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ARTICLE INFO ABSTRACT

Keywords: A homogeneous distribution of sulfur in a rubber compound is often desired. Spatially resolved imaging tech-
Rubber niques are useful for evaluating the distribution of this crosslinking chemical. Typical measurement methods
S‘flf“f . such as SEM (scanning electron microscopy) or TEM (transmission electron microscopy) have very high reso-
gi;ﬁz;t:::ilon lutions. However, the sample size or the maximum area to be investigated is limited, which makes it difficult to
{-XRF obtain a statistically reliable determination of sulfur homogeneity across the component or sample.

In this work, an alternative measurement technique is therefore presented: the p-XRF (p-X-ray fluorescence
analysis). With the help of this method, it is possible to scan surfaces of several cm? and to show the distribution
of different chemical elements. Its measuring principle has been known for decades but has hardly been used in
the rubber industry so far.

The main reason for this is that its quantification process for polymeric samples is more complex than for
geologic or metallic samples, which are typically been investigated with p-XRF to date. In this paper, this issue is
addressed and a solution is presented: With the help of the fundamental parameter method, the determination of
sulfur homogeneity and distribution on rubber surfaces becomes possible. This opens up a variety of further
possibilities for the use of yu-XRF in the rubber industry: For example, it could be used in areas of tire production,

fluorescence analysis

recycling of end-of-life rubber, and beyond.

1. Introduction

Sulfur is an essential component of rubber compounds as it forms
crosslinks that give the material its characteristic elastic behavior.
Typically, a homogeneous distribution of sulfur is targeted in order to
obtain a homogeneous distribution of network points [1-3]. This en-
ables properties that are as uniform as possible throughout the overall
compound.

Typical analytical methods evaluating elemental distributions on
sample surfaces are SEM with energy dispersive X-ray detection (EDX),
TEM with EDX or X-ray photoelectron spectroscopy (XPS) [4]. All ex-
amination methods have in common that surfaces up to a few mm? can
be examined very precisely with resolutions (spot distances) in the
nanometer to micrometer range. This resolution is demanded for
answering various scientific questions. However, this resolution is not
suitable for evaluating the sulfur homogeneity of a rubber sample. This
is because a significantly larger sample surface area would have to be
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measured in order to generate statistically relevant data.

A measurement method that is suitable for this purpose is the p-X-ray
fluorescence analysis (u-XRF): Similar to SEM, the sample is scanned
with an excitation beam. However, it uses an X-ray beam and not one
consisting of electrons. Its diameter is approx. 25 pm and thus 1.000
times larger than that of the SEM [5]. This lowers the resolution limit of
the method, so that general dispersion investigations cannot be exam-
ined with this method. However, it makes it possible to screen signifi-
cantly larger areas to reveal distributions of different rubber compound
components. In the device chosen for this work, areas of several cm? are
feasible to be examined. The X-ray beam is able to excite electrons in the
sample. The resulting fluorescence radiation and therefore chemical
elements distributions can be displayed.

The p-XRF is thus able to analyze large and therefore statistically
reliable areas for sulfur distribution. Furthermore, the method is
particularly suitable for the evaluation of blends [6] and tires [7], for
example. The latter consist of several different layers, which can be
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visualized exceptionally well with p-XRF, see Fig. 1. Furthermore, the
method can be used to investigate sulfur migration in samples con-
taining ground rubber (GR) from end-of-life rubber [8-11]. GR is (cryo-)
mechanical cut and shredded vulcanized end of life rubber with grain
sizes between 0.08 and 2 mm [11,12]. Thus, the p-XRF is a method that
gives useful information from rubber manufacturing to recycling.

Quantification of the results subsequent to the analysis is necessary
in order to obtain information about real concentration differences.
These can then be expressed, for example, in the unit parts per hundred
rubber (phr). To date the p-XRF has hardly been used for the investi-
gation of rubber material, some examples are given in Refs. [13-17].
This can be attributed to the fact that quantification, in particular, can
become a very complex step subsequent to measurement [18,19]. At the
same time, numerical quantification of elemental distributions is
essential for proper evaluation of the measurement results. Thus, the
purpose of this paper is to provide guidance on how to use p-XRF to
quantify exact concentrations of individual elements on the rubber
surface.

