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Abstract: Specific nano- and micro-scale morphologies of
composites can affect the resulting optical and UV reflec-
tivity of the materials. One example is “Vantablack®”
made from aligned carbon nanotubes (CNTs) with 99.96%
absorption. A similar material with CNTs grown on surface-
activated aluminum (CNTs/sa-Al) even yielded 99.995%
absorption, one order of magnitude higher than Vanta-
black®. On the other hand, fresh snow reflects 90% or
more of the incident electromagnetic radiation with wave-
lengths between 400 and 1,000 nm. The reflectivity of
snow originates from multiple scattering in the porous
morphology made of snow grains. Taking these complex
morphologies as inspiration, CFRP epoxy composites
with different types, sizes, shapes, and amount of nano-
particles are prepared and compared regarding their
optical and ultraviolet (UV) reflectivity. Increasing the
reflectivity in the near and far UV may be beneficial for
the durability of the epoxy composites, but selective
higher or lower reflectivity in certain wavelength ranges
may also yield tailored visual effects. Results from dif-
ferent processing approaches with selected nanoparti-
cles are presented and discussed.

Keywords: CFRP laminates, nanoparticles, electrophoretic
deposition, visual and UV reflectivity

1 Introduction

Several publications describe effects of nano- or micro-
scale material morphology on the reflection of electromag-
netic radiation in the visible (roughly between 400 and
750 nm) and ultraviolet (UV) wavelength range (roughly
between 100 and 400 nm). Extreme examples resulting in
high absorption and very low reflectivity are materials
with highly oriented carbon nanotubes (CNTs), on the
one hand [1–3], and fresh snow with porosity between
the flakes resulting in very high reflectivity, on the other
hand [4,5]. Other examples of tuning optical properties of
polymers or polymer composites are localized surface
plasmon resonances (LSPR) of noble metal nanoparticles
embedded in polymers [6–9]. When an incident electric
field (light) with a certain wavelength hits a noble metal
like Ag, Au, or Pt, the conducting electrons are oscillating
in resonance. This effect results in selective photon
absorption on the nanoparticle surface and different
optical behaviors in the UV, visible, and IR regions. In
the case of aqueous colloidal solutions of Ag nano-
particles, the color of the solution can shift from blue
to red according to the size of the nanoparticles. Here,
it is important to note that the surrounding medium, in
our case an epoxy resin system and the distance between
the particles, has an important influence on the optical
properties [10,11].

Vantablack®, one of the CNT-based absorbing mate-
rials, can be applied to surfaces either via a vacuum-
deposition process or as a spray coating for various
technical applications, see e.g., [12,13]. The authors
show that the total hemispherical reflectance of Vanta-
black®-treated surfaces is less than 0.45% over a wave-
length range between 200 and 1,400 nm. This is due to
multiple scattering of light in the “forest”-like structure
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of the oriented CNTs, exciting electrons that release their
energy by producing phonons, thus dissipating the
incident radiation into heat. More recently, a similar
material has yielded even higher absorption of electro-
magnetic radiation, roughly a factor of 10 higher than
Vantablack®. This is also made of oriented CNTs but
grown on surface-activated aluminum (labelled CNTs/
sa-Al). The hierarchical structure with a bimodal pore
size distribution consists of the CNTs above a layer of Al
nanowires. The reflectivity is 1 × 10−5 or less from the UV
to the Terahertz range [3].

The mechanism yielding the high reflectivity of fresh
snow is multiple scattering and deflection of incident
radiation at the surfaces between snow and air pores of
different sizes between the flakes. This results in the high
albedo of snow [5,14]. The reflectivity amounts to 85–95%
in the wavelength range between 400 and 900 nm [4].
With time, the reflectivity of snow is decreasing due to the
compaction of the snowflakes, reducing and finally elimi-
nating the porosity [15]. This yields increasing transmis-
sion in the compact snow and hence increasing absorption
and less reflectivity.

