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ABSTRACT: The morphology of polymer nanocomposites
is usually characterized by various methods like X-ray dif-
fraction (XRD) or transmission electron microscopy (TEM).
In this work, a new approach for characterizing nanocompo-
sites is developed: the results of small angle x-ray scattering,
on-line extensional rheometry (level of melt strength) and
Young’s modulus out of tensile test are correlated with those
of near infrared (NIR) spectroscopy. The disadvantages of
the common characterization methods are high costs and
very time consuming sample preparation and testing. In con-
trast, NIR spectroscopy has the advantage to be measured in-
line and in real time directly in the melt. The results were
obtained for different aggregate states (NIR spectroscopy and

on-line rheotens test in melt state, tensile test, and XRD in
solid state). Therefore, important factors like crystallization
could not be considered. Nevertheless, this work demon-
strates that the NIR-technology is perfectly suitable for quan-
titative in-line characterization. The results show that, by the
installation of a NIR spectrometer on a nanocomposite-proc-
essing compounder, a powerful instrument for quality con-
trol and optimization of compounding process, in terms of
increased and constant quality, is available. © 2010 Wiley Peri-
odicals, Inc. ] Appl Polym Sci 117: 3047-3053, 2010
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INTRODUCTION

The use of nanocomposites has developed rapidly
over the last years. One reason is their great poten-
tial for improving material properties with only a
small amount of filler. Nanocomposites are polymers
filled with particles where at least one dimension is
in the order of nanometers. There are several types
of nanofillers, which are classified in three structures
(spherical, laminar, or fibrous particles). Because of
the high aspect ratio, which is linked with the ability
to improve polymers, fibrous, and laminar particles
are commonly used.

There are two reasons for the improvement of ma-
terial properties by the application of nanofillers.
The first reason is the enforcement of the polymer
matrix by means of the particles (like it is the case
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for other fillers). The second effect is the movement-
restrictive effect on the polymer chains caused by
the layered anorganic nanofillers. Therefore mainly
layered silicates (most common montmorillonite)
with an aspect ratio up to 1000 are used.

To reach best interactions between polymer matrix
and nanofiller (especially layered silicates) a homo-
geneous dispersion is essential. Because of the tech-
nological simplicity, nanocomposites are preferably
produced by using a twin screw extruder operating
at high temperatures and pressures."” Shearing
forces, induced by the rotation of the screw and
thermodynamical interactions between polymer
chain and layered silicate clay are delaminating the
layered silicate. During the process, the structures
which are responsible for the level of reinforcement
are formed by physical bonding between the hydro-
philic clay, the hydrophobic polymer matrix and a
compatibilizer.’?

According to the dispersion and the homogeneity
of the nanofiller conventional composites, interca-
lated nanocomposites and exfoliated nanocomposites
can be formed. To determine the homogeneity of the
material a variety of methods are commonly used.
These include optical [scanning (SEM) and transmis-
sion (TEM) electron microscopy], mechanical (tensile
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strength, extensional rheology) and light scattering
methods (small angle (SAXS) and wide angle
(WAXS) X-ray scattering). A new way to determine
material homogeneity is the use of near infrared
(NIR) spectroscopy. NIR spectroscopy is a nondes-
tructive, optical method to obtain information about
the composition of samples and interactions within
the sample. Near- and mid-infrared methods (NIR,
MIR) measure the absorbance of light due to excita-
tion of molecular vibrations of the substance under
investigation. Mid-infrared measurements (often
referred to only as IR) are exploiting radiation in a
spectral range between 2500 and 25,000 nm, detect-
ing fundamental molecular vibrations, while NIR is
operating in the spectral range between 780 and
2500 nm. Therefore NIR detects the overtones and
combinations of the molecular vibrations. Although
NIR signals are 100-1000 times weaker than IR sig-
nals, only the NIR technique is suitable for in-line
implementation due to the use of quartz based
optics and optical fibers for signal transfer from the
measuring probe to the NIR spectrometer.

