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Abstract:; Laser-induced breakdown spectroscopy ( LIBS) is a laser based method for the qualitative and quan-
titative analysis of chemical elements. It could be used for the analysis of rubber blends in the mixing room. In
this paper, zinc dispersion in rubber blends is detected with LIBS by using a Nd: YAG laser with a wavelength
of 1 064 nm and a pulse energy of 100 mJ. Experiments show that the quality of rubber products depends on
the correct blending of the mixing components. For example short mixing times can lead to an inhomogeneous
dispersion of these components. The intensity of the spectral lines is strongly affected by the setup parameters
like the focal position. The use of calibration samples allows creating a calibration curve. Based on line scans,
the zinc dispersion in these rubber blends can be analyzed. Variations in the homogeneity of the zinc caused
by short mixing times or different rotation speed of the mixer can be detected by the evaluation of the intensity
profile along these line scans.
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1 Introduction

Scarce resources and increasing requirements to
compete with each other internationally make it nec-
essary to integrate new systems in modern production
processes and to be more efficient. An essential area
is quality management. Quality management systems
have to be usable in offline and online application.
One major intention is to reduce the amount of scrap
from manufacturing materials.

Quality management is also an essential issue in
the rubber industry. Rubber has many applications
including tires, pipes, conveyor belts and many
more parts. Experience shows that an irregular dis-
persion of the blending components can lead to a su-
boptimal rubber article. One such component is zinc
oxide. Zinc oxide leads to better heat conductivity

"'l The rubber industry

and reinforcement in tires
also uses zinc oxide as a ultraviolet (UV) stabiliz-
er''l.

The number of rotor revolutions of the mixer has
a huge influence on the dispersion of the blending

(2]
components .

By improving the mixing technique
it is possible to improve the dispersion of the blend-
ing components. While the process is improving the
irregular dispersion of the blending components it is
still a significantly topic. Furthermore the evaluation
of the homogeneous dispersion of the blending com-
ponents is very challenging. Because current quality
management methods, such as Mooney viscosity and
stretching tests, do not provide direct information a-
bout the dispersion of the blending components, it is
important to provide a practical method which allows
the evaluation of the dispersion of the blending com-
ponents.

In Ref. [3] a laser induced emission spectral
analysis is shown, which is applicable as an instru-
ment for quality assurance of rubber blends. Based
on multiple measurements at different locations on

the sample, it is possible to evaluate the dispersion

in the sample. An excimer laser with 248 nm and
maximum 1 000 m] pulse energy was used. The
measurements were realized with shielding gas. The
analyzed wavelength is in the range of 170 — 480
nm. The major disadvantage of this method is the
huge size of the laser and the required vacuum for
the spectroscope which makes it an inflexible tool.

In fact it is not applicable for industrial application.

2 LIBS

Laser-induced breakdown spectroscopy ( LIBS) is a
laser based method for the qualitative and quantita-
tive analysis of chemical elements. LIBS can be ap-
plied to solid, liquid and gas samples, which makes
it a very flexible tool. The major advantage of LIBS
is without sample preparation. LIBS is a very fast a-
nalysis method so it is able for offline and online ap-
plication. The laser beam is focused on the sample
surface to generate a plasma. The plasma emits radi-
ation which is analyzed by a spectroscope. Based on
the focus size and the laser energy, only a small a-
mount of the sample surface is destroyed. More de-
tails are shown in Ref. [4-5].

Because of the advantages, LIBS becomes an
important tool for industrial applications. In addition
to its function as a normal analysis tool, LIBS can
also be used for recycling or characterization applica-
tions. One of application fields is the recycling of
plastic where high process speed and the possibility
of online and non-destructive analysis are re-
quired ®' . Another application field is the identifica-
tion of steel”’. In this field LIBS can be used to

ensure material composition.

3 Experimental Setup

The rubber samples which have been used for the
experiments were provided by the DIK ( Deutsches
Institut fiir Kautschuktechnologie e. V. ).

The experimental setup is shown in Fig. 1. The
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sample chamber, the LIBS-head and the spectro-
scope console are from Applied Photonics Lid. As a
laser source, a Nd: YAG laser with a wavelength of
1 064 nm, maximum 100 m] pulse energy, 8 ns
pulse duration and a repetition rate of 1 —20 Hz was
used. The experiments were operated with the maxi-
mum pulse energy of 100 mJ and a repetition rate of

10 Hz.

Laser head

|
LIBs head

Fig. 1 Sample chamber with LIBS-head, laser-head

and spectroscope console

The sample chamber ensures the laser security
and also includes a computer based translation stage
which allows scanning of the sample surface. The
spectroscope console contains 5 spectroscopes. Each
spectroscope provides a specific wavelength range.
Tab. 1 gives an overview about the spectroscope

specifications.

