Figure 4 shows the optical
micrographs of a well-crystallized sample of
polyhydroxy butyrate (hereafter denoted PHB)
obtained under cross-polarized light conditions.
Figure 4a shows a crystalline morphology with
well-defined Maltese crosses typical of lamellar
crystalline morphology in some semicrystalline
polymers [12, 35]. The scale in the micrograph
shows that the spherulites have sizes ranging from
50 to over 400 pum, the smaller spherulites being
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trapped between the larger ones. Figure 4b shows a
higher resolution micrograph of PHB where the
internal ring structure can be clearly appreciated.
Stein et al have shown that the ring structure arises
from radially periodic orientation of crystals within
the spherulites [36]. For instance, in polyethylene
the ring structure arises from the angle describing
the orientation of the tangential a- and c-axis about
the radial b-axis, the angle being proportional to the
distance from the center of the spherulite. The
resolution of this SALS instrument enables then to
study the spherulites internal structure.

Figure 4. (a) Optical micrograph of poly hydroxy
butyrate thin film under white light and crossed polarizers
condition. Micrograph in (b) reveals the ring intra-
spherulitic microstructure.

Figure 5a shows the SALS pattern of PHB. The
pattern is anisotropic and shows four reflections
with scattering maxima positioned azimuthally at
45° to the polarization directions indicative of
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A Small-Angle Light Scattering Instrument to Study Soft Condensed Matter

undeformed spherulitic morphology [12, 36]. The
pattern also shows a second order of reflection. The
azimuthal spread of the reflections is indicative of
the imperfect crystalline morphology in the sample.
Figure 5b shows the radial intensity scan obtained
by scanning along 45° to the polarization direction,
i.e., through the intensity maxima. The positions of
the intensity maxima are ;= 1.06 um™, and qu,=
2.14 pm™, which correspond to a d-spacing of d;=
5.91 wm, and d,= 2.94 pm.

(a)

(b)

Intensity (a.u.)

q (um-)

Figure 5. (a) Small-angle light scattering pattern of
spherulite microstructure shown in Figure 4. The 1* and
2" orders of reflections are clearly appreciated. He-Ne
laser and Hy polarization condition. (b) Intensity scan of
pattern in (a) along the diagonal and through the
reflections.

The theory for the scattering from the ring structure
within spherulites has been developed by Stein [36],
this theory predicts a scattering maximum when

A=d,  -sin@, . (6)

ring
Equation (6) shows that the ring spacing d,;,, can be
obtained from half the angular position of the

reflection maximum (2 ), In terms of the scattering
vector g equation (6) is written as
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d zﬂ. @)

ring qm
Applying equation (7) to the g value obtained for
the first order reflection (qm;=1.06 um™) gives rise
to a ring spacing of d,,=(11.8%0.6) um.

The ring spacing obtained from the SALS pattern is
contrasted with the ring spacing obtained directly
from the real space image shown in Figure 4b. For
this an intensity scan was obtained by scanning
inside a spherulite, Figure 6 shows the plot of
intensity as a function of distance, note the spatial
periodicity of intensity maxima. The ring spacing
was determined from the position of intensity
maxima, averaging over eleven maxima, giving a

value of d sing = (11.02£0.5) pm. This result is equal
to that obtained from the SALS analysis.

Intensity (a.u.)

0 I I30 60 90 120I I150
X (um)

Figure 6. Intensity scan as a function of distance within a
PHB spherulite.

3.2 Spherulitic morphology in semicrystalline

polymers

The SALS technique was also applied to investigate
the microstructure in extruded Nylon 6™ films of
35 pm thickness. The sample was kindly provided
by Ticona, the Engineering Polymers Business of
Celanese Co. Figure 7a shows the optical
micrograph of the film under crossed polarizers, the
extrusion direction is vertical. It can be seen that the
micrograph shows little contrast if any and certainly
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no sign of sherulites despite being a semicrystalline
polymer. On the other hand, figure 7b shows the Hy
SALS pattern of this polymer film, and the pattern
shows a “four-leaf clover” with intensity maxima at
an azimuthal angle of ¢=45° with respect to the
extrusion direction. This SALS pattern is typical of
spherulitic ~ microstructure  in  semicrystalline
polymers [12,35]. Figure 7c shows the intensity
scan as a function of scattering vector g; note that
the intensity reaches a maximum at ¢,= 0.78 um’"
and then decays monotonically.