Two measurement series of natural rubber (NR) and styrene buta-
diene rubber (SBR) form the basis of the sulfur quantification. These
carbon black-filled specimens are prepared as a reference for the sulfur
signal detected by p-XRF. Furthermore, the sulfur content of these
samples was determined using the independent method “832 Series
Sulfur/Carbon Determinator” by LECO Corporation [20] to verify the
findings from p-XRF. This analytical method has successfully been used
in previous studies to validate the quantification of sulfur via XRF [21].

2. Experimental setup
2.1. Compound formulations and mixing conditions

For each type of rubber (NR, SBR) a separate reference series with
different sulfur contents was produced. The concentrations for sulfur
and accelerator (CBS) - because the latter also contains sulfur and to
keep the ratio of sulfur and accelerator constant - are increased within
these series from 0.4 to 3.0 phr, see Table 1. Both reference series thus
consists of six samples.

Table 2 gives a more detailed overview about the compound
components:

First, the NR was masticated in an internal mixer (Werner & Pflei-
derer, 1.5 1, PES3). For each sample, 1 kg of NR was masticated for 20
min at 20 rpm and a temperature of the mixer of 25 °C [22].

The base compounds were produced in the same internal mixer at 40
rpm, 50 °C and an effective volume Vg of 70% in the following mixing
procedure [22,23]:

— 0’: Polymer

— 1’: ZnO, St. Acid, Carbon Black
— 2,30’: Cleaning step

— 4,30’: Dump

After controlling the weight of each sample, the compounds were
cooled down on the laboratory mill (Schwabenthan 200 x 450; both
rollers 20 rpm, gap: 2.5 mm, 40 °C) for 1 min.

Then, the final compounds (identical conditions as for base com-
pounds) were mixed in the following mixing procedure:
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— 0’: Base compound, CBS, sulfur
— 3’: Dump

After dumping and weighing of the compound, it was cooled down
again on the laboratory mill (front roller 16 rpm, back roller 20 rpm,
gap: 2 mm at 40 °C):

— 0’: Final compound on laboratory mill
— 1’: Cutting three times left and right, rolling up at a gap of 1 mm
— 4’: Gap: 2.5 mm, both rollers at 20 rpm; dump

2.2. Vulcanization behavior

A SIS V50 from TA Instruments (former Scarabaeus) was used to
determine the vulcanization curves of all samples at 160 °C. Each
compound was tested three times. A heating press (Collin Plattenpresse
200) was used to vulcanize the specimens to t95. Samples with thickness
of 2 mm were produced for 832 Series Sulfur/Carbon Determinator.
Specimens of 6 mm thickness were vulcanized to be measured by p-XRF.
Due to the increased thickness, those samples were vulcanized to t95 +
2 min. The specimens examined by p-XRF have the following di-
mensions: 10 x 10 x 6 mm (length x width x height). They were taken
centrally from larger rubber sheets (130 x 117 x 6 mm).

2.3. Micro X-Ray fluorescence analysis

In 1895, Wilhelm Conrad Roentgen discovered the X-rays in
Wuerzburg, Germany [24]. Since then, many different analytical
methods were invented using X-rays for the investigation of both,
humans and materials. Since the 1960s, the X-ray fluorescence analysis
(XRF) is a standard examination method e.g. in the metal industry,
where it is used for qualification and quantification of individual
chemical elements in metallic samples. It is a non-destructive method
characterized by its robustness combined with high precision over a
wide concentration range [18].

In recent years, this measurement method has been developed
further to the imaging p-XRF [25]. The prefix “micro” indicates the
resolution of this method. Today, samples of several cm? in size can be
examined with spot distances of few micrometers (typically 25 pm).

A Bruker M4 Tornado from company Bruker Nano GmbH was used to
analyze the samples of both calibration series. Its X-ray tube — equipped
with a target of Rhodium (no filter) — was set to 50 kV and 200 mA and
two silicon drift detectors measured the fluorescence radiation. During
analysis, the sample chamber was evacuated to 20 mbar absolute to
remove the argon present in the ambient air and thus to increase the
sulfur signal, since the fluorescence energies of the two elements are
very similar. The resolution (distance from one spot to the other) of the
measurement was set to 25 pm. Every spot was exposed to radiation for
3 x 40 ms = 120 ms. The selected energy dispersive p-XRF can detect
elements between atomic numbers 11-92 (Na - U). The software Esprit
M4 (Version: 1.6.0.286) was used for all measurements and
postprocessing.

