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The demand for efficient composite production processes is growing as the proportion of composites in modern
aircraft increases. Particularly, thermoplastic composites are interesting for sustainability and cost efficiency.
They can be manufactured using deposition methods, which involve heating by radiation in the visible and
near-infrared spectra. A Xenon flashlamp is a commonly used for manufacturing. In-line inspection can be
performed using thermographic cameras which measure infrared radiation. For those, the composite’s angle-
dependent reflection and emission behaviour is interesting. Accordingly, the relationships between angle and
temperature dependent visible/near-infrared reflectivity and thermal infrared emissivity is investigated and
composite’s conductivity properties are derived. The link between the material’s optical and electromagnetic
properties is estimated through the Brewster angle derived from Fresnel fitting, which allows the prediction of
the directional electrical and thermal conductivity by non-contact measurement. The findings from this study
will be valuable for users of Xenon heating and thermographic measurement systems.

1. Introduction this purpose, a thermographic camera is frequently installed on top
of the AFP effector, to measures the intensity of the thermal Infrared
(IR) radiation [12-15]. Thus, the interaction of the thermoplastic CFRP
material in the VIS, NIR and Far-Infrared (FIR) spectral ranges are

of huge interest for manufacturing processes and monitoring [16-

The current application of Carbon Fiber Reinforced Plastic (CFRP) in
aircraft types such as A350 or B787 is evident from Refs. [1,2]. To
enable efficient CFRP component production and to meet the future
demand for composite parts Automated Fiber Placement (AFP) technol-
ogy is a promising approach. This technique can be utilised flexibly
for various manufacturing processes [3] and the fabrication of complex
components is possible with this technology [4]. In particular AFP
processes for thermoplastic CFRP manufacturing have certain advan-

18]. In our study, we will examine the angle-dependent reflectance
behaviour of a rather novel Low Melt (LM)-Polyaryletherketone (PAEK)
CFRP unidirectional (UD) fibre material in the 400-700 nm and 1300-
—1800 nm spectral ranges with a Goniometer. These wavelength blocks

tages [5], especially for sustainability and recycling [6], as in-situ
consolidation and the weldability of these thermoplastic materials offer
potential savings in terms of energy and costs [5]. To process such
materials, they need to be heated, dependent on the material, up to
410 °C during fibre placement [7,8]. One option for heating is the
Xenon flashlamp. This heating device makes use of pulsed Xenon light
in the Visible light (VIS) and Near-Infrared (NIR) spectrum which is
projected onto the substrate in order to heat fibre material laid on
a mould [9]. As an example, the emission spectrum for a Heraeus
Noblelight Humm3® Xenon flashlamp in the visible and near-infrared
is shown in Fig. 1. [10] Due to the lamp characteristic, however,
radiation of lower intensity is also emitted in the NIR domain [11].
For quality control of the deposited material it is essential to monitor
the temperature of the CFRP material during the heating process. For

will be investigated as they are representative spectral regions for the
VIS and NIR range in the Xenon spectrum. Furthermore, the relative,
angle-dependent emissivity of the material in the FIR range of 7.5—
13 pm will be investigated as a typical spectral range for the in-line
thermographic measurements [19]. During the measurements, the de-
tection, illumination and fibre orientations are varied. Following this
analysis, we will aim to answer the following research questions:

I. Which correlations are apparent between the angular reflectance
characteristics for the VIS and NIR spectral range versus its
radiation behaviour of thermal FIR radiation for UD LM-PAEK
thermoplastic CFRP material, especially when considering fibre
orientation?
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Fig. 1. The figure illustrates the characteristic spectrum of the Humm3® Xenon
flashlamp from the company Heraeus Noblelight Ltd. for different operating currents
(A) for the wavelength interval [200,1100] nm.

Source: This diagram is taken from [10].

Compaction roller
Fibre material
Nip point

Fig. 2. Fibre placement procedure with effector, heating system and compaction roller.
F denotes the compaction force and & the layup velocity. The layup point (nip point)
is highlighted.

II. How can such information be used to optimise the heating of the
fibre material with a flashlamp and to monitor the manufactur-
ing process via thermographic imaging?

2. Related research
2.1. Manufacturing process and heating system

A very popular fibre deposition technique is the AFP approach. Mod-
ern AFP machines consist of a layup head with a creel and a kinematic
system such as an industrial robot or a gantry. The layup head has the
ability to clamp, feed, cut and restart each tow individually. For the
deposition of PAEK, lay up velocities of up to 100 - ~ 1.67 7 are
achievable [20]. For thermoset materials current developments aim to
achieve linear lay up speeds of up to 3 % in future applications [21,
22]. Such a fibre depositioning machine is schematically illustrated in
Fig. 2. During layup the effector continuously delivers material from
material storage to the layup point at the so-called nip point. At this
position, the material is heated by a heating source and compressed
by a compaction roller to consolidate the thermoplastic material and
remove voids within the produced laminate. For thermoplastic AFP
processes, PAEK based CFRP offers particularly beneficial processing
properties, such as a wide range of processing temperatures between
340 °C and 400 °C depending on the layup quality to be achieved [23].
To achieve in-situ consolidation, nip point temperatures of up to 410 °C
have been reported in literature [8]. However, it should be kept in mind
that the degree of consolidation is controlled by the time and pressure
the material is exposed to at a certain temperature. To generate the
temperatures required for accurate thermoplastic depositioning, a wide
variety of heating sources have been developed and investigated over

