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Process Monitoring of Polymer Systems by
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1. Introduction

Polymers are a very important class of organic materials. Nowadays, polymers have been
widely used in many fields due to their specific and excellent properties. They have become
increasingly significant in our lives. With the growing demands on the quality of polymer
products as well as reduction of costs in production and processing, the fast, accurate and
reliable monitoring methods become more and more important.

The traditional off-line monitoring methods have many limitations, one of which is lag
effect. This is mainly because sampling and lab testing can be very time-consuming and for
some tests a long time is required before the results are obtained. It is obviously that there is
a large time gap between sampling and obtaining the results. Meanwhile, the reaction or
processing of unknown quality polymer continues. Hence, the sample and end product
don’t have the same properties, which can result in large amounts of wasted material (Rohe
et al., 1999). Another problem is that the sample analysed is small and as a result might not
have all the properties that the bulk possessed (Coates et al., 2003). Due to these limitations
and problems, the off-line measuring methods are clearly unsuitable for the process
monitoring.

Undoubtedly, it is exciting to observe that the spectroscopic techniques can meet the above
demands required by the process monitoring of the polymer systems. The vibrational
spectroscopy is ideally suited to qualitative and quantitative analysis of polymers.
Moreover, it can also give valuable information at the molecular level about the reactions
extent and the products quality. It deserves to be specially noted that Near-infrared (NIR)
spectroscopy is a promising tool among the spectroscopic techniques.

Near-infrared spectroscopy lies between the visible and mid-infrared regions of the
electromagnetic spectrum, whose region extends from about 12,500-4000 cm-!. This region
encompasses bands that result from the harmonic overtones of fundamental and
combination bands associated with hydrogen atoms, which is why compounds containing
CH, OH and NH bonds lend themselves favourably to analysis by NIR spectroscopy.
However, NIR spectroscopy is comparatively weaker than mid-infrared, and contains
molecular structure information seriously overlapped which resulted in the silence of its
research in the early stage.

The modern earliest analytical applications of NIR spectroscopy were reported in the early
1960’s (Butler & Norris, 1960; Norris & Butler, 1961). Nowadays, NIR spectroscopy
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technology has been extensively and effectively employed in a variety of fields, including
areas of agricultural, food, chemical, petrol, pharmaceuticals, textiles, cosmetics and
medical, etc. The rapid growth of the technology can be attributed to the emergence of high
precision spectroscopic instruments with very high signal to noise ratios to detect minute
differences in the spectra and high-speed computers to carry out the complex calculations
involved in multivariate analysis (Norris 1989). On the whole, NIR spectroscopy has several
advantages compared to traditional laboratory techniques, such as rapid speed and
reliability of determinations, rapid and easy sample preparation, multiplicity of analysis
with one operation, simple operation, and non-destructive analysis (Schultz & Burns, 1990).
The wide applicability and potential of NIR spectroscopy for polymer analyses have been
recognized (Lachenal & Ozaki, 1999; Lee & Kradjel, 2007). NIR spectra contain information
related to polymer properties (Lachenal, 1995) such as composition, conformation and
crystallinity, therefore NIR can be widely applied for various polymer analyses. Especially,
the recent progresses of modern fiber-optic-based NIR spectrometers opened up new
perspectives for process monitoring in the polymer fields. The probes can be placed at very
harmful working environments, while the spectrometer locates still in a process monitoring
room. The use of probes connected to spectrometer via optical fibers allows direct
measurements in the product line without interference in the production process. Due to the
diversity of available probes, such as transmission mode and diffusive reflectance mode, the
NIR technique can be used to analyze almost any kind of polymer, including melts,
solutions or solid powders, etc.

The main objective of this chapter is to introduce the use of NIR spectroscopy as an
alternative technique for process monitoring of various polymer systems. Firstly, some
successful applications of NIR spectroscopy used in the polymers polymerization, polymers
processing and polymers curing are described. Then, the quality monitoring of polymer
prepregs in the production is presented.

