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Abstract

Polymers with special properties (e.g. electrical, optical or mechanical) are often ob-
tained via the addition of fillers. The composites’ final properties rely on the preser-
vation of these fillers during blending, which is, in particular, challenging for high
aspect ratio particles, like shear-sensitive flaky particles (ssFP). Thus, in cases of ssF'P
off- or in-line monitoring is indicated. This study addresses the lack of suitable non-
destructive monitoring methods appropriate for ssEP possessing a thickness below 1 um
and an area equivalent diameter of several 10 um. An elegant method was developed
to validate the integrity of ssFP within composites, which is based on the measure-
ment of the composites’ permittivity and applying precise micro-structure property
correlations to indirectly determine the fillers” morphological features. The main hy-
pothesis tested was that a reduction of the particles aspect ratio by a factor of larger

than 5 can be detected by the measurement of the composites’ permittivity. In this
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study, polyethylene or epoxy resin were blended with the mica-based ssFP Iriodin 153
which features a mean area equivalent diameter of 42 um and an average thickness
of about 1um. The micro-structure property correlation presented by G. Ondracek
[Z. f. Werkstofftechnik, 8:280-287, 1977] provided the necessary theoretical backbone
to indirectly infer geometrical changes to the ssFP from permittivity measurements.
An excellent match was obtained between the indirectly (permittivity measurements)
and the directly (ashing of matrix and subsequent scanning electron microscopy) de-
termined particles’ aspect ratios which related directly to the particles’ area equivalent
diameter because the thickness of the particles was almost constant. This preliminary
study established the presented technique as a promising non-destructive test method
to monitor the integrity of ssFPs embedded in a polymer. In principle this technique

is adaptable for in-line process monitoring.
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1. Introduction

Polymers with specific properties (e.g., electrical, optical, mechanical properties) can
be obtained by introducing particle fillers, resulting in polymer particle composites. In
many cases, the shape of the particles is key to their properties, e.g., flaky particles
such as pearl luster pigments show unique luster and color effects depending on their
size [1]. Therefore on the one hand, particles need to be embedded intactly into the
polymer. On the other hand, they also have to be properly dispersed in the matrix
to have the desired effect on the composite. Good dispersion is usually achieved by
means of twin-screw extruders generating high shear-forces. However, particles with
high aspect ratio, e.g., clay flakes are usually shear-sensitive and high shear stresses
lead to repetitive particle fracture [2] and thus reduction of aspect ratio. This raises a
diametrical challenge between good dispersion (high shear-forces) and particle integrity
(low shear forces) during mixing which requires delicate optimization of the processing

conditions. To this end, monitoring the integrity of the embedded particles is required



- preferably by non-destructive methods which ideally are suitable for in-line process
monitoring. In this study we propose a non-destructive method for the monitoring of
particle integrity inside polymer composites.

Established particle analysis techniques can be grouped into direct methods, e.g.,
imaging, and indirect methods, e.g., scattering and sedimentation techniques. Common
precise techniques to investigate the 3D micro-structure of a solid composite requiring
almost no sample preparation are the micro computed tomography (uCT) [3, 4] and
the focused ion beam scanning electron microscopy (FIB-SEM) tomography [5]. Be-
sides the question of material contrast, these techniques suffer from limitations in the
analysis volume or resolution. Especially the high aspect ratio of ssFP renders the
characterization with uCT or the FIB-SEM challenging when the ssFP thickness is
smaller or comparable to the voxel size (approximately 1 — 2 um depending on the
volume of analysis [4, 6] in the uCT) or when its volume is above the upper range
of the FIB-SEM analysis volume (approximately 1,000 — 64,000 um? [5, 7, 8]), which
can easily occur when many particles shall be analyzed. Other microscopy techniques
will suffer from the balance between resolution and small sample sizes as well. Here,
an integral characterization method appears superior. Small angle X-ray scattering
and static light scattering rely on thin samples or on low particle concentrations to
avoid multiple scattering phenomena usually magnitudes lower than filler loading per-
centages of industrial relevance. In addition, small angle X-ray scattering commonly
accesses particle size scales in the nanometer range. In addition, more conventional par-
ticle analysis techniques, e.g., dynamic light scattering or X-ray/photo sedimentation
analysis [9] require individual particles in suspension. This requires time-consuming
sample preparation and is thus not well suited for monitoring purposes geared towards

efficient process optimization.

In this article we present and evaluate the idea of an alternative indirect method

where the physical properties of the final composite, e.g., like the Young’s modulus



[10, 11, 12] or the permittivity [13, 14] are measured and the filler shape is inferred by
back-calculation . Considering other matrix parameters constant, these physical
properties are affected by the volume fraction [10], orientation [11], shape [16] or size [11,
16] of the embedded particles. Thus, by applying micro-structure property correlations
the particle shape should in principle be indirectly deducible from the composite’s
overall property. In the following we focus on the property of permittivity, as its
measurement places almost no special requirements on the sample geometry and can be
done non-destructively. It, thus, has potential as a future in-line monitoring technique.