Stein et al., developed a theory for small-angle
scattering from spherulitic polymers and the theory
was developed by assuming that scattering arises
from a homogeneous anisotropic sphere embedded
in an isotropic medium [12]. The equation derived
by Stein et al for Hy scattering is

1, = AVOZ(;) [(a, —a,) cos’ §-sin@gcos @

(4-sinU —U cosU —3-SiU)], (8)

where V, is the volume of the sphere,
U=(47R/A)sin6, where R is the radius of the sphere,
A the wavelength of the light (in the medium), and
26 is the scattering angle. o, and o, are the
tangential and radial polarizabilities of the sphere,
and ¢ is the azimuthal scattering angle.

The maxima of the “four-leaf clover” Hy
patterns occur, according to equation (8), when

4R sind,_, =39, &)
A
thus
= 73..9 4 ; (10)
4r-sinf,

enabling the calculation of the spherulite size from
the angular position of the intensity maximum.

Equation (9) is easily rewritten in terms of the
scattering vector

39
/.

R (11)
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Figure 7. Extruded 35 um thick Nylon 6 film. (a) Optical
micrograph under crossed polarizers condition. (b)
Corresponding SALS pattern under Hy polarization
condition exhibiting 4 lobes. (c) Intensity scan of pattern
in (b), scanning diagonally across the lobes.

Stein et al., [12, 36] have shown that this relation
gives a good agreement between measured
spherulite sizes and those deduced from equation
(11). Furthermore, those and other authors have
shown that the light scattering technique may be
used for the measurement of smaller sizes than is
possible by light microscopy. Applying equation
(11) to the results shown in Figure 7 we obtained a
spherulite radius for the Nylon 6 extruded film of R
=5 um.

3.3 Uniaxial deformation in semicrystalline
polymer film

Here are presented preliminary results of scattering
Rev. LatinAm. Metal. Mat. 2010; 30 (2): 190-200
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arising from a polymer with spherulitic
microstructure  subjected to wuniaxial tensile
deformation. The Nylon 6 extruded film discussed
above was uniaxially deformed along the extrusion
direction. The polymer film was clamped at both
ends and displaced symmetrically in such a way as
the incident beam always impinged on the same
point each time. Figure 8 shows a selection of SALS
patterns obtained at (0), (b) 30, (c) 66 and (d) 134 %
deformation. The scattering pattern at 30 % strain
(Figure 8b) shows a slight rotation of the intensity
maxima towards the equatorial (horizontal) axis as
well as a shifting towards the beam stop. This
pattern indicates that the spherulites have been
deformed and stretched along the tensile axis
(indicated by the arrow). There is additionally an
intensity streak along the equatorial axis. This streak
arises from an elongated microstructure along the
tensile axis. Further stretching the sample up to 66%
strain (Figure 8c) does not change the four lobe
morphology indicating that the spherulitic
morphology is preserved under the uniaxial
elongation. Moreover, the shifting of the lobes
towards the beam stop indicates a size increase of
the spherulites. It can also be seen that the equatorial
streak is more intense and elongated suggesting that
more material has been aligned along the tensile
axis.

Finally, Figure 8d shows the pattern corresponding
to 134 % strain. The four lobe morphology is still
appreciated although the maxima are now
concentrated into the beam stop. Furthermore, the
equatorial streak has grown in intensity, and it is
more elongated along the equatorial axis. It is also
noted that the equatorial streak shows some
azimuthal broadening. The contraction of the four
lobes indicates that the spherulitic microstructure
has increased in size. On the other hand, the
broadening of the equatorial streak indicates that
there is some degree of misorientation of the
microstructure along the tensile axis. The change in
spherulite size as a function of strain has been
characterized; the results will be reported elsewhere.

3.4 Diffuse scattering and correlation length

Here it is discussed diffuse scattering arising from a
non-spherulitic microstructure in a semicrystalline
polyester Vandar 9116™, a polymer film 35 um
thick and supplied by Ticona, The Engineering
Polymer Business of Celanese Co. The polarized
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optical micrograph is shown in Figure 9a, where a
“grainy” microstructure can be appreciated. Figure
9b shows the corresponding SALS pattern, note that
there is only isotropic diffuse scattering intensity.
The depolarized Hy intensity arises from orientation
fluctuations [12]. Thus the diffraction pattern
indicates that there is not preferred orientation in the
film sample.

Figure 8. SALS patterns of Nylon 6 film under uniaxial
tension along the extrusion (vertical) direction. Patterns
correspond to a deformation of (a) 0, (b) 30, (c) 66, and
(d) 134 %. Hy polarization conditions.

Figure 9c shows the plot of intensity as a function of
scattering angle. Due to the isotropic nature of the
pattern the intensity was azimuthally averaged, it
can be seen that there is a rapid decays of intensity
as g increases.

