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ABSTRACT: A light-scattering photometer with optical microscope for in-line studies
during polymer processing is described. The instrument utilizes a commercial twin-
screw extruding device that feeds molten polymer into a narrow slit die equipped with
sapphire optical windows. The flow rate through the die is controlled via the feed rate,
screw rate, and a by-pass valve. The optics for light scattering and microscopy can be
switched back and forth via simple translation of a rail-mounted optical platform with-
out realignment, allowing efficient in situ morphological studies in both real and recip-
rocal space. Extruded polystyrene/polyethylene blends and melts are used to demon-
strate the performance and versatility of the instrument. q 1997 John Wiley & Sons, Inc.
J Polym Sci B: Polym Phys 35: 2935–2943, 1997
Keywords: polymer blend, extrusion, light scattering, optical microscopy

INTRODUCTION combined together, these techniques can provide
structural information over a wide range of length
scales in both reciprocal and real space. Our groupMost homopolymer melts are immiscible, and

polymer processing techniques often rely on me- recently reported the development of a light-scat-
tering photometer with an optical microscope forchanical mixing devices to ‘‘blend’’ thermodynami-

cally incompatible components. Extrusion is a studying polymer blends under simple shear
flow.16 In this article we describe an instrumentparticularly common and effective way of produc-

ing fine dispersions out of immiscible polymers. of similar capabilities designed for in situ studies
of polymer extrusion. We demonstrate the use andSuch blends form multiphase domain structures

for which the specific domain morphology plays versatility of the instrument on low-volume frac-
tion dispersions of polystyrene and polyethylene.an important role in the physical characteristics

of the resulting material, and knowledge of the Also, we measure the flow field within the slit die
as a function of bulk flow rate via optical trackingstructures induced during processing is thus quite

useful.1–15 Although the technique of rapidly of silica microspheres dispersed in pure polysty-
rene and polyethylene melts.quenching the extrudate and studying the frozen-

in morphological characteristics has been a widely
used and powerful approach, in some applications
it is desirable to have more direct access to the INSTRUMENT
blend during processing.

Two common experimental methods used for The extrusion is carried out using a Haake Rheoc-
studying the phase behavior of polymer blends ord 9000* with a corotating conical twin-screw
are light scattering and optical microscopy. When attachment. Figure 1 shows a side view of the

extruder and slit die. By necessity, the instrument
must accommodate the high pressures encoun-
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Figure 1. Side view of the conical twin-screw extruder and slit die. Polymer fed into
the barrel flows out through the slit die and by-pass valve. Sapphire optical windows
in the slit die allow in-line studies during processing.

a cut-away view of the stainless steel slit die Å 632.8 nm). The beam enters from the side and
is reflected down through the die, where the scat-equipped with upper and lower sapphire optical

windows that can easily accommodate pressures tered light illuminates a flat translucent screen.
The maximum angular range of the optics allowedover 20 MPa without cracking. The width of the

slit can be adjusted from 0.2 to 1.0 mm, and the by the slit die is {457, with a {307 working range
of useful scattering angles. An image of the screendiameter of the optical windows is 12 mm. Tem-

perature can be controlled to within {1 Kelvin at is formed on a CCD detector by a macro lens and
a second mirror. Holes in the center of the screenthe die and at three zones along the extruder bar-

rel. The Haake device also controls the screw rate and second mirror allow passage of the primary
beam. With the camera aperture manually set atand monitors the channel pressure and torque

supplied by the motor. The feed rate into the bar- the desired diameter, the shutter speed, the num-
ber of accumulations, the pixel-array dimensions,rel is metered externally. There are shear stresses

arising from both channel flow within the die and and the data format are all adjusted to achieve
the best possible image quality via a computermixing flows that take place in the barrel. A by-

pass valve allows us to externally control the interface using commercially available software.
amount of material flowing through the die so as The transmitted beam intensity is monitored ex-
to isolate either of these two effects. ternally. Light-scattering images are collected at

