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Kurzfassung

Steigende Anforderungen an Qualitatssicherung, Prozessstabilitdt und -kontrolle
erzeugen den Bedarf nach effizienter Erfassung, Verarbeitung und Analyse von
Prozess- bzw. Produkt-relevanten MessgroRen wahrend der Fertigung, bereits im
Prozess, also inline. Haufig bringt dies auRerdem 6konomische und Okologische
Vorteile durch eine Reduzierung des Ausschusses und kurzere Prozesszeiten.
Welche Parameter inline messbar sind, hangt von der jeweiligen Technologie ab.
Eine bei der Verarbeitung Faser-Kunststoff-Verbundwerkstoff bisher kaum
untersuchte Methode zum inline Monitoring, aber breit anwendbare Technologie ist
die Nahinfrarot Spektroskopie (engl. Near-infrared spectroscopy). Sie nutzt, von
elektromagnetischen Wellen im Bereich von 750-2500 nm angeregten
Kombinations- und Obertonschwingungen funktioneller Gruppen. Aus den
gemessenen Spektren kdnnen Parameter mittels Partial Least Square Regression
bestimmt werden, die mit den Konzentrationen funktioneller Gruppen im

Messvolumen in Zusammenhang stehen.

In der vorliegenden Arbeit werden Anwendungsmoglichkeiten der Nahinfrarot
Spektroskopie zur Uberwachung von Flussigimpragnierverfahren (engl. liquid
composite moulding processes) untersucht. Flussigimpragnierverfahren wurden als
Beispiel gewanhlt, da sich hier die wesentlichen Prozessschritte in Bezug auf die
Verarbeitung des Harzsystems gut messen lassen. Aulierdem erlaubt sie die
Betrachtung unterschiedlicher, aber relevanter Messfalle, wie beispielsweise am
reinen Harzsystem, durch Folien hindurch oder in geschlossenen Formwerkzeugen.
Inline gemessen wurden dabei die Faserfeuchtigkeit von Naturfasern, das
Mischungsverhaltnis des Harzes und der Aushartegrad. AufRerdem wurde
untersucht wie sich Mischungsverhaltnis und Aushartegrad gegenseitig
beeinflussen, da die Bestimmung beider Parameter auf den gleichen funktionellen

Gruppen beruht.

Als Spektrometer wurden dabei miniaturisierte Spektrometer der NIRONE Reihe
verwendet. Diese zeichnen sich durch ein geringes Gewicht und Kosten, sowie

simple Handhabung aus. Allerdings haben sie gegenlber klassischen



Prozessspektrometern eine erhohte Messzeit und schlechtere physikalische

Auflésung.

Im Rahmen der Arbeit gelang es fur die drei genannten Parameter,
Faserfeuchtigkeit, Mischungsverhaltnis und Umsatz, Methoden fur die Bestimmung
der notwendigen Referenzwerte zu etablieren. Fur alle drei Parameter konnten
Regressionsmodelle zur Vorhersage der gemessenen Werte entwickelt werden. Die
Leistungsfahigkeit der miniaturisierten Spektrometer und die Bereite der
Anwendungsmaglichkeiten der Nahinfrarot Spektroskopie zum Prozessmonitoring
der Verarbeitung von Faser-Kunststoff-Verbundwerkstoff wurde erfolgreich

demonstriert.



Abstract

Increasing demands for quality assurance, process stability, and control create the
need for efficient capture, processing, and analysis of process- and product-relevant
measurements during manufacturing, i.e., inline. This often brings economic and
ecological benefits through reduced waste and shorter process times. Which
parameters are measurable inline depends on the respective technology. One
technology that has been scarcely investigated for inline monitoring in the
processing of fiber-reinforced polymer composites but is broadly applicable is near-
infrared spectroscopy. It utilizes combination and overtone vibrations of functional
groups induced by electromagnetic waves in the range of 750-2500 nm. From the
measured spectra, parameters can be determined using partial least squares
regression, which correlate with the concentrations of functional groups in the

measurement volume.

In this study, application possibilities of near-infrared spectroscopy for monitoring
liquid composite molding processes are investigated. Liquid composite molding
processes were chosen as an example because the essential process steps related
to the resin system can be measured well here. Additionally, it allows the
consideration of different but relevant measurement scenarios, such as on the pure
resin system, through films, or in closed molds. Inline measurements included the
fiber moisture of natural fibers, the resin mixing ratio, and the degree of cure.
Furthermore, it was investigated how the mixing ratio and degree of cure influence
each other, as the determination of both parameters is based on the same functional

groups.

Miniaturized spectrometers from the NIRONE series were used. These are
characterized by low weight and cost, as well as simple handling. However, they
have increased measurement time and poorer physical resolution compared to

classical process spectrometers.

In the course of this work, methods for determining the necessary reference values
were established for the three mentioned parameters, moisture content, mixing ratio
and degree of cure. Regression models for predicting the measured values were

successfully developed for all three parameters. The performance of the



VI

miniaturized spectrometers and the wide application possibilities of near-infrared
spectroscopy for process monitoring of fiber-reinforced polymer composites

processing were successfully demonstrated.
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Introduction and Motivation 1

1 Introduction and Motivation

Fiber-reinforced polymer composites (FRPC) have seen increasing interest over the
last few decades due to their specific and outstanding properties in terms of
excellent lightweight potential, high strength, stiffness, and fatigue resistance, as
well as a high degree of freedom in part design. The main market sectors by value
using FRP composites are transportation (automotive and railway), construction
(e.g., building, civil engineering, etc.), and aerospace industries. The energy,
electrical and electronics, and consumer goods industries also share significant
market shares. In 2024, the composite market was 13 Mt in volume [1]. Glass fiber-
reinforced plastics (GFRP) accounted for the largest share by far, at over 90 %. In
contrast, carbon fiber-reinforced plastics (CFRP) only made up 2 % and natural
fiber (NF) reinforced plastics (NFRP) 5 % [2]. Considering the matrix material,
thermosets are overweight thermoplastic matrix materials, with a market share of
approximately 55 % [1]. For the following years, until 2028, a Compound Annual
Growth Rate (CAGR) of 3-4 % is forecasted for the composite market. Meanwhile,
the proportion (in volume) of manual processes (e.g., hand lay-up spray-up) is
decreasing in favor of liquid composite molding processes (LCM, e.g., vacuum
assisted resin infusion (VARI), resin transfer molding (RTM)) and continuous
processes (e.g., pultrusion, filament winding) [1]. In 2021, LCM processes had a

market volume of 8 % [2].

LCM processes are “processes in which a dry fibrous reinforcement is impregnated
by a liquid resin inside a sealed cavity” [3]. A pressure gradient achieves the
impregnation by driving the resin system into the reinforcement structure. There are
different ways of categorizing the different LCM processes [3, 4]. The simplest one
is by differentiating them by the driving forces responsible for the impregnation [4].
This results in two types of processes: infusion processes, where a vacuum
pressure draws the matrix resin into the preform, and injection processes, where the

matrix resin is squeezed by overpressure into a mold to impregnate the preform.

Over the past decades, several process variations have been developed, which can
be attributed to either of those mentioned above or as a combined process to both.

Table 1 gives an overview of common processes.
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Table 1: Overview of common LCM processes.

Acronym

Name

Characteristic

VARI

RTM

RTMLight

VARTM

CRTM

TERTM

Vacuum-assisted resin

infusion

Resin transfer molding

Resin transfer molding
light

Vacuum-assisted resin

transfer molding

Compression resin

transfer molding

Thermal Expansion
Resin Transfer Molding

One-sided mold
Matrix is drawn into the

preform by vacuum pressure

rigid mold halves
Matrix is injected by pressure

into the mold

The upper mold half is semi-
rigid

Can deform during injection
Reduced tooling  costs,

compared to RTM

RTM process with supporting
vacuum to increase surface

quality

Reduction of the cavity height
after injection to reduce
injection time

Using a foam core that is

expanded after injection to

increase fiber volume content

The LCM process chain typically starts with preparing the dry textile reinforcement,

the so-called preform. This can include simple cutting and stacking of the textile

reinforcement. It also involves more elaborate processing steps such as stitching

auxiliary threats or using polymeric binders to fix the textile reinforcement in a

specific shape, which is beneficial for later process steps. Subsequently, the

preform, which may consist of several parts, is placed in the mold.
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From this point on, VARI and RTM differ, especially regarding saturation method
and tooling. The VARI process is described here in more detail, as it is used mainly
in this thesis. In VARI process the preform is usually covered with a release ply; if
necessary, a flow aid and extra channels for the resin flow are placed. Afterward,
inlet and outlet points are installed, and a flexible vacuum film covers it to seal it. By
applying a vacuum, the preform is evacuated and transversely compacted. The
thermoset resin system is mixed and degassed. The applied vacuum drives the
resin system from a reservoir into the setup to infuse the preform. The constituents
of the resin system start crosslinking, resulting in a solidification, which is referred
to as curing. The curing can occur at room temperature or elevated temperatures,
depending on the curing characteristics of the resin system. When solidification has
reached an adequate state, the composite part is demolded. The release ply and all
auxiliary materials are removed. As a final step, edges can be trimmed, or a coating

can be applied.

Besides the expected growth of the composite market, other factors make further
developments of LCM processes necessary. Stricter regulations regarding staff
security necessitate to reduce the risk of employee contamination, e.g., due to errors
in process management. In addition, reducing the ecological footprint is also
becoming increasingly important. Reducing processing waste and rejects, as well
as measures to increase energy efficiency, are beneficial not only from an

environmental but also from an economic point of view.

Advancement and future development of process automation are pivotal to
achieving the predicted CAGR growth, improving process functioning, and reducing
rejects. To support this trend, efficient inline monitoring techniques are needed for
better process understanding, quality assurance, and automated process control to

shorten lead times and reduce scrap rates.

Various possible technologies for inline monitoring LCM processes, such as
ultrasonic [5, 6], dielectric analysis [7, 8], or direct current [9, 10], are already in the
focus of the scientific community [11]. Another promising technology, already in use
for inline monitoring purposes in many other regulated industries, such as food [12,
13] and pharmacy [14, 15], is Near Infrared (NIR) Spectroscopy. However, the only

process in the composite sector in which the application of NIR spectroscopy has
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been under research in the past years is the prepreg production through the solvent
route. Among other parameters, the solvent and resin content were determined
directly during the continuing process [16—18]. However, these parameters are
primarily relevant for prepreg production and not for composite processing in
general. Over the last three years, a successful integration of NIR spectroscopy to
determine the gel time and areal weight of the resin in a prepreg production line
using the hot melt process was achieved as part of the "Spectroscopic Analysis of

Prepregs" project.

1.1 Process Monitoring with NIR Spectroscopy

Similar to most other types of spectroscopy, NIR spectroscopy is named after the
wavelength range of electromagnetic radiation using it. The NIR range reaches from
750 to 2500 nm. NIR, therefore, utilizes overtones and combination vibrations of the
measured functional groups. Methylene, amine, and hydroxy groups are most
present in NIR spectra [19]. Based on the functional groups, NIR spectroscopy can
be used to make quantitative statements about changes in the concentration of the
corresponding functional groups in the measurement volume. Compared to other
monitoring techniques, NIR can determine a wide range of parameters, as many
parameters are connected in one way or another to the concentration of a functional
group. NIR is especially suitable for process monitoring as the measuring signal can
be conducted via optical fibers directly from the process to the spectrometer (inline
measurement). This allows the spectrometer to be placed outside demanding or
hazardous environments, safe in a control cabinet. In addition, no electrical
component needs to be designed for use in an ex-zone. However, corresponding
NIR spectrometers for process monitoring are often designed accordingly.
Furthermore, NIR requires no sample preparation and is non-destructive, which is
mandatory for inline measurement. It is fast, has a measuring time shorter than 1 s,
and can measure contactless if required. This is essential for some applications,

such as the prepreg process mentioned above.

Alike many other technologies for process monitoring, NIR spectroscopy requires
calibration. To do so, the measured NIR spectra are assigned to corresponding
reference values, which are determined by traditional methods. A model is obtained

using partial least square regression (PLS) that can predict the value according to



Introduction and Motivation 5

the reference value from a spectrum with unknown properties. After establishing a
PLS model, process information can be obtained more or less in real-time, which
enables direct intervention if necessary. Or the parameter can be used in an

automated process control.

In recent years, miniaturized NIR spectrometers have been established. As the
name suggests, they are smaller, allowing for more flexible handling and measuring
than traditional setups. The smaller size does, however, result in a lack of resolution
and increased measuring time. As trade of, the reduction in size results in a loss of
resolution and increased measuring time, which in turn is balanced by significantly

lower cost, often an order of magnitude or more, and reduced power consumption.

1.2 Scope and Objectives of this Work

The present work aims to demonstrate the possibilities of NIR spectroscopy for
inline monitoring along the process chain of thermoset-based FRPC. The used
spectrometers are recently developed miniaturized spectrometers from the NIRONE
series. This allows statements about the general application possibilities of NIR
spectroscopy and the suitability of miniaturized spectrometers for process
monitoring in the FRP composite sector. The advantages and disadvantages of their
use are discussed. Different measuring environments, e.g. directly on the neat resin
system or in a closed mold, are chosen to cover a wide range of possible

applications.

The LCM processes were chosen as an example for this work to create a basis for
further investigations of a wide range of conceivable applications and,
simultaneously, to concentrate on a few processes. In general, LCM processes
cover most of the relevant process steps for processing the resin: mixing the resin,
impregnating the reinforcing structure, and curing. In addition, measurements can
be carried out on the reinforcement structure in advance. The monitored parameters
are the moisture content of NF (cy), the mixing ratio of the resin system, and the
degree of cure. Corresponding NIR measurements and suitable reference
measurements were carried out for all applications. On this basis, PLS models are

developed to enable process monitoring. These are ultimately also the basis for
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judging the suitability of NIR spectroscopy for process monitoring in the FRP area

in general and the miniaturized-spectrometers used in particular.

1.3 Outline of the Thesis

In Chapter 2, the theoretical background of the work is elaborated. This includes
the fundamentals of NIR spectroscopy, different spectrometer concepts, and the
mathematical principles necessary to convert an inline measured spectrum into a
quantitative measurement of a parameter. Furthermore, the miniaturized NIR
spectrometers used in this study are introduced. Additionally, the state of the art in
the application of NIR spectroscopy for the processing of composite materials is
presented. The overall focus is on the practical presentation of the knowledge
relevant to this work rather than on conveying deep theoretical backgrounds.
Suitable textbooks for a deeper understanding of the theoretical backgrounds are

recommended at the appropriate sections.

In Chapter 3, infrared (IR) and NIR spectra are measured with an FTNIR
spectrometer, and different NIRONE spectrometers are compared. The absorbance
peaks are assigned to their functional groups, and, where possible, the peaks in the
NIR are also linked to their fundamental vibrations in the IR. In addition, the
difference in the resolution and general structure of the spectra between a full-scale
process spectrometer (FTNIR spectrometer) and the NIRONE spectrometer

becomes apparent.

The Chapters 4 to 7 form the core of the work and deal with the measurement of
different process parameters in LCM processes. Figure 1 assigns the chapters to

the respective process steps.

In Chapter 4, the natural fibers (NF) moisture content in the RTM process is
determined using NIR spectroscopy. First, a PLS for a NF textile is created based
on the measured spectra. The model's transferability to other textiles is then tested.
This allows conclusions to be drawn about how the spectra of the NIRONE
spectrometers react to changes in the substrate. On the other hand, it answers the

very practical question, especially for research institutions, whether a separate
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moisture parameter
content Chapter 4
reinforcement structure
matrlx
materlal
mixing ratio degree of cure mixing ratio

w Chapter 6 Chapter 5

Chapter 7

Figure 1: Graphical representation of the process-technical connections between

the chapters.

calibration is necessary for each NF textile or whether it makes sense to test the

transferability of a PLS model to the respective NF.

Chapter 5 deals with the mixing ratio of resin and hardener. The mixing ratio of an
epoxy/amine resin is determined in the VARI and an aluminum cup. The aluminum
cup represents the general application as an example. The mixing ratio is

determined for both fresh and cured resin.

In Chapter 6, the degree of curing is monitored inline in a VARI process. In addition
to the NIR measurements, a suitable reference methodology is established.
Isothermal Differential Scanning Calorimetry (DSC) measurements are used as the
reference method. Preliminary investigations ensure an isothermal experimental
procedure. During the actual measurements, spectra are recorded with all four
commercially available NIRONE spectrometers. PLS models are developed and
compared for all spectrometers. The results demonstrate the potential for monitoring

the degree of curing using NIR spectroscopy and highlight the impact of the utilized
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wavelength range on the results, emphasizing the importance of selecting the

appropriate wavelength range.

In Chapter 7, the influence of deviating mixing ratios on the determined degree of
curing is examined. Since the determination of both parameters ultimately relies on
the measurement of the same functional groups, there is an interaction between
them. The impact of these variations on the measurement data from all four
commercially available NIRONE spectrometers is discussed, and a proposed

approach is presented.

Chapter 8 summarizes the results and discusses the potential for applying NIR
spectroscopy in general and miniaturized-spectrometers in particular in composite

processing.
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2 Fundamentals and Advances in Near Infrared

Spectroscopy

Today's scientific advances and findings would be inconceivable without

spectroscopy. Spectroscopy is defined as:

“study of the absorption and emission of light and other radiation by
matter, as related to the dependence of these processes on the

wavelength of the radiation.” [20]

Radiations are categorized by their wavelength ranges depending on the interaction
between matter and radiation (see Figure 2). Each wavelength range interacts
differently with matter; therefore, various spectroscopy methods have been
developed, each of them providing different information about the investigated
matter. For example, in the X-ray range (approximately 0.01 to 10 nm), X-ray
fluorescence (XRF) and X-ray absorption spectroscopy (XAS) provide information
about elemental composition (XRF) and the electronic and/or local geometric
structure of matter (XAS). Substance identification and concentration determination
are widely achieved using UV/Vis spectroscopy in the range of 200 to 780 nm. In
the infrared range (approximately 780 to 25000 nm), NIR and IR spectroscopy
provide information about molecular structures by analyzing functional groups and
chemical bonds. At longer wavelengths microwave spectroscopy (approximately

1 mm to 1 m) provides information, among others, about bond lengths and angles.

gamma |X—ray| uv I visible I NIR | IR |microwaves| radio

wavelength 1 pm 1 nm 400 nm 780 nm 2500 nm 25 pm 1 mm

n
»

Figure 2: Spectrum of the electromagnetic radiation.

The application areas are as varied as the information supplied, from strict
laboratory applications to astronomy and inline measurements under difficult
process conditions. NIR (780 to 2500 nm) is especially interesting for monitoring
composite manufacturing processes, as it is fast, non-destructive, requires no
sample preparation, and can provide information related to concentration changes

in the measuring volume.


https://www.britannica.com/science/light
https://www.britannica.com/science/radiation
https://www.britannica.com/science/matter
https://www.britannica.com/science/wavelength

Fundamentals and Advances in Near Infrared Spectroscopy 10

2.1 Physical Principle of NIR spectroscopy

Electromagnetic radiation in the IR range is known for inducing fundamental
molecule vibrations, which are directly observed as peaks in the IR spectra. These
peaks serve as molecular fingerprints, identifying the presence of specific functional
groups. In the NIR range, overtone and combination vibrations are activated, which,
while subtler, correlate with the peaks observed in the IR spectra. The radiation can
provide the energy E, required for the molecular vibrations and electron transitions:

E=h%= hv 1)

Where h is the Planck constant (6.626*10-3* Js), ¢ is the speed of light, and v is the
frequency. The context for the frequency v is given, as it is common to use it instead
of using a higher wavelength. Equation (1) follows that the shorter the wavelength,

the higher the energy provided by the radiation.

When an electromagnetic wave interacts with matter, it can transfer energy, leading
to the absorption of the wave's energy by the matter. Yet, this energy exchange is
subject to very precise conditions, making it possible for substances to be
transparent over broad regions of the electromagnetic spectrum, indicating no
interaction between the radiation and the matter. Conversely, the material may be
entirely or partly opaque in other spectrum regions. The process where radiant
energy is absorbed is known as absorption. To explain the absorption and
associated processes, atoms or molecules are conceptualized using the Bohr model
(see Figure 3). In the Bohr model, every atom has a positively charged nucleus
surrounded by negatively charged electrons that orbit around it. The orbits of
electrons within an atom are characterized by certain energy levels that can be

quantified using quantum numbers, which are either integer or half-integer values.
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Figure 3: Diagram of the electron orbit transition according to Bohr.

When an electron switches between orbits, as shown in Figure 3, it either absorbs
or releases energy. These transitions occur via defined quantum jumps following
specific rules. Consequently, the energy difference between two orbits can be

expressed as:
AE = El - EZ (2)

Since the energy required for the transition AE must come from electromagnetic

radiation, the following also applies:

C
This means an atom can only absorb electromagnetic radiation of a certain
wavelength. If the electron falls back to its low level, the corresponding radiation is

emitted.

In molecules, the atoms are held together at specific distances due to the
interactions among the electrons in their outermost orbits. This interaction is crucial
because it leads to different types of energy, such as vibrational and rotational
energies. When molecules absorb energy, the atoms within are induced to vibrate
around their equilibrium state. This vibrational energy can only adopt specific
discrete, quantized values. If the supplied power is insufficient, it merely excites the
molecules to rotate [21].