Composites Part A 158 (2022) 106972

the years, including hot gas torch heating, infrared heating and Laser
Assisted Tape Placement (LATP) processing of thermoplastics [22,24-
26]. Luinge [27] and Schiel et al. [8] in particular outlined suitable
LATP processing methods for PAEK. A majority of studies have focused
on thermal modelling of the LATP process for thermoplastics [28-
30]. In addition to hot gas torch heating, infrared heating and laser
heating solutions as described above, Xenon flashlamp heating sources
have alsp been developed in the past years for AFP processing [7,31].
A Xenon flashlamp consists of a quartz glass tube with a metallic
anode and cathode, filled with pressurised Xenon gas. By applying
a voltage above the lamp’s breakdown voltage the Xenon gas trans-
forms into a plasma. In contrast to lasers, flashlamp systems emit
pulsed broadband radiation spectrum. Brown et al. [32] investigated
the emitted flashlamp spectrum in the spectral range between 250 nm
and 1050 nm. This is roughly the range where the most energy is
emitted, however the actual Xenon spectrum extends much further into
the NIR region [11]. Depending on the setting of the individual pulse
parameters intensity, duration and frequency, the lamp transfers the
energy differently to the material which opens up the opportunity to
perform fine adjustments on the nip point temperature. To address
this, Monnot et al. [33] have reported a semi-empirical heat transfer
model based on steady state nip point temperatures to predict the nip
point temperature for dry fibre placement with a Xenon flashlamp.
Additionally, Danezis et al. [9] have developed a combined modelling
approach where ray tracing data was used as an input for their 2D
finite element heat conduction model. This allowed an analysis of
the temperature field evolution based on short high energy pulses.
Extending these finite modelling approaches by considering optical
material properties should offer the potential to increase the prediction
accuracy of nip point temperatures.

2.2. Thermographic temperature monitoring

Usamentiaga et al. [34] summarised the functional principles of a
thermographic sensor as well as the fundamental mathematical and
functional relationships for different wavelength ranges. In addition,
they outlined various applications for thermographic camera-based
monitoring in composite manufacturing. Oromiehie et al. [35] pre-
sented an approach for thermographic temperature measurements to
enable the deviation of the thermomechanical properties of thermoplas-
tic CFRP.

2.3. Principles for measuring optical material properties

Rabal et al. [36] presented a hemispherical determination of re-
flectivity within a spectral interval ranging from 380 nm to 780 nm
and at a spectral precision of 0.3 nm. Martinez and Hartmann [37]
performed similar measurements as well. The Goniometer they used
for their experiments yields spectrally resolved measurements in the
interval from 240 nm to 2000 nm, and they achieved a resolution of
15 bit with a spectral uncertainty of 3 nm. Li et al. [38] performed
spectroradiometric measurements in the band from 380 nm to 760 nm
using 1024 individual bins. Their spectral resolution varies within the
range 0.82 nm to 3.3 nm. In summary, from the presented literature
we conclude that a Goniometer is very well suited to characterise the
optical properties of various materials for different applications.

2.4. Optical, thermal and electrical properties of composite materials

2.4.1. Reflectivity

Xu et al. [39] examined the scattering characteristics of an individ-
ual fibre, which built on the studies of Schmitt et al. [40]. On the basis
of the investigations of Grouve [41], Stokes-Griffin and Compston [42]
provided a qualitative analysis of the reflection properties of UD CFRP
material, where they described the accumulated reflectance properties
of multiple mono-filaments of similarly aligned fibres. They found that,
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Fig. 3. Irradiation reflection model for a single fibre and two filament orientations
y=0° and y = 90°.

for the VIS and up to a irradiation wavelength of 980 nm, these can
be considered as an individual large cylinder. This is only valid if the
observed object is significantly larger than the illumination wavelength,
as otherwise additional optical effects can occur. The reported idea of
a scattering large cylinder is schematically presented in Fig. 3. In this
figure both extreme scenarios of a filament rotation of y = 0° and a
filament rotation of y = 90° are illustrated. Consider a filament angle
of y = 0°, in this case the cylindrical body is illuminated angled from
above, parallel to the filament orientation. When a diffuse target is
positioned directly behind the cylindrical object in such a way that
the diffuse target’s normal is aligned to be parallel with the cylindrical
body, the reflection of the given illumination of the cylindrical object
results in a semi-circular image on the target. On the other hand, when
the position and orientation of the diffuse target and the direction of
the incoming light beam stay unchanged, but the cylindrical surface is
turned to y = 90°, a straight vertical line appears on the target.

Stokes-Griffin and Compston [42] also explained in detail the in-
teraction between the composite and an incident laser. In their study,
they analysed the optical characteristics of thermoplastic CFRP for NIR
laser heating. Therefore, they investigated different absorption charac-
teristics of the composite. Le Louét et al. [16] studied the bi-directional
reflectivity characteristics of a Polyetheretherketone (PEEK) based CFRP
in the spectral range from 600 nm to 25 pm. For this, they investigated
temperatures in the range 20-450 °C. They judged that the influence of
the fibre on the optical material properties was significantly larger than
that of the polymer matrix and they also emphasised the anisotropy of
the material, due to the alignment of the filaments. Baho et al. [18]
investigated the angle-dependent reflection behaviour as well as the
penetration depth of a laser with the wavelength 4 = 980 nm for a
thermoplastic fibre composite material. Furthermore, they analysed the
refractive index of the material in the wavelength range between 500
and 1100 nm and examined the density-dependent thermal conductiv-
ity of the material in the context of a fibre placement process. Based
on this, they derived a heat propagation model depending on the laser
power and lay up velocity.

2.4.2. Refraction of light

When a composite is irradiated, a part of the light is reflected
and the remaining part propagates within the material. The proportion
of the reflected to the transmitted irradiance varies with the lighting
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angle. For objects much lager than the wavelength this is described
through the following Snells law:

n, sin(f) = n, sin(6,) 1)

This formula considers the angle of incidence g, the angle of refraction
0. and the refractive indices »; for a ray transitioning between two
connected isotropic media [42,43]. On this basis, the critical angle of
incidence fy for which 6, = 90° can be determined as:

. n.
Pr = arcsin(—) 2
na
When the incidence angle is larger than gy the incident radiation is
entirely reflected [42,43]. From this, the Brewster angle 65 can be
derived, which specifies the critical angle at which the p-polarised part
of the incident radiation is no longer reflected. This Brewster angle 6,
is defined as follows: [43,44]

0p = arctan(n—c) 3
nll

However, Snell’s law only applies to the transfer of rays between
isotropic media. Therefore, this equation is only partially applicable
for CFRP. As stated above, the law only applies at the macroscopic
level, when the wavelength under consideration is outside the order of
magnitude of a grating for example one formed by the carbon fibres.
Thus, this law applies to CFRP for the interface between the air and the
matrix material. In the VIS and NIR spectrum for the interface between
matrix material and filaments its validity is already limited, depending
on the filament diameter. For this interface the law is no longer valid
in the FIR spectrum, since the filament diameter is within the order of
magnitude of the observation wavelength.

