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ABSTRACT: Layered silicates as nanoscale fillers have a
great potential in improving polymer material properties.
Depending on the composite structure (agglomerated, inter-
calated, or exfoliated) a significantly higher level of rein-
forcement of the virgin polymer can be achieved with a
very small amount of filler. The morphology of the compo-
sites is usually characterized by XRD and microscopic meth-
ods (e.g., transmission electron microscopy). But the level of
reinforcement of nanocomposites is not always proportional
to morphology (delamination level of the silicate layers). A
new approach for characterizing the material reinforcement
level as a consequence of melt quality is to correlate the
results of extensional rheometry (level of melt strength)
with those of near infrared (NIR) spectroscopy. The advant-

age of the NIR technique is the suitability for in-line imple-
mentation by using quartz based optics and optical fibers
for the signal transfer from the measuring probe to the NIR
spectrometer. The presented results show a direct correla-
tion between the reinforcement level determined by rheo-
tens measurements and the data analyzed from off-line NIR
measurements. The results of the chemometric analysis of
the NIR data shows that this in-line capable optical method
provides quantitative information on the quality of the
nanocomposite. VVC 2009 Wiley Periodicals, Inc. J Appl Polym Sci
114: 2488–2496, 2009
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INTRODUCTION

Nanocomposites are modified polymers with par-
ticles, where at least one dimension is in the order of
nanometers. Polymer material reinforced by nano-
scale particles exhibit significantly higher perform-
ance, for example, higher elastic modulus, tensile
strength, thermal resistance, lower gas and liquid per-
meability, reduced flammability, and enhanced rheo-
logical properties already for small amounts of the
filler.1,2 For preparation of polymer nanocomposites,
layered silicates (clay, especially montmorillonite,
MMT) have been the most commonly used nanofillers
due to the possibility to achieve aspect ratios ideally
up to 1000. On the basis of MMT, nanocomposites
containing polyamide, polyethers, polyesters, epox-
ides, polystyrene, and polypropylene have been
prepared.2–16 Polymer/clay nanocomposites can gen-
erally be prepared by mixing during polymerization

(‘‘in situ’’), mixing in solvent and melt mixing.17 Addi-
tionally, possibilities of nanoparticle dispersion by
application of electric fields,8 by ultrasonic mixing,18

or direct chemical bonding of polymer chains onto the
surface of silicate platelets19–22have been studied.
Melt mixing (compounding) is the industrially most
attractive method due to its technological simplicity
(usage of common polymer processing machines in
contrast to special equipment and procedures in
chemical laboratories). According to the dispersion of
MMT platelets in the polymer matrix, three composite
structures (conventional composites, intercalated, and
exfoliated nanocomposites) can be formed. In the first
case, the MMT particles (tactoids) are dispersed in the
polymer matrix in micrometer scale with the tactoids
acting as a micro-filler. Intercalated (partially delami-
nated) systems show penetration of polymer chains
into the interlayer gallery of silicate platelets whereas
exfoliated (entirely delaminated) nanocomposites are
characterized by homogeneous and uniform disper-
sion of silicate layers in the polymer. During the pro-
cess, the structures, which are responsible for the
reinforcement level, are formed by physical bonding
between the hydrophilic clay, hydrophobic polymer
matrix, and compatibilizer. The number and type of
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interactions depend on the processing conditions and
can be monitored by NIR spectroscopy.

