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Characterization of carbon-filled polymers by
small-angle scattering techniques
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Both smali-angle X-ray and neutron scattering (SAXS and SANS) have been used to charac-
terize a series of carbon black-filled polyethylene composities. High-resolution methods were
used to evaluate particle sizes and aggregation in the size range 10 to 80 nm. The SANS data
give an excellent fit to a two-correlation function model over the whole concentration range,
both in the shape and absolute magnitude of the scattering. Comparison of SAXS and SANS
data indicates the presence of a third phase, most probably voids at the surface of the carbon
particles. Because the voids have virtually no neutron contrast with the polyethylene matrix, a
two-phase model may be employed for analysis of the SANS data, which gives an accurate
description of the morphology and surface characteristics of the carbon particles.

1. Introduction
Carbon black is extensively used to modify the
mechanical and electrical properties of polymers and
elastomers. The size and distribution of the individual
particles and agglomerates have an important effect
on properties. Agglomeration of the particles into
larger aggregates is known to occur in highly loaded
polymers, and can significantly affect the strength and
electrical resistivity. Agglomerates are difficult to
detect or characterize, particularly for opaque carbon
black-polymer composites which are not amenable to
optical methods. Electron microscopy has been used
extensively to study the state of dispersion of carbon
black particles [1-4], though only thin microtomed
sections can be examined and it is difficult to produce
results characteristic of the bulk materials without
averaging large numbers of repeated measurements.
Smail-angle X-ray scattering (SAXS) has the
advantage that bulk samples (thickness ~ 0.1cm)
may be examined without sectioning, and the results
give an average over statistically large numbers of
particles. This technique has been applied to the
characterization of silica [5-7] and carbon black [7]
particles in polymers and rubbers. SAXS technriques
are generally applied to study structures in the size
range 1 to 100nm by measuring the intensity of
scattering /(Q) as a function of Q where

4 .
- sin 6 (1)

Q0 =
A is the incident wavelength and 26 is the angle of
scatter. Ideally the incident radiation is monochro-
matic and the experiment uses a point source, sample
and detector. In this case there would be no distortion

or smearing of the scattering pattern. In practice, in
order to achieve a measurable intensity, a finite
source, sample and detector are used so that the
measured pattern is averaged over a range of wave-
lengths and angles.

Previous experiments [5-7] showed that SAXS was
a promising method to study structures in the size
range 20 to 40nm. In this work we have applied
small-angle scattering to study polymer composites
consisting of carbon black dispersed in high-density
polyethyiene. At high filler loadings, conductivity
arises as a result of the tunnelling between adjacent
carbon particles. The conductivity depends very much
on particle separation, which i turn depends upon
temperature. The separation becomes larger as the
temperature is raised, causing a decrease in conduc-
tivity. Systems can be designed to yield a large change
in particle separation with temperature and a so-called
anomalous positive temperature coefficient of resis-
tivity is observed. This effect is the basis of the
use of such materials as control devices. One widely
used application is as a self-regulating heater whose
power decreases as the temperature rises and cuts
off completely at a predesigned temperature. Such
devices have also been designed as reusable fuses. It is
especially difficult to study the effect of changes in
structure on electrical properties because the electrical
properties are highly sensitive to a combination of
structural and materials parameters. The aim of this
study was to evaluate SAXS as a nondestructive
technique for eliminating material parameters and
allowing a quantitative correlation of structure with
properties.

