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Abstract

Breakup (dispersion) and distribution of nanoparticles are the chief hurdles towards taking
advantage of nanoparticles in polymer nanocomposites for reinforcement, flame retardancy,
conductivity, chromaticity, and other properties. Microscopy is often used to quantify mixing,

but it has a limited field of view, does not average over bulk samples, and fails to address
nano-particle hierarchical structures. Ultra-small-angle X-ray scattering (USAXS) can provide

a macroscopic statistical average of nanoscale dispersion (breakup) and emergent hierar-chical
structure, as well as the distribution on the nanoscale. This work compares several common mixer
geometries for carbon black-polystyrene nanocomposites. Two twin-screw extruder geometries,
typical for industrial processing of melt blends, are compared with a laboratory-scale single screw
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extruder and a Banbury mixer. It is found that for a given mixer, nanoscale distribution increases
following a van der Waals function using accumulated strain as an analogue for temperature
while macroscopic distribution/dispersion, using microscopy, does not follow this dependency.
Breakup and aggregation in dispersive mixing follow expected behavior on the nanoscale. Across
these drastically different mixing geometries an unexpected dependency is observed for nanoscale
distributive mixing (both nano and macroscopic) as a function of accumulated strain that may
reflect a transition from distributive turbulent to dispersive laminar mixing as the mixing gap is
reduced.

Keywords

Nanocomposite; Ultra-small-angle X-ray scattering; Accumulated strain; Co-rotating twin-screw
extruder; Carbon black; Polystyrene; Single screw extruder; Banbury mixer; Laminar; Turbulent;
Reynolds number

1. Introduction

Melt processing for nanocomposites relies heavily on optimal nanofiller distribution and
dispersion (particle breakup). Determination of processing parameters that impart the

most favorable properties is ever evolving. There are five main methods to melt process
nanocomposites: calendering, Banbury mixing, single-screw extrusion, co-rotating twin-
screw extrusion, and counter-rotating twin-screw extrusion [1]. In industrial grade twin-
screw extruders, the screws can be customized to best suit a nanocomposite filler and

its desired properties. For fillers like carbon black, the nanoparticle dispersion (breakup/
aggregation/agglomeration) and distribution within the products can vastly alter their
properties. In polymer processing a distinction is made between the breakup of granules/
pellets, dispersive mixing, and the re-distribution of particles, distributive mixing [1]. In
addition to these distinctions, for materials such as carbon black, the size-scale hierarchy

of mixing must be considered since macroscopic mixing can significantly differ from nano-
scale mixing. For example, silica easily mixes with organic elastomers on a macroscopic
scale but can form nano-scale clusters that reduce the desired nano-composite properties.
Macrodispersion assesses the incomplete breakup of filler pellets into agglomerates (1 yum to
>100 um in size) through tensile strength distribution and optical microscopy. These large
inclusions/flaws decrease the tensile strength of the composite based on Griffith-Orowan-
Irwin theory of fracture [2—4], though these imaging techniques are semi-quantitative.
Conversely, microdispersion is associated with filler aggregation/networking on the nano-to
micron size scales and can be detected by the rheological Payne effect and ultra-small
angle X-ray scattering (USAXS). USAXS can directly quantify breakup, aggregation and
agglomeration on the nano-to micro-scales from an average over macroscopic scales that
evaluates dispersive mixing. Simultaneously, USAXS can be used to quantify the second-
virial coefficient and the associated interaction potentials [5—7] which describes distributive
mixing. In this study the nanodispersion/distribution of carbon black in melt compounded
polymers is compared for several extruders/mixers, screw designs, and screw speeds. The
USAXS nano-scale method is compared with a macroscopic imaging method.
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Extrusion systems for polymer compounding

Three mixers were utilized in this paper: a Banbury mixer, a single-screw extruder (SSE),
and a co-rotating twin-screw extruder (TSE). Banbury mixers are internal batch mixers
with counter-rotating mixing blades. They are typically used for highly filled compounds
(concentrates); the product later being fed and processed by an extruder [8]. Single-screw
extruders are popular for their reliability and cost-effectiveness. They excel at building
pressure and are largely used for thermoplastic elastomers and PVVC. When specialized
mixing is the most important aspect of the process, twin-screw extruders may be preferred
due to their intermeshed screws and versatility. While there are different rotors and screws
available for both the Banbury and SSEs, industrial grade TSEs are built element by element
like a shish-kebab. This ensures that the screws can be customized to achieve ideal melt and
mix quality.

Accumulated strain can be a measure of the driving force for convective mixing just as
temperature drives diffusive mixing [5]. For batch mixers, like the Banbury mixer, the
accumulated strain is proportional to the mixing speed times the residence time. For
extruders, the mixing speed and residence time are coupled since the barrel is of fixed
length. For a simple, model screw that is filled completely, faster screw rotation results in

a proportional reduction in the residence time resulting in no change in the accumulated
strain. For complex screws where the barrel is not completely and not uniformly filled,

Fig. 1(d), increasing the extrusion speed changes the distribution of melt in the various
segments leading to a change in accumulated strain. A further complication is that little
distributive mixing occurs in laminar mixing at low Reynolds numbers for narrow flow gaps
while extensive distributive mixing occurs in turbulent flow at high Reynolds numbers with
wide flow gaps. We have found that regardless of the flow geometry and laminar/turbulent
mix in a complex mixer, an increase in accumulated strain leads to better mixing for that
one geometry [6,7]. However, when comparing different mixing geometries, where higher
accumulated strain is associated with narrower flow gaps, the proportional transition from
turbulent to laminar flow has the opposite impact on distributive mixing, i.e., a reduction

in distributive mixing with greater accumulated strain associated with narrow flow gaps as
demonstrated below.

TSEs typically contain feed, melting, side feed, mixing, venting, and pressure building
sections before the samples are processed into the final product as depicted in Fig. 1(d) [9].
SSEs have three geometrically different sections, but only one pressure building section. The
three sections in SSEs include the feed section, the metering section, and the compression
section [10]. In a Banbury mixer and single-screw extruder the mixing chamber is typically
filled to 70% since they are bulk fed as shown in Fig. 1(a) and (b), respectively. In a
twin-screw extruder, only a fraction of the mixing chamber is filled because it is starve-fed
with a constant feed rate as shown in Fig. 1(c) where the black granular material is the
compound being mixed and the white area is open space. In Fig. 1(d) the blue area contains
the polymer compound.

A screw is described by the pitch, which is the length in screw outer diameters of a full turn
of the thread, so the pitch is proportional to the sine of the angle of the thread along the
screw. The feeding section of a twin-screw extruder contains forward conveying elements
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with a longer pitch to introduce the material, Fig. 1(d). The pitch of the conveying elements
is then reduced to increase the fill level in the extruder as the material progresses to the
melt section. The melt section can vary in length and aggression through the selection

of different mixing elements and can be tuned for materials with different melt flow

indices (viscosities). For example, forward kneading elements, Fig. 2, with narrow discs
can introduce the material to the melt section, followed by forward kneading elements with
wider discs. Wider discs allow more material to pass between the tips of the kneading
elements and the barrel walls, creating higher shear and more dispersive mixing (particulate
breakup). Thinner disks force more material between kneading elements, splitting the flow
and creating more distributive mixing (particle organization). Reverse conveying elements
or neutral kneading elements can be used to build pressure and increase the fill level, if
necessary, as shown in Fig. 1 (d). If a side feeder is being used to incorporate filler, forward
conveying elements with long pitches will be used to lower the degree of fill to prevent
material from overflowing (flooding) out of the feeder vents.