The Fresnel equation describes the reflection and transmission prop-
erties of electromagnetic irradiation at the interface between two opti-
cal media. Therefore, the relative reflectances R; and R, for the s- and
p-polarised radiation, respectively, are:

R = (nacos(ﬂ)—nca>2 ’

n, cos(f) + n.a

Ry < (M ne DNy
P~ \ na+n,cos(p)) ’

B 2
a=1/1- (—a sin(ﬂ))
nC

R = R, +R,
¢ 2
R, represents the effective reflectance, which is the mean value of

R, and R, [43,45]. Furthermore, the emissivity E can be calculated
by: [44,46]

4

E=1-R-T, (5)

where R denotes the reflected and 7, is the transmitted proportion
of the total radiation. For thick thermoplastic CFRP materials, usually
T, = 0 can be assumed. [9]

2.4.3. Emissivity

Adibekyan et al. [17] focused on the spectral emissivity analysis of
different fibre composite materials in the IR spectrum from 5 pm to
25 pm. They investigated the material emissivity properties for various
viewing angles between 10° and 70°. Furthermore, they examined the
material’s perpendicular reflectivity and transmissivity characteristics
from 1.0 pm to 16.7 pm at 40 °C, as a nominal sample temperature
for their experiments. Li and Strieder [47] investigated the emissivity
properties of CFRP especially with respect to fibre diameter and the gap
between the individual filaments. They also found that the material’s
temperature probably has only a small influence on the change in FIR
emissivity coefficient, but due to Planck’s law, the emissivity of the
material changes slightly with the temperature. Accordingly, as the
temperature rises, the spectral peak of the emissivity would be expected
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to drift to a shorter wavelength [43]. With the aim of determining
the emissivity, Nunak et al. [48] outlined a pragmatic approach for
emissivity estimation with a thermographic camera. Tomboulian and
Hyers [49] studied the impact of the volume fraction of the composite
material on its absorption, reflection and transmission behaviour using
the reverse Monte-Carlo Ray-Tracing approach for different emissivity
coefficients ranging from e = 0.6 to ¢ = 0.9. They found, that for a vol-
ume fraction >10%, the effective emissivity decreases with increasing
volume fraction, but for fibre volume fractions <10%, the emissivity
increases very quickly from 0.05 to between e = 0.75 and € = 0.95. The
effective transmission can be assumed to be approximately 7, = 0 above
a fibre volume fraction of 20%, as for a smaller fibre volume fraction
the effective transmission drops very steeply and non-linearly from T, =
0.95 at 0%. The effective reflectivity rises from 0.0 to 0.1 at around 1%
fibre volume fraction and then increases linearly to around 0.2 at 90%
fibre volume fraction. Warren et al. [46] studied the angle dependant
change in emissivity coefficient and respective Fresnel fitting for the
emissivity of rough surfaces. Moreover, they compared the outcomes
of the Fresnel fitting with a Monte-Carlo Ray-Tracing approach, which
they found fitted slightly more accurately to their data. Golyk et al. [50]
analysed the heat radiation of long cylinders with respect to vari-
ous wavelength in the thermal IR band. This research is especially
valuable in combination with the research of Stokes-Griffin [42] and
Grouve [41] which modelled multiple individual carbon filaments as
one large cylinder.

2.4.4. Thermal and electrical conductivity

Vollmer and Mollmann [44] outlined the difference in the Fresnel
shape of the angular emissivity of electrically conductive and non-
conductive materials. They explained that the curved shape of the
angular emissivity for conductive materials follows more closely the
p-polarised Fresnel plot, while non-conductive materials follow the
effective or even the s-polarised Fresnel curve. Ebbesen et al. [51] have
described the linear decrease of the electrical resistance of a single car-
bon fibre with increasing temperature. For carbon fibres the electrical
conductivity o,, is approximately proportional to the reciprocal value
of the resistance: o,; ~ % [52]. Accordingly, Wang et al. [53] as well as
Mohiuddin and Hoa [52] showed that the conductivity of carbon fibre
increases exponentially with increasing temperature. Zhao et al. [54]
reviewed the electrical conductivity and resistance of multiple stacked
composite layers in all three dimensions. They also described the linear
proportional decrease of the electrical conductivity of CFRP when it
is rotated from the angle of highest conductivity in the direction of
the fibres to the orientation of lowest conductivity transverse to the
direction of the fibres. Majérus et al. [55] studied the link between the
Brewster angle for the reflectivity of a material in the VIS as well as NIR
spectra in the spectral band [250 to 950] nm and their influence on the
material’s two dimensional electrical conductivity. They used a glass
substrate with different numbers of conductive graphene layers for their
experiments and found, that the Brewster angle for the reflection of VIS
and NIR rises with increasing two dimensional electrical conductivity
of the material. In particular, they specify the Brewster angle shift 46,
for the spectral range [750 to 950] nm as:

1n
ADgege = 3 n_g"cl,o 6)
c

In this equation ¢, denotes the vacuum permittivity of the material
and c gives the electrolyte concentration. Accordingly, ¢, and c are
almost constant. Since o, changes with temperature, a known base
electrical conductivity ¢, for a given temperature is necessary for
this consideration. From this it also follows that 40 ~ o, and
Afp ~ Ao, Duongthipthewa et al. [56] performed Raman spectroscopy
at 488 nm excitation wavelength, in order to analyse the graphite
structure of their CFRP test material. In addition, they investigated
the electrical conductivity of their test material in various dimensions.
Zhao et al. [54] reviewed the electrical conductivity and resistance of
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Heating
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Thermographic
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Fig. 4. Experimental setup Goniometer with VIS/NIR spectrometer and a thermo-
graphic camera. r; denote the rotatable axes.

multiple stacked composite layers in all three dimensions. They also
described the linear decrease of the electrical conductivity of CFRP
when it is rotated from the angle of highest conductivity in the direction
of the fibres to the orientation of lowest conductivity transverse to the
direction of the fibres. Finally, Zhang et al. [57] demonstrated a linear
correlation between the electrical and thermal conductivity of a carbon
fibre for different temperatures. From their investigations, it can also
be assumed that this relationship applies in a very similar way to a
UD CFRP material. In order to verify their findings, they additionally
compared their measurements with various other studies from the
literature. This linear relationship between the rise in temperature and
an increase in thermal conductivity was also confirmed by Oromiehie
et al. [35].