Preliminary experiments [8] indicated that the
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dimensions of the agglomerates in this type of system
exceeded 40nm and for this reason high-resolution
instrumentation was employed for SAXS measure-
ments [9]. Previous studies [5-7] utilized nickel-filtered
CuKo radiation in conjunction with slit collimation,
though the finite range of angles (Af) accepted by the
detector introduces instrumental smearing effects
which distort the measured diffraction pattern.
The data were either desmeared using numerical
correction procedures [7] or analysed via theoretical
approaches which included instrumental smearing [5].
For example, in the latter case, a Q* variation in the
Porod regime is changed to Q7 in the long slit
camera. No account was taken of smearing of the
measured data due to the wavelength spread of the
incident beam (A1), though p-filtered radiation
produces measurable distortion of the diffraction
pattern, particularly at small angles [10]. In view of the
large dimensions of the aggregates in the composites
studied, it is important to use high-resolution tech-
niques and the present study utilized a 10m SAXS
camera with point geometry and a crystal mono-
chromator which minimizes smearing effects on the
measured pattern by restricting A0 and A4 [10, 11].
Even higher resolution can be obtained using the 30 m
small-angle neutron scattering camera [12] at Oak
Ridge National Laboratory (ORNL). This facility
provides complementary structural data and has been
carefully evaluated for resolution effects [11]. It will be
seen in subsequent sections that the Porod [13, 14] and
Debye-Bueche [15] analyses used previously [5-7]
do not give a complete description of the observed
scattering patterns of carbon—polyethylene composites.
A refinement of the theory developed by Debye et al.
[16] was shown to fit the data over a wide range of
composition and Q and gave information on the long-
range structure of the composites. In addition, methods
based on fractal concepts [17] were used to examine
the surface characteristics of the carbon particles.

2. Experimental details

The scattering data were taken on the facilities of the
National Center for Small-Angle Scattering Research
(NCSASR) at ORNL. The neutron measurements
were performed on the NCSASR 30 m SANS instru-
ment [12]. The incident beam of wavelength 0.475 nm
(A4/A = 6%) was collimated by source and sample
slits separated by a distance of 7.5m. The area detector
(64 x 64cm?), with 1cm?® element size mounted on
rails inside a 20 m vacuum flight path, was positioned
at a distance of 18.9m from the sample to give an
effective Q range of 0.03 < Q@ < 03 nm '. In
addition, several samples were examined with a
sample-detector distance of 10m which extends
the maximum Q to 0.55nm™~". In all Q ranges, the
scattering patterns were corrected on a cell by cell
basis for instrumental backgrounds and detector effic-
iency variation, divided by the sample transmission
(T) and thickness (#), and normalized to a constant
incident flux. Correction for the spatial variation
of detector efficiency was accomplished by dividing
all measured scattering patterns by the background
corrected scattering from an isotropic scatterer (H,0).
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All the scattering patterns studied exhibited azimuthal
symmetry and were radially averaged. The intensity
data, I(Q), were converted to an absolute differential
scattering cross section dZ/dQ per unit sample volume
(in units of cm ') by means of precalibrated second-
ary standards [18].

The SAXS measurements were performed on the
ORNL 10m SAXS facility [9]. The incident wave-
length of 0.154 nm was taken from a 12kW rotating
anode source (Rigaku-Denki) with a copper target,
where the K, radiation was removed by reflection
from a pyrolytic graphite monochromator. Collima-
tion was achieved with a circular 1 mm diameter aper-
ture at the source and a Imm x 1mm square aper-
ture 1.6 m from the source. The sample was placed at
a distance of 3.1m from the entrance aperture with
a 2.2mm diameter guard slit to reduce parasitic
scattering. The sample-to-detector distance was 5.1 m,
giving an effective Q range of 0.025 to 1nm™',
The detector was a 20cm X 20 cm position-sensitive
proportional counter filled with xenon gas and
quenched with CO,. This geometry approximates to
pinhole collimation very well. Data were normalized
to the incident X-ray flux with a monitoring scintil-
lation counter located just down-stream from the
graphite monochromator and source slit. Variations
in detection efficiency over the area of the detector
were corrected by use of a *Fe source (~ 10 uCi)
placed at the sample position. In this source, trans-
mutation of *Mn occurs by B emission and an
immediate capture, the electron producing a strong
isotropic MnKa fluorescence. As with the SANS
experiments, all patterns were divided by the product,
tT, and corrected on a cell by cell basis for instrumental
backgrounds, detector efficiency, normalized to con-
stant incident flux, and converted to an absolute dif-
ferential X-ray scattering cross-section dZ/dQ by com-
parison with precalibrated secondary standards [19].