A variety of micro-structure property correlations have already been developed
to predict permittivities of composites. A brief review on available

models is provided for example by

Patil et al. [21]. For coarse estimations of the theoretically possi-
ble property range, bound concepts can be applied [22, 23, 24]. The property can be
explicitly predicted when the composite’s stereometric microstructural data is avail-
able [25]. The current study is based on the concept presented by Ondracek [25] in
1986 for closed-cell composites. His concept averages the different particle shapes via
a representative spheroid, which, in dependence of the ratio of minor to major axis,
can approximate a wide variety of mean particle shapes and orientation from fibers to
spheres to plates. Such models are usually used to understand the material’s behavior
or to rationally design materials to specific requirements. However, so far, they have
not been applied to non-destructive monitoring purposes such as to indirectly verify
the integrity of embedded particles. This is the subject of the present study.

We tested the hypotheses: i) that the distribution of the particles’ aspect ratio
significantly affects the permittivity of the composite and, thus, has to be considered
in the applied micro-structure property correlation for precise permittivity predictions
and ii) that permittivity measurements of composites are sensitive to a reduction of the
particles” aspect ratio by a factor of 5.

As we find that the distribution of the particles’ aspect ratio has to be considered,



we modified the micro-structure property correlation for particle composites presented
by Ondracek [25] to include this distribution. By applying this micro-structure prop-
erty correlation, the particle’s aspect ratio was successfully indirectly determined and
aspect ratio changes by a factor larger than 5 were detected via the measurement of
the composite’s permittivity when the particle volume fraction as well as void volume

fraction were known quantities.

2. Materials and Methods

2.1. Materials and Sample Preparation

Two material systems were used throughout this study: i) a model composite (MC)
based on an epoxy resin system and clay-based shear sensitive flaky particles (ssFP) is
used to develop and optimize the method. The low viscosity epoxy matrix allows us
to disperse the particles well without structural damage. ii) An extruder-compounded
composite, closer to the relevant use-case, based on a polyethylene matrix and the same
ssFP to verify the general applicability of the proposed method, and is referred to as

test composite (TC).

2.1.1. Model Composite (MC)

The epoxy resin system used in this study was prepared by mixing the epoxy resin
Biresin CR81 (Sika Deutschland GmbH Stuttgart, Germany) with the hardener Biresin
CHB81-6 (Sika Deutschland GmbH Stuttgart, Germany). Biresin CR81 is a low viscosity
(440 mPas) bisphenol-A based resin. According to the manufacturer’s instructions, the
resin and hardener were mixed in a weight ratio of 10 : 3. To prevent sedimentation of
the particles the viscosity of the epoxy resin system was increased via adding 0.5 wt% of
a thixotropic agent (Thixotropiermittel, R&G Faserverbundwerkstoffe GmbH, Walden-
buch, Germany).

As filler the effect pigment Iriodin 153 (I1153; pearl luster pigment, Merck KGaA,

Darmstadt, Germany) was used. 1153 are titania coated mica pigments with an area



equivalent diameter between 30 and 100 um. The powder was sieved to achieve three
fractions of different area equivalent diameters via a vibration sieve (Fritsch, Germany).
The resulting powder fractions are referred to as 1153, 1153,, and 1153;, where the
subscript denotes the class of the particles’ area equivalend diameter as coarse (c),
medium (m) and fine (f), respectively.

The composite samples were prepared by adding 5 vol%, respectively 10 vol%, 1153
powder to the epoxy resin. The mixture was homogenized using a high-speed overhead
stirrer at 1,000 rpm for 300 s (IKA-Werke, Staufen, Germany). The composite was filled
into a syringe (NORM-JECT 1 ml, Henke Sass Wolf, Tuttlingen, Germany) and cured

at room temperature for 24 h. Afterwards, the composite was removed from the syringe.

2.1.2. Test Composite (TC)

Raw materials for the TC are the pristine 1153 filler powder and polyethylene as
matrix. Three different types of rods (cylindrical) were extruded (single screw) from
these materials at screw speeds of 100 rpm, 200 rpm and 300 rpm and chopped to pellets.
The resulting pellets had an approximate diameter of 3mm and an approximate length
of 6mm. All TCs were manufactured in an industrial setting by GRAFE Advanced

Polymers GmbH (Blankenhain, Germany).

