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ABSTRACT: A new experimental method for studying the
mechano-optical rheology of polymeric liquids and soft matter
materials is presented. The method is based on a combination
of rotational rheology and a recently developed optical
technique—shear-induced polarized light imaging (SIPLI). The
method provides a unique opportunity to monitor a complete
sample view during rheological measurements in plate—plate
and cone-and-plate geometry. Applications of the method are
presented including simultaneous SIPLI and the rheology of
the oriented lamellar phase of block copolymers and liquid
crystals as well as a study of the thermally induced reversible

INTRODUCTION Modern rheological instruments allow a wide
range of methods to be used for testing the mechanical
properties of soft matter materials and in particular, poly-
Among these instruments, rotational rheometers
(stress-controlled and strain-controlled) are perhaps the
most commonly used in academic and industrial research
laboratories. This is mainly due to the fact that the rotational
type devices allow facile variation of the shear-rate and/or
shear-stress, and as such, it is possible to continuously shear
a studied sample for a virtually unlimited period of time.
This permits monitoring short-term transient behavior of the
material as well as achieving a stationary state of flow in a
single experiment. These experiments enable measurements
of a number of rheological parameters, such as shear viscos-
ity, normal stress, dynamic modulus and phase angle, yield
stress, creep and stress relaxation." The development of rota-
tional rheometers during the last century? has resulted in
these instruments being exploited not only for measure-
ments in continuous and oscillatory shear using cone-and-
plate, plate-plate or concentric cylinders (Couette or Searrle
approach) geometries, but also for dynamic mechanical anal-

mers.

transformation of worm-like micelles to spherical micelles. In
addition, a direct relation between the shish formation and the
polymer melt viscosity upturn during flow-induced crystalliza-
tion of semi-crystalline polymers is demonstrated. An applica-
tion of SIPLI for quantitative birefringence measurements is
also shown. © 2016 The Authors. Journal of Polymer Science
Part B: Polymer Physics Published by Wiley Periodicals, Inc.
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ysis of materials in torsion and extension using torsion bar
fixtures,® and for extensional rheology of films using two
counter rotating drums.*

There is a continuously growing interest in a combination of
rotational rheology with other characterization techniques to
perform simultaneous measurements of viscoelasticity and
extra physical parameters associated with phase transitions,
morphological transformations and structural orientation in
soft matter materials. In recent decades, the versatility of
rheology has been demonstrated by the progress of techni-
ques such as rheo-infrared,” rheo-Raman,® rheo-optical
microscopy, rheo-SALS (small-angle light scattering),”® rheo-
SAXS (small-angle X-ray scattering),”*’ and rheo-SANS
(small-angle neutron scattering).’> The coupling of these
techniques provides invaluable information about the rela-
tionship between macroscopic rheological properties and
microscopic structural characteristics of materials. In this
respect, particular attention has to be paid to rheo-
birefringence measurements, where the collective behavior
of macromolecules and nanoparticles can be detected via
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changes in the birefringence properties of a material. For
example, birefringence occurs due to the flow-induced orien-
tation of polymer chains or particles in polymer melts, solu-
tions or particle suspensions which creates optical
anisotropy. There was a strong period of activity in this field
during the 60s and 70s of the last century (comprehensively
described in two excellent books**!%) including a number of
fundamental mechano-optical rheological studies based on
rotational shear geometries and flow birefringence.*>1®

The common feature of all these techniques used in combina-
tion with rotational rheology is that the data are collected from
a small area of the sample which is defined by the cross section
of the illuminating (optical techniques) or irradiating beam
(SAXS or SANS). This approach is justifiable if assuming that the
flow is laminar and the shear rate does not change significantly
across the sample. It is therefore reasonable for the results
obtained from a single point to be extrapolated over the whole
sample and, consequently, complement the rheology data.
Hence, this approach is mostly suitable for concentric cylinders
and cone-and-plate geometries. However, this assumption is not
always valid. For instance, in the case of shear banding when
the secondary flow influences homogeneity of the sample flow.
In addition, the point-like techniques fail when the shear flow
across the sample is not constant as, for example, in plate-plate
geometry. Therefore, it is always desirable to use a technique
collecting information about different areas of the sample
simultaneously and enabling large sample areas to be assessed
during rheological measurements. In this respect, methods
based on flow birefringence could be considered as suitable
candidates. For example, flow birefringence has gained signifi-
cant popularity as a way for direct visualization and measure-
ments of fluid stresses in complex geometries,'”'® where
relatively simple optical devices similar to a polariscope are
used. Despite the fact that the flow field is well understood for
rotational rheometers,'® flow visualization in these instruments
may be essential for observations of the stress field associated
with possible phase transitions and morphological transforma-
tions enhanced by the flow, when application of the constitutive
equations of fluid mechanics are not valid.

It was recently shown that a reflection polariscope could be
combined with a shearing device based on rotational plate-
plate geometry. This instrument was used for the develop-
ment of a new technique—shear-induced polarized light
imaging (SIPLI).?® The potential of the SIPLI technique has
already been demonstrated by measurements of flow param-
eters for the onset of shear-induced crystallization in syn-
thetic polymers and silk*! and by studying orientation of
lamellar phase in diblock copolymer solutions.? The key fea-
ture of the instrument is the dual functionality of the shear-
ing plates, which act simultaneously as both the optical
components of the reflection polariscope and the shearing
tools. One of the plates, made of glass, is used as a window
for viewing the sheared sample and the other plate, made of
steel with a polished surface, is used as a mirror for reflect-
ing light to obtain an image of the sample. The main advant-
age of this arrangement is that the polariscope occupies only
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one side of the shearing device while the other side remains
free. Such an arrangement of the optical components enables
the reflection polariscope to be combined with a rotational
rheometer. This assembly can provide a unique opportunity
to carry out mechano-optical rheology, where mechanical
measurements and optical observations of the stress field
are performed simultaneously. Furthermore, the polariscope
offers a chance to monitor, in full view, the sample online
throughout the entire rheological experiment.

The main goal of this work is to describe basic theoretical
and experimental principles of the SIPLI technique and to
demonstrate potential applications of a rotational rheometer
combined with a SIPLI device using mechano-optical rheo-
logical measurements of soft matter materials, in particular
polymers. Herein, a number of case studies highlighting
advantages of SIPLI technique are given, including a simple
visualization of a material loaded in the rheometer, flow
alignment of liquid crystals (LCs) and block copolymers,
shear-induced crystallization of polymers, morphological
transition of self-assembled block copolymer nanoparticles,
and birefringence measurements of sheared polymer melts.

MATERIALS

A number of materials were chosen for this study to demon-
strate the versatility of the SIPLI technique and the
mechano-optical rheology method. Semi-crystalline polymers
of industrial grade (LyondellBasell, Frankfurt am Main, Ger-
many) such as high-density polyethylene, HDPE (M,, = 227
kDa, polydispersity M,,/M, = 14.5 and nominal melting tem-
perature T, =133 °C), and low-density polyethylene, LDPE
(Lupolen 1840H, M,, =240 kDa, M,,/M,, =14 and T, =112
°C), were used for a flow-induced crystallization (FIC) study
and birefringence measurements, respectively. 9 wt % A
polystyrene-polyisoprene  (PS-PI)  diblock  copolymer
(M,, = 1460 kDa, M,,/M, = 1.04, volume fractions of the
blocks are 0.52 and 0.48, respectively) solution in a mixture
of acrylate-based compounds®* and LCs (4'-octyl-4-biphenyl-
carbonitrile, 8CB, Sigma-Aldrich, Gillingham, United King-
dom) were used for experiments on structural alignment.
Finally, an aqueous dispersion of poly(glycerol monometha-
crylate)s,-poly(2-hydroxypropyl methacrylate);,, (PGMAs,-
PHPMAz;) at 5 wt % solids?*® was used to demonstrate
measurement of particle morphology transformations in col-
loidal systems.

EXPERIMANTAL SETUP

The optical setup for the SIPLI technique is based on the
working principles of a reflection polariscope.?’ Hence, the
mechano-optical rheometer proposed for simultaneous
mechanical rheology and SIPLI measurements is combined of
two main units: a rotational rheometer and a specially
designed reflection polariscope attached to the rheometer
(Fig. 1). The rheometer shearing disks perform a role of cou-
pling components. The static disk, made of glass, is used as a
viewing window and the rotating disk, made of stainless
steel with a polished surface adjacent to the sample, is used
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FIGURE 1 The optical setup of a mechano-optical rheometer
for simultaneous mechanical rheology and SIPLI measure-
ments. The main optical components of the setup are drawn in
solid lines and assigned in bold. Supplementary optical com-
ponents are drawn in dashed lines and assigned in italic. D,
Dr, and d indicate the sheared sample diameter, the top (rotat-
ing) disk diameter and the sample thickness (the gap between
the shearing surfaces of the rheometer), respectively.

as the mirror of the reflection polariscope. The mirror sur-
face roughness is about 1 um (obtained by fine polishing
with a diamond paste) which is comparable with the wave-
length of light but still significantly larger than the radius of
gyration of polymer molecules. A reflection polariscope com-
bined with the rheometer disks is called an SIPLI polari-
scope. Main components of the SIPLI polariscope are a light
source, a linear polarizer, a beam splitter, a mirror (in this
case the polished surface of the rotating disk), a linear ana-
lyzer, and a screen or camera. To perform quantitative bire-
fringence measurements, a collimating lens, making the
illuminating rays of the light source parallel, is incorporated
in the optical system. The lens at the SIPLI polariscope exit
projects a sample image onto a camera CCD chip (a Lume-
nera Lul65C color CCD camera was used for the measure-
ments). The camera allows images, time-resolved frames or
a video of a studied sample to be recorded during experi-
ments. The components of the lower part of the SIPLI polari-
scope are coaxial with the rheometer axis of rotation. The
polarizer and the analyzer are mounted on rotating holders
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enabling an adjustment of mutual orientation of their polar-
ization axes from parallel (0°) to orthogonal (90°). The
instrument described in this work is equipped with a broad-
band light source (a halogen white lamp) connected to the
optical components via a fiber optic cable. The whole spec-
trum of the source is used to illuminate a sample for obtain-
ing polarized light images (PLIs) and monochromatized
beam of the source (filtered by a drop-in narrow-band inter-
ference filter, Fig. 1) is used for birefringence measurements.
However, a monochromatic light source such as a laser
coupled with a beam expander could also be incorporated in
this instrument for the sample illumination.

