
REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 75, NUMBER 4 APRIL 2004
A dielectric slit die for in-line monitoring of polymer compounding
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The dielectric slit die is an instrument that is designed to measure electrical, rheological, ultrasonics,
optical, and other properties of a flowing liquid. In one application, it is connected to the exit of an
extruder, pump or mixing machine that passes liquefied material such as molten plastic, solvents,
slurries, colloidal suspensions, and foodstuffs into the sensing region of the slit-shaped die.
Dielectric sensing is the primary element of the slit die, but in addition to the dielectric sensor, the
die contains other sensing devices such as pressure, optical fiber, and ultrasonic sensors that
simultaneously yield an array of materials property data. The slit die has a flexible design that
permits interchangeability among sensors and sensor positions. The design also allows for the
placement of additional sensors and instrumentation ports that expand the potential data package
obtained. To demonstrate sensor operation, we present data from the extrusion and compounding of
a polymer/clay nanocomposite. An analysis of the dielectric data involves a nonlinear fitting
procedure that takes into account effects due to electrode polarization and dc conductivity. Light
transmission through a filled polymer is analyzed in terms of a Beer’s law attenuation coefficient.
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I. INTRODUCTION

In previous work we described a first generation diel
tric sensor that we used for in-line monitoring of polym
compounding.1,2 That sensor consists of a ceramic ring th
has interdigitating electrodes deposited on its inside surf
As an extruded resin or liquid flows through the ring,
dielectric properties are monitored by a fringing electric fie
that extends into the liquid. Using this sensor, we measu
dielectric properties of resin melts compounded with in
ganic fillers. The sensor provided access to parameter s
that has been investigated rarely, i.e., the dielectric prope
of polymer melts. While the literature abounds with diele
tric measurements on polymers in the solid state,3 measure-
ments on the melt state are not attempted because of p
lems due to resin degradation and due to potential damag
the dielectric cell from resin melt and decomposition.4 We
avoid these problems by making measurements du
steady-state extrusion whereby the polymer is continuou
replenished in the sensing region of the dielectric cell.

The interdigitating electrode design has the advant
that the sensor is one-sided and does not involve sen
across the full dimension of the flow stream. On the ot
hand, it has the disadvantage that the sensing electric fie
confined to the near surface region. For a 12.7 mm diam
cell, that we previously described, with interdigitating ele
trodes that are separated by 0.33 mm, the field extends
0.4 mm into the resin melt. Consequently, only 10% of t
cross section of resin flow stream, a thin shell near the
face, is monitored. This is because the strength of the ele
field decays exponentially from the surface with a charac

a!Electronic mail: abur@histogov
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istic decay length ofd/3, where d is the interelectrode
separation.1,5,6

Given that 90% of the flow stream escapes examina
with the ring design, we sought to develop a new sensor
has a slit configuration whereby a greater percentage of
flowing fluid can be interrogated. In addition to improvin
the performance of the dielectric sensor, the new device
multifunctional unit that contains pressure and optical s
sors and possesses the flexibility to add additional senso
needed. In this paper we will describe the sensor design
its capabilities as an on-line, real-time monitor, and we w
present data from the compounding of polymer/clay na
composites and the extrusion of polycarbonate.

II. SENSOR DESIGNb

The slit channel, shown in Fig. 1, with approximate d
mensions of 2 mm high by 2.8 cm wide by 15 cm lon
defines a constant geometry platform on which on-line s
sors can be installed for the purpose of characterizing
processed material. The primary sensor in the slit chann
the dielectric sensor consisting of interdigitated electro
that are deposited and fired onto a ceramic substrate
forms one surface of the slit. Other sensors in the curr
design are pressure and optical sensors situated along
axial dimension of the slit. By keeping the slit height at
mm or less, it is possible to fix the interelectrode separat
so that the fringing electric field extends significantly into t
flow stream interrogating up to 50% or more of the res
flow.