These examples of snow and oriented CNT materials
provide the inspiration for investigating the effects of
various nano- or microparticle-modified CFRP-epoxy com-
posites on the reflectivity of electromagnetic radiation.
Being able to suitably adapt or tune the reflectivity of
CFRP epoxy laminates in the visual and UV wavelength
ranges or in specific, limited, wavelength bands will serve
several purposes. One relates to the long-term perfor-
mance of the CFRP. If a larger amount of incident UV
radiation is reflected rather than being absorbed by the
composite or by specific UV absorbers [16–18], UV-induced
material degradation is expected to be slower. Another
benefit of such modifications may further be the reduced
heating of CFRP since less of the incident radiation is dis-
sipated as heat, see, e.g., [19–22]. Adapting the surface
reflectivity may also be beneficial for optical and telecom-
munication applications of CFRP, see, e.g., [2,23–25]. Such
modifications may further allow for designing special
visual effects, e.g., for CFRP on building facades, car
bodies, or sports and leisure equipment, for which the
use of CFRP laminates is steadily increasing. One example
is Vantablack® applied on a demonstrator car body [26,27]
discusses its use in artworks.

There are various processing methods for the modi-
fication of CFRP epoxy laminates: nano- and micro-scale
particles can be dispersed in the epoxy matrix, deposited
on the carbon fibers, or both. The particle parameters
for the investigation comprise the material type of the
nano- or micro-scale particles, with a range of electric

properties (from electrically conducting, semiconducting
to insulating), their size or size distributions, their shape,
their relative orientation, but also the amount (volume
fraction) and degree of dispersion in the matrix or their
coverage and possibly orientation on the fibers. Combi-
nations of different particle types, shapes, sizes, their
relative fractions, and possibly suitable particle fraction
gradients may also change the reflectivity behavior.

Composite laminates can be manufactured, e.g., hand
lay-up and impregnation, resin infusion, resin transfer
molding (RTM), or other suitable processing, such as 3D
printing or similar additive manufacturing [28], again
with respective effects on particle distributions and
orientations.

Finally, certain types or combinations of nanoparticles
dispersed in the epoxy matrix or deposited on reinforcing
fibers have yielded improved mechanical properties of the
composites, see, e.g., [29–32]. Therefore, the different com-
posites with nanoparticle modifications for adapting the
reflectivity can also be investigated with respect to their
mechanical or thermo-mechanical performance. Hence,
the research on adapting reflectivity combines several
aspects of material behavior based on the same modifica-
tion of CFRP laminates.

2 Materials and processing and
characterization

Modification in CFRP-epoxy laminates with nano-or micro-
particles is feasible in several ways. Particles can be dis-
persed in the epoxy matrix, deposited on the fibers before
laminate processing, or as a combination of both. Each way
has advantages and limitations and these are explored as
follows: first, unmodified reference materials (cured epoxy
resin, carbon fibers, and cured CFRP epoxy laminates)
were prepared. In preliminary investigations, the focus
was on modification of the epoxy resins by dispersion of
nanoparticles on one hand, see, e.g., [33–35], and on dec-
oration of fibers with nanoparticles via electrophoretic
deposition (EPD), see, e.g., [36–38].

Dispersion of nanoparticles in epoxy resins for CFRP
laminates manufactured by resin infusion or RTM is only
feasible up to certain amounts due to changes in resin
viscosity with increasing volume fractions [39–41]. Nano-
particles dispersed in epoxy resin may re-agglomerate at
higher volume fractions or during further processing
steps, e.g., after adding the hardener, see, e.g., [35,42,43]
or being filtered by the reinforcing fibers in laminate
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manufacture via resin infusion based processes, see [44].
Such processing effects can play a significant role in
defining the nano- and micro-scale morphology of the
composites and hence in their reflectivity.

The epoxy resin systems used in this study were
called Resin L with the associated hardener GL2 (from
R&G Faserverbundwerkstoffe, Germany) and System 3
(from bto-epoxy GmbH, Austria). Both were mixed accor-
ding to the producers’ recommendations in their respec-
tive ratio of 100:30 resin to hardener each. The Resin L
epoxy system was chosen as matrix material for its
optical high transparent behavior in the visible range,
and System 3 for its good performance in RTM processing.
For matrix modification, nanoparticles were dispersed
into the resin via using a DISPERMAT® Dissolver with the
vacuum-dispersion system CDS (both VMA Getzmann
GmbH, Germany) applying 2,000 rpm for 20 min. SiO2

and Ag nanoparticles (from Sigma Aldrich) were chosen
for modifying the optical properties of the CFRP matrix.
In addition, single-wall CNTs, SiO2, and carbon dust,
which occurs as a by-product during production, were
chosen to modify the System 3 epoxy.