2.2. Characterization of Raw Materials

The density of the cured epoxy resin system was measured by the buoyancy method.
The density of the pristine 1153 filler powder was determined using a helium pycnometer
(Ultrapyc 1200e, Quantachrome, USA). The morphologies of the particles were directly
obtained by scanning electron microscopy (SEM; field emission cathode, AURIGA 60,
Carl-Zeiss, Germany) and atomic force microscopy (AFM; Dimension 3100, Digital
Instruments, Santa Barbara, CA, USA). To separate particles, the 1153 powder was
dispersed in deionized water (0.01 wt%), ultrasonicated for 60s in a medium power
water-bath sonicator (ultrasonic cleaner USC 300TK, 45kHz, 80 W sonic power, VWR

International bvba, Leuven, Belgium) and drop-cast on a carbon coated substrate for



SEM measurements and on a silicon wafer for AFM measurements. After the water
evaporated, the samples were imaged. At least 300 particles were analyzed to determine
the area equivalent diameter, circularity and aspect ratio. The obtained distributions
were plotted in bar charts and fitted via a log-normal distribution (area equivalent
diameter) respective a normal distribution (circularity [47 - Area/perimeter?] and the aspect
ratio). Height AFM images of five particles were considered to determine the particles’

mean thickness.

2.3. Characterization of Composites

To qualitatively investigate the orientation of the pigments within the TC the pel-
lets were embedded in Struers SpeciFix-20 (epoxy resin, room temperature curing) to
prepare polished sections of the pellets. These sections were imaged by SEM. The
morphology of the embedded pigments in the TC were directly determined after the
thermal degradation of the polyethylene matrix at 600°C for 4h. The recovered par-
ticles were treated analogously to the pristine 1153 powder as described in section 2.2
and imaged using SEM. The composites particle volume fraction cp and void volume

faction ¢y were determined as follows:

cp =P me (1)
me - pp
mgc—mp mp
cv =1— PM PP )
v — (2)

The composite’s volume Vi was determined via the buoyancy method. The mass of
the composite m¢ and the mass of the particles mp were determined by weighing before
and after the thermal degradation of the epoxy matrix, respectively. For each value

four samples were measured and averaged.

2.4. Permuttivity Measurements
All permittivities discussed in this manuscript are relative permittivities & also

known as dielectric constants, i.e., the permittivities are given normalized by the vac-



uum permittivity g = 8.85-10" F/m (¢ = £/¢g() and are dimensionless. For brevity, the
indication ’'relative’ is omitted from here on throughout the manuscript. The permit-
tivities of the prepared samples were determined via the cavity perturbation technique.
A detailed description and an image of the experimental setup are provided in a pub-
lication by Jéger et al. [26]. Jyh Sheen provided a schematic description of the cavity
perturbation technique in section 2.3.1. of his review [27]. The frequency range of the
waveguide used here lies between 2.44 and 2.45 GHz. Before the MC samples were
placed into the waveguide the setup was calibrated with an empty cavity. For epoxy
the frequency dependence of the permittivity is low, but if the frequency can be freely
adjusted, the frequency should be chosen so as to maximize the difference between the
permittivities of the matrix and the filler [28].MA

The individual TC pellets were placed into a Norell NMR, quartz glass tube (NOR-
1005P7, diameter 10 mm, Sigma-Aldrich) and the weight difference between the filled
and the empty tube was determined. In addition, the tube’s fill level was determined.
The mass and the fill level were used to determine the volume of the composite within
the cavity. The empty and filled NMR tube were consecutively placed into the wave-
quide. For each composition three measurements were performed - each measurement
comprised of thirty single measurements. When indicated, measurements were per-
formed for a 0° and a 90° orientation. Figure 1 shows a scheme of parts of the mea-
surement set-up illustrating the two sample orientations. Measuring in these two con-
figurations indirectly validates a homogeneous particle distribution when almost equal

permittivity values are obtained for both orientations.M#

2.5. Micro-structure Property Correlation

The prediction of the permittivity values e of the MC was based on the model
concept presented by Ondracek et al. [25]. 1 brief, the basic assumptions of this model
which was developed for a two-phase composite are: i) The model assumes adhesion

between matrix and the embedded particles without an interface (boundary layer) with
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standing wave (scheme)  cavity resonator

Figure 1: Scheme of the measurement set-up showing a portion of the cavity resonator, standing waves
in the resonator having a maximum at the position of the sample position and the two sample position
orientations: 0° and 90°. The actual NMR test tubes have no print indicating fill-level, this has been
added here for clarity of the tube’s orientation.M#

separate properties and volume.™™?2 ii) The composite’s properties were calculated for a
virtual particle possessing the mean size and orientation of all particles embedded in the
composite. iii) The (virtual) particle can be approximated as a spheroid, characterized
via its aspect ratio (?/z). iv) Other parameters like the intrinsic permittivities of the
matrix (¢},) and the particle phase (%), the particle concentration (cp), the mean
particle orientation (ap) and the shape of the particles (given by the shape factor Fp)
are known and provided. vi) The model can be applied to different exciting wave fields
via putting the corresponding intrinsic material properties into the model.™ Since this
model concept has not been setup to include the dispersity of the fillers we added a
log-normal™* distribution on top of the model concept in a simplifying manner (sce
Fauation 3)""". We make the simplifying assumption that the average of many pieces of
composite each loaded with a different subset of monodisperse particles. represented via

