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The optical properties of unidirectional (UD) fiber reinforced thermoplastic (FRTP) tapes were characterized to
enable a better description of the heating phase in laser-based manufacturing process of FRTP composites. The
tapes included PP-GF (glass-fiber) 45% fiber volume content (FVC), PVDF-CF (carbon-fiber) 45% FVC, PVDF-CF
60% FVC and PA12-CF 60% FVC. The transmittance of the tapes was found to be 0.00–0.2% whereas the
reflectance was 9.8–11.8% corresponding to a refractive index of 1.91–2.05. The anisotropic reflectance mea
surements, as obtained through a gonioreflectometry, were used to fit the bidirectional reflectance distribution
function (BRDF) for the first time. The obtained BRDF parameters σt and σf had a range of 0.1–0.18 and
0.006–0.015, respectively, for different tapes. Employing the new BRDF parameters empowers a more accurate
prediction and optimization of the process settings of laser-based composite manufacturing.
Laser-assisted tape placement/winding (LATP/LATW), anisotropic reflection, unidirectional tape (UD), bidi
rectional reflection modelling.

1. Introduction
Laser-based composite manufacturing technologies such as laser
assisted tape winding and placement (LATW/LATP) have become pop
ular in producing fiber reinforced thermoplastic (FRTP) components
with high strength-to-weight ratio. A rotating mandrel or liner is used in
LATW whereas the tooling is stationary in LATP. A fully automated
single step manufacturing can be achieved in LATW and LATP processes
by the in-situ consolidation of the FRTP prepreg tapes which can reduce
the production costs and eliminate post consolidation or curing steps
[1,2]. A schematic view of a LATW process is depicted in Fig. 1. The
FRTP tapes are deposited onto a mandrel in an automated way using
robotics.
The substrate and the tape are first irradiated by the laser light and
then they are compressed at the nip point promoting in-situ consolida
tion. The optical properties of the materials, the extent of the irradiated
areas on the tape and substrate surfaces and the degree of absorption
and reflection of the laser light at these surfaces mainly determine the
heating rate of the thermoplastic materials. The temperature at the nip
point is often described as the process temperature which is regulated to
control the consolidation quality and final mechanical properties of the
FRTP composite parts [3,4]. Accurate control of the nip point

temperature requires quantitative models that describe the angle and
material dependent absorption and reflection of laser light. For fiber
based materials the interaction of the embedded fibers with the laser
light is important as well. The matrix material surrounding the fibers is
often relatively thin allowing a substantial amount of laser light to reach
the fiber surface and interact at the fiber-matrix interface. In general the
laser light can be reflected, absorbed and transmitted, where the
reflection behavior can be specular and non-specular, depending on the
optical properties of the UD thermoplastic tape and the incident angle,
see also Fig. 2, [5,6].
The optical characterization of various FRTP prepreg tapes has been
studied in literature. The transmittance of a carbon fiber reinforced
polyether ether ketone (PEEK-CF) tapes with 55% fiber volume content
(FVC) was characterized by employing an integrating sphere in [7]. The
measured transmittance was found to be less than 0.1% for a laser light
with a wavelength in the range of 500–2000 nm. Similarly, almost no
transmittance was observed at a laser wavelength of 1060 nm in [8] for a
carbon fiber reinforced PA6 (PA6-CF) prepreg tape with 49% FVC by
using a spectrophotometer. The absorbance as a function of incident
angle was quantified and approximately 90% absorptance (or 10%
reflectance) of the tape was obtained for a near-zero degree incident
angle. The absorptance dropped to approximately 50% with an 85
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Fig. 1. LATW process and emerging of the shadow. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 2. Incident laser light which is absorbed, transmitted and reflected by a FRTP tape. The reflection pattern can be specular, non-specular or combined specular
and non-specular depending on the optical properties of the tape and the incident angle. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

degree incident angle. The surface reflectance of a unidirectional (UD)
graphite/epoxy prepreg tape with 45% FVC was measured by using an
infrared spectrometer in [9]. The total surface reflectance was found to
be approximately 10% and 25% at 1000 nm and 5000 nm wavelength,
respectively.
Besides the total reflectance measurements, the scattering patterns of
the anisotropic reflection from FRTP tapes based on the fiber orientation
were studied in [10,7,11,12]. A single-lens reflex (SLR) camera was used
to qualitatively characterize the reflections from UD carbon fiber rein
forced polyphenylene sulfide (PPS-CF) tapes in [10] and PEEK-CF tapes
in [7]. It was found that the diffusive reflection pattern varied signifi
cantly from a crescent like shape when the incoming laser light was
aligned with the fiber orientation to a vertical line when the tapes were
illuminated along the direction transverse to the fibers. The anisotropic
reflection behavior was quantitatively analyzed in [11] for a PEEK-CF
tape. The distribution of the bidirectional reflectivity was measured
along the coplanar axis for different temperatures, fiber orientations and
incident angles by using a Fourier transform infra-red spectrometer. The
effect of temperature on the reflectivity of the FRTP tape was found to be
negligible as compared with the effect of fiber orientation. The aniso
tropic reflection behavior of PA12-CF, PA6-GF and PVDF-CF tapes at
room temperature and melt temperature was studied in [12] by using an
SLR camera. The temperature had a more significant effect on the
reflectivity of PA6-GF tapes than the reflectivity of PA12-CF and PVDFCF tapes.
Optical models have been developed to predict the absorption and
reflection behavior of FRTP tapes during the manufacturing process. The
complex reflection behavior was approximated by employing only
isotropic (specular) reflection patterns in the developed optical models
in [13,10,14,15]. The irradiated regions on the tape and substrate sur
faces were described by using the ray tracing method. Recently, more