3. Materials preparation and physical
properties

Samples were prepared using XC-72 carbon black
supplied by Cabot Corporation and Marlex 6003
high-density polyethylene. This combination of filler
and matrix was selected as being typical of filled
polymers designed to have good mechanical properties
with a low electrical resistivity at moderate loadings.
Data on XC-72, supplied by the manufacturer is given
in Table I. The density of the polyethylene component
was measured experimentally by weighing in air and
water. A value of 0.962gcm™> was recorded. The
carbon black was dried for 12h at 200°C before
mixing with the high-density polyethylene in a
Brabender mixer. The resin pellets were melted for

TABLE I Properties XC-72

Surface area Particle
N, Todine DBP size
adsorption adsorption adsorption (nm)
(m’g™") (m’*g™") cm’ /100g

254 192 184 30




1min and the filler incorporated over a maximum
mixing time of 5mins. The Brabender temperature
was 190°C and the mixing speed was 60r.p.m.

Samples were then moulded into approximately
1mm thick slabs at 182°C for 2min. All samples
contained 1% by weight of an antioxidant to prevent
polymer degradation during processing. The density
of the antioxidant is quoted as 1.05gem°. The
weight fraction of carbon black was estimated from
sample weighings. Density and volume fraction
estimates shown in Table II are based on these values.
The antioxidant was taken into account in these
calculations.

Density was also measured experimentally by
weighing samples in air and water. Weight fraction
was also checked by thermogravimetric analysis.
Results are quoted in Table II; however, these are not
considered as accurate as estimates based on weighing
the individual components. In-plane and normal elec-
trical resistivity was also measured using a four-point
probe technique. Precise measurements could only be
made for samples containing > 21 wt% carbon black.

4. Scattering Theory
The Debye~Bueche formula [15, 20] is given by

dz 1

dz
©9 = ©% o @

where a is a correlation length defined in the corre-
lation function

y(r) = exp (—rfa) )

which describes the scattering fluctuations in the mat-
erial. Equation 3 applies to a random interpenetrating
two-phase system and describes the correlation dis-
tance of the short range fluctuations in
scattering power. Equation 2 has been widely used to
measure domain dimensions in porous materials [21]
and two-phase blends [20, 22].

For other systems [16, 23] the exponential approxi-
mation for the correlation function has been extended
to include a Gaussian [16, 23] term

9W(r) = fexp(—rja) + (1 = f)exp (—r/a)
(4)

where f'is a fractional contribution factor for the two
components of the correlation function. The two

correlation lengths a, and a, represent the short-range
and long-range fluctuations in scattering power,
respectively. Other types of correlation functions have
been discussed by Yuen and Kissinger [24], in a study
of light scattering from polymer blends, though it
was concluded that the inhomogeneities were best
described by Equation [4]. For this correlation func-
tion the coherent SANS cross-section is given by

dx
dQ

2 fai (1 = f)n'’a —Qd
% [(1 Y oA T 4 eXp( 4 >]

)

where ¢, and g, are the scattering length densitics
of the two phases and ¢ is the volume fraction of
one phase. Equation 5 does not include the scattering
from the polyethylene matrix and antioxidant. Because
of the cancellation between the scattering lengths
of carbon (be = 0.665 x 107** cm) and hydrogen
(by = —0.374 x 10"2cm) there is virtually no
coherent signal from polyethylene and the back-
ground signal is mainly incoherent, arising largely
from H' aucleii. This forms a constant background
~ 1cm™! which is independent of Q and was subtracted
from all scattering patterns and constitutes a very
minor correction to the strong coherent scattering for
all blends (d2/dQ ~ 10° to 10°cm™" at @ = 0). The
coherent SAXS cross-section may also be obtained
from Equation 5 by substituting the electron density
times the Thompson scattering factor (0.282 x
10~ " cm) for the scattering length density [19].