Fundamentals and Advances in Near Infrared Spectroscopy 12

That molecules can only absorb discrete energies, results in the differentiation
between IR and NIR. In the IR range, the molecule is excited from its ground state
(n = 0)ton =1 (see Figure 4). Its potential energy V is increased, and the distance
r between the atoms can vary more. In the NIR range, the molecule is excited to
higher states (n = 2, 3, 4...). The vibration of the molecules can be described as an
oscillator; the regarding derivation can be found in the literature [19]. Due to
quantum mechanics, these transitions (n=0 — n > 2) occur less frequently, leading
to weaker absorption. Another quantomechanical effect is that the interaction of
infrared radiation with a vibrating molecule is only possible if the molecule is a dipole.
As a result of these restrictions, in NIR spectra, peaks are much broader but weaker
than in IR spectra. Further, functional groups like methyl, hydroxy, or amine are very

present, as the hydrogen-hetero atom bonding is a strong dipole.

v b)

3

Figure 4: Energy absorption in the IR (a) and NIR (b) range?'.

2.2 Spectrometer Technologies

To measure an NIR spectrum, the sample must first be excited by absorbing specific
wavelengths. The necessary electromagnetic radiation, “light”, comes from a light
source. Tungsten halogen lamps are commonly used as light sources for NIR and
IR spectroscopy due to their broad and continuous emission spectrum covering the
visible and NIR regions. Other light sources like Light Emitting Diodes (LEDs) suffer
much smaller emission spectra or shorter life spans (Xenon lamps) but are also
used in special cases. In addition to selecting the appropriate light source, the
correct measurement mode, probe, and spectrometer must be chosen for NIR

measurements.
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2.2.1 Measuring Mode

NIR and IR measurements can be conducted in three modes: transmission,
reflection, and transflection (see Figure 5). In the transmission method, the light
beam fully penetrates the sample. The excited light is detected at the other side of
the sample. This technique is primarily employed for liquids or polymer melts. In
contrast, the reflection method involves the light beam being reflected at the surface
or just below it, followed by detection. This approach is predominantly used for solid
materials, where complete penetration by light is not feasible. Transflection merges
the previously described methodologies. In this technique, the light beam traverses
the entire thickness of the sample, is reflected by a mirror, and passes through the
sample again. Hence, both the transmitted and diffusely reflected light components
are detected. This can be particularly beneficial for very thin samples with weak
absorption lines, as the absorption can be enhanced due to the light's double

passage through the sample [19].

Transmission Transflexion Reflexion

Incoming
light

remaining
light

Figure 5: Measuring mode in NIR spectroscopy.

2.2.2 Measuring Probe

During the transport of captured light, NIR technology demonstrates one of its
significant advantages over IR spectroscopy. In spectrometers used for laboratory
applications (IR and NIR), the sample is placed and measured within the
spectrometer. However, in inline measurements, positioning the spectrometer within
the process is often not feasible or associated with considerable effort and risks.
Depending on the process, environmental conditions such as pressure and
temperature can prevail, making on-site operation impossible. Similarly, explosion
protection can pose a challenging issue. In NIR spectroscopy, measurement optics
that utilize optical fibers (glass fibers) can be employed, allowing the spectrometer

to be positioned outside the process, for instance, in a control box, at a suitable
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location. Glass fibers are transmissible in the NIR range. But their transmissibility
drops around 2500 nm, making them useless in the IR range. For the IR, range
chalcogenides can be used, but so far, their application is quite limited due to their
brittleness and limited length. Measurement optics can be customized to meet
specific requirements. Transmission, reflection, or transflexion can be implemented
depending on the requirements. The light source(s) can be placed either directly in
the measuring head or, like the spectrometer, outside. In the latter case, the light is
directed to the measuring head via optical fibers. To capture more light, collecting
lenses can be used to focus the light onto the optical fiber (see Figure 6). This
measuring head for reflection measurements consists of four halogen bulbs and
centrally a collecting lens. In addition to a stronger signal, collecting lenses reduce
scattering effects caused by the sample's surface, as signals from more scattering

centers are incorporated into the spectrum [19].

collecting lens .

Y halogen bulb

Figure 6: NIR measuring probe used for measuring gel time in the prepreg

production (provided by i-Red Infrarotsysteme GmbH).

2.2.3 NIR Spectrometer

Light is converted into information (spectra) in laboratory and inline-capable
spectrometers. This conversion is typically achieved using suitable photon detectors
based on InGaAs, PbS, or InAs [19]. The detectors are based on photoelectric
effects, transforming light into a current. The unit of measurement is the (light)
intensity. However, when the polychromatic light from the sample hits the detector

unfiltered, only a single measurement value containing information on all
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wavelengths is obtained. Therefore it is only of limited informative value. To address
this issue, there are two fundamentally different approaches:
- Separating the polychromatic light into monochromatic light and measuring
each wavelength individually
- Measuring an interferogram of the polychromatic light and calculating the
spectrum using Fourier Transformation.
Various technological approaches exist to separate polychromatic light, such as
linear variable filters or Fabry-Pérot interferometers.
The Fabry-Perot interferometer consists of two semi-transparent mirrors, which,
due to their high reflectivity, together constitute an optical resonator (see Figure 7)
[22]. An optical resonator is a structure in which light waves are trapped through
multiple reflections between reflective surfaces, allowing standing wave patterns or
resonances to occur. Narrow transmission peaks are formed upon exiting the
resonator due to constructive interferences when the resonance conditions are met.
The peaks appear as circles on the detector. Other wavelength ranges occurring
between the circles are eliminated mainly through destructive interferences. By
altering the distance between the mirrors, the condition for interference can be

changed, and thus, the wavelength of the transmission peaks can be changed.

dectector

semitransparent mirrors

lens \

Figure 7: Concept of Fabry-Pérot Interferometer??.

light .

resonator
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An individual value is measured for each discrete point within the spectrum to
measure a spectrum over the full wavelength range of the detector.

Instead of measuring intensities of the individual wavelengths, a time-dependent
interferogram contains information about all wavelengths. Typically, the Michelson
interferometer is used to measure the interferogram. The light beam coming from the
sample is directed towards both mirrors using a beam splitter, from which each partial
beam is reflected to the beam splitter (see Figure 8). The distance traveled by the
light in this process is referred to as the interferometer arm. The partial beams
superimpose as they proceed toward the detector, resulting in interference. This
interference depends on the position of the movable mirror and can be either
constructive or destructive. When employing polychromatic light, as typically used in
IR and NIR spectroscopy, each wavelength exhibits this phenomenon individually.
The signal intensities of all wavelengths, depending on the mirror position, form the
interferogram. For practical and measurement technical reasons, the movable mirror
is not positioned statically to capture the radiation intensity at the output of the
interferometer. Instead, the mirror is moved continuously at a constant speed,
leading to the registered radiation flux being dependent on time. This implies that a
spectrum represents the signal intensities as a function of frequency or wavenumber,
whereas the interferogram displays intensities as a function of time. Another

difference is that in the interferogram, each data point contains information across

sample mirror 1
Py
tﬁ\ 3 -~ #
3 ~ 4
3 - %
2 ~ s
light e
" T.
source ~
\ -
beam
splitter
mirror 2
detector

Figure 8: Concept of a FTNIR spectrometer?3.
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the entire spectrum. Through Fourier Transformation, the interferogram is converted

into a conventional spectrum.

2.2.4 Portable Spectrometers

Conventional NIR spectrometers are relatively large, immobile devices, whether for
inline measurements or laboratory applications. However, due to the demand for
mobile NIR spectrometers, various small and portable spectrometers have been
developed recently. Zhu lists a total of 24 market-available portable spectrometers
in 2022 [23]. Portable NIR spectrometers differ from full-sized instruments in their
size and weight. There is no fixed limit in size or weight that a spectrometer is still
called portable; Zhu limits his review to spectrometers lighter than 1600 g [23]. The
literature primarily discusses their application in the food industry. This includes the
determination of quantitative parameters such as the fat content of fish [24] or meat
[25], or the firmness of tomatoes [26] or apples [27]. But also the identification of
origin or individual components, for example, if food contains specific allergens [28]
or in textiles, the fiber material composition [29] is done using portable
spectrometers. Besides applications in the food and textile industry, among others
in pharma (drug concentration [30] and product authenticity [31]) and forensic
investigation (authenticity assessment of banknotes [32]) have also been

demonstrated.

The miniaturization and weight reduction of the spectrometers are enabled by
simplifying the spectroscopic components, electrical circuits, etc. This often involves
the use of micro-electro-mechanical systems (MEMS), as in the case of the NIRONE
spectrometers [33], or micro-opto-electro-mechanical systems (MOEMS), such as
the MircoNIR 1700ES [34]. The reduction in size and weight comes at the cost of
reduced resolution and measurement range, extended measurement times, and a
poorer signal-to-noise ratio. For instance, the NeoSpectra Micro (Si-Ware Systems,
California, United States of America), a portable FTNIR spectrometer, only has a
resolution of 16 cm™', whereas full-sized NIR spectrometers can achieve 1.5
cm'[35]. The measurement ranges often cover only a few hundred nanometers[23].
The signal-to-noise ratio varies significantly and correlates with the measurement
time, but for most portable spectrometers, it is well below the >10,000 typically

stated for full-sized spectrometers [23, 35].
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Despite the significantly worse performance metrics in some cases, several
comparative studies have concluded that portable spectrometers can provide
sufficiently accurate results in suitable applications, even when compared to full-
sized spectrometers [36, 37].

2.2.4.1 NIRONE Spectrometers

Miniaturized-spectrometers of the NIRONE series (Spectral Engines GmbH, 97
Steinbach, Germany) are used in the frame of this work. As mentioned above they
are based on a MEMS Fabry-Perot Interferometer. Each spectrometer covers a
different wavelength range of the NIR range (see Table 2). The length of the covered
wavelength range depends on the detector of the spectrometer. Compared to an
FTNIR spectrometer, the spectrum is not measured at once. Instead, at each single
measured wavelength, the intensity is measured. Several measurements are taken
and averaged at each wavelength before going to the next one. In this way, after
measuring all wavelengths, one spectrum is obtained. The number of
measurements taken is referred to as “PointAvg” later on. Several of these spectra
are then averaged to obtain one spectrum that is saved. The number of spectra
used for averaging is referred as “ScanAvg”. The distance between each two
measured wavelengths is referred to as “Steps”. This allows to find a good
compromise between short measuring time, as changing the measured wavelength
requires additional time, and a not too large delay between measuring the left and

the right side of the spectra.

Table 2: Wavelength range of the NIRONE spectrometers.

NIRONE spectrometer Wavelength range [nm]

S1.7 1350-1650
S2.0 1550-1950
S2.2 1750-2150

S2.5 2000-2450
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2.3 Graphical Representation of NIR Spectra

NIR spectrometers measure so-called energy spectra, representing just the
intensity at the regarding wavelength. However, absorption spectra are better suited

for graphical visualization. The absorbance is calculated by using (4):

A= —log(l/ly) (4)

Here, A denotes the absorbance, I the measured intensity spectra, and I, the
reference spectrum. Presenting absorbance spectra is common in the community
and is a specific requirement of some journals [38]. In absorbance spectra, peak
positions and differences between spectra can be seen much better (see Figure 9).
The energy spectra (see Figure 9a) differ only lightly, even in the region around
1920 nm, in which the absorbance spectra show clear peaks. The absorbance
spectra (see Figure 9b) show apparent differences in the peak at 1920 nm.
However, it can be hard to identify how strong spectra differ; for example, it is difficult
to tell if the black or red spectrum has a higher peak. After an off-set correction (see

Figure 9c), this is easily possible. Now, it is evident that the black spectrum has a
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Figure 9: Energy spectra (a), absorbance spectra (b) and off-set corrected
absorbance spectra (c) of natural fibers with different levels of moisture content.
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bigger peak than the red one. Offset correction subtracts a constant value from the
entire dataset to shift the baseline towards zero. As the constant value, the average
of all spectra over a small wavelength range, unaffected by the observed

phenomena, is typically used.

All presented spectra in this work use spectra of a metal plate as background

spectra.

2.4 Multivariate data analysis of NIR spectra

Spectra must be evaluated regardless of the wavelength range to be used. The
evaluation should be done automatically if they are to be used for process control.
The presence or absence of certain absorption peaks is sufficient for qualitative

statements.

However, this is insufficient for quantitative statements about a required measured
value. The most commonly used approach is integration and internal normalization
with a reference peak of the peaks, e.g., in IR spectroscopy or nuclear magnetic
resonance (NMR) spectroscopy. To make statements about the progress of a
reaction, the area of the peak obtained is then set in relation to the original area of

the peak at the start of the reaction.

With NIR spectra, especially with inline measurements, this simple approach often
reaches its limits. Although it is used in the literature for laboratory measurements,
agreeing on a consistent and readily reproducible procedure is impossible. The
discussion begins with the choice of the reference peak for defined reactions, e.g.,
the curing of epoxy/amine systems. Cholake commented on this discussion with
"Extensive literature?%-2432 is available suggesting various reference peaks with and
without explanations." [39]. Generally, a peak not involved in chemical reactions is
used as a reference peak. In epoxy/amine systems, this is typically a phenyl peak
[40, 41]. However, as phenyl rings show three absorption peaks in the NIR range, a
decision on which one is used must be made. Referencing the area of a changing
peak to a reference peak is intended to compensate for concentration changes in

the measured volume that are not caused by chemical reactions, e.g., shrinkage.

This simple approach is not used for inline NIR measurements for two reasons. First,
peaks overlap strongly in the NIR range, making setting the correct integration limits
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difficult. The second, more important reason is the more significant interference,
such as dust, vibration, or bubble formation, in ongoing production compared to
laboratory measurements. These can strongly influence the spectra, even though

the spectra still contain the desired information.

Instead, the spectra are evaluated using multivariate data analysis methods to
obtain quantitative statements about the values sought. Multivariate means that the
measured value sought depends on several variables, in contrast to univariate
analysis, in which the measured value sought depends on only one variable.
Spectra provide a large number of variables; each individual measured wavelength
represents a variable. Due to interference or process fluctuations, not all of these
variables behave similarly over time. Therefore, it is insufficient to evaluate only the
change in a representative wavelength. Instead, multivariate data analysis is used
to derive the most probable measured value based on the spectrum and a
previously created calibration model. Suitable preprocessing is sought to pretreat
the spectra before creating the calibration model. Preprocessing includes selecting
an appropriate wavelength range, deciding on using a reference spectrum, and
applying other so-called chemometric methods. Wavelength ranges that negatively
influence the model are usually removed. Not every wavelength contributes
positively to a calibration model. A good example are water peaks, which are
contained in many samples and change fast due to ambient conditions but often
have nothing to do with the measured value sought. Applying chemometric methods
aims to improve the influence of the measured value sought while reducing

disturbing effects. Chemometrics is defined as:

“the chemical discipline that uses mathematical and statistical
methods, (a) to design or select optimal measurement procedures and
experiments, and (b) to provide maximum chemical information by

analyzing chemical data.” [42]

Frequently used methods for spectra are derivatives, smoothing, and

mean centering.

The calibration model is then calculated using a multivariate regression method
based on the spectra and the corresponding reference data. Multivariate regression

methods include multiple linear regression (MLR), Principle Component Regression
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(PCR), and PLS. The correct abbreviation for Partial Least Square Regression
would be PLSR, but PLS has become established in the literature, which is why PLS
is also used in this thesis. Nowadays, PLS is widely used to evaluate spectra as it

has several advantages over the other methods (see Section 2.4.2).

Considering that each NIR spectrum consists of many data points and each
calibration model is based on several spectra, the question of using artificial
intelligence (Al) inevitably arises nowadays. Depending on the definition, PLS can
already be seen as a method of Al, even if it has been used for much longer. Newer
methods, such as e.g. neural networks, can also calibrate NIR data. In the
foreseeable future, PLS will continue to predominate in the field of process

monitoring:

"Neural networks have not yet shown any advantage over PLS in our
observations. In addition, the high complexity of these models makes
it difficult to find the cause of incorrect output values. This is why we
do not yet use neural networks and similar approaches in practice,

even though we repeatedly test their possibilities on data sets".
Wolfgang Mérzinger, CEQ i-Red Infrarotsysteme GmbH,
translated.

Since this work focuses on applying NIR spectroscopy in the field of LCM processes

and not developing data evaluation tools, the proven PLS is used.

In addition to determining quantitative measured values, NIR spectroscopy can also
be used for classification, for example, to determine the manufacturer of
theoretically identical resin components [43]. NIR spectra are usually classified by
Principle Component Analysis (PCA). In addition to classification to assign samples

with non-quantitative properties, PCA can also be of interest in the run-up to a PLS.

2.4.1 Principle Component Analysis (PCA)

PCA can be used to check how well the samples fit together, whether the class
formation is apparent (intentional or unintentional, depending on how the data set is

obtained), or whether the expected trends are present.
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From a mathematical point of view, this is an eigenvalue problem, i.e., calculating a
matrix's eigenvalues and eigenvectors. However, different names have become
established in other disciplines, including PCA (statistics), factor analysis
(chemistry, psychology), or Karhunen-Loeve transformation (signal processing)
[44].

Many good textbooks, whether in German [45, 46] or English [42, 47, 48], explain
PCA in detail. The following does not, therefore, provide a comprehensive
explanation of PCA. Instead, it focuses on applying PCA to NIR spectra and the
pitfalls that arise.
A spectrum does not consist of a line, as in the graphical representation, but of
individual data points. Each measured wavelength represents a separate variable
(m). Several samples (objects) n are measured in advance for a PLS. These can be
combined into a data matrix X with n objects and m variables (n x m).
Given a large number of variables, it is impossible to recognize patterns, and this
can also be difficult to do in the graphical representation, especially when looking at
energy spectra. PCA offers the possibility of obtaining essential information through
simplification and information reduction. The simplification is attractive because, for
example, all wavelengths in the area of a peak follow a similar trend. This means
that several variables (wavelengths) describe the same information.

The simplification is achieved by describing X with as few new, so-called latent

variables as possible. In the case of PCA, these latent variables are called Principle

Components (PC).

The procedure for PCA can be divided into the following steps:

1. Prepare data: First, the data must be prepared. This often involves centering
the data by subtracting the mean value of the corresponding dimension from
each data point. For spectra, W. Kessler expressly recommends starting with the
original energy spectra and only centering them if necessary. The often
recommended data scaling is also not advisable for spectra, as wavelength
ranges without relevant information significantly influence the PCA [44].

2. Calculate the covariance matrix: The covariance matrix of the centered data
is calculated. The covariance matrix is a square array that indicates the
covariance between each pair of dimensions in the dataset. The diagonal

contains the variances of each dimension.
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3. Calculate eigenvalues and eigenvectors: Next, calculate the eigenvalues and
eigenvectors of the covariance matrix. The eigenvectors of this matrix show the
directions of the principal axes of the data set, and the corresponding
eigenvalues indicate the variance of the data along these axes. The eigenvalues
and eigenvectors can be calculated using various numerical methods.

4. Sorting eigenvalues and determining the PCs: The eigenvalues (and the
corresponding eigenvectors) are sorted in descending order. The largest
eigenvalue corresponds to the maximum variance in the data set, and the
corresponding eigenvector shows the direction of this maximum variance. This
eigenvector is the first principal component (PC1). The other principal
components can be found similarly by taking the eigenvectors corresponding to
the successive largest eigenvalues, where each subsequent principal
component is orthogonal to all previous ones and represents the next highest
variance.

Apart from preparing the spectra (point 1), the other points are nowadays usually

carried out automatically by computer programs such as the PLS toolbox (Matlab)

or Unscrambler.

The interpretation of the PCA results is much more relevant to the application for

evaluating the spectra. The general representation of PCA is:

X=TPT +E (5)

With X as the original matrix, T as the score matrix, P as the loading matrix, and E
as the residual matrix. Figure 10 shows the corresponding graphical representation.
The matrix X contains the observed data, with each row representing an observation
point (e.g., a measurement or a data set) and each column representing a variable
(e.g., individual wavelengths). Suppose there are n observations and m variables
(measured wavelengths). In that case, X has the dimensions n x m. The matrix T
contains the coordinates of the original observations concerning the new axes
defined by the principal components. Thus, the elements in T indicate how intense
each observation is concerning each principal component. It can present the
observations in the space of principal components. If k is the number of principal
components observed, T has dimensions n x k, where k < m. PT is the transposed

charge matrix (or pattern matrix). The columns of P (before transposition)
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Figure 10: Schematic representation of the relationships in a PCA.

correspond to the eigenvectors of the covariance (or correlation) matrix of X and
describe the directions of the principal components in the original variable space.
The transposed form PT is used in the decomposition to simplify dimensionality and
interpretation. The PT (or P) elements indicate how each original variable (for
spectra wavelength) contributes to the principal components. This helps to
understand which variables contribute most to the variance in the data. E captures
the variance in the data not explained by the selected principal components. This
remaining variance may be considered as “noise" or information irrelevant to the
analysis. Still, it may also contain important information that has been lost by
reducing to the principal components. The size of the elements in E can be used to
assess the quality of the PCA approximation. Small values in E indicate that the
principal components successfully explain a large part of the variance in X. Large
values, on the other hand, indicate that a significant part of the data information is
not captured. The dimensions of E correspond to those of the original data matrix X,

i.e., n X m where n is the number of observations and m is the number of variables.