Near infrared (NIR) spectroscopy is a non-destruc-
tive, optical method to determine information on the
composition of samples. Like mid infrared (MIR)
spectroscopy, the NIR method measures the absorb-
ance of light due to excitation of molecular vibra-
tions of the substance under investigation. However,
MIR, which exploits radiation in the wavelength
range of 2500 to 25000 nm, measures the fundamen-
tal molecular vibrations, whereas NIR, operating in
the spectral range between 780 and 2500 nm, detects
the overtones and combinations of these vibrations.
By placing the sample in the light path, the substan-
ces present in the sample absorb NIR radiation at
specific frequencies according to their molecular
structure, resulting in NIR sample spectra. As the
frequencies, at which the absorbances take place, are
depending on the energy, a molecular structure
requires to be stimulated, the position of the absorb-
ance bands in the NIR spectrum provides the infor-
mation for identification of substances and for the
existence of specific chemical functionalities present
in the sample. By evaluating the intensity of the
features identifying a substance or chemical func-
tionality, the amount/concentration of the respective
analyte can be determined. In polymer industry,
NIR spectroscopy is used for example for examina-
tion of polymerization or copolymerization, moisture
content, cristallinity, molecular weight, intermolecu-
lar interactions, tacticity, orientation, dispersion and
alteration of the particle size of fillers, and density of
polyethylenes. As described earlier, NIR spectros-
copy in principle determines the chemical composi-
tion of samples. However, it is also capable of
providing information on mechanical properties as
these properties are generally linked to the chemical
state of the sample. For example, the strength of
coatings often depends on the degree of polymeriza-
tion of polymers, which again can be monitored by
determining the remaining amount of monomer
functionalities which have not been converted by the
polymerization reaction. Furthermore, some parame-
ters can be determined by NIR spectroscopy
although neither a chemical conversion is the basis
for the phenomenon nor does the analyte show any
activity in the NIR. For example, ions dissolved in
water can be determined to a certain degree
although they are not IR active and do not cause
any specific chemical reaction. The reason for this is
the fact that the charged ions interact with the water
molecules, influencing the strength of the OAH-
bond and thereby shifting the water’s OAH absorb-
ance peak. In polymer nanocomposites, the silicate
platelets form different levels of 3D physical net-
work. Generally, in the real nanocomposite systems,
both the intercalated as well as exfoliated structure

exist. During the compounding process, both struc-
tures are formed by the physical bounds between
the hydrophilic clay, hydrophobic polymer matrix,
and compatibilizer. The number and type of interac-
tions between polypropylene chains, organic modi-
fier based on organoclay (quaternary ammonium
salt presented in Nanofil 5), polypropylene grafted
with maleic anhydride (compatibilizer), and free
maleic anhydride molecules (up to 0.1% in compati-
bilizer) depend on the processing conditions and can
be monitored with NIR spectroscopy. A few studies
studying the usage of vibrational (FTIR or Raman)
spectroscopy to detect the changes in physical
characteristics of polymers have been published
up to now.23–31 Some of these studies proposed
an approach to analyze the deformation behavior
in polymer-clay nanocomposites.32,33 However, no
study dealing with NIR spectroscopy for the deter-
mination of the reinforcement in polymer nanocom-
posites have been found in available literature.

EXPERIMENTAL

Preparation of polymer nanocomposites

The used polymer matrix was an isotactic polypro-
pylene homopolymer (HC600TF; MFI 2.8 g/10 min,
230�C/2.16 kg; Borealis/A, Linz, Austria). As a
nanofiller, a layered silicate intercalated with di-
methyl distearyl ammonium chloride (Nanofill5, Sud
Chemie/D, Munich, Germany) and as a compatibil-
izer a PP grafted with maleic acid anhydride (PP–
MA, Scona TPPP 2112 FA, Kometra/D, Schkopan,
Germany) was used. For the compounding process,
a co-rotating twin screw extruder Theysohn TSK30/
40D, Korneuburg, Austria with a string die has been
used. The feed rate was set at 10 kg/h with a screw
speed variation, between 75 and 400 rpm. The ex-
truder temperature profile has been set to 160–200�C
from the hopper up to the die. The melt pump tem-
perature has been kept at 200�C. As listed in Table I,
different nanocomposite systems have been pre-
pared. In the first sample group (No. 1–16), master-
batches containing 20 wt % of compatibilizer with
the same amount of organoclay have been prepared
under different processing conditions (with or with-
out melt pump, varying screw speed and screw ge-
ometry). In this sample group, a variation in melt
pump adjustment has been performed: For
Dpmaximal, a maximal negative difference (up to �100
bar) between the input and outlet pressure of the
melt pump has been set. In this way, melt accumula-
tion up to the 9th extruder section (� 40 cm before
the melt pump) has been achieved. In the Dpneutral
mode, the input and outlet pressure were kept con-
stant (around 10 bar), while in Dppositive mode, a pos-
itive pressure difference (around 5 bar) was set. The
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second sample group (No. 17–21) consists of master-
batches prepared at different screw speed and the
Dpmaximal mode. The third sample group (No. 22–32)
contains nanocomposites prepared by dilution of
appropriate masterbatches to 5 wt % organoclay
concentration under the same processing conditions
used for masterbatches.