Mixing sections can vary depending on the filler bulk density, filler type, and desired final
properties. Low density fillers convey air into the melt, and elements that are axially open
allow the air to vent either up- or downstream. Forward conveying kneading elements with
wide disks are more aggressive than those with narrower disks, shown in Fig. 2(a). For

more distributive mixing, forward kneading elements with narrow disks can be used with

or without gear mixers, shown in Fig. 2(b). The venting zone follows the mixing zone,
requiring forward conveying elements with longer pitch. Longer pitch increases the volume
threshold and reduces the degree-of-fill, lowering the chance of vent flooding and increasing
the volume of material that can pass through those sections. Vacuum vents require melt seals
upstream and downstream to prevent the pressure from affecting other zones. Melt seals can
be achieved, for example, via neutral kneading elements and reverse conveying elements.
Finally, the pressure building zone allows the material to achieve enough pressure to be
passed through the final processing unit, usually a die of some kind. The pressure building
section needs to be long enough to prevent flooding into any vents and usually consists of
forward conveying elements of consistently reducing pitch to increase fill level and pressure.

Measuring nano-dispersion

Current methods to measure dispersion include residence stress distribution (RSD) [11,12],
photoluminescent spectroscopy [13,14], analysis of micrographs [15], transmission and
scanning electron microscopy (TEM, SEM). RSD is a method of measuring stress in
extruders, combining stress distribution history and residence time distribution (RTD). It
utilizes calibrated microencapsulated sensor (CAMES) beads and dyed beads that rupture
at certain stresses, to create a profile of how much material receives a designated amount
of stress along the RTD [11, 12]. We argue that the quantification of dispersion is size
specific. For example, optical methods and scanning electron microscopy can only describe
two orders in size. Transmission electron microscopy could cover a much smaller size
adding another two orders of magnitude on the nanoscale. Other than the extensive sample
preparation, the 100 nm thick cryotome sections reveal only a local state of dispersion in
TEM. Sampling of heterogeneous materials is poor for microscopic techniques due to the
limited field of view. Moreover, traditional microscopic information is a two-dimensional
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projection of 3D space thereby limiting a detailed, quantitative understanding of the 3D filler
distribution and its hierarchy. More recent work that uses tomography to reconstruct three-
dimensional structures of polymeric nanocomposites is limited to the micron-scale [16].
Typically, nanofillers are incorporated to enhance bulk conductivity, UV absorption, and
improve the static and dynamic response. Each purpose favors different levels of structure
in the filler’s multi-hierarchy [17] and subsequent extent of dispersion at that level. For
example, the frequency dependent dynamic response of a carbon black nanocomposites is
linked to their nanoscale networks, whereas the bulk conductivity depends on their micron-
scale networks [18]. These analytic challenges can be overcome by using combined small-
angle scattering techniques such as SAXS and USAXS that extend the spatial resolution
from pm to A i.e., about four decades in size. Additionally, SAXS/USAXS measurements
are made over macroscopic dimensions resulting in a bulk average measure of the nanoscale
structure, its hierarchical dispersion and size-dependent distribution.

1.2.1. Dispersive mixing/monitoring the change in nanoaggregate structure
—As opposed to microscopy which involves a direct imaging of space, most interpretation
and analysis of small-angle scattering (SAXS) data occurs in reciprocal space which is a
Fourier transform of the real space. Analysis of SAXS data usually involves model fits to the
reduced scattering intensity, I,(q)/¢,. One universal model, the Unified fit [19], combines all
the structural levels in the filler hierarchy and presents information about the size, structure,
surface area to volume ratio and the number density of the particles. The size as measured
by the radius of gyration, the number density and volume of the particles at each structural
level is based on Guinier’s law [20] whereas, the morphology and the surface area to volume
ratio is based on Porod’s and other power-laws [21]. The Unified Function [19] is derived

as:
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where, the subscript “i* reflects the index of the structural level that is generally numbered
from the smallest size-scale (primary particles, i = 1) to the larger size-scales (aggregates,
i=2); ¢ = ql|erf(kqR,/ \/6)]3 and “erf” is the error function [19]. k has a value of 1 for

P, > 3 and a value of 1.06 is generally used for P, < 3. R,, = 0 indicates no high-q cutoff

or termination to the level 1 Porod power-law decay. Each structural level in the Unified
Function in equation (1) involves four generic parameters, the Guinier prefactor, G, that

is related to the electron density, volume and number density of particles at that level, the
radius of gyration, R, ,, the power-law prefactor, B, that is related to the surface area to
volume ratio (S/V), and the power-law slope, P, that is related to the particle morphology
at that level. Note that the units of I,(q)/¢, on the absolute scale is cm™ since it represents
the differential scattering cross-section normalized by the irradiated volume. A schematic
of the primary particle and aggregate structure levels as observed in USAXS for typical
carbon blacks is shown in Fig. 3. Notice that the primary particles are made of elementals
that are not typically observed in scattering, although they can be resolved through electron
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microscopy as proposed by Koga et al. [17,22,23]. These elementals comprise of graphitic
layers that display a power law scaling of —2 in scattering.

As previously discussed, processing of nanocomposites results in dispersive fracture of

the filler agglomerates to ~100 nm aggregates that are made up of primary particles. To
assess dispersion on these size scales, we limit the index “i* in equations (1) and (2),
thereby reducing equation (1) to the first two structural levels. Industrial nanoaggregates are
branched mass-fractals. The mass-fractal dimension, d;, equals the negative of the power-law
slope for level 2, P,, from the fit in equation (1). To estimate the extent of dispersive mixing
(agglomerate breakup), the aggregate topology specified by parameters derived from the

fit parameters in equation (1), can be used. These topological parameters are: the size of
primary particle as the Sauter mean diameter, d, = 6 V/.S; the degree of aggregation or the
average number of primary particles in an aggregate, z = (G./G,) + 1; the aggregate end-to-
end distance, R.., = d,(z)"%"; the aggregate tortuosity dimension, d,,,, = (B.R:,)/(CI(di/2)Gy),
where, C, represents the aggregate polydispersity close to M,/ M,, [24,25]; the short circuit

path, p = (Rmd/d,,)dmi“; the aggregate connectivity or topological dimension, ¢ = d;/d,,; and
the branch fraction, ¢,. = (z — p)/z [26—29]. Note that there is a good correlation between the
d, obtained from X-ray scattering studies and BET measurements [30].