2. Monitoring the polymerization process

In the polymerization process, the minimal changes of the process parameters may cause the
great property differences of polymer products. Thus, the polymerization process could not
be regulated precisely by only controlling a few process parameters, and the product quality
is likely unable to meet the requirements. The ideal solution method is to measure the
polymer properties continuously and adjust the processing parameters promptly by the
measuring results. Among the developed techniques, the applications of NIR have been
reported in the bulk, solution, emulsion, and suspension polymerizations, including
monitor the compositions, monomer conversion, molecular weight averages, and average
particle sizes, etc.

2.1 Bulk polymerization

A short-wavelength NIR spectroscopy was utilized for in-situ monitoring the monomer
conversion during the bulk polymerization of methyl methacrylate in a mold (Aldridge et
al., 1993). Using a retroreflecting array, the illumination beam was modified to pass through
the sample twice in order to reduce lensing effects of the mold and Schlieren patterns caused
as the reaction progressed. It was observed that the disappearance of the third overtone
stretch of the CH of the vinyl group at 868nm and the concomitant appearance of the CH of
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the methylene group at 890nm were attributed to the monomer conversion. The spectral
data at these two wavelengths showed an excellent correlation to the monomer percent
conversion.

The monomer conversion of a styrene bulk polymerization was monitored on-line with NIR
spectroscopy (Lousberg et al. 2002). A flow cell was utilized for sampling. The influence of
the temperature of the reaction mixture on the predicted conversion was minimized by
building a global multivariate calibration model. The results showed that on-line conversion
monitoring with NIR offered overall an excellent accuracy (~0.32% conversion), which is
comparable to the known accuracy of the at-line size-exclusion chromatography reference
method. Their study also proved that the method is insensitive to either changes of the
molar mass distribution or of the temperature (changes of at least 10°C) of the reaction
mixture and is able to detect abnormal behavior during a batch quickly.

2.2 Solution polymerization

A fiber-optic near-infrared (NIR) spectroscopy was used to monitor the monomer
conversion and the weight-average molecular weight of the polymer produced during
solution polymerization of methyl methacrylate (MMA) (Cherfi & Fevotte, 2002; Cherfi et
al., 2002). NIR spectra were recorded during batch and semi-continuous reactions using an
in situ transmission probe. Off-line gravimetry and gel permeation chromatography (GPC)
were used as reference methods to provide the conversion and the average molecular
weight data set required for the calibration procedure. The calibration model was generated
using PLS method. The model predictions were then validated for different operation
conditions in both batch and semi-batch modes. The conversion was predicted during three
validation experiments with an average standard error of prediction (SEP) of 2.1%, and the
on-line evaluation of weight-average molecular weight was obtained with an average
relative SEP of 5.7%.

The NIR spectroscopy used for in-line and in situ monitoring and control of monomer
conversion and average molecular weight of polymer resins was presented in the styrene
solution polymerization system (Fontoura et al., 2003). By using a Kalman filter state
estimator and an accurate first-principle model, the control loop could be successfully closed
to track desired monomer values and average molecular weights. The experimental results
showed that it was feasible to use NIR spectroscopy for the simultaneous control of
monomer conversion and polymer average molecular weight.

2.3 Emulsion polymerization

The NIR spectroscopy was used for the simultaneous in-line and in situ monitoring of
monomer (methyl methacrylate and butyl acrylate) and polymer concentrations in the
reaction medium during seeded semibatch emulsion copolymerizations (Vieira et al., 2002a).
The NIR spectra were collected by a dispersive instrument equipped with a transflectance
probe. The developed PLS calibration models were successfully for prediction of the major
constituents of the emulsion. Based on the use of the NIR signal as process feedback, a
control approach was constructed (Vieira et al., 2002b). The results showed that the control
of copolymer composition and average molecular weights were achieved simultaneously.
The semi-continuous styrene/butyl acrylate emulsion copolymerization reactions were
monitored by NIR spectroscopy (Reis et al., 2004). A transflection probe was immersed in
the reaction medium. A set of nine reactions with slightly different formulations were
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carried out. The results of five reactions were used to fit a SIMPLS model, and the four
remaining reactions were monitored in order to evaluate the model performance for
estimation of important variables and latex properties. The study showed that
simultaneous monitoring of monomer conversion, copolymer composition, particle
number and average number of radicals per polymer particle was performed with success.
Meanwhile, it was found that the calibration model for polymer particle size estimation
was more susceptible to failure. The poor prediction of average particle sizes was also
obtained in other study (Gossen et al., 1993 & Vieira et al., 2001). Obviously, the prediction
of average particle sizes in emulsions systems from NIR spectra is a very controversial
issue. Reis et al. think that there is a correlation between the average polymer particle size
and NIR spectra, but it is not fully understood how the polymer particle size affects NIR
spectra (Reis et al., 2004).