MM can approximate one piece of composite containing

its volume Vp, respective Vp;,
the whole dispersity distribution. Unless proven otherwise, this is an approximation
because it does not allow fields around differently sized particles to interact with each

other [25]. The modified model concept equation including a description of the particles’

area equivalent diameter distribution is presented in the following equations:

2This assumption should be valid as long as a potential interface is small in comparison to the
dimension of the filler.
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Vpi(%/z:) is the volume of the particle subset ¢ with the aspect ratio =/z,"Mparticle
number+ L gl is the permittivity of the composite for cach particle subset. "V aspeet
ratio:MM ¢/ is obtained via solving the general implicit constitutive microstructure-field

ie:" " ¢; is obtained via solving the general implicit constitutive microstructure-fielc

property equation (Equation 4).MM
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cp is the particle volume fraction, €/, and €, are the intrinsic permittivities of the
matrix and the particles, respectively. ap is the particle’s mean orientation, Fp; is the
particle shape factor, z; is the particle’s thickness and z; is the particle’s area equivalent
diameter.

The size distribution of the embedded particles was approximated with a log-normal
distribution, which is defined via 4 and 0. o was set constant, because the investigated
composites showed no significant dependence on this parameter. Thus, the iteration of
p results in different values for e, (Equation 3) and can be compared with the exper-
imentally determined permittivity. In this way, the size distribution of the embedded
particles can be estimated via a single measurement of the composite’s permittivity.™

yMM Ty determine the size distribution of the
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the orientation of the particles was assumed
to be isotropic, i.e., cosa?® = 1/3. The intrinsic permittivities of the used epoxy resin
system was experimentally determined via a pure resin sample resulting in a value of
ey = 2.73+0.13. That of polyethylene was determined to be €}, = 2.007 £ 0.007. The
permittivity of 1153 was taken as 10.5 as this value matches with experimental results
obtained for its composites. A direct measurement of the 1153 particle’s permittivity
is challenging, because the particles’ mean orientation could not be determined for the
pure powder sample. In contrast to the composite, where the random particle orien-
tation approximation can be applied, because particles are apart from each other, the
spatial inter-particle correlation will be much stronger for the pure powder, where parti-
cles are in direct contact. An automated angular-dependent permittivity measurement
set-up could be helpful in this regard. In addition to the best of our knowledge, there is
no literature value of 1153 permittivity available. The applied model concept in the pre-
sented form neglects voids within the composites, as per design it only accounts for two
phases - matrix and particles. It is well known that the voids will affect .. Obviously
voids could be set as the second phase in a first measurement of the unfilled matrix,
but the only moderate difference between most polymer matrices’ €}, and the €j, of
voids (air) it would be less accurate than the determination of the particles shapes
presented here (see section 3.4 for details). In addition, measuring a representative
subset of void shapes reliably by real-space imaging techniques (potential 3D free-form
surface) would be very challenging and was thus not considered here. For these reasons
cy was simplifyingly considered via the composite’s volume by subtracting the void
volume from the measured composite volume, see section 2.3. This assumes that the
shapes of voids do not lead to local dielectric field enhancements, or at least much less
so than the filler particles, which is a reasonable assumption when the differences in

EM —EYy R ENM > EPp—EM-
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2.6. Error Analysis

To identify the influence of the individual morphological parameters (see section
2.5) on the composites’ permittivity the following parameters were varied within the
applied theoretical model to understand the impact of measurement uncertainties on
the predicted composites’ permittivity: ratio of the intrinsic permittivities of the matrix
and the particles, the aspect ratio and the size distribution of the particles (assuming

a spheroidal shape) as well as the orientation of the particles.

3. Results and Discussion

In the following section we present our proposed monitoring method. The study
includes two composites: a model composite (MC) to verify the accuracy of the selected
model and a test composite (TC) to demonstrate the applicability of this model to
monitor the integrity of ssFP compounded with a polymer matrix by extrusion on the

basis of the composite’s effective permittivity.

3.1. Proposed Particle Aspect Ratio Monitoring Method

Figure 2 shows the flow chart of the devised ssFP integrity monitoring method. A
central pillar of our monitoring method is the selection of a suitable model - commonly
used to predict the composite’s properties, e.g., permittivity. The size monitoring of
embedded particles - via measuring the composite’s permittivity - represents an indirect,
i.e., an inverse way and, thus, requires a precise micro-structure property correlation.
The prediction accuracy of any selected micro-structure property correlation has to be
tested as a preliminary step.