Fig. 2 shows the working principle of the XRF-technique: Generated
X-rays hit the sample surface and eject an electron from the electron
shell (left side of Fig. 2). The created vacancy is not stable and is filled by
an electron from an outer shell (right side of Fig. 2). The energy released

Fig. 1. Qualitative analysis by p-XRF of an end-of-life passenger car tire: Different shades of yellow indicate different concentrations of sulfur in the plies of the tire.
(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
Compound formulations of the 12 samples in phr.
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Reference series NR

Reference series SBR

NR 0.4 NR 0.8 NR 1.2 NR 1.6 NR 2.0 NR 3.0 SBR 0.4 SBR 0.8 SBR 1.2 SBR 1.6 SBR 2.0 SBR 3.0
NR 100 -
SBR - 100
CB 50 50
Zn0 5 5
St. Acid 3 3
Sulfur 0.4 0.8 1.2 1.6 2.0 3.0 0.4 0.8 1.2 1.6 2.0 3.0
Acc. 0.4 0.8 1.2 1.6 2.0 3.0 0.4 0.8 1.2 1.6 2.0 3.0
samples. Furthermore, it is only valid for this selected reference material
Table 2 o o
S - as well as the chosen excitation conditions (tube current and voltage,
Detailed information about the compound components. . . .
measurement time, etc.). Even small differences in the sample compo-
Name Company sition or in the measurement conditions can have the effect of severely
NR SIR 20 Weber & Schaer GmbH & Co. KG limiting the accuracy of the calibration [29].
E-SBR Buna SE 1502 L Arlanxeo Deutschland GmbH In contrast, a non-standard-based method would be useful which is
Carbon Black Corax N330 Orion Engineered Carbons S.A. independent of sample homogeneity as well as excitation conditions
ZnO Zinkoxid Rotsiegel Briiggemann KG R e e . . .
St. Acid Edenor ST1 GS Evonik Industries AG (within the limitations that the conditions are able to excite the
Sulfur K46859483 542 Merck Chemicals GmbH respective element). Furthermore, it should work over a large concen-

Accelerator CBS Vulkacit CZ/EG-C Lanxess Deutschland GmbH

in this process is emitted in form of fluorescence radiation. The amount
of fluorescence radiation is characteristic for every chemical element. By
measuring this energy, the XRF can determine the excited element. With
the p-XRF, large areas can be screened using this measurement principle.
This leads to a mapping (“qualification”) of chemical elements.

The energy-dispersive functionality of the used instrument creates a
relatively coarse spectrum of results from which the chemical elements
can be determined [27]. As a result, only K-transitions of sulfur fluo-
rescence can be measured and thus bonding states of atoms cannot be
identified. In comparison, the wavelength dispersive design can do so,
because it outputs a finer resolved spectrum [28]. However, this requires
a generally much longer measurement time, which makes this mode of
operation not feasible for imaging elemental analyses on a larger scale.

Quantification typically is made subsequent to the actual analysis in
the postprocessing. There are two different approaches to evaluate
measurement results quantitatively: The first method is to work with
known compositions using them for calibration of reference samples.
Typically, these contain characteristic concentrations of the elements to
be determined. By defining the calibration line, a linear relationship
between signal intensity and element concentration is thus established.

However, this type of calibration has some disadvantages: For
example, the accuracy depends strongly on the homogeneity of the

X-Ray

Photoelectron

tration range.

The pioneer of this method is Sherman, who was the first to describe
the relationship between signal intensity and concentration mathemat-
ically explicitly in 1955 [30]. For the first time, it was possible to use
physically defined fundamental parameters (e.g. transition probability,
jump ratio, fluorescence yield, linear mass absorption coefficient, etc.)
to determine the intensities of individual elements. Since then, further
research has been carried out to define these fundamental parameters in
a physically explicit way in order to improve the quality of this funda-
mental parameter method [31]. This standardless quantification method
by fundamental parameters shows good results e.g. in geology, as Flude
et. all. show [32]. One reason for this is, that the geological samples
consist to a significant extent of many chemical elements that are
detectable by p-XRF. Thus, the detected elements represent a sufficiently
high fraction of the chemical composition to successfully apply the
fundamental parameters.