SiO2 nanoparticles were chosen because of their com-
mercial availability, their spherical geometry, and their
high uniformity in size. They scatter incoming light dif-
fusely in every direction, which results in their white
appearance and high reflectivity, while Ag nanoparticles
were selected to investigate possible plasmonic effects.
The manufacturer information about the nanoparticle
size was 5–20 nm for SiO2 and below 100 nm for Ag nano-
particles, respectively. The actual size, however, was
investigated using transmission electron microscopy (TEM)
with a JEM-2100F (JEOL, Japan), because it was expected
that the nanoparticles would tend to agglomerate. For
this purpose, 1 g of each of the investigated nanoparticles
was sonicated in 100ml of deionized water for 40min.
Afterwards, 5 ml of this suspension was mixed into 90ml

of ethanol and again sonicated. Then, a drop of the
resulting suspension was placed on a TEM grid (carbon-
coated Cu grid), mounted on a holder, and dried under
ambient conditions for 4 h prior to the investigation.
Figure 1a shows TEM images of single Ag nanoparticles
and clustered Ag nanoparticles in Figure 1b, while the
size distribution is shown in Figure 3a. It shows rather
small primary particles according to their size, but the
TEM pictures revealed a high tendency for clustering.
The TEM images of SiO2 primary nanoparticles are depicted
in Figure 2a and their overall measured sizes in Figure 3b.
They have a wider size distribution compared to Ag and are
likely to agglomerate also in high numbers with a diameter
of above 1 µm (Figure 2b).

It was expected that the size of the nanoparticles and
their agglomerates, respectively, will be in accordance
with particle size distributions represented in Figure 3.
Afterwards, the individual-modified epoxy resin systems
were cured for 15 h at 70°C.

SiO2, single-wall CNTs, and carbon dust were incor-
porated in the bto-Epoxy System. SiO2 again should resemble
snow pores [4,5], while the CNTs and the carbon dust were
chosen for producing a rather low overall reflectivity [1–3].
Here, the filler concentrations were 1% CNTs, 5% carbon dust
and 10% SiO2. These fillers were mixed inside using the
vacuum-dispersion system CDS (VMA Getzmann GmbH,
Germany) utilizing 2,000 rpm for 60min. After that homo-
genization step, the modified resins were used in an RTM
process for laminating carbon and glass fibers. Hereby, the
resin was heated to 80°C and consequently added to the
carbon fabrics using 10 bar (equals 1 MPa) pressure. This
was followed by a precuring step where the laminate was
held at 80°C for 30min and afterwards cured at 140°C
for 3 h.

Since CFRP laminates for structural applications typi-
cally have fiber volume contents of 50% or higher, the
nano- and micro-scale modification of carbon fibers by

Figure 1: Selected TEM images for verifying Ag particle size via (a) high magnification for particles stacked on top of each other and (b)
overview picture using lower magnification for particle size statistics.

Tailoring the optical and UV reflectivity of CFRP-epoxy composites  3



EPD was chosen as a pre-manufacturing process. This
provides the possibility of eliminating the potential pro-
blems of dispersion or agglomeration of nanoparticles in
the epoxy matrix and nanoparticle filtration during lami-
nation. Quasi-static EPD fiber decoration was performed
using a custom-made electrophoretic cell (see Figure 4)
consisting of one metal and one dielectric plate mounted
at a distance of 7 mm from each other. Carbon fibers were
wound around the dielectric plate and electric junctions
were added for providing the desired electric potential
directly between the carbon fibers and the metal plate.
The carbon fiber used for the experiments was unsized
AS4 HexTow® 12k fibers delivered from Hexcel compo-
sites SA (France). Raman and thermogravimetric analysis
measurements confirmed that no sizing is present. The
described set-up was used for dipping the fiber lay-up
into water-based suspensions with a fixed concentration
of 1% nanoparticles (Ag, SiO2) while applying DC voltages
from 6 to 60V for durations of 1–15min.

After the deposition process, all coated fibers were
laminated using the Resin L epoxy system. For that pur-
pose, the modified carbon fibers were immersed into
the prepared virgin epoxy resin system for 2 min while
applying a vacuum of 150 mbar. After this procedure, the
resin-soaked carbon fibers were put inside a vacuum bag,
which was sealed with rubber tape. Furthermore, the
plastic bag was evacuated, and the laminated carbon
fibers were precured at a heating plate at 55°C for
300 min. As a next step, the plastic bag was discon-
nected from the vacuum pump and placed in an oven
for further 900 min at 70°C for fully curing the resin.
For the preparation of optical investigations, the test
specimens were cut out of the vacuum bag and the
remaining unwanted resin was removed.