The following section demonstrates the application of PCA. It tests whether spectra
from different NF textiles with different moisture content can be used to identify the
NF textile. For more detailed explanations of the experimental conditions, see
Chapter 5. The focus is on the PCA, and the meaning of the individual matrices is

clarified.

The measuring range of the spectrometer used is between 1750 and 2150 nm,

measured with a step size of 2 nm. The data set consists of 115 spectra of the
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different natural fiber textiles with varying moisture content. In each case, 201
wavelengths were measured. Accordingly, X has dimensions of 115x201, as well

as E. Representative original spectra of the textiles are shown in Figure 11.
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S5, Fribrimat300
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£ 4000

1800 1900 2000 2100
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Figure 11: Energy spectra of a natural fiber with different moisture contents
between 1.07 and 9.24 wt%.

The intensity of the spectra scatters strongly, at 1750 nm between 5500 and 8500
a.u., and falls slightly over the measured wavelength range. At 2150 nm, the spectra
only scatter between 3200 and 5200 nm. The spectra of Biotex400 scatter more
than the ones of Biotex200 and Fibrimat300. Between 1900 and 2000 nm, the
spectra show differences. This is related to the moisture of the textile. The causing
water peak has a maximum at 1920 nm. However, no significant differences
between the spectra of the textiles can be observed. As requested by W. Kessler,
the uncentered spectra are initially used for the PCA [44]. In PCA, the first principal
component, PC1, is plotted against the second principal component, PC2, PC3
against PC4, etc., to identify correlations between the principle components. In this
case, 99.9 % of the variance is already explained by PC1. PC2 accounts for the
remaining 0.1 %. It is, therefore, very likely that PC2 only contains noise, which is
why only PC1 is considered initially. In the case of only one PC, T has the
dimensions 66x1, while PT has the dimensions 1x201. Since the usual way of
displaying the scores (PC1 vs. PC2) is impossible, the scores of each object
(sample) are presented in Figure 12a). The scores for all NF textiles scatter between
6 and 10-10* and show no correlation. They do not have any differences regarding
the NF textile. For a better understanding of the dataset it is advantageous to

understand which parameter is described by PC1, if possible. Therefore, the
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Figure 12: Scores of PC1 of each sample (a) the loadings of PC1 over the
measured wavelength range (b) and ) and the scores over the intensity at 1750 nm

of each spectrum (c).

loadings are presented in Figure 12b), as they can provide information about the
influence of variables (wavelength) on the PCA. Loadings close to 1 indicate a
significant variance and, thus, possibly relevant changes in the respective
wavelength. Values close to 0, on the other hand, indicate a low variance in the
respective wavelength. The loadings of PC1 fall with increasing wavelength from
0.09 to 0.05. Accordingly, no wavelength considerably influences the variance, but
all have a certain proportion. Overall, the loading plot looks very similar to the
measured spectra. That all wavelengths add in a similar way to PC1 suggests that
PC1 describes the variance in intensity. The plot of the scores of PC1 versus the
intensity at 1750 nm confirms this assumption (see Figure 12c). The score of PC1
increases linearly with the intensity of the spectrum. Since PC1 does not contain the
sought information and spectral differences between the NF textiles, it is worth
looking at PC2, even if the remaining variance of 0.1 % is very low (see Figure 13).
The PC1 vs PC2 (Figure 13a)) displays what is already known, Biotex200 and
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Fribrimat300 have a higher intensity (compared to Figure 11 and Figure 12).
However, in PC2, the NF textiles show no difference that would allow for textile
identification. The loadings of PC2 (Figure 13b) show the dependency on the
moisture content of the fibers. The peak in the loadings at 1926 nm matches with
the water peak. Plotting the scores of PC2 against the moisture content of the
textiles proves this. The scores decrease with increasing moisture content for all NF
textiles. Two PCs already explain all variance in the data, making it unlikely to find

a possibility to differentiate the NF textiles by their NIR spectra.
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Figure 13: Scores of PC1 vs. Scores PC2 (a), the loadings of PC2 (b) and
dependency of scores of PC2 on the moisture content (c).

However, the data has not yet been centered or preprocessed in any other way. By
preprocessing (see Chapter 2.4.2.3), the information about the intensity can be
removed from the data, making the moisture content more important for the PCA.

Finding further information currently lost in the noise may also be possible.



Fundamentals and Advances in Near Infrared Spectroscopy 29

2.4.2 Partial Least Square Regression

PLS is a powerful statistical method widely used in chemometric data analysis and
has now become a standard method in spectroscopy [44]. Its primary goal is to
predict one or more parameters (Y variables), such as a sample's physical or
chemical properties, based on a comprehensive data set of measured values
(X variables), often spectra. By considering the structure and relationships within
the X variables and between the X and Y variables, PLS enables efficient modeling
of complex systems, even when the number of measured values exceeds the
number of observations or the measured values are highly correlated, as is the case
with spectra.

The application of PLS is divided into three basic steps: calibration, validation, and
the actual prediction or application. During the calibration phase, the PLS model is
trained on a set of known X-Y data pairs to learn the relationship between the
spectra and the sample properties. The model is tested against a separate data set
in the subsequent validation phase to assess its predictive accuracy and reliability.
Finally, the validated model is used in the prediction phase to estimate the properties
of new samples.

Ongoing model maintenance ensures PLS-based predictions' long-term reliability
and accuracy. Model maintenance includes regularly checking the agreement

X-block influences PCA of Y-block
calculated data

wavelengths k | (response variables)

(samples) u - (Samples)
k
Y-block influences PCA of X-block
k

Figure 14: Schematic representation of the relationships in a PLS.
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between the input and original calibration data and updating the model by integrating
new reference values. This continuous adjustment allows the PLS to respond
effectively to changes in the measurement conditions, the samples analyzed, or the
analytical instruments, thus maintaining its predictive power. Like PCA
(Section 2.3.2), PLS is based on the data matrix X with the dimension n X m, n
objects (samples), and m measured variables (e.g., wavelengths). In addition, for
each object i, a target value y; is measured (i = 1...n) to create the vector y. If

several target values y;; are determined for one object, the different y; result in the

matrix Y with the dimensions n X [, where [ is the number j of the target values
(G = 1 ..1). The basic idea of the PLS is to carry out a PCA with both Xand Y,
whereby both sides know about each other. The schematic sequence of the PLS is
illustrated in Figure 14.

The basic idea of PLS is to extract latent variables from the X and Y data, aiming to
maximize the covariance between these two data sets. In contrast to PCA, which
focuses only on the variance within the X data, PLS explicitly considers the
relationship between X and Y. By using the weight matrix WT, the X data is
transformed into a new space optimized to predict the Y data. This transformation
allows the PLS to capture the variance within the X data and optimize the prediction
performance with respect to the Y data.

The latent variables (LV) identified from the scores T (X data) and scores U (Y data)
are selected to exhibit maximum covariance between the two data sets. The loading
matrix P of X and its transpose PT provide information on how the original X
variables contribute to these latent variables. Similarly, the loading matrix Q of the
Y-data (and its transpose QT) provides insights into the relationship between the
latent variables U and the original Y-variables.

As with the PCA, the detailed mathematical derivation of the PLS is omitted here;
corresponding good textbooks are available in German [44] and English [48, 49].
In the end, you get a PLS model with k LVs and a certain prediction quality for the
parameter(s) being searched for. An increasing number of LVs can improve the
model quality but also lead to overfitting, which deteriorates the prediction quality. A
common approach is to use the LV at which the RSMECV (Root Mean Square Error

of Cross Validation, see Section 2.4.2.2) has a local minimum.
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2.4.2.1 Cross-validation (CV)
Cross-validation is a widely used validation method that scores points for efficiently

using data. It uses each object for both calibration and validation but in separate
runs. This process involves repeatedly omitting some objects from the calibration
data, creating a calibration model without these objects, and then predicting the
omitted objects using this model to determine the residuals. This procedure makes
it possible to assess the quality of the model by calculating the root mean square
error of cross validation (RMSECV) (see Section 2.4.2.2).

Different approaches are used for selecting the samples to be omitted, ranging from
full cross-validation, where each sample is omitted exactly once, to methods with
larger data sets, where multiple objects are omitted simultaneously. Depending on
the structure of the data set, the determination of which samples are omitted in which
segments can be random or systematic.

If several objects (spectra) with different properties come from one sample, e.g., a
change due to a change in the degree of cure, "Continuous Blocks" can be used as
a CV method. Continuous Blocks remove a block of consecutive spectra with each
run. Doing so prevents information about the predicted values in the model from
being included in the CV. “Venetian Blinds" cross-validation is a method in which
the data is divided into several segments. However, instead of using continuous
data points for the validation sets, as with Continuous Blocks, Venetian Blinds
selects data points at regular intervals across the entire data set. Each validation
set contains data points distributed across the whole dataset, allowing for a more
representative and less biased model validation. Venetian Blinds is particularly
advantageous when analyzing data sets with a possible sequence or time
dependency.

In addition to assessing the prediction quality for unknown data, cross-validation is
particularly important for the PLS when determining the optimum number of LVs.
The RMSECV has a local minimum for a specific LV. The corresponding number of
LVs represents a balance between the model's goodness of fit and its predictive
ability for new data. A model that fits the calibration data too well will provide poorer
predictions for data not included. If possible, removing approximately 8 % of a data
set from each run is recommended to draw representative conclusions from the CV
[50].
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2.4.2.2 Evaluation of PLS models
Several characteristic values are considered for evaluating PLS models. These

include the root mean square error (RSME) and the coefficient of determination (r2).
Depending on which step in the model creation process these characteristic values
refer to, they are labeled accordingly. “C" stands for the calibration, i.e., RMSEC,
"CV" indicates the cross-validation (RMSECV'), and "P" indicates the validation
("Prediction"), RSMEP.

RMSE: The RMSE measures the average error and is calculated from the square
root of the mean square error. To calculate the RMSE, the sum of the error squares,
i.e., the difference between the predicted values from the regression equation and
the actual reference values, is first determined. This sum is known as the Predicted
Residual Sum of Squares (PRESS) or the error sum of squares, defined by the

formula:

PRESS = ) (yi = 90)? (6)
i=1

Where ¥, is the value predicted by the PLS for the sample i. The residual variance

s is then calculated from the error sum of squares using the following formula:

$% = PRESS/n= ) (=92 /n (7)

=1

The RMSE itself is determined as the root of this residual variance:

RSME = \[PRESS /n = Z(yi —$)% /n (8)
i=1

r%: The coefficient of determination r? describes the correlation r between the
measured y values and the predicted §. It expresses the proportion of the variance

described by the model. r2 can be determined directly by expressing it as the ratio
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of the explained variance to the total variance according to equation (9) or

subtracting the unexplained variance (residuals) ratio to the total variance from 1.

r? = zn:(f’i - ¥)? /Zn:()’i - y)?
i=1 i=1

=1- zn:(%' - y)? /Zn:(yl' - y)?
i=1 i=1

(9)

2.4.2.3 Spectral preprocessing
As mentioned, the original measurement data in the PCA or PLS often does not

provide good results. This is because the information sought is statistically lost in
the amount of data. Disturbing effects in the spectra often have physical causes,
such as changes in the amount of reflected light, shrinkage, or similar.

The spectra can be treated with chemometric methods to better determine better
the information sought from them. The most common and frequently used
techniques include normalization, centering, smoothing of the data, derivatives, and
correcting scattering effects. For a detailed mathematical background, please refer
to the literature [44, 49].

Normalization: Spectra are usually normalized to reduce scale effects and baseline

fluctuations. Baseline variations can cause scale effects and baseline variations due
to differences in sample preparation, the measurement process, or instrumental
variations. Normalization can minimize these effects so that the analysis focuses
more on the analytical signals and less on artifacts. The most common
normalizations include vector normalization and baseline correction. With vector
normalization (normed-1), each spectrum is divided by its norm (often the Euclidean
norm) so that the length of the vector (in this case, the spectrum) is normalized to 1.
This reduces scale effects between the spectra. For baseline correction, a baseline
is estimated and subtracted from the spectrum. The estimate can, for example, run
along the local minima of the spectrum. Baseline subtraction removes signal

distortions due to absorption effects, light scattering, or background signals.
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Centering: Centering involves adjusting the data values so that the center of the
data, usually the mean value, is shifted to the origin of the coordinates. Centering is
achieved by subtracting the average value of its variables from each data point.
Mean Centering (MC) is the specific application of centering where the mean of each
variable is subtracted from all values of that variable. This process is performed for
all variables in the data set. Mean centering neutralizes differences in the magnitude
of the variables, which is particularly important when the variables are measured in
different units or have widely varying variances. In addition to the mean value, the
median can be used as the center. Using the median reduces the influence of
outliers on the position of the center. Other methods often perform centering and

standardization in one step.

Smoothing: Smoothing reduces the noise in the data without significantly changing
the essential characteristics of the spectrum, such as peak positions, heights, and
widths. This can improve the signal-to-noise ratio. Standard methods for smoothing
are the moving average and the so-called Savitzky-Golay filter. With the moving
average, the value of each point is replaced by the average of a fixed number of
neighboring points. The Savitzky-Golay filter uses polynomials to fit the data in a
moving window and achieve smoothing without distorting significant signal

characteristics.

Derivatives: First and second order derivatives of a spectrum can make small
changes in the spectra more visible, which would be difficult to recognize in the
original data. At the same time, a possible offset of the spectra and a possible
baseline are removed, as these are close to 0 in the derivative. There are various
approaches to deriving spectra. The most common are the derivative using the
difference quotient method and the polynomial fit, also known as the Savitzky-Golay
derivative. The difference quotient method estimates the first derivative using the
simple difference between two neighboring data points. However, this approach
increases noise in the spectra with each derivative. The Savitzky-Golay derivative
works in the same way as smoothing with the Savitzy-Golay filter. The previously
determined polynomial is derived, which makes this method more robust against

noise.
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Correction of scattering effects: When measuring samples by diffuse reflection,

spectral differences often occur due to the sample's uneven distribution of scattering
elements. These scattering phenomena are strongly influenced by the physical
characteristics of the particles within the sample, particularly their size, which results
in the light traveling different distances. In materials such as powders, granules,
emulsions, or dispersions, the spectral information that could provide information
about the chemical composition is often significantly obscured by scattering effects.
The scattering is wavelength-dependent, varies with the refractive index of the
materials, and thus changes across the entire spectrum. The scattering increases
with decreasing wavelength. Multiplicative Scatter Correction (MSC) and Standard
Normal Variate (SNV) are the most commonly used approaches for correcting
scattering effects. In MSC, a linear regression is performed for each spectrum
against a reference spectrum (or the mean of all spectra). This regression's slope
coefficient and intercept are then used to adjust the spectra to better match the
reference or average spectrum. MSC corrects for multiplicative scaling effects and
additive baseline shifts. SNV is a method to correct scaling effects and scattering
influences within individual spectra. Each spectrum is treated individually by
subtracting the mean and then dividing by the standard deviation of the spectrum.
This normalization results in each spectrum having a mean value of zero and a
standard deviation of one. This transformation reduces effects caused by
differences in sample presentation (such as varying particle sizes or different
packing densities). SNV helps improve spectra comparability by bringing each

measurement to a standard scale.

Since the preprocessed spectra are usually not shown, energy spectra of NF with
different moisture contents and the effects of some preprocessing and their
combinations are presented in Figure 15. The spectra originate from the
experiments to determine the fiber moisture content; see Chapter 4. The original
energy spectra scatter quite strongly in their intensity. Differences in moisture
(A = 1920 nm) are particularly noticeable between very low moisture contents and
the rest. The spectra look similar due to similar approaches after applying normed-1
(b) and SNV (d). However, the Y-scales differ significantly. In the range of the
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moisture peak, the spectra vary strongly. On the other hand, the areas not
influenced by the moisture content hardly differ. However, differences between
normed-1 and SNV can be observed in these areas. MC (c) removes the baseline
and makes the differences in the moisture peak more visible compared to (a). As
expected, the 1st Savitzky Golay derivative (d) removes the offset from the spectra.
Apparent differences also occur here, especially in the moisture peak area. At the
same time, the problem with the increased noise due to the derivative is also
recognizable. A window width of 7 was used here. A larger window width would
reduce this, but it always carries the risk of overlaying relevant information. The
combination of SNV and MC (f) visualizes the differences in the spectra best. Both
the moisture peak and the areas not directly influenced show apparent differences.

The existing noise could still be reduced by smoothing.

In developing a PLS model, it is common practice to try out the effects of
preprocessing on the model piece by piece, attempting to improve the PLS model.
In addition to this approach, which is still widespread, automated model creation is
tested due to the enormous computing capacities available, where many PLS

models are first calculated with different preprocessings.
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Figure 15: Energy spectra of a LF with different moisture content, after applying

different preprocessings, original spectra (a), normed-1 (b), MC (c), 1st derivative (d),

SNV (e) and SNV and MC (f).
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2.4.2.4 Outlier analysis
An outlier analysis is a statistical process that aims to identify unusual observations

in the data that differ significantly from the bulk of the data. These observations,
known as outliers, may occur for various reasons, including measurement and data
entry errors, or represent legitimate variations within the data. The main goal of
outlier analysis is to identify these points and then decide how to deal with them -
for example, whether they should be retained for further analysis, adjusted, or

removed.

When evaluating NIR spectra using PLS, outlier analysis is necessary because
outliers can significantly influence the calibration models. The many factors
influencing NIR spectra and their complex structure can lead to spectra that do not
fit the rest of the data set. These atypical data points can reduce model accuracy
and predictive power by distorting the estimation of the PLS model parameters. The
identification and correct treatment of outliers help to create more robust and reliable

PLS models for the quantitative and qualitative analysis of NIR spectra.

There are various approaches for outlier analysis, and it must be decided on a case-
by-case basis exactly how to deal with an outlier. The Cook distance is often used
in regression analyses. The Cook distance measures the influence a single object
has on the estimated parameters of a statistical model. It combines information
about the leverage of a point - how unusual the values of its independent variables
(X-block) are - and the size of the residual (the error between the observed value
and the value predicted by the model) of that point. By taking both aspects into
account, Cook's distance provides a comprehensive measure of how much a single
observation affects the overall estimates of a regression model. The formula can
calculate Cook's distance for the i-sample:

2
eih;

T o

D; is the Cook distance of the i-sample, e? its residual, i.e., the difference between
the measured and predicted value, e? = (y; — $;)?, and h; is the leverage. It
indicates how far the values of the independent variables (X-block) of this

observation are from the average values of the independent variables in the data
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set. High leverage indicates that the observation greatly influences the fit of the

model. The leverage is determined via Hat-Matrix H:

H = X(XTX)"1xT (11)

H establishes the relationship between the measured and predicted values. The

leverage h; for a sample i is then the i-th diagonal element of the hat matrix H.

A high value of Cook's distance indicates that removing this observation would
significantly change the estimated coefficients. However, when applying Cook's
distance to outlier analysis, no absolute threshold indicates when a point is
considered influential. Instead, the threshold depends on the context and must be
determined by the researchers. Commonly used rules of thumb include a D;-value

greater than 1 or D; > 4/(n — k — 1), where k is the number of LVs.

In practice, it is essential to examine Cook's distance, understand why samples are
conspicuous, and decide how to deal with them. Cook's distance provides valuable
insight, but the decision to treat an observation as an outlier and potentially remove
it from the dataset should be based on a comprehensive analysis.

2.4.2.5 Application of the PLS

In practice, mathematical computation software tools such as the PLS-Toolbox of
Matlab® or Unscrambler do most of the work, and the user only has to make the
appropriate decisions. The application of the preprocessing and the calculation of
the PLS models runs in the background. The following section provides a more
profound insight into developing a PLS model and the decisions made in the
process. The data set used comes from Chapter 4. It is used to predict the moisture
content in NF textiles. For the calibration, 66 samples are available, each with 201
measured wavelengths (X-block: 66x201, Y-block: 66x1). The energy spectra are
shown in Figure 15a. Venetian blinds are used for the CV, with 13 splits
corresponding to the recommended approximately 8 % removed data with each

split. SNV and MC were selected for preprocessing.

After choosing the preprocessing and CV, the number of used LVs is determined.
Table 3 shows the change in variances (s?,: variance explained by the LV, s;: total

variance explained) for the X- and Y-blocks and RSMEC and RMSECV . Figure 16
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shows the change in RMSEC and RMSECV with increasing LVs. The first LV
explains most of the variance of the X- and Y-blocks. The second LV already makes
only a small contribution. An increasing number of LVs decreases in the X-block s?,
while s?, fluctuates at a very low level in the Y-block. The RMSEC decreases with
increasing number of LVs. This decrease is to be expected, as the model
increasingly better explains the fluctuations in the data. The RSMECV, on the other
hand, decreases up to the fourth LV and then increases again. From then on, the
PLS model is already so sensitive that it becomes unusable for data not included in
the calibration. Typically, the number of LVs with the lowest RMSECV is used.
However, a lower number of LVs can also be used if the change in RMSECV is tiny
due to additional LVs. Each additional LV introduces a further dimension and, thus,
further statistical uncertainty. For the present data set, two LVs were chosen. Three

or four LVs improve the RSMECV only insignificantly.