1.2.2. Distributive (organizational) mixing/measuring the nanoaggregate
interaction parameter—Changes to the aggregate topology, as described above, can only
be determined when the filler concentration in the nanocomposite is sufficiently dilute (¢,)
such that there is no overlap of neighboring nanoaggregates which obscure structures larger
than the structural screening length. Practically, such dilute conditions are seldom seen
commercially and at higher loadings (semi-dilute, ¢) aggregate interactions can be observed.
This is reflected by a diminishment in the reduced scattering intensity, 1(g)/¢ as compared to
1(q)/ p, at low-q (large size), called structural screening [5]. In the limit of ¢ — 0, the extent
of structural screening due to particle-particle interactions, v, for different nanofiller loadings
can be quantified through the random phase approximation (RPA) equation of deGennes and
Edwards,

¢ %o

I(q=0) ~ To(g=0) +ov

@

if a mean-field assumption is made [7,31-33]. A mean-field assumption is reasonable in the
absence of specific interactions that occur with charged aggregates like silica [34]. Note that
v (cm) is an effective interaction parameter for all the particles in the system and reduces
the many-body problem to a single mean-field. Equation (2) can be rewritten in terms of the
scattering structure factor [34],

N (C) 1
S@ = 7 = T+ I @Td]

©)
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“v”, measured at g — 0 is proportional to the binary interaction parameter, 4,, as shown by
Vogtt et al. [33] who used the Pedersen and Sommer formalism [32] to study worm-like
micelles,

4= (802) 12N ()

O

,such that < 4p% > represents the squared difference in the scattering length densities of the
nanofiller and the polymer matrix or the electron contrast (cm™4), N, is Avogadro’s number
and p, is the nanofiller density in g/cm3. A, (mol cm3/g2) is a measure of the extent of
distributive (organizational) mixing. 4, is positive for high degrees of distribution, negative
for phase separation, clustering, or flocculation and 0 for the limit of separation/clustering,
in the case of melt mixing of polymers this can be the wetting time [6,7] if mixing is
observed as a function of residence time. To determine how the binary interaction parameter,
v, varies with mixing conditions, Rishi et al. [7] considered a thermal analogy. It is well
known that the temperature dependence of the second virial coefficient, B, = AZ(MZ/ NA),

can be expressed through the van der Waals (vdW) equation of state, where M=p,N,z(zd;/6)
represents the nanoaggregate mass (g/mol). In viscous polymeric media, the distribution

of immiscible nanoparticles is dictated by the accumulated strain imparted during the high
shear mixing process as opposed to temperature in a thermally equilibrated system [6,34].
Considering the accumulated strain, y,.., as analogous to thermal energy, kT, allows for
quantification of dispersion in terms of the excluded volume of the fractal aggregates, »*,
and the attractive interaction potential between aggregates that lead to segregation, a*, from
the van der Waals formalism where « x  indicates that this is an approximation based on

an analogy between thermal distribution by Brownian motion and Kinetic distribution by
accumulated shear strain,

B; = b* - (a*/yacc)

®)

B; can often be directly calculated from the dilute scattering curve if bound polymer can be

ignored (»* can also be used to measure the extend of bound polymer) [7,34]. B; has units
of cm3/aggregate [5]. In equation (5), the accumulated strain, y,.., accounts for the mixing
geometry, ¥, the residence time, 1., (min or s), and the rotational speed, N (rpm) such that,
Yee = $Nz = y1 since the strain rate, y = N for equations (6) and (7) as shown below.

1.2.2.1. Estimation of the accumulated strain for the Banbury mixer.: For a Banbury
mixer, the geometry can be described between the rotor with diameter, Dy, and the
concentric wall with diameter Dy, using Couette flow [35,36], such that the accumulated
strain at the wall can be approximated as,

Polymer (Guildf). Author manuscript; available in PMC 2024 November 20.
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4z
n{(DW/ Dy)

YaceM = ytres = Ntres

2/n_1}

(6)

In equation (6), N (rpm) is the rotational speed, » represents the power-law index for
shear thinning viscosity and is approximately equal to 0.28 for polystyrene (the polymer
used here) at 170 °C [37]. Note that #,, for a batch mixer equals the mixing duration. For
continuous mixers such as extruders, ., and N are inversely related.

1.2.2.2. Estimation of the accumulated strain for single screw extruder.: For a single
screw extruder, the accumulated strain can be estimated through the barrel diameter, Dy, and
the channel depth or screw-barrel gap, #(L) which is a function of the screw length, L [38],
such that,

(sl 2h0)
Yace.SSE = Vtres = (T N

™

The average residence time, ¢, (min), for the single screw extruder was estimated from

the ratio of the free volume, Vi = Viwa+  Vie— Vit — HaignV o 10 the volumetric flow
rate, O, measured in cm3/min if a 100% conveying efficiency is assumed, as opposed tracer
methods used to determine the residence time distribution [39,40]. Here, N represents the
screw speed measured in rpm. Notice that in equation (7), the residence time, ¢, accounts
for the viscoelastic behavior of the polymer melt since a material with lower melt flow

. . . . 2 .
index will have a longer residence time. The barrel volume, Vi = n(%) L, whereas the die

Dbore
2

2
) Ly.... NoOte that since the screws in an SSE are generally tapered the

D;r;ax 2 D:l:axD:r:in D;]:in 2
+ +

volume, V4. = n(

volume of the screw shaft, v, = % L. The volume of a screw

2 4 2

. Diign\2
f||ght, Vﬂighl = ﬂ'(%) Lﬂighl-

1.2.2.3. Estimation of the accumulated strain for twin-screw extruder.: The above
estimates might reasonably approximate the accumulated strain in small-scale laboratory
mixers and extruders, however, for large-scale industrial extruders these approximations are
insufficient. Industrial grade twin-screw extruders are “starvation-fed,” limited at the low
feed end by an empty mixing chamber and surging of the polymer melt and at the high feed
end by filling of the mixing chamber, with torque and heating. Because twin-screw extruders
are starvation fed and do not continuously run full, precise computations of y,...s: depends
upon the degree-of-fill or the extruder free volume. The addition of intermeshing screws
adds another degree of complexity, making calculations difficult.

Polymer (Guildf). Author manuscript; available in PMC 2024 November 20.
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The accumulated strain for TSEs can be estimated by summing over the average strains due
to each screw element, y,..rse = Y. 7... Although the polymer melt flow within the TSE is
complex, 7...rss Can be approximated if two assumptions can be made: (a) each flow channel
contains the same amount of material; and (b) the difference in strain experienced by the
material in the intermeshing region of the screws is negligible. These simplifications allow
the accumulated strain to be estimated from only one melt flow channel within the screws.