2.4 Suspension polymerization

NIR spectroscopy was used for in-line evaluation and for control and design of average
particle sizes during styrene suspension polymerizations carried out in the batch mode
(Santos et al., 1998 & Santos et al., 2000). It was found that the NIR spectra were sensitive to
changes of the average particle size. The calibration models developed for the final average
particle sizes had high prediction accuracy, and then they were used as references for
implementation of an in-line procedure for control of average particle sizes. The study
showed that this NIR technique allowed the successful design and real-time control of
particle sizes in lab-scale styrene suspension polymerization reactors.

The morphological characteristics of PVC resins such as bulk density, cold plasticizer
absorption and average particle diameter was first in-line and in real time monitored by NIR
spectroscopy during suspension polymerization processes (De Faria et al. 2010a). The NIR
spectra obtained at different experimental conditions were sensitive to changes of the PVC
properties. The calibration models developed by PLS regression was capable to predict the
morphological parameters accurately. It was shown that the modification of operation
variables during the batch leaded to modification of the final morphological properties of
the powder. Their study indicated that the morphology of PVC grains could be manipulated
along the batch and that advanced NIR-based control procedures could be implemented for
control of the morphological properties of PVC resins (De Faria et al. 2010b).

3. Monitoring the polymer extrusion processes

Extrusion is a major process for manufacture and fabrication of polymers. In the extrusion
process, the resin is gravity fed from a top mounted hopper into the barrel of the extruder.
Additives such as fillers, colorants and UV inhibitors are often used and can be mixed into
the resin prior to arriving at the hopper. Standard chemical engineering measurements such
as temperature, pressure, motor speed, and torque are used to monitor and control
extruders. However, these process parameters can not ensure the product quality
sufficiently due to the lack of information about polymer properties and composition. The
extreme process conditions, which include high temperatures, high pressures, and harsh
chemical environment, have restricted some analytical methods suitable for extrusion
monitoring. The unique features of NIR spectroscopy make it adapted for such operation
process. The applications of NIR spectroscopy have been realized in the polymer extrusion
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processes for monitoring the polymer composition, additive concentration and flow
properties, etc.

The MIR, NIR and Raman spectroscopy was used for monitoring of single screw extrusion
of high density polyethylene and polypropylene blends (Coates et al., 2003). These
vibrational spectroscopic techniques were then compared with in-line ultrasound velocity
measurements. The in-line transmission NIR used a specifically designed stainless steel
extruder section, just prior to the die. The NIR measurements for sequential extrusion
showed that the absorption bands within 5150-6100cm! were changed obviously when the
blend compositions were changed from 100 wt% PP to 50 wt% PP:50 wt% PE, then to 100
wt% PE. Analysis for the 10 wt% steps in blend concentration, using partial least squares
regression analysis of the predicted concentration of each polymer, gave a standard
deviation of prediction of +0.39 wt%. Among the vibrational spectroscopy techniques
explored, in-line NIR provided the most accurate assessment of blend ratio change for the
experimental conditions.