(o1 — Qz)zd’(l — )dn

5. Results and discussion

Figure 1 shows a conventional Guinier plot of the
coherent SANS cross-section from a blend of
0.53 vol % carbon black in high-density polyethylene
(Marlex). The plot is highly nonlinear, indicating that
the Guinier analysis is inapplicable, presumably due to
the large polydispersity of particle sizes in the disperse
phase. Figure 2 shows a typical Debye-Bueche plot of
the data in Fig. 1. For f = 1 in Equations 4 and 5, a
plot of (dZ/dQ)~ "2 against Q° should be linear, and it
may be seen that this is a much better approximation
than the Guinier model. However, the data deviates
from straight-line behaviour at higher Q and the de-
viations are more pronounced when plotted over a

TABLE II
Sample number  Carbon Carbon S.G. S.G. Carbon Electrical resistivity
weight fraction  volume fraction  calculated measured  weight fraction
3 _3 In plane Normal
calculated calculated (gem™) {(gem™) TGA @) ©em)
(%) (%) (")
I 60 44.5
2 55 39.5
3 50 34.8 1.256 1.254 49.8 140 70
4 40 26.3 1.184 1.181 40.1 350 350
5 27 16.5 1.100 1.070 22.8 13 000 400
6 21 12.4 1.065 1.036 16.3 > 1000 meg > 1000 meg
7 10 5.6 1.010 1.004 9.8 > 1000 meg > 1000 meg
8 2 1.08 0.973 0.962 2.7 > 1000 meg > 1000 meg
9 1 0.53 0.968 0.960 1.5 > 1000 meg > 1000 meg
10 0.5 0.27 0.966 0.963 1.0 > 1000 meg > 1000 meg
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Figure 1 Guinier plot for 0.53 vol % carbon black in polyethylene.

wider Q-range. Figure 3 shows a plot of the SANS data
from a sample with 34.8 vol % carbon black compared
to the two-correlation function Debye theory (Equa-
tions 4 and 5) with the fitting parameters

4, = 8naife(l — ¢)or — o) (6)

and
4, = #aq(1 - Hod — d)e — o) ()

It may be seen that this model gives an excellent fit
to the SANS data for this composition and similar fits
result over the whole composition range. The SAXS
data also give reasonable fits to this model though the
parameters (q,, a,, etc.) are different for SAXS and
SANS as discussed below.

Table III shows the fitting parameters (a;, a,,
Ay, 4,) for the SANS data as a function of the volume
fraction of carbon black (¢). Also shown are the
fractional contribution factor ( f), the specific surface
(S), the distance of heterogeneity (/,) and the volume
of heterogeneity ¥, which may be derived [23] from
the fitting parameters as follows

=10+ @/72@a/a)" &)
A,
=3

= [(1 = HH='?ad}]/ 8fa} )

fla, = S/4¢(Q — ¢)] (10)
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Figure 2 Debye-Bueche plot for 0.53 vol % carbon black in poly-
ethylene.

L2 =
V =

fa, + 2(1 — fHayn'”?
42fal + (1 — ' a3)r]

(an
(12)

The contribution (1 — f) of the long-range correlation
function is largest for small loadings of carbon black
and decreases progressively as ¢ increases and the
distribution of particles becomes more uniform. This
trend is mirrored in the behaviour of the distance (1)
and volume (¥) of heterogeneity, which are largest for
small ¢ and decrease progressively for high loadings
of carbon black. The specific surface (S) is approxi-
mately proportional to ¢ up to a loading of 16.5vol %.
For high loadings, S increases faster than ¢ (Fig. 4).
Table IV shows a comparison of the absolute cross-
sections at @ = 0 compared to the values calculated
from the model.

EO = 4+ 4 (13
Such comparisons are not possible unless the data are
taken in absolute units and provide a stringent test for
the analysis which must reproduce not only the shape,
but also the absolute magnitude of the scattering. The
discrepancies for any individual concentration are in
the range F 30%, though there is no systematic distor-
tion and the deviations are both positive and negative.
Such agreement is very good in view of the uncertainty