In contrast, the situation is different for polymer samples: they
consist to a large extent of elements that cannot be detected via the used
p-XRF. This includes for example hydrogen, carbon, nitrogen and oxy-
gen (atomic numbers 1, 6, 7 and 8). As column 3 of Table 3 shows,
sample SBR 1.2 consists of 62 w% SBR (only C and H in the molecular
formula) and 31 w% carbon black (only C). These two components ac-
count for approx. 93 w% of the sample substance, which is not detect-
able via p-XRF.
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Fig. 2. Generation of fluorescence radiation, adapted from [26].
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Table 3
Determination of the sample components of SBR 1.2
phr w% mlg] Molecular Milg/ n;
Formula for mol] [mol] [%]
calculation
SBR 100 62.3 780.7 C40He s 65.4 11.84 26.3
NR 0 - - CsHs - - -
Carbon 50 31.2 390.3 C 12.0 32.24 71.7
Black
ZnO 5 3.1 39.0 ZnO 81.4 0.48 1.1
St. Acid 3 1.9 23.4 C18H3602 284.5 0.08 0.2
Sulfur 1.2 0.7 9.4 S 32.1 0.29 0.6
Accelerator 1.2 0.7 9.4 C13H;6N2S, 264.4 0.04 0.1

This "invisible" matter makes the quantification more difficult. The
reason for this is that the fundamental parameters can only be applied to
detectable elements. This means that only the small fraction of
measurable elements - in the example these would be sulfur and zinc -
would be qualified by p-XRF and thus quantified with the fundamental
parameter method. Consequently, the polymeric portion would be
completely ignored - there would be no concentrations for C and H in the
results.

Thus, the fundamental parameter method cannot be used without
restrictions for polymer samples. To overcome this, correction elements
have to be used. The use of these correction elements can significantly
improve the accuracy of this quantification method [29]. For this reason
- in addition to the fundamental parameters - the molecular formula of
the non-detectable “invisible” material is included in the calculation as
the correction element. It is not the chemical sum formula of a real
existing compound, but a mathematically calculated one. The way to
determine this formula is explained in chapter 3.3.

2.4. 832 Series Sulfur/Carbon Determinator by LECO

The 832 Series Sulfur/Carbon Determinator by LECO Corporation is
the alternative method evaluating the sulfur content of the rubber
samples. The measurements are performed according to ASTM D 6741
(method B) from 2010. The principle of this analytical method can be
described as follows: About 1 g of rubber sample material — cut from
plates with thickness of 2 mm - is placed via a combustion boat into a
furnace that is set to 1.350 °C and flushed with pure O,. The sample
combusts and the sulfur reacts with the O3 to SO». This gas is then passed
on to detection cells for examination. Infrared cells determine the ab-
sorption of the wavelengths characteristic for SO3, allowing the sulfur
content of the sample to be specified. It is thus a bulk analysis revealing
one sulfur concentration of the entire sample - in contrast to imaging
sulfur concentrations with the p-XRF [20]. It will be termed “LECO” in
the following chapters.

LECO is used to determine the sulfur content of a comparatively large
sample which can be seen statistically representative for the full com-
pound. In contract, a measurement with SEM-EDX can only quantify a
very small sample section and is therefore not necessarily representative
for the full specimen. To achieve a fair comparison several individual
SEM-EDX measurements could be examined at separated locations of a
larger sample. However, this would require a very high amount of time
and measurement effort. Furthermore, as mentioned before, this method
was chosen because it has already been successfully used as a compar-
ative measurement to XRF [21].