A measurement system for in-line NIR spectroscopy for polymer extrusion processes was
developed (Rohe et al., 1999; Rohe et al., 1998), which consisted of a measurement head
adapted to a single screw extruder with integrated fibre optic probes (Fig.1) and an AOTE-
NIR spectrometer. This system was capable of measuring different polymer compositions as
demonstrated for PE/PP blends. Transmission measurements at typical extrusion
conditions, where the temperature was up to 300°C and the pressure was up to 35 MPa,
yielded good results with respect to mechanical and optical properties of the probes. The
deviations between predicted and actual polymer composition were quite low. Fischer et al.
(1997) have applied NIR spectroscopy for continuous monitoring the composition of
polypropylene/ethylene vinyl acetate copolymer.

end of extruder

fibre optic probe
optical fibre with spherical lens
measurement head

tool (e.g. nozzle)

Fig. 1. Scheme of measurement head with integrated fibre optic probes for in-line
measurement (Rohe et al., 1999)

Nagata et al. (2000a) developed an on-line sensor using NIR spectroscopy for monitoring
COz concentration in polymeric extrusion foaming processes. NIR absorption spectra were
acquired by a probe installed at the foaming extruder die. The calibration curve relating the
absorbance spectrum at 2019 nm to the dissolved gas concentration was derived so as to
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infer dissolved CO, gas concentration on-line from measured NIR spectra. Experimental
results showed that the dissolved CO, concentration was successfully estimated in the
molten polymer. The similar NIR system was also used for in-line monitoring the
polyethylene density in the extrusion process (Nagata et al., 2000Db).

The monitoring of additives content has also been studied. Batra et al. (1994) used NIR
spectroscopy for monitoring the concentration of titanium dioxide (TiO») in molten PET. The
NIR spectra were collected in-line by using a flow cell, housing two fiber-optic probes, and
mounted downstream of the extruder. Because the presence of TiO; caused the scattering of
light that resulted in a systematic baseline shift, the baseline shifts were correlated to the
TiO; concentration data. PLS regression was applied to build models. Standard error of
prediction values was about 1%. During the PP extrusion, Fischer et al. (1997) utilized NIR
spectroscopy for monitoring the content of pulverized chalk in the range of weight
concentrations from 0 to 40%.

In an extrusion process, the rheological properties of molten poly(ethylene vinyl acetate)
(EVA) copolymers were in-line monitored by using NIR spectroscopy (Hansen & Vedula,
1998; Vedula & Hansen, 1998). The NIR transmission spectra of molten polymer flow stream
were collected in a flow cell attached to a single-screw extruder. The calibration models
were built on spectra in 1620-1840nm wavelength region. The SEP was 0.46 wt% for melt
flow index (MI). The dynamic linear viscoelastic properties were also estimated.

4. Monitoring the polymer curing process

The final properties of thermosetting resins not only depend to a large extent on the
chemical nature of the monomers utilized, but also depend on the curing process. The
reason is that the properties of thermosetting resins depend on the features of the network
such as the sort of hardeners, cross-link density and residual monument content. Therefore,
monitoring of the curing process is benefit for the control of the structural of the resulting
three-dimensional network. The applications of NIR spectroscopy for monitoring the curing
of two important types of thermosetting resins, epoxy resin and bismaleimide resin, are
illustrated herein.

4.1 Epoxy resin

The use of NIR spectroscopy to characterize the cure reactions of epoxy resin began in the
late 1950's. The two characteristic bands for the terminal epoxide group were identified,
which located in 6061 and 4546 cm? (Goddu & Delker, 1958). The epoxy/amine cure
reactions were investigated by using NIR spectroscopy (Dannenberg, 1963). The epoxide
group and hydroxyl group absorptions were quantified, and the effects of hydrogen bond
formation on the spectra obtained were addressed. Xu et al. (1994) used in-situ NIR
spectroscopy to investigate the cure mechanisms of epoxy/aromatic amine. The mechanistic
models and the rate determining step were confirmed. The reaction rate constants obtained
over a temperature range from 383 to 443 K demonstrated an Arrhenius temperature
dependence and the corresponding activation energies and pre-exponential factors have
been determined. Their study concluded that the cure rates were determined by the
autocatalytic behavior of epoxy/aromatic amine system.