In the proposed optical setup one side of the sheared sample
has to be accessible for viewing. In this respect, a Physica
MCR rheometer (Anton Paar, Graz, Austria) equipped with a
glass plate for optical applications (e.g, P-PTD 200/GL with
a Peltier heating element or P-ETD 300/GL with an electrical
heating element) is conveniently designed for the proposed
mechano-optical rheometer. A slight modification of the glass
plate has been to replace the original optical slit with an
opening equal to the rotating disk diameter (D; Fig. 1) as
this provides access to a full view of the sample surface.
Moreover, there is enough space underneath the glass plate
(including a heater) for mounting optical components of the
SIPLI polariscope and allowing an unobstructed optical path
between the light source and the sheared sample.

The optical path and the state of polarization of the light in
the SIPLI polariscope can be described as follows. The parallel
light rays collimated by the lens become plane-polarized after
passing through the polarizer and the polarized light subse-
quently reflected off the beam splitter enters the rheometer
sample region at 90° to the plane of shearing. Due to reflec-
tion from the rotating steel disk the rays make a double pass
through both the static glass disk and the sample. The status
of light polarization does not change when the light rays are
reflected normally from a metal mirror. After exiting the rhe-
ometer, the light passes through the beam splitter, the ana-
lyzer and the projecting lens before finally reaching the
camera (or a screen). For obtaining PLIs the mutual angle
between polarization axes of the analyzer and the polarizer is
usually set to 90°. If the sample is non-birefringent, the plane-
polarized light illuminating the sample emerges from the rhe-
ometer with the same state of polarization as it entered the
rheometer. As a consequence, the light with unaltered polar-
ization is not transmitted through the analyzer, orthogonal to
the axis of light polarization, and the sample appears dark in
a PLI. Whereas, if the sample is birefringent, the orientation
of the light polarization changes after passing through the
rheometer. In this case the light will be transmitted through
the analyzer, as the mutual orientation of axes of their polar-
ization is likely to diverge from orthogonal, and a PLI contain-
ing information about birefringent properties of the sample is
produced/imaged.

The standard heating elements supplied with the Physica
MCR rheometer (e.g, an upper Peltier hood and a set of
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FIGURE 2 Images of a LDPE sample loaded onto the mechano-
optical rheometer: (a) a solid sample disk (diameter
Ds=12.5 mm and sample thickness 2.3 mm) loaded at room
temperature; the gap between the shearing plates of the rhe-
ometer, d, is set to 3 mm; (b) the same sample disk in a mol-
ten state at 125 °C; (c) the LDPE sample after setting the gap
between the shearing disks [d=1 mm, Ds=19 mm,
Df=25 mm and temperature 125 °C; Ds and Ds indicate the
sample diameter and the rotating (top) disk diameter, respec-
tively] and (d) the same sample as in (c) but the image is
obtained with crossed polarizer and analyzer (their mutual ori-
entation is shown by white arrows). The axes of polarization of
the polarizer and the analyzer are set mutually parallel for the
other images (a—c). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Peltier heaters underneath the static glass disks) are used
for sample temperature control. For simplicity, these ele-
ments are shown in Figure 1 as an environment chamber. To
avoid heating of the optics, the SIPLI polariscope is mounted
on the instrument at a significant distance from the heating
elements and separated from the rheometer by an insulating
air gap enclosed between the glass shearing disk and an
additional glass disk (not shown in Fig. 1) set under the
shearing disk.

The SIPLI polariscope is designed in a way that the full sur-
face of the rotating disk is illuminated, enabling the full
shearing area of the sample to be visualized. This provides a
number of extra benefits for both SIPLI and general rheologi-
cal measurements. Setting the polarizer axis and the analyzer
axis mutually parallel provides an optical view of the whole
sample. This gives an additional control of the sample during
loading, for example, aiding the sample to be placed centrally
relative to the axis of rotation [Fig. 2(a)]. The full view of
the sample also aids detection (and removal) of errant air
bubbles that may become trapped during liquid sample load-
ing and can significantly influence rheological measurements.
Moreover, the sample state can be monitored online during
thermal treatments [Fig. 2(b)]. The optical image also ena-
bles the sample dimensions to be controlled during the rhe-
ometer gap setting [Fig. 2(c)]. For example, the edge of a
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polymer melt is clearly observed in the image and the sam-
ple diameter (Ds) can be easily measured. Since D is known,
rheological measurements can be performed on a sample
with a diameter smaller than the diameter of the shearing
disk (Ds < Dg). This option provides a few advantages for the
mechano-optical rheometer in a comparison with a standard
rotational rheometer. When Dy < Dy, a trimming operation is
excluded from the sample loading protocol. The sample
diameter is not restricted by the shearing disk size and disks
with a large diameter can be used for measurements on
small sample quantities. This is especially important for bio-
logical studies when often the sample amount is limited. An
additional benefit from the optical image option of the SIPLI
polariscope is that a set of parallel plate fixtures with differ-
ent diameters, usually required for a rheometer, becomes
unnecessary as it can be replaced by one fixture of a large
diameter. The points mentioned concerning aspects of sam-
ple loading, sample state monitoring and the sample diame-
ter measurement can equally well be applied to rheological
experiments using cone-and-plate geometry.

Access to the full view of a loaded sample enables a quick
assessment of the sample stress to be undertaken before
measurements. If the sample is non-birefringent (e.g, a
relaxed unstressed polymer melt) setting axes of polarization
of the polarizer and analyzer mutually orthogonal shuts the
light and the sample appears black in the PLI [Fig. 2(d)].
Crossing the polarizer and analyzer before the rheometer
gap setting also helps monitoring sample residual stress. It
was found that during the gap setting a polymer melt PLI
turns completely black (the sample becomes non-birefrin-
gent) only when the normal force value measured by the
rheometer transducer is below 0.1 N.

THEORETICAL BACKGROUND

PLIs observed in a polariscope are defined by the birefrin-
gent properties of a studied material. Such properties can be
represented by its optical indicatrix, whose imaginary sur-
face is formed by the refractive indices corresponding to dif-
ferent propagating directions of light [Fig. 3(a)]. Commonly,
viscoelastic liquids under quiescent conditions are optically
isotropic, that is these materials have one refractive index
for all directions which form a spherical indicatrix. However,
under impact of shear (or extensional) flow, refractive indi-
ces of an isotropic viscoelastic liquid can become uniaxially
anisotropic, resulting in ellipsoidal indicatrix associated with
birefringence.’* This anisotropy arises from stretching, defor-
mation and/or orientation of the molecules along the direc-
tion of flow. In this case, the optical indicatrix of the material
transforms from a spherical shape to an ellipsoid with its
semi-axes length proportional to the principal refractive indi-
ces. One of the principal refractive indices, n,, is called ordi-
nary refractive index and the other, n,, is principle
extraordinary refractive index [Fig. 3(a)]. For positive bire-
fringence, where n, < n,, the optical indicatrix forms a pro-
late ellipsoid [Fig. 3(a)] whereas for negative birefringence,
where n, > n,, the optical indicatrix is an oblate ellipsoid. If
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shear flow

FIGURE 3 (a) An optical indicatrix of a sheared viscoelastic liquid (a prolate ellipsoid is taken as an example) with semi-axes corre-
sponding to ordinary (n,) and principal extraordinary (n,) refractive index. The vectors assigned by P and A show polarizer and
analyzer axis, respectively. (b) The optical indicatrix (coaxial with the stress ellipsoid) of a single point of a viscoelastic liquid sam-
ple disk [2R = D, see Fig. 2(c)], subjected to a shear in plate-plate geometry. Mutual orientations of the laboratory coordinate axes
corresponding to velocity (1), velocity gradient (2), and neutral or vorticity (3) directions and the principal directions of stress (I, Il,
and lll) at this point of the sample are shown. The light beam propagates along axis 2 (see Fig. 1 for a reference). y is the angle of
orientation of the stress ellipsoid [equivalent to the optical extinction angle, see eq 1 and section (a) of this figure]. A projection of
the indicatrix section onto the shearing disk plane is shown, in accordance with (a) n33=n, and n11=n;. A shear rate distribution
across the sample, 7, is shown at the top of the drawing, where d is the sample thickness, ris the radial position of the point, and
Q is the angular speed of rotation of the shearing disk. (c) A view of the sheared liquid sample from the top (the axis of rotation of
the rheometer is normal to the figure plane) with the projections of indicatrix sections corresponding to sample points at a radial

position r.

a light beam travels along the axis corresponding to n., the
wave front coincides with the circular section of the optical
indicatrix ellipsoid and no birefringence is observed, the
light beam experiences n, only. However, for a light beam
propagating along all other directions, two refractive indices
should be considered: one for the ordinary direction of elec-
tromagnetic vibration lying in the circular section of the indi-
catrix with refractive index n, and another for the
extraordinary direction of electromagnetic direction lying in
the plane perpendicular to the light beam direction and per-
pendicular to the ordinary vibration direction with the
refractive index n; [Fig. 3(a)]. The n; value can be obtained
from n, and n. using equation:

’

(n_cos 7)?