To calculate the accumulated strain, y,.., for a screw element, both the residence time, 7., (S),
and average shear rate, y,,, (s1), are needed such that,

Yace = }'avgtres

®)

The estimation of ¢, depends on whether the geometry of the screw element builds

pressure during melt flow or not. Elements with an effectively reversed or neutral conveying
geometry enhance pressure, while elements with forward conveying geometry do not. The
residence time for elements that do not pressurize the melt can be determined from,

tesap = 601/yNC

©)

1.y depends on the extruder screw speed, N (rpm), the element’s conveying efficiency, 6(%),
the element’s pitch, ¢, and length, /. The element’s pitch and length are typically expressed
in terms of the screw’s outer diameter, D,. Additionally, the conveying efficiency, 6, is
largely due to the element’s geometry and has been designated in prior work by Schuler [9].
On the contrary, the residence time for elements that build substantial pressure depends on
the estimated fill level, @ (%), the element free volume, V... (cm3), and the volumetric flow
rate, O (liters/hour) such that,

trcs.p = 3-6QVfrcc/Q

(10)

Q ~ 100% for reverse or neutral elements that create a melt seal which requires pressure to
be overcome. Additionally, the elements in the backup of the created melt seal will also have
some pressure and the fill levels of those elements need to be estimated. The estimation of
V. from the element’s geometry has been described by Schuler [9].

Estimation of the average shear rate is complicated since the screw-barrel gap, » (mm),
depends on the screw geometry. During screw rotation, 4 changes relative to the tip and
flank angle of the screw element. To calculate the average shear rate, 7,,, (s'1), the element
can be divided into sections based on the area traversed during rotation relative to the tip and
flank angles as shown in Fig. 4. y,., can be determined summing the product of the shear
rate for each section “i” of the screw element, 7, and the area it encompasses, 4, (mm?),
normalized by the total area enclosed by all the sections,

Polymer (Guildf). Author manuscript; available in PMC 2024 November 20.
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Vae = D TAL DA

(1

¥, depends on the extruder geometry, i.e., the outer diameter of the screw, D, (mm), the
screw-barrel gap, 4, and the screw speed, N (rpm), for that section of the screw element such
that,

;= mD,N/60h;

(12)

Notice that equation (12) is like equation (7) for the single-screw extruder. For the conveying
or kneading elements, the screw-barrel gap can be calculated using equations derived by
Schuler [9]. For other mixing elements such as specific gear mixers used in this study, the
estimates of A, are provided by KraussMaffei, Florence, KY 41042, USA.

In this study, the accumulated strain for laboratory and industrial grade polymer processing
equipment with different mixing speeds and mixing geometries was computed. Although,
the design of industrial grade twin-screw extruders is inherently more complex than
laboratory grade mixers, the estimation of the mean accumulated strain serves as a good
measure of the shear experienced by the nanofiller compounds. Carbon black distribution
in these instruments was compared based on the second virial coefficient obtained from
small-angle X-ray scattering measurements.

2. Experimental

2.1. Sample preparation

Samples were prepared using a 50 g internal Brabender Plasticorder® mixer with counter
rotating Banbury-type blades, a single-screw vertical microtruder from Randcastle Extrusion
Systems, Inc. Cedar Grove, NJ 07009, and a ZE 28 BluePower twin-screw extruder with co-
rotating screws from KraussMaffei, 7095 Industrial Rd, Florence, KY 41042, and Munich,
Germany with two different screw designs. One screw design, intended for more distributive
mixing, utilized gear mixers (GM) in the mixing section, while the other screw design,
intended for more dispersive mixing, used 1.25D 45° and 90° forward conveying kneading
blocks (KB). A 35% by weight carbon black (that conforms to ASTM grade N110)/
polystyrene masterbatch from Modern Dispersions, Inc., 78 Marguerite Ave, Leominster,
MA 01453 was processed with AmSty STYRON™ 666D [41] clear polystyrene with a melt-
flow index of 8 g/10min at 200 °C. Note that the masterbatch was produced with the same
grade of polystyrene, AmSty STYRON 666D. The amount of the two resins was controlled
to produce samples with approximately 1%, 5%, 10%, 15%, and 20% by weight (,,) of
carbon black (dilute volume fraction, ¢, = 0.005; semi-dilute volume fractions, ¢, ranging
from ~0.025 to ~0.12) on all processing equipment. The twin-screw extruder was run at 300
and 400 rpm, using both screw geometries. The samples were pelletized following extrusion.
Each twin screw extruder sample is referred with letters to designate the screw design, GM
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(gear mixer) or KB (kneading block), followed by the screw speed (rpm) as shown in Table
1. The N110 grade is a high-structure carbon black with a specific surface area of 143 m2/g
and a Sauter mean diameter (6 V/.S) of ~23 nm [42].

Table 1 also lists the accumulated strain experienced by the filler particles for each
processing geometry. For the Banbury mixer, Dy, = 40 mm, Dy = 28.5 mm, n = 0.28 for
polystyrene at 170 °C [37], and the mixing duration, ¢, was 6 min. For the SSE barrel,

Dy =127 mm, L =343 mm, whereas the channel depth, A(L =343 mm) was 0.7 mm. For
the die used on the SSE, D, = 6.3 mm whereas L,,. = 45 mm. The screw shaft diameter

at the top (near the start of the feeding zone), DX = 6.3 mm while, at the bottom (at the
end of the metering zone), D™ = 11.4 mm. The screw comprised of g, = 22 flights with
diameter, Dy, = 12.7 mmand width, Ly, =2.51 mm. Ata screw speed, N = 30 rpm, 60
g of the polymer took approximately 4.5 min to convey through the extruder (with die)
resulting in a volumetric flow rate, Q = 12.7 cm3/min. The residence time, 1., (at 30
rpm) was thus 1.33 min. Note that the information pertaining to the screw designs for the
twin-screw extruder is proprietary.

2.2. Ultra small-angle X-ray scattering (USAXS)

Five to ten pellets from each sample were hot pressed at about 120 °C for 3 min to create

1 mm thick discs for USAXS measurements. Ultra-small angle X-ray scattering studies on
these pressed sample discs were conducted at beamline 9-1D C at the Advanced Photon
Source, Argonne National Laboratory, IL, USA. The instrument is designed and operated
by Jan lavsky and his team [43,44]. All scattering data was analyzed on IGOR Pro®. The
absolute intensity data was reduced and de-smeared prior to analysis using the Irena suite
[45] in IGOR Pro®. Note that the polymer background was subtracted prior to performing
the Unified Fits [19,26,27], equation (1), on the dilute, ¢, (1 wt%) samples and fits based on
the mean-field model, equations (2) and (3), for the higher concentration (¢) samples using
the dilute parameters for 1,(q)/¢,.