3. Methods

3.1. Experimental setup - Goniometer with heating element for VIS/NIR and
FIR data acquisition

We utilised an Opsira GmbH Gonio’2pi-BSDF Custom Goniome-
ter, [58] since it is particularly well suited for characterising optical
material properties according to the literature in Section 2.3. With
this device, the material Toray TC1225 T700/LM-PAEK with Toray
T700 fibre [23] was measured at different temperatures T = {60, 140,
190, 230} °C. This novel material is very promising for future use in
the aerospace industry, hence we chose it for our tests. This material
contains filaments with a diameter around 6.85 pm and a Consolidated
Ply Thickness (CPT) of around 0.14 mm. Its glass transition tempera-
ture is T, . = 147 °C and the fibre volume ratio is about 66% [23].
The outlined approach for measuring and modelling is independent
of the material type, but the optical properties are expected to vary
for different materials and ambient temperatures. In this paper we
only investigated the properties of the given material, since it is a
rather novel material which is especially beneficial for utilisation in
combination with the flashlamp heating technology in our application
case. The setup is illustrated in Fig. 4. This Goniometer has two separate
spectroradiometers installed for the VIS and NIR spectra. Consequently,
these two spectrometers measured in the spectral bands from 300 nm
to 1100 nm and 900 nm to 2400 nm, with a spectral resolution
of about 1 nm. The area of overlap of both spectral ranges is used
for stitching the spectra. Due to the stitching operation, there might
be a deviation from the given resolution in the overlap area, which
cannot be specified precisely, but needs to be taken into account. Every
spectrometer wavelength measurement is digitalised by an individual
16-bit A/D conversion. The angular resolution of the rotating axes is
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Fig. 5. Spectrum of the 125 W Osram XBO 150 W/CR OFR Xenon lamp [59] which
was used as reference for the conducted experiments.

about 10~4°. Considering the rotation of all axes, a spatial resolution
of <0.03 mm is obtained. The operating distance of the specimen to the
spectrometer lens was around 650 mm. The specimen was irradiated
with a 125 W Osram XBO 150 W/CR OFR Xenon lamp [59] at a
luminance of 20 000 cd/cm?. The reference spectrum of this light which
was used for our experiments is given in Fig. 5. This Xenon lamp has a
rather similar spectral radiation characteristic as the Xenon flashlamp
used for heating in the fibre placement process, presented in Fig. 1.
The spot diameter of the illumination was about 25 mm. This spot
size was chosen so that an integration across the spot area compen-
sates for minor waviness and inhomogeneous fibre distributions in the
specimen as well as for local differences in its scattering behaviour,
but also so that the spot does not exceed the specimen dimensions
even for large illumination angles. For specimen heating, the HAP 222
heating element from Hillesheim GmbH [60] was installed, which has
a power consumption of up to 440 W at a maximum temperature of
250 °C. The temperature was controlled via the Hillesheim GmbH HT
60 controller [61] using a PT100 thermocouple as reference, which was
located almost centred, just below the surface of the heating plate. The
temperature deviation during control was about +5 °C. However, we
must note that the material sample was clamped onto the heating plate
from the lateral edges and thus, there might be a small air filled gap of
<0.5 mm between the heating plate and the specimen. In addition, the
thermoplastic CFRP material has an insulating effect. Due to the air
gap, which cannot be precisely monitored and the unknown thermal
conductivity of the novel material, we assumed that the temperature
on the material’s surface was about 10-20 °C lower than the indicated
temperature of the thermocouple. Due to these unknown influences,
only relative relations are considered in this study and the absolute
temperature values are only given as references.

Moreover, the sample was of course not illuminated during the
thermographic measurements in order to avoid further heating and
disturbing scattering effects.

In addition, we have installed an Optris PI 640 thermographic
camera [19] to measure the thermal IR radiation in the wavelength
range 7.5-13 pm. This sensor has a resolution of 640 x 480 px and a
thermal sensitivity of 75 mK. For this measurement, the sensor recorded
a 20 x 30 (width x height) measuring area in the centre of the sample.
In this paper we only intend to investigate the relative emissivity of the
material, without a direct estimation of the temperature and therefore,
the configurable emissivity parameter of the sensor was set to ¢ = 1.0.
Since the exact emissivity of the novel material considered in this
study is unknown, we have performed the calculation for this reference
emissivity value. However, this does not correspond to a measured
emissivity value of the material but is sufficient for the angle-based
relative analysis in this paper.

For these measurements, the axis r; is rotated to the corresponding
detection angle « in each case. Axis r; was rotated for the individual
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measurements in such a way that the spectroradiometer or the ther-
mographic camera view was perpendicular to the labelled y-axis from
Fig. 4 for each of the corresponding measurements. The r, rotation
controls the respective illumination angle. The combined rotation of
r, and r; defines the corresponding irradiance angle § with respect to
the specimen’s surface. All axes r; were rotated around the centre of
the specimen and thus, the optical axes of the sensors pointed to the
specimen’s centre at every rotation angle of ;. The fibre angle y was
manually varied to either y = 0° or y = 90°. These fibre orientations
refer to the coordinate system in Fig. 4, where y = 0° describes a fibre
orientation parallel to the x-axis and y = 90° specifies a fibre alignment
along the y-axis. Please note that the stated measurement procedure is
intended to determine comparative data for different CFRP materials.
Since measurements are only taken in one plane per fibre orientation,
out-of-plane scattering is not examined. We assume here that this out-
of-plane scattering deviates only marginally between materials of a
certain CFRP category.

3.2. Measurement of the temperature dependent optical material character-
istics

3.2.1. Reflection analysis

First, a full scan of the fibre material sample was performed at
a temperature of T = 60 °C, which was intended to examine the
general reflection properties for the investigated, rather novel CFRP
material. The measurement temperature of T = 60 °C is well suited
for this purpose as it is reliably controllable and the cooler ambient air
allows sufficient heat sink behaviour to prevent a severe temperature
overshoot of the controller. Therefore, the accuracy of temperature con-
trol is around +3 °C at ambient room temperature. Nevertheless, this
temperature is still significantly below the glass transition temperature
T, = 147 °C of the material.