In addition, Aquacyl® Multi Wall Carbon Nanotubes
(purchased from Nanocyl, Belgium)were deposited using
a quasi-continuous electrophoretic cell on the carbon
fibers using 3 and 5 V during a deposition time of 3 min,
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Figure 3: Quantitative analysis of the different particle sizes investigated during several TEM measurements for (a) Ag nanoparticles and (b)
SiO2 nanoparticles.

Figure 2: Selected TEM images for verifying SiO2 particle size via (a) high magnification assessing small particle agglomerations (b)
overview picture using lower magnification for particle size statistics.

4  Lukas Haiden et al.



respectively. During the deposition, the carbon fibers
were pulled by a rotating plate, with a velocity that
defined the chosen deposition time, through the nano-
particle suspension and wound on the plate. Afterwards,
the nano-modified fibers were laminated using RTM (10 bar
equals 1MPa) and the before-mentioned modified vacuum
bag process at Empa, Dübendorf. Afterwards, the laminates
were precured at 55°C for 300min and fully cured at 70°C
for 900min in both cases.

For the evaluation of the nanoparticle coverage of the
fibers, they were dried after the electrophoretic deposi-
tion for several hours at 60°C and checked as such via the
scanning electron microscope (SEM). The investigation of

the SiO2-modified samples was carried out using 5 kV
acceleration voltage due to the introduced electrical charge
of the non-conductive nanoparticles, while for Ag-modified
samples, an acceleration voltage of 10 or 15 kV was pre-
ferred for better resolution.

In a final step, hemispherical reflection and hemi-
spherical transmission of all prepared samples were
measured using a Lambda 950 UV/Vis spectrometer
(PerkinElmer, USA) at the Polymer Competence Center,
Leoben.

3 Results and discussion

3.1 Overview

In the following sections, selected results will be pre-
sented regarding the change in optical reflectivity resul-
ting from material modifications. In the first part, the
influence of matrix modifications will be shown for
neat and modified System 3 and Resin L. The first one
was used for laminate production via the RTM process,
while for the second the changes before laminate pro-
duction are presented. Furthermore, selected fiber mod-
ifications using EPD and their influence on the optical
reflectivity are visualized. In this case, the modified
vacuum-assisted resin infusion process (VARI) was imple-
mented for preparing the laminates. In a final section, the
influence of the chosen laminate manufacturing proce-
dures will be compared.

Figure 4: Schematic drawing of a custom-made cell used for elec-
trophoretic deposition of nanoparticles onto carbon fibers.

300 400 500 600 700
0

10

20

30

40

50

60

70

80

90

100

R
ef

le
ct

iv
ity

 [%
]

Wavelength [nm]

 Reference Laminate (System 3)
 Neat Epoxy Resin (System 3)
 Glass fibers

a) b) 

300 400 500 600 700
0

10

20

30

40

50

60

70

80

90

100

R
ef

le
ct

iv
ity

 [%
]

Wavelength [nm]

 Reference Laminate (System 3)
 Laminate with matrix modified by 1 wt% CNTs
 Laminate with matrix modified by 5 wt% carbon dust
 Laminate with matrix modified by 10 wt% SiO2

Figure 5: (a) Reflectivity of unmodified reference samples. (b) Reflectivity of glass fiber laminates with three different matrix modifications
(system 3).
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3.2 Selected matrix modifications

Figure 5a shows the results of the reflection measure-
ments for the reference materials namely the epoxy resin
system 3, the glass fiber reinforcement, and further the
reference laminate made from it. The glass fibers yield
very high reflection values over almost the entire visible
wavelength range with a significant drop in reflectivity at
around 400 nm. The reflectivity of the neat resin and of
the reference glass fiber laminate is almost constant at
low values over the complete measured range. This inves-
tigation leads to the assumption that in the case of epoxy
resin system 3, the matrix material and not the fibers are
more vital in modifying the optical appearance of the

laminates. For this reason, the matrix was subsequently
modified with nanoparticles, prior to the laminate man-
ufacturing. It was desired to achieve the highest possible
degree of filling of the matrix system while, at the same
time, taking into account the sharply increasing viscosity
with regard to the RTM process. In the case of carbon dust
and SiO2, filling levels of 5 and 10 wt% were selected. The
degree of filling with regard to CNTs was determined by
the availability of the nanoparticles and set at 1 wt%.