2.3. Scanning electron microscopy (SEM)

Another set of discs were hot pressed at 120 °C for about 1 min by utilizing a single

pellet from each extruder and mixer to achieve a sample thickness about 100 um thick.
These samples were sputter coated with gold prior to imaging via a scanning electron
microscope. Micro-graphs were obtained on a SCIOS Dual-Beam Scanning Electron Micro-
scope/Focused lon Beam at the Advanced Material Characterization Center (AMCC) at
University of Cincinnati. The micrographs were obtained for samples containing the highest
volume fraction (¢) of carbon black at an operating voltage of 5 kV and an operating current
of 0.1 nA at 50,000 times magnification.
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3. Results

3.1. Characterization of the carbon black-polystyrene nanocomposites processed on
each mixing geometry through scattering and microscopy

Fig. 5 shows SEM micrographs for the highest carbon black loaded (¢, = 0.20) samples
processed on the twin-screw extruder (a) GM-300, (b) GM-400, (c) KB-300, (d) KB-400;
single screw extruder (e) SSE; and (f) mixer. In each micrograph the dark grey area
represents the polystyrene matrix whereas the lighter areas indicate carbon black aggregates.
Some asperities indicated by craters on the otherwise smooth surface are also seen in Fig.
5(a), potentially due to inadequate sample preparation. As such, any meaningful information
such as the average area occupied by the filler aggregates, the average aggregate size

and the mean separation distance between the aggregates cannot be ascertained from the
micrographs as is. To characterize the filler particles from the SEM images, a 500 by 500-
pixel section of each SEM image was selected and inverted in color using Adobe Photoshop
Elements 2019 as shown in the binary images adjacent to the SEM micrographs in Fig.

5. The width of the image, 1623.4 nm, was then calculated by measuring the number of
pixels in the scale bar. The resulting binary images compared well to the original grayscale
images at a thresholding value of 135. Varying this value resulted in making the filler

and polymer matrix indistinguishable. Note that the binary image for GM-300 in Fig. 5(a)
required manual corrections to remove the surface asperities, however a rigorous treatment
was not performed to eliminate bias. In the binary images in Fig. 5, it is observed that

the average end-to-end distance of the carbon black aggregates is similar across all mixing
geometries at the corresponding strains. The larger blotches represent aggregates on the
imaging plane whereas the small, dot-like features represent aggregates out of the imaging
plane. Although the average aggregate size can be quantified, other topographical features
cannot be resolved.

Fig. 6 shows the reduced (concentration normalized) scattering intensity, I,(q)/¢,, as a
function of the reciprocal space vector, g, for the dilute filler samples (¢, = 0.005), (a)
GM-300, (b) GM-400, (c) KB-300, (d) KB-400, (¢) SSE, and (f) mixer. The corresponding
Unified fits, equation (1) solid black curve, are also shown. In Fig. 6(e) and (f), the region to
the left of the dashed line i.e., g < 0.0007 A in (a)-(d) and g < 0.0008 2&_1, characterize
the largest hierarchical structures that can be observed on the combined USAXS/SAXS
scale which are compact agglomerated carbon black aggregates as reflected by the low-q
power law slope (-3 < P; < —4). Note that the corresponding low-q Guinier knee is not
observed for these compact agglomerates due to the experimental limits. For quantification
of dispersion of nanoaggregates made up of primary particles, we limit the Unified fit,
equation (1), to the first two structural levels as shown by the black curve, between the

two dotted black lines. Note that the Unified fit shown in Fig. 6(a)—(f) only shows the
components associated with the aggregates the low-q scattering region. The first structural
level is characterized by the observed power law slope of —4 and the corresponding

Guinier knee in the high-¢ region (0.007 Al < q<0.02 Z\_l). On the contrary, the second

structural level is characterized by a power law slope, —2 < P, < — 3 and the corresponding
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Guinier knee in the mid-q region (~0.0007 A" < qg< 0007 A_l). This indicates that the

nanoaggregates are mass-fractal entities made up of z primary particles obtained from the fit
parameters to the Unified function tabulated in Table Al in the Supplementary Information.

At much larger g, the structure of graphitic sheets that make up the primary particles can be

resolved, although this is beyond the scope of the discussion in this article.

The left inset images in Fig. 6 show the average aggregate based on the Unified fit

results. These aggregates were simulated in IGOR Pro® [45] based on a simulation method
proposed by Mulderig et al. [28] that uses the values from the USAXS parameterization

to generate 3D structures. Notice that these aggregates qualitatively compare well with the
SEM images of a single aggregate taken from the corresponding binary images in Fig. 5.
The SEM and 3D USAXS models match well in size though the micrographs are slightly
less magnified in Fig. 6.

Impact of varying mixing/extrusion conditions on the carbon black nanoaggregates

in polystyrene — dispersive (breaking apart) mixing

The primary particle and aggregate size as well as the topological dimensions, listed in Table
AZ2 in the Supplementary Information were derived from the Unified fit parameters listed

in Table Al in the Supplementary Information, as discussed previously. These experimental
topological parameters agree within error with those of the simulated 3D aggregates in
Table A2 in the Supplementary Information. Fig. 7 shows the trends for (a) average primary
particle size, d,, (b) the degree of aggregation, z, (d) the mass-fractal dimension, d,, the
minimum dimension of the short-circuit path, 4., and the aggregate connectivity dimension,
c as a function of the accumulated strain, y,.., experienced by the aggregates during the
mixing process as listed in Table 1. d, decreases with accumulated strain in Fig. 7(a).

Within one mixing geometry (green or grey points) there is no change in d,, while across
mixing geometries a reduction is seen indicating that for higher strain with a smaller gap

for different mixing geometries the associated increase in laminar mixing serves to break up
the primary particle clusters depicted in Fig. 3. The reduction in primary particle size results
in an increase in the degree of aggregation, z, as shown in Fig. 7(b). This is expected since
smaller nanoparticles, have a larger surface to volume ratio (S/V), 1/d,, so the increase in z
could be driven by a reduction in surface area as shown in Fig. 7(c). This dependence on
SV seems universal for different fillers subject to different processing conditions and has
been demonstrated for carbon-coated silica fillers in styrene-butadiene rubber processed on
a Banbury mixer [46]. The trend in Fig. 7(c) predicts a d, .., of about 64 nm, above which in
d,, aggregation is not expected. This result is not unexpected since the N330 grade of carbon
black (low--structure as compared to the N110 grade) characterized by a specific surface
area of 80 m?/g and Sauter mean diameter (d, =6 /.5 of 41.5 nm [42] forms aggregates
of about 10 primary particles post mixing in the Banbury mixer [7]. The constant 4, for the
same mixing geometry (grey and green points) seen in Fig. 7(a) is not seen in z where a
more linear dependence in accumulated strain for z is observed across mixing geometries

in Fig. 7(b). This might be an impact of increased collision frequency between primary
particles and aggregates with higher distributive mixing.
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Fig. 7(d) shows that the mass-fractal dimension of the aggregates, d,, increases with
increasing y,.., indicating denser aggregates. This increase in aggregate density offsets the
increase in z and results in essentially a constant aggregate size, R..., with increasing y,..

as shown by the orange circles in Fig. 7(f), although a reduction in aggregate size is
expected at larger strains [47-49]. The average feature size estimated using ImageJ from the
SEM micrographs after image processing in Fig. 5 shows a similar trend to the USAXS
estimates depicted by the blue triangles in Fig. 7(f). Fig. 7(d) compares the variation

in the aggregate topological parameters, d,,;, and ¢ with accumulated strain. When ¢ =1,

i.e., d: = d.., the aggregates are linear unbranched chains. On the contrary, for c~d,, the
aggregates are completely branched and d,,, = 1. Increasing ¢ with accumulated strain results
from increased branching of the aggregates that leads to denser aggregates as reflected by an
increase in 4. Fig. 7(e) shows the calculated branch fraction, ¢,,, which varies from 0 to 1.
Processing the filled-composites in the SSE and mixer result in more chain-like aggregates
with a smaller branch content (refer Table A2 in the Supplementary Information), whereas
processing on the TSE results in highly branched aggregates. These differences are also
observed in the simulated aggregates shown in the inset images in Fig. 6 (a)—(f). Like the
trend between mixing geometries in Fig. 7(a) where the green and grey points show constant
d,, the branch fraction in one geometry (green and grey points) remains almost constant
with increased accumulated strain in Fig. 7(e). A similar behavior is seen with “¢” in Fig.
7(d). This indicates that the mix of laminar and turbulent flow, which changes across mixing
geometries, may play an important role for these parameters.