Figure 1 is a schematic of the sensor as viewed from
side and front. Two semicircular stainless steel pieces,
and bottom halves, form the cylindrical geometry of the se
3
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sor. Its overall dimensions are 12.7 cm diameter by 15.24
long ~5 in. diameter by 6 in. long!, but the cell can be fabri-
cated with a longer length for the purpose of adding ad
tional instrumentation ports. Or, an additional port sector
be added in the sensor train. The sensor housing con
threaded instrumentation ports of the standard half-inch
20 threads-per-inch type in addition to two cut-out chamb
for ceramic inlays that are used for dielectric sensing. T
ceramic piece on the bottom is high purity alumina on
which platinum electrodes have been deposited in an in
digitating pattern. The ceramic on top is made from mach
able ceramic, has a trapezoidal cross section, and conta
cutout of the slit that is 2 mm deep by 2.8 cm wide, exten
ing over the length of the piece, approximately 11 cm. T
depth and width dimensions of the slit were machined w
an accuracy of 0.012 mm. The trapezoidal cross sec
serves to hold the piece into place in the top half stainl
steel. A heating jacket surrounds the sensor, and temper
is controlled using a thermocouple inserted into the body
the steel housing. A customized interface adapter plate p
tioned between the sensor and the extruder establishe
connection to the extruder. This plate contains the appro
ate threaded screw holes for the specific extruder being u

The alumina ceramic is positioned in a well that h
been machined into the bottom half stainless piece an
held mechanically in place by clamping the top and bott
halves together. No epoxy or other adhesive is needed
change ceramic substrates, the alumina block is remo
from its well using the lifting bolts on the bottom of th

FIG. 1. The side and front views of the dielectric slit die.
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housing to push the block out of the well. It can be replac
with electroded alumina substrates with different electro
patterns that produce fringe electric fields closer and fart
from the surface and directed parallel or perpendicular to
flow. Likewise, the ceramic with the slit in the top half of th
sensor can be interchanged with pieces having different
sizes.

A pattern of interdigitating electrodes is shown in Fig.
Two sets of finger electrodes are interwoven to create
sensor. Each set of fingers is connected to a lead electr
When an alternating voltage~1 V! is applied between the
electrodes, an electric field fringes between neighboring
ger electrodes and extends not only through the alumina
ramic but also into the liquid media flowing above the su
face. By measuring the value and phase of the resul
current and subtracting out the current through the alum
the relative permittivity and dielectric loss of the liquid m
dia can be determined. The measured current is resolved
its real and imaginary parts using a Stanford model SR
lock-in amplifier. Our measurements of the complex relat
permittivity, e* 5e82 i e9, are usually carried out over a fre
quency range from 500 to 105 Hz, or 50 to 105 Hz, but it is
possible to operate the lock-in amplifier to frequencies
low as 0.001 Hz, although data acquisition at lower frequ
cies requires long times. The electronics detecting circui
the calibration procedure, and the software to operate
system~Chemical ElectroPhysics Proceptor Dielectric Spe
trometer! are the same as have been used with the dielec
ring sensor and have been described in previ
publications.1,2

As mentioned above, fringing electric field lines exte
into both the material under investigation and into the a
mina substrate. In electrical terms the two materials are
parallel. If the dielectric properties of the alumina are know
they can be ‘‘subtracted’’ from the measured total impe
ance, yielding the impedance of the sample material. O
experimental protocol is to carry out a cell calibration usi
a standard dielectric materials such as heptane and a
obtain the cell’s geometrical factor@g of Eqs.~1! and ~2! of
Ref. 1#, and to use an empty cell to measure the relat
permittivity of air eair over the frequency and temperatu
range of interest. Since it is known thateair* 51 and its con-
ductance can be neglected, the dielectric properties of
mina are easily obtained and placed in a calibration table

The slit configuration accomplishes three objectiv
First, it confines the flowing liquid to a thin ribbon for whic
a significant fraction of its cross section is intersected by
fringing electric field lines. Second, it is the geometry of
slit die rheometer so that with knowledge of the press
drop across the length of the slit and the flow rate, the v
cosity of the material can be determined. For this purpos

FIG. 2. The pattern of interdigitating electrodes.
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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1105Rev. Sci. Instrum., Vol. 75, No. 4, April 2004 A dielectric slit die
pressure transducer is positioned upstream from the die
tric sensor and yields the value of the pressure drop along
axial length of the slit. Third, the slit is a constant geome
platform on which various sensors can be positioned.