3. Results and discussion
3.1. Vulcanization behavior
Figs. 3 and 4 show the rheometer curves of both reference series.

Both depict a similar tendency:
With increasing content of curatives, the torque reaches a maximum
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of appr. 37 dNm for NR and SBR. Due to the higher amount of curatives,
more crosslinks can be formed that increase the maximum torque of the
samples. In contrast to NR, not all SBR-samples show a clear maximum:
Samples SBR 0.4 and SBR 0.8 exhibit a “marching modulus”. This can be
explained by the lower amount of double bonds in the polymer back-
bone of the SBR: Their chances of crosslinking are reduced in compar-
ison to NR. Due to that fact, t95 of SBR 1.2 (=30.0 min) is applied for
these samples to limit vulcanization time. This simplification has no
influence on the results.

Fig. 3 displays only one curve for every sample, which was originally
tested three times: The curve with the medium value for Smax — Smin
(maximum — minimum torque). The SBR-samples from Fig. 4 however
could only been tested once and are thus displayed in this diagram
without reference measurements. Investigated for a measurement time
of 90 min, samples SBR 0.4 and SBR 0.8 did not show a torque maximum
to calculate t95. All other samples went into reversion and were thus
stopped manually after showing this effect.

t95 of all samples are listed in Table 4. Again, a clear tendency can be
seen: The increasing content of curatives significantly reduces t95. The
CBS accelerates the vulcanization process resulting in lower t95. An
exception is sample NR 2.0, whose comparatively long t95 can be
explained by the plateau shown in Fig. 2 and the relatively weak
reversion behavior.

3.2. Qualitative analysis u-XRF

Fig. 5 and Fig. 6 both show the results of the qualitative analysis by
p-XRF. Both reference series - NR and SBR - depict the same behavior:
There are six specimens in different shades of yellow. The yellow
coloration indicates at which position sulfur was detected.

The sample with the least yellow coloration can be found in the
upper left corner of both figures. This can be assigned to the respective
sample with the lowest proportion of crosslinking chemicals (= NR 0.4
and SBR 0.4). With increasing sulfur content, the intensity of the yellow
coloration rises. It is thus already visually apparent that they differ
quantitatively. However, in order to determine the real concentrations,
the results still have to be quantified. This is described in the following
chapter.

Due to the sample arrangement, measurement artifacts may occur at
the edges of the individual cut-out samples. A more intense yellow
coloration is then often displayed at these points. However, this should
not be interpretated as a real increase in sulfur concentration at the
edges.

40
] ——NR3.0
——NR 2.0
——NR 1.6
] ——NR 1.2
30 4 ——NR 0.8
1 —NRO04
E — S
z
B 20
175}
10
O 1 Ll T T T
0 5 10 15 20 25 30

Time / min

Fig. 3. Rheometer curves of NR reference samples.
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30
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Fig. 4. Rheometer curves of SBR reference samples.
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Besides sulfur, further chemical elements were detected during the
measurements. They are listed in alphabetical order, see Table 5.
Possible sources for these elements can be impurities of the natural
rubber as well as other compound components. Also catalyst residues
from the production of synthetic rubber are conceivable. Moreover,
contaminations of the mixing equipment should be taken into account.
The elements determined are taken into account in the following
quantification.

3.3. Quantitative analysis y-XRF

As described before, the fundamental parameter method has to be
extended by the correction element of the chemical sum formula of the
respective rubber compound. The way to determine this formula is
explained in the following, using the material SBR 1.2 as an example:

First, the weight percentages w %; of the individual compound in-
gredients are calculated. This is done by dividing the respective indi-
vidual proportion phr; by the total quantity phrr., see equation (1).
Column 3 of Table 3 shows the results of the weight percentages.

phr;

Phrrowl

w %; = %100 % (@)

The compound density p,mouna i an essential factor to calculate the

Table 4
Vulcanization times (t95) of all samples. total mass mreg of the compound. It can be calculated using equation
. (2). p; is the density of each individual component.
Sample t95 in min Pi y P
NR 0.4 14.8 _ Phrrow 5
NR 0.8 8.3 P compound > 1,% 2
NR 1.2 7.1 '
NR 1.6 6.8 The total mass mro of the compound is then determined by the
Ei ;18 2:; product of p,,,nq and the effective volume Vgt (in the current example
SBR 0.4 30.0 70%) (equation (3)). For sample SBR 1.2, mroy is 1252.2 g.
SBR 0.8 30.0
SBR 1.2 30.0 MTotal :pcompaund * V@“ (3)
SBR 1.6 21.5 - T
SBR 2.0 19.5 Equation (4) calculates the individual mass m; of every component,
SBR 3.0 17.0 the results are displayed in column 4 of Table 3.
w %;
m; = 100‘ * Myotal (4)
The respective molecular formulas of every component can be found
NR 0.4 NR 0.8 NR 1.2

10 mm

R

NR 1.6 NR 2.0

NR 3.0

Fig. 5. Qualitative analysis of NR reference series.
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SBR 0.4

10 mm

SBR 1.6

SBR 2.0

SBR 3.0

Fig. 6. Qualitative analysis of SBR reference series.