For the Rheotens measurements, the primary gran-
ulate obtained from the extrusion process has been
used. The samples for near infrared have been pre-
pared using a hydraulic vacuum press.

Evaluation of testing methods for NIR calibration

As we have already presented elsewhere,34 the level
of real reinforcement in polypropylene nanocompo-
sites is not only based on the delamination level
(increase in interlayer distance) determined by the
XRD method. The simple rule ‘‘a higher delami-
nation leads to higher improvement in mechanical
material properties’’ does not apply to all cases. The
only way to find the ideal clay structure (e.g., type

and grade of mixture elements, degree of intercala-
tion/exfoliation) in the polymer matrix for the best
achievable material reinforcement is to combine the
XRD and TEM technique with the characterization
of mechanical properties. These methods require
rather expensive scientific equipment and additional
experimental time for the preparation of samples.
Nevertheless, XRD, TEM, and tensile testing are the
most approved methods for characterizing nanocom-
posites and can not be disclaimed when it comes to
solid parts and their properties. But for monitoring
the nanocomposite production and quality (e.g.,
melt homogeneity), it is necessary to examine the
melt directly. We proved that the investigation of
the melt strength level in compatibilized polypropyl-
ene nanocomposites using the Rheotens equipment
enables to detect the material reinforcement level as
a consequence of melt quality. A correlation between
mechanical properties in the melt and solid state has
been confirmed.34 Concerning the suitability of the
described methods for the polypropylene-nanocom-
posites characterization and the possibility for

TABLE I
Description of Samples

No. Indication Note
Clay/PP–MA
content (wt %)

Screw speed
(rpm) Geometry

1 Osp65 Without melt pump 20/20 75 1
2 MB4-65rpm Dp_maximal
3 MB5-65rpm Dp_neutral
4 MB6-65rpm Dp_positive
5 Osp100 Without melt pump 20/20 100 1
6 MB1-100rpm Dp_maximal
7 MB2-100rpm Dp_neutral
8 MB3-100rpm Dp_positive
9 Osp2_75 Without melt pump 20/20 75 2

10 MB10-75rpm Dp_maximal
11 MB11-75rpm Dp_neutral
12 MB12-75rpm Dp_positive
13 Osp2_100 Without melt pump 20/20 100 2
14 MB7-100rpm Dp_maximal
15 MB8-100rpm Dp_neutral
16 MB9-100rpm Dp_positive
17 MB16-75rpm Dp_maximal 20/20 75 3
18 MB13-100rpm 100
19 MB19-150rpm 150
20 MB20-200rpm 200
21 MB21-300rpm 300
22 G3-75 Dp_maximal 5/5 75 3
23 G3-100 100
24 G3-150 150
25 G3-200 200
26 G3-300 300
27 G4-75 Dp_maximal 5/5 75 4
28 G4-100 100
29 G4-150 150
30 G4-200 200
31 G4-300 300
32 G4-400 400
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Rheotens test being performed off- and on-line, we
decided to correlate the results of Rheotens measure-
ments (level of melt strength) with those of off-line
near infrared spectroscopy to gain chemometric NIR
calibration models.

Rheotens measurements

The advantage of Rheotens measurements consists
in their simplicity without the need of expensive sci-
entific equipment and additional time for sample
preparation. The principle of the Rheotens measure-
ment is shown in Figure 1. It is based on the elonga-
tion of the extruded string by two or four rotating
wheels connected with a force transducer. The rota-
tion speed is linearly increased up to the point when
the molten string breaks. The tensile force applied to
the wheels at a specific draw rate is the reference
value for the melt strength level (stress at break). In
our work, the Rheotens 71.97 equipment (Göttfert,
Buchen, Germany) in combination with a capillary
rheometer has been used. To compare the tensile
force level of different nanocomposite systems
(revealing different magnitudes of draw rate at
break), the tensile force at a draw rate of 350 mm/s
has been chosen as a comparative value. The data of
at least three measurements for each sample with a
measurement error of 2% was evaluated.