For this procedure the reflectance of the specimen ¢, for var-
ious detection, irradiation and fibre alignment angles was initially
determined for the central VIS spectral range in the spectral band
Ayrs = [400 to 700] nm and for the central NIR spectrum between
Angr = [1300 to 1800] nm. To calculate the relative reflectance o,
the irradiance reflected from the material E,,, oyg was normalised with
the emitted irradiance of the light source. Note that the necessary,
wavelength-dependent dark noise calibration was automatically carried
out by the Goniometer for each individual measurement. Smaller tem-
perature fluctuations in the ambient temperature are thus compensated
for each measurement. For the conducted reflection observations, «
was varied in the interval [0,80]° and g in the range [0,70]°. The
angle of observation « was rotated with a resolution of 1°. To reduce
the measurement duration, the symmetry of the material was taken
advantage of and thus, f was turned in increments of 5°. To determine
the transmission characteristics, « and y were varied as stated above.

Additionally, the relative intensity of the specular reflections of the
full scan were plotted for the considered VIS and NIR spectral ranges.
According to the findings discussed in Section 2.4.1 a Fresnel fitting
was applied to the maxima and the corresponding characteristic values
were investigated. This served to characterise the principle reflection
characteristics of the novel material.

Subsequently, in a separate experiment, the specular reflections
of the material were measured for the VIS and NIR spectral range.
Therefore equal angles « = g in the interval [0,70]° with a step size of
10° were measured, for the different temperatures T = {60, 140, 190,
230} °C. These measurements were carried out for the fibre orienta-
tions y = 0° and y = 90°. Assuming the reduced surface temperature
deviation mentioned in Section 3.1, the given temperatures for this
experiment are for < T,, = T,, > T,. The measurements for each
fibre orientation are carried out in order, starting from the lowest to
the highest measurement temperature.

According to the literature referenced in Section 2.4.1, two mean-
ingful attributes for specifying the reflectivity are the critical refractive
index n, and the Brewster angle 6. Both characteristic values were
determined on the basis of the Fresnel fits and are indicated in the
respective plots.



S. Meister et al.

3.2.2. Emissivity analysis

In this section the methodology for investigating the angular depen-
dent relative thermal emissivity in the FIR spectral band is outlined.
The aim of this examination was the identification of potential differ-
ences in the angle dependent emission behaviour of the thermal FIR
radiation for various material temperatures and filament orientations.
For this purpose, the temperature of the specimen’s surface was de-
termined using a thermographic camera for the previously mentioned
experimental temperatures, fibre orientations and viewing angles. Due
to the unknown parameters and characteristics described in Section 3.1,
the temperatures were normalised to the range of [0, 1]. Subsequently,
a Fresnel fitting was again applied to the measurement results. Based
on the findings from the related studies mentioned in Section 2.4.3, the
individual components for the s- and p- polarisation are illustrated in
addition to the effective Fresnel component the result plots.

3.2.3. Link between VIS/NIR reflectivity and FIR emissivity

From Section 2.4, we expect the Brewster angle to change linearly
with the temperature. Accordingly, in addition to the previous analysis,
the Brewster angles from the individual Fresnel fittings were visualised
for the different VIS, NIR and FIR spectral regions and linear fittings
were applied to the values of the Brewster angles for different tem-
peratures. The gradient and the bias term of the linear fitting provide
information about this assumption introduced above and the linkage
between the individual spectral ranges.

For the analysis of these results, it should be noted that according
to the findings from the literature in Section 2.4.4, a direct linear re-
lationship exists between the change in Brewster angle and the change
in electrical conductivity of the CFRP material. Furthermore, we know
that the change in electrical conductivity is linearly correlated with the
change in thermal conductivity of the CFRP. Thus, there is also a direct
linear relationship between the change of the Brewster angle and the
change of the thermal conductivity of the investigated CFRP material.

4. Results
4.1. VIS/NIR reflectivity full scan

The angular relative reflection values g,, for the full scan and T =
60 °C are given in Fig. 6. Thus, ¢,, is presented for various angles «
and p in the VIS and NIR spectrum, each for the two considered fibre
orientations. Figs. 6(a) and 6(b) show the measured values for the VIS
band for a fibre orientation of y = 0°. In Figs. 6(c) and 6(d) the results
for the VIS spectrum and y = 90° are presented. Moreover, Figs. 6(e)
and 6(f) present the measures for the NIR range and a fibre alignment
of y = 0°, and Figs. 6(g) and 6(h) give the findings for y = 90° in the
NIR spectrum. For the sake of clarity, only the results for 5° detection
increments are illustrated in the respective confusion matrices. The
corresponding false colour plots present ¢,, with a detailed resolution
of 1°. The projected radiation is partially absorbed and reflected from
the material while the transmitted radiation is assumed to be zero.
As expected, the highest relative reflection is measured for a = g for
both the VIS and NIR spectrum, which represent the direct, specular
reflection. Due to the measurement resolution of 1° described above,
optical scattering effects can lead to a slight clipping of the true peak
value. However, these local effects should be very small, since integral
measurements are performed over a comparatively wide light spot.
Thus, for the measured values for « = § we assume, that the measured
maxima are close to the true peak values and clipping effects are ne-
glected in this study. As indicated in Fig. 6, ¢,, for y = 0° varies between
0.32% and 2.42% in the VIS spectrum as well as between 0.07% to
0.71% in the NIR band. The diagonal elements for y = 90° are in the
range of 0.27% up to 0.97% for VIS and 0.06% to 0.38% for NIR. These
integral reflectance results were measured for the VIS band 4, ;¢ =
[400 to 700] nm and for the NIR band Ay;r = [1300 to 1800] nm, as
described above. For both fibre orientations and spectral ranges, the
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0,, values for a = g are quite constant up to 45°. For y = 0° these are in
the range of 0.3% to 0.44% in VIS and 0.07% to 0.13% in NIR. For the
sample rotation y = 90° these results are between 0.27% and 0.38% in
VIS as well as 0.06% and 0.13% in NIR. For « = f > 45° the diagonal
scores increase more quickly. Moreover, it is noticeable for y = 0° that
there is an angular deviation of more than 5°, so that at |a — | > 5°
there is nearly no reflection measurable any more, but for y = 90°, this
variation is significantly larger. Furthermore, we can see that in the
NIR plots in Figs. 6(e) and 6(g) a kind of noise appears. Especially in
the area around the diagonal representing the specular reflection, this
behaviour might also be attributed to scattering effects of the material
which do not follow the cylinder reflection described in Section 2.4.1,
since the wavelength range considered is already slightly within the
order of magnitude of the filament diameter.