Table 5

Other detected elements of the reference samples.
NR-series Al Ca Cr Fe K
SBR-series Al Ca - Fe K

Mn Ni P - Si Ti Zn
Mn Ni - Pd Si - Zn

in the fifth column of Table 3. It is important to note that the empirical
formula of the SBR is largely determined by the content of the styrene
component (23.5%) [33]. The molecular masses M; of the compound
components are formed by the product of the relative atomic mass Mg
of the elements and the number n,| of every element in the respective
molecular formula, see equation (5). An example of the determination of
M of the used stearic acid is given in equation (6). All results are listed in
column six of Table 3. The values for M,¢ are taken from Ref. [34].

M= (M @ 1), )

M. pcia = (Mo ® er) ¢ + (Miey @ 1yer) g + (Mg @ 1), = 12.0107 8/mol
¢ 18+1.00794 g/ 364159994 g/ ~ €2=02845¢ )

The amount of substance n describes the amount of atoms in mol
present in each component of the compound. n is determined by the
ratio of m; to M; (equation (7)). The results for n are listed in column 7 of
Table 3. In addition to that, the percentages of each component’s
amount of substance is shown in the last column of Table 3. This over-
view illustrates that sample SBR 1.2 consists of 98% of the elements
carbon and hydrogen, which cannot be measured via p-XRF.

m;

"= (@)

As a next step, the above calculated n; of each component has to be
broken down into the individual proportions of every chemical element.
For this, the respective proportions (see column 5 of Table 3) are
calculated and multiplied by the total amount of substance n;. This
calculation is given for the example of SBR 1.2 (equation (8)):

4.9
ne=rgies*203%=113%
6.5 ®©
= %26. =15.
"= g es*263%=150%

An overview of the elemental distributions of all compound con-
stituents is given in Table 6. It shows how n; (column 2) for every
component is broken down into individual proportions of every chem-
ical element from their respective molecular formulas, which can be
found in Table 3. Table 6 again emphasizes in particular the importance
of the elements C and H (columns 3 and 4) for the analysis. The last row
of Table 6 shows the sum of every element. The total ratio of C to H is
rounded 83:15. In summary, sample SBR 1.2 consists of 99% non-
detectable matter (C, H, N, O). In contrast, detectable elements Zn and
S are only present in the compound to a much smaller extent (1%).

For these remaining elements, the following assumptions apply:

e Zn: About 0.5% of the atoms in sample SBR 1.2 are zinc atoms.
Because zinc can be detected with p-XRF, no further steps are
necessary to quantify this element.

e N: Nitrogen cannot be detected via p-XRF. The concentration of ni-

trogen atoms is very low of approx. 0.005% and is therefore

neglected to simplify the composition of the non-detectable matter.

O: Oxygen cannot be detected via p-XRF. The majority of the oxygen

is derived from the zinc oxide. The small fraction from the stearic

acid is neglected for the same reason as explained for N. Via another

Table 6
Proportions of chemical elements in the total compound SBR 1.2
n; nC nH nZn nN n O nS
[%] [%] [%] [%] [%] [%] [%]
SBR 26.3 11.319 15.015
Carbon 71.7 71.703
Black
Zn0O 1.1 0.529 0.529
St. Acid 0.2 0.058 0.117 0.006
Sulfur 0.6 0.645
Accelerator 0.1 0.031 0.038 0.005 0.005
100 83.111 15.170 0.529 0.005 0.535 0.649
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correction factor, the oxygen is therefore coupled to the zinc with the
ratio of 1:1: each time a Zn atom is detected, an O atom is deposited
in the quantification calculation.

e S: About 0.6% of the atoms in sample SBR 1.2 are sulfur atoms.
Because this element can be detected with p-XRF, no further quan-
tification steps are necessary.