associated with calibration and the extreme sensitivity

TABLE III SANS fitting parameters for carbon black—polyethylene blends

¢ a, A, ] 4, f s L v
(vol %) (am) (10°ecm™") (nm) (10°cm™1) @ (nm) (107% nm®)
45.5 12.7 65.5 55.5 322 0.970 75.4 27.6 250
39.9 14.7 99.7 64.0 59.6 0.968 62.9 32.0 39.5
34.8 17.8 132.0 60.9 449 0.962 48.9 384 58.6
263 19.5 162.8 66.4 77.5 0.950 37.7 43.0 82.3
16.5 28.8 2589 74.3 58.7 0.943 18.0 61.8 222
12.4 29.0 171.8 77.5 75.6 0.905 13.5 66.5 254
5.6 29.7 120.5 79.5 56.3 0.901 6.4 67.4 297
1.08 31.5 28.1 86.4 21.0 0.859 1.17 75.7 410
0.53 30.9 12.9 843 10.9 0.835 0.56 76.2 411
0.27 28.9 53 80.8 4.1 0.820 0.30 73.1 361
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of the calculated intensities to the correlation lengths.
The dimensions of the fitted correlation lengths are in
the range 10 to 30 nm for @, and 50 to 80 nm for a,.
Although the SAXS data can be fitted by the same
method (Equation 5) the correlation lengths are
different to those measured by SANS and fall in the
range 12 to 15nm for ¢, and 37-42.5nm for ,. This is
illustrated in Fig. 5 which shows SANS and SAXS data
for 34.8 vol % carbon. It may be seen that the SANS
data measured in two different Q-ranges agree quite
well, but the shape of the SAXS data is different,
particularly at low Q. This indicates that the scattering
cannot arise from a simple two-phase model consisting
of carbon particles in a polyethylene matrix. If this were
the case then the SAXS and SANS data could be super-
imposed by a simple multiplicative scale factor [19].
This discrepancy suggests that there are more than
two phases involved in the scattering, and we believe
that this arises from small voids at the surface of the
carbon particles. This hypothesis is supported by the
data given in Table II, which shows a small but con-
sistent reduction in measured density against cal-
culated density based upon a zero void assumption.
The contribution to the scattering from the three
phases may be estimated from Table V which shows
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Figure 4 Concentration dependence of specific surface for carbon
black-polyethylene blends.
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the contrast factors for SAXS and SANS. Because of
the near equivalence of the scattering length densities
(SLD) of voids and polyethylene, the SANS experi-
ment may be treated to a good approximation by a
two-phase model, because the polyethylene is virtually
“invisible” to neutrons and is indistinguishable from
voids. This is because the voids have virtually no
SANS contrast with the polyethylene matrix due to
the cancellation between the coherent neutron scat-
tering lengths of carbon and hydrogen. On the other
hand, voids would have a large SAXS contrast with
both carbon and polyethylene due to the large electron
density difference involved (Table V). SANS can
therefore give an accurate description of the mor-
phology of the carbon particles as indicated by the
good agreement of the SANS cross-sections with the
simple two-phase theory. The SAXS patterns, on the
other hand, are sensitive to the morphology of all
three phases and therefore do not have the same shape
as the SANS data (Fig. 5).

The scattering from three-phase composite systems
consisting of polymer, filler and voids has been
discussed by Wu [25]. Using the subscripts 1, 2, and 3
to designate the filler (carbon) particles, voids and
polymer matrix, respectively, the SANS invariant
integral is given by

1

i

[0 do

i

2n? e, — Q2)2¢1¢2 + (0 — 93)3¢2¢3
+ (05 — 1) 3] (14)

TABLE 1V Comparison of measured and calculated values of
absolute SANS cross section at Q = 0

$ (%) dz
3 Q(0)(10 cm™')
Measured Calculated from Equation 13
44.5 91.7 76.9
39.5 159 118
34.8 177 166
26.3 237 200
16.5 317 380
124 247 345
5.6 178 182
1.08 14.1 50.0
0.53 322 24.4
0.27 8.0 10.9
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from 10 m data, (O) SAXS from 5m data.

where ¢, is the volume fraction and g, is the scattering
length density of the jth phase. The SAXS invariant is
given by a similar expression in which the SLD is
replaced by the electron density times the Thompson
scattering factor (0.282 x 107"2cm). If there are
no voids present in the system (¢, = 0), the SAXS
invariant may be calculated from Equation 14,
the known electron densities (Table V) and volume
fractions. For the sample containing 34.8% carbon
the measured and calculated values for I,xs are
(0.013 F 0.03) x 10* cm™ and 0.016 x 10* cm™,
respectively. The measured invariant for SANS is
(0.018 F 0.03) x 10* cm™* compared to a value of
0.016 x 10*cm™* calculated on the assumption
that ¢, = 0. This indicates that the volume fraction
of voids is small and cannot be determined by measure-
ments of the SAXS and SANS invariants. This is
consistent with density measurements which indicate
that ¢, < 0.01.