’

(n_sin 7)

2 prE (D

where y is the angle between the major axis of the ellipsoid
and the major axis of the elliptical section.?* When plane-
polarized light enters a birefringent viscoelastic liquid, the
light is broken up into two components (the ordinary ray
and the extraordinary ray). Since these two components
travel through the material with different velocities, a shift
between phases of their electromagnetic waves arises and as
a result the light after passing through the material changes
its polarization to elliptical (for a general case), circular (if
the phase shift is proportional to a quarter wavelength of
the illuminating light), and linear (if the phase shift is pro-
portional to a half wavelength of the illuminating light). The
birefringent properties of viscoelastic liquids are often
exploited for flow visualization”!? or determination of the
material stress parameters.'*
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If a viscoelastic liquid is subjected to a shear flow, a stress-
induced birefringence arises. For the plane-polarized monochro-
matic light, used for the sample illumination in the proposed
optical setup (Fig. 1), the phase shift between the ordinary ray
and the extraordinary ray transmitted through the rheometer
for each point of the sample surface can be expressed as:**

o= ? An2d (2)
where 1 is the wavelength of light, d is the sample thickness (it
is accounted for eq 2 that the beam passes twice through the
material). The difference An = n; - n, quantifies birefringence
of the material at the sample point. The term An2d is the opti-
cal retardation. It is assumed in eq 2 that only sample birefrin-
gence can contribute to the phase shift and that the other
optical components of the system, such as the static glass disk
(Fig. 1), are optically isotropic (i.e., they are non-birefringent)
and that the polished metal surface of the rotating disk does
not change the phase of electromagnetic waves upon reflection.
If the sample is not subjected to a shear, that is the liquid
remains in an isotropic state and non-birefringent (An = 0), no
phase shift occurs under quiescent conditions, 6 = 0.

The image intensity at each point of a sample PLI produced
by the interference of two monochromatic waves (i.e., the
ordinary ray and the extraordinary ray) emerging from the
rheometer with phase difference d is given by:**

I=I,+1,+21/I,[.cos § 3)

where I, and I are the intensity of the two respective waves.
It can be shown that the intensity of light passing through a
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set of optical components such as linear polarizer—uniax-
ially birefringent (sheared) material—linear analyzer [Figs. 1
and 3(b)] can be expressed from eq 3, by using trigonomet-
ric relationships between the waves amplitudes, as:**

1)
=1, |cos 2a—sin 2¢sin 2(¢—1)sin2§ (4)

where o is the angle between the polarizer axis and the ana-
lyzer axis, ¢ is the angle between the polarizer axis and the
ellipse semi-axis associated with the extraordinary refractive
index n_ of the corresponding sample point and I is the
intensity of light entering the system [Fig. 3(a), low part]. It
has to be noted that only polarization-active components of
the SIPLI polariscope are considered in eq 4. When the ana-
lyzer and the polarizer are set mutually orthogonal (= n/2)
eq 4 reduces to:

o
IL=ISsin22¢sinZE. (5)

If the mutual orientation of the polarizer axis and the optical
indicatrix of the material at the corresponding sample point
as such that ¢ = /4 a further simplification of eq 5 can be
made:

5
Ii=lssin2§. (6)

Equation 6 corresponds to the conditions where the light
emerging from the rheometer is at its maximum intensity.
These conditions (« = 7/2 and ¢ = ©/4) are usually exploited
in optical experiments for maximizing the sensitivity of bire-
fringence measurements. Thus, if the intensities are measur-
able experimentally and the mutual orientations of the
polarization-active components are known [Fig. 3(a)], J can
be obtained from eqs (4-6) and, consequently, the birefrin-
gence An can be calculated from eq 2 for each point of a PLI
recorded during mechano-optical measurements. Alterna-
tively, if the birefringence properties of a material and the
mutual orientation of the components are known, a PLI of
the sheared material can be predicted from eqs (4-6).

For practical reasons, the PLI of a sheared viscoelastic liquid,
calculated for mutually perpendicular analyzer and polarizer
(egs 5 and 6), is used as an example. Stress is radially dis-
tributed in rotational plate-plate geometry. Thus, the stress
(and associated birefringence) should be constant along the
circumference of a particular radius. Assuming that the flow
is laminar and that the direction of the shear flow corre-
sponding to the same shear rate forms a circle, the orienta-
tion of optical indicatrices of the sheared material at each
point of the sample is known a priori [Fig. 3(c)]. The major
axis of the optical indicatrix projection ellipse is always tan-
gential to the circle. Hence, angle ¢ between the polarizer
axis and the ellipse semi-axis 'associated with the extraordi-
nary refractive index (n;; =n) is already defined for each
point of the sample. Thus, to calculate I, from eq 5, only ¢
at each point of the sample disk has to be known. In this
respect, it would be interesting to consider two cases for the
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FIGURE 4 (a) The shear-rate dependence of both viscosity (1)
and first normal stress difference (N,;) of a LDPE melt at tem-
perature 125 °C. The viscosity is presented by a fitting curve to
experimental data using Cross model, eq 10 (0 = 128,538 Pa s,
7. =0.04 s " and m=0.6), and the N, curve is calculated using
egs 9 and 10. Calculated (b-d) and experimental (e) PLIs of the
LDPE melt in SIPLI polariscope under a steady-state shear at
125 °C. The following parameters were used for the calcula-
tions and the experiment: wavelength of light 1=500 nm, gap
between the shearing plates d=0.7 mm, radius of the sample
R=12.5 mm and angular speed Q =0.15 rad/s (b), 0.3 rad/s (c),
6.0 rad/s (d), and 0.2 rad/s (e). In each image the shear rate
changes radially across the sample from 0 rad/s (at the sample
center) to 7., =QR/d (at the sample edge), ..., =2.68 s~ (b),
5.36 s ' (c), 107.14 s~ ' (d), and 3.57 s (e). The polarizer (P)
and analyzer (A) axes are set orthogonal (b—-e). [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

radial distribution of J: (i) when birefringence changes grad-
ually along the sample radius (such as that observed in
sheared polymer melts®?) (Fig. 4) and (ii) a stepwise change
of birefringence along the radius of the sheared material
(such as that observed for a diblock copolymer lamellar
phase, where a sharp transition of the lamella orientation
from perpendicular to parallel occurs at a particular shear
rate??) (Fig. 5).

Case (i) will be considered first, where the relative intensity
of points of a sheared polymer melt using monochromatic
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FIGURE 5 SIPLI observation of the parallel-to-perpendicular
transition of lamella orientation for a 9 wt % polystyrene—polyi-
soprene (PS-Pl) diblock copolymer in acrylate solution: (a)
radial distribution of both shear rate (dashed blue line) and
birefringence of the copolymer solution (solid red line) in rota-
tional plate-plate geometry; (b) a schematic diagram of the
lamella orientation together with the lamella optical indicatri-
ces (oblate ellipsoids) in the sheared copolymer sample; (c)
experimental and (d) calculated PLI of the PS-PI copolymer
solution solidified by UV radiation after shearing (sample
diameter Ds=2R =25 mm, angular speed of rotation Q =13.33
rad/s and d=0.5 mm), the axes of polarizer and analyzer are
set orthogonal. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

PLI can be described with the aid of eq 5. Corresponding
points on the sample have a unique set of three orthogonal
principal stress directions coaxial with the indicatrix ellip-
soid axes [Fig. 3(b), basis vectors I, II, and III]. The neutral
direction (vector III) is parallel to the radial direction of the
point. For the stress measurements in rotational plate-plate
geometry it is more convenient to use a laboratory Cartesian
coordinate system [Fig. 3(b), basis vectors 1, 2, and 3]. The
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vector 1 of the laboratory system is chosen to be parallel to
the flow direction, the vector 2 is parallel to the velocity gradi-
ent direction, and the vector 3 is the neutral (vorticity) direc-
tion."* The basis vectors of the laboratory coordinate system
and the principal stress directions relate to each other as such
that the vector 3 and the vector III are collinear and the vec-
tors 1, 2, I, and II are coplanar (i.e., all four vectors lie in the
same plane) [Fig. 3(b)]. The angle y between the vector 1 and
the vector I is referred as the extinction angle (or the orienta-
tion angle of the optical indicatrix). The ellipse projected onto
the low shearing plate [Fig. 3(b)] represents a cross section of
the sheared melt optical indicatrix by the 1,3-plane (the plane
of PLI observations) which is perpendicular to the light beam.
Thus, the 1,3-plane birefringence for each point of the sample
can be expressed as

Anlvg=n11—n33=C(011—a33)=26012c0t ZX(]’I+1) (7)

where C is the stress-optical coefficient (SOC) and
h=(022—033)/(011—022).>> 0, are components of the stress
tensor associated with the laboratory coordinate system,
where 711, 032, and o33 are the normal stress components
(the diagonal components of the tensor) at this point. In con-
trast to flow birefringence measurements in the 1,2—plane,26
the 1,3-plane observations do not allow y to be measured.
However, considering the coaxiality of the stress ellipsoid
and the indicatrix ellipsoid'* the cotangent of the optical
extinction angle can be obtained from the recoverable shear
2cot 2y=(011—022)/012.2” Thus, eq 7 can be rewritten as

An173:C(O‘11_0‘22)(h+1). (8)

Since the second normal stress difference N;=|g2;—033]| is
much smaller than the first normal stress difference
N1=|011—022|,14'15'25'28 h is close to zero and can be
neglected in eq 8. Thus, if both N; and SOC values are
known, the birefringence of the polymer melt in the plane of
PLI observations can be calculated from

An113 ~ C(011—022)=CN1. (9)

To calculate birefringence values at each point of the sheared
sample [Fig. 3(c)], a radial distribution of N; has to be
known. Recently, it was demonstrated that N; can be calcu-
lated for polymers from an empirical equation:*°

;72 0.5 ’72 -0.7
miy=zin(1-3¢) ()

where 7} is the shear rate applied to the material, 7 is the mate-
rial viscosity (y=012/7) and 1#. is the consistency
(n.=do12/d}). If shear-rate dependence of the polymer melt
viscosity at a required temperature is available [Fig. 4(a)], the
two latter parameters can be expressed via Cross model:*

(10)

N
n(v)—?@;mm (11)

where the zero shear viscosity 7o, the critical shear rate 7.
and the exponent m are rheological parameters of the
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polymer melt obtainable from experimental data fitting.
Thus, substitution of 1 and 7. in eq 9 by using eq 10 makes
N; solely dependent on shear rate [Fig. 4(a)]. The function of
radial distribution of shear rates in the rotational plate-plate
geometry is known®

. Qr
V= d (12)
where Q is angular speed of the rotating plate and d is the
gap between the shearing plates [Fig. 3(b)]. Thus, N; can be
easily calculated for each point of the sheared sample,
thereby allowing calculations of birefringence from eq 9 and,
consequently, the phase shift from eq 2. Considering that
polarizer and analyzer are crossed at 90°, and that the flow
direction is always normal to the radial direction of each
point [vector 3, Fig. 3(b)], a PLI of the sheared polymer melt
can be calculated from eq 5 [Fig. 4(b-d)]. It was assumed in
the calculations that the stress-optical relationship is valid
within the range of shear rates used. Considering that the
SOC value of LDPE at 150 °C is about 2 X 10~ ° m?/N and
that in accordance with the theory of ideal rubbers SOC
would have only insignificant changes within a relatively
narrow temperature interval,’* it was taken in the PLI calcu-
lations that SOC value of LDPE at 125 °C is 2.0 X 10~ ° m?/
N.