The silicate platelets form different levels of 3D
physical network in the polymer matrix depending
on their structure (intercalated or exfoliated). The
different physical crosslinking and bonding between
polymer chains and organoclay results in a diversity
of viscoelastic response. Therefore, Rheotens mea-
surements are used to identify changes of the elon-

gational viscosity. Individual nanoparticles act as
entanglement or crosslinking sites and raise the
extensional stiffness of the composite. Depending on
the degree of dispersion, this change is more or
less pronounced compared to the polymer without
filler.

Experimental setup for NIR measurements

The NIR spectra of the different samples were
collected with the laboratory FT–NIR spectrometer
Vertex 70 from Bruker Optics/D (Ettlingen, Ger-
many). The samples were prepared as plates with a
thickness of 0.8 mm and were measured in transmis-
sion by placing the plates in the optical path of the
spectrometer in the sample chamber. All samples
were measured three times at different lateral posi-
tions on the plate. The quantitative chemometric
evaluation of the measured spectra was done with
the software package OPUS from Bruker Optics/D.
The measurement parameters for the acquisition of
all spectra were:

• Detector: Extended InGaAs.
• Wavenumber range: 4000–10,000 cm�1.
• Resolution: 8 cm�1.
• Number of scans: 64.

Evaluation of NIR data

For the realization of efficient NIR spectroscopic pro-
cess control applications, the extraction of process
relevant information from the measured NIR spectra
is essential. In the NIR region, typically, the spectral
features of different species strongly overlap. This
results in the need for more sophisticated evaluation
methods.36 In this case, the partial least squares (PLS
1) method was applied to extract quantitative infor-
mation from NIR spectra and to evaluate the data
for a desired parameter measured by NIR.
For example, NIR spectra are often used to esti-

mate the amount of different chemical components
in a sample. In this case, the so called ‘‘factors’’ are
the wavelength specific measurements that comprise
the spectrum. The parameters of interest, the so
called ‘‘responses’’ are typically component amounts
that the researcher wants to determine in future
samples. In our case, the main response of interest is
the level of reinforcement in the nanostructured
materials produced by filling a polymer matrix with
nanoparticles in different processing ways.
For evaluating NIR spectroscopy as a method

capable of measuring a certain sample attribute
(responses: e.g., reinforcement level) a straight for-
ward approach was applied. Experimentally NIR
spectra of samples with varying but knownFigure 1 Principle of Rheotens measurements.35
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responses were measured. Then PLS 1 was used
to generate a linear calibration model for calculating
the responses from the measured NIR data (factors).

By looking at correlation parameters [like correla-
tion coefficient R2 and root mean square error of cross
validation (RMSECV)] of the resulting model, it
is possible to evaluate whether the model shows
sufficient predictive ability or not. R2 and RMSECV
are determined as follows with Yk as the reference pa-
rameter value and Yp as the predicted parameter
value:

R2 ¼

Pn
i¼1

ðYpi � YkÞ2

Pn
i¼1

ðYki � YkÞ2

RMSECV ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn
i¼1

ðYki � YpiÞ2

n

vuuut

RESULTS AND DISCUSSION

Rheotens testing

As can be seen in Figure 2, nanocomposite master-
batches processed with screw geometry 2 (applying
higher shear energy) as compared to those processed
with screw geometry 1 (lower shear configuration)
revealed a higher level of melt strength. The differ-
ence in screw speed shows a clear trend: a higher
screw speed (generating higher shear rate) for a cer-
tain screw geometry results in a higher magnitude
of tensile force (level of melt strength). Comparing

the tensile force level of masterbatches prepared
using geometry 2 and 3, respectively, no significant
difference occurred. This is attributed to the moder-
ate diversity between both geometries, which dif-
fered only in the sequence of the identical screw
elements.
The tensile force level of nanocomposites prepared