Table 3: Change from sf;, and s; for X- and Y-block, as well as RMSEC and
RSMECV with increasing number of LVs.

v Syp2 S 2 Syp2 S g RMSEC RSMECV

(X-Block) (X-Block) (Y-Block) (Y-Block) [wt%]  [wt%]
1 97.24 97.24 97.33 97.33 0.292 0.306
2 1.17 98.41 0.79 98.13 0.245 0262
3 0.48 98.89 0.28 98.40 0.226 0.258
4 0.3 99.19 0.22 98.62 0.210 0.257
5 0.11 99.30 0.26 98.88 0.188 0.277

6 0.05 99.35 0.34 99.22 0.157 0.305
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Figure 16: Change in RMSEC and RMSECV with increasing number of LVs.

Even now, it is often worth looking at how the PLS model performs. In Figure 17,
the predicted moisture contents are plotted against the measured moisture contents,
and the characteristic values for the PLS model are given. The values obtained from
CV are usually shown. The predicted and measured values match if the values lie
precisely on the bisector. The greater the distance between the data point and the
angle bisector, the worse the model works. The model already determines the
moisture content from the spectra quite well, and no value is initially conspicuous.

Nevertheless, further data analysis will help to understand the model better.
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Figure 17: Values from the CV of predicted versus measured moisture content of
the NF-textile (left). Parameters of the PLS model (right).
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The VIP scores indicate how much influence each variable (wavelength) has on the
model (see Figure 18). Consequently, regions with changing peaks should be
significantly influenced, while areas without change only contain noise. Values

smaller than one are considered unimportant and could be removed from the model.
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Figure 18: VIP Scores of the PLS model.

The cut is usually not set directly when the value falls below one but as soon as a
local minimum is reached. This ensures that relevant peaks are mapped completely.
The present PLS model is mainly influenced by the wavelength range between 1900
and 2000 nm, corresponding to the humidity peak. The PLS model could now be
tested to determine whether the model improves if the other wavelength ranges are
removed. However, care should be taken here, as the right-hand range, in particular,

is close to one, and models can also deteriorate.

In addition to examining the influence of the individual variables via the VIP scores,
the impact of the individual objects (samples) can be examined using outlier
analysis. In contrast to the variables, the main aim is to remove objects with an
influence that is too significant from the model in case of doubt. The Cook's
distances are shown in Figure 19. All objects have a Cook's distance smaller than
1. However, the other common limit value (see formula (9)) shows potential outliers.
One sample with 1.4 wt% moisture and a series with more than 6 wt% moisture are
above the limit. In Figure 19, the first conspicuous sample (1.4 wt%) with a predicted
moisture content of 2.03 wt% deviates significantly from the measured value. The
deviation for the samples with a moisture content above 6 wt% is much smaller.
Other statistical effects probably play a role here. The data set contains

proportionally fewer samples with moisture contents > 6 wt% than with lower
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moisture contents. At the same time, the predicted values also agree well with the
measured values for high moisture contents. Whether or not samples should be
removed from the data set is being tested. When considering which data should be
removed here, it should also be considered whether high accuracy or a larger

moisture range is more important for the model.
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Figure 19: Cooks distance of each object using D; > 4/(n — k — 1) as limit.

The steps shown for developing a PLS model are carried out iteratively to obtain a
high-quality PLS model. Once a final PLS model has been found, it can be validated
with the previously withheld data. Since the retained data can only be used once,
the PLS model is not optimized for the validation data, so validation is not performed

at this point.

2.5 Data flow during calibration and inline monitoring

In the preceding sections, it was demonstrated how spectra are measured and the
fundamental workings of PLS were explained. Figure 20 connects the generation of
spectra with the creation of the PLS model and its ultimate application for process
monitoring, illustrating the data flow from measurement in the process to the
quantitatively determined parameter. For subsequent inline measurement, it is
recommended to measure the spectra directly in the process already during the
creation of the PLS model (or any other evaluation method). The spectra, together
with the reference data, form the X- and Y-blocks in PLS. Both blocks can be
independently subjected to preprocessing. Subsequently, the calibration model, in

this case, the PLS model, is developed. This model then allows for the quantitative
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determination of parameters from spectra with unknown properties. With
appropriate implementation, inline monitoring using NIR spectroscopy, with suitably
short measurement times, can be performed almost in real-time.

desired parameter

cure)

inline
monitoring

PLS model

multivariate
data analysis
calibration

preprocessing preprocessing

Figure 20: Overview over the data flow for applying NIR spectroscopy in a

process.

2.6 State of the Art — NIR Spectroscopy in Composite Manufacturing

Process monitoring, or the continuous monitoring and analysis of process
parameters, offers extensive benefits that positively affect efficiency, safety, quality,
and cost control of processes and can provide valuable information about material
conditions [11]. Additionally, it may be necessary to comply with legal requirements
and ensure workplace safety. Process monitoring can be divided into two main
categories: inline and atline monitoring. Inline Monitoring involves measurements
directly in the process, while atline monitoring requires samples to be taken and
analyzed near the process or in an attached laboratory. Besides inline and atline
monitoring, there are other terms related to process monitoring, such as online
monitoring, which refers to analysis in a specially set up bypass, or offline
monitoring, often meaning a more in-depth analysis of the taken samples. However,
these other terminologies ultimately fall into the previously mentioned categories of

inline and atline monitoring, so no further subdivision is made here.
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Inline monitoring allows for the direct and continuous monitoring of processes during
operation. The measuring instruments are integrated directly into the process. This
method enables real-time data collection and analysis, allowing for quick reactions
to deviations or disruptions in the production process. Inline monitoring is particularly
valuable in processes requiring constant quality control or adjustments. It minimizes
the need for manual sampling, saving time and reducing the risk of contamination.
Atline monitoring typically requires manual sampling from the process, which is then
brought to a nearby measuring device. Consequently, analysis cannot be performed
in real time. However, there is often a larger selection of potential analysis methods
unsuitable for inline integration. An intervention may only be possible with a delay
or serve quality assurance and batch release.

In the production of FRP composites, several influencing factors along the process
chain might be worth monitoring or are already being monitored. On the side of the
reinforcement structure, the textile without defects, which is already commercially
available through optical sensors [51], is fundamental. For resin-based matrix
materials, the mixing ratio of the components and, if one goes further back, the
concentration of relevant functional groups, in the case of epoxies, the epoxy
equivalent weight (EEW), are relevant for the later mechanical properties [52, 53].
In the production of FRP composite using LCM, parameters such as the progress
of the flow front, the degree of curing, and the void content [11] are relevant besides

direct process parameters such as pressure and temperature.

2.6.1 Curing Chemistry of Epoxy/Amine Resin Systems

As many relevant parameters in LCM processes are directly related to the resin
system, a fundamental understanding of the curing chemistry of the resin system is
necessary. Epoxy/amine systems have been extensively studied in science but also
have significant importance in mechanically demanding application fields, such as
aerospace, due to their properties. These critical application fields simultaneously
have an increased need for process monitoring to ensure component quality.

Epoxy resins are based on oxirane rings (also referred to as ethylene oxide groups),
three-membered rings consisting of one oxygen and two carbon atoms connected
via the so-called backbone. The backbone is typically either aromatic or aliphatic

hydrocarbon. Epoxy resins for mechanical applications are usually based on
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aromatic backbones, with bisphenol A diglycidyl ether (DGEBA) being the most
common monomer.

Due to the ring strain, the oxirane ring is relatively reactive and reacts with proton
donors. Common hardeners for epoxy resins include amines, amides, alcohols,
acids, and anhydrides. In this case, the epoxy group reacts additively with the proton

(see Figure 21). In the case of epoxy/amine resin systems, the proton shifts to the
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Figure 21: Curing reaction of an epoxy/amine resin system>4.

ethylene oxide group, resulting in a new hydroxy group in the addition product, while
the primary amine becomes a secondary amine (Figure 21a). Subsequently, the
secondary amine reacts with another ethylene oxide group, becoming a tertiary
amine (Figure 21b). At significantly elevated temperatures, the formed hydroxy
group can act as a proton donor and react with an ethylene oxide group (Figure 21c)
[54].

2.6.2 Determination of the Degree of Cure

The degree of cure describes the extent to which functional groups have reacted,
i.e., the achieved conversion. It is crucial both during processing and for the
subsequent properties [55]. There are various methods for measuring the degree

of cure, including differential scanning calorimetry (DSC), IR, and NIR spectroscopy.

Using DSC, the degree of cure can be determined from both isothermal and
dynamic measurements or a combination of both [56-59]:

- Isothermal DSC measurement: The uncured resin is brought to the curing
temperature as quickly as possible in the DSC device and maintained there for the

curing time. The degree of cure as a function of time can be determined by
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integrating the heat flow over time and normalizing the obtained area to the total

measured heat flow.

- Dynamic DSC measurement with a constant heating rate: The heat flow into an
uncured sample is measured at a constant heating rate. Additionally, several
samples that were previously cured isothermally for different lengths of time are
measured at the same heating rate as the uncured sample. The degree of cure for
each sample is calculated as the relation of the measured residual enthalpy of each
sample to the uncured sample. The dependence of the degree of cure on time can

be found through interpolation.

- Dynamic DSC measurement with varying heating rates: In this approach, at least
3, often 5, samples are cured at different heating rates. The time-dependent degree
of cure can be modeled from the measured DSC curves using isoconversional

methods.

The degree of cure can also be determined by peak integration and normalization
to a reference peak from IR and NIR spectra (see Section 2.3). Similar to the
dynamic DSC measurement with a constant heating rate, several isothermally pre-
cured samples are required. Alternatively, spectra can also be continuously
recorded during curing. This requires a basic understanding of the spectra, of peaks

directly affected by the curing reaction, and of peaks not involved in the reaction.

2.6.3 Peaks in IR and NIR Spectra

To determine the degree of cure from spectra, as described in the last section, and
as a basis for analyzing the spectra via multivariable data analysis, an assignment
of the peaks is necessary or at least useful. The assignment is typically done based
on literature and spreadsheets referring the regarding functional groups. Similar
chemical components are beneficial in the case of NIR spectra, as peaks appear in
a wider range and are broader than in the IR range. In Chapter 5, the peaks of an
epoxy/amine resin system are assigned to their respective functional groups and

discussed.
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2.6.4 Near Infrared Spectroscopy in Composite Processing

NIR spectroscopy stands out among other inline monitoring technologies primarily
due to its wide range of detectable parameters and the ease of adapting the probe
to the measurement environment. Essentially, it measures the concentration of
functional groups in the measurement volume. Therefore, related parameters are
fundamentally measurable, e.g. the degree of cure, describing the change in
concentration of the reactive functional groups in a resin, determine parameters like
gel time and glass transition temperature (Tg). In the literature, NIR spectroscopy
has been documented for inline monitoring of composite processes for quality
assurance of the resin in prepreg production [60—62] and by us in RTM processes
[63, 64].

Even though it doesn't directly count towards the processing of composites,
monitoring the resin synthesis and ensuring the concentration of functional groups
is crucial for the quality of the later composite. The relationship between EEW and
the epoxy peak seems to be so pronounced in laboratory measurements that the
EEW can be determined based on the epoxy peak at 4530 cm' using the Lambert-
Beer law [65]. Dan and Yi-Hui could also distinguish different batches of epoxy and
phenol resins from various manufacturers using PCA with a laboratory device. The
differences between the manufacturers were significantly more pronounced than the
batch variations [43]. Directly during the resin synthesis, the acid and hydroxy
values, equivalents to the EEW, were determined for natural and polyester resins
[66, 67].

For prepreg production, the use of NIR spectroscopy in FRP composite processing
is best documented. There are examples of a wide range of specific parameters and
tested materials. Before impregnating the fibers, Jiang determined the sizing content
of glass fibers [17], while Liu determined a powdered hardener's initiator content
(0 - 0.5%) [68]. On the finished prepreg, the resin content and solvent fraction were
determined for different material combinations (Glass/Epoxy resin, Glass/Phenol
resin, Carbon/Epoxy resin, and Carbon/Phenol resin) [16-18, 61, 69, 70]. The
degree of pre-curing of the prepreg is determined either by the gel time or the soluble
resin fraction using NIR spectroscopy [17, 62, 70].

We demonstrated that the condition of the prepreg can also be checked during

storage or directly before processing using NIR spectroscopy on a glass-fiber/epoxy
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prepreg. The parameter we determined was the present Tg, which increases with
increasing conversion [36].

In the field of LCM processes, we showed the potential for monitoring the degree of
cure using NIR spectroscopy for a novel 100 % bio-based composite in the RTM
process [63]. A flat textile was used as the reinforcement fabric, with a resin based
on epoxidized linseed oil and crystalline citric acid as the hardener. In a more
extensive study, we also determined the degree of cure of an epoxy/amine resin
system in the RTM process. Due to the study's design, we encountered limitations
in determining the degree of cure at the beginning of the curing phase, a,, which is

revisited in Chapter 6.
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3 NIR and IR Spectra of Epoxy/Amine Resin Systems

Although analyzing spectra graphically and assigning peaks does not allow to link
spectra with quantitative parameters, understanding the used spectra can provide
helpful information to better understand the dataset. This knowledge can be
valuable during the development of the PLS models, as it can give, e.g., indications
of particularly important wavelength ranges or those that should be excluded

because they might be influenced by irrelevant functional groups.

To improve the understanding of the spectra of an epoxy/amine resin system, in the
following peaks in the NIR spectra of an uncured and cured epoxy/amine resin
system, as well as the neat components, are assigned. This is done for all spectra
of the four spectrometers of the NIRONE series. These spectra are compared with
the spectra of a full-scale FTNIR spectrometer as well as with the IR spectra of the

components.
3.1 Measuring an Epoxy/Amine Resin System

3.1.1 Used Material

The used epoxy resin was Epinal IR 78.31, as amine hardener Epinal IH 77.11 was
used, both from bto-epoxy GmbH (Amstetten, Austria). The mixing ratio was 100/25

(resin/hardener).

3.1.2 Sample Preparation

20 g of resin was weighed into a pot, and 5 g of hardeners were added. The
components were thoroughly mixed by hand. Subsequently, they were degassed

for 5 min.

For the measurements with the NIRONE spectrometers, 2.5 g of each component
and of the mixed resin were weighted into aluminum dishes (cross-section: 55 mm,
height: 20 mm).

For the measurements with the FTNIR spectrometer, 20 g of each component and
of the mixed resin were weighted into aluminum dishes (cross-section: 80 mm,
height: 28 mm).
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The dishes with mixed resin and a further thin sample were cured at 100 °C for at

least 30 min.

3.1.3 NIR Measurements

The samples were measured with all four spectrometers of the NIRONE series
(S1.7,S2.0, S2.2, and S2.5) using Steps of 5 nm, a PointAvg of 100, and a ScanAvg
of 50.

The process spectrometer from i-Red Infrarot Systeme GmbH (Linz, Austria),
equipped with a measuring head, is used as an FTNIR spectrometer. The
measuring head consists of 4 halogen bulbs with a collecting lens (20 mm) in the
center between them. The measuring head was connected to the spectrometer via
an optical fiber (cross-section: 400 um, length: 8 m). The measuring distance
between the measuring head and the sample was 90 mm. For each measurement,

50 samples were averaged.

3.1.4 IR Measurements

The IR measurements were performed on a BRUKER VERTEX 70 (Bruker,
Massachusetts, United States) in reflection mode. For all samples, 16 scans were
averaged, except for the cured resin, for which 64 scans were used, each with a

resolution of 2 cm-'.

3.2 Assigning Peaks in NIR- and IR- Spectra

As mentioned, assigning peaks to functional groups can help understand a data set
and accelerate the development of PLS models. Due to the small measurement
range of the NIRONE spectrometers, it is essential to choose a suitable
spectrometer that covers the relevant wavelength ranges. Therefore, the spectra of
the epoxy/amine resin system are analyzed, and the absorption peaks are assigned
to the functional groups that cause them. The epoxy resin Epinal IR78.31 used is
referred to below as "resin", while the hardener Epinal IH77.11 is referred to as
"hardener". The state of the resin system is referred to as "uncured" and "cured" to

describe the measurement before and after curing, respectively.

For a better display, the spectra are given different offsets so they do not overlap

but are still comparable. As the peaks of one absorption peak appear in the same
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region in the samples, only one v or 1 is is given during the discussion. Tables 5 and

6 provide a complete overview of the peak positions in the different samples.

3.2.1 IR Measurements

The IR spectra of the pure components and the uncured and cured resin system are
shown in Figure 22. Absorption peak 1, at 3510 cm™, results from the stretching
vibration of O-H in phenols in the resin. It is very weak, so it could indicate unreacted
hydroxy groups that remain after resin synthesis. In the cured sample, the
O-H group shows a broad absorption peak, with its peak at 3390 cm™' (peak 2).
These hydroxy groups result from the curing process. The hardener and the uncured
sample show two absorption peaks at 3364 and 3287 cm'resulting from the
stretching vibration of primary and secondary amines (N-H, peak 3). The absorption
peak 4, from 2840 to 3000 cm-!, comes from stretching vibrations of aliphatic and
aromatic C-H and is present in all four samples. The three absorption peaks
belonging to 5 (1607, 1581, and 1508 cm") are caused by the stretching of phenyl
rings and overlap with the bending of the primary amine (NH2) groups (absorption

peak 6), present in the hardener and the uncured sample. In the region below
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Figure 22: IR spectra of neat resin and hardener as well as of the uncured and cured
resin system. Absorption peaks of functional groups consumed during curing (---)
change as expected, while the peaks of the formed hydroxy groups emerge.
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1500 cm-', not all peaks can be assigned clearly. Absorption peak 7 is caused by
the asymmetrical (1243 and 1281 cm™') and symmetrical (1033 cm™') stretching of
ether groups (C-O-C). They are present in the resin, uncured, and cured sample.
As they do not change during curing, they do not represent the epoxy group (cyclic
ether). Instead, they come from the oxygen atom, connecting the glycidyl group with
the phenyl ring. Absorption peak 8, present in the hardener (1110 cm™), uncured
(1106 cm™), and cured (1105 cm™') sample, results from the stretching of amides
(C-N). From the epoxy groups, the absorption peaks occur at 970, 914, and 861
cm-1 (peak 9), present in the resin and uncured sample. All the peaks vanished in
the cured sample. The peak at 861 cm-1 appears only as a shoulder of absorption
peak 10 (827 cm™), which is the out-of-plane bending of aromatic hydrogen (=C-H).
The assigned peaks are summarized in Table 4. The assigned absorption peaks
are in good agreement with general IR tables [71, 72], more specific literature about
IR spectroscopy of specific groups [73-75], and with literature assigning absorption

peaks of epoxy/amine resin systems [76—79].

Table 4: Assignment for the observed absorption peaks of the pure components

as well as the uncured and cured resin system.

Absorption Resin Hardener Uncured Cured
Peak Nr.
Peak [cm™] [cm™] [cm™] [cm™]
1 Ph-OH, str. 3510
2 -OH 3390
3364 and 3364 and
3 -NH2, -NH str.
3287 3287
-CH, -CHz,
4 3000-2800 3000-2800 3000-2800 3000-2800
-CHjs (ar./aliph.)
1607, 1607, 1607, 1608,
5 -C=C- ar., str.

1581, 1508 1581, 1510 1581, 1508 1581, 1507

6 -NH2, bend. ~1600, ~1600,
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Absorption Resin Hardener Uncured Cured
Peak Nr.
Peak [em] [em] [em] [cm™]
1243, 1243, 1243,
7 -C-O-C-, str.
1182, 1033 1183, 1033 1181, 1033
8 -C-N-, str. 1110 1106 1105
970, 914 970, 914
9 -(CH-O-CH2)
and 861 and 861
10 C-H, ar. bend. 827 827 827 827

3.2.2 NIR Measurements

The NIR spectra measured with the NIRONE spectrometers are compared with the
NIR spectra from a full-scaled process spectrometer (Figure 23), and the absorption
peaks are assigned. The available NIRONE spectrometers together cover the
wavelength range between 1350 to 2450 nm (v = 7407 to 4081 cm"), while the
useful measuring range of the FTNIR spectrometer is between 4000 and
~13000 cm™' (2500 to 770 nm), covering the entire NIR region. The spectra of the
NIRONE spectrometers show a much broader absorption peak than the FTNIR
spectra. When comparing them with the IR spectra (Figure 21), even the absorption
peaks of the FTNIR spectra are broad. The small measuring ranges of the NIRONE
spectrometers and the broad absorption peaks result often in only the shoulders of
a peak being present in the spectrum. In these cases, in the assignment, the peak
is marked with “<” or “>” of the maximum or minimum of the wavelength of the

spectrometer.
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The following assignment of the absorption peak is in good accordance with the first
peak assignments from the late 1950’s [80, 81] and with other literature dealing with
NIR spectroscopy of epoxy/amine resin system [41, 79, 82—84], epoxy resins [85,
86] and amine components [87, 88]. An overview of the absorption peaks is also

given in Table 5.
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Figure 23: NIR spectra of neat resin and hardener as well as of the uncured and

resin uncured cured ]

cured resin system measured with the NIRONE spectrometers, S1.7 (a), S2.0 (b),
S2.2 (c) and S2.5 (d).