The remote fiber optic near-infrared spectroscopy was used for in situ real-time monitoring
of the reaction kinetics of various epoxy/amine formulations (Mijovi¢ et al., 1995). In the
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curing reaction, the systematic changes in major absorption peaks of epoxy (4530 and 6080
cml), amine (5056 and 6670 cm-1) and hydroxyl (7000 and 4800-4900 cm1) were testified. The
extent of reaction at any time t was calculated from the initial areas of epoxy and reference
peaks, Acpoxy,0 and Arero, respectively, and their corresponding values at time ¢, Acpoxy,t and
Avety, according to the following equation:

a=1-[(Aepoxy. ) (Arer0)]/ [ (Aepoxy,0) (Avrer)] Q)

The peak at 4530 cm! was utilized to monitor the epoxy groups, and the peak due to the CH
stretching vibration of the benzene ring at 4673 cm! was used as a reference. The effect of
chemical structure and functionality of the formulation components on the reaction rate was
shown. Moreover, the characteristic changes in the NIR spectra of multifunctional
formulations were observed near the gel point and it was suggested that these could be used
to identify gelation.

Park et al. (2000) studied the cure behavior and the reaction kinetics of epoxy resin which
cured with an anhydride hardener and catalyzed by a cationic thermal latent initiator, N-
benzylpyrazinium salts. The conversions of epoxy and hydroxyl groups were monitored
by changes in the intensity of each band at 4530 cm! and 7000 cm-?, respectively measured
at different temperatures. The results revealed that the time dependence of the band
intensity exhibits a sigmoidal-shape consistent with the autocatalytic reaction mechanism.
From the extent of reaction which calculated from NIR absorption band at 4530 cm-, it
was concluded that the cure reactions of epoxy resins were highly exothermic in nature
and the cure kinetics was dependent on the temperature, resulting in the activity of
catalyst.

The simultaneous dielectric/NIR spectroscopy was used to monitor the curing reaction of
PMMA-modified epoxy resins (Kortaberria et al., 2004). The optical fiber NIR spectra
generated in the remote mode was used for the quantitative evaluation of reaction kinetics
and the extent of reaction was calculated from the absorption intensities of characteristic
peaks (at 4530 cm?! and 5056 cm). The primary amines showed greater reactivity than
secondary ones, being the vitrification process controlled by the secondary amine addition
to the epoxy ring. The effect of the modifier as well as that of the cure temperature on the
extent of reaction curves was studied, showing that the amount of modifier retarded curing
reaction.

4.2 Bismaleimide resin

Mijovié¢ J. & Andjeli¢ S. (1996) used NIR spectroscopy to investigate the mechanism and
kinetics of cure of a two-component bismaleimide formulation, which composed of 4,4'-
methylenebis[maleimidobenzene] and 2,2’-diallylbisphenol A. In-situ real time study of the
progress of reaction was conducted in the temperature range from 140 to 250°C. The
principal reaction observed was an alternating copolymerization involving maleimide and
allyl double bonds. Maleimide homopolymerization was detected only in the initial stages
of reaction at temperatures above 200°C. The extent of self-condensation (or etherification)
of hydroxyl groups on the allyl component, which leads to cross-linking, was observed to
vary with reaction temperature, suggesting a path to tailor-making networks with desired
morphology and physical/ mechanical properties.

The cure of bismaleimide monomer, 1,1°-(methylenedi-4,1-phenylene) bismaleimide (MDP-
BMI) with aromatic diamines, such as 4,4’-diaminodiphenylmethane (DDM), was studied
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by using in-situ NIR spectroscopy (Hopewell et al., 2000). The concentrations of the various
functional groups in the resins with respect to time were measured during isothermal cure.
For MDP-BMI/DDM resins, the secondary amine was found to be less reactive than the
primary amine in the nucleophilic addition reaction with maleimide double bonds. The
homopolymerization of maleimide was moderately rapid in the early stages of cure in
maleimide-rich formulations, and the rate slowed dramatically at higher conversion.
Differences in the reactivities of different resin formulations were observed when the
diamine was changed from DDM to 4, 4’-diaminodiphenylsulphone (DDS).