The slit die has a flexible design that permits the addit
of new sensors or instrumentation ports, or permits the in
change of sensors to different positions in the slit chan
Optional sensor port sectors, shown in Fig. 3, can be ad
in-line, sandwiched between the slit die and the interfa
plate. Ancillary sensors such as UV or infrared absorpti
optical microscope, ultrasonic velocity, etc. can access
resin flow stream at this site. The optional sectors can
added or removed from service in accordance with the ne
of the experiment and they can be customized to enha
sensor performance, e.g., installing optical windows for m
croscopy experiments.

The optics sensor is situated upstream of the dielec
sensor in the stainless steel housing of the slit die.7,8 It con-
sists of a bundle of seven 200mm core optical fibers that ar
placed into a sleeved standard half-inch sensor bolt wit
sapphire window at its end. When operating in the reflect
mode, one of the fibers transmits light from the light sou
through a focusing lens, the sapphire window, the flow
liquid, reflects off the far stainless steel surface, and reve
its path through the material, sapphire window, and lens.
reflected light is collected by the other six fibers and is tra
mitted to the photomultiplier~PMT! detector. The intensity
of the light source is monitored using a beamsplitter t
sends a source sampling beam to another photomultiplie
shown in Fig. 4. The ratio of the two light intensities is us
to monitor the light transmission through the liquid. For t
optical sensor in the reflection mode, we use a xenon
lamp light source with a 20 nm bandpass filter centered
570 nm. The arc lamp is chosen because it has low sp
coherence that minimizes interference phenomena. The
tected light is a sum of all light that reflects from any inte
face along the transmission path that has a change in
index of refraction, e.g., the air/lens, air/sapphire windo
sapphire window/resin, etc. The situation is depicted in F
5. During processing, the interfaces of interest that will p
duce a change in the reflected signal are a resin/sapp
window and a resin/steel wall. Changes that occur at th
interfaces will affect a change in the detected light intens
In addition, light scattering due to filler particles attenua
the light signal. In previous work, we encountered simi
geometry while carrying out an optical sensing of injecti
molding.9,10

FIG. 3. The dielectric slit die and optional sensor sector.
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The optical sensor can also be used to monitor fluor
cence from a fluorescent dye that has been doped into
polymer for the purpose of probing temperature or mic
structure. The technique employs the same optical equipm
that is shown in Fig. 4, except that bandpass filters, wh
are tuned to particular wavelengths of the fluorescence s
trum, are placed before the photomultiplier detectors and
placed in the xenon light source in order to pass light at
absorption wavelength for the dye. Alternatively, we ha
used a charged couple device~CCD! spectrometer to detec
the entire fluorescence spectrum. Our application of fluor
cence to real-time process monitoring is based on a l
history of fluorescence sensor development and modelin
our laboratory. The technique is thoroughly described in s
eral publications.7,8,11,12We will not present any new fluores
cence data here.

Standard uncertainties for the measurements were
for temperature and 70 kPa~10 psi for pressure. The standa
uncertainty in relative permittivity is 0.01 and for conducti
ity it is 1310210S/m. The relative standard uncertainty
the light transmission data is 0.15%.

III. MATERIALS

To demonstrate the operation of the slit die sensor,
present real-time monitoring data for compounding nylon
with montmorillonite clay and for the extrusion of polyca
bonate PC~PC 200.1 natural from DOW Chemical!. The
Nylon 12, Grilamide L16 natural, was obtained from EM

FIG. 4. The experimental setup for optical and fluorescence measurem
PMT is a photomultiplier and CCD is the charged coupled device array
acquiring spectra.

FIG. 5. Light reflections that are measured by a transmission light sensoI s

and I w are reflections from the sapphire window and from the wall, resp
tively.
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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1106 Rev. Sci. Instrum., Vol. 75, No. 4, April 2004 Bur et al.
Chemie. The clay is an organically modified clay fro
Southern Clay Products, Cloisite 30B. The powdered c
was compounded with the polymer at a 4% mass fraction
clay in the polymer. Compounding was carried out using
18 mm Haake Rheocord model 9000 twin screw extrude
which the dielectric slit die was connected. These two ma
rials were chosen to demonstrate the behavior of the die
tric sensor because their dielectric properties are at two
tremes. PC has low relative permittivity and conductiv
whereas nylon 12 and its clay filled composite have h
values of permittivity and conductivity.