Tab.1 Spectroscope specification

Spectroscope  Wavelength/nm ~ Grating  Resolution/nm

1 314 -416 3 600 0.06
2 414 - 498 2 400 0.09
3 496 -718 1 200 0.18
4 716 —904 1 200 0.18
5 804 -977 1200 0.18

The spectroscopes provide a wavelength range
of 314 =977 nm. The setup was chosen because of
its advantages concerning industrial requirements.
The small and robust construction of the setup allows

a high mobility. The use of a compact laser system

makes the setup cost efficient.

The schematic setup of the LIBS-head is shown
in Fig. 2. The laser beam is focused on the sample
surface to generate a plasma. Focal length is
80 mm. Theoretical minimum spot size is approx.
25 pm. By moving the beam expander it is possible
to position the focal beam on the sample. The emit-
ted radiation is guided to the spectroscopes ( see
Tab. 1) by lenses and optical fibers. The aperture
nozzle ensures that the sample surface and the plas-
ma are effectively purged with argon. The argon has
two functions. Firstly the argon stream protects the
lenses against pollution which accrues by the plasma
generation. Secondly the argon influences the prop-
erties and the dynamics of the plasma which leads to

]

higher signal intensity'"*’. The aperture nozzle also

acts as a reference level for the sample positioning.

Lens Lens

Spectroscoe spectroscope

Aperture Reference
nozzle / level
"Plasma
Distance between
sample and Focal
aperture nozzle position

Translation
Stage

Fig.2  Schematic setup of the LIBS-head and the focal

position of the laser beam and the spectroscopes
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Translation stage

Fig.3  View into the sample chamber and the optical

s
e

elements
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Fig. 3 shows the view into the sample cham-
ber. The red and blue tubes are the holders for the
lenses. The laser beam expands in the middle of

these tubes.

4 Experimental Results

The goal of investigation was to check the possibility
to detect the zinc dispersion in rubber blends with
LIBS with a Nd: YAG laser. Information about rele-
vant zinc spectral lines are listed in spectra databas-
es [11] and [12]. The NIST-Database indicates
Zn( 1) lines with a high intensity at 213.9 nm,
280.1 nm, 328.2 nm, 330.3 nm, 334.5 nm,
468.0 nm, 472.2 nm, 481.1 nm and
636.2 nm''"’.

In the first step it was necessary to find out the
best setup parameters for the experiments. As shown
in Fig. 2, it is possible to change the distance be-
tween the sample surface and the aperture nozzle by
lifting or lowering the sample. This leads to a shift of
the plasma in the focal position of the spectroscopes.
If the distance between the sample surface and the
aperture nozzle is too small or too big, the generated
plasma is out of the field of vision of the spectro-
scopes. Furthermore it is possible to change the fo-
cal position of the laser beam on the sample surface
by moving the beam expander which leads to differ-
ent surface intensities. In fact, the intensity of the
zinc spectral lines depends on these two parameters.
Fig. 4 shows the mean zinc intensity of aluminium al-
loy calibration sample at 481. 1 nm as a function of
these two parameters. The aluminium alloy calibra-
tion sample contains 7.36% zinc and was used to
ensure a homogeneous zinc dispersion. The meas-
urement raster was measured with a step size of
0.5 mm. For the calculation of the mean zinc inten-
sity, 10 spectra were taken at each measurement
point. The intensity between two measurement points
was interpolated linear. The different colours indi-

cate the zinc intensity. Red and blue indicate the

highest and the lowest zinc intensity, respectively.
For the further experiments the parameter from the
red marked area were taken. The focal position of
the laser beam was fixed with —3 mm in the sample
and the distance between the aperture nozzle and the

sample surface was fixed with 5 mm.
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Zinc intensity of an aluminium alloy calibration
sample at 481. 1 nm depending on the focal po-
sition of the laser beam and the distance be-

tween the aperture nozzle and the sample surface

In the next step a reference spectra were taken
from a sample which only contains natural rubber
and a sample which contains natural rubber and
10 phr(per hundred rubber) zinc oxide to locate the
relevant zinc lines for this sample composition. The

reference spectra are shown in Fig. 5.

8000

—— NMatural rubber Zn(l)
Natural rubber+10 phr zinc
@ 7
£ 6000 n.(l}
E’. Zn(l)
2z 4000 Zn(1)
g Zn(l)
= 2000f
Zn(1)
L

0 74

320 328 336 468 476 484
Wavelength/nm

Fig.5 Reference spectra of natural rubber and natural

rubber + 10 phr zine

The spectrum of the rubber zinc sample ( red
marked curve) shows the characteristic zinc lines at
328.2 nm, 330.3 nm, 334.5 nm, 468.0 nm,

472.2 nm and 481. 1 nm. These lines agree with the

1]

information form the NIST-Database'’ These lines
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do not occur in the reference spectrum of the rubber
sample ( black marked curve). The highest intensity
provides the spectral line at 481. 1 nm which makes
it practical for the further investigations.