In summary, two main correction elements were thus determined:
First, the carbon to hydrogen ratio (83:15) calculated to 100%. Sec-
ondly, that the proportion of oxygen was formally coupled to the
amount of zinc with 1:1. Supported by these correction elements, the
quantification can now be carried out computer-aided with the help of
the generally applicable fundamental parameters. An area of 3 x 3
measuring points is combined into one in order to reduce the computing
time. This does not deteriorate the accuracy of the measurement.
However, the spatial resolution is reduced.

Table 7 shows the results of the sulfur quantification of all samples by
p-XRE. First, column 2 lists the ratio of carbon to hydrogen as correction
elements — termed method - used to calculate the respective samples.
The number of C atoms decreases with the increase of crosslinking
chemicals, while the number of H atoms remains constant. This can be
explained by the fact that the molecular formula of the accelerator has
more hydrogen atoms than carbon atoms. Column 3 shows the sulfur
content (consisting of crosslinker and accelerator) according to the
formulation in weight percent wt%. Column 4 lists the sulfur contents in
wt% determined by p-XRF using the correction elements added funda-
mental parameter method.

Comparing columns 3 and 4, it becomes clear that X-ray fluorescence
analysis can determine the sulfur contents very accurately. The results
are identical for sample NR 1.2. For samples NR 0.8, SBR 2.0 and SBR 3.0
the deviation of the sulfur content is only 0.01 w%. For other samples
the difference is slightly increased. The largest difference was measured
for sample NR 3.0: The concentration determined with p-XRF is 0.09 w%
below that from the formulation. One possible explanation for this could
be that there was not enough curatives added to the polymer during
mixing.

Fig. 7 gives an overview of the quantitative evaluation for the SBR
series. It indicates that the sulfur distribution at the sample surface is
very homogeneous, which can be attributed to a good distribution of
curatives. The increase in sulfur concentration proceeds from SBR 0.4 to

Table 7
Overview of the sulfur contents investigated by different methods.
Method  Compound Content of p-XRF calculated S LECO S in
S in wt% in wt% wt%
NR CgzHie 0.31 0.34 0.38
0.4
NR CgsHie 0.62 0.61 0.68
0.8
NR CgoHig  0.93 0.93 0.96
1.2
NR CgoHyg  1.23 1.17 1.24
1.6
NR CgoHie 1.53 1.51 1.55
2.0
NR Ceolhg  2.27 2.16 2.23
3.0
SBR CgsHis 0.31 0.33 0.41
0.4
SBR Cg3His 0.62 0.60 0.71
0.8
SBR CgsHis 0.93 0.99 1.02
1.2
SBR Cg3His 1.23 1.17 1.33
1.6
SBR CgsHps  1.53 1.52 1.61
2.0
SBR CgoHis 2.27 2.26 2.33
3.0
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SBR 3.0, which fits well with the results shown in Fig. 6. However, due to
the aforementioned artifacts and gradient formation at the edges in
Fig. 6, the identical material was measured again with p-XRF: This time
however, larger areas of 15 x 15 mm? were examined and subsequently
the excess and artifact-prone edges were trimmed in the measurement
software to create the originally intended area of 10 x 10 mm?. After
that, the quantification process was applied to the specimens.”

3.4. LECO

The 832 Series Sulfur/Carbon Determinator by LECO corporation is
another method to determine the sulfur content in polymer samples. The
results are intended as a reference to verify that the defined amount of
curatives was added to the polymer during the mixing process. The
determined concentrations of sulfur are displayed in column 5 of
Table 7. In principle, the values determined reflect the theoretical values
from the formulation, see column 3. However, it becomes clear that the
results are consistently shifted to higher concentrations. This is partic-
ularly true for the SBR series. A possible explanation for this effect could
be errors in the calibration of the device. The deviations vary from
0.03% (NR 1.2) to 0.16% (SBR 1.6). The deviations for this method are
thus higher than those from p-XRF.