The angular speed of the rotating disk controls the range of
shear rates applied to the sample. In accordance with the
radial distribution of shear rates in plate-plate geometry
[Fig. 3(b)], the stress experienced by the polymer melt
increases from the center of the sample, where the shear
rate is zero, to the edge of the sample with a simultaneous
decrease in the stress ellipsoid orientation angle, y [Fig.
3(b)]. These results in an increase in the aspect ratio of both
the indicatrix and its projection onto the 1,3-plane. When
the principal directions of the stress ellipsoid form zero
angle with the polarizer or analyzer axis, isoclinic fringes (or
isogyres) appear in the PLIs, resulting in the extinction pat-
tern similar to Maltese cross [Fig. 4(b)]. The centro-
symmetric pattern is formed due to the fact that the stress
is radially distributed in the melt subjected to a rotational
shear flow. The Maltese cross shape depends on the disk
angular speed: the higher the speed the smaller the dark
central part of the Maltese cross defined by the four tips
moving toward the center of the calculated PLIs [cf, Fig.
4(b,c)]. The position of the features observed in the PLIs cor-
responds to the same shear rate value, irrespective of the
angular speed used for the rotation. Thus, at higher angular
speeds, producing a broader range of shear rates along the
radius, the Maltese cross pattern observed at a small angular
speed [Fig. 4(b)] shrinks and additional black isostress rings,
corresponding to the conditions when light intensity is zero,
appear [Fig. 4(d)]. The light intensity forms a radial periodic
pattern with minima corresponding to 6 = 2nu, where u =0,
1, 2, ... is the order of a minimum. In a case of a white light
illumination a periodic pattern of rainbow-like color rings
appears.”® This is due to the radial positions of intensity
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minima for different wavelengths becoming shifted from
each other resulting in isochromatic rings of alternating
colors.

Considering the assumptions made in eqs (8-11), a reasona-
ble correlation can be found between the calculated PLI [Fig.
4(b)], based on the viscosity measurements of the LDPE
melt, and the actual experimental PLI for the LDPE melt
obtained by SIPLI polariscope at flow conditions similar to
the calculation [Fig. 4(e)]. This comparison demonstrates
that the SIPLI technique has the potential for truly quantita-
tive birefringence measurements. Unfortunately, it was not
possible to reproduce experimentally the flow parameters
used for the calculations of the other two PLIs [Fig. 4(c,d)]
since the normal force generated by the melt at these flow
conditions exceeded the rheometer normal force limit (50
N).

A different PLI pattern is obtained for Case (ii), where bire-
fringence changes stepwise along the radius of a sheared
sample [Fig. 5(a)]. Contrary to Case (i), the step function is
now valid for all wavelengths of the visible spectrum and,
therefore, a similar pattern should be expected for both
white broadband light and monochromatic light illumination.
The expected stepwise change of birefringence is observed
for diblock copolymers self-assembling in a lamellar phase
[Fig. 5(b)]. It has been shown in a number of theoretical and
experimental studies?*3%3! that lamellae align parallel to the
shear direction at low shear rates (the lamellar normal is
parallel to the velocity gradient direction, Vv) and perpen-
dicular to the shear direction at high shear rates (the lamel-
lar normal is parallel to the neutral direction, VXVV). SIPLI
and rheology measurements performed on PS-PI copolymer
in acrylate solutions have unambiguously demonstrated that
the transition of lamella orientation from parallel to perpen-
dicular occurs at a critical shear rate, ., equal to the inverse
relaxation time of the PS-PI chain.?? It has to be noted that
a lamellar structure has a uniaxial negative birefringence
described by an oblate ellipsoid indicatrix with its minor
axis parallel to the lamellar normal.®* Thus, light rays
orthogonal to the lamellar planes do not experience birefrin-
gence. In analogy to Case (i), a PS-PI sample sheared in rota-
tional plate-plate geometry produces PLIs with an extinction
pattern similar to a Maltese cross [Fig. 5(c)]. However, this
pattern is composed of two distinctive regions: the non-
birefringent (dark) central part of the image of radius r. cor-
responding to parallel lamellae and the birefringent (outer)
part of the PLI (characterized by a set of four symmetrically
disposed sectors of extinction) corresponding to perpendicu-
lar lamellae, with their layer normals oriented radially [Fig.
5(b)]. The sharp boundary observed in the PLI between
these regions [Fig. 5(c)] corresponds to y.= 90 s ' [Fig.
5(a)]. Applying a similar ideology as with the LDPE melt, but
using a stepwise function for An dependence on shear rate
[Fig. 5(a)], the intensity I, can be calculated from eq 5 for
each point of the sample image. The calculated PLI [Fig.
5(d)] again agrees well with the experimental PLI pattern

[Fig. 5(c)].
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FIGURE 6 Representative PLIs of a LDPE melt taken at the
start-up of a shearing pulse during the viscosity overshoot
period (temperature 125 °C, angular speed Q=0.22 rad/s and
d=0.7 mm) using different optical settings (see Fig. 1 for
details): (a) a plain reflection polariscope coupled with a white
light source (halogen lamp), PLI comprised of isoclinic fringes
and isochromatic rings is observed; (b) a plain reflection polari-
scope coupled with a monochromatic light source (white light
filtered by a narrow-band interference filter for wavelength
500 nm), monochromatic PLI comprised of isoclinic fringes and
isostress rings is observed; (c) a circular reflection polariscope
coupled with a monochromatic light source, monochromatic
PLI comprised of isostress rings is observed. The polarizer axis
and the analyzer axis are set orthogonal in all three settings.
The fast and slow axes of the circular polarizer (the first quarter
wave plate) are oriented to the polarizer axis at n/4 and the fast
and slow axes of the circular analyzer (the second quarter
wave plate) are crossed to the circular polarizer axes.>® [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

The plain reflection polariscope can be equipped with three
more optical components: a narrow-band interference filter
and two quarter wave plates (these components are dashed
and signed in italic in Fig. 1). The filter inserted in the opti-
cal path after the white light source allows monochromatic
light illumination of a sheared sample. When such a set-up is
used, instead of a multicolored PLI comprised of isoclinic
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fringes and isochromatic (isostress) rings observed with a
white light illumination [Fig. 6(a)] a monochromatic PLI,
comprised of isoclinic fringes and isostress rings associated
with the selected wavelength of light is obtained [Fig. 6(b)].
Since the latter PLI corresponds to a particular wavelength
of light, the intensity of the image points recorded in an
experiment can be used for birefringence measurements.
Two configurations are commonly used for polariscopic stud-
ies: a plane polariscope using linear polarized light to pro-
duce isostress and isoclinic fringes, and a circular
polariscope using circularly polarized light to produce only
isostress fringes.** An incorporation of two circular polar-
izers (achromatic quarter wave plates were used in this
study) in the optical system (Fig. 1) turns the plain reflection
polariscope into a circular reflection polariscope. In this
case, the polariscope produces PLI without isoclinic fringes
[cf., Fig. 6(b,c)].

Finally, it would be useful to draw an analogy between SIPLI
technique and optical methods developed in mineralogy for
the crystal birefringence observations. Following the termi-
nology used in microscopy the proposed mechano-optical
rheometer exploits an orthoscopic illumination. This means
that the sample is viewed perpendicular to the light path
and all rays entering the sample and emerging from the sam-
ple are parallel (Fig. 1). If a uniaxial single crystal plate of a
constant thickness would be loaded between the parallel
disks of the rheometer, the ordinary and extraordinary rays
emerging from the rheometer would have the same phase
difference at each point of the crystal. As a result, the crystal
would produce the same interference color at all points of
this orthoscopic PLI. However, the situation changes signifi-
cantly if this crystal is replaced with a sheared viscoelastic
liquid such as a polymer melt. The radial distribution of
shear rate across the melt in the plate-plate geometry [Fig.
3(b)] creates a radial distribution of normal stress differen-
ces. The latter results in a radial distribution of the melt
birefringence linked to the normal stress differences via the
polymer SOC. Thus, the phase difference between ordinary
ray and extraordinary ray of the beam increases radially
from the axis of rotation toward the edge of the sample
resulting in a PLI formed by rings of alternating interference
colors if a broadband white illumination is used [Fig. 6(a)].%°
This PLI pattern is similar to the isochromatic rings
observed in a conoscopic PLI of a uniaxial crystal plate of a
constant thickness.>*

EXAMPLES OF APPLICATIONS OF THE MECHANO-OPTICAL
RHEOMETER

Five examples are presented in this section to demonstrate
different aspects of measurements using the proposed
mechano-optical rheometer. The first section reports a tran-
sition of orientation in LCs using plate-plate geometry fol-
lowed by a section on the orientation of diblock copolymer
lamellae using cone-and-plate geometry. The next two sec-
tions are dedicated to time-resolved measurements of shear-
induced crystallization of semi-crystalline polymers (HDPE)
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and morphology transitions in thermo-responsive self-
assembled diblock copolymers. In the last section, an appli-
cation of the SIPLI technique for quantitative birefringence
measurements is shown using an LDPE melt sheared in
plate-plate geometry.

Orientation in Liquid Crystals

It has been reported previously that the transition from
parallel to perpendicular orientation of lamellae occurring in
smectic-A-like systems, such as smectic A LCs and concen-
trated lyotropic solutions, has structural analogies with block
copolymers. Thus, it is expected that the lamella orientation
in LC could be effectively studied by the SIPLI technique as
previously used for diblock copolymers®* (Fig. 5). Two types
of orientation are commonly observed in LC experiencing
shear: lamellae oriented parallel to the shearing surface and
lamellae oriented perpendicular to the shearing surface with
their layer normal orthogonal to the flow direction. A rea-
sonable qualitative agreement is found between experimen-
tal studies®®*' and theoretical predictions®®*°737 for
smectic-A-like systems. The results show that there is a criti-
cal shear rate at which the alignment of the lamella phase
switches from a parallel to a perpendicular orientation and
that the perpendicular lamellae is the preferential alignment
state at high shear rates. In this respect, the well-known 8CB
compound, existing in crystal, smectic A, nematic and iso-
tropic (liquid) phase, with the smectic A phase stable within
a temperature interval from 21.5 °C to 33.5 °C,*213 could
be used as a representative example of the smectic A
structures.