Out of the range of the NIRONE spectrometers, the spectra of the FTNIR
spectrometer show two absorption peaks, A and B. Peak A (v = 9535 cm'") results
from the second overtone of the amine stretching vibrations (IR peak 3, V = 3364
and 3287 cm') and is therefore only present in the hardener and the uncured resin.
Peak B (= 8624 cm™) is caused by the second overtone of the epoxy groups and
is only present in the resin and the uncured sample. The corresponding peak was
not assigned in the IR spectra. It would be expected at 7~ 2875 cm™'. Several peaks
of methylene groups are assigned at this region of the IR spectra. The NIR spectra
show further peaks in this region, which are not assigned here. The assigned peak
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Figure 24: NIR spectra of neat resin and hardener as well as of the uncured and
cured resin system measured with an FTNIR spectrometer. Absorption peaks of
functional groups consumed during curing (---) change as expected, while the peaks

of the formed hydroxy groups emerge.

is not present in the hardener or in the cured sample, i.e., consumed during curing,
proving that it must be the epoxy peak. The first peak covered by the NIRONE S1.7
is peak C (v = 6998 cm-1, 1 = 1440 nm), caused by the hydroxyl groups that form
during curing. This is the first overtone of the hydroxy groups (IR peak 1 and 2,
v= 3510 and 3390 cm™). In the spectra of the S1.7 spectrometer, it appears to be
a vast peak. The absorption peak coming closest to a peak in the NIRONE spectra
is peak D (v=6522 cm™, A (S1.7) = 1540 nm, A(S2.0) < 1550 nm), the first overtone
of the amine stretching vibration (IR peak 3, v = 3364 and 3287 cm™). The S1.7
spectrometer covers the whole peak where it is strongly present in the hardener and
uncured sample, as expected. However, the cured sample also displays a weak
peak. The S2.0 displays only a shoulder of peak D; here, the same finding as for the
spectra from S1.7 can be made. The same applies to the FTNIR spectra. The
sample was probably not fully cured, or an excess of hardener was added. The peak
of the stretching of terminal methylene groups of the epoxy group (peak E,
vV =6069 cm™ A(S1.7) >1650 nm, A(S2.0) = 1650 nm) is present in the resin, and
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the uncured sample. The peaks F and G are the second overtone of aliphatic (G,
r=5895cm”, A(S2.0) = 1700 nm) and aromatic (F, v = 5987 cm™,
A(S2.0) = 1670 nm) C-H stretching vibrations (IR peak 4, 7= 3000-2800 cm). The
absorption peak H indicates the presence of water (H20, v = 5239 cm™,
A(S2.0) = 1915 nm) in the resin, uncured and cured sample. The first combination
vibration found is from amines (peak | combination ¥ = 4957 cm,
A(S2.0) = 2035 nm, A(S2.5) = 2030 nm). It is the combination of IR peak 3
(7=3365cm’) and 6 (¥ = 1607 cm™). The combination peak (peak K,
U~ 4827 cm™, A(S2.5) ~2090 nm) of the hydroxyl groups appears as a shoulder in
the spectra of the cured samples. Due to the measuring setup of the FTNIR
spectrometer, the rest of the NIR range is very noisy and does not deliver any further
useful information. On the other hand, spectra of the NIRONE S2.5 show two
additional peaks. Peak K, actually two peaks, are the combination vibrations of the
aromatic methylene groups (A(S2.5) = 2140 and 2165 nm) caused by the IR peaks
4 and 5. Peak L (A(S2.5) = 2210 nm) is related to the methylene groups of the epoxy

ring. It is present in the resin and uncured sample and vanishes during curing.
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Table 5: Assignment of the absorption peaks of an epoxy/amine resin in the NIR range.

Peak Absorption Peak Spectrometer Resin Hardener Uncured Cured
A Amine-2. overtone FTNIR [cm™] 9539 9553
B Epoxy-2. overtone FTNIR [cm™] 8624 8616
FTNIR [cm] 6998
C Hydroxy-1. overtone
S1.7 [nm] 1440
FTNIR [cm™] ~6500 6522
D Amine-1. overtone S1.7 [nm] 1540 1535
S2.0 [nm] <1550 <1550
FTNIR [cm™] 6069 6065
E Epoxy-1. overtone S1.7 [nm] >1650 >1650
S2.0 [nm] 1650 1650
FTNIR [cm™] 5987 5991 5983
F Amine -2. overtone
S2.0 [nm] 1670 1670 1670
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Peak Absorption Peak Spectrometer Resin Hardener Uncured Cured
FTNIR [cm™] 5895 5765 5873 5776
G Epoxy-2. overtone
S2.0 [nm] 1700 1740 1700 1720
FTNIR [cm™] 5239 5237
H Hydroxy-1. overtone 5246
S2.2 [nm] 1915 1915
FTNIR [cm™] 4957 4933
Amine-1. overtone S2.2 [nm] 2035 2030
S2.5 [nm] 2030 2030
FTNIR [cm™] ~4827
K Epoxy-1. overtone
S2.5 [nm] ~2090
ar.-CH overtones S2.5 [nm] 2140 and 2165 2140 and 2165 2165

M Epoxy-CH combination S2.5 [nm] 2210 2210
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3.3 Comparing IR and NIR Spectra of an Epoxy/Amine Resin System

The peaks of the absorption bands of the FTNIR spectrometer and the NIRONE
spectrometers match with reasonable precision when they are in the measuring
range. They are also in agreement with the fundamental vibrations in IR
spectroscopy. However, it is obvious that the spectra of the NIRONE spectrometers
show broader and less intense peaks than the FTNIR spectra. This is partly due to
the poorer resolution of the NIRONE spectrometers. The NIRONE spectrometers
have a resolution of only 16 nm, while the FTNIR spectrometer has a resolution of
2 cm™'. Due to mathematical reasons, the resolution difference between the
spectrometers is not constant over the NIR range. At 1350 nm, the beginning of the
measuring range of the NIRONE spectrometer, the 16 nm correspond to
approximately 86 cm-!, while at the upper end of the measuring range at 2450 nm,
they correspond to approximately 26 cm™'. The resolution of the NIRONE
spectrometer is, therefore, 13 to 42 times worse than that of the FTNIR
spectrometer, depending on the wavelength.A comparison of IR and FTNIR spectra
also shows that the peaks becomes broader in the NIR and is less distinct than in
the IR.

The presence of only a few absorption peaks in the measuring range of each
NIRONE spectrometer has several implications for process monitoring. Generally,
the spectrometer must be selected according to the chemical changes occurring in
the process. When monitoring an epoxy/amine system, the NIRONE spectrometers
show different amounts of relevant peaks. Most pertinent in this case are peaks from
functional groups related to the curing process, such as epoxy, amine, and hydroxy
groups. Consequently, the NIRONE S2.5 should be the most suitable, as absorption
peaks of all three functional groups are located in the measuring range (peaks I, K,
and M). The NIRONE S1.7 also measures all three functional groups (peaks C, D,
and E), even if only one shoulder of the epoxy peak (peak E) is measured. The
NIRONE S2.0 should contain considerably less information, as it only measures one
epoxy peak (peak E) and the shoulder of the amine peak (D). Only the NIRONE
S2.2 measures even less relevant peaks, as only the combination oscillation of the

amines (peak I) lies within its measuring range.
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4 Determination of the Moisture Content of Natural Fibers
in the RTM Process

Natural fibers being used increasingly being used in the FRP industry, as they
represent an alternative to glass fibers in terms of both price and mechanical
properties [1, 89, 90]. A key parameter in the processing of NF is the moisture
absorbed by the fibers, e.g. for flax fibers 8-10 wt% moisture content at ambient
conditions are reported [91]. But even the smallest amounts of moisture have a
negative effect on the mechanical properties of NFRP [92]. This raises the interest
and necessity for determining fiber moisture content simply, fast, and automatically

inline.

For this work, the fiber moisture is determined in a closed RTM mold. Corresponding
measurements are carried out, and PLS models are developed based on this. The
transferability of the best PLS model to other NF textiles is investigated

subsequently.
4.1 Materials and Experimental Methods

4.1.1 Used Materials

For the calibration of the PLS models, a flax fiber textile, Biotex Flax 400g/m?
2x2 Twill (“Biotex400”, Composites Evolution Ltd., Chesterfield, UK), is used (see
Figure 25). The transferability of the best PLS model found is tested on Biotex Flax
200g/m? 2x2 Twill (“Biotex200”, Composites Evolution Ltd., Chesterfield, UK) and a
non-woven flax fabric Fibrimat F300 (“Fibrimat300” Eco-Technilin SAS,
Valliquerville, France, FAW: 450 g/m?). The Fribrimat F300 contains a lot residues

shives.



Determination of the Moisture Content of Natural Fibers in the RTM Process 62

Figure 25: Used fabrics to determine the moisture content of NF fabrics in the RTM

process, Biotex400 (a), Biotex200 (b), Fibrimat300 (c), reproduced with permission

from BISRI®S,

4.1.2 Used RTM-Equipment

The experiments used a square flat mold (“plate mold”). The cavity dimensions were
270 x 270 x4 mm, and the mold was mounted on an LZT-OK-80-SO press
(Langzauner GmbH, Lambrechten, Austria). The NIR adapter is placed in the center

of the upper mold half (see Figure 26).

a) Vent \ b)

Vent  NF-Stack NIR Adapter ~~ | Light source
Clamping
AN
Spectrometer
c) Optical fiber, Optical fiber
Slegve transmitting light
from the light NIR probe
source
B ilikat gl
Optical fiber, orosilikat giass

transmitting light to
the spectrometer

Figure 26: RTM-Mold with the NF-Stack and NIR adapter (a), concept of the
NIR-Adapter (b) and cross section of the NIR-Probe (c).
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4.1.3 NIR Measurements

The NIRONE S2.2 is equipped with a NIR probe (400 um fiber core, Avantes BV,
Apeldoorn, Netherlands) for the NIR measurements. The probe consists of 6 optical
fibers (cross-section 400 um each) bringing light from the light source (Avantes BV,
Apeldoorn, Netherlands) into the cavity of the plate mold (see Figure 26b). The
centered fiber transmits the reflected light to the NIRONE S2.2. The probe was
mounted in a specifically designed adapter, holding it in place. To protect the probe's

tip, the adapter covers it with a 5 mm thick borosilicate slide.

The NIR measurements are done using Steps of 2 nm, PointAvg of 10, and

ScanAvg of 5.

4.1.4 Determination of the Moisture Content

After the NIR measurement, the top layer of the NF stack is immediately placed in
the “moisture determinator” (DAB Feuchtigkeitsbestimmer 1.2, KERN & Sohn
GmbH, Balingen, Germany), and the measurement is started. The DAB moisture
analyzer heats the sample to 120 °C with a halogen lamp and then maintains the
temperature. The weight loss is recorded. The measurement is stopped
automatically if the weight changes over 45 s are less than 2 mg. The moisture

content is calculated by the “moisture determinator” using:

cmue =1 — (my, —mg)/m,, (12)

With ¢y, [Wt%] being the moisture content and m,, and m, are the mass of wet and

dried sample, respectively.

4.1.5 Sample Preparation

Sample stacks with cuts of 65x65 mm were used to determine the moisture content.
All samples were placed in the preheated (80 °C) plate mold. The samples of
Biotex400 were prepared in three different ways to cover a wide range of moisture
content. Samples of Biotex200 and Fibrimat300 were only treated with the second
method. The number of layers per sample is given in Table 6.
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For a moisture content of less than 1.5 wt%, the samples were dried in an oven for
120 min. Then, they were stacked and immediately placed in the plate mold before

it was closed. This resulted in a moisture content between 1.28 and 1.45 wt%.

The stack was placed in the plate mold to achieve a moisture content between 1.5
and 6.7 wt%. To adjust the moisture content, vacuum was then applied to the sealed
mold at the outlets for 0 to 1200 s. After releasing the vacuum, the NIR spectra were

recorded.

To achieve a moisture content of more than 6.7 wt%, the samples were placed in a
humidity chamber with 70 % humidity at 30 °C for 1 h. They were then stored at
ambient conditions for a varying period of time in order to achieve different moisture

contents in the preform.

Table 6: Overview of the number of layers per sample used for the different

textiles.
Number of layers Moisture Sample
Textile
per sample content [wt%)] preparation
Drying in an
<15 ying
oven
Applying vacuum
Biotex400 5 1.5-6.7 on the RTM
mold
Humidity
>6.7
chamber
2.2-59 Applying vacuum
Biotex200 10 PPIYING
on the RTM mold
1.8-5.9 Applying vacuum
Fibrimat300 7 PPIYING

on the RTM mold




Determination of the Moisture Content of Natural Fibers in the RTM Process 65

Two datasets were measured from the Fibrimat300. In the first, it was placed under
the NIR adapter similar to the other fabrics. In the second case, the samples were
placed, so that shive residues were placed under the NIR measuring spot (shives

are marked in Figure 25c).

4.1.6 Statistical Analysis

The moisture content was determined from a total of 83 Biotex400 samples. These
were randomly divided into two data sets for calibration, 66 samples, and validation,
17 samples. Ten samples each of Biotex200 and Fibrimat300 were measured. Six

samples of the shive residues in the Fibrimat300 were measured.

In the first screening, several PLS models were developed. For the LVs, a number
between 1 and 10 were tested using different preprocessings (SNV, SM, 1. Deriv,
2. Deriv, MC, SNV+SM, SNV+1.Deriv, SNV+2.Deriv, SNV+MC, SNV+SM+MC,
SNV+1.Deriv+tMC, SNV+2.Deriv+MC). The window of the applied Savitzky-Golay
Filter is seven points. The best model found was further optimized by removing

outliers and limiting the used wavelength range.

Cross-validation was done by venation blinds, using 13 data splits. For the PCA, the
original and processed datasets were tested, applying the same preprocessings as

described above.

4.2 Results

The spectra from the NIRONE S2.2 of Biotex400 show only two absorption peaks,
see Figure 27. The absorption peak at 2100 nm is more or less constant, while the
absorption peak at 1924 nm is changing. It decreases with the moisture content.
The peak at 1924 nm is attributed to the absorption of water [93]. The absorption
peak at 2100 nm is unknown and cannot be assigned to a functional group. The
spectrum of the sample with a moisture content of 1.07 wt% does not show any
peak in the region around 1924 nm. However, the reference measurement still
indicates some weight loss, which is attributed to the remaining moisture. Moisture
contents below 1.07 wt% could not be achieved. Therefore, the measured weight
loss is probably moisture, which is taken up during sample handling.
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Figure 27: Spectra of Biotex400 with different moisture contents. The water peak

at 1922 nm increases with the moisture content.

Comparing the spectra of different NF textiles with similar moisture content can
provide an initial indication of whether transferring a PLS model to another NF textile
is possible. Figure 28 shows the spectra of the different textiles with roughly 2.2 wt%
moisture. The spectra do not show any relevant differences between them. There
are slight differences only in the unassigned peak at 2100 nm. Biotex400 shows a

slightly lower absorbance here. In contrast, all other samples are almost congruent.
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Figure 28: Spectra of different NF textiles with a moisture content of roughly 2.2 wt%.
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4.2.1 Differentiating between NF Textiles using PCA

It is attempted made to differentiate between various NF textiles using PCA. This
could be interesting both for identifying NF textiles and indicating whether it is
possible to distinguish between different batches. Figure 29 shows the scores for
PC1 and PC2. The underlying PCA is based on SNV and MC, with PC1 explaining
96.56 % and PC2 1.56 %. PC1 correlates with fiber moisture content, while no
correlation was found for PC2. Differentiating between the various textiles using the

current PCA model is not possible.
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Figure 29: Scores of PC2 over PC1 of from spectra of different textiles.

None of the tested PCA models could distinguish between the NF textiles.
Furthermore, the presence of shard residues in Fibrimat300 seems to have no
significant impact on the spectra. Once the data were centered, PC1 consistently
described moisture content, while higher PCs exhibited no recognizable
correlations. This result is consistent with the NIR spectra in Figure 28, as they also
show no significant differences between the textiles. Therefore, it seems likely that

PLS models could be transferrable between different textiles.

4.2.2 Determining the Moisture Content of NF Textiles

The most significant developed PLS models are shown in Table 7. For MoC-1, only
various pre-processings were tested without limiting the wavelength range or
excluding outliers. With an r2CV of 0.979, this model is already very suitable for
quantitatively determining the moisture content. Removing the left spectral range up
to 1880 nm and removing outliers improves the model and reduces the number of
required LVs (MoC-2). All samples from the humidity chamber (moisture

conten > 6.7 wt%) and one additional sample were removed as outliers. The
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Figure 30: Predicted moisture content from CV of Biotex400 using PLS model
MoC-3.

decision to remove the samples from the humidity chamber was made due to their
relatively small number, especially considering the wide range, they represented
(6.7 — 8.3 wt%). The results of the best model (MoC-3) are shown in Figure 31. The
modified preprocessing improves especially the RMSECV. This leads to a better
stability of the model against unknown data. MoC3 determines the moisture content
with an RMSECV of 0.20 wt%. Comparing this with the reference method, for which
an error of 0.15 wt% is stated, MoC-3 predicts the moisture content with sufficient
accuracy. For the validation of MoC-3, one spectrum with a moisture content over
6.7 wt% was removed from the validation dataset. The validation of MoC-3 with new,
unknown spectra from Biotex400 results in an RMSEP of 0.13 wt%. The RMSEP is
significantly lower than the RMSECV determined for the model and the
measurement accuracy of the reference method (see Figure 31). Itis a coincidence,
that the validation data fits much better to the PLS model than the calibration data.
All measured samples were divided into calibration and validation data by using
every fifth sample for validation. Typically, an RMSEP similar to the RMSECV, or
worse, if the validation data does not fit to the calibration data, would be expected.
The 2P, on the other hand, is minimally worse at 0.971 than the r2CV at 0.983, and

thus within the expected range. The obtained RMSEP can be seen as a curiosity,
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but it does not represent the accuracy of the measurement of NIR spectroscopy in

the RTM process.

MoC-3 is also tested to predict the moisture content of NF textiles other than
Biotex400 (see Figure 31 and Table 7 bottom). The 2P of 0.974 for Biotex200 or
even better for the other textiles allows for all three tested NF textiles to determine
the moisture content quantitatively. However, the RMSEP increases significantly, as
can be expected. Surprisingly, Biotex200 has the highest RMSEP at 0.40 wt%. At

the same time, the shard residues have no negative impact on the RMSEP. Instead,

they show the lowest RMSEP with 0.32 wt%.
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Figure 31: Predicted moisture contents of different NF textiles using MoC-3.
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Table 7: Developed PLS models to predicted the moisture content (top) and application of the Model MoC-3 on different NF

textiles (bottom).

. . Wavelength 2 2 RMSEC RMSECV
Model Outliers Preprocessing range [nm] LV rC r“CV [Wt%] [Wt%]
MoC-1 0 SNV, SM, MC  1750-2150 4 0.985 0.979 0.22 0.26
MoC-2 0 SNV, SM, MC  1880-2150 2 0.983 0.981 0.20 0.22
MoC-3 5 SNV, 1.Deriv 1880-2150 2 0.984 0.983 0.19 0.20
. . Wavelength ) ) RMSEC RMSEP
Model Tested material Preprocessing range [nm] LV r<C r“CV [Wt%] [Wt%]
MoC-3a Biotex400 SNV, 1.Deriv 1880-2150 2 0.984 0.971 0.19 0.13
MoC-3b Biotex200 SNV, 1.Deriv 1880-2150 2 0.984 0.974 0.19 0.40
MoC-3c Fribrimat300 SNV, 1.Deriv 1880-2150 2 0.984 0.981 0.19 0.35
MoC-3d  PAmatso0 gy periv  1880-2150 2 0.984 0.989 0.19 0.32

shives residuals
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4.3 Discussion

The application of NIR spectroscopy for determining the moisture content in NF
textiles has proven to be promising, especially in terms of process control and

quality assurance of NF composites.

The spectra show clear differences regarding moisture content but no discernible
patterns regarding the different types of NF textiles. This suggests that NIR
spectroscopy specifically captures the moisture within the fibers without the type of
textile significantly affecting the measurement. Both PCA and PLS results confirm
this observation, highlighting NIR spectroscopy's ability to identify moisture
differences precisely. The narrow measurement range of the NIRONE S2.2

spectrometer (1750 — 2150 nm) is sufficient to determine the fiber moisture content.

The developed MoC-3 model has proven to be particularly effective for determining
fiber moisture content in the RTM process. Due to the high accuracy and
reproducibility of measurements with this model, fiber moisture content can be
continuously monitored, which is a crucial requirement for producing high-quality NF
composites. Therefore, the ability to control the moisture of the fibers directly

contributes to quality assurance in the production of natural fiber composites.

The experimental setup demonstrates the feasibility of drying the fibers directly in
the closed mold using vacuum. This allows for a flexible moisture content
adjustment, either by readjustment or by direct drying in the cavity, making the

process more efficient and controlled.

The transferability of the MoC-3 model to other natural fiber textiles shows the
stability of the model. The transferability implies that batch variations in Biotex400
should not significantly impact the model. Particularly in research, but also from an
application-technical perspective, the transferability is relevant as it eliminates the
need for recalibration for each textile. However, the transferability of the model
should be critically examined to ensure its suitability and accuracy for different types
of textiles.

In summary, using NIR spectroscopy to determine the fiber moisture content in

natural fiber textiles is an effective tool for quality assurance and process control in
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producing NF composites. The ability to precisely control and adjust the moisture

content can significantly improve the quality and performance of the final products.
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5 Determining Mixing Ratio of an Epoxy/Amine Resin

System

The mixing ratio, e.g., the composition of the polymeric matrix material in a
composite of the resin system components, is of crucial importance for composite
processing as well as the resulting material properties [94]. Deviations from the
prescribed mixing ratio can cause issues during processing, incomplete curing of
the composite, or worse mechanical properties. These issues can also result in
liability issues in critical applications. For example, in the aerospace industry, some
resin systems such as RTM®6 are supplied already mixed and frozen to avoid curing,
causing much higher costs. Mixing on-site for the manufacturer would be

advantageous here.