by dilution of appropriate masterbatches using differ-
ent screw geometries can be observed in Figure 3. It is
obvious that for a certain screw geometry, a critical
screw speed with optimal shear energy as well as resi-
dence time occurs. For geometry 4, this critical screw
speed is shifted from 100 rpm (geometry 3) up to 150
rpm, because no kneading blocks in geometry 4 have
been assembled and the shear rate acts proportionally
to the screw speed. That means, with higher screw
speed, higher shear energy is applied to the melt and
a lower amount of kneading blocks is required.
The presented results show a direct relation

between the melt strength level (reinforcement level)
and the processing conditions (screw speed, geome-
try, etc.). This means that Rheotens equipment can
be used for characterization of polymer nanocom-
posites in the molten state due to reflection of struc-
tural changes caused by different processing
conditions. Furthermore, this technique can be
applied on-line using a by-pass flow channel.

Near infrared spectroscopy

Sample group 1 (No. 1–16)

The samples discussed in this section were gener-
ated by running the extruder with different melt
pump operation modes. Running the melt pump in

Figure 2 Melt strength of nanocomposite masterbatches
prepared by different processing conditions.

Figure 3 Melt strength of nanocomposites prepared by
different processing conditions.
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different operation modes enables a variation of resi-
dence time of the polymer and the nanomaterial in
the extruder, and thus, results in a variation of the
mechanical treatment of the material. The different
degrees of mechanical treatment again result in dif-
ferent mechanical sample properties.

In the following figures (Figs. 4–7), the steps from
the raw measurement to a calibration model are
demonstrated. In Figure 4, raw measurement data is
shown. As can be seen, the spectra are shifted by
varying offset values. The differences are mainly
caused by variations in transparency and light scat-
tering properties from sample to sample.

Basically, a chemometric algorithm works in two
steps:

Pretreatment: The spectra are pretreated to get rid
of parasitic measurement effects like light straying,
positioning variations or granularity, and to exclude
spectral regions with irrelevant spectral informa-
tion regarding the specific parameter of interest
(response).

Evaluation: A scalar product of the pretreated
spectrum vector with the regression coefficient (or
loading) results in the numerical value of the param-
eter of interest (response).

Thus, the task of finding the best chemometric
model for a specific measurement problem is the
task of finding the best pretreatment method and
regression coefficient. This can be done by testing
different pretreatment methods applied to different
wavenumber ranges and by searching for a model
which gives the best correlation properties with the
desired response.

For the first series of measurements, the response
of interest is the tensile force value normally deter-

mined by Rheotens measurement. In the following
pictures, the final result of an iterative model optimi-
zation procedure is shown. The gained chemometric
model should be near to the best model for the
evaluation of the tensile force value from NIR
measurements.
In Figure 5, the resulting spectral vectors after pre-

treatment are given. Optimization in terms of best
correlation parameters led to the elimination of
selected wavelength ranges and to the pretreatment
method ‘‘subtraction of constant offset.’’ This means
that the pretreatment method subtracts a constant
value from each spectrum.
In Figure 6, the wavenumber dependent coeffi-

cients of regression are shown. The PLS 1 algorithm

Figure 4 Absorbance data of samples 1–16. Spectra are
shown as measured without any data treatment.

Figure 5 Selected regions of NIR absorbance spectra after
subtraction of constant offset values.

Figure 6 Wavelength dependent coefficient of regression
calculated by PLS 1 algorithm.
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searches for linear correlations between spectral data
(factors) and reference values (responses). The dia-
gram shows the wavelength regions which are
changing with the effect of interest as well as how
these regions are changing. Positive values mean
that the spectral value is increasing with increasing
response value. Negative values mean that the spec-
tral value is decreasing with increasing response
value. The response value in this case is the tensile
force.