3.2.1. Large-scale structural dispersion—At lowest-g, Figs. 6 and 8(a), the
power-law reflects the organization of large, micron-scale structures. This low-q slope

(g < 0.0005 A™" or the vertical dashed black line in Fig. 8) for all semi-dilute filler
concentrations (¢ > 0.005) in Fig. 8(a) for KB-300 is like the dilute sample (¢, = 0.005)

and ranges between -3 and —4 indicating rough surfaced solid agglomerates of aggregates
and the absence of a global-filler network in this concentration range and for these
processing conditions. Notice that this phenomenon is also observed at all semi-dilute filler
concentrations for the SSE and Mixer samples in Fig. S4(a) and Fig. S5(a), respectively,

in the Supplementary information. However, the KB-400 samples display a micron-scale,
mass-fractal agglomerate network of nanoaggregates (low-4 slopes ranging between —1
and —3) at the highest concentration of ¢ = 0.120 (orange curve in Fig. S3(a) in the
Supplementary Information), while there are not enough data points at low-q for ¢ = 0.080
(green curve in Fig. S3(a) in the Supplementary Information). This large-scale network is
important for bulk conductivity, and mechanical strength and is generally a target structure
for this type of nanocomposite. Contrary to this, semi-dilute samples processed using gear
mixers on the twin-screw extruder at both 300 rpm and 400 rpm show the presence of

a global mass-fractal network on the micron scale as shown in Fig. S1(a) and Fig. S2(a)

in the Supplementary Information, except for ¢ = 0.085 (green curve in Fig. S1(a) in the
Supplementary Information). In the concentration range studied here, it seems that lowshear
conditions lead to the absence of a filler network on the micron scale which is detrimental
to the bulk mechanical properties and conductivity. From these scattering observations it is
expected that the SEM micrographs in Fig. 5(a) and (b), Fig. 5(d) should show a network
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structure while Fig. 5(c) and (e), Fig. 5(f) should show 3D agglomerates. This seems to be
possible from the original micrographs, but the network feature is lost in the thresholding
figures.

The calculated accumulated strain for the mixers in increasing order are Mixer < GM-300 ~
SSE < GM-400 < KB-300 < KB-400. There is no clear relationship between the calculated
accumulated strain and the appearance of a macroscopic network. However, as shown below,
there seems to be a link between the nano-distributive mixing as measured by B; and

the presence of a macroscopic filler network with the lowest distributive mixing samples
inclined to form macroscopic networks consistent with a previously proposed model that
nano-scale immiscibility is necessary for the formation of macroscopic networks. For B; the
order of mixers are Mixer > SSE > GM-400 > KB-400 > KB-300 > GM-300, with only
KB-300 not displaying a macroscopic network for the low B; samples.

3.3. Distributive (organizational) mixing of carbon black nanoaggregates in polystyrene
for different mixing/extrusion conditions

3.3.1. Estimation of the effective interaction parameter, v, from scattering
—Fig. 8(a) compares the reduced scattering curves, 1(q)/¢, at semidilute concentrations,

¢ = 0.021 (red), 0.043 (blue), 0.073 (green), and 0.094 (orange) with the dilute curve,
1(q)/ ¢, Where ¢, = 0.005 for KB-300 samples. Similar curves for GM-300, GM-400,
KB-400, SSE and Banbury mixer are shown in Fig. S1(a), Fig. S2(a), Fig. S3(a), Fig. S4(a),
and Fig. S5(a), respectively, in the Supplementary Information.

The experimental volume fraction does not correctly account for the filler volume fraction in
the 0.8 mm USAXS beam footprint due to fluctuations in concentration across the sample.
For this reason, is it more accurate to determine the volume fraction, ¢, by scaling 1(q) at the
highest g to the dilute sample, I,(¢)/¢.,, such that the two curves overlap in the high-g region.

The structure factor, S(g), shown in Fig. 8(a) inset and Figs. S1(a)-S5(a) insets in the
Supplementary Information is determined from the ratio of 1(q)/¢ and I,(g)/¢,. Since the
Unified fit is limited to the first two structural levels in the region between the two dashed
lines in Fig. 8(a) and Figs. S1(a)-S5(a) in the Supplementary Information, the inset S(q)

curves are only shown within this region of scattering vector. Notice that S(g) = 1 for

1

0.008 A~' <4 <002 A" since the dilute and semi-dilute curves overlap in this range,

whereas, for 0.002 A™' <¢ <0008 A, S(q) is reduced. Equation (3) fit the data well

within these two q ranges, however, for 0.0007 A< q < 0.002 A~ the fit does not agree
with the data. This apparent deviation at low-g can be attributed to agglomerates of nano-
aggregates that makeup the third structural level (either 3D agglomerates or a mass-fractal
filler network) as mentioned previously. These agglomerates are not accounted for in
equation (3). Nonetheless, from the fits, the value of v¢ can be determined for each filler
concentration, ¢, in the limit of g — 0. Fig. 8(b) shows plots of the aggregate structural
screening, v, as a function of the filler volume fraction, ¢ for the KB-300 nanocomposite
processed on the TSE. Similar plots for GM-300, GM-400, KB-400, SSE, and mixer are
shown in Fig. S1(b), Fig. S2 (b), Fig. S3(b), Fig. S4(b), and Fig. S5(b), respectively, in the
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Supplementary Information. A linear dependence with ¢ for all samples indicates that the
filler-filler interaction is dominated by binary interactions in this concentration range (only
the second virial term is needed in the virial expansion). The proportionality constant or the
effective interaction parameter, v, corresponds to the slope of the straight-line fits to the data.