35-37

Indeed, SIPLI measurements of 8CB in smectic A phase
revealed PLIs similar to symmetric diblock copolymers??
with a well-defined boundary indicating a transition from
non-birefringent central area of the sample to the birefrin-
gent outer part exhibiting a Maltese cross pattern [Fig. 7(a)].
The observed boundary is likely to be associated with the
critical shear rate at which lamellae change their orientation
from a parallel (non-birefringent) alignment to a perpendicu-
lar (birefringent) alignment [for a comparison, see Fig. 5(b)].
This boundary corresponds to . =425 s, which is similar
to the range of values reported for the lamella orientation of
8CB smectic phase using a Couette cell coupled with SAXS
technique.*® It was found in this study that within the tem-
perature interval corresponding to the smectic A phase a
mixed parallel and perpendicular orientation (named in the
cited work as a- and c-orientation, respectively) was
observed at shear rates below 7. and a perpendicular orien-
tation was observed at shear rates above 7.

The dynamics of the lamella orientation transition during a
shear experiment can be followed using time-framed PLIs
recorded using a CCD camera. It is convenient to display the
time-resolved PLIs in a single image using a slicing operation
which can be performed using software such as Image].**
The images are sliced by a plane orthogonal to the image
plane and viewed as a “stack” [Fig. 7(b)]. In this case, all pix-
els lying on the slicing plane are regrouped in a single pic-
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FIGURE 7 SIPLI of 4-n-octyl-4'-cyanobiphenyl (8CB) smectic A
phase: (a) a representative PLI recorded during a shear pulse at
temperature 24 °C (angular speed of rotation of the shearing
disk Q=40 rad/s, gap between the shearing plates d=0.5 mm,
radius of the sample R=125 mm and time of shearing
t; =60 s), in the image the shear rate increases radially from
0 s~' at the sample center to j,,, =1000 s~' at the sample
edge () =QR/d); (b) slicing of the stacked PLIs recorded dur-
ing this shear pulse and (c) the resulting slice of the PLIs
obtained by the slicing plane oriented at 45° to the polarizer
and the analyzer; (d) and (e) slices of the PLIs recorded during
a shear pulse performed upon heating and cooling, respec-
tively (temperature range from 24 °C to 35 °C covering interval
of smectic A phase stability, heating/cooling rate 1 °C/min).

ture representing a cross section (or a slice) of the stacked
images. Such a representation of the images enables a pro-
cess recorded during the experiment (e.g., an evolution of
the boundary between the lamella orientations in a sheared
sample) to be observed in a single picture. A position of the
slicing line in the image depends on analysis requirements.
However, slicing performed by a plane forming an angle of
45° with the polarizer/analyzer plane and passing through
the axis of rotation [Fig. 7(a,b)] appears to be most efficient.
In this case ¢ equals n/4 for all points of the slice [Fig.
3(a,c)] and, according to eq 5, the intensity contrast between
birefringent area and non-birefringent area of the image
along this slicing line is maximal. The slice is symmetric in
respect to the medium line corresponding to the position of
the rheometer rotation axis. Slicing performed in such a way
produces a 2D picture of the shear experiment, where coor-
dinates of the points are time and shear rate [Fig. 7(c), see
point M as an example]. The slice shows that the boundary
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of transition between parallel and perpendicular orientation
of the smectic lamellae does not change its position with
time during the shear pulse. Thus, this result clearly demon-
strates that the transition of the lamella orientation is con-
trolled by shear rate which is fully consistent with previous
theoretical works indicating that the reorientation of lamel-
lae is a first-order transition occurring at a unique value of
the shear rate.33¢37

It can be demonstrated that the measured 7}, is a characteris-
tic parameter of the material and is independent of the
experimental measurement or setup. In plate-plate geometry,
the range of shear rates applied across a sample expands
proportionally to the increase in angular speed of the rotat-
ing disk, eq 12. Hence, the diameter of the lamella transition
boundary [Fig. 7(a)] will be halved upon increase in the
angular speed by a factor of two. This is exactly what was
observed experimentally (not shown). The boundary moved
inwards in a way similar to diblock copolymer lamellae??
retaining its position at ..

SIPLI measurements of the sheared 8CB sample upon heat-
ing [Fig. 7(d)] and subsequent cooling [Fig. 7(e)] revealed
that . is temperature dependent. Slices of the PLI stacks
demonstrate that the boundary between smectic lamella ori-
entations shifts toward lower values of 7 at high tempera-
tures before reaching 0 s ' at about 34 °C, being the
transition temperature from smectic A phase to the nematic
phase [Fig. 7(d)]. A similar thermal dependence of j. has
been observed in another work.*® The behavior of the
lamella orientation is reversible; the boundary recovers to
the original position upon cooling after transition from
nematic phase to smectic A phase [Fig. 7(e)]. The presented
examples demonstrate that a relatively simple laboratory
experiment using a SIPLI polariscope can be effective for
quantifying flow parameters responsible for the transition of
structural orientations in LCs. Moreover, the technique could
be used for time-resolved measurements of the process
kinetics and producing the j-time [Fig. 7(c)] and/or 7-tem-
perature [Fig. 7(d,e)] phase diagrams.

Orientation in Block Copolymer Solutions

This section reports about mechano-optical rheological meas-
urements of the lamella orientation in block copolymer solu-
tions using cone-and-plate geometry. This geometry ensures
that every point of a sample experiences the same shear
rate. Thus, in contrast to the rotational plate-plate geometry
[Fig. 3(b)], the lamella orientation of a copolymer solution
sheared in cone-and-plate geometry at a particular shear
rate has to be radially independent and, therefore, remain
the same through the entire sample.

It has to be noted that one of the conditions for the forma-
tion of an undistorted PLI is that the surface of the shearing
fixture (i.e., the rotating disk) has to be normal to the optical
beam (Fig. 1). In this case, all illuminating rays pass the
same distance in the sample and, furthermore, both the ray
entering the rheometer and the corresponding outgoing
(reflected) ray travel via the same path. However, it has been
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FIGURE 8 A steady-state shear viscosity of 9 wt % acrylate-
based solution of polystyrene-polyisoprene (PS-Pl) diblock
copolymer measured in cone-and-plate geometry (plate diame-
ter 256s mm and cone angle f=4°) during ascending and
descending shear rate sweeps from 0 s™' to 1000 s~ (circles)
and from 1000 s~ ' to 0 s~ (squares), respectively. The viscos-
ity curves in both cases are virtually identical suggesting
reversibility of the structural changes taking place in the mate-
rial under shear. Representative monochromatic PLIs (wave-
length of light is 500 nm) linked to the corresponding viscosity
points are shown for both the ascending sweep (the low row
of images) and the descending sweep (the top row of images).
The dashed vector indicates the critical shear rate value (j,=
90 s~ ") at which the parallel-to-perpendicular orientation transi-
tion of the PS-PI lamellar phase occurs (Fig. 5). The measure-
ments were performed at 20 °C. The top section of the figure
schematically shows the path of an optical ray in cone-and-
plate geometry.

estimated before using a polymer melt example?® that the
deviation of a ray for a few degrees from normality produces
insignificant distortions of PLIs. Thus, an optical setup pro-
ducing small ray deviations can be applied for qualitative
PLI observations, which suggests that SIPLI technique could
be coupled with cone-and-plate geometry. Indeed, the cone
angle f is usually within a range of values between 1° and
4° and a substitution of the top flat shearing disk of the orig-
inal setup (Fig. 1) by a cone fixture would only cause a small
deviation of the outgoing ray from the normal direction of
the corresponding entering ray, which is equal to a twofold
value of the cone angle (Fig. 8). The gap between shearing
surfaces in cone-and-pate geometry is radially dependent as
d=rtan f§. Thus, according to eq 2 the resulting optical retar-
dation is defined by both sample birefringence and the radial
position of sample points. This circumstance has to be taken
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into account when analyzing PLI data collected using cone-
and-plate geometry.

The combination of SIPLI technique with cone-and-plate
geometry provides an opportunity to monitor structural
properties of a sheared sample during steady-state viscosity
measurements. In this respect, ordering of block copolymer
microdomains, studied intensively in connection with their
rheological®® and structural responses,*® conveniently suits
the proposed SIPLI setup. In particular, a great deal of atten-
tion has been paid to the lamellar phase of block copoly-
mers.*” It is known that lamellae align parallel (the lamellar
normal is parallel to the velocity gradient direction) at low
shear rates and perpendicular (the lamellar normal is paral-
lel to the neutral direction) at higher shear rates (Fig. 5). A
comparison of independent SIPLI, SAXS, and rheological
measurements performed on PS-PI acrylate solutions has
demonstrated that the orientation of lamellae changes at a
critical shear rate, 7., equal to the inverse relaxation time of
PS-PI chains.”* The mechano-optical setup proposed in the
current work (Fig. 1) enables simultaneous SIPLI and viscos-
ity measurements providing an opportunity for establishing
a correlation between the lamellar phase orientation and
rheological behavior of the material in a single experiment
(Fig. 8). The steady-state viscosity curves measured by the
mechano-optical rheometer reproduce previously reported
data.?? In the low shear rate region of the plot the viscosity
decreases as the shear rate increases. Upon approaching the
7. value, when PS-PI lamellae should change their orienta-
tion from parallel to perpendicular in plate-plate geometry
(Fig. 5), the gradient of the viscosity curve decreases. In the
high shear rates region (y > 7.), where perpendicular align-
ment is expected, thinning becomes pronounced again. This
viscosity behavior is consistent with non-equilibrium molec-
ular dynamics simulations, demonstrating that perpendicular
lamellae are less viscous than parallel lamellae.® The viscos-
ity curves measured during ascending and descending of
shear rate virtually overlap with each other demonstrating
reversibility of the structural changes taking place in the
material under the shear flow. At the same time two distinc-
tive groups of PLI patterns are recorded by SIPLI. A clear
Maltese cross is observed at high shear rates (7 > 7.) indi-
cating that the sheared sample is birefringent (Fig. 8).
Indeed, if the PS-PI lamellae are perpendicular, as expected
for this range of shear rates, all lamellae in the rotational
shearing geometry have to form coaxial rings with their
lamella normals (and corresponding n. axes of the optical
indicatrices) oriented radially [see Fig. 5(b) for analogy].
When n, axes of the coaxial lamellae form a zero angle with
the polarizer (or analyzer) axis, isogyres shaped in a Maltese
cross appear in the PLIs (Fig. 8). PLIs without Maltese cross,
indicating no birefringence, are obtained at low shear rates
(7 < 7). These PLI patterns are associated with the parallel
orientation of PS-PI lamellae. In this case the lamella nor-
mals and n, axes of the optical indicatrices are parallel to
the direction of the entering light beam. Thus, the light
wavefront coincides with the circular cross section of the
optical indicatrix ellipsoids and the light rays experience n,
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only [as shown in the central part of Fig. 5(b)]. As a result,
no birefringence is observed in this case. The optical response
of the PS-PI solution registered by SIPLI during shear shows
that the transition from parallel alignment to perpendicular
alignment occurs close to j.. Thus, these data show that the
diblock copolymer viscosity changes detected by the mechani-
cal rheology are dictated by the lamella orientation, which is
revealed by simultaneous SIPLI measurements.