Figure 3 shows a schematic of the light-scatter- 512 1 512 pixel resolution, averaged together to
ing photometer component, and Figure 4 shows a achieve good statistics, and then reduced to 256
schematic of the optical microscope component. 1 256 for analysis.
The latter provides real-space images of objects
down to sizes on the order of 1 mm, and the former
can extend this down to sizes on the order of 100 Microscope
nm in reciprocal space. Each component is inter-

The illumination source for microscopy is a Xenonfaced to a PC via two separate CCD cameras.
flash lamp (EG & G, FYD-1130) which minimizesSwitching back and forth between real space and
smearing due to either high flow rates or vibra-reciprocal space is accomplished by the transla-
tions. The length of the flash pulse is approxi-tion of a rail-mounted optical frame, to which is
mately 0.3 ms, and the timing of the pulses is con-fastened the optical objective, polarizing filter,
trolled with an external circuit connected to atwo mirrors, and screen. The rail is mounted on
flash-lamp power supply (EG and G electroopticsan aluminum frame that is attached to the table
PS-1110). The flash rate is normally set to be inand which supports the slit die, which is in turn
synch with the video frame acquisition rate of 30attached to the barrel of the extruder.
frames per second.17 A faster rate leads to multi-

Light Scattering ple images on a given frame, which can be utilized
for determining particle speeds at high flow rates.The light source for the scattering experiments

is a vertically polarized 5 mW He-Ne laser (l To facilitate the observation of objects with
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gence arising from the sapphire windows. The im-
age is then passed through a relay lens to a CCD
video camera (Dage MTI, model 72) which is in-
terfaced to a PC and a super-VHS video recorder.
A frame grabber (DT-3851) is used to digitize an
image of 640 1 480 pixels and save it in binary
format. The eyepiece and relay lens are not essen-
tial optical components, as the image from the
objective can be formed directly onto the CCD
array.

CALIBRATION

Scattering Angle and Intensity

To calibrate the scattering angle, we used computer-
generated families of concentric rings of known ra-
dial increment. With the optics properly aligned,
the ring grating is centered on the beam within the
plane of the screen. Because the CCD captures the
focused image of the screen, the mapping of the
grating dimensions onto the pixel array and the
measured distance between the scattering cell and
the screen give the scattering angle in air in terms
of pixel number xi [Fig. 5(a)], which over the range
of interest is well represented by u*(xi ) É 0.0015
/ 0.0068(xi )0 1.1121 1005(x2

i ) within a 2% uncer-

Figure 2. (a) Cut-away schematic of the die showing
the flow of the sample through the channel and by-pass
valve. (b) Cut-away schematic of the die that shows the
sapphire windows, heating element, and thermocouple
sensor for temperature control. The flow through the
slit die is in the x direction, with the velocity gradient in
the y direction and vorticity in the z direction. Sapphire
optical windows in the top and bottom of the die permit
optical monitoring during processing. The light-scatter-
ing measures the projection of the structure factor onto
the x-z plane. The focal plane of the microscope is paral-
lel to this plane and can be adjusted as a function of y.

similar indices of refraction, the instrument uti-
lizes a phase-contrast microscope of the Zernike
type.18–21 Because the image represents spatial
variations in refractive index, the square-ampli-
tude of the Fourier spectrum can be compared
directly with the pattern of scattered light. The
phase ring can also be removed for conventional
bright-field microscopy. A long working distance, Figure 3. Schematic diagram of the light-scattering
251 objective with a numerical aperture of 0.35 is component. The image of the scattered light that ap-
mounted below the die. A polarizing filter between pears on the screen is recorded with a CCD camera

that is interfaced to a PC.the objective and the eyepiece corrects for birefrin-
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A cutoff filter (Schott Glass Technologies Inc. RG-
655) was placed between the camera and the
screen so that only the fluorescence intensity was
measured by the CCD detector. The intensity
variation with pixel then gives an isotropic correc-
tion factor as a function of xi that is well repre-
sented by f ( xi ) É 0.328 / 0.01277(xi ) 0 8.268
1 1005(x2

i ) / 1.897 1 1007(x3
i ) within a 6% error.