4.2. Specular reflection and Fresnel fitting VIS/NIR

In Fig. 7, the ¢,, values discussed in the previous section are plotted
along the illumination angles # in the range of g = [10,70]° in steps
of 10°. This serves as a detailed analysis of the lateral reduction of the
reflectance values. Fig. 7 presents the results for the fibre orientations of
y = 0° and y = 90° again subdivided according to VIS and NIR spectral
ranges.

The full width at half maximum (FWHM) is given as a reference. For
the specimen rotation of y = 0°, FWHM is in the range FWHMy 5, =
FWHMy ro = [3,4]° for the VIS and NIR bands for the displayed
incidence angles f. For y = 90°, however, FWHM varies in the interval
FWHM,, 599 = [25,56]° for VIS and FWHM o = [11,68]° for NIR.
Note, however, that the angular resolution for « is only 1°, which has to
be taken into account and might cause minor errors of the FWHM value.
The VIS plots clearly demonstrate the reflection pattern of a cylinder as
outlined in Section 2.4.1. The NIR plots already show a slight deviation
from this cylindrical curve shape, which might be due to the fact that
the considered wavelength range is already in the order of magnitude
of the filament diameter. However, the rough approximation to this
mono-cylinder reflection is still visible. Please note that for y = 0°, «
and p are rotated in the plane given from the specimen normal and
fibre direction. For y = 90°, the detection and illumination angles are
rotated in the normal plane perpendicular to the filament direction.
Accordingly, the appearance of the curves given here differ from those
shown in Fig. 3 by 90° for a specified y and thus, a very narrow plot
is obtained for y = 0° and a much wider curve for y = 90°. The FWHM
numbers clearly represent this relationship.

In Fig. 7, Fresnel curve fittings of the discrete peaks are plotted
based on Eq. (4). The surrounding air in the measurement process
is considered to have the ideal refractive index of n, = 1. Accord-
ingly, the refractive indexes of the CFRP n, are estimated from the
fitting parameters of the Fresnel plots and is given in the legends of
the individual Figures. The refractive indexes differ for several fibre
orientations and the two considered spectral intervals. This is because
a non-isotropic material is observed. Therefore, the refractive index
for y = 0° in the VIS range is n.y ;5 = 1.29 and in the NIR band
n.onrr = 1.27. For a specimen angle of y = 90° the refractive index
of n.goyrs = 1.64 for VIS and n.gy y;g = 1.39 in the NIR spectrum.
In addition, the Brewster angle 6, of incidence can be approximated
with the modified Snell’s law from Eq. (3). However, this has to be
understood as a rough estimate, as Snell’s law actually only applies to
isotropic materials and for the observation of objects much larger then
the considered wavelength. Nevertheless, this provides insight into the
strong rise of the Fresnel curve fittings for larger illumination angles.
Thus, for y = 0° this gives 6z} ;¢ = 52.15° in the VIS and 05 ;g =
51.83° in the NIR band as well as for y = 90°, 84y ;5 = 58.66° for VIS
and 6 o) g = 54.31° for NIR.

In the following, the previously performed investigations of the
Fresnel plots are repeated three times for each of the different tem-
peratures T = {60, 140, 190, 230} °C. The corresponding mean values
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Fig. 6. Reflection characteristics for the fibre orientations y = 0° and y = 90° for T = 60 °C.

together with their standard deviation as an error bar and the corre-
sponding fittings of the effective Fresnel values are presented in Fig. 8.
As before, the fibre orientations y = 0° and y = 90° as well as the VIS
and NIR spectral ranges are considered. Again, the specular detection

and illumination angle ¢ = f is given on the abscissa and the percentage
of reflection is presented on the ordinate.

When evaluating the results of the Fresnel fittings, for both spectral
ranges, for the fibre orientation y = 0° an approximately linear decrease
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Fig. 7. Spectral reflectivity g =[10,70]°, together with the respective Fresnel fittings of the intensity peaks for T = 60 °C.

4.3. Change in emitted intensity in thermographic band

on the other hand, a slightly increasing trend of 6 with increasing
temperature can be recognised. In the VIS band 6, varies between
Op.00y1s = [55.72,56.83]° and in the NIR 040 y;g = [55.37,57.44]°.
The change of the Brewster angle with temperature in the different
spectral ranges and the thermal emissivity variation are discussed in
detail in the following section. The findings presented above provide

Fig. 9 shows the relative emissivities for different rotation angles of
the specimen at various temperatures. The given values are normalised
between 0 and 1. In contrast to the VIS and NIR spectral range, these
normalised measurements for the various temperatures match with
each other almost completely. In the considered FIR spectral range
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Fig. 8. Fresnel fit peaks — Spectral reflectivity g = [10,70]°, together with the respective Fresnel fittings of the intensity peaks.

this corresponds to the expectations. An effective Fresnel fitting is
applied to the plotted measured values and is represented as a dashed
line. The dash—dot and dotted lines show the s- and p-polarised parts,
respectively, of the effective Fresnel fit. The results are presented in
Fig. 9(a) for y = 0° and in Fig. 9(b) for y = 90°. The error bars represent
the standard deviation across the multiple measurements per rotation
angle.

The plots for both fibre orientations show a strong difference in the
line shape of the plotted radiation intensities. Fig. 9(a) for the fibre
orientation y = 0° follows the effective Fresnel fitting (- - -) relatively

well, while however, a somewhat lower starting value is evident at
the label (a.1). Subsequently, the radiation values increase up to an
angle of rotation of about 40° and then drop sharply. In the starting
range of the plot up to about 30° rotation angle, the influence of
the p-polarised part of the Fresnel calculation is slightly predominant.
According to the literature in Section 2.4.4, this lower initial values,
which subsequently increase, indicate the presence of a conductive
material. This is plausible, since the carbon fibres aligned in y = 0°
are in principle conductive. Thus, this initial lower starting value is
an indicator for the material’s conductivity in this respective sample
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Fig. 9. Fresnel fits — Normalised thermal emissivity for different fibre orientation, in the domain [0, 1]. Data plots: (—); Fit. s-polarised: (----); Fit. p-polarised: (------ ); Fit.

effective: (- = =).

orientation. Hence, this measurement method offers the possibility to
evaluate the conductivity of the CFRP on the basis of radiated FIR
emission.