3.3.2. Quantification of filler distribution (organization) via scattering and
microscopic analysis—To quantify the macroscopic filler distribution (organization)
through SEM micrographs, the average free space, L;,.,, was used. The free space between
filler aggregates from each micrograph, L;;, was determined using the MATLAB code of
Khare and Burris [50] for the processed binary images shown in Fig. 5. This code measures
the occurrence of filler aggregates in ~10,000 random squares with varying sizes in binary
images processed from the micrographs. The code returns the largest square of free space

of size L;; with less than 0.005 probability to have no particles. To determine the standard
deviation and L,,,,, four images were created by dividing each sample’s binary image into
four corner sections as shown in the center image in Figs. S7-S12 in the Supplementary
Information. Each corner section was then copied to create new 500 by 500-pixel images as
shown in Figs. S7-S12 in the Supplementary Information. L,; from these four binary images
and the original binary image in Fig. 5 were used to calculate the standard deviation and
L:.... Note that the area fraction, ¢,, from the processed SEM micrographs and the volume
fraction, ¢, (or ¢), from scattering are comparable as shown in Fig. S6 in the Supplementary
Information.

Fig. 9 shows a plot of the extent of nano distributive mixing quantified using B, through
scattering (red circles, left axis) as a function of the inverse accumulated strain, 1/, (refer
Table 1), for each mixing geometry and mixing condition. This plot follows van der Waals
model [6,7], B, * = b*(a*/y,.), €quation where »* is the excluded volume including bound
polymer and a* is the attractive potential between carbon aggregates. A negative slope and

a positive intercept are necessary by this analysis since the carbon black cannot be repulsive
and must have a positive excluded volume. It was previously shown for the Banbury mixer
and for the single screw extruder that carbon black and silica nanocomposites in elastomers
and in polystyrene could be well described by the van der Waals model [5-7,34,46,51]. For
the KB and GM TSEs in Fig. 9 the decreasing B, * values and positive intercept within a
given extruder geometry also follows the van der Waals function, as indicated by the two
downward sloped dashed lines and arrow. Differences between the two mixing geometries
involve different intercepts to the negative slopes which indicate different »* values. »*
changes when the amount of bound polymer changes so the two mixing geometries may
result in different amounts of bound polymer. However, across different mixing geometries a
positive slope is observed, top arrow, which is not consistent with the van der Waals model
using 7,.. and an analogy to k7. This upward trend, as indicated by the upward arrow, is also
followed by the macroscopic SEM measures of distributive mixing (blue triangles).

One explanation for the anomalous behavior across mixing geometries is that the fraction
or degree of laminar versus turbulent flow changes with different mixing geometries. As
mentioned earlier, for thinner gaps, which lead to larger accumulated strain, dispersive
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mixing becomes much more difficult since thin gaps generally display low Reynolds
numbers and laminar flow versus wider flow gaps that display lower accumulated strain
but larger Reynolds numbers, equations (13) and (14) below. For flow in a gap with the top
surface moving and the bottom surface fixed the Reynolds number is defined as,

Re = pvG/n

(13)

where, p is the melt density, v is the velocity of the top plate, G is the flow gap distance,
and # is the melt viscosity. Generally, Re < 200 is laminar and Re > 10,000 is turbulent, but
2000 is often used as a cutoff value with some contribution from laminar and turbulent flow
between 200 and 10,000. For the same conditions the accumulated strain is given by,

Yace = tdv/dy = tv/IG

(14)

where, ¢ is the mixing time. An appropriate measure of the extent and amount of turbulent
flow that leads to distributive mixing might be,

Re,.c =tRe = pnccGz/n

(15)

Due to the complexity of the geometry in mixers, and the dependence of viscosity on shear
rate and filler concentration it is not feasible to calculate Re,. in this study, but we plan to
investigate a simple geometry where the melt flow gap can be varied in a controlled manner
to test the appropriateness of equation (15). The van der Waals dependence would then
become,

B* = b* — (a*/Rey.)

(16)

Within a single mixing geometry and for a fixed polymer and temperature, equation (15)
indicates that Re,. is proportional to y,.. supporting the observed van der Waals behavior in
Fig. 9. From the almost linear dependence of B, * as a function of 1/y,. seen across mixing
geometries in Fig. 9, it seems that there is close to a proportionality between the inverse of
the accumulated strain and 1/Re,.. and the extent of turbulent flow in the mixing geometries
which serves to increase B, *.

Since the macroscopic measure of mixing, L;..,, does not display van der Waals behavior
(a decrease in B, * as a function of 1/y,..) even within the same mixing geometry, that is for
GM-300 and GM-400 or for KB-300 and KB-400, it would seem that the macroscopic
measure may be more sensitive to distributive (breakup) mixing while the nanoscale
measure, B, *, is sensitive to both distributive as well as dispersive mixing.
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4. Conclusions

Dispersion and distribution of nanoparticles in nanocomposites are major obstacles to the
enhancement of properties in nanomaterials. Mixing depends on simple factors such as
mixing speed, mixing time and more complex factors such as mixing geometry. In this paper
the impact on dispersive and distributive mixing of mixing geometry was explored. It was
found that dispersion and breakup of carbon black in polystyrene followed simple trends in
the accumulated strain regardless of the mixing geometry with increased accumulated strain
leading to a reduction in primary particle size and an associated increase in aggregation

that was proportional to the .S/V ratio of the filler primary particles. While the degree of
aggregation increased, the aggregate size remained almost constant because the topology of
the carbon black aggregates increased density through branching. The dispersive mixing also
involved formation of two types of large-scale structures, 3D agglomerates of aggregates or
mass-fractal networks of aggregates that percolate to fill space providing reinforcement and
electrical conductivity. Formation of these large-scale emergent structures were not linear in
accumulated strain but depended on the details of the mixing geometry and mixing speed. A
correlation with poor nanoscale distributive mixing, B, *, was shown supporting the concept
that local immiscibility is necessary for the formation of macroscopic filler networks and
their associated improvement in properties such as tear strength and conductivity.

Distribution of nanoparticles was seen to follow the van der Waals model when considering
a given mixing geometry and variable mixing speed, agreeing with previous studies.
However, when comparing different mixing geometries that display different flow gaps and
concomitant variation in laminar and turbulent flow it is seen that increases in accumulated
strain, associated with thinner flow gaps and reduced Reynolds number results in worse
distributive mixing, the opposite of the prediction of the van der Waals model. It was
proposed that the accumulated Reynolds number may be a better parameter to correlate
different mixing geometries and mixer speeds, Re,..

Macroscopic measures of mixing using SEM micrographs and statistical analysis did not

display van der Waals behavior even for variable mixing speed within a given geometry but
did indicate that dispersive (breakup) mixing was enhanced with thinner mixing gaps. This
shows some advantages for nanoscale measures of mixing for these systems using USAXS.

This study reveals some of the complexities that might be expected in ab initio prediction

of mixing for nanocomposites and some of the nuances that might be encountered in
understanding mixing using macroscopic and nanoscale techniques. Generally, dispersive
(breakup) mixing is well characterized by the accumulated strain across different mixing
geometries, while distributive mixing depends greatly on the mixing geometry and the extent
of turbulent vs laminar flow. Within one mixing geometry the accumulated strain can be
used to model distributive mixing in addition to dispersive mixing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Cross-section of three mixers. (a) Banbury mixer, (b) Single-screw extruder, and (c) Twin-

screw extruder, showing the melt flow channels (d) Axial sketch of a twin-screw extruder
showing general elements and fill levels within the feed, melt, mixing, and pressure building
sections. Grey granular regions in (a), (b) and (c) are the polymer compound as is the blue
region in (d). (For inter-pretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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(a) Kneading element with thin discs (b) Gear Mixers

Fig. 2.
(a) 90° kneading elements for twin screw extruders; (b) Gear mixers for twin screw extruder.
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Fig. 3.