Consequently, Figure 5b shows the results for the
nano-modified laminates. Here, the laminates that are
modified via 10 wt% SiO2 reach almost the reflectivity
values of the glass fiber, while the laminates that are
modified with the CNTs or the carbon dust become even
less reflective. In the UV range, the optical behavior of all
modified laminates becomes similar to the reference
laminate again. Interestingly, the different morpholo-
gies of the carbon dust and the CNTs are not of high
significance regarding their optical behavior in the lami-
nate. Likely, this is due to the fact that the CNTs are not
in any ordered state, but rather randomly oriented com-
pared to the case of VANTABLACK®, resulting in signif-
icantly lower absorption.

Figure 6 shows the results of the reflection measure-
ments for the laminate reference using carbon fiber and
the laminates with modified matrix, respectively. In this
case, again the reflectivity is increasing using SiO2 and is
decreasing using the CNTs as well as the carbon dust.
Compared with the reference laminate, the reduction in
reflectivity due to the matrix modification by carbon dust
and CNTs, respectively, is slightly higher than for the
respective glass fiber laminates (see Figure 5b). However,
for the SiO2 matrix modification, the carbon fibers have
a higher impact on reflectivity, since the values are not
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Figure 6: Reflectivity of carbon fiber composite laminates with
modified matrix (system 3) using CNTs, carbon dust, and SiO2

nanoparticles compared to unmodified composite laminates.
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Figure 7: (a) Reflectivity and (b) transmittance of unmodified Resin L.
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increasing as much as in the case of glass fibers and stay
below 16%.

For further investigations, the resin system was changed
to Resin L (R&G Faserverbundwerkstoffe, Germany). Figure
7a and b shows the reflectivity and transmittance measure-
ments of the unmodified epoxy resin system L. A stable
reflectivity and transmittance in the visible range from
780 to 380 nmwas observed. However, at 370 nm, a tremen-
dous decrease in transmittance was found. Furthermore, a
decrease in reflectivity is starting at 460 nm. Here, the
optical characteristics are changing in the direction of a
strongly absorbing behavior. At 305 nm, the reflectivity
is starting to increase again, while the transmittance
is reaching 0%. Furthermore, a difference was found

between the top and bottom surface of the test specimen,
with the bottom surface showing a higher reflection value
in the UV range. This is possibly caused by the release
agent that was applied on the mold in contact with the
bottom surface of the epoxy specimen.

In Figure 8, the investigated reflectivity spectra for
the nanoparticle-modified epoxy resin L matrix material
and pictures of the measured samples are shown. In
Figure 8a, the influence of SiO2 nanoparticles is depicted.
Here, an increasing reflectivity is shown according to an
increasing amount (wt%) of nanoparticles. With increa-
sing nanoparticle content with different agglomerates in
size within the epoxy resin, the number of potential dif-
fuse scatter centers also increases. These subsequently
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and (c) Ag nanoparticle contents and visual appearance (photographs) of neat and modified Resin L samples with increasing (b) SiO2 and
(d) Ag nanoparticle content (neat resin L sample in upper left corner, 0.5 wt% nanoparticles in upper right corner, 1 wt% nanoparticles in
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lead to a macroscopic white reflection behavior of the
resin with higher nanoparticle quantity. In the case of
Ag nanoparticles (Figure 8c), there is a slight decrease
in reflectivity with an increasing amount of nanoparticle
content. The size of the nanoparticle could indicate a
plasmonic behavior. However, there is a high number
of agglomerations detectable even before mixing the par-
ticles inside the resin. One possible explanation could be
that the particle–particle distance is too small and the
LSPR is not necessarily applicable in this case. The
absorption range widens (see Figure 8c) due to agglo-

merations, which causes the lower reflection in the
measured wavelength range. Figure 8b is showing the
nano-modified samples compared to the neat resin for
the case of SiO2 matrix modification, while Figure 8d is
showing the samples in the case of using Ag nanoparticles.

3.3 Selected fiber modifications

3.3.1 Reference materials

Figure 9 shows the reflectivity measurements of the refer-
ence materials, namely the unsized carbon fiber (AS4),

300 400 500 600 700
0

2

4

6

8

10

12

14

16

R
ef

le
ct

iv
ity

 [%
]

Wavelength [nm]

 Carbon fiber as received horizontally oriented
 Carbon fiber as received vertically oriented
 Neat Resin L
 Laminate Reference (Resin L)
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the Resin L epoxy system, and the reflectivity curve of
the respective composite laminate. Hereby, two layers
of carbon fibers were manually wound around a PTFE
plate and laminated afterward. Fiber orientation also
caused differences in the outcome of the reflectivity mea-
surements. If the fibers are mounted horizontally, the
reflectivity values show up to 2% higher reflection values
compared to the vertically mounted fiber orientation.
At the transition from visible to the UV range at 370 nm,
the reflectivity of the carbon fiber starts to increase, while
the reflectivity of the resin starts to decrease. Nevertheless,
for the laminate, the reflectivity stays almost constant at
roughly 8% over the whole measurement range.