The plots for the fibre orientation y = 90° in Fig. 9(b) reveal a
rather different behaviour, as they follow the s-polarised part of the
Fresnel fitting more closely, but only up to the Brewster angle at about
55° specimen rotation. Beyond this point, the curve is more similar to
the effective Fresnel plot. Thus, this might indicate that the parallel
aligned filaments in the CFRP specimen form a polarisation grating
which polarises the radiated thermal radiation, as long as the viewing
angle is < 0. Hence, for the fibre orientation y = 90° there appears
a polarisation effect, which is no longer significant above the Brewster
angle. This is plausible since the filament diameter and the distance
between the filaments are in the same order of magnitude as the FIR
radiation and are thus potentially suitable as polarisers. Furthermore,
y = 90° is considered here, so that the fibres are aligned parallel to
the rotation axis and perpendicular to the plane in which the sensor
is rotated and thus, the requirements for polarisation are fulfilled. In
this context it is noteworthy, that polarisation is only possible on an
electrically conductive grid, which again is an indicator for determining
the conductivity of the CFRP material along the aligned carbon fibres.

In contrast to the fibre orientation y = 0°, however, the maximum
for y = 90° of the measured relative thermal radiation is at 0° rotation
angle and afterwards the relative emission values decrease. This graph
characteristic indicates that the s-polarised component of the Fresnel
calculation dominates initially and from the Brewster angle onwards,
both polarisation components have about the same proportion.

For y = 0° no significant polarisation effect is evident, which is also
not expected, as the fibres are aligned perpendicular to the rotation
axis, in the plane of the sensor rotation, and thus are not able to
form a polarisation grating. The structure of the polymer chains in
the thermoplastic matrix itself are presumably beyond the order of
magnitude of the FIR radiation and thus have no significant polarisation
effect in this wavelength band.

Based on the literature from Section 2.4.4, we also know that the
electrical conductivity of the CFRP material changes with temperature.

Since Fig. 9(b) implies that the Brewster angle is a corresponding indi-
cator for this electrical conductivity of the CFRP material, this Brewster
angle is plotted in Fig. 10 for the two fibre orientations y = 0° and
y =90° for the different spectral ranges VIS, NIR and FIR over various
temperatures. As justified in Section 3.2 and given in Eq. (6) there is
approximately a linear correlation between the electrical conductivity
of CFRP and the temperature and thus, a linear fitting is applied to
the individual plots. The fitting parameters are indicated in the legend,
where the value m denotes the gradient of the linear line and the
parameter b describes the ordinate intercept, which is the Brewster
angle 6, at T = 0 °C. For the interpretation of this figure we have to
keep in mind, that the reflection measurements for VIS and NIR are
carried out through active illumination from a certain direction and
detection from the opposite direction. When measuring the thermal
radiation in the FIR spectrum, the material is heated up and radiates
heat. For the directional sensitivity in the considered application the
results of the active and passive measurements are to be considered
as rotated by 90° with respect to the fibre orientation. Hence, for the
interpretation of FIR y = 0° we need to compare the values with the
measures for y = 90° in VIS/NIR and vice versa.

We see that the gradients 40y, 5(y = 90°), 40 y,r(y = 90°) and
A0p rrr(y = 0°) are positive and they are each of the same order of
magnitude. Thus, this indicates that the electrical conductivity o,, along
the carbon fibre increases with increasing temperature. On the other
hand, for 46}, ;5(y = 0°), 40 N r(y = 0°) and 40p r;r(y = 90°), a neg-
ative gradient in the change in Brewster angle is evident. This indicates
that the conductivity of the thermoplastic CFRP material perpendicular
to the fibre orientation decreases with increasing temperature. This
is indeed plausible, as the polymer matrix expands with increasing
temperature and the viscosity decreases. Thus, the individual fibres are
pressed less strongly together, which reduces their conductivity in the
composite as the temperature increases.

For these investigations we can write the previously introduced
Eq. (6) as follows:

Oel0
=~ 2400 =2 mn?
c

)

10
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Fig. 10. Brewster angle 6, for y =0° and y = 90° for all investigated spectral ranges
over different temperatures T.

To apply this equation, we have averaged the combined n, values over
the VIS and NIR, which is valid since the estimation in Eq. (6) is roughly
similarly valid for the VIS and NIR spectral band. Furthermore, the
values measured in our experiments are quite similar. Obviously, the
calculations have been distinguished according to y = 0° and y = 90°.
Hence, for y = 0°, the average refractive index is n,, = 1.25 and
for y = 90° this index is n.g; = 1.5. The refractive index of the
surrounding air is assumed to be n, = 1. With respect to the different
m = Afp values from Fig. 10 respectively for y = 0° the result interval is
ﬂ ~ —[2.83,6.06]-10% and for y = 90° this yields "Oﬂ ~ [2.59,3.07]-10.

5. Discussion

In this study, we investigated the reflectivity and emissivity proper-
ties of the novel thermoplastic Toray TC1225 T700/LM-PAEK UD CFRP
material via a Goniometer instrument. Initially, an observation of the
full reflectivity behaviour of the material in the VIS and NIR spectrum
at a constant temperature of T = 60 °C was carried out. Here, a strong
difference in the reflection behaviour of the material with respect to
the fibre orientation is evident, which agrees with the findings from
the studies of Grouve [41] as well as Stokes-Griffin and Compston [42].
We also demonstrated that this characteristic behaviour is qualitatively
rather similar for the VIS and NIR domains. However, the peak values
of the relative reflectance in the NIR band are significantly lower than
those in the VIS. Since the peak values for different viewing angles
have a special significance for the characterisation of such material,
these peak values of the relative reflection for different viewing angles
were examined in detail. Since radiation in the VIS and NIR range
is considered, these peak values for different viewing angles follow
the effective Fresnel rule, which is in accordance with the findings
from Le Louét et al. [16]. However, slight scattering effects are already
recognisable for the reflection measurements in the NIR range, which
might indicate a deviation from the cylindrical reflection model of
Grouve [41] as well as Stokes-Griffin and Compston [42]. Here we
have to mention that when considering a wavelength spectrum in the
order of the filament diameter, further scattering effects can occur
and the mono-cylinder reflection model is probably only valid to a
limited extent. Moreover, we found that the critical refractive index n,
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and the Brewster angle 65 are quite helpful for the subsequent joined
analysis of the emissivity and reflection behaviour. These values can
be determined from the applied Fresnel fittings. For a fibre orientation
of y = 0° we estimated a mean critical refraction index of n_y = 1.25
and for y = 90° n_gy = 1.5. This also complements the results of Baho
et al. [18] who only considered the refractive index and the reflection
properties for a different thermoplastic material in the direction of the
fibres for their heat propagation modelling.