IV. RESULTS AND DATA ANALYSIS

Figure 6 shows real-time data for the extrusion of nyl
12 ~neat! and for nylon 12 compounded with 4% Cloisi
Clay 30B. Compounding was carried out at 195 °C. Relat
permittivity, emeas8 , and dielectric loss,emeas9 , are plotted ver-
sus time for 15 frequencies ranging from 500 Hz to 100 kH
At t5400 s, the neat polymer entered the electrode regio
the dielectric sensor and was extruded for approxima
1500 s, at which time resin pellets mixed with a 4% ma
fraction of clay were added to the feeder. Permittivity a
conductivity began to increase as the mixture filled the
region. After a significant transition time, the data reache
plateau value. The transition is associated with time it ta
the clay/polymer mixture to completely fill the sensing r
gion, particularly at the surface near the electrodes. At
54200 s, the neat resin was again introduced and rela
permittivity values returned to their original values.

The frequency dependence of relative permittivity, t
dielectric dispersion, yields considerably larger change

FIG. 6. ~a! Relative permittivitye8 versus time for nylon 12 and for nylon
12/30B clay composite;~b! dielectric losse9 versus time for nylon 12 and
for a nylon 12/30B clay composite.
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the clay/polymer nanocomposite than for the neat polym
This is because the introduction of the clay particles to
resin introduces ionic species that contribute to conductiv
and polarization over and above that which is present in
neat resin. The resultant high conductivity creates high
electric loss as well as electrode polarization. These fac
complicate the data analysis, as we will describe below.

Figure 7 is a plot of the relative permittivitye8 and di-
electric losse9 of polycarbonate at 164 °C. The relaxatio
observed in Fig. 7 is thea relaxation associated with seg
mental motion of the polycarbonate molecule at temperatu
above the glass transition,Tg'150 °C.13 For these data, a
small but significant dc conductivity, 3.0E-9 S/m, contribut
to the dielectric loss but did not create electrode polarizati
The indicator of electrode polarization is an increase ine8
with decreasing frequency accompanied by a similar incre
in e9 due to dc conductivitysdc. In this case, the raw dat
for PC showed an increase ine9 with decreasing frequency
but e8 remained constant. The dielectric loss data presen
in Fig. 7 is that which results after subtracting out the
conductivity contribution toe9, which at any frequencyv is
sdc/(e0v). Here, e0 is the permittivity of free space
8.8549E-12 F/m. For polycarbonate, the absence of elect
polarization simplifies the data analysis in that the dc c
ductivity contribution toe9 can be directly subtracted from
the measurede9 because the conductivity is electrically i
parallel with the sample. When electrode polarization is s
nificant, the data analysis is more difficult because the e
trode polarization is expressed as an impedance in se
with the measured sample. In general, dielectric meas
ments on polymer melts at processing temperatures
show electrode polarization effects. We discuss electrode
larization and its impact on the data observed for nylon 12
the next section.

A. Analysis of dielectric measurements

When a material is subjected to an electrical field, bou
charges are displaced and dipoles are oriented. Meas
ments made as a function of frequency of the applied elec
field and temperature yield basic information about mole
lar dynamics, ionic conductivity, thermally activated pr
cesses, and the role of microstructure on the developmen
interfacial polarization.3 The behavior is described by th
complex relative permittivitye*5e82ie9. The real part of the
relative permittivitye8 is associated with the polarization o

FIG. 7. Relative permittivitye8 ~m! and dielectric losse9 ~j! for polycar-
bonate versus frequency at 164 °C.
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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1107Rev. Sci. Instrum., Vol. 75, No. 4, April 2004 A dielectric slit die
capacitance of the material and the imaginary parte9, the
dielectric loss, is associated with its conductance.