Microscope

The magnification was measured using a dilute
suspension of silica microspheres in a polystyrene
melt. The microspheres were obtained from Duke
Scientific (NIST Traceable Silica Particle Size
Standard, DÅ 1.58{ 0.06 mm, sÅ{0.04 mm) and
were dispersed in a matrix of polystyrene (DOW
Chemical PS 612, Mw Å 192 1 103 MnÅ 83 1 103)

Figure 4. Schematic diagram of the microscope com-
ponent. Because the sapphire windows are birefrin-
gent, a polarizing filter is needed between the objective
and the eyepiece to restore optical clarity. The phase
ring may be removed depending on the application.

tainty. The relation between scattered wavevector
and xi is then

q Å 4p
l

sinH1
2

sin01Ssin u * (xi )
np

DJ (1)

where np is the index of refraction of the sample
and l is the wavelength of light within the sample.
The calibration curve for np Å 1.5 is shown in
Figure 5(b) and is well described by q (xi ) Å A
/ Bxi / Cx2

i , where A Å 0.001138 mm01 , B
Å 0.06825 mm01 , and C Å 013.985 1 1005 mm01

within a 2% uncertainty.
To measure the flat-field correction, we placed

a quartz sample cell above the screen in the hori-
zontal plane defined by the slit die. Nile Blue A
dye at 100 mg/l dissolved in a 50/50 by volume Figure 5. (a) Measured scattering angle (u * in radi-
EtOH/H2O solution was placed in the cell and the ans) vs. pixel number xi , (b) scattered wavevector q vs.

xi for np Å 1.5.sample illuminated with the 5 mW He-Ne laser.
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APPLICATIONS

Blend Morphology

To demonstrate the capabilities of the instru-
ment, we consider extruded dispersions of poly-
ethylene (DOW Chemical LDPE 993I, Mw Å 85.2
1 103 Mn Å 15.4 1 103) and polystyrene (DOW
Chemical PS 612, MwÅ 1921 103 MnÅ 831 103).
Figure 6 shows a light-scattering micrograph pair
for an extrusion of 500 : 1 PS : PE by weight
prepared at a screw rate of 10 RPM at 1757C with
the by-pass valve closed. The extruder has been
turned off and the material is at rest in the slit
die. The extrudate was slightly turbid, with a
transmission factor of 0.5 relative to pure PS.

Figure 6. Light-scattering/digital-video-micrograph
pair for a dilute extrusion of polyethylene dispersed in
polystyrene at T Å 1757C as described in the text. The
width of the micrograph from left to right is 200 mm,
and the width of the light-scattering image corresponds
to a scattering angle of roughly {40 degrees. The blend
is at rest in the slit die, with the x direction from right
to left, the z direction from top to bottom, and the y
direction into the page.

at 1757C. A micrometer screw adjustment with
coarse and fine settings moves the objective up
and down to focus on a given plane within the
sample. Calibration of the out-of-image plane di-
mension was made by directly measuring the
width of the slit die, finding the micrometer set-
tings where the top and bottom surfaces of the
lower and upper sapphire windows came into fo-
cus, and assuming a linear relation between set- Figure 7. Light-scattering/digital-video-micrograph
ting and distance over the width of the die. The pair for a dilute extrusion of polystyrene dispersed in
width of the slit die was set at 0.43 mm for all of polyethylene at T Å 1757C. The geometry is as specified

in Figure 6.the measurements described in this article.
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Transients associated with shear stresses caused with the insets showing the fractional deviation
between data and fit. Note that eq. (2) gives S (q )by flow within the slit die and barrel have died

out, leaving an isotropic, polydisperse distribution Ç q04 at high q , consistent with sharp interfaces.
The quantity j should scale as the volume fractionof PE spheres in a matrix of PS. The micrograph

is a phase-contrast image. The light-scattering of the ‘‘dispersed’’ phase divided by the surface
area per unit volume.23 From the fit we get jaimage shown is a single frame collected at a shut-