The issue of the mixing ratio is more crucial to resin system curing by polyaddition
reaction, such as epoxy/amine or polyurethanes, than to resin systems curing by
chain growth reactions, e.g., polyester resins. In the first case, typically, a
stoichiometric mixing ratio between resin and hardener is aimed for, but deviating
ratios are also used for some systems. Deviations of the given mixing ratio mean
reactive groups for which no reaction partner is present and which are, therefore,

weakening the network.

In technical datasheets the mixing ratio is typically provided in parts per mass or
volume. This means that to 100 parts resin X parts hardener are added. In the
following, the mixing ratio is determined by mass, presented as 100:X

(resin:hardener) or the hardener content X, referring to 100 parts of resin is given.

The mixing ratio of two epoxy/amine systems is determined on uncured and cured
samples. Once, the mixing ratio is determined on neat resin, whereas in the second

case, the mixing ratio is determined in the VARI process.
5.1 Materials and Experimental Methods

5.1.1 Used Material

Neat resin system: The epoxy resin Epikote RIMR135 mixed with the hardener
Epikote RIMH1366, both Hexion Inc. (Columbus, United States), is used.
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VARI: As resin Epinal FR10.16-A2.01 mixed with Epinal FH10.41 as hardener, both
bto Epoxy GmbH (Amstetten, Austria), is used. The used textile is Biotex Flax
400g/m? 2x2 Twill (“Biotex400”, Composites Evolution Ltd., Chesterfield, UK).
5.1.2 Sample Preparation

All mixing ratios are given by weight.

Neat resin system: The resin (50 g) was weighed in a plastic pot, and the amount of

hardener (see Table 8) was added. The TDS specified a mixing ratio of 100:30 by
weight [95]. The resin system was properly mixed by hand and degassed for 2 min.

Afterward, 5 g were weighted into an aluminum pan (cross-section 55 mm).
In total, 24 samples with different mixing ratios were prepared.

Table 8: Weight and content of the hardener (RIMH1366).

Hardener content 240 2475 255 26.25 270 27.75 285 28.8

Hardener weight [g] 12.0 124 128 131 135 139 143 144

Hardener content 291 294 297 30.0 30.3 306 309 312

Hardener weight[g] 146 147 149 15 152 153 155 156

Hardener content 315 3225 33.0 33.75 345 3525 36 36.15

Hardener weight [g] 15.8 16.1 16,5 169 173 176 180 18.1

VARI: The preform was cut to 100x100 mm, and a VARI setup for a line sprue was
prepared on a heating plate, using one layer of textile, peel ply and distributor
channels, at the front and the end of the preform, under the vacuum bag. The resin
(50 g) was weighed in a plastic pot, and the regarding amount of hardener (see
Table 9) was added. The specified mixing ratio was 100:30 (resin:hardener). The
resin system was properly mixed by hand and degassed for 10 min. Afterwards, the
resin was infused within 15 min. The material was cured for 24 h at 55 °C. In total,

19 VARI setups with different mixing ratios were prepared.
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Table 9: Weight and ratio of the hardener (FH10.41).

Hardener ratio 270 272 276 282 285 288 291 294

Hardener weight[g] 135 136 138 141 143 144 146 14.7

Hardener ratio 298 30 30.2 306 309 312 315 31.8

Hardener weight[g] 149 15 151 153 155 156 158 159

Hardener ratio 324 328 33

Hardener weight[g] 16.2 164 16.5

5.1.3 NIR Measurements

Neat resin system: For the NIR measurements, the NIRONE S1.7 was equipped
with a NIR probe (400 um fiber core, Avantes BV, Apeldoorn, Netherlands). The

light came from the light source (Avantes BV, Apeldoorn, Netherlands). For a more
detailed description, see Chapter 4. The probe is positioned 5 mm above the

sample.

The NIR measurements were done using Steps of 2 nm, PointAvg of 10, and
ScanAvg of 5. Three spectra at different positions were measured from each

sample.

VARI: NIRONE S1.7 was used as a stand-alone spectrometer for the NIR
measurements. Doing so, it is positioned directly on the VARI setup, measuring

through the vacuum foil.

The NIR measurements are done using Steps of 2 nm, PointAvg of 10, and
ScanAvg of 5, with an internal light source intensity of 100 %.

5.1.4 Statistical Analysis

The weight of the resin and hardener were used as reference values.

Neat resin system: The spectra of each sample were averaged, resulting in 24

spectra for the PLS modeling. Since only 24 samples were available, a split into
calibration and validation samples was avoided. The quality of the PLS models is
assessed using the r2CV and RSMECV.
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VARI: Ten spectra at different positions were measured from each of the 11
samples. As spectra from the same sample differ strongly, averaging spectra was
avoided. Since only 11 samples were available, a split into calibration and validation
samples was avoided. The quality of the PLS models is assessed using the r2CV
and RSMECV .

PLS was done as described in Section 4.1.6. Cross-validation is done by venation

blinds, using 12 data splits.
5.2 Results

5.2.1 Neat Resin System

Representative spectra measured with the NIRONE S1.7 of different mixing ratios
of resin (RIMR135) and hardener (RIMH1336) are presented in Figure 32. Most
parts of the spectra, including the shoulder of the epoxy peak (see Chapter 3), do
not differ. Only the amine peak (see Table 5) at 1534 nm increases with increasing

hardener content.

To determine the mixing ratio of neat resin, PLS models are developed according
to Section 4.2.3; relevant models are presented in Table 10. In the first screening,
the best results were obtained by using quite a high number of LVs, independent of
the preprocessing (see MR-1 and MR-2). The models have good values for r2C,
r2CV and RMSEC and even the RMSECV is with 0.63 (MR-1) usable order of
magnitude. However, the significant difference between RMSEC and RMSECV is
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Figure 32: NIR spectra of an epoxy/amine resin system with different mixing

ratios of resin and hardener.
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that the RMSECV is nearly double the RSMEC, which indicates an overfitting of the
models. Overfitted models are too well adapted to the calibration data and capture
not only the underlying patterns but also noise, which results in poor predictive
performance on unknown data. Reducing the number of LVs barely affects the
RMSECV , whereas r2C, v2CV and RMSEC worsen (model MR-1a and MR-2a).
Despite the deterioration r2C, r2CV and RMSEC and RMSECV of the models have
good predictive qualities. The mixing ratios predicted by CV using MR-1 and MR-1b
are shown in Figure 33. Reducing the wavelength range used and increasing the
smoothing window improved the predictive qualities of MR-1b, especially towards

the end borders of the model.
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Figure 33: Predicted versus measured parts hardener, applying PLS-model MR-1
(left) and MR-1b (right).
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Table 10: Developed PLS models to determine the mixing ratio of an epoxy/amine resin system.

Wavelength RMSEC RMSECV
Model Outliers  Preprocessing LV r’C r’cv

range [nm] [-] [-]
MR-1 0 1.Deriv 1350-1650 8 0.991 0.965 0.31 0.63
MR-1a 0 1.Deriv 1350-1650 2 0.963 0.963 0.59 0.64
MR-1b 0 1.Deriv (11 pt)  1350-1650 2 0.970 0.966 0.58 0.61
MR-2 0 MC 1350-1650 9 0.990 0.961 0.34 0.66

MR-2a 0 MC 1350-1650 2 0.970 0.956 0.58 0.71
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5.2.2 VARI

Representative spectra measured with the NIRONE S1.7 from VARI setups with
different mixing ratios of resin (Epinal FR10.16-A2.01) with hardener
(Epinal FH10.41) are presented in Figure 34. The setups are measured in an
uncured (top) and cured (bottom) state. The spectra of the uncured setups show the
characteristic amine peak (1538 nm) and shoulder of the epoxy peak (>1650 nm).
Towards lower wavelengths, the absorbance decreases. The edge of this decrease
is at a higher wavelength (around 1440 nm) than at the neat resin (compare Figure
32). The amine peak has nearly diminished in the spectra of the cured setup. Only
samples with a hardener overshoot show a weak peak at 1538 nm. Also, the epoxy
is much weaker but does not diminish. This is due to the overlap with the peak from
aromatic C-H at around 1670 nm (see Chapter 3). The hydroxy peak appears at
1484 nm rather broad.
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Figure 34: Spectra of different mixing ratios from the uncured (top) and cured
(bottom) VARI setup.

In the uncured and cured state, the spectra do not show an apparent mixing ratio
depending order, as they did for the neat resin (see Figure 32). The developed PLS



Determining Mixing Ratio of an Epoxy/Amine Resin System 80

models also reflect the missing apparent trends (see Figure 35, Figure 36, and Table
11). The models tend to overfit due to the small sample number. Therefore, only
models with a maximum of 5 LVs are considered. Attempts to improve the model
quality after the first screening by limiting the wavelength range or testing further
pre-processings were unsuccessful. The removal of outliers was omitted to illustrate
the variability of the results. However, even otherwise, based on Cook's distance
and leverage, only some of the standalone measurements would have been

identified and removed as outliers.
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Figure 35: The predicted vs. the measured parts hardener, predicted using model
CU-1 hardener content (left) and the scores of the first and second LV of the
model (right).
The found models have reasonable values in RMSEC and RMSECV, whereby from
the cured VARI setup, the mixing ratio can be predicted with better quality. They are
already nearly as good as from the neat resin. But all models have values below 0.9
for r2C and r2CV, which is the minimum for PLS models used for quantitative
predictions by a rule of thumb. For the uncured (see Figure 35) and the cured (see
Figure 36) VARI setup, the mixing ratios predicted for each sample scatter over a
wide range, roughly 2-5 parts hardener. The first two LVs describe the largest
portion of the data in all models. For model CU-1, the second LV describes more
variance in the data than the first one due to the fact that the first LV also describes

variance in the Y-data, which is not shown here. All samples are distinguishable for
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the uncured VARI setup based on the first two LVs. From the cured VARI setup,
some samples are superimposed with each other in the first two LVs. Espically, the
hardener content of 27 parts scatters and might be difficult to distinguish from the
hardener parts 27.6, 30, and 31.2.

With the PLS models presented, quantitative determination of the mixing ratio is
impossible. However, a qualitative prediction seems possible if the spectrum of a

particular composite has a mixing ratio within a specific range.
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Figure 36: The predicted vs. the measured parts hardener, predicted using model
CC-1 hardener content (left) and the scores of the first and second LV of the

model (right).
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Table 11: Developed PLS models to predict the mixing ratio of epoxy/amine resin system in an uncured (top) and cured (bottom)

state.
Pre- Wavelength RMSEC RMSECV
Model Outliers LV r2C ricv
processing range [nm] [-] [-]
CuU-1 0 SNV, 1.Deriv, MC 1350-1650 5 0.886 0.817 0.65 0.83
CuU-2 0 SNV, SM, MC 1350-1650 5 0.793 0.778 0.88 0.91
CU-3 0 SNC, 1.Deriv 1350-1650 5 0.773 0.725 0.92 1.01
Cu4 0 1.Deriv 1350-1650 5 0.763 0.714 0.94 1.03
Pre- Wavelength RMSEC RMSECV
Model Outliers LV r%c ricv
processing range [nm] [-] [-]
CC-1 0 SNV, SM, MC ____1350-1650 5 0.897 __ 0.881 0.62 0.66
CC-2 0 SNV, MC 1350-1650 5 0.902 0.881 0.60 0.66
CC-3 0 SNC, 1. Deriv, MC 1350-1650 5 0.882 0.849 0.66 0.75

CC-4 0 SNV 1350-1650 5 0.883 0.799 0.79 0.86
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5.3 Discussion

The mixing ratio of epoxy/amine resin systems was determined using the NIRONE
S1.7 spectrometer on pure resin system samples and in the VARI process. For the
pure resin system samples, PLS models could be developed to quantitatively
determine the mixing ratio, whereas, for the VARI, only qualitative statements could

be made as to whether the mixing ratio falls within a specific range.

In the measurement range of the S1.7, relevant functional groups (epoxy, amine,
and hydroxy) show a peak or at least the shoulder of a peak (see Chapter 3). Thus,
the determination of the mixing ratio is based on functional groups involved in the
curing reaction. This is advantageous because the peaks, especially the amine
peak, are particularly pronounced in the spectra of the NIRONE spectrometer. On
the other hand, the initiation of the curing reaction also affects the concentrations of
the crucial functional groups. For the resin systems tested, the onset of curing plays
a minor role since they either cure very slowly at room temperature
(RIMR135/RIMH1366 takes longer than 24 hours) or are heat-curing (Epinal
FR10.41 A2.01/FH10.16 is cured at 55 °C for 24 hours). The other NIRONE
spectrometer, S2.5, which also shows peaks for all three functional groups within its

measurement range, was not available at the time of the measurements.

The model found for the pure resin samples is also based on the ratios of the epoxy
and amine peaks since the wavelength range below the amine peak only contains
noise and is not considered in the model. This underscores the above points
regarding the prominence of the affected peaks. The PLS model MR-1b determines
the mixing ratio with an RMSECV of 0.61. Considering that for RIMR 135-based resin
systems, a mixing ratio of 100:30+2 is specified [96], the developed model is
sufficiently accurate for potential applications. One possible application is
determining and monitoring the mixing ratio directly in a dosing and mixing plant.
The necessary measurement optics could potentially be further improved through

application-optimized design.

The models developed for the measurements on the VARI include the entire
wavelength range of the spectrometer. It is somewhat surprising for measurements

on the uncured VARI, where a similar measurement range would have been
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expected for the neat resin samples. This may be due to the small number of
samples and the significant variation within the samples. For cured samples,
however, either amine or epoxy groups remain in the composite in non-
stoichiometric resin/hardener mixes, reflected in the corresponding peaks. Hence,

this information is also helpful in the PLS models for determining the mixing ratio.

The fact that only a qualitative statement can be made during measurements on the
VARI and not a quantitative one is due to the significant variation of spectra within
each sample. The variation stems from the measurement situation, not from poor
mixing. Otherwise, varying degrees of variation would be expected, but this appears
relatively constant (see Figure 35 and Figure 36). The variation is likely due to
different optical situations. The peel ply and textile underneath create different
surface morphologies, leading to different light reflections and absorptions.
Likewise, the amount of resin in the measurement volume may change depending
on whether a crossing point of the textile (see Figure 25a) is at the measurement
spot, resulting in little resin or only a thread or a void, resulting in more resin. These
effects are exacerbated by the small measurement spot of the NIRONE
spectrometers, estimated at 3 mm. A larger measurement spot should significantly
reduce the variation. The measurement spot could be increased using a collecting
lens, which would also require adjusting the light source. As a rule of thumb, the
size of the measurement spot should be approximately five times the size of the

morphological features to average out the effects during the measurement.

The question of whether the mixing ratio could also be determined based on the
different concentrations of aliphatic and aromatic methyl groups in the resin and

hardener was not addressed.

The developed PLS models and results are promising regarding determining the
mixing ratios of resin systems using NIR before and after curing. Based on these
findings, applications for monitoring the mixing ratio, for example, directly in dosing
and mixing plants, are conceivable. Similarly, using NIR for quality control of finished

components is also feasible.
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6 Monitoring the Degree of Cure

The degree of cure describes the progress of curing in resin systems, a central
aspect of the chemistry and processing of resins. The degree of cure is usually
measured by the concentration of functional groups involved in the crosslinking or
related parameters such as reaction enthalpy. This parameter is extensively
covered in the scientific literature; a search on Google Scholar (may 2024) yields
about 3,500,000 entries for "degree of cure" [97].

In the composite industry, however, the degree of cure is typically not monitored
during processing. Instead, significantly longer curing times than necessary are
used to ensure a certain degree of cure. Determining the degree of cure or a
correlated parameter such as gel time only plays a role when a specific degree of
cure, but not complete curing, is aimed for in a process step, such as in the

production of prepregs.

The use of NIR for monitoring the degree of cure or related parameters has been
demonstrated in prepreg production, the determined parameters were e.g, the pre-
curing degree, gel time, or soluble resin content [17, 83, 98]. Our studies have also
shown the suitability of NIR for quality assurance of prepregs during transport and
storage [36]. In the context of LCM processes, NIR was successfully used to monitor
the degree of cure in RTM, although with limitations in determining the degree of

cure at the beginning of the curing phase, «,.

The following section analyzes the monitoring of the degree of cure in the VARI
process using NIR. Here, the four commercially available NIRONE spectrometers
are used to evaluate their potential for monitoring epoxy-amine systems. The
required experiments take place under strictly controlled conditions suitable for
composite processing. Preliminary experiments are done, measuring the
temperature evolution in a VARI setup during infusion and curing. Based on the
results from the temperature measurement, only one textile layer is used for
calibration, while the PLS models are also tested on VARI setups with six layers.
The goal is to capture the initial degree of cure, a,, and its change over time, and to

enable external validations through additional VARI experiments.
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6.1 Preliminary Study investigating the Temperature Evolution in VARI

Temperature significantly impacts the processing of resin systems. It crucially
influences relevant properties of the resin system, such as viscosity and curing
speed. In the VARI process, the temperature distribution is locally dependent on
factors such as the distance from the heat source and the infusion point. The
objective of these experiments is to develop an understanding of the local

temperature evolution during infusion and curing.

Isothermal process control is sought since no inline-capable reference method is
available for determining the degree of cure using NIR. The isothermal curing
process aims to enable the use of external isothermal reference methods for

calibrating the PLS model.

In the VARI process, the resin system is typically infused at room temperature and
heats up upon entering a heated mold. At this point, the resin begins to cure
significantly. The resin system reaching the outlet, exhibits a distinctly higher degree

of cure.

In addition to striving for an isothermal curing process, the position of the NIR
measurements on the VARI setup is of particular interest. The measuring position
should be as close as possible to the sprue to cover the largest possible process
window and minimize the unmeasured portion of the curing. However, by the time
the resin front reaches the measuring point, it should also have reached a constant
temperature so that no additional thermal effects influence the curing behavior, thus

allowing the use of an external isothermal reference method.

6.1.1 Methods

6.1.1.1 Used Materials

The experiements were performed using textile ampliTex 5042 (Bcomp Ltd.,
Fribourg, Switzerland), a twill 4/4 flax fabric. A rectangular preform (800x350 mm),
with six layers, was used.The results were transferred to Hexel 1202 (Hexcel
Corporation, Stamford, United States). As preforms (200x350 mm) a single layer

and six layers were used.All preforms were cut at 0°, relative to the roll direction.

Epinal IR78.31, as epoxy resin and Epinal IH77.11, an amine hardener, both from
bto epoxy GmbH (Amstetten, Austria), were used.
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6.1.1.2 VARI Setup
A typical configuration was used for the VARI trials. For the VARI trails with NF this

includes a preform, peel ply, flow media, and distribution channels under the
vacuum bag (see Figure 37). Before sealing the setup, thermocouples were
appropriately positioned. The heating plate was preheated to 60 °C. The resin
system was prepared by mixing 1100 g resin with 275 g hardener (mixing ratio
100:25 (resin: hardener) by mass) and degassing it for 4 min. Afterwards the resin
was injected within 20 min. A total of two trials with NF were carried out with different

positioning of the thermocouples.

flowing aid and

textile i distribution
vacuum foil
peel ply channel
\ l 1 tube
| I l |

heating plate
Figure 37: Schematic VARI setup.

The VARI trials with GF were done as described above. Due to changes at the
heating plate, the plate was set to 64 °C. Accounting for the smaller preform 200 g
resin and 50 g hardener were used. The infusion time was set to 2 min.

6.1.1.3 Temperature Measurement

Thermocouples of type K were used to measure the temperature evolution in VARI.
To measure the temperature evolution of the resin flow front along the flow direction,
the thermocouples were positioned on the centerline between the 5th and 6th layer
of the preform, with the first layer in contact with the heating plate (see Figure 38).
To measure the temperature evolution over the composite's thickness, the
thermocouples were at a distance of 120 mm between the single textile layers.
Transferring the results from NF to GF (Hexel 1202) the thermocouples were placed
25 mm along the center line of the VARI setup in the flowing aid. Temperature

measurements were performed for VARI setups with one and six layers of textile
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Figure 38: Positions of the thermocouples for the temperature measurements at
the NF VARI trials.

6.1.2 Temperature Evolution in VARI Setups using NF

Based on the temperature profile, the different phases of processing from the start
of infusion (t = 0 s) can be identified. Figure 39 shows a temperature curve in the
preform at a location 20 mm after the inlet. Before the resin system reaches the
sensor, the preform has a temperature of 47 °C. The temperature difference towards
the heating plate is due to the insulating properties of the natural fiber preform. With
arriving of the flow front, the temperature drops to 42 °C. Subsequently, the
temperature rises to 44 °C and remains until the end of the injection. This increase
is likely due to the improved thermal conductivity of the now saturated preform
compared to the dry preform under vacuum. In addition, the resin system flows
significantly slower in the preform than in the flow media. At the end of the injection
and the start of the curing phase, the temperature in the composite rises sharply
and reaches its maximum after about 4100 s. Afterwards, the temperature gradually
drops and stabilizes at a constant value (55 °C) after around 8700 s. The rise in

temperature is due to two factors. The predominant part results from the

60
infusion — ~—— — — — —
L A —————— S
55 [phase exothermic
_(—>| peak

<—curing phase ————>]

| . . . . .
0 2000 4000 6000 8000 10000
time [s]

Figure 39: Temperature evolution in VARI after starting the infusion.
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temperature of the heating plate. The resin system is no longer flowing, and
consequently, it is quickly heated by the heating plate. The second part is the heat
released by the exothermic curing of the resin system. As the curing slows down,
less heat is released, so the temperature remains constant. This constant level is
the temperature ultimately achieved by the heating plate. The difference to the 60 °C
set temperature are due the insulating properties of the NF composite.