Table II and Figure 7 give an overview of the
resulting chemometric model. In Table II, the single
measurement values and the corresponding average
value of the NIR method are shown and can be com-
pared with the Rheotens values. In Figure 7, the ten-
sile force values evaluated by Rheotens method
(horizontal axis) are plotted versus the calculated
values from the NIR spectra (vertical axis). The qual-
ity of the chemometric model and thus the ability of
the NIR spectroscopic method to measure the tensile
force value can be quantified by the values R2 and
RMSECV. The correlation coefficient R2 shows the
correlation of the NIR data with the reference values
of the investigated response parameter. Values of R2

are between 0 and 100. Typically, models with R2

values above 90 enable quantitative calculation of
the response parameter of interest. Correlation coef-
ficients above 70 allow qualitative evaluations. If R2

lies below 70, the response is not well pronounced
in the factors (the spectral data) and thus can not be
evaluated with reasonable practical relevance.

The root mean square error of cross validation
(RMSECV) is determined by calculating a predictive
model by using all samples except for one. This
model is applied to the sample left out for prediction
of the desired response parameter. RMSECV is cal-
culated by doing this procedure for every sample
and by summing up the root mean square errors of
the deviations of the calculation results from the
assumed true reference values. This value is a mea-

sure for the error of the developed NIR measure-
ment method.
The chemometric model given in Figure 7 shows a

very good correlation with the Rheotens method and
allows absolute quantification of tensile force values
by the NIR method. It was necessary to exclude
samples 1, 5, 9, and 13 due to their different process-
ing procedure. Including these samples in the che-
mometric model design led to a chemometric model
with R2 value of 83. With this model, semi-quantita-
tive evaluation of the tensile force parameter would
still be possible. Samples 1, 5, 9, and 13 were pro-
duced without melt pump. In the experimental pro-
cedure, all other samples were produced first, then
the melt pump was detached and samples 1, 5, 9,
and 13 were extruded. It is assumed that the change
in the experimental setup has caused not only
changes in the mechanical treatment in the extruder

TABLE II
Comparison of Drawing Force Values Evaluated by Rheotens Method and Calculated Values from the NIR Spectra for
Sample Group 1 (Samples 1, 5, 9, and 13 Excluded Due to Different Processing Procedure as Explained in the Text)

No. Indication Note Rheotens (cN) NIR 1 (cN) NIR 2 (cN) NIR 3 (cN) Average NIR (cN)

2 MB4-65rpm Dp_maximal 16.54 16.52 16.41 16.46 16.46
3 MB5-65rpm Dp_neutral 16.03 15.97 16.09 16.11 16.06
4 MB6-65rpm Dp_positive 16.30 16.20 16.27 16.06 16.18
6 MB1-100rpm Dp_maximal 14.90 14.92 15.14 14.63 14.90
7 MB2-100rpm Dp_neutral 13.70 13.75 13.95 13.74 13.81
8 MB3-100rpm Dp_positive 14.29 14.22 14.08 14.04 14.11

10 MB10-75rpm Dp_maximal 17.18 16.98 16.92 17.19 17.03
11 MB11-75rpm Dp_neutral 16.68 17.00 16.68 16.82 16.83
12 MB12-75rpm Dp_positive 16.87 16.92 16.81 16.62 16.78
14 MB7-100rpm Dp_maximal 15.92 15.90 15.40 15.72 15.67
15 MB8-100rpm Dp_neutral 15.25 15.23 15.78 15.32 15.44
16 MB9-100rpm Dp_positive 15.53 15.58 15.50 15.90 15.66

Figure 7 Drawing force values calculated versus meas-
ured for samples 1 to 16.
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but eventually also led to slight differences in chemi-
cal composition, transparency, or light stray proper-
ties of the samples.

The procedure shown in detail for samples 1 to 16
was also done with the other sample groups which
are identical in chemical composition. For the other
groups, only the final result, the comparison of the
reference values and the values determined by NIR
spectroscopy is shown.

Sample group 2 (No. 17–21)

In this sample group, the extruder was operated
with the melt pump at maximal pressure difference.
The PP–MA and organoclay content was constant at
20 wt % for all samples. Differences were achieved
by changing the screw speed in the range from 75 to
300 rpm.