ter speed of 0.025 s. Å 0.19 mm for the data in Figure 6 and jb Å 0.48
mm for the data in Figure 7. The length scale jFigure 7 shows a light-scattering micrograph

pair for an extrusion of 1 : 100 PS : PE by weight should scale as »R3 … / »R2 … , where the brackets de-
note an average over the size distribution. Fromagain prepared at a screw rate of 10 RPM at 1757C

with the by-pass valve closed. The extruder has the optical micrographs, the large end of the dis-
tribution in Figure 6 corresponds to a diameter ofbeen turned off and the material is again at rest in

the die. The hot extrudate was moderately turbid, around 5 mm, while that in Figure 7 corresponds
to 18 mm. In reciprocal space, these dimensionswith a transmission factor of 0.3 relative to pure

PE. Shortly after cessation of flow, the mixture is are behind the beam stop. In both cases, a signifi-
cant fraction of droplets are too small to be visiblea polydisperse, isotropic distribution of PS

spheres in a matrix of PE. Because of the droplet in the micrographs. This was confirmed using
SEM on quenched extrudate of the PE rich blends,size, the PS spheres are clearly evident in the

bright-field micrograph (phase ring removed) which revealed the submicron structure. Al-
though multiple scattering effects will make j ar-shown in Figure 7. The difference in domain size

between the PS-rich and PS-poor cases is primar- tificially small in high-contrast systems,24 we find
reasonable agreement between the values of j ob-ily a result of the higher PS viscosity, which leads

to higher shear stresses in the PS matrix at a tained from the fitting and the droplet dimensions
at the small end of the size distribution.comparable flow or mixing rate.22

Figure 8 shows circular averages of the light-
scattering data from Figures 6 and 7. The lines Flow and Viscous-Stress Fields
are fits to the Debye expression for the angular

As another demonstration of the instrument, wescattering due to randomly distributed droplets of
use optical tracking of silica microspheres (Dukerandom size.23

Scientific, NIST Traceable Silica Particle Size
Standard, D Å 1.58 { 0.06 mm, s Å {0.04 mm) in

S (q ) Å S (0)
(1 / j2q2)2 , (2) pure PS and PE melts to map the flow field within

the slit die. Silica microspheres were dispersed in
PS and PE melts at volume fractions of 1004 . At
this low composition the presence of the ‘‘filler’’
will not appreciably alter the flow field of the melt.
We tracked the positions of the sphere centers as
a function of time and position within the die for
different bulk flow rates. The flow rates were de-
termined by weighing the amount of extrudate
that passed through the die in a measured inter-
val of time. The flow field for a pure PS melt at T
Å 1757C is shown in Figure 9. The inset shows the
field close to the bottom window. The flattening of
the velocity profile with increasing flow rate is
due to shear thinning and the transition to plug-
like flow. The lines in the main figure are fits with
the expression characterizing channel flow25

v (y ) Å voF1 0 HÉy 0 d /2É
d /2 JaG (3)

Figure 8. Structure factor as a function of wavevector
from a circular average of the data from Figures 6 and
7. The lines are fits to eq. (2), with deviation plots

where y is the vertical position within the die, dbetween fit and data shown in the insets.
is the die width, and vo is the velocity at the center
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in the inset are linear (simple-shear) approxima-
tions to the local profile by the wall.

Figure 10 shows a similar plot for a pure PE
melt at T Å 1757C. The PE is more Newtonian
over a comparable range of flow rates, with para-
bolic profiles (a Å 2, n Å 1) for 9 mg/s, 17 mg/s,
and 39 mg/s, and a Å 2.8 (n Å 0.56) for 60 mg/
s. The inset again shows the flow condition near
the bottom window, with the lines representing
linear fits to the local velocity profile. The rate-
of-strain and vorticity tensors are, respectively,
symmetric and antisymmetric combinations of
the dyad Çt v Å (Ìvx /Ìy ) ŷx̂ , where x̂ defines the
direction of flow and ŷ defines the gradient direc-
tion. Figure 11 shows the velocity gradient Ìvx /