6.1.2.1 Temperature evolution along the flow front

At the start of the infusion, the temperature at the inlet drops significantly from 47 °C
to 18 °C (see Figure 40). Throughout the infusion, it rises to 22 °C. The exothermic
curing reaction in the storage container causes this increase. The remaining
temperature sensors indicate the arrival of the flow front according to their
respective positions. Upon reaching the flow front, the temperature initially drops
slightly. This decrease diminishes with increasing flow length, from 5 °C at 12 cm to
1 °C at 48 cm and beyond. After the drop, the temperature rises again to a certain
level, which is higher with increasing flow distance. At 12 cm, there is no difference
between the dry and the saturated preform. However, at 60 and 72 cm, the
temperature reaches 60 °C, corresponding to the heating plate's temperature.
These varying temperature levels are related to the thermal history of the resin
system. Upon reaching the temperature sensor, the resin comes from the flow aid,
and primarily, saturation occurs in the thickness direction. At the same time, the
resin also flows forward in the preform, albeit more slowly. As soon as the flow front
submerges the temperature sensor, it measures resin that has already been in the

preform for some time and has warmed up there. This explains the increasing
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Figure 40: Temperature evolution during the infusion phase. The red,

dashed line marks the end of the infusion phase.
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temperature levels with increasing distance from the infusion point. The infusion is
stopped after 1100 s, and the temperature starts to rise with begin of the curing
phase. The rise in temperature is related to the plate's position (see Figure 41). The
closer to the beginning of the plate, the more significant the increase. However, the
respective measurement positions also have a lower temperature at the start of
curing. The temperature probe at 12 cm records a rapid rise to 55 °C, after which
the increase significantly weakens. However, it continues to rise to 57 °C, reaching
the temperature level of the other temperature probes. The temperature probe at
24 cm also rises to 55 °C but then shows no further increase. This is a measurement
error, as it is neither reproducible nor explainable. The other temperature probes
initially rise sharply to 59 °C (36 cm) and 61-62 °C (48-72 cm). They then maintain
this temperature level for about 10 minutes. The higher temperatures of the further
distant measurement positions are probably related to the higher initial levels from
the infusion. As the heat development weakens due to curing, they drop to 57 °C.

There is no process-technical explanation for the step at 7500 s.
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Figure 41: Temperature evolution along the flow direction during curing.
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6.1.2.2 Temperature evolution over thickness
The temperature development across the thickness of the preform is measured

12 cm away from the inlet. The previously shown data appear to have the most
significant changes here. The fifth layer corresponds to the measurement position
of 12 cm in the previous experiment. There are already significant differences
between the measurement positions, before the resin reaches the temperature
sensors (see Figure 42). The first layer has a temperature of approximately 59 °C,
nearly that of the heating plate. As the distance from the heating plate increases,
the temperature decreases. In the sixth layer, only 43 °C is measured. However,
this is also where the flow front arrives first, as the resin system primarily advances
in the flow aid, and saturation mainly occurs in the thickness direction. The lower
the temperature sensor, the later the drop-in temperature is measured. There is a
30-second delay between the top (sixth) and bottom (first) layers. The lower the
layer the steeper, the temperature drop. At the same time, the temperature does not
drop as much. In the sixth layer, the drop is 8 °C, while in the first, it is only 6 °C.
This is related to the later arrival time and, thus, the longer time to warm up.
Subsequently, the temperature rises again. Initially, the increase is faster the closer
the layer is to the heating plate. In the more distant layers, the temperature
eventually rises almost linearly throughout the infusion. The lower layers, however,

approach 57 °C and maintain this temperature throughout the infusion.
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Figure 42: Temperature evolution over thickness of a composite during infusion

phase. The red, dashed line marks the end of the infusion phase.
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With the start of the curing phase, the temperature rises at all locations. The
increase is more substantial with increasing distance from the heating plate (see
Figure 43). But the maximum temperature reached decreases with increasing

distance from the heating plate. The upper four layers reach their maximum
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Figure 43: Temperature evolution over thickness of a composite during curing

phase.

temperature after about 2700 s whereas the two bottommost layers reach their
temperature peak after 4000 s. The exothermicity of the curing reaction significantly
impacts the temperature profile, the effect increases with the distance of the
measurement point from the heating plate. The subsequent temperature drop is
more substantial the further the layer is from the heating plate. The resulting
temperature level also decreases with the distance to the heating plate, dropping
from 59 °C for the bottommost layer to 54 °C for the topmost layer. The differences
in the temperature levels reached are due to the low thermal conductivity of the NF-

composite.

6.1.3 Temperature Evolution in VARI Setups using GF

Based on the results of the last section, the temperature is monitored for a single-
layer and a six-layer VARI setup. The temperature during infusion and curing is
shown in Figure 44. Both the single-layer and six-layer setups exhibit the expected
temperature profile during infusion. Upon the arrival of the flow front, the
temperature changes. At the first two measurement positions, it initially drops. From
75 mm onwards, the resin system has reached or even exceeded the temperature
of the surrounding setup. Here, the temperature rises slightly and suddenly, then

remains constant at 57 to 58 °C. In the six-layer setup, the flow front progresses
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more slowly, resulting in a later and less steep temperature increase at the
thermocouples. Nevertheless, the 120 seconds are sufficient for a complete filling
of the VARI setup.

The temperature remains largely constant during curing (Figure 42b and d). Only at
the beginning of curing does the temperature fluctuate slightly. The thermocouples
that had not reached the temperature level of the other thermocouples during
infusion caught up during this time frame. In the single-layer setup, the initial
fluctuation is likely due to the heating plate adjusting to the infusion of cold resin.
The differences between thermocouples show no dependency on their position,
suggesting that they are more related to the sensitivity of the thermocouples rather
than to process fluctuations. The fluctuations within a single thermocouple are
significantly larger in the six-layer setup than in the single-layer setup. Ignoring the
first 300 seconds, the standard deviations in the six-layer setup range from 0.2 to
0.4 °C, compared to 0.1 to 0.2 °C in the single-layer setup. There is no apparent
process-related reason for these deviations. In this timeframe, the average
temperature in the single-layer setup is 57.8+0.4 °C, while in the six-layer setup it is
57.2+0.6 °C. The lower temperature in the six-layer setup is expected due to the
higher number of layers. Compared to NF, this drop is very moderate. Considering

the standard deviation, it is at the edge of measurement accuracy.
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Figure 44: Temperature during infusion (a, ¢) and curing (b, d) in VARI with one (a,

b) or six (c, d) textile layers.
6.1.4 Discussion

The temperature profile in the VARI with NF composites was measured along the
flow direction and thickness of the composite. During the infusion, a constant resin
temperature of the flow front was measured from 48 cm flow length onwards. From
this position, the temperature sensors also showed only very minor differences
among themselves throughout the experiment. The measurement across the
thickness showed that the temperature change was smaller the closer it was
measured with respect to the heating plate. The exothermy caused only a minor

warming during curing.

The differences in temperature profiles across the thickness are due to the low
thermal conductivity of NF composites, which at 0.2-0.3 W/mK [99, 100] is

significantly lower than that of GF composites, for example, which is about
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0.6 W/mK [101]. CF composites are even higher thermal conductivity [102, 103]. It
should be noted that these values are rough guidelines, as many factors, including
fiber volume content, textile structure, fillers, etc., influence the thermal conductivity.
The low thermal conductivity causes the temperature values measured at the
beginning and the end of the VARI trial. At the same time, it is also responsible for
the increasing temperature due to the exothermy. Since the composite does not
dissipate heat well, it builds up as a kind of "wave" across the thickness of the
composite and consequently increases with each layer. The first effect here is
stronger than the second, so there can be no exothermic accidents, at least with the

combination of the tested materials.

In the VARI setups using GF the described effects are much smaller. Overall, a
single-layer setup can achieve almost isothermal curing. This makes isothermal
DSC measurements suitable as a reference method, provided that samples can be
extracted after infusion. At the same time, using only one layer shortens the infusion

time, as less resin is needed to fill the VARI setup.

The distance from the infusion point for placing the spectrometers should be

sufficient. In case of the current setup this is 100 mm.
6.2 Materials and Experimental Methods

6.2.1 Used Material
As resin Epinal IR78.31 with Epinal IH77.11 as hardener, both bto Epoxy GmbH
(Amstetten, Austria), is used. The used textile is HexForce 01202 (Hexcel

Corporation, Stamford, United States) .

6.2.2 VARI

The VARI setups were prepared according to Section 6.1.1.2. The textile
dimensions were 200x350 mm. The heating plate temperature was set to 64 °C to
achieve a temperature near 60 °C in the VARI setup. The increase was necessary
due to changes on the heating plate between the presented here trials and those

Section 6.1.1.2, which resulted in a worse temperature transfer into the VARI setup.
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A timer was used during resin system preparation and infusion to ensure highly
reproducible experimental conditions. Resin (200 g) and hardener (50 g) were
weighed into separate pots. The deviations from the nominal weight were below
0.2 g. When the hardener was added to the resin, the timer was started. The resin
system was mixed for exactly 120 s by hand and subsequently degassed for 180 s.
A further 120 s were scheduled for handling between the steps and for preparing
the infusion. Summing up to 420 s after adding the hardener, the infusion was
started, lasting for another 120 s. Afterward, the vent at the outlet tube was closed,

and the curing phase started.

6.2.3 Reference Measurements

The reference values for the degree of cure are determined by DSC (a,g.) oriented
at ISO 11357-5 (curing enthalpy), using DSC1 (Mettler Toledo GmbH,
Schwerzenbach, Switzerland). The samples were weighed into a 40-yL aluminum
crucible (10 £ 1 mg). All measurements were conducted under nitrogen atmosphere

with a 50 mL/min gas flow.

The isothermal measurements were performed at the temperature of the VARI setup
during curing (see Section 6.1) at 57.8 °C for 180 min. Afterwards a dynamical DSC
was done to determine the remaining enthalpy ( H.yeq )- The dynamical
measurements were performed between -50 and 250 °C with a 10 K/min heating

rate.

Samples of the resin system were taken along the VARI process preparation and
quenched in liquid nitrogen to avoid further curing. A first sample was taken before
infusion to determine the degree of cure after the resin preparation. From a new
VARI setup, a 15 mm broad stripe over the entire width of the setup was cut out at
100 mm. With a razor blade, the resin system was wiped off. These samples were
used to determine the degree of cure after infusion and for the isothermal DSC
measurement. Additionally, a sample with a completely fresh resin system mixed

only shortly was measured.

Using the Star-e Software apg. was obtained from the DSC measurements. From
the dynamical DSC runs the curing enthalpy of the fresh resin H,, the curing

enthalpy before infusion (H;,f), the curing enthalpy after infusion at the measuring
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spot of the spectrometers (H,,c.req), @nd the curing enthalpy after curing 180 min
( Heyreq) are determined. They are used to calculate a at the regarding points. The
degree of cure over time (apsc/dt) is calculated from the isothermal measurement,
using the right horizontal line as the base line. Afterwards it was scaled towards the

regarding window of a, between 12 % (apsc, uncurea) @nd 90 % (apsc, curea)-

6.2.4 NIR Measurements

The spectrometers were positioned 100 mm after the infusion edge directly on the
vacuum foil, as the flow front temperature was already constant there. All four
spectrometers measured over their full wavelength range, with Steps of 5 nm,
50 Scans, and 100 Points. The measurements were started before preparing the

resin system.

6.2.5 Data Evaluation

In total, spectra were recorded from 14 VARI experiments with a single textile layer.
However, due to measurement issues, complete data sets were not available for all
four spectrometers. An overview of the available data and the extent of the data sets
is provided in Table 12. The difference in the spectra per trial resulted from different
covered wavelength ranges of the spectrometer and, therefore, longer measuring
times per spectrum and differences in the largest step in a between two
measurements. If data recording stopped during the curing process, those data sets
were discarded to prevent overrepresenting lower degrees of cure in the PLS
models. For each spectrum, the corresponding a was calculated based on apg./dt.
To avoid overrepresenting higher degrees of cure in the PLS models, the largest
change in a between two NIR measurements was identified. This change was used
as the step size to obtain data sets with an approximately equidistant spectra
distribution according to a rather than the measurement time. Three trials were used
for validation for each spectrometer; the remaining trials were used for
calibration.The six-layer VARI setup was measured once with NIR, and the spectra

were treated as described above.

PLS was done as described in Section 4.1.6. As each VARI trial contributes several
spectra to the regression, continuous blocks was used as cross-validation method.

Each block contained the spectra of one trial.
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Table 12: Information about the datasets used for developing the PLS models.

Valid VARI Spectra per Spectra for Spectra in

Spectrometer trials VARI trial calibration validation
S1.7 13 218 2140 674
S2.0 12 152-187 1554 526
S2.2 12 152-174 1530 522
S2.5 12 146-164 1416 472
6.3 Results

6.3.1 Determination of the Degree of Cure by DSC measurements

A combination of isothermal and dynamic DSC measurements is necessary to
determine the progression of the curing process using DSC. The isothermal DSC
measures the progression of the degree of cure, while the dynamic DSC
measurements are used to determine the achieved conversion at specific time

points. The relevant reaction enthalpies are Hy, H;,y and H.,,.q. Based on these,

the degrees of cure a;,r and a4 can be calculated using Equation (13).

a(t) =120 (13)

Hy

The measurements were conducted for both the single-layer and six-layer setups.
The determined enthalpies and resulting conversions are given in Table 13. A
degree of cure above 90 % cannot be achieved under the given curing conditions.
The temperature difference due to the different number of layers is so small that it

only affects a;,; and a.,.q below the measurement accuracy. However, a

difference in a is observed due to the temperature difference during curing (see
Figure 45). The degrees of cure for both the single-layer and six-layer setups initially
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Table 13: Curing enthalpy and regarding degree of cure.

Single-layered Six-layered

Sampling (T = 57.8°C) (T = 57.2°C)
[Wig] [%] [Wig] [%]

to 442 0 417 0
tinf 388 12 367 12
teured 46 90 40 90

increase rapidly and then slow down over time. At 57.2°C, a increases slightly
slower than at 57.8°C. The differences are, as expected, minimal, with both curing

temperatures reaching a degree of cure of 90 % within 180 minutes.

The isothermally determined degrees of cure now allow assigning a degree of cure

to the measured spectra based on their timestamp.

§ 100
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Figure 45: Evolution of the degree of cure of one-layered (57.8 °C) and six-layered
(67.2 °C) VARI setups.
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6.3.2 NIR Spectra during Curing in VARI

Figure 46 shows the changes in the spectra during the curing process. The spectra
from all four NIRONE spectrometers exhibit significant changes during curing. The
spectra from the NIRONE S1.7 display a noticeable decrease in the amine peaks
(1540 nm) and a slight decrease at the shoulder of the epoxy peaks (>1650 nm),
while the hydroxyl peak (1435 nm) increases significantly. In the range of the
NIRONE S2.0, the shoulder of the amine peaks (<1550 nm) is still visible. The epoxy
peak (1715 nm) is shifted to higher wavelengths compared to the literature (see
Chapters 2.6.3 and 3). The NIRONE S2.2 shows the shoulder of the decreasing
epoxy peaks (<1750 nm) and a decrease in the water peak (1920 nm) as well as
the amine peaks (2040 nm). The origin of the water is unclear; most likely, it is

consumed during the curing process, and the peak decreases over curing.
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Figure 46: Spectra of the single-layered VARI setup at different degrees of cure
measured with different NIRONE spectrometer (S1.7: a, S2.0: b, S2.2: ¢ and
S2.5: d).
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Compared to Chapter 3, the change in the spectrum due to the hydroxyl peak
(2090 nm) is also visible, although it appears only as a shoulder. Without the
hydroxyl peak in this region, the absorbance at 90% should be lower than at 12%.
The spectra from the NIRONE S2.5 show a decrease in the amine peaks (2035 nm)
and an increase in the hydroxyl peaks (2075 nm). The hydroxyl peak appears broad
again and is identifiable only by comparing spectra with and without it (e.g., 90% vs.
12%). At 2215 nm, the peak of the epoxy-methylene combination vibration is

recognizable. At higher wavelengths, the spectra show no further differences.

The spectra of the six-layer setup fundamentally exhibit the same structure as the
spectra of the single-layer setup in both the uncured and cured states (see Figure
47). However, at lower wavelengths, the contours of the spectra for the six-layer
setup appear more pronounced compared to the single-layer setup. Conversely, at

higher wavelengths, this trend seems to reverse. This is particularly evident in the
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Figure 47: Spectra of the single-layered and six-layered VARI setup measured
with different NIRONE-Spectrometers (S1.7: a, S2.0: b, S2.2: ¢ and S2.5: d).
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measurement range of the NIRONE S2.5. Small peaks blend with their
surroundings, resulting in the spectrum of the six-layer setup appearing significantly
smoother than that of the single-layer setup. These effects are likely related to the
penetration depth of the light. As the wavelength increases, the light penetrates less
deeply into the medium. In the current measurement case, this could mean that
fewer details, particularly from the peel ply, are detected at higher wavelengths
(NIRONE S2.2 and S2.5). It is unclear at this stage how these differences will impact
the PLS models.

6.3.3 Predicting the Degree of Cure by PLS

With all four NIRONE spectrometers, it is possible to monitor the degree of cure
throughout the entire curing process of the resin system. A selection of the
developed PLS models is shown in Table 14. All models have r?2 values very close
to 1, indicating they describe a large proportion of the variance in the data and are
suitable for the quantitative determination of the degree of cure, ay,z. But the slight
difference in r? also reduce the meaningfulness when comparing different models.
In terms of r2? all models would allow to determine ay;z, why r2 is not further

discussed in the following.

The PLS model for the NIRONE S1.7 (S17-1) can be improved primarily by reducing
the wavelength range to 1495-1650 nm. This removes the wavelength range not
affected by the curing reaction and the region of the hydroxy peak (see Figure 46).
This reduction mainly decreases the number of necessary LV and the RMSECV,
while the RMSEC increases slightly. This divergence in the behavior of RMSECV and
RMSEC suggests that the PLS model S17-1a is more stable against information not
included in the model. Nevertheless, the S17-1a model is significantly worse
regarding RMSECV compared to the models of the other spectrometers. For the
models for the S2.0 spectrometer, it is notable that Orthogonal Signal Correction
(OSC) reduces the number of LVs from 5 to 1 while simultaneously decreasing
RMSEC and RMSECV. The use of OSC also leads to similar improvements in the
NIRONE S2.5, although not to the same extent. The best models found for each
spectrometer are S17-1a (NRIONE S1.7), S20-2a (NRIONE S2.0), S22-2 (NRIONE
S2.2), and S25-2a (NRIONE S2.5).
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Table 14: PLS models to predict the degree of cure with different NIRONE spectrometers. The underline models are best one

found for each spectrometer.

Model  Outliers Pre-processing Wavelength LV r’c r2cy RMSEC RMSECY
range [nm] [%] [%]
S17-1 0 SNV, 2.Deriv, MC 1350-1650 5 0.986 0.971 2.7 3.8
S17-1a 98 SNV, 2.Deriv, MC 1495-1650 4 0.982 0.978 2.9 3.2
S20-1 0 SNV, 1.Deriv, MC 1550-1950 5 0.994 0.996 1.4 1.8
S20-2 0 SNV, 1.Deriv, OSC, MC  1550-1950 1 0.998 0.995 1.1 1.6
S20-2a 24 SNV, 1.Deriv, OSC, MC  1550-1950 1 0.998 0.995 1.0 1.5
S22-1 0 1.Deriv 1750-2150 4 0.994 0.993 1.7 1.9
S22-2 0 1.Deriv, MMS 1750-2150 4 0.995 0.994 1.5 1.7
S25-1 0 SNV, 2.Deriv 2000-2450 5 0.995 0.993 1.6 1.9
S25-2 0 SNV, 2.Deriv., OSC 2000-2450 3 0.997 0.993 1.2 1.9
S25-2a 0 SNV, 2.Deriv., OSC 2000-2320 3 0.997 0.993 1.2 1.8
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When examining the accuracy over the degree of cure, it is evident that more
significant deviations occur at the model boundaries, particularly at the upper limit
(90%). Figure 48 shows every 10th predicted vs. measured value of one trial
measured with the NIRONE S2.0 spectrometer and the Cook's distance of all the
spectra used in the experiment as a function of the degree of cure. Cook's distance
is the only parameter in the error analysis that shows these substantial deviations;
other parameters, such as leverage, do not show these apparent anomalies for the

data presented.
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Figure 48: The predicted versus the measured a (left, only every 10" values
displayed) and the Cooks Distances of the whole trial (right), measured with
NIRONE S2.2.

The validation of the best models (see Table 15) is based on three randomly
selected VARI experiments. For the NIRONE S1.7, one of these experiments was
identified as an outlier based on Student's residuals and Cook's distance and was
excluded from the evaluation. In the third experiment of the NIRONE S2.0, data
recording ended prematurely. However, according to isothermal DSC, a conversion
of over 85% was still achieved during the recording, so the experiment was not
excluded in advance. The comparison of the conversion determined by NIR with
that determined by DSC (see Figure 49) reflects the results from Table 15. The
measurements of the NIRONE S1.7 deviate increasingly from the reference
measurement from about 80 % onwards, which also explains the larger RMSEP.