Technical fillers usually have no uniform particle morphology, i.e., thickness and
area equivalent diameter. Thus, their particle shape distribution has to be taken into
account. The results show that the variation of the particle’s thickness of the fillers
(I153) is small compared to the fluctuation of the particle’s area equivalent diameter

and, therefore, was assumed to be constant. The distribution of the area equivalent

12



Microstructure Property

Correlation

. . Verification
appropriate model to predict
composite’s permittivity <> Jctermination of suitability
of model

® model presented by G.
Ondracek [19]

}

Particle Size Distribution

select distribution type:

® Jog-normal distribution

adjust the distribution:

B g = constant

m ;= variable

Composite Parameters ‘

. icle vol fracti Intrinsic Material
particle volume fraction Permittivity Prediction Parameters

® pore volume fraction = | prediction of the composite’s - ® matrix permittivity ¢/,

® particle orientation permittivity

® particle permittivity &),

= isotropic (cos?a = 1/3)

pore volume

@rrrnnannas

Permittivity Measurement match between

NO (— adjust )

measurement of the pre n and
composite’s permittivity xperiment

inversely determined particle size
distribution

Figure 2: Flow chart of the proposed monitoring method to determine the size of particles embedded
in a polymer matrix.

particle diameter correlated well with a log-normal distribution. Thus, it was assumed
that the proposed monitoring method should also provide a log-normal distribution of
the area equivalent particle diameter. This distribution will be obtained by varying p
(o = constant) iteratively until the difference between the predicted and the measured
permittivity of the composite reaches a minimum. This calculation was performed
numerically using Matlab (Version 8.0.0.783 R2012b, (©)1984-2012, Math-Works®)).
Next to the type of the distribution of the particle’s aspect ratio, the calculation requires
the intrinsic permittivities of the matrix and the particle material, the mean particle
orientation and the particle volume fraction. To reduce the computational time, the

log-normal distribution was binned at an interval size of 3 um. It was found that finer

13



binning only affected the third and fourth digit of the predicted composite’s permittivity

values (data not shown) which is about or below the precision of the measurement.

3.2. Verification of the Selected Model

To verify the prediction accuracy of the selected model (see section 2.5) powders of
different sizes were prepared by sieving the commercially obtained powder 1153 resulting
in a coarse (¢), medium (m) and fine (f) size fraction. The sieved powder fractions
were analyzed regarding to the particle’s morphology: area equivalent diameter x, in-
plane circularity, in-plane aspect ratio and thickness z. In-plane properties refer to
properties in the x — y plane (perpendicular to the thickness z). The distributions
of the area equivalent diameter, the in-plane circularity and the in-plane aspect ratio
are illustrated in Figure 3. In addition, the values for the expected value (F) and the

standard deviation (v/Var) of each distribution were determined.
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Figure 3: Bar charts of the morphological parameter distributions — area equivalent diameter, in-
plane circularity and in-plane aspect ratio — for the pristine pigment Iriodin 153 (I1153) and the sieved
fractions 1153, (coarse), I153,, (medium) and 1153 (fine). The gray line indicates the fitted bar plots:
a log-normal distribution for the area equivalent diameter and Gaussian distributions for the in-plane
circularity as well as the in-plane aspect ratio. For all distributions the expected value (E(z)) and the
standard deviation (1/Var(z)) are provided.
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The circularities and the aspect ratios of the pristine and the sieved 1153 powder
fractions represent Gaussian distributions which are almost identical across the frac-
tions. Due to the high expected values of the in-plane circularity and the in-plane aspect
ratio is appear to be justified to approximate the particles as oblate spheroids. As a
result the selected micro-structure property correlation can be applied. The rotational
axis and the semi-major/semi-minor axis of the spheroid are the particle’s thickness (z)
and the area equivalent diameter of the particle (z) , respectively. AFM images were
used to determine the thickness of the particles. A representative AFM image of an
[153 particle edge is shown in Figure 4. The expected value and the standard deviation

of the particles thickness were found to be 903 4+ 72 nm.

Lum 1.20]
1.00 Pl
o 0.80|
= 0.60}
(W)
0.40|
— profile 1
0.20 ||— profile 2 1
profile 3 —
0.00 ‘ ‘ ‘

0 1 2 3 4 5
x[pm]

(a) AFM height image (b) corresponding profiles of (a)
Figure 4: Exemplary atomic force microscopy (AFM) image of an 1153 particle (a) and height line

profiles (b). The expected value and the standard deviation of the particle thickness were found to be:
903 £ 72 nm.