5. Quality control of prepreg manufacture

Fiber reinforced thermosetting matrix composites have been employed in military and
aerospace applications due to their high performance. Many of these composites are made
from the prepregs. Prepreg is the important intermediate of polymeric composites, and its
quality will greatly influence the properties of final composite products. Thus it is important
to control the quality in the manufacture process of prepreg. The volatile content, the resin
content and the pre-curing degree of resin, i.e. three factors, are important to ensure the
quality of the prepreg. Traditional analysis methods such as solvent extraction, burn-off and
acid digestion are often used to measure the three factors. However, these methods are
unsuitable for continuous measurement during the manufacture of prepregs due to the
excessive time required and the destructive analysis of the specimen (Huang et al., 1997). So
far, a series of process monitoring techniques have been developed to measure the prepregs
quality.

5.1 Status of process monitoring technique for the prepreg quality

1. B-ray transmission technique (Huang et al., 1997; Huang et al., 2003)

The theoretical basis of p-ray montioring the prepreg quality is that the energy is attenuated
during the penetration of the prepreg by [-particles. The attenuation of transmitted
radiation is related to the thickness of prepreg:

[=Ipe-rex (2)

where, Iy and I are the energy before and after P-particle penetration of the prepreg,
respectively; p is the absorption coeffecient of the prepreg; p is the density of the prepreg; x
is the thickness of the prepreg. Because the resin content is related to the prepreg thickness,
the resin content is obtained by determining the thickness.

Fig.2 is the schematic of monitoring resin content of prepreg by p-ray technique (Huang et
al., 1997). The prepreg specimen was passed through the middle between the p-ray source
and the detector. In the test, a series of output singal of prepreg which had different rein
content were obtained firstly. Then the relationship beween resin content obtained from
chemical method and output singal was established. Finally, the unknown specimen was
determined according to the above relationship.

The studies indicated that the p-ray technique always holded high accuracy in determining
the resin content with broad range (Huang et al., 1997; Huang et al., 2003). With the nature
of rapid and non-contact features, the B-ray technique can be used in the product line to
continuously monitor the resin content of prepreg. It was necessary to take the protective
measures because the radioactive element was used.
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Fig. 2. Schematic of monitoring resin content of prepreg by p-ray technique (Huang et al.,
1997)

2. y-ray transmission technique (Teagle, 1983)

The principle of monitoring the resin content by y-ray transmission is similar to the one by
B-ray technique. When y-ray penerate the prepreg, the photoelectric effect is occured
accompanied with Compton Effect and elecron effect. The ray intesity is attenuated due to
these three effects, the attenuation rule is accord with the exponent rule. Co60, Cs137 and
Cd190 are usually used as the radiographic ray. The scintillation counter and the geiger
counter are often used as dector. Due to the low resin density and the low upper measuring
limit, the high precision of monitoring the resin content is difficult to obtain by using y-ray
transmission technique.

3. Photometry monitoring method (Smithgall, 1990)

The principle of monitoring the resin content by photometry technique is based on the light
transmission. When the light passes through the prepregs, the transmitted light intensity is
varied because the resin content of prepregs is different. Thus, the brightness received by
the camera is different. Moreover, the change of resin content is judged by the different
image. In the operation process, the image of prepreg which has the certain resin content is
regarded as the standard image. Comparing the measured image with the standard one, the
resin content is controlled by adjusting the processing parameters automatically.

The photometry technique is an on-line and non-contact monitoring method. Because its
detector system is not limited to the running speed, this method is adaptable for the
continuous production of the prpreg. However, the resin content is determined by receiving
the transmitted light, the method is not used for the nontransparent carbon prepreg. For the
transparent glass prepregs and semitransparent aramid prepregs, the ideal measurement
accuracy is obtained.