Figure 9. Velocity profile as a function of position
within the slit die for a pure polystyrene melt as mea-
sured with the optical-tracking technique described in
the text. The curves are fits to eq. (3), and the inset
shows an expanded plot of the flow profile next to the
bottom wall. The measured flow rates are given in milli-
grams per second.

of the die. The exponent a is related to the power-
law index n via a Å 1 / 1/n . The lowest two
profiles (10 mg/s and 15 mg/s) are parabolic (a
Å 2, n Å 1), the second highest (40 mg/s) corre-
sponds to a Å 2.5 (n Å 0.67), and the highest (60
mg/s) corresponds to aÅ 4.7 (nÅ 0.28). The lines

Figure 11. Velocity gradient as a function of position
within the slit die for (a) a pure polystyrene melt and
(b) a pure polyethylene melt at T Å 1757C as deter-
mined from the fits of the velocity profiles to Eq. (3).
The insets show the behavior in the vicinity of the bot-
tom wall. If one approximates the local flow condition
as simple shear, then these plots give the effective
shear rate as a function of position within the slit die.
Note that shear thinning leads to regions of high shear
stress by the walls and regions of zero shear stress inFigure 10. A plot similar to Figure 9 for a pure poly-

ethylene melt. the middle ( ‘‘plug flow’’ ) at high flow rates.
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phology of two-phase channel flow. In an attempt
to get around this, we can exploit the nature of
the flow profile to locally mimic conditions that
resemble simple shear. By adding pure melt corre-
sponding to the matrix during the blend extrusion
process, the channel-flow profile, with a high flow
rate in the middle and limited flow by the walls,
leads to isolated regions of blend next to the walls
with pure melt filling the rest of the channel. By
optically monitoring the thickness of this blended
layer with the microscope, we can isolate a thin
high-shear-stress region next to the window. As
shown in Figures 9 and 10, the flow profile in the
immediate vicinity of the wall can be approxi-
mated to leading order by simple shear.

Figure 12 shows a light-scattering/micrograph
pair for dispersion of PE in PS (2 1 1003 weight
fraction) at T Å 1757C. From a measurement of
the bulk flow rate, and based on the data shown
in Figures 9 and 11, we estimate the local shear
rate to be approximately 60 s01 . In this case, the
highly elongated domains arise from the rela-
tively high viscosity of the PS matrix with respect
to the PE droplets.22 The highly anisotropic do-
main structure is inverted in q space and is evi-
dent as dark vertical streaks in the light-scatter-
ing pattern. Although this technique is somewhat
crude, it offers a convenient and relatively quick
way to study the high-shear morphology of non-
Newtonian materials at high temperatures and
flow rates. It is also an efficient way to get light-
scattering/microscopy image pairs from highlyFigure 12. Light-scattering/micrograph pair for a
turbid materials.dispersion of 2 1 1003 weight fraction PE in PS at T

Å 1757C and a local shear rate of 60 s01 . The geometry
is as specified in Figure 6, with the flow direction from
right to left and the velocity-gradient (y ) direction into CONCLUSIONS
the page. The morphology corresponds to a narrow (less
than 50 mm thick) layer of blend in the high-shear re- In conclusion, we describe a light-scattering/mi-
gion by the walls with pure PS melt filling the rest of croscopy instrument for in-line studies of polymer
the slit die.

extrusion. We demonstrate the performance of the
instrument on low-volume fraction dispersions of

Ìy as a function of position within the slit die extruded polystyrene and polyethylene, and by
as determined by differentiating the fits to the mapping the flow field as a function of bulk flow
velocity profiles shown in Figures 9 and 10. The rate within the slit die for pure polystyrene and
insets show the behavior close to the windows. If polyethylene melts. The instrument should prove
we make the local approximation of simple shear, to be a useful probe of polymer-blend morphology
then these plots give the effective shear rate and hydrodynamics during processing.
g
h
(y ) within the die.
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