The composite samples made with the sieved powder fractions were characterized
for the particle and void volume fractions, first, see Table 1. The last two columns in
Table 1 show the experimentally obtained permittivities. Figure 5(a) and Figure 5(b)
compare the experimentally determined and the theoretically predicted permittivities
of the MCs.

The results suggest that composites made of different powder fractions possess dif-
ferent permittivities. Further, no significantly different permittivities were obtained for

different orientations of samples in the cavity (Table 1), suggesting an isotropic parti-
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Table 1: Experimentally obtained parameters (mean value and standard deviation) of the raw materials
(epoxy resin (CR81) and 1153) and the model composites: density, void volume fraction (c¢y ), particle
volume fraction cp and the permittivities (e(,) obtained via experiment in 0° and 90° orientation of
the sample in the cavity.

. density cy cp £ @ experiment

class  material (9/em?)] [V ol%] [Vol%] 0° 90°
CR&81 1.148 £ 0.004 — — 2.73 +0.13 —
1153 2.562 4 0.004 — - — —

Il53£5) 1.214+£0.003 1.824+0.30 6.00+0.04 3.056 £0.006 3.059 £ 0.009

115390) 1.294 +£0.003 1.124+0.19 11.15£0.08 3.283£0.005 3.290 £ 0.038

MC 5)
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Figure 5: Permittivities of the model composites (MC) filled with different fractions of the sieved
powder: a) MC with particle volume fractions ¢cp & 0.05 and b) MC with ¢p a2 0.10. Red bars show
the experimentally determined permittivities. White bars show the predicted permittivities considering
the entire statistic of the area equivalent diameters. c¢) shows the difference between the permittivity
predictions for the two cases where once the entire x distribution/statistics is used for calculation (ef)
and once only the expected value of that distribution (F(z)). This difference is a function of the
particle volume fraction.

cle orientation (at least in reference to the rotation axis). Figure 5(c) shows that the
permittivity predicted by considering the whole statistics of the area equivalent diam-
eters (e¢; see Equation 3) differs considerably from that predicted by considering only
the expected value of the distribution of the area equivalent diameters E(x). Thus, the
whole statistic of the area equivalent diameters was considered in all subsequent predic-
tions. The experimentally obtained and the predicted permittivities showed a strong

correlation. Based on these results it can be concluded that the modification of the

model concept by including a log-normal distribution used to predict the composite’s
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effective permittivity is i) able to detect changes of the area equivalent particle diameter
via the spheroid’s aspect ratio (#/=) when assuming a constant particle thickness, and
ii) a consideration of the whole distribution of the area equivalent particle diameter as
proposed in section 2.5 appears to be a valid method for the material system used in

this study.

3.3. Verification of the Proposed Monitoring Method

SEM images of the TC pellets’” morphology are given in Figure 6. The images show
that the filler particles orient preferentially within the pellets. The parallel orientation
of particles close to the cylindrical wall of the pellet is potentially induced via the

extrusion process as this phenomena is already widely known in literature [29].

center

surface

Figure 6: Scanning electron microscopy (SEM) images of two extruded pellets. A) SEM images of
a polished section perpendicular to the pellet’s cross-section. B) SEM image of the polished pellet’s
cross-section. Arrows indicate the direction of the ssFP normal vector. Especially at the pellet’s
surface a strong orientation of the fillers is visible.

In principle, since the filler orientation affects the composite’s properties, this would
require the determination of the orientation. However, the testing of several pellets at

once should result again in an isotropic particle orientation. This was experimentally
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realized via testing a NMR quartz glass tube filled with these pellets. The permittivity
measurement at different orientations of the quartz tube (0° and 90 °) revealed no sta-
tistically significant different values, see Table 2. This result strengthen our assumption
of an isotropic orientation via testing several pellets at once. Furthermore, since the
wall shear-stress induced orientation during extrusion should show rational symmetry
when the flow field shows rotational symmetry [30], it is expected that in these cases
the orientational effect will just result in an average isotropic value when measuring
the permittivity perpendicular to the symmetry axis which would allow to measure
individual pellets, too.