4.  Ultrasonic monitoring technique (Ma et al., 1991; Smith et al., 1990)

When the ultrasonic waves propagate in the prepregs, the ultrasonic delay is a function of
prepreg within a definite range:

Sc= (Sm'sf)vm+sf (3)
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where, S, Sm and St are the ultrasonic delay of prepreg, resin and fibre, respectively; Vi, is
the volume fraction of resin. If the ultrasonic delay of resin and fibre were known, the resin
content could be calculated by the measured ultrasonic delay of prepreg.

In order to eliminate the effects caused by the air medium and the voids of prepreg, it is
necessary that the ultrasonic probe and prepreg contact intimately under the force.
Apparently, the ultrasonic monitoring method belongs to the contact measurement. It has
the features of rapid and accurate when this method is used to determine the rather wide
and thick prepreg, and the on-line monitoring can be realized in the production process.
However, the accuracy of result is decided by the contact situation of the prepreg specimens
and the ultrasonic probe, the partial failure on the testing prepreg may be occurred. In
addition, the monitoring results are possibly occasional due to the semi soft feature of prepreg.
5. Infrared spectroscopy

The resin content and curing degree of the glass/epoxy prepreg has been continuously
determined and controlled by using infrared transmission spectroscopy (Amy & Jiri, 1995).
The wavenumbers at 4529cm-! (absorption band of epoxy group) and 4055cm-! (absorption
band of methyl group) were generated by the filter. The prepreg was shined by using pulse
mode, and the intensity of transmission signal was detected. The resin content of prepreg is
calculated by the linear relation between the resin content and the logarithm of the
transmission signal intensity at 4529cm-1. The curing degree was obtained by using the ratio
of the transmission signal intensity at 4529cm-! to that at 4055cm-1. By using the IR technique
in the production, the variations of resin content and curing degree can be controlled within
the 3% in the 366 meters length range.

From the above depiction, it is apparently known that the volatile content could not be
determined although the resin content and the pre-curing degree have been monitored
successfully by the above mentioned methods. In the opened literatures (Li et al., 2005; Li et
al., 2006a; Li et al., 2008), NIR spectroscopy in conjunction with chemometrics method has
been applied to the monitoring of the three quality factors of the prepreg cloth.

5.2 Quality monitoring of the prepreg by NIR spectroscopy

The application of NIR spectroscopy for monitoring the production of glass/phenolic
prepreg (Li et al., 2005; Li et al., 2006a; Li et al., 2008), carbon/phenolic prepreg (Li et al.,
2006b) and carbon/epoxy prepreg (Jiang et al., 2007a; Jiang et al., 2007b) has been realized.
In the production process of prepreg cloth with solution impregnation method, a FT-NIR
spectrometer was assembled between the take-up mechanism and the drying tower, as
shown in Fig. 3. (Li et al., 2006a; Li et al., 2008). The spectrometer could perform non-contact
analysis of the product. In the test, the light from the sources was focused onto the prepreg
cloth, and then the diffuse reflectance spectra from the prepreg cloth were recorded by the
spectrometer. A gilded metal plate was placed under the prepreg cloth in order to enhance
the diffuse reflectance effect.

The partial least square regression algorithm was used to build calibration models. The
models of resin content, volatile content and pre-curing degree were developed respectively.
The correlations between the predicted values and the actual values for the models are listed
in Fig.4. (Li et al., 2006a). The models had determination coefficients (R2) of 98.29 for the
resin content, of 99.50 for the volatile content and of 97.66 for the pre-curing degree,
respectively. The root mean square errors of prediction (RMSEP) for the resin content, the
volatile content and the pre-curing degree were 0.376%, 0.169% and 0.105%, respectively.
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Fig. 3. Schematic of process for the manufacture of glass/phenolic prepreg cloth (Li et al.