It has been found that the lamellae can be arrested in paral-
lel or perpendicular orientation by a sudden stop (or a high
deceleration rate) of a rotating disk shearing diblock copoly-
mer at y < 7. or y > 7, respectively. In this respect SIPLI
technique coupled with steady-state rheology can be used to
control the pre-orientation of lamellae before and during
dynamic rheology measurements of block copolymers in dif-
ferent structural orientation. These results are presented in
details elsewhere.?*

Flow-Induced Crystallization of Polymer Melts

The SIPLI technique has already been successfully applied to
measure the dynamics of shear-induced crystallization in
polymers.® Using the effect of birefringence in semi-
crystalline polymers, the flow parameters associated with
the onset of shear-enhanced nucleation and the shish forma-
tion (fibrillation) have been identified (and measured) by
SIPLL In additions to these results, the mechano-optical rhe-
ometer proposed in the current work enables optical and
rheological measurements to be performed simultaneously.
Thus, the observed birefringence phenomena associated with
the formation of structural morphologies can be linked to
the mechanical properties of a sheared sample. The aim of
this section is to demonstrate potential applications of the
SIPLI-rheometer setup for studying FIC.

HDPE of an industrial grade was chosen for the measure-
ments. The polymer was loaded onto the rheometer (plate-
plate rotational geometry) and after subsequent heating, a
shear pulse was applied to the polymer melt. PLIs and the
viscosity were recorded during this procedure (Fig. 9). Since
the plate-plate geometry is used, the viscosity results
obtained during these steady-state measurements can be
considered only qualitatively. As discussed in the LC section
(Fig. 7), it could be informative presenting the observed PLIs
[Fig. 9(a)] as a slice of the collected images [Fig. 9(b)]. The
slice conveniently shows the development of sample birefrin-
gence during the shear pulse in one picture. Each point of
the 2D picture represents the polymer melt response to a
particular shear rate for a particular time of shearing.

The PLIs show that the polymer melt is non-birefringent
under quiescent conditions prior to the shear pulse [Fig.
9(a), 0 s]. A Maltese cross appears at the beginning of the
shear pulse, indicating stress-induced birefringence, and this
feature remains in the images throughout the entire time of
shearing [Fig. 9(a)]. Under shear the polymer molecules tend
to orient along the flow direction and optical indicatrix of
the polymer melt turns from sphere to ellipsoid (Fig. 3). Due
to the radial distribution of stress in the melt subjected to a
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FIGURE 9 (a) Four representative shear-induced PLIs of a polyethylene melt (HDPE, M,, = 227 kDa, M,,/M,, = 14.5) recorded during
a shear pulse (D; =25 mm, Q=0.08 rad/s, j,.c =2 s ', d=0.5 mm, t,=130 s, and temperature = 125 °C); the numbers in the right
top corner of each image show the time of shearing. (b) A slice of all PLIs stacked together (sliced by a plane oriented at 45° to
the polarizer and analyzer plane, see Fig. 7 for further details about the slicing procedure); y-axis shows radial position on the
sample and the x-axis is time of shearing; multicolored solid curves show isolines of constant strain. (c) A steady shear viscosity
of the HDPE melt measured simultaneously by the rheometer during the shear pulse. (d) Four representative small-angle X-ray
scattering (SAXS) patterns of the HDPE sample disk crystallized after the shear pulse, the disk was scanned along the diameter
and the patterns correspond to the shish-kebab morphology zone (11 mm from the disk center), the boundary of the shish-kebab
zone (8 mm), the oriented shear-enhanced point nuclei zone (4 mm) and the spherulitic zone (0 mm); the side length of the SAXS
patterns equals to 0.1 A7, The SAXS patterns were acquired using a Bruker AXS Nanostar instrument equipped with a 2D HiSTAR
multiwired gas detector, modified with a microfocus Xenocs Genix 3D X-ray source (CuK, radiation) and a collimator comprised of
motorized scatterless slits, and camera length of 1.46 m. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

rotational shear flow, a Maltese cross is observed in PLIs  reflected in the PLI slice as a bright white area fading out
[Fig. 4(b,c)]. There is a transient increase and decrease in  with time at the later shearing stage corresponding to a
viscosity at the start-up of the shear flow for the first tens of  steady-state regime. If the first normal stress difference is
seconds indicating stress “overshoot” [Fig. 9(c)]. This is larger than in the experiment presented, a rainbow-like
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pattern occurs instead of the bright white area, which would
be observed in the PLI slice (see Fig. 5 of ref. 20).

An upturn of viscosity is observed after a continuous shear-
ing for about 70 s [Fig. 9(c)]. It can be noticed in the PLI
slice [Fig. 9(b)] that this time coincides with the appearance
of a bright white area at the edge of the sample showing a
change of birefringence properties of the polymer melt at a
point of the highest shear rate (}..). The white area trans-
forms into a set of alternating colors at a later stage of the
pulse indicating a jump in the melt birefringence, which is
potentially associated with the formation of a crystalline
morphology. This can be easily observed if one would follow
lines of an imaginary grid drawn parallel to the x-axis near
the sample edge. Each of these lines corresponds to a radial
position on the sample related to a particular shear rate via
eq 12. This grid makes it possible to determine that the
lower the shear rate the later the birefringence jump
appears. This dependence is observed on the PLI slice as a
curve formed by alternating colors. In a PLI, the birefrin-
gence jump is observed as a circumference between the cen-
tral dark zone and the bright outer zone [Fig. 9(a), 130 s].
The curve of alternating colors, developing from the zone of
high shear rates to the zone of low shear rates, should be
associated with the formation of a shish morphology.?*
Indeed, SAXS measurements, performed on the sample disk
crystallized after the shear experiment, confirm this hypothe-
sis [Fig. 9(d)]. Representative SAXS patterns obtained from a
radial scan across the sample show that the shish-kebab
morphology is observed only within the outer zone of the
sample at radii larger than the radial position of the color
boundary [Fig. 9(d), 8 mm and 11 mm]. The SAXS patterns
demonstrate a clear meridian streak corresponding to a fiber
structure (shishes) and two equatorial reflections indicating
the formation of oriented lamellar stacks (kebabs) with their
layer normals parallel to the flow.*** At the same time only
oriented lamellae associated with shear-enhanced point
nuclei [Fig. 9(d), 4 mm)] or isotropic spherulites at the center
of the sample [Fig. 9(d), 0 mm], and no shish morphology,
are observed within the inner zone of the sample. Thus, the
color boundary front present in the PLI slice [Fig. 9(b)] indi-
cates the trajectory of flow parameters (shear rate vs. time
of shearing) required for the formation of shish structure. As
a first approximation, the formation of fibers, or so-called
shish morphology, is controlled by shear strain' The
observed curves of alternating colors correlate reasonably
well with the isolines of constant strain [Fig. 9(b)]. The iso-
line corresponding to a shear strain y = 140 tracks the edge
of the white area associated with the birefringence jump.
Since the shearing geometry is fully defined, it is possible to
attribute the progression of the boundary of shish formation
to a shear rate. Thus, the SIPLI technique enables determina-
tion of the flow parameters required for shish formation.
The rheology data show that the viscosity upturn begins at
70 s [Fig. 9(c)]. This time corresponds to a strain of 140 at
the sample edge (j,.c = 2 S 1), Where the shish morphology,
detected by SIPLI, is initially formed in the sheared sample.
Thus, the correlation between SIPLI and rheology data sug-
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gests that the viscosity upturn observed during the shear
pulse is caused by the formation of the shish morphology.>
These results show that time-resolved SIPLI measurements,
simultaneously recording information from all points of a
sheared sample associated with a range of radially distrib-
uted shear rates, can be used as a combinatorial approach
for detecting flow conditions for the onset of shish morphol-
ogy in semi-crystalline polymer melts.

Thermo-Responsive Block Copolymer Micelles
Amphiphilic block copolymers can self-assemble to form var-
ious nanostructures if dispersed in a solvent that is selective
for one of the blocks.”> A number of particle morphologies
such as spherical micelles, worm-like micelles (often termed
worms), and vesicles are commonly found in these sys-
tems.”> Among these morphologies, the worms’ uniaxial ani-
sotropy causes birefringence that is often utilized for
structural characterization of their dispersions under
shear.>®* In this respect, dispersions of worms are of poten-
tial interest for mechano-optical measurements using SIPLI
technique. In the present work aqueous dispersions of poly(-
glycerol monomethacrylate)-block-poly(2-hydroxypropyl
methacrylate) (PGMA-PHPMA) diblock copolymer worms
were selected as a suitable material for such analysis. It has
recently been reported that PGMA-PHPMA worms form soft
free-standing physical hydrogels due to interworm entangle-
ments.>> Moreover, these hydrogels demonstrate thermo-
reversible degelation which occurs rapidly on cooling below
the critical gelation temperature due to a worm-to-sphere
transition.