During validation, the models for the NIRONE S1.7 already showed the worst



Monitoring the Degree of Cure 105

parameters. In the NIRONE S2.0, the prematurely terminated measurement (third
experiment) deviates mainly from the reference values. Removing this
measurement would improve the model's quality parameters, but the criteria for
outlier analysis are not overly conspicuous. For the NIRONE S2.2 and S2.5
spectrometers, the determined conversion curves are close to each other and to the

reference curve, which is reflected in the good RMSEPs.
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Figure 49: Degree of cure predicted by the different spectrometers.
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Table 15: Validation results to predict the degree of cure.

Wavelength range

1 layer

6 layers

Model Pre-processing LV
[nm] r2P RSMEP [%)] r2p RSMEP [%)]
S17-1a SNV, 2.Deriv, MC 1495-1650 4 0.98 3.2 0.99 6.3
SNV, 1.Deriv,
S20-2a 1550-1950 1 0.98 2.6 1.00 6.8
OSC, MC
S22-2 1.Deriv, MMS 1750-2150 4 1.00 1.9 0.98 4.6
S25-2a SNV, 2.Deriv, OSC 2000-2320 3 1.00 1.5 0.98 6.5
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6.4 Application of PLS Models to a Thicker Layer Build-Up

To evaluate the broader applicability of the best PLS models identified for each
spectrometer, the degree of cure for a 6-layer VARI setup was predicted using the
PLS models developed. The results are presented in Table 15 and Figure 50. The
RMSEP for the 6-layer setup is approximately two to four times larger than the
RMSEP for the single-layer VARI setups. Consequently, the 2P decreases slightly
but remains above 0.977, allowing for a quantitative determination of a. As a general
rule for qualitative value determination, an r? value of around 0.9 is considered

acceptable, as discussed in Chapter 2.

The data from the NIRONE S1.7 and S2.5 initially show good agreement; however,
they significantly overestimate a from about 40% onwards. For the NIRONE S1.7,
the progression in @ resembles that in the single-layer setup. However, the initial

increase is even steeper, causing the predicted values to align with the measured
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Figure 50: Application of the best PLS-models found to an VARI setup with six
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values towards the end. Conversely, the NIRONE S2.5 consistently overestimates
a until the end. The model S20-2a initially underestimates a, but begins to
overestimate it from about 70% onwards. By far, the best predictions are provided
by the model S22-2. However, even for this model, the RMSEP is still more than

double that of the single-layer setup.

6.5 Discussion

Establishing an appropriate reference analytics method to monitor the curing
process in VARI inline using NIR spectroscopy is essential. Utilizing isothermal DSC
measurements to obtain the conversion curve necessitates an isothermal process
setup for the calibration measurements. PLS models with good predictive accuracy
can be developed based on isothermal DSC for the NIRONE spectrometers.
However, transferring these models to other layer setups results in some

compromises in accuracy.

6.5.1 Reference Method and Experimental Design

The temperature measurements demonstrate that achieving isothermal
temperature control in VARI with GF is significantly more straightforward compared
to NF. The number of layers has only a minimal impact on the temperature level. A
temperature of 57.8 °C was measured for the single-layer setup, while the six-layer
setup showed 57.2 °C. These minor differences and similar infusion behavior
allowed subsequent VARI experiments to be conducted with the same timeline. In
contrast, in the NF textiles discussed in Section 6.1 the exothermic reaction
increasingly influenced the temperature profile with more layers. This is not the case
with GF textiles, where even the six-layer setup exhibited an almost isothermal

temperature profile without an exothermic-induced temperature rise.

The isothermal temperature profile permits the use of isothermal DSC
measurements as a reference method for determining the degree of cure.
Determining a from samples taken after infusion from the VARI setup allows for the
consideration of curing that occurred during the resin system and infusion
preparation. The quality of the developed PLS models demonstrates that this
approach, combined with stringent time constraints for each process step,

fundamentally works well. Otherwise, the r? values would be lower and the RMSEs
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higher, as shown in our similarly structured study on determining « in the RTM
process [64]. Despite the significant agreement between the individual experiments
and the reference measurement, the increased Cook's distance at the edges

indicates deviations among the samples.

The presumed differences in a,,,s are likely due to slight variations in the process,
such as fluctuating laboratory temperatures. Individual determination for each
calibration trial would be advantageous but could not be implemented without
damaging the vacuum foil, making NIR measurements impossible. A reason for the
increased Cook's distance at the upper end could not be identified. Due to the slower
curing rate, potential deviations in a;, should no longer play a role here. The
shrinkage of the resin system during curing certainly affects the NIR spectra and,
thus, the PLS models, as it changes the number of functional groups in the
measurement volume. However, this shrinkage is mainly linear and does not explain
the deviations [104, 105].

Despite the deviations in Cook's distance, the predicted values show only minor
deviations from the reference values. The presented approach provides stable PLS

models for determining the degree of cure in VARI.

6.5.2 Development and Performance of PLS Models for NIRONE

Spectrometers

PLS models were developed for all four NIRONE spectrometers to predict the
degree of cure. The models for the NIRONE S1.7 showed significantly poorer
performance than the models for the other spectrometers. Plotting ay;z over time
reveals at least one reason for the inferior performance of the best PLS model
developed for the NIRONE S1.7. Up to approximately 80%, ay;z evolves roughly in
line with aps-; beyond that point, ay,z increasingly lags behind apg- (see Figure 49).
This lag is unrelated to excluding the absorption region of the hydroxy peak (see
Figure 51). The PLS model S17-1 also predicts significantly lower degrees of cure
for longer curing times despite including the hydroxy peak. It might have been
expected that the overall improvement in the model through the reduced wavelength
range would concentrate the remaining deviations from the reference value into a

smaller section. This is not the case.
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Figure 51: Degree of cure calculated for the first validation trial with the PLS-Models
S17-1 and S17-1a.

Other physical effects, such as the greater penetration depths at lower wavelengths
and the simultaneously broader absorption regions due to higher-order overtones,
can also be ruled out. Otherwise, a trend would also be expected in the PLS models
for the other spectrometers. However, this trend is not evident when comparing r?
or the RMSEs.

Unlike S17-1a, in S25-2a no wavelength ranges containing potentially important
information have been removed. The model S25-2a performs significantly better
than S17-1a, S20-2a and S22-2. No definitive statements can be made regarding
the necessary wavelength ranges or desirable absorption peaks in the spectrum,
as, for example, not all three relevant functional groups show absorption peaks

within the measurement range of S2.2.

During the conception of the experimental series, it was unclear whether the small
measurement range of the NIRONE spectrometers could pose problems.
Particularly, the interaction with the flow aid and whether the different compositions
of the measurement volume from the matrix and the flow aid would lead to issues
was uncertain. However, the small measurement volume of the spectrometers does
not present a problem; otherwise, more significant fluctuations between the
experiments would be expected.

It can be concluded that the degree of cure in VARI can be monitored inline using

NIR by simply measuring through the foil. The necessary reference values can be
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determined using DSC. The NIRONE spectrometers S2.0, S2.2, and S25 are

particularly suitable for epoxy/amine resin systems.

6.5.3 Application to a Six-Layer Structure

The transfer of the developed PLS models for determining the degree of cure to
other layer structures in VARI is possible only with significant accuracy losses. The
RSMEP increased over all spectrometers and models two to four times compared to

the single-layered setup used for calibrating the models and the sixth-layered setup.

The reason for this is likely the altered compaction behavior, which could also affect
the measurement volume of the spectrometers. However, the tested six-layer
structure exhibits an approximately isothermal temperature profile, suggesting that
reliable models for predicting the degree of cure can be developed using the

presented approach.
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7 Influence of the Mixing Ratios on the Determined Degree

of Cure

NIR spectroscopy can measure the mixing ratio and the degree of cure of
epoxy/amine resin systems inline (see Chapters 9 and 10). Both parameters play a
crucial role in the composite's final properties and are, therefore, critical parameters

during the resin system's processing.

The approaches presented in the previous chapters for determining the mixing ratio
and the degree of cure using inline NIR spectroscopy ultimately rely on the same
parameter: the concentration of epoxy, amine, and hydroxy groups in the
measurement volume. Additionally, the concentration of aromatic and aliphatic
methylene groups will likely play a role in determining the mixing ratio. However,
these are barely recognizable as distinct peaks in the spectra of the NIRONE
spectrometers. Since the degree of cure begins to change as soon as the resin and
hardener are combined, the question arises about how the degree of cure and the

mixing ratio might mutually influence each other when determined using NIR.

A stoichiometric mixing ratio is typically employed for additively curing resin
systems, such as the epoxy/amine resin systems investigated here. Deviations from

this ratio influence both the achievable degree of cure and the curing kinetics [106].

The following discussion focuses on how the PLS models developed in Chapter 9
respond to deviations in mixing ratios and the extent to which these deviations affect
the predicted degree of cure. The potential physical reasons for these effects are
not considered. Based on the investigations in Chapter 9, vacuum infusions are
conducted using different resin-to-hardener mixtures, and NIR spectra are recorded
during curing. Subsequently, using the PLS models from Chapter 9, the progression

of curing for each mixture is determined.

7.1 Methods

The experiments' execution corresponds to the procedure outlined in Chapter 6
except for the resin and hardener mixing ratios, which are given in Table 16. The

deviations from the nominal weight were below 0.2 g.
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Table 16: Used mixing ratios.

Mixing ratio resin resin weight hardener hardener weight
parts nominal [g] parts nominal [g]
100:20 100 200 20 40
100:22 100 200 22 44
100:25 100 200 25 50
100:28 100 200 28 56
100:30 100 200 30 60

7.1.1 Data Evaluation

The degree of cure is determined from the measured spectra using the best model
found in Chapter 6. For NIRONE S1.7, this is S17-1a; for NIRONE S2.0, this is
S22-2a; for NIRONE S2.2, this is S22-2; and for NIRONE S2.5, this is S25-2a.

7.2 Results

The determined degrees of cure using the PLS models from Chapter 6 follow the
expected trend, with increasing curing time resulting in higher degrees of cure (see
Figure 52). At the beginning of the curing process, the determined degrees of cure
deviate from the expected 12% degree of cure for the correct resin-to-hardener ratio.

Still, these deviations do not follow a consistent pattern.

As the curing time progresses, a trend becomes apparent. Adding too little hardener
(100:20 and 100:22 ratios) leads to underestimating the degree of cure. The addition
of too much hardener (100:28 and 100:30 ratios) results in an overestimation of the
degree of cure, or, in the case of NIRONE S2.2, the determined degrees of cure for
mixtures of 25, 28, and 30 parts of hardener coincide. Here, a high proportion of
hardener (30 parts) temporarily leads to a higher degree of cure between 750 s and
3000 s. Since higher concentrations of hardener can also influence the curing rate,
it cannot be ruled out that this deviation is partially kinetically driven. However, the
other spectrometers do not exhibit comparable behavior. For NIRONE S2.5, the
degree of cure for 30 parts of hardener raises from 13% to 34% after 125 s. The
cause of this artifact is unclear but is related to the spectrometer. Since
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measurements were taken simultaneously with all four spectrometers, and the other
spectrometers show no anomalies, a direct correlation with the experimental

procedure can be excluded.
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Figure 52: Influence of the diverging mixing ratios on the determined degree of

cure.

The integral serves as a measure of the deviation of the degree of cure due to the
incorrect hardener ratio, normalized to the 100:25 mixing ratio (see Figure 53). It
clearly shows that the deviations from the altered mixing ratio are minimal for
NIRONE S2.2. For a mixing ratio of 100:20, the normalized area is 8% smaller, while
all other mixing ratios have a deviation of less than 3.5%. In contrast, NIRONE S1.7
exhibits a deviation of up to 16% (mixing ratio 100:30). NIRONE S2.0 and S2.5 show
deviations in the determined degree of cure that lie between the other two

spectrometers.
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Figure 53: Normalized area under the curing curve determined with different

mixing ratios. The colors correspond with the mixing ratios in Figure 52.

7.3 Discussion

The influence of varying mixing ratios on the determined degree of cure was
investigated. For all tested PLS models, the predicted degree of cure is affected by
the mixing ratio. Adding too little hardener results in an underestimation, whereas
an excess hardener results in an overestimation. The S17-1a model increasingly
overestimates the achievable degree of cure with a higher excess of hardener, while
the S20-2 and S25a models reach a threshold that is not further shifted by additional
hardener. The S22-2a PLS model is the least influenced by deviations in hardener

ratios.

The PLS models for the NIRONE S1.7 already performed the worst in Chapter 6
and again show the most significant deviation at higher degrees of cure. The other
spectrometers showed comparable performance, depending on whether RMSECV
or RMSEP is considered. Regarding model stability against fluctuating mixing ratios,
the NIRONE S2.2 is the best, as it shows the least variance due to varying mixing

ratios across the entire curing range.

When examining the functional groups absorbing in the measurement range, it is
noticeable that the NIRONE S2.2 is the only spectrometer that does not directly
record information from the epoxy group (see Table 5 and Section 3.2.2). Instead,
it only measures the combination peaks of the amine and hydroxy groups. Whether

and why this is the reason for the low deviations cannot be determined at this point.
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For quality assurance and process monitoring, determining the mixing ratio (see
Chapter 5) before using the resin system is advisable. Since the mixing ratio affects
the predicted degree of cure, it is also to be expected that the degree of cure affects
the predicted mixing ratio. The PLS models for both parameters are based on the
same principles and functional groups. The mixing ratio should be determined based
on the freshest resin possible before infusion. If the mixing ratio is found to be
outside specifications, processing can be halted. If the mixing ratio is within
specifications, the degree of cure can be reliably monitored inline with an

appropriate spectrometer choice (NIRONE S2.2).
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8 Summary and Conclusion

Effective inline process monitoring is crucial for process automation and
optimization, as well as for quality assurance and waste reduction. Some processes,
including those in the FRPC (Fiber Reinforced Polymer Composites) field, only
become technologically feasible through efficient inline monitoring due to their
narrow process windows. Thus, inline monitoring offers technological, economic,
and ecological benefits. However, the number of applicable technologies for inline
monitoring is limited compared to those used for laboratory analysis. This is due to
the challenging measurement conditions within the process, the need for short to
very short measurement times, and the complexity or sensitivity of the technology

or measuring instruments.

Near-infrared (NIR) spectroscopy presents an interesting and previously overlooked
technology in the FRPC field due to its versatile and flexible applicability and ability
to determine various parameters. It enables the quantification of concentration
changes of functional groups in the measurement volume using Partial Least
Squares (PLS) regression. Simple and cost-effective measurement optics can be
developed using electromagnetic radiation between 750 and 2500 nm, allowing
measurements even under difficult process conditions. The spectrometer is
connected to these optics via optical fibers and can be placed outside the process,

for instance, in a control cabinet.

The present work investigated NIR spectroscopy's applicability along the process
chain of Liquid Composite Molding (LCM). LCM processes were chosen as a model
because they encompass critical process steps for all FRPCs based on reactive
resin systems and are easily accessible. The inline monitored parameters include
the fiber moisture content of natural fibers (NF), the mixing ratio of the resin system,
both as a pure sample and in Vacuum Assisted Resin Infusion (VARI), and the

degree of cure.

Miniaturized NIR spectrometers from the NIRONE series were used. These
spectrometers are more economical but less powerful than traditional process

spectrometers.
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The main research question is if the aforementioned parameters (fiber moisture
content, mixing ratio, and degree of cure) are generally measurable with the
miniaturized NIR spectrometers used. For this purpose, suitable procedures for
collecting reference data were developed. PLS models were developed using the
measured NIR spectra and reference data to predict the desired parameters from
the NIR spectra. The quality and accuracy of the developed PLS models were then

tested with data unknown to the models up to that point.

The fiber moisture content was accurately determined in a closed resin transfer
molding (RTM) tool. The water peak at 1924 nm strongly correlates with the fiber
moisture content. The developed PLS model (MoC-3a) determines the NF's
moisture content with almost the reference method's accuracy. Since the PLS is
based on the reference data, a more accurate determination than the reference
method is mathematically impossible. Additionally, the applicability of the PLS model
to other NF textiles was investigated. The spectra and a previously conducted
Principal Component Analysis (PCA) showed no significant differences between the
spectra of the different NF textiles. The PLS model predicted the moisture content
for all other NF textiles with slightly less accuracy but still with satisfactory precision.
Overall, the measurability of another parameter, in addition to the degree of cure,
using NIR spectroscopy directly in the RTM tool was demonstrated, and the

miniaturized spectrometer used proved its capability.

The mixing ratio was determined from uncured pure resin system samples and in
vacuum-assisted resin infusion (VARI) before and after curing. PLS models with
sufficient prediction accuracy could be developed for the pure resin system samples.
For the measurements in VARI, only quantitative information, such as whether the
sample likely lies within a specific range, could be obtained for uncured and cured
samples. This is presumably due to more significant fluctuations caused by different
optical conditions.

To monitor the degree of cure in VARI using NIR spectroscopy inline, a suitable
approach for reference measurements had to be developed first. This approach is
based on taking DSC samples at the measurement position after infusion. Since this
damages the vacuum bag, the reference data are not from the same experiments

as the NIR spectra. Near-isothermal curing had to be ensured using the curing curve
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determined by dynamic and isothermal DSC curves as a reference. Therefore,
stringent time specifications were made for each process step to achieve the highest
possible comparability between experiments. Additionally, only one layer of textile
was used for the calibration measurements. This approach also proved successful.
In each VARI experiment, measurements were taken with all four commercially
available NIRONE spectrometers. Suitable PLS models with good prediction
accuracy could be developed for three of the four commercially available NIRONE
spectrometers. Only the models for the NIRONE S1.7 significantly underestimated
the degree of cure at advanced curing stages. Transferring the PLS model to a
thicker layer setup proved difficult. However, temperature measurements of a six-
layer setup also showed largely isothermal curing, suggesting that the approach

could be transferred to multi-layer VARI setups.

The developed PLS models responded differently to variations in the mixing ratio
when predicting the degree of cure. Adding too little hardener resulted in
underestimating the degree of cure at higher conversions, sometimes significantly.
In contrast, most cases of adding too much hardener reached a threshold that was
not exceeded even at higher hardener concentrations. The PLS model for the
NIRONE S2.2 was the least affected by varying hardener contents. When there was
excess hardener, the degree of cure was not overestimated, while too little hardener

only resulted in a slight underestimation.

The miniaturized NIR spectrometers used proved suitable for the chosen
applications. A direct comparison with significantly more powerful process
spectrometers did not take place. Still, it is known from our investigations that the
NIRONE spectrometers, with suitable measurement optics, provide results
comparable to process spectrometers. For all investigated parameters, PLS models
for predicting the parameters could be developed based on the obtained spectra.
The small measurement spot of the NIRONE spectrometers likely proved to be a
limitation for the achievable accuracy. Using appropriate measurement optics with
a collecting lens and, thus, a larger measurement spot would likely help here. On
the other hand, the necessary measurement times (>1 s) did not pose a problem for
the parameters to be determined. Whether peaks not involved in the curing reaction

could be used to determine the mixing ratio was not investigated but is interesting
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for many applications. In the case of the epoxy/amine resin systems used, these
would primarily be aromatic and aliphatic hydrocarbon groups. Since these groups
hardly appear as distinct peaks in the spectra of the NIRONE spectrometers, the
question arises as to how good the physical resolution of the spectrometers needs

to be for this measurement.

Overall, a positive conclusion regarding using NIR spectroscopy in the FRPC
processing field can be drawn. In addition to the applications shown in the literature
for determining essential process parameters in prepreg manufacturing, such as
resin and solvent content or degree of pre-curing, further process parameters
relevant to FRPC processing could be determined inline using NIR spectroscopy.
The demonstrated applications are not specific to LCM processes but should be
transferable to other processes without much effort. It was demonstrated that NIR
spectroscopy can determine important processing parameters on open samples
through a vacuum bag and closed tools. For instance, determining the mixing ratio
directly in the mixing unit before impregnating the fibers is conceivable. This would
ensure the quality of the resin system and could also serve as a safeguard against
liability issues for critical applications. Alternatively, it could be considered for
process design. For rotor blades, the curing time is doubled when bonding the rotor
blade halves to ensure that even the coolest spot is fully cured. Determining the
degree of cure directly in the process at critical points could significantly shorten the

curing time and make the process more economical and ecological.
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10 Appendix

Artificial Intelligence (Al) Software used for this work:

Task Al Software Share of Al Comments
[%]
Improvement of Grammarly 100 n/a
the linguistic (v1.2.79.1406)
readability
Translation Deepl 5 The text was formulated fully
German to (24.1.211804) in German without the use of
English further Al tools.
Translation ChatGPT, 25 The text was formulated fully
German to V3.5 in German without the use of
English further Al tools.
Text generation ChatGPT, 12 Al-generated text was used
from notes or V3.5 as a starting point and then
questions adapted in detail.
Matlab code ChatGPT, 30 Support in writing Matlab
V3.5 code for data structuring and
plotting; But no direct data
evaluation or deriving plots
from data.
Generation of the ChatGPT, 100 Based on the texts
Title V3.5 translated from German
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