2006a; Li et al., 2008)
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Fig. 4. Scatter plots showing correlation between chemical methods and NIR analyses for: (a)
resin content; (b) volatile content; (c) pre-curing degree. Filled and open circles correspond
to calibration and prediction data, respectively (Li et al. 2006a; Li et al., 2008)
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In the manufacturing process, the prepreg quality is affected by processing parameters such
as the concentration of resin solution, distance apart of the nip rollers, temperature of the
drying tower, etc. In order to investigate the effects of processing parameters on prepreg
quality, the NIR spectroscopy was used in-line for monitoring the change rules of resin
content, volatile content and pre-curing degree when the processing parameters were
adjusted deliberately (Li et al. 2008).

The NIR monitoring results indicated that the resin content increased with the increase of
the resin concentration and the nip rollers separation. The pre-curing degree was hardly
changed with these two adjustments. Meanwhile, it was also found that the volatile content
increased with any increase of resin content. The reason was that the volatilisation started
on the prepreg surface, the inner volatile component needed to overcome resistance when it
diffused from the inner part to the surface. When there were much resin existed in the
prepreg, the escape of volatile was difficult. The monitoring results also revealed that the
pre-curing degree increased with the increase of the drying temperature and decreased with
the increase of the production speed, and the change of volatile was opposite to that of pre-
curing degree. The resin content was hardly affected by the change of drying temperature
and production speed.
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Fig. 5. Actual change of the glass/phenolic prepreg quality in the usual manufacture process
(Li et al. 2008)

In the usual manufacturing process of prepreg cloth, the off-line traditonal analysis method
are often used to control the prepreg quality. The actual change of the prepreg quality
obtained from NIR monitoring results is illustrated in Fig. 5. It was shown that the prepreg
cloths with low resin contents were produced over a long period, and the range of resin
contents was rather wide. Obviously, the unqualified product was probably produced due
to the delayed analysis results. In order to obtain high quality products, it was necessary to
adjust appropriate processing parameters real time.
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Fig. 7. Application of NIR for quality monitoring in the production of glass/phenolic
prepreg cloth

Fig. 6 shows the schematic of control of prepreg quality. In the production process, the
alarm was given when the NIR monitoring result of any quality index exceeded the preset
ranges. At this moment, it was need to judge whether adjusted the processing parameters or
not according to the change tendency of prepreg quality indexes. If it was only the
individual singular point which appeared accidentally, there was no need to make
adjustment. Otherwise, the adjustment must be carried on the processing parameters when
the running tendency of prepreg quality index was changed. In case the resin content was
not existed in the normal range, the general rule was to adjust the resin concentration and
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the distance between nip rollers. As for the volatile content and pre-curing degree, it was
required to change the oven temperature and production speed. However, it was note that
the volatile content would be changed with the change of resin content by adjusting the
resin concentration and the nip rollers separation. If the volatile content were changed too
large, the adjustment of oven temperature and production speed was essential. In this case,
the change of pre-curing degree would be occurred inevitably. It was apparently that the
control of prepreg quality indexes was a complex process. The corresponding change of
other two qualitative indexes should be monitored while one quality index was adjusted.
The photograph of NIR application in the production of glass/phenolic prepreg cloth is
shown in Fig. 7. Based on the NIR on-line monitoring results, the quality controlling results
obtained by adjusting the processing parameters are illustrated in Fig. 8.
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Fig. 8. Quality control of the glass/phenolic prepreg cloth by NIR method (Li et al., 2008)

From the Fig.8, it was known that the resin content, volatile content and pre-curing degree
were varied within the relative narrow ranges. The results revealed that NIR spectroscopy
was a suitable process monitoring technique for the production of prepreg.

6. Conclusion

Applications of the NIR technology for process monitoring of polymer systems have been
summarized, which included polymerization process, extrusion process, curing process and
manufacture process of prepregs. It is shown that there is a growing interest in utilization of
NIRS as a tool for process monitoring in the polymer fields. The introduction of NIR
technique is really helpful to improve the product quality. The polymer industry really
needs rapid, reliable, non-invasive and cost effective analytical methods for process
monitoring, such as NIR spectroscopy technique. Due to its intrinsic features, it is predicted
that application of NIR technique in the polymer process monitoring will be become broader
in the future.
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