The fact that the SAXS and SANS intensities at low
O cannot be scaled by a single multiplicative factor
indicates that structural analyses based on only one
type of measurement can easily give rise to misleading

TABLE V Contrast factors for SANS and SANS in carbon
black-filled polyethylenes

Electron density Scattering
EL(1072 cm™) length density
(SAXS) (107 cm=%)
(SANS)
Carbon black 5.40 5.98
Polyethylene 3.26 —0.34
Void 0 0

conclusions. If our hypothesis of void scattering is
correct, then SAXS analysis is particularly vulnerable
to this artefact. In this particular investigation, SANS
gives a much better picture of the morphology of the
carbon particles because of the near equivalence of the
scattering power of voids and the polymer matrix. In
any eventuality, the combination of SAXS and SANS
measurements provides a good check on the validity
of the two-phase assumption.

Measurements at higher values of Q are sensitive to
fluctuations in scattering power over smaller length
scales, and at a given value of Q the experiment probes
a length scale of order 2zQ . Scattering from porous
or particulate media can often be expressed as a power
law over a wide range of Q [17, 26, 27] and such
behaviour is often associated with fractal systems
showing self similarity over different length scales. For
a fractal analysis to be valid, the data should fit a
single exponent n(I ~ Q") over a wide Q-range. The
simple Debye-Bueche model (f = 1 in Equations 3
and 4) gives the Porod exponent (n = 4), though the
actual measured exponents (Table VI) fall in the
ranges 3.0 to 3.7 (SANS) and 3.2 to 3.4 (SAXS). Thus
the simple Debye-Bueche or Porod analyses previously
used in the analysis of particle-reinforced polymers
[5-7] do not give an adequate description of the scat-
tering from the materials studied in this work. Fig. 6
shows SAXS and SANS data for a typical sample and
indicates the ranges over which the exponents were
evaluated. The differences introduced by using two
different fitting ranges for SANS (0.13 < Q <
0.25nm™") and SAXS (0.13 < Q0 < 1nm™') were
investigated by fitting some SAXS data sets over the
same range as SANS. The results are given in Table VI

T I

log,, dZ/(QVdGQ
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Figure 6 Log (dX/dQ) (Q) plotted against log Q for
5.6vol % carbon black in polyethylene. (a) SANS, (0O)
SAXS.
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TABLE VI Power law exponents for SAXS and SANS

$(%) SANS SAXS SAXS
0.13 < 0 < 0.25nm™") (0.13 < 0 < 0.250m™") 013 < Q < lnm™)

4.5 2.98 3.27 3.23
39.5 3.18 3.26
34.8 3.39 3.38 3.29
263 3.55 3.22,3.38 332,3.32

16.5 3.65 3.30

124 3.63 3.36

5.6 3.57 3.43 3.38

1.08 3.68 338

and show that the differences in # introduced by fitting
over two ranges (i.e. ~0.04) are not sufficient to
explain the systematic discrepancies between the
SAXS and SANS exponents. The obvious explanation
for this discrepancy is the presence of voids caused by
incomplete wetting or bonding of the carbon particles
to the filler during mixing. This analysis therefore
suggests that the exponents derived fron SANS
analyses may be used to characterize the carbon
particles due to the fact that the neutron experiments
are insensitive to voids. Exponents of order n = 3.5
have been observed for certain types of carbon black
and can be explained in terms of scattering from
fractally rough pore surfaces or in terms of a power
law distribution of particle sizes [27].

Small-angle scattering is clearly a powerful tech-
nique in the study of filled systems, being nondestruc-
tive and allowing experiments to be carried on bulk
samples. This work has shown that scattering data
from concentrated two-phase (and three-phase)
systems can be successfully modelled theoretically.
Future work will attempt to correlate the scattering
parameters with physical and electrical properties of
such systems.
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