If light is transmitted through a sample, vibrations
of the molecular bondings are excited, resulting in
an energy absorbance at specific wavelengths
depending on the type of molecule and molecular
bondings, which can be detected by NIR spectros-
copy. The wavelength position of the absorbance
bands in the NIR spectrum provides the information
for identification of substances and chemical func-
tionalities. The prevailing conditions in the sample
(chemical state, number, and type of interactions)
are narrowly linked with the mechanical properties,
which can therefore be determined by NIR
spectroscopy.4

NIR measurements have a variety of successful
applications in polymer science, such as the analysis
of polymerization or copolymerization (mostly done
by detecting the characteristically absorption caused
by chemical groups as e.g., OH groups or vinyl ace-
tate groups in ethylene vinyl acetate), crystallinity,
molecular weight, anisotropy, intermolecular interac-
tions, molar mass, porosity, specific surface area, tac-
ticity, orientation, concentrations of flame retardants
(e.g., melamine cyanurate), density measurements,
and other chemical processes that appear during
polymer processing.”> ¢

In other studies, nanocomposites are ana-
lyzed regarding crystallization properties and parti-
cle size'® using NIR measurements.

The near infrared technique combined with stress—
strain curves to evaluate filled rubbers (using SiO,,
TiO,, layered silicate, and Nanotubes) with regard to
changes in crystallization and degree of exfoliation
under strain has also been investigated. A coherence
between crystallization under strain and a shift in
NIR spectra has been found."”
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In addition, NIR spectroscopy has successfully
been used to monitor the processing of pharmaceuti-
cal nanoparticles and to classify them by their parti-
cle size in a high solids dispersion.'®

The analysis of the melt strength of a polypropyl-
ene (PP) nanocomposite with off-line NIR spectros-
copy (correlated with off-line rheotens measurement)
has already been achieved.*

EXPERIMENTAL
Materials

The isotactic PP homopolymer HC600TF (melt flow
index (MFI) 2.8 g/10 min; 230°C/2.16 kg) was sup-
plied by Borealis, Linz, Austria. The used nanofiller
(montmorillonite intercalated with dimethyl dis-
tearyl ammonium chloride) with commercial indica-
tion Nanofil 5 was supplied by Sud-Chemie, Mu-
nich, Germany. The compatibilizer (Scona TPPP 2112
FA, MFI 14.8 g/10 min) was supplied by Kometra,
Schkopau, Germany.

Preparation of polypropylene nanocomposites

For the compounding process, an intermeshing,
corotating twin screw extruder Theysohn TSK30/40D
(Theysohn Holding, Vienna, Austria) with a string
die was used. The feed rate was set at 10 kg/h, with
a screw speed from 100 to 300 rpm. The formulation
of the nanocomposite was constant at 5 wt % organo-
clay, 5 wt % compatibilizer and 90 wt % polypropyl-
ene. A melt pump was used (Ap~—100 bar) to
increase the residence time and shear rate and there-
fore improve the dispersion of the nanofiller. A
bypass system was used to create a melt string for
on-line rheotens measurement. Two different screw
geometries, in the following referred to as geometry
1 and geometry 2, were used to produce nanocom-
posites with varying layer distance and mechanical
properties. The main difference between these
screw geometries is the number and position of
kneading elements resulting in different values of
induced shear energy and residence time. As can be
seen in Figure 1, both geometries are identical until
the side feeder. From this point, geometry 1 consists
of a kneading block right after the side feeder fol-
lowed by a short kneading block at the end of the
screw for additional induced shear energy in the
backpressure zone caused by the melt pump. In op-
posite to that, geometry 2 consists only of convey-
ing blocks.

For structural and mechanical characterization,
plates with a thickness of 2 mm and standard dog
bone shaped specimens (150 mm length, 20 mm
width, 4 mm thickness), respectively, were prepared
using the hydraulic vacuum press machine (Collin
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side feeder

Figure 1 Schematically illustration of screw geometry 1 and 2.

200 PV, Dr. Collin, Ebersberg, Germany) and the
injection molding machine (Engel ES330/80H, 800
KN closing force, Schwertberg, Austria).