The experimentally determined permittivities decrease with increasing extruder
screw speed. As expected the extrusion process can induce a fracture of the ssFP
and higher screw speeds cause higher shear forces and, thus, increase the probability
of particle fracture. This screw speed-dependent fracture is clearly reflected in the ex-
perimental data (see Table 2) for both the indirect permittivity based assessment and
the direct measurements of the particles via SEM after the data processing according

to Figure 2 has been applied.
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Table 2: Experimentally obtained parameters (mean value and standard deviation) of the raw materials (polyethylene (PE) and 1153) and the composites:
density, void volume fraction (cy ), particle volume fraction (cp) and permittivities () obtained in 0° and 90° orientation of the NMR tube in the
cavity. In addition, the expected value F(z) and the standard deviation \/Var(z) of the area equivalent particle diameter distribution obtained either
directly via image analysis or indirectly determined via the proposed monitoring method are listed.

class  material density cy cp en x @ directly @ indirectly
[9/em?] [Vol%)] [Vol%] 0° 90° E(z)[pm] +/Var(z)[um] E(z)[um] +/Var(z)[pum]

PE 0.917 4+ 0.001 — - 2.007 £ 0.007 — — — — —

1153 2.562 + 0.004 — — — — 24 26 - -

TC PE/I153 @ 100rpm  0.954 +0.003 16.57 £0.12 6.87+0.06 2.500 £ 0.010 2.516 & 0.020 40 24 56 42

PE/I153 @ 200rpm  0.9134+0.025 13.56 £0.03 7.324+0.01 2.500+0.008  2.509 £ 0.008 30 17 25 19

PE/I153 @ 300rpm  0.918 +0.016 12.55+0.11 7.06 £0.06 2.476 £0.010 2.453 & 0.007 22 23 16 12




However, the reader may note, that the measured permittivities of sample PE @
100rpm and PE @ 200rpm have virtually the same values. The reason is the large
difference in the void fraction between the two samples. Thus, based on the experi-
mentally determined permittivities alone it is not possible to draw simple conclusions
regarding size changes of the embedded particles due to variations of the particle vol-
ume fraction. Unless the dependence of the processing parameters on void fraction can
be determined a priori, this will be a major obstacle in implementing the presented
technique as an in-line process monitoring method.

As described in section 3.1 the log-normal distributions of the area equivalent par-
ticle diameter for the three different pellet types were determined using the experimen-
tally obtained composite’s permittivities. The results are given in Table 2. Figure 7
compares the indirectly and the directly determined distributions of the area equivalent
particle diameter. The results show, that the area equivalent particle diameter decreases
with increasing screw speed. The proposed non-destructive monitoring method yields
the same result and provides a good match with the reference (direct) data.

The obtained results suggest that the proposed monitoring method can successfully
provide the size of particles embedded in a polymeric matrix based on the permittivity
value of the composite. The factors affecting the accuracy of this monitoring method

are discussed in the following section in detail.

3.4. Error Analysis

It is of interest, to what degree the parameters considered in the applied model con-
cept affect the accuracy of the proposed monitoring method. The following parameters
are, thus, considered in a numerical error analysis: the spheroid’s aspect ratio (#/z) via
area equivalent particle diameter (X) (distribution) and particle height (z) (assumed
constant), the orientation of the particles ap, the materials intrinsic permittivities &),
and €5 and the measured permittivity of the composite .. The impact of the ex-

perimentally determined uncertainties Az and Az, as well as theoretically assumed
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Figure 7: Comparison of the obtained particle size distributions of the prepared TCs: directly via SEM
image analysis (bar chart and log-normal approximation (gray line)) and indirectly via the proposed
permittivity method (blue line). The TCs are extruded composites made of PE and 1153 at screw
speeds of 100rpm (b), 200rpm (c) and 300rpm (d). (a) shows the area equivalent particle diameter
distributions of the pristine 1153 where an indirect assessment was not performed as the assumption
of random filler orientation does not hold for the pure powder.

uncertainties Aap and Ac'y, /p On € can be seen in Figure 8.

Figure 8(a) illustrates the effect of uncertainties of the spheroid’s aspect ratio via
considering the standard deviations of the mean particle height (Az) and the area
equivalent diameter (Ax). The plot shows that a deviation of Az = £ 72 um results in
a deviation of up to Ae, = £0.011 at c¢p ~ 49vol% (Ae,, = +0.002 at cp = 5vol% and
Ae = £0.004 at cp = 10 vol%). However, for A (2/2) |max = 2222, a deviation of up to

—0.035 at cp = 5vol% and Ae, = £0.068 at

Aey, = —0.204 at cp ~ 50 vol% (Ael
)

cp = 10vol%) was found. For A (#/z) |min = ;;ﬁ; a deviation of up to Aey, = 0.068 at

cp ~ 48vol% (Aey = 0.014 at c¢p = 5vol% and Ae, = £0.026 at cp = 10vol%) was
found. This shows again that a consideration of only the mean area equivalent particle

diameter may lead to a high variation of the predicted ¢, in particular, in case of
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Figure 8: Numerical error analysis for selected cases. (a) displays the impact of the measurement
uncertainties in the mean particle thickness z and the area equivalent diameter x as characterized by
Az and Az on €. A (3/2) [max = 2522 and A (#/2) [min = :;2; are the extreme cases. (b) illustrates
how deviations from the isotropic orientation assumption (ap = 54.7356 °) affect the determination of
the composites’ dielectric component; for these cases an uncertainty in Aar/ap of £2% and +10%
was considered. (c¢) shows how variations in £, and £ affect the composite’s permittivity, for the

cases: Aehyp/eh,, p =+1% and £10 %.

industrial relevant cp of the considered MC. This, strengthen the assumption to consider
the whole distribution of the area equivalent particle diameter. Yet, the variation of
the particle height z revealed that its influence on the composite’s permittivity is just
in the range of the permittivity measurement’s uncertainty.