When measuring the dielectric properties of a polym
melt at elevated processing temperatures, ion conduct
becomes a prominent feature of the behavior. This is part
larly true when fillers containing ionic species are co
pounded with a resin matrix. In some cases the ion cond
tivity is so large that it overrides molecular dipolar an
microstructural relaxation processes. In general, the con
tivity s can include a frequency independent componentsdc

associated with the drift of unbound charges and als
frequency-dependent components r related to dielectric re-
laxation,

s5sdc1s r ~1!

and

e95
sdc

ve0
1e r9 , ~2!

where v is radial frequency ande r9 is the relaxation
frequency-dependent part of the dielectric loss ande r9
5s r /(e0v). Ionic conduction also contributes to the re
part of the relative permittivity as electrode polarization or
interfacial polarization. Both of these phenomena usually
cur at low frequency when ions can follow in phase with t
applied electric field and accumulate at the electrode or,
heterogeneous mixture, at the interface between compon
of contrasting dielectric constant. Dielectric dispersions
sociated with interfacial polarization are known as Maxwe
Wagner~MW! relaxations.14 For composite materials, a dis
tribution of permittivities and conductivities produces
distribution of relaxation times, effects that are the focus
our effort to monitor the dielectric properties of polym
composites.

A consequence of making dielectric measurements
high temperatures~needed for polymer processing! is that
dissociated ions lead to dc conductivity and electrode po
ization effects, both that must be taken into account in or
to retrieve dielectric materials properties from the dielec
spectrum. Figure 8 depicts a sample sandwiched betw
electrodes that express electrode polarization due to
pileup of ions at the electrode surfaces. The situation can
described as an electrode admittanceYel in series with the
sample admittanceYs . Yel , consisting of a capacitance an
resistance in parallel, has been called a constant phase
ment ~CPE!.15 The admittances add to yield the appare
admittanceYapp, where

Yapp5Gapp1 j vCapp5
YelYs

Yel1Ys
~3!

FIG. 8. Equivalent circuit used to correct for dc conductivity and electro
polarization.
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eapp8 5
Capp

C0
and eapp9 5

Gapp

vC0
. ~4!

Here,Gapp is the apparent conductance,Capp is the apparent
capacitance,C0 is the empty cell capacitance, andeapp8 and
eapp9 are the apparent real and imaginary parts of the rela
permittivity of the sample/electrode network that is me
sured. In practice,Gapp andCapp are the components of th
material/electrode impedance obtained after subtracting
the impedance of the alumina from the measured impeda
of the system. Our objective is to retrieve the real and ima
nary components of the sample permittivity,es8 andes9 , from
the measured apparent values.

Carrying out the algebraic manipulations of the righ
hand side of Eq.~3! and separating real and imaginary pa
yields

eapp8 5
Capp

C0
5

es8
Gelr

2

v2
1es9

2Celr1es8Celr
2 1es8

2Celr

S Gelr

v
1es9D 2

1~Celr1es8!2

~5!

and

eapp9 5
Gapp

vC0
5

Gelr
2

v2
es91es9

2 Gelr

v
1es8

2 Gelr

v
1es9Celr

2

S Gelr

v
1es9D 2

1~Celr1es8!2

, ~6!

whereGelr andCelr are the reduced conductance and capa
tance of the electrode impedance,Gelr5Gel /C0 and Celr

5Cel /C0 .
Our approach to solving Eqs.~5! and ~6! is to assume

that the dielectric dispersions are described by
Havriliak–Negami~HV! relaxation equation plus a conduc
tivity term,16

e* 52
is

ve0
1e`1(

j

~De! j

@11~ ivt j !
12d j #b j

, ~7!

where the summation is overj relaxations,e0 is the permit-
tivity of free space,s is dc conductivity,e` is relative per-
mittivity in the high-frequency limit,v is radial frequency,t j

is the relaxation time of thejth relaxation, (De) j is the
strength of thejth relaxation andd j andb j are the distribu-
tion of relaxation time parameters for thejth relaxation.
Whenb51, Eq.~7! reduces to the Cole–Cole equation, a
when b51 anda50, the relaxation has a single relaxatio
time.17 Both the Cole–Cole and HN models have been u
successfully to describe dielectric behavior in polymers, s
ids, and in simple liquids.3 The HN expression is a genera
expression that accommodates both symmetric and nons
metric distributions of relaxation times, whereas the Col
Cole equation is for symmetric distributions.