3.3.2 SiO2-modified CFRP

The results before and after the modified VARI lamination
process is depicted in Figure 10. It is important to note
that the fiber orientation has an influence on the outcome
of the reflectivity values also. The reflectivity in the
visible range in the case of 60 V deposition voltage is
increasing at 400 nm compared to the unmodified carbon
fibers (AS4), if using 1 min deposition time (Figure 10a).
SEM pictures after deposition are shown in Figures 11 and
12. One minute deposition time already provides a high
degree of coverage of the SiO2 nanoparticles on the fibers
(Figure 11). If the time is increased to 15 min, the fibers are
covered completely with the nanoparticles forming a
film-like structure on the surface that connects several
fibers (Figure 12). During the electrophoretic deposition,
the initially white SiO2 nanoparticle suspension is turning
dark grey, leading to the assumption that the carbon fibers
are damaged during EPD at such high DC voltages. This
could be also the reason why the reflectivity as such is
decreasing while using higher deposition times. Neverthe-
less, after laminate manufacturing, a loss of particles was
observed which led to decreased reflectivity values mainly
in the UV range compared to the non-laminated state (see
Figure 10b).

3.3.3 Ag-modified CFRP

The results for Ag nanoparticle-modified carbon fibers
(AS4) are presented in Figure 13a. In this case, a slight
increase in reflectivity for lower deposition voltages as
well as deposition times is observed. If both are increased,Figure 12: SiO2-modified carbon fibers using 60 V and 15 min.
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the reflectivity starts to decrease. This again might be due
to the fiber damage at higher voltages and simultaneously
higher deposition times. Higher deposition time would be
expected to yield a higher coverage of the carbon fibers,
which could cause a higher overall reflectivity (see Figures 14
and 15). Anyhow, this effect is apparent, likely because of
the fiber damage. During laminate manufacturing, a loss
of particles was observed, which led to decreased reflec-
tivity values after the lamination (see Figure 13b). After
investigation via SEM, an increase in particle coverage of
the carbon fibers is observed, after increasing the voltage
from 6 to 30 V as well as altering the deposition time from
1 to 10min. Furthermore, it can be seen that the particle

clusters themselves become larger with increased elec-
trical voltage and time.

3.3.4 Influence of manufacturing after fiber modification

Different manufacturing processes were used for lamina-
tion after depositing CNTs on the unsized AS4 carbon
fiber. The results are shown in Figure 16. The overall
reflectivity of the nano-modified laminates using the
Resin L epoxy system is decreasing as expected compared
to an unmodified laminate that was produced via the
RTM process routine. It was also shown that the reflection
gradually decreases for both process routes and the
applied voltage during EPD influences the deposition
rate of the particles.

4 Summary and conclusions

During this work, it was proven that mainly with matrix
modification and the right choice of the fiber as well as
the filler the optical and UV reflectivity could be made to
rise or decrease to desired values. Fiber modification via
electrophoretic deposition performed for the same pur-
pose needs to be investigated further to achieve desired
levels of optical characteristics. Also, changing the deposi-
tion process to physical vapor deposition or chemical
vapor deposition seems promising for future research.
It becomes clear that fiber orientations, at least for uni-
directional fiber lay-ups measured with fibers aligned

300 400 500 600 700
0

2

4

6

8

10

12

14

16

R
ef

le
ct

iv
ity

 [%
]

Wavelength [nm]

 Carbon fiber modified for 3 min using 3V during RTM
 Carbon fiber modified for 3 min using 3V during VARI
 Carbon fiber modified for 3 min using 5V during VARI
 Reference Laminate (Resin L)

Figure 16: Comparison between variations in the manufucturing
processes RTM and VARI after depositing CNTs on the AS4
carbon fiber.

Figure 15: Ag-modified carbon fibers using 30 V and 10min.

Figure 14: Ag-modified carbon fibers using 6 V and 1 min.
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horizontally and vertically, respectively, have a certain
impact on the outcome of the optical behavior, while the
lamination process itself seems to have less influence.
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