To get an information about the zinc concentra-
tion in rubber samples, it is necessary to create a
calibration curve. The result from this experiment is
shown in Fig. 6. The points in the chart show the
mean zinc intensity at 481. 1 nm for rubber samples
which contain 0.5, 1.0, 1.5, 5.0, 10.0 and
20. 0 phr zinc. The mean zinc intensity of each sam-
ple was determined based on 10 measuring points
per sample. At each measuring point 20 spectra
were taken. To avoid the influence of a polluted sur-
face, 5 cleaning shots were carried out at each meas-
uring point to clean the sample surface. The error
bar shows the standard deviation. The line shows the
linear gradient between the zinc intensity at
481.1 nm and the zinc concentration in the rubber

sample.

Zinc concentration/phr

0 4000 8000 12000
Intensity/counts

Fig.6  Zinc concentration as a function of the signal in-

tensity at 481. 1 nm

A difficult challenge in the manufacturing of
rubber products is the homogeneous dispersion of the
blending components. Fig.7 shows an energy disper-
sive X-ray scanning of two rubber blends. These
samples contain 4 phr zinc. Fig. 7 (a) shows the
zine dispersion of sample A which was mixed with 40
revolutions per minute and Fig. 7(b) shows the zinc
dispersion of sample B which was mixed with 70 rev-
olutions per minute. Each mixing process has the

same mixing time. Sample A shows agglomerations

of zinc ( white spots which are encircled) which indi-
cates an inhomogeneous zinc dispersion. Compari-
sons to Sample B there are no observable zinc ag-
glomeration which indicates a homogeneous zinc dis-
persion. Higher revolutions per minute at the same

mixing time lead to a homogeneous zinc dispersion in

the rubber blend.

ZnK —— 200 pm
150X kV: 20.0tilt: 0

(a) Sample A mixed with 40 revolutions per minute

0K — 200 um
150X kV:20.0 Tilt: 0

(b) Sample B mixed with 70 revolutions per minute
Fig. 7 Energy dispersive x-ray scanning of the zinc dis-

persion in the rubber sample ( figure adaption:

lightness = +20% and contrast = +20% )

To get an information about the zinc dispersion
based on LIBS, it is necessary to operate regional
measurements. Therefore, 5 line scans on different
positions of the sample surface were carried out.
Each line scan comprised 20 measuring points with
an interval of 0. 5 mm. 10 spectra were accumulated
at each measuring point. For the evaluation of the
zine dispersion the knowledge about the variation co-
efficient is important. This value represents the vari-
ance of the zinc intensity along the line scan. Zinc
agglomerations which cross a line scan lead to a re-

gional increase of the zinc intensity. The variation
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coefficient attends as a dimension for the zinc disper-
sion. If the variation coefficient is high, the zinc
dispersion is inhomogeneous. If the variation coeffi-
cient is low, the zinc dispersion is homogeneous.
Tab. 2 shows the variation coefficient of the line

scans for the sample A and the sample B. Sample A

Tab.2 Variation coefficient of the zinc intensity at
481.1 nm of different line scans for a mixing
process with 40 (sample A) and 70

(sample B) revolutions per minute

Variation coefficient/ %

Line scan
sample A sample B
1 31.8 7.8
2 37.0 7.8
3 26.3 12.6
4 29.4 7.4
5 30.4 6.7

shows a variation coefficient of 26.3% up to
37.0% . Sample B shows a much lower variation co-

efficient of 6. 7% up to 12. 6% . The lower variation

SENM:

coefficient indicates a homogenous zinc dispersion.
This result agrees with the result from the energy dis-

persive X-ray scanning in Iig. 7.

5 Conclusion and Outlook

It is possible to detect zinc in rubber blends by using
LIBS with a Nd: YAG laser. The intensity of the zinc
spectral lines depends on the correct focal position of
the laser beam and the spectroscopes. The deter-
mined calibration line shows a linear relation be-
tween the intensity of the zinc spectral line at 481. 1
nm and the zinc concentration in the rubber sample.
The analysis of the variation coefficient provides the
evaluation of the zinc dispersion in a rubber sample.
The chosen setup is mobile, robust and cost effi-
cient, which makes it very interesting for industrial
applications. The results provide opportunity for fur-
ther research into LIBS online measurements for rub-

ber production process.
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