In Table III and Figure 8, the detailed results of
the chemometric evaluation of this sample group are
given. Very good correlation of Rheotens and NIR
tensile force values can be achieved by designing an
optimized chemometric model. The chosen spectral
pretreatment method was ‘‘subtraction of constant

offset’’ as in sample group 1. Even though the coeffi-
cient of correlation R2 is in the same region as in
group 1, the results can not be judged with the same
relevance, because of the low number of samples
and because of the non-uniform distribution of the
sample parameter values over the parameter interval
(effectively only three really different tensile force
values in sample set 2).

Sample group 3 (No. 22–32)

For the sample group 3, the extruder was operated
with the melt pump at maximal pressure difference.
The PP–MA and organoclay content was constant at
5 wt % for all samples. Differences were achieved by
changing the screw speed in the range from 75 to
400 rpm and by changing the geometry of the ex-
truder screw.
The results of the chemometric evaluation are

shown in Table IV and Figure 9. The best spectral
pretreatment method for this chemometric model for
the determination of the tensile force values from
NIR spectra, is ‘‘first derivative and multiplicative
scatter correction (MSC).’’ The coefficient of correla-
tion R2 of 82 for this model is lower than for the
models of the other sample groups but still enables
qualitative evaluation. The chemometric model ena-
bles an evaluation of the mechanical properties of
the samples generated with three different extruder

TABLE III
Drawing Force Values Calculated Versus Measured for Samples 17–21

No. Indication Note Rheotens (cN) NIR 1 (cN) NIR 2 (cN) NIR 3 (cN) Average NIR (cN)

17 MB16-75rpm Dp_maximal 17.40 17.37 17.44 17.07 17.29
18 MB13-100rpm 15.81 15.74 16.00 16.06 15.93
19 MB19-150rpm 17.14 16.56 17.33 16.76 16.88
20 MB20-200rpm 17.12 17.12 17.02 16.59 16.91
21 MB21-300rpm 12.90 13.63 13.28 13.74 13.55

Figure 8 Drawing force values calculated versus meas-
ured for samples 17 to 21.

TABLE IV
Drawing Force Values Calculated Versus

Measured for Samples 22–32

No. Indication
Screw speed

(rpm)
Rheotens

(cN)
Average
NIR (cN)

22 G3-75 75 8.30 8.84
23 G3-100 100 9.11 8.68
24 G3-150 150 9.01 9.15
25 G3-200 200 8.34 8.42
26 G3-300 300 7.02 6.84
27 G4-75 75 8.43 8.86
28 G4-100 100 9.05 8.67
29 G4-150 150 9.65 9.59
30 G4-200 200 9.15 9.31
31 G4-300 300 8.64 8.65
32 G4-400 400 7.66 7.66
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screw geometries. The chemometric model itself will
improve significantly, when measurements are taken
in-line at the extruder, without any postprocessing
of the material.

CONCLUSION

It can be seen that the material reinforcement (level
of melt strength) exhibits good correlation with NIR
data analyzed by the partial least squares method.
NIR spectroscopy was shown to be a qualitative and
predominantly quantitative method for monitoring
nanocomposite quality of all sample groups investi-
gated, although the extruded sample material had to
be cooled down, granulated, and processed to plates
for measurements with the off-line NIR system.
Therefore, it is crucial to measure the quality of the
nanocomposites in-line without any additional proc-
essing, to prevent any negative effect on the material
structure or reinforcement level. Unknown changes
in the samples caused by these postprocessing pro-
cedures are negatively affecting the shown chemo-
metric models. In-line-measurement of NIR data is
technically possible for the extruder and would lead
to a higher quality of the chemometric models due
to omission of postprocessing steps. Rheotens and
NIR measurements could be done simultaneously
on the extruder if the NIR system is implemented
in-line and the Rheotens measurements are done
on-line through a bypass die system.

This work was done within the project Nano-
comp—0901 PlaComp1 funded by the Austrian
Nano Initiative. Parts of the FT–NIR research work
were done within the FH Plus—Project AMiESP
(Advanced Methods in Embedded Signal
Processing).
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Figure 9 Drawing force values calculated versus meas-
ured for samples 22 to 32.
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