Tygpical X-ray scattering profile as a function of scattering vector for carbon black that
displays characteristic power law scaling of —2, about —4, and about -2 (right to left) that
correspond to graphitic layers on elementals, primary particles, and aggregates, respectively.
Note that the elementals are clustered together into 3D primary particles whereas the
primary particles are aggregated into mass fractals. A schematic of the different structural
levels adapted with permission from T. Koga, T. Hashimoto, M. Takenaka, K. Aizawa, N.
Amino, M. Nakamura, D. Yamaguchi, S. Koizumi, New insight into hierar-chical structures
of carbon black dispersed in polymer matrices: A combined small-angle scattering study,
Macromolecules. 41 (2008) 453-464. Copyright © 2008 American Chemical Society, is also
shown.
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Fig. 4.

Ag image depicting a portion of a conveying element. Below the blue line is the barrel.
Below the purple line is the solid screw. The yellow area indicates the filled area of the
screw element, Y A, comprising of sections of area, A,. The black lines separate the screw
face into equidistant sections, and the green lines indicate the screw-barrel gap (). The
screw-barrel gap is used in the calculation of the shear rate (y,) for each green line. The
area to the clockwise side of the green line is used to determine the average shear rate for
the element. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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TSE GM-300 TSE GM-400

Fig. 5.

Scimning electron micrographs of highest (¢, = 0.20) carbon black filler loaded polystyrene
samples prepared on a twin-screw extruder (a) GM-300, (b) GM-400, (c) KB-300, (d)
KB-400, single-screw extruder (e) SSE, and a Banbury (f) mixer. The dark grey areas
represent the polymer matrix whereas the lighter regions represent the filler aggregates. The
binary images adjacent to the greyscale images depict a 500 by 500-pixel section processed
from the SEM micrographs to distinguish the filler and polymer matrix. In these images, the
black areas represent the filler aggregates whereas the white regions represent the polymer
matrix. Color boxes around the images correlate with the colored curves in Fig. 6. (For
interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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Fig. 6.
Reduced USAXS curves, I,(q)/¢, at dilute carbon black volume fraction, ¢, = 0.005 for screw

designs (a) GM-300, (b) GM-400, (c) KB-300, (d) KB-400, (e) SSE, and (f) mixer as

a function of the reciprocal space vector, q. Note that ¢ is inversely related to structural

size so large g represents smaller features and vice versa. Each plot shows the Unified

fit (equation (1), black curve) for g ranging between the dashed lines. The fit within this
g-range accounts for the level 1 primary particles and the level 2 aggregate of the structural
hierarchy. The left inset image in each figure shows the simulated aggregate with topological
parameters comparable to the scattering results as detailed in Table A2 in the Supplementary
Information. This aggregate simulation code is based on the model proposed by Mulderig et
al. [28] and optimized in IGOR Pro® by llavsky et al. [45] The right inset image shows an
SEM aggregate from Fig. 5 for qualitative comparison with the 3D aggregate model.
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Plots illustrating the (a) primary particle size, d4~V'/S, (b) degree of aggregation, z, as a
function of the accumulated strain, y,., listed in Table 1. (c) Shows the dependence of z
on S/v~1/d, (d) Shows an increase in connectivity dimension, ¢, with strain reflecting an
increase in branching, with a decrease in minimum dimension, 4., leading to an overall
densification of the carbon aggregates with strain, d; increases. () Shows the increased
branching of the carbon black aggregates, ¢, with accumulated strain while the overall
aggregate size, R..,, remains constant (f) and the values from SEM and USAXS agree.
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(@) USAXS curves for carbon black/polystyrene nanocomposite processed in the twin-screw
extruder operated at 300 rpm with screw design utilizing KB. The dilute scattering curve,

1o(q)/ ¢, Was fit using equation (1) for 0.0007 A~' < ¢ <0.02 A™", i.e., the region within the
dashed lines. Increasing filler concentration results in a reduction in the 1(g)/¢ curves in
the region associated with the aggregate structural level between the dashed lines indicating
aggregate overlap. The corresponding structure factor, S(q), obtained by normalizing 1(q)/¢
by 1,(q)/¢, within this region is shown in the inset figure. These S(q) curves were fit using
equation (3) to quantify the extent of screening/overlap, ¢v. (b) A plot of ¢v as a function
of the filler concentration ¢ determines the effective interaction parameter, v. For all other
nanocomposites, refer to Figs. S1-S5 in the Supplementary Information.

1duosnuepy Joyiny

1duosnue Joyiny

Polymer (Guildf). Author manuscript; available in PMC 2024 November 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Veigel et al.

8 x10 "

B,* (cm3/aggregate)

Page 30

T

.

BZ* = b* - @a*/Vacc

L d

L4

R

lllIllll]IIIIIllll\,{'lllllllll[ll}’

@)
=
Q
=
Q
®

Cin shear
- rate

. ‘
vl bera e b ds by by IS s o i s

T T[T T T T [T T T T AT [T T [T T [ AT T T T[T T T[T AT T[T T[Tt 400

Change in mixing

300

200

GM-300
GM-400
KB-300
KB-400
Mixer
SSE

100

XD+ X

. Q

P T N Y N W W U W W N A W T T Y

0
0.0002 0.0004

0
0.0006 0.0008

Inverse accumulated strain, 1/y,cc

Fig. 9.

The extent of dispersion quantified using B, = from scattering (red circles) and the average
free space, L., from micrograph analysis (blue triangles) as a function of the inverse
accumulated strain, 1/y,.. L:.,, is for the highest filler loading, while B, = is calculated from a
concentration series. Within a given mixing geometry the van der Waals model is followed,
inset equation and downward arrows. Between mixing geometries an upward slope is seen
which may reflect increased laminar flow for higher accumulated strain at smaller flow
gaps. Laminar flow enhances dispersive (breakup) mixing over distributive mixing. (For
interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)
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Table 1
Sample labels and processing conditions.

Sample Name  Processing equipment Screw Speed, N (rpm)  Accumulated Strain, ..
GM-300 Twin Screw Extruder utilizing Gear Mixers (TSE - GM) 300 2000
GM-400 Twin Screw Extruder utilizing Gear Mixers (TSE - GM) 400 2500
KB-300 Twin Screw Extruder utilizing Kneading Blocks (TSE - KB) 300 2700
KB-400 Twin Screw Extruder utilizing Kneading Blocks (TSE - KB) 400 3510
SSE Single Screw Extruder 30 2020
Mixer . .

Brabender Mixer with Banbury blades 60 1575
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