Small angle x-ray scattering

X-ray measurements were performed using Bruker
NanoSTAR (Bruker AXS, Karlsruhe, Germany) small
angle X-ray scattering (SAXS) equipment. This sys-
tem was equipped with a two dimensional X-ray de-
tector. A wavelength of 0.154 nm (Cu-Ko) was used.
The samples were measured in transmission at a
temperature of 23°C. To avoid the influence of tex-
ture, all scattering measurements were performed on
plate samples. The gallery period 1 of the nanofiller
was determined on a powder sample. To avoid sta-
tistical effects, the scattering curves recorded at three
different positions on the samples were averaged. To
determine the gallery period, scattering curves were
corrected for background scatter and a Lorenz cor-
rection was applied. The Lorenz correction was per-
formed by multiplying the scattered intensity (I(q))
by q°, q being the magnitude of the scattering vec-
tor. For the determination of the peak position the
data were fitted with a Pseudo-Voigt function.'” The
interlayer distance is then calculated with the
Bragg’s law. The modulus of scattering vector g is
defined as g = (4nsinB)/A where X is the wavelength
of the used radiation and 0 is the half of the scatter-
ing angle 20. The SAXS data evaluation was basi-
cally performed by applying a correlation function
method according to Strobl and Schneider.*

Mechanical properties - tensile test

A universal tensile testing machine (Type: Z010,
Zwick and Co. KG, Ulm, Germany) was used to
carry out the tensile tests according to ISO 527-1. All
tests were carried out under standardized conditions
(23 = 2°C/50 %= 5% r.H.). The data was evaluated
using the testXpert II software (ZWICK, Ulm,
Germany).

Rheotens measurements

The different physical crosslinking and bonding
between polymer chains and organoclay results in a

diversity of viscoelastic response. Therefore rheotens
measurements are used to identify changes of the
elongational viscosity. Individual nanoparticles act
as entanglement or crosslinking sites and raise the
extensional stiffness of the composite.”!

The Rheotens 71.97 equipment (Gottfert, Buchen,
Germany) was used. The melt string was applied
through a bypass system directly from the extruder
to achieve on-line measurement. Two or four rotat-
ing wheels (linearly accelerated) are connected to a
force transducer while drawing off the extruded
string until it breaks. The drawing force applied to
the wheels at a specific draw rate is the reference
value for the melt strength level. To compare the
draw force level of different nanocomposite systems,
the drawing force at a draw rate of 150 mm/s has
been chosen as a comparative value. The data of at
least three measurements for each sample were
evaluated.

In-line FTNIR measurements

For in-line measurement a Fourier transform near
infrared (FTNIR) spectrometer of i-Red Infrared Sys-
tems (Linz, Austria) with a probe installed right
before the die was used. The spectrometer is work-
ing at a spectral range of 12,000 — 3800 cm ' (900~
2600 nm) with a spectral resolution of 1.5 cm™". The
probe was connected to the spectrometer using fiber
optics. The spectral data was collected with near
infrared process spectrometer software (NIPS). The
chemometric evaluation of the measured spectra
was done with the software package Thermo
GRAMS/AI from Thermo Fisher Scientific.

For a single spectrum 50 scans (10 scans per sec-
ond) were averaged. For each setting 100 spectra
were used to create a chemometrical model. To
avoid drift effects caused by environmental or other
parasitic effects, the measurement settings were cho-
sen randomly.

Evaluation of NIR data

For the realization of an adequate process monitor-
ing it is essential to find relations between composi-
tion of the sample, particle size or mechanical prop-
erties. This procedure is extensive, because NIR

Journal of Applied Polymer Science DOI 10.1002/app
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measurements detect combinations of vibrations and
overlapping bands. Therefore statistics provides var-
ious algorithms that establish a relationship between
spectral data and a chemometric model. The intri-
cacy for building a chemometric model is the prob-
lem of finding the right algorithm, the right prepro-
cessing method and the right wavelength range. NIR
measurements are in need of reference investigations
(for linking them with mechanical properties), which
are providing the values used for correlation with
the spectral data. It is of immense importance for
the accurateness of the chemometric model that
these values are as precise as possible.

The multivariate data applied by NIR spectra are
more dimensional (n-dimensional space). Therefore it
is necessary to project the data on a two dimensional
plane. The emerging picture is changing if the data
points are rotated in the n-dimensional space. The pos-
sibilities of such projections are infinitive so it is essen-
tial to find the direction where the scatter along the
axis reaches its maximum (maximum of information).
If such a direction is found an axis orthogonal on the
first axis is rotated until the scattering of data is reach-
ing the maximum again. This approach is continued as
all n-dimensions are considered. This procedure is
defined mathematically as eigenvalue problem.

All performable evaluation methods, such as prin-
cipal component analysis (PCA), principal compo-
nent regression (PCR) or partial least squares (PLS 1
and PLS 2) are working basically on this approach.