In our analysis of the data,eapp8 andeapp9 were equated to
the measurement by fitting Eqs.~5! and~6! to emeas8 andemeas9
using a nonlinear fitting routine for which the fitting param
eters are those of the HN equation plus the electrode fac

e
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1108 Rev. Sci. Instrum., Vol. 75, No. 4, April 2004 Bur et al.
Celr andGelr . That is, the real and imaginary parts of the H
equation were substituted in Eqs.~5! and ~6! for es8 andes9 .
To carry out the fitting process, the initial values of the fitti
parameters are estimated from prior knowledge of the p
mer behavior and from the appearance of the data itsel
the dielectric loss shows a peak or a shoulder on the
quency plot, we can estimatet ~or v051/t). From the de-
pendence of the measured loss at low frequencies, we
estimatesdc with the knowledge that conductivity contrib
utes to the loss in proportion to the reciprocal of frequen
We note that the basic functional form of the HN express
is not changed during fitting; only its amplitude and positi
on the frequency scale.sdc andv0 are the most important o
the fitting parameters, so that good estimates for their in
values are needed to achieve an optimum fit. Our criter
for the fit of eapp8 andeapp9 to emeas8 andemeas9 is 1% difference
or less between measured and calculated quantities, wh
1% criterion is chosen because it is the uncertainty in
experimental data. The fitting procedure is initiated by co
sidering initial values ofsdc and v0 for each dielectric re-
laxation that is apparent from the raw data. If the 1% cri
rion for a good fit is not obtained, then additional relaxati
terms are added to the fitting function one at a time until
1% criterion is satisfied.

An analysis of the dielectric loss data using Eqs.~5! and
~6!, yields the fits shown in Fig. 9 for the neat and clay-fill
resin. After accounting for dc conductivity and electrode p
larization, we obtained the dashed curve for the material
electric properties. The optimum fitting parameters, shown
Table I, reveal that neat nylon has only one relaxati
whereas two relaxations were observed in the filled polym
Our interpretation is that the relaxation expressed by the
polymer at logf52.15 (Hz) is thea relaxation associated

FIG. 9. Measured and calculated dielectric losse9 versus frequency for nea
nylon ~a! and for a nylon 12/30B clay nanocomposite~b!. The dashed line is
the material dielectric dispersion after dc conductivity and electrode po
ization are accounted for. In~b!, the MW relaxation is shown asD and
relaxation 2~Table I! is given asx.
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with segmental dynamics of the polymer chain, and the t
relaxations of the filled polymer, logf51.41 (Hz) and logf
52.395 (Hz), are an interfacial Maxwell–Wagner~MW! re-
laxation and thea relaxation, respectively. The relaxation
log f51.41 (Hz) is identified as a MW relaxation by th
magnitude of its intensityDe, 6350, a value that is indicative
of ionic interfacial contributions to the polarization at th
resin/clay interface and is much higher than could be p
duced by molecular dipoles alone.14 Thea relaxations in the
neat and filled resins are different because of the impac
filler particles on the macromolecular segmental dynam
i.e., filler particles disrupt segmental cooperativity resulti
in fastera relaxation dynamics in the filled resin. We no
also thatsdc is approximately ten times higher for the com
posite than for the neat polymer due to an abundance
conducting ions that the clay contributes. The uncertain
listed in Table I were obtained from curve fitting of at lea
four measurements over the full frequency range. Ev
thoughsdc dominates the measured experimental value,
sensitivity of the measurement permits an accurate dete
nation of the material’s dielectric properties. The high re
tive permittivity of neat nylon 12,De25202, is the result of
intermolecular cooperativity that exists in polymer melts18

Cooperativity is enhanced in nylons by hydrogen bond
and causes the combined contribution of multiple dipo
moments from neighboring polymer molecules to the
permittivity.

B. Optical sensing

Figure 10 shows observations of light transmission v
sus time for nylon 12 and its composite with 30B clay. T
mixture is a 4% mass fraction of clay in the resin. Initial
(t521000 s), the sensor was empty. As neat resin flow

r-

TABLE I. Dielectric dispersion parameters.