Mechano-optical rheology of a 5 wt % dispersion of PGMA-
PHPMA worms displays a strong correlation between gel vis-
cosity and morphological transitions (Fig. 10). Under a con-
tinuous shear flow performed during a cooling/heating ramp
(from 20 °C to 5 °C and then to 35 °C), a number of events
can be identified. During the initial stages of shear, a pulse
of the apparent viscosity “overshoot” is registered. This
sharp increase in viscosity associated with the shear startup
persists for a few seconds until the onset of worm micelle
orientation, designated by a Maltese cross observed in a PLI
(Fig. 10, image a). The Maltese cross appearance in PLIs of
sheared worm micelle dispersions is analogous to polymer
melts discussed in the previous section. A sharp decrease in
viscosity is observed when most micelles of the sample
become oriented along the flow direction (indicated by a
pronounced Maltese cross in PLI, Fig. 10, image b) before
reaching a steady-state regime. The viscosity then remains
reasonably constant until cooling is initiated. On close
inspection of a PLI corresponding to this stage of the shear
experiment (Fig. 10, image b), a dark disk is observed at the
center of the sample. Possibly, this is due to the fact that the
worm relaxation time (t) is somewhat faster in comparison
to the shear flow rate (y < 1/7) inside the disk area. As a
consequence, the worm micelles are not oriented and the
dispersion is non-birefringent in this region of the sample.
The edge of the disk corresponds to a shear rate of
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FIGURE 10 Results of mechano-optical rheology of a thermo-
responsive PGMAs,-PHPMA,,, diblock copolymer aqueous dis-
persion (5 wt % solids) obtained during a cooling/heating tem-
perature ramp from 20 °C to 5 °C to 35 °C (plate—plate
geometry, D;=25 mm, Q=0.08 rad/s, d=1 mm, and },..,=
1 s "). A viscosity plot together with the temperature profile
and four representative PLIs of the sheared sample corre-
sponding to the onset of worm orientation (a), a steady-state
shear regime of the oriented micelles (b), the transformation of
worm micelles to spherical micelles upon cooling (c), and the
reversible transformation of spherical micelles to worm
micelles upon heating (d) are shown. Temperature zones corre-
sponding to the worm micelles and the spherical micelles,
defined from both viscosity measurements and SIPLI, are indi-
cated under the plot. The axes of polarizer (P) and analyzer (A)
of the SIPLI polariscope are set orthogonal. Pay attention that
the time axis of the plot has a breakage after 500 s. [Color fig-
ure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

~0.1 s, which implies a worm relaxation time of approxi-
mately 10 s.

Cooling of the worm dispersion to 5 °C during the shear
pulse induces a worm-to-sphere transition,?*>®> which leads
to a loss of the characteristic Maltese cross pattern (Fig. 10,
image c). This is due to the isotropic nature of the new spe-
cies of non-birefringent spherical particles. In addition to the
visual observations, the rheometer detects a 10-fold reduc-
tion in the dispersion viscosity, as would be expected for
such a morphological transformation from entangled worms
to non-entangled spheres. On heating, the reverse “sphere-
to-worm” transition is observed resulting in both the Maltese
cross reappearance (Fig. 10, image d) and viscosity increase.
Based on the hysteresis observed during conventional rheo-
logical studies,® the dissociative transition upon cooling is
expected to be significantly faster than the latter cooperative
transition upon heating. Indeed, this pattern of behavior can
be recognized from the obtained results: in a comparison
with the direct worm-to-sphere transition, a significantly
higher temperature and a longer timescale is required to
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reform the worms during heating (Fig. 10). The presented
example of simultaneous SIPLI and rheology measurements
demonstrates the potential of the technique for studying
structure-rheological property relationship of worm micelles
as well as kinetics of worm transformation under a shear
flow.

Birefringence Measurements

The application of SIPLI for qualitative analysis of molecule
stretching and structural orientation in soft matter materials
as well as quantitative measurements of flow conditions
associated with these phenomena have been presented in
the four previous sections. Two-dimensional spatial patterns
observed in various PLIs were examined and measured in
these examples. However, the proposed SIPLI setup can also
be used for quantitative measurements of light intensity
related to material birefringence via retardation.?* In partic-
ular, a plane or circular polariscope consisting of polarizers
and quarter-wave plates is adequate for measuring birefrin-
gence greater than 107> - 10~ %! In this respect, the SIPLI
polariscope is suitable for studying highly birefringent mate-
rials such as polymer melts and solutions.

Before using the mechano-optical rheometer for birefrin-
gence measurements, equations necessary for data analysis
and some practicalities have to be discussed. Since in the
proposed setup an optical beam is normal to the reflecting
surface of the shearing disk, measurements of the sample
birefringence can be performed in plane defined by axis 1
and axis 3 of the laboratory coordinate (Fig. 3). This birefrin-
gence [Ani3=nq1—nz3, see Fig. 3(b)] is related to a number
of parameters measured by a mechanical rheometer. Birefrin-
gence can be determined from eq 3 and eq 2 using intensity
of light recorded by a camera (Fig. 1). These measurements
require monochromatic light illumination, which can be
obtained either by inserting an interference filter after the
white light source in the optical setup (Fig. 1) or by using a
laser coupled with a beam expander. Each 2D intensity pat-
tern (a digital image) recorded during the SIPLI experiment
comprises a two-dimensional array of pixels taken at a par-
ticular time. The intensity value of each pixel, and its loca-
tion in the image correspond to a particular area of the
studied sample. Thus, the intensity value of an ith pixel of an
jth row of the CCD chip, I(x; y; ti), contains information
about birefringence of the sample at a given point with Car-
tesian coordinates (x; y;) for a particular time .

The intensity of monochromatic light is usually recorded by
a black and white CCD camera as all pixels of the camera
are equally sensitive to the incoming signal. However, to
keep the original setup, the color CCD camera was adapted
for these measurements. The images were recorded in a
raw format and to counter the effect of the Bayer filter of
the color camera, an extra step was included in the image
processing. Half of the image pixels corresponding to red
and blue color were excluded from the data analysis and
only intensities recorded by the remaining pixels corre-
sponding to green color were used for the birefringence
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FIGURE 11 An application of SIPLI for birefringence measurements of a sample (LDPE melt at 125 °C) under a shear (plate-plate
geometry, Ds=25 mm, d=0.7 mm, j,..= 4 s, t; =60 s, and wavelength of illuminating light monochromotized by an interfer-
ence filter, 1=500 nm). (a)-(d) Representative pseudo-colored PLIs recorded at different times of the shear pulse: 0 s (a), 1 s (b),
2 s (c), and 25 s (d); the polarizer (P) and analyzer axis (A) are set orthogonal. (e) Time-dependence of the sample birefringence
during the shear pulse at different shear rates calculated from the light intensity of PLIs (see text for details). (f) A slice of the
stacked PLIs (sliced by a plane oriented in respect to the polarizer axis at 45°, see Fig. 7 and another work?® for the slicing proce-
dure); y-axes show radial position on the sample (left axis) and its corresponding shear rate (right axis); x-axis is time; the white
lines parallel to the time axis indicate shear rates for which birefringence curves are presented in section (e) of this figure. (g) A
comparison of the normal force values measured by the rheometer transducer during the shear pulse and the total normal force
calculated from the birefringence measurements using eq 13, assuming that the second normal stress difference at all points of
the sample is zero [N,(r) = 0]. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

calculations. The brightness of the light source was adjusted
for avoiding saturation of the pixels during experiments so
the registered light signal would be within the camera
dynamic range.

Setting up the polarizer and analyzer axis of the instrument
mutually perpendicular (x=n/2) and assuming that the
angle of orientation of the optical indicatix (¢) defined by
the flow direction is known [Fig. 3(c)], the retardancy of
sample points can be calculated from intensity values of the
green pixels using eq 5. Subsequently, the birefringence of
these points is obtained from eq 2. To demonstrate calcula-
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tions of birefringence from monochromatic PLIs, images of
an LDPE melt are taken as an example (Fig. 11). It is conven-
ient for the data processing to describe pixel positions in

polar coordinates (ry ¢;), where r,-j:\/(x,-—xo)2+(yj—y0)2
and ¢;=arctan [|x;—xo|/[yj=yol]. x; and y; are relative Carte-
sian coordinates of a given pixel, and xo and y, are coordi-
nates of the rheometer rotating axis. Sample points
corresponding to positions when maximum intensity of light
emerges from the rheometer [¢ = /4, eq 6] have been used
for the calculations [Fig. 11(a-d)]. Points belonging to four
radial directions forming angle ¢, with the polarizer axis
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(¢,=n/4+nn/2, where n=0,3) satisfy this condition. Practi-
cally, 1D patterns of the radial distribution of intensity along
these four directions, I, (r;, ¢,, tx), were obtained by an azi-
muthal integration within sectors of *=3° [enclosed by the
pink lines in Fig. 11(a-d)], where I=0,M is the index of a
1D pattern point and M is a number of points selected along
the radial line for integration, k=0, N is the image frame
index and N is a number of frames recorded during SIPLI
experiment. The obtained 1D pattern was subjected to a
background subtraction (an image of non-birefringent LDPE
melt taken before shearing under quiescent conditions was
used as the background). There was no need to perform
independent measurements on the incoming light intensity,
I, as it was possible to determine this value from the
recorded PLIs. According to eq 6 I, =I; when d=n+2mnu,
where u=0, 1, 2,.... Thus, I; can be determined from the
intensity of the first interference maximum (u = 0) observed
in the PLIs [Fig. 11(c), the dark green area in the middle of
the four leaves of the 2D pattern]. Considering fourfold sym-

metry of the PLIs, the intensity is averaged over the four
3

directions, I, (r, tx) = %Zli(n, Ous te)/1s(¢,). The product of

the data reduction war; (2)1 two-dimensional NXM matrix of
I, (r1, t) representing a radial distribution of the normalized
averaged intensities for all time frames recorded during the
SIPLI experiment. A corresponding NXM matrix of the
retardancy values can be obtained from eq 6:

One=2arcsin \/ 1 (ry, tg).