3.5. Comparison of u-XRF and LECO

p-XRF and LECO are two different measurement techniques: In the
first method, the surface of a rubber sample is excited by X-rays and
fluorescence radiation is used to determine the chemical elements. The
sulfur determinator by LECO uses IR radiation to determine the
decomposition products of a rubber sample. Both methods determine
concentrations that are in the range of the expected sulfur contents.
However, it becomes clear that the deviations from the theoretical
values with the LECO method are significantly higher than those from
the p-XRF. This becomes visible in particular in Figs. 8 and 9.

In these diagrams, the sulfur content determined by both methods is
plotted against the theoretical sulfur content according to the formula-
tion. The original straight line (dashed line) additionally shows the
theoretical content. Values plotted above this line exceed the theoretical
sulfur content. Measured points below this straight line indicate deter-
mined concentrations that are below the theoretical values.

In the case of NR (Fig. 8), the values of both analysis methods are
almost congruent to the theoretical sulfur content. Using the linear
regression, it is clear that the offset of the LECO method is 0.088, twice
that of the p-XRF (0.045). This behavior can be explained by the de-
viations at low sulfur concentrations. The slope is almost identical for
both methods (0.93 vs 0.94). Thus, they are almost two parallel shifted
straight lines. Due to the lower offset, the results from p-XRF match
better with the theoretical values in the indicated concentration range.

This behavior becomes more apparent in the case of the SBR, see
Fig. 9: The offset of the p-XRF results is very small at 0.015. At the same
time, the slope of 0.99 is close to the optimum. The results from the X-
ray fluorescence are thus extremely close to the theoretical values. The
slope of the LECO method with 0.98 is as high as that of the p-XRF.
However, the offset of 0.108 describes that increased values for the
sulfur concentration are consistently determined. Especially at low sul-
fur concentrations, LECO thus shows larger deviations from the theo-
retically expected value. The correlation coefficients R? are close to the
optimum for all four fits, with slightly better fits for the LECO method.

Compared to this bulk analysis, u-XRF has several advantages: It is a
non-destructive analysis. Furthermore, concentrations of other elements
besides sulfur can be determined. In addition, it is possible with this
technique to display the sulfur homogeneity and distribution for large
areas of several cm?. Thus, concentration differences as well as in-
homogeneities can be displayed, which gives further insight views into
rubber samples.
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SBR 0.4

SBR 0.8

10 mm

SBR 1.6 SBR 2.0

0% 0.4 % 0.8%

12%

SBR 1.2

SBR 3.0

1.6% 20% 24% >2.4%

Fig. 7. Quantitative evaluations of the sulfur concentrations of the SBR reference series.

2,5 T T T ’,
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Fig. 8. Comparison of quantitative results of both methods for NR refer-
ence series.

4. Summary and outlook

The p-XRF is a tool to image the distribution of chemical elements.
The quantification of these pictures is initially difficult for polymers
because their main components C and H cannot be detected with this
method. In this work, a way to solve this problem was shown. For this
purpose, the amounts of substances of the not detectable elements were
determined and used as correction parameters for the quantification
with the fundamental parameter method. With this supplemented
fundamental parameter method, the sulfur content can be quantified
very accurately: the results fit very well with the expected theoretical
values. In addition, the sulfur concentrations were confirmed by the
independent method 832 Series Sulfur/Carbon Determinator by LECO
Corporation.

2,5 T T P
® p-XRF:y=001513 + 0.99382x;, R2=0.99683| ¢,/
® LECO:y=0.10786 + 0.98154x; R* = 0.99987 //
s Al -
~ e
%) y
G g
-%' 1,5 P / -
- /./
5 e
o g
© )
< 0,5 L
/.
0,0 T T T T
0,0 0,5 1,0 15 2,0 2,5

Theoretical content of S/ %

Fig. 9. Comparison of quantitative results of both methods for SBR refer-
ence series.

With the problem of quantification now solved, p-XRF has a wide
range of potential applications in the rubber field: The evaluation of
sulfur homogeneity on elastomer surfaces of several cm? can now be
displayed in a statistically reliable manner. This allows conclusions to be
drawn about compounding quality. Other conceivable applications
include investigations of the blooming or diffusion behavior of sulfur or
other chemical elements. This is particularly interesting when different
compounds accumulate in a product like in tires or recycled material.
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