Nylon 12 neat Nylon 12/30B clay

Log f 1 (Hz! ~MW) ¯ 1.4160.02
Log f 2 (Hz) (a) 2.1560.03 2.3960.04
De1 (MW) ¯ 6,3506200
De2 (a) 20269 1,8106300
d1 (MW) ¯ 0.23660.02
d2 (a) 0.1560.01 0.07660.01
sDC (S/m) 4.56E-0562E-6 4.91E-0461E-6
b1 ¯ 1
b2 1 1

FIG. 10. Light transmission versus time for nylon 12 and a nylon 12/3
clay nanocomposite.
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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1109Rev. Sci. Instrum., Vol. 75, No. 4, April 2004 A dielectric slit die
into the sensor field of view, an abrupt drop in light intens
occurred att50 s. This is due to a change in the reflecti
coefficient at two interfaces: the change from sapphire/ai
sapphire/resin, and at the back wall, from steel/air to st
resin. Fromt50 s to t'300 s the gradual increase in ligh
intensity reflects the extrusion of degraded resin that oc
pied the extruder at the beginning of the run. A grad
cleansing of the extruder by fresh nylon resin is comple
during the intervalt50 s to t'300 s. At t51750 s, a resin
mixture containing 4% mass fraction of Cloisite 30B clay
the polymer was fed into the extruder and the resulting
tensity decrease accompanies reflection coefficient cha
at the interfaces and the attenuation of light due to scatte
within the resin composite. Att54000 s, neat nylon 12 wa
fed into the flow stream and the light intensity slowly r
turned to the original level as the composite material w
replaced by the neat resin. The transition from the nylon/3
composite to neat nylon 12 took approximately 1500 s.

The objective of measuring light transmission data is
obtain an attenuation coefficient for the processed resin
we assume that the reflection coefficients at the sapp
window and the steel wall are the same for both the n
resin and the 4% filled resin, then the light attenuation is d
to the scattering of filler particles. If we describe attenuat
by Beer’s law,I 5I 0e2bx, whereI is light intensity,b is the
attenuation coefficient, andx is distance, thenb50.39 cm21

for the filled resin intensity reduction in Fig. 10. A mor
detailed discussion of the optics sensor is contained in
viously published papers.9,10

The same transition times are seen in the dielectric d
where the change from neat to composite and back to
resin is reflected in the relative permittivity and conductiv
data of Fig. 6. The lengthy transition times are due to
flow pattern by which new resin replaces old in the s
When added to the extruder, the new resin does not imm
ately replace old resin, but rather, follows laminar flo
streams of highest velocity that are at the center of the sli
time, the boundary between new and old resin moves tow
the surface and the sensitive region of the dielectric senso
which time the slit becomes completely full.

Figure 11 shows the corresponding pressure signal
function of time. Steady-state conditions prevail after t
transitions are complete. The calculation of resin appa
viscosity using slit die rheology yielded values of 139 a
169 Pa s for the neat and filled nylon 12, respectively.19 The
relative uncertainty in the apparent viscosity values is 8%

In summary, the dielectric slit die was specifically d
signed to monitor polymer nanocomposites compounding
multiplicity of sensors permits the characterization of t
compounded product from different perspectives.
showed that the dielectric response of a polymer melt
plays electrode polarization and dc conductivity, effects t
must be taken in account when analyzing the data in orde
Downloaded 23 Mar 2004 to 129.6.154.39. Redistribution subject to AIP
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retrieve material dielectric relaxations. One can expect t
Maxwell–Wagner relaxations will be present in polym
composites containing inorganic filler.

The uniqueness of this instrument is highlighted by t
fact that there are very little dielectric data in the literatu
for polymer melts that we can use as a reference. Most
searchers have avoided working on polymer melts beca
operating a static dielectric cell at melt processing tempe
tures will cause polymer degradation in a matter of minu
and potentially cause damage to the instrument. The data
we present here represent investigations into an area of
rameter space that has not been explored before.

bIdentification of a commercial product is made only to facilitate experim
tal reproducibility and to describe adequately the experimental proced
In no case does it imply endorsement by NIST or imply that it is neces
ily the best product for the experiment.
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