The retardation increases radially from value of zero at the
rotating axis (the sample center) to the maximum value 0.
at the sample edge. When 0, > 27 the radial distribution of
light intensity is a periodic function [e.g, see Fig. 4(d)] and
o calculated from I, (ry, tx) should be corrected for its peri-
odicity. Thus, the genuine retardancy values for a particular
radial position on the sample are:

(13)

51g:n:5"(+2n(n_1)7 I'min ,n <n< I'max ,n

gen _
(31}( =—0y+2mn, Fmax.n < 11 < I'min n+1

(14)
where I'min » and rma , are radial positions of nth minimum
and nth maximum of the periodic light intensity values,
respectively. For example, 6% =0y for 0 <r; < rmax1 and
0% == +2m for rmax1 < 11 < I'min 2, Where it was assumed
that n=1 and rpyin 1=0. The genuine retardancy values can
be used further for the calculation of birefringence, Anj s,
expressed from eq 2:

gen ,
Oy A

4nd

An'fy= (15)
Each column of the birefringence matrix represents the
radial distribution of sample birefringence at a particular
time of shearing t.. Since in rotational plate-plate geometry
the radial position of sample points is related to a shear rate
(eq 12), each column of the matrix also represents the
dependence of sample birefringence on the shear rate. In
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this respect, each row of the obtained Anll’f3 matrix repre-
sents the development of sample birefringence at a particu-
lar shear rate over the time of shearing [Fig. 11(e)]. This
development can be represented visually on a pseudo-
colored slice of the 2D intensity PLIs [Fig. 11(f)]. The evolu-
tion of light intensity with time along each white line shown
on the slice corresponds to the birefringence curves plotted
in Figure 11(e). For example, the birefringence curve for j=
0.13 s ! corresponds to the white line nearest to the slice
central line where 7= 0 s~ % In practice, the slice could be
called as a map representing sample birefringence at a given
experimental shear rate and time. Thus, the full sample view
provided by the SIPLI polariscope allows temporal depend-
ence of material birefringence to be measured simultane-
ously for a range of shear rates (from 0 s * to j,..). The
plotted birefringence curves show a transient overshoot at
the beginning of the shear pulse before reaching a steady-
state regime [Fig. 11(e)]. This behavior is analogous to N; of
polymer melts measured by mechanical rheology,>® which is
to be expected since An; 3 is approximately proportional to
Ni (eq 9).

It would be interesting to compare birefringence measured
by SIPLI with other parameters recorded simultaneously by
the mechanical rheometer during the shear pulse. In this
respect, normal force, Fy, is suitable for the comparison. For
rotational plate-plate geometry the total Fy on the plate,
originating from a sample disk of radius R, is derived by
integration as follows:"

Fy =nJ [N1(r)—N(r)]rdr.
0

(16)

Assuming that N, is close to zero, eq 16 can be rewritten as
FN:nf§ Ni(r)rdr. Using eq 9, Fy can be approximated via
birefringence:

R

T
FN,birefringence ~ EJ A’11,3 (r)rdr.
0

(17)

Or, in terms of the carried out SIPLI measurements and anal-
ysis, eq 17 can be rewritten in a numerical form:

M
Y
FN,birefringence(tk) ~ E Z A7111’(‘3’”1("I+1 _rl)- (18)
1=0

Thus, using the birefringence matrix calculated from SIPLI
data, temporal dependence of the total Fypirefringence €an be
obtained from eq 18 and compared with the total Fy heology
measured in the same experiment by the rheometer trans-
ducer [Fig. 11(g)]. In the calculations SOC of LDPE was taken
to be 2 X 10~? m?/N.** Considering the number of assump-
tions made in the calculation of Fypirefringences the Fy curves
obtained from the optical and mechanical measurements are
reasonably consistent with each other. Some inconsistency
between Fy rheology and Fy pirefringence CUrves observed during
the second half of the shear pulse could be due to the fact
that the fracture edge of the sample [(Fig. 11(f)] did not
allow reliable birefringence values to be obtained at shear
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FIGURE 12 The first normal stress difference (N;) versus time
upon start-ups of steady shear of LDPE melt at temperature
125 °C. A comparison of results obtained from optical SIPLI
(symbols) and measured by mechanical rheology using cone-
and-plate geometry (lines) for four different shear rates is pre-
sented; experimental conditions for the SIPLI birefringence
measurements: plate-plate geometry, Ds =25 mm, d=0.7 mm,
Tmax = 4 s~ ', t;=60 s, wavelength of illuminating monochro-
matic light is 500 nm and experimental conditions for the
mechanical rheology: cone-and-plate geometry, cone diameter
12 mm, cone angle 6° t;=60 s and j= 0.22 s~ (black),
0.74 s7" (red), 1.34 s~ (blue), or 2.38 s~ (green). [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

rates close to J.,. Thus, Fypirefringence Obtained from PLIs
truncated at high shear rates corresponding to the sample
edge should be systematically lower than Fyheology-

Finally, the birefringence results could be verified by inde-
pendent rheological measurements. According to eq 9, N;
can be calculated from SIPLI birefringence:

Ik
An173

N* ~
! c

(19)
This enables SIPLI data [Fig. 11(e)] to be presented in terms of
the normal stress difference (Fig. 12, symbols). At the same
time N; can be measured for this set of shear rates by a rheom-
eter using cone and plate geometry (Fig. 12, lines). To avoid
the influence of a cross flow retardation on the true normal
force reading during measurements of highly viscous and elas-
tic LDPE melt,*® a cone of a small diameter (12 mm) with a rel-
atively large cone angle (6°) was used for the measurements.
Both sets of N; data obtained from the SIPLI birefringence and
independent mechanical measurements exhibit a similar type
of behavior and are consistent with each other (Fig. 12). Some
deviations between measured values are observed at higher
shear rates during the overshoot stage, after the inception of
flow. However, both sets of results agree well quantitatively at
the steady-state regime when the N; curves level off. It is
worth emphasizing that the SIPLI results for different shear
rates were obtained simultaneously in one experiment,
whereas to collect the mechanical rheology data four inde-
pendent measurements were required.
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CONCLUSIONS

A new method for mechano-optical rheology which combines
optical SIPLI and rotational plate-plate (or cone-and-plate)
mechanical rheometer has been developed. The method
makes it possible to perform simultaneous measurements of
both the rheology and birefringence properties of polymeric
and soft matter materials. Moreover, these measurements
can be carried out over a wide temperature range (from
—40 °C to 200 °C). The instrument optical setup is flexible;
various combinations of linear and circular polarizers enable
full sample view monitoring, time-resolved PLI recordings
and quantitative birefringence measurements.

A variant of SIPLI using plate-plate geometry has the advant-
age of producing a range of shear rates radially distributed
across a sheared sample. Since the information is recorded
for all parts of the sample experiencing different flow condi-
tions simultaneously, the method can be classified as a com-
binatorial approach. In this respect the plate-plate geometry
can be used to establish relationship between flow parame-
ters and flow-induced phenomena affecting birefringence of
soft matter materials in a single experiment. In contrast to
the rotational plate-plate geometry, samples sheared in
cone-and-plate geometry experience a shear rate which is
constant through the entire sample. Thus, a variant of SIPLI
coupled with cone-and-plate geometry provides a unique
opportunity to monitor sample state during rheological
measurements involving continuous shear. It has to be noted
that one of the shearing surfaces in this geometry is not nor-
mal to the entering optical beam. This makes cone-and-plate
geometry less suitable for quantitative SIPLI birefringence
measurements.

It is demonstrated that the radial distribution of shear rate in
rotational plate-plate geometry can be effectively used for
combinatorial studies of flow effects on crystallization of poly-
mer melts, molecular orientation and structural morphology
of polymeric and other liquids. A good correlation between
experimental and calculated PLI patterns has been found for
flow-induced phenomena exhibiting either continuous or step-
wise shear rate dependence of material birefringence.

The performance of the method is tested by studying orien-
tation of the lamellar phase in block copolymers and smectic
A LCs, shear-induced crystallization of semi-crystalline poly-
mers and morphological transformations of aqueous block
copolymer dispersions. The obtained data are consistent
with published results measured by other techniques. In par-
ticular, mechano-optical rheology revealed that the orienta-
tion of the lamellar phase of 8CB and PS-PI diblock
copolymer is controlled by shear rate and critical flow
parameters of the transition from parallel to perpendicular
orientation of lamellae have been measured. A shear rate-
temperature phase diagram of the transition of lamella ori-
entation was obtained for 8CB smectic A phase in a single
experiment. Simultaneous SIPLI and rheology measurements
of PS-PI using cone-and-plate geometry showed that the
technique is effective for establishing a relationship between
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structural orientation and viscosity. In another example, the
birefringence of high-density polyethylene crystals is used to
detect the flow parameters associated with the onset of
shish formation in a sheared polymer melt and a relationship
between the shish formation, detected by SIPLI, and the vis-
cosity upturn, measured by the rheometer at the same time,
has been established. Similarly, a mechano-optical rheology
of thermo-responsive block copolymer aqueous dispersions
revealed a direct relationship between the transition of block
copolymer morphology from worm-like micelles to spherical
micelles, detected by SIPLI, and the viscosity decrease, meas-
ured by the rheometer.

In addition, application of the SIPLI polariscope for quantita-
tive birefringence measurements is demonstrated. Since
stress is radially distributed in the rotational plate-plate
geometry, both its magnitude and the birefringence produced
are constant at all points of the specified circumference. It is
found that the normal stress difference values across a
sheared polymer melt (LDPE in plate-plate geometry) calcu-
lated from the birefringence correlate reasonably well with
both the total normal force values measured by the rheome-
ter transducer during the same experiment and the first nor-
mal stress differences measured independently on the same
polymer using cone-and-plate geometry.

This technique has great potential to go beyond the exam-
ples highlighted in this current work. The proposed
mechano-optical rheology method is based on shearing
material using a geometry with a well-defined range of shear
rates, and monitoring the optical response of the sheared
material to the effects of this shear. This general approach
can be applied to the study of various shear-induced phe-
nomena in complex fluids.
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