It is of great advantage to exclude some regions
with irrelevant spectral information. This can be
done by calculating an absorption spectra out of two
different spectra. This absorption spectra shows
those wavelength regions with the highest difference
and preferably low signal noise. This region can
then be chosen to achieve good correlating chemo-
metrical models.

Before the spectra are used for further calculation
a preprocessing is often beneficial to get rid of para-
sitic effects like light straying caused by irregular-
ities in the melt. One of the methods used is mean
centering, which is calculating an average spectrum
out of all used spectra and subtracts it from every
single spectrum to get rid of offset effects. A way to
achieve path length correction is to normalize the
spectra to correct simple nonlinearities or to use
algorithms such as standard normal variate transfor-
mation (SNV) or multiplicative scatter correction
(MSQ).

Experimentally NIR spectra of samples with vary-
ing but known responses were measured, pretreated
and then the PLS 1 algorithm was used to generate a
linear calibration model for calculating the responses
from the measured NIR data using reference values.
Then a cross validation was performed on the calcu-
lated chemometrical model. The principle of a cross

Journal of Applied Polymer Science DOI 10.1002/app
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validation is always the same. The model data are
separated in two excluding sets (one experimental
adjustment is sequentially left out). The bigger set is
called training set and is used to calculate the model.
The second set (test-set) is used to affirm the model.
This procedure is repeated for all experimental
adjustments. The bigger the training set gets the bet-
ter cross validation works, especially when extrapola-
tion is needed. The quality and the predictive ability
of the model is rated basically with the coefficient of
determination R* and the root mean square error of
cross validation RMSECV. R? (values between 0 and
100%) shows the correlation of the NIR data with the
reference values of the response parameter. The coef-
ficient of determination R* should lie above 90 for
quantitative calculation and above 70 for qualitative
calculation. All models with values below 70 can not
be used reasonably. Additionally, a precise model
has a RMSECYV as low as possible. A good and stable
model should also not consist of many eigenvectors
(referred to as “factors”), because the more factors are
used the more unsteady the chemometric model
becomes. So it is clear that the number of factors
used should always stay in relation to the problem
investigated. In the case of the investigation of nano-
composites the number of factors should preferably
not be higher than 8.
RMSECV and R? are calculated the following:

S (Yii = V)
n
Z?:l(ypi - )2
i (Y = Y))?

RMSECV =

R*=1-

[ =<

Y%. . .actual measurement value
Y,. . predicted value

Y,Y... mean value

RESULTS AND DISCUSSION

Near infrared spectroscopy with Young’'s modulus
as reference value

For this measurement, the response of interest is the
Young’s Modulus. The gained chemometric model
should be close to the best model for the evaluation of
the Young’s Modulus values from NIR measurements.
Very good correlation of tensile test and NIR measure-
ments can be achieved by designing an optimized che-
mometric model. The chosen spectral pretreatment
methods were mean centering and SNV. A coefficient
of determination R* = 97.70% (factors = 5) with
an RMSECV of 30 MPa for screw geometry 1 and
R? = 90.55% (factors = 4) with an RMSECV of 94 MPa
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TABLE I
Sample Description, Actual Values and Values Predicted
by NIR for the Young's Modulus

TABLE II
Sample Description, Actual Values, and Values
Predicted by NIR for the Layer Distance

Clay/PP-MA Screw Young's Clay/PP-MA Screw Layer
content speed modulus NIR content speed distance NIR
Geometry (wt %) (rpm) (MPa) (MPa) Geometry (wt %) (rpm) (mN) (nm)
Gl 5/5 100 2220 2230 G1 5/5 100 42.35 2.708
150 2190 2195 150 37.42 2.637
200 2220 2214 200 31.56 2.599
250 2200 2197 250 23.77 2.621
300 2010 2074 300 17.23 2.716
G2 5/5 100 2340 2199 G2 5/5 100 50.35 2.765
150 2280 2275 150 45.32 2.677
200 2260 2295 200 40.88 2.658
250 2280 2237 250 36.53 2.602
300 2210 2356 300 28.66 2.554
2.80
Mean Center, SNV Mean Center
E 201re-g770 £ R?=93.44
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Figure 2 Young's modulus values calculated versus
measured for geometry 1.
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Figure 3 Young’s modulus values calculated versus
measured for geometry 2.

for screw geometry 2 could be achieved. Table I,
Figures 2 and 3 show the results for both geometries.