Afterwards, we investigated the emissivity of the material in the FIR
spectrum between 7-14 pm. Based on the investigations of Le Louét
et al. [16] and Adibekyan et al. [17], we again applied a Fresnel fitting
to the angle dependent FIR emissivity values. Therefore, we clearly
recognise for the fibre orientation y = 0° indicators for analysing the
conductivity of the material. In the perpendicular direction for y = 90°
these effects are visible through the polarisability of the material. The
general link to conductivity is already known from the fundamentals for
other material types, [44] but nevertheless this is rather novel for CFRP.
Moreover the very clear representation of the polarisation properties
is not described in the literature, so far. According to these findings,
we have compared the temperature-dependent Brewster angles for the
different reflection and emission measurements, for the two fibre orien-
tations y = {0,90}°. The study of Majérus et al. [55] has already shown
a correlation between the Brewster angle and the electrical conductivity
of a material and Wang et al. [53] as well as Mohiuddin and Hoa [52]
have reported that the electrical conductivity of individual carbon
fibres increases with increasing temperature. Based on this, we show in
our investigations that for the conducted reflection and emission mea-
surements, the Brewster angle increases with increasing temperature in
the direction of the UD carbon fibres. Thus, we can indirectly estimate
the increase in electrical conductivity along the fibre orientation using
our previously describe approach. In contrast, transverse to the fibre
orientation, a reduction of the Brewster angle and thus potentially a
decrease in the electrical conductivity of the considered CFRP material
with increasing temperature is found. The correlation between the
gradient of the Brewster angle and the electrical conductivity presented
from Majérus et al. [55] can be applied in our investigations to both, the
VIS and NIR reflection measurements. Furthermore, Zhang et al. [57]
reported a direct linear correlation between the electrical and the
thermal conductivity of carbon fibres. Thus, the direction-dependent
thermal conductivity in the UD CFRP material can also be evaluated
through our presented approach. This means that our study and the
relationships explained before provide a basis for a contactless and
directional determination of the conductivity of CFRP material. Such
a measurement technique can be used, for instance, in the fibre layup
process to monitor the heat propagation within the material. For the
actual heat propagation and conductivity modelling of multiple stacked
CFRP plies the different CFRP fibre orientations need to be taken into
account.

With respect to the first research question, we can summarise that
the Fresnel fittings of the normalised emissivity and relative reflec-
tivity values as well as the estimated Brewster angle are particularly
well suited to characterise the thermoplastic Toray TC1225 T700/LM-
PAEK UD CFRP material and to link the findings from the individual
emission and reflection analyses via the direction-dependent electrical
conductivity of the material.

Furthermore, referring to the second research question, the re-
flection measurements reveal that the maximum absorption of the
Xenon spectrum is reached when the material is irradiated directly
perpendicular to the surface. This changes only marginally up to an
illumination angle of around 45°. The presented correlations between
the reflection and emission behaviour to the electrical and thermal
conductivity of the material can serve to improve the simulation of
the heat propagation inside the CFRP material and to improve the
direction-dependent irradiation of the CFRP material during the heating
process. In addition, the measured normalised emissivity values can
be used to directly adapt the adjustable emissivity coefficient for the
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thermographic camera measurements to its viewing angle. This is par-
ticularly crucial for inline temperature monitoring in the AFP process,
as the fibre material is often observed from a large and/or varying
viewing angle.

In future research the validity of the applied conductivity corre-
lations needs to be verified. Moreover, the change in emissivity and
reflectivity with varying fibre volume fraction and porosity needs to
be investigated. Furthermore, it is very interesting to examine the
wavelength to filament diameter ratio up to which the described mono-
cylinder reflection model is valid. Finally, we must also consider the
possibility that the Xenon flashlamp itself has an influence on the inline
measurement results of a thermographic camera due to its operating
principle using high energy pulsed Xenon radiation for heating. This
potentially disturbs the thermographic sensor and thus should also be
investigated in more detail.

6. Conclusion

In this study we have characterised the optical properties of the
novel thermoplastic Toray TC1225 T700/Low Melt- Polyaryletherketone
Carbon Fibre Reinforced Plastic material. We have found that the applica-
tion of Fresnel fitting is feasible to both reflectance measurements in the
Visible light and Near-Infrared bands as well as emission measurements
in the Thermal-Infrared domain. The Brewster angles derived from these
fittings are very well suited to link these different analysis results
and to make an estimate of the electrical and thermal conductivity
behaviour of the Carbon Fibre Reinforced Plastic material for varying
process temperatures. This means that our presented approach enables
the analysis of the electrical and thermal conductivity of a Carbon
Fibre Reinforced Plastics through its reflection and thermal radiation
properties and thus, a contactless measurement of such conductivity
characteristics is provided, which is very interesting for the process
monitoring of heat propagation in fibre layup processes.

The results of our research are particularly valuable for manufac-
turers and users of heating systems operating in the spectral range
between 400 nm and 1800 nm. Furthermore, the results are beneficial
for operators of thermographic temperature measurement systems in
composite inspection.

Future research needs to examine the influence of the fibre volume
fraction and porosity of a deposited fibre material on its emissivity
and reflectivity properties. Moreover, the validity of the mono-cylinder
reflection model for other wavelengths and fibre diameters must be
considered. In addition, the influence of the pulsed Xenon flashlamp
on the thermographic measurements should be investigated.
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