The effect of a variation of the mean particle orientation ap on the composites
permittivity was studied for deviations of +2 % and + 10 % from the isotropic particle
orientation (ap = 54.7356 °), see Figure 8(b). The plots show that a relative deviation
of +2 % results in a deviation of up to Ae,, = £0.030 at cp ~ 58 vol% (Ae,, = £0.004
at cp = bvol% and Ae, = £0.008 at ¢cp = 10vol%) and a relative deviation of £ 10 %

results in a deviation between Aej, = —0.160 and A, = 0.139 at cp =~ 59vol%.
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The standard deviation of the experimentally determined permittivities was found to
be 0.013 (ranging between [0.004,0.038]). Thus, it is at least possible to determine a
relative deviation of the particle orientation from isotropic of more than 10 % for the
investigated MCs (cp = 10vol%). For highly loaded composites (cp 2 50vol%) a
Aar/ap, > 2% would be measurable.

The highest impact on the composite’s permittivity prediction have uncertainties in
ey and ep, see Figure 8(c). The plot shows that the accurate knowledge of ), and ep
is absolutely mandatory for the proposed monitoring method - relative uncertainties of
Aemyp/eyp < 1% should be realized. In the case of ssEP, the determination of ep can
be considered challenging, due to the measurement of the powder’s bulk density, the
particle density and the particle orientation. In this study, the €, of 153 was assumed
to be 10.5 and successfully verified via the permittivities of the MCs. &, of PE and
the epoxy (CR81) were experimentally determined. The standard deviation for the
permittivity of CR81 is significantly higher compared to that of PE (as well as to all
other permittivities measured in this study). The most likely explanation is the absence
of a tempering step for all CR81 samples. This may have induced varying degree of
curing between the individual samples due to different room temperatures (different
days), mixing or reaction kinetics during the sample preparation.

Further factors affecting the permittivity measurement of composites are:

e the composites particle volume fractions cp,
e the composites void volume fractions cp and

e the measuring method.

In addition, the proposed monitoring method is limited by the difference between
el and €, as well as the resolution of the method used to determined the composite’s
permittivity. In case of almost equal €/, and £’ it is not possible to be sensitive to any
changes of the area equivalent particle diameter, particle thickness or particle volume

fraction. Thus, this method is appropriate for large differences between &, and &,
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which are approximately lager than one magnitude. Moreover, the composite should
ideally exhibit a cp in the range of 40 to 70 vol%.

The big picture for the proposed monitoring method is its integration into manufac-
turing processes as an in-line quality assurance tool to validate the intact embedding
of ssFP. This study provides the first proof of principle for such an in-line quality as-
surance tool. In the future, it is necessary to verify the proposed technique for other
material systems / composites
The permittivity measurement must be linked to a technique which determines the

composites ¢y, cp and the particle orientation.

4. Conclusions

The current study describes a non-destructive monitoring method to determine the
integrity of filler particles embedded in a polymeric matrix. This monitoring method is
based on the measurement of the composite’s permittivity and back-calculating shape
descriptors for the filler particles based on the model concept presented by G. Ondracek,
which was modified to consider the particles’ dispersity.

It was found that the monitoring method is applicable to composites, which fulfill

the following conditions:

e the difference between the intrinsic permittivities of the matrix and the filler is

approximately one magnitude or larger,

e the particle orientation is isotropic - an isotropic particle orientation can also be

obtained by testing several pellets at once or when they show certain symmetry,

e flaky particle shapes of a thickness below 1 um and an area equivalent diameter

in the range of 10 to 100 pm.

To establish the proposed method in science and industry the presented method

should be further verified for other types of composites - various matrices and filler
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particle materials, different filler particle shapes and sizes as well as higher particle vol-
ume fractions. The permittivity measurement should be paired with a non-destructive
technique to determine the composite’s void and particle fraction and, in rare cases,
the particle orientation.

The proposed monitoring method fills a gap in the characterization of compos-
ites due to its unique combination of characteristics: non-destructive, integral, rela-
tively fast, almost geometrically unspecific, high accuracy and valid for all particle
shapes/sizes which can be approximated by as an ellipsoid (fiber, sphere and plate and

everything in between).
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