This type of diffuse scattering pattern can be
analyzed using the Debye-Bueche equation in the
nonspherically symmetrical form [37]. For the
cross-polarized condition, Hy, and assuming that
there are not cross correlation terms in the refractive
index fluctuations and that they can be expressed as
Gaussians, in the limit of small scattering angles
(@ —0), the following expression for the
correlation length, a, was obtained

1,,(0)=Kv< n® >r"%a’ -exp(-q°a®), (12)

where [y, is the depolarized intensity, K is a
constant, v is the scattering volume, <n®> is the
mean-squared fluctuation in refractive index, and g
(=41 A)Sin@) is the magnitude of the scattering

197



Romo-Uribe et al.

vector. From the Guinier-type plots thus obtained
(In Iyy vs. qz) the correlation length can be
calculated. Figure 10 shows the Guinier-type plot
for Vandar, it can be seen that the experimental data
conform very well to the Debye-Bueche equation;
from the slope a correlation length a = 0.96 pm was

determined.

@[

Intensity (a.u.)

2 3

1
q (um-')

Figure 9. (a) Optical micrograph of 35 pm thick
polyester Vandar 9116™ film under crossed polarizers.
(b) Corresponding SALS pattern, Hy polarization
condition, exhibiting diffuse scattering. (c) Azimuthally
averaged radial intensity scan of pattern in (b).

3.5 Microstructure in thermotropic

liquid
crystalline polymers

Finally, the usefulness of the SALS instrument is
198

applied in the investigation of the complex
microstructure displayed by liquid crystalline
polymers (LCPs). The LCP was kindly provided by
Ticona and it is a random copolyesteramide based
on hydroxybenzoic acid, terephthalic acid and
aminophenol (denoted B-T-AP). Figure 11a shows
the optical micrograph under crossed polarizers
condition of the thermotropic B-T-AP which had
been subjected to uniaxial shear (shear direction
indicated by the arrow) at 310 °C and then rapidly
quenched onto a cold metal block to preserve the
microstructure [38, 39]. The micrograph shows a

periodic oriented structure oriented orthogonally to

the velocity axis, it is the well-known “banded”
texture. Note that the width of the bands is ca. 15

um.

0.0 0.5 1.0 1.5
q? (um2)

2.0

Figure 10. Debye-Bueche plot obtained from the Vandar
9116 ™ SALS pattern.

Figure 11b shows the corresponding SALS pattern.
Firstly, the diffraction pattern shows the formation
of intensity maxima on the velocity axis indicative
of a periodic oriented structure along the vorticity
axis (i.e., orthogonal to the velocity axis). The radial
spread of the intensity is related to the regularity in
bands spacing, whereas the position of the intensity
maxima corresponds to the mean distance between
bands. Moreover, the azimuthal concentration of
intensity is related to the regularity of the bands
orientation along the vorticity direction. Secondly,

the diffraction pattern also shows intensity streaks

along the vorticity axis which are the signature of

some oriented defects along the velocity axis. Note
that the optical micrograph (Figure 11a) does not
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show evidence of these defects oriented along the
velocity axis. Therefore, SALS evidences a double
oriented texture in the as-sheared LCP. This type of
orientation had already been reported by Romo-
Uribe and Windle during in-situ studies of this sort
of LCP [39].

Figure 11. Thermotropic liquid crystalline polymer thin
film sheared and rapidly quenched. (a) Optical
micrograph under crossed polarizers, (b) SALS pattern of
micrograph in (a).

4. CONCLUSIONS

Recently a high-resolution SALS instrumentation
has been described for soft condensed matter studies
based on a potent laser source and a high resolution
CCD camera [40]. Those authors demonstrated that
with this sort of hardware is possible to achieve a
good signal-to-noise ratio especially for complex
fluids with relatively low contrast. In this work we
have demonstrated that a simple and inexpensive
small-angle light scattering instrument can enabled
the study of a variety of soft condensed matter
systems in the solid state. The instrument enabled
the determination of size and anisotropy in polymer
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thin films, and in the defect texture of liquid
crystalline polymer thin films. Despite the
simplicity and low-budget components utilized the
instrument also enabled the analysis of the internal
structure of polymeric spherulites. Furthermore, it
was demonstrated the capability of this instrument
to characterize the evolution of spherulitic
microstructure under uniaxial tensile deformation.

Nomenclature

a correlation length

d spacing

n index of refraction

r radial distance

q scattering vector

A analyzer

D sample-to-detector distance
DPLS depolarized light scattering
Hy polarization condition
LS light scattering

P polarizer

PH pinhole

PHB poly hydroxy butyrate
R spherulite radius

S sample

Si sine integral function
SALS small-angle light scatter
WALS wide-angle light scatter
A wavelength

o azimuthal angle

26 scattering Bragg’s angle
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