The calculated Young’s Moduli for geometry 1 are
very close to the real values regarding that the per-
formed tensile test has a mean standard deviation of
67 MPa.

Layer distance (nm)

Figure 4 Layer distance calculated versus measured for
geometry 1.

2.80

Mean Center, Normalize
R®=93.51
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NIR (nm)

2.65 1

2.60

Layer distance calculated from

2.55 = r T T T
255 2.60 265 2.70 275 2.80

Layer distance (nm)

Figure 5 Layer distance calculated versus measured for
geometry 2.

The values for geometry 2 at screw speed 100
and 300 show greater deviations, which can be
explained with the fact that cross validation is not
always that efficient with extrapolation. Neverthe-
less, the values are quite precise regarding that the
tensile test has a mean standard deviation of 166
MPa for geometry 2.

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE III
Sample Description, Actual Values, and Values
Predicted by NIR for the Drawing Force

Clay/PP-MA Screw Drawing
content speed force NIR
Geometry (wt %) (rpm) (mN) (mN)
G1 5/5 100 42.35 40.30
150 37.42 36.93
200 31.56 29.39
250 23.77 26.04
300 17.23 12.83
G2 5/5 100 50.35 49.66
150 45.32 43.39
200 40.88 41.94
250 36.53 37.68
300 28.66 32.13
45
Mean Center, MSC
sl R®=94.59 .
g RMSECV = 2.64
= Factor =5
T 351
K-d
SE
ox
.§ =225 4
o
§ 20
Jud
o
15 4
10 r . . : . .
10 15 20 25 30 35 40 45

Drawing force (mN)

Figure 6 Drawing force calculated versus measured for
geometry 1.

55
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Factor =5
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NIR (mN)
w
o

N
(&)
1
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Figure 7 Drawing force calculated versus measured for
geometry 2.

Near infrared spectroscopy with layer distance
as reference value

The second response of interest is the interlayer dis-
tance gained by SAXS measurements. The interlayer
distance is the spacing of one particle including the
distance to the next particle. A very good correlation

Journal of Applied Polymer Science DOI 10.1002/app
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is achieved when the chemometric model is opti-
mized with mean centering and normalization (Fig.
5). The coefficient of determination R* calculated for
screw geometry 1 was 93.44% (factors = 1) with an
RMSECV of 0.013 and R*> = 93.51% (factors = 2)
with an RMSECV of 0.019 nm for screw geometry 2.
Table II, Figures 4 and 5 show the values for the
layer distance calculated with the chemometrical
model.

Near infrared spectroscopy with drawing force as
reference value

The third response of interest is the on-line meas-
ured drawing force. To gain good correlation the
chemometric model is optimized with mean center-
ing and Multiplicative Scatter Correction (MSC).
A coefficient of determination R*> = 94.59% (factors
= 5) with an RMSECV of 2.64 mN for screw geome-
try 1 and R*> = 9750% (factors = 5) with an
RMSECYV of 1.98 mN for screw geometry 2 could be
achieved. Table III, Figures 6 and 7 show the results
measured and calculated for both geometries.

CONCLUSIONS

As shown in this work the Young’s Modulus, the
layer distance and the drawing force exhibit good
correlation with NIR data analyzed by PLS 1 algo-
rithm. It can bee seen that near infrared spectros-
copy is a quantitative method for monitoring nano-
composite quality although the measurements were
done at different aggregate states and samples with
different processing history caused by sample prep-
aration. Therefore important parameters like crystal-
lization could not be considered by the NIR meas-
urements. It is evident that the different aggregate
states (melt state vs. semicrystalline solid state) and
the postprocessing procedures (cooling down, heat-
ing up, molding, and cooling down again) causing
for example preferential orientations, are affecting
the chemometric models negatively. Nevertheless
this work shows that it is possible to determine the
Young’s modulus, the layer distance and the draw-
ing force with sufficient precision for quantitative
evaluation with near infrared spectroscopy. There-
fore NIR spectroscopy is perfectly suitable for in-
line quality control and characterization of nano-
composites in real time and directly in the melt
during production, leading to a faster composite
optimization process with reduced rejections and
costs.

Parts of the FTNIR research work were done within the FH
Plus - Project AMiESP (Advanced Methods in Embedded
Signal Processing).
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