comprehensive optical models incorporating the anisotropic (nonspecular) reflection behavior were developed in [7,16,6,17]. The
microstructure of a FRTP tape surface was defined by a number of
microhalf cylinders and specular reflection was considered in [7,16] by
using the non-sequential ray tracing software (OptiCAD 10). The inci
dent angle dependent reflectance was obtained by the Fresnel equations
and a good approximation of the anisotropic scattering behavior of the
composite was achieved. A three-dimensional (3D) non-specular
reflection model was developed in [6,17] by using the bidirectional
reflectance distribution function (BRDF) [18]. The BRDF was formu
lated using the microfacet theory employed with the ray tracing
approach. The non-specular scattering of the laser reflections was pre
dicted for different fiber orientations and incident angles [19,20,21]. It
was concluded that the parameters of the numerical optical model had
significant influence on the anisotropic reflection patterns.
The state-of-the-art optical models presented in literature for the
anisotropic reflection behavior of FRTP prepreg tapes still require
comprehensive experimental characterization in order to determine the
material parameters used in the models. This is necessary to develop
accurate multi-physics based process models for laser-based
manufacturing of composites to eliminate the trial-and-error based
experimental approaches. The objective of this paper is therefore to
characterize the optical properties of FRTP prepreg tapes with different
FVC and correlate the model parameters in a numerical optical model
incorporating the BRDF as presented in [6] for the anisotropic reflection
distribution. Four different FRTP tapes are studied namely CF reinforced
polyamide 12 (PA12-CF) 60% FVC, GF reinforced polypropylene (PPGF) 45% FVC, CF reinforced polyvinylidene fluoride (PVDF-CF) 45%
and 60% FVC.
The paper is built up as follows. First, the microstructure and surface
roughness of the tapes are analyzed. Afterward, the total transmittance
2
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Fig. 3. Utilized UD FRTP tapes and the corresponding properties including width, thickness (Δ) and FVC. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 4. Micrographs of the tape cross-sections and magnified fibers across the thickness (Δ). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

and reflectance are determined by using a power meter and an inte
grating sphere. Then, the refractive indices of the four different tapes are
calculated with the help of the Fresnel equations. The anisotropic
reflection patterns with different fiber orientations are studied by
employing a gonioreflectometer. The optical model parameters are
determined by fitting the predicted reflection patterns with the
measured ones. The experimental work is described in Section 2. The
anisotropic reflection modeling using the BRDF and fitting procedure
are explained in Section 3. The obtained results are presented and dis
cussed in Section 4. Section 5 gives an overview of the conclusions and
future outlook in the field of optical characterization and modeling for
the FRTP tapes.

which are shown in Fig. 3 with the corresponding width and thickness
(Δ) of the tapes. The PA12-CF and PP-GF tapes were supplied by Cela
nese and the two PVDF-CF tapes were supplied by Baker Hughes, a GE
company. The thickness of PA12-CF and PVDF-CF (A) tapes was 0.15
mm whereas it was 0.25 mm for PP-GF and PVDF-CF (B) tapes. Note,
that the PP-GF tape was black-pigmented in order to enhance the
absorption.
The quantitative optical property differences among the investigated
tapes were the point of interest as the optical responses received from
the tape surfaces might be varied due to the irregular fiber distribution
and the interaction of laser rays with the tape surface. Therefore, the
microstructures of the tapes were analyzed by using an optical light
microscopy and the surface roughness was quantified by using a
confocal microscopy.
The as-received UD tapes were cut, embedded in epoxy and polished
for cross-sectional microscopy purposes in order to observe the distri
bution of fibers across the thickness. The Keyence VHX-5000 digital
microscope was used to obtain high contrast cross-sectional images. The
exemplary cross-sections obtained from the microscope are shown in

2. Experimental
2.1. Materials (microscopy)
The materials used in this work were the UD PA12-CF with 60% FVC,
PP-GF with 45% FVC, PVDF-CF (A) 60% FVC and PVDF-CF (B) 45% FVC
3
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Fig. 5. (a) Micrograph of the tape surfaces obtained by the confocal microscopy. The surface anomalies including fiber misalignments and voids, which are indicated
with dashed circles, can be observed differently for the tapes. (b) The measured average (Ra) and root mean square (RMS) of the surface roughness. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. It is seen that the fibers were uniformly distributed and located
near the surface for the PA12-CF and PVDF-CF (A). However, the fibers
were less uniformly distributed over the cross-section for the PP-GF and
PVDF-CF (B) and the tapes contained resin rich regions. Moreover, there
were less fibers located near the surface which might influence the
reflection behavior.
The surface topology, i.e. the fiber misalignments and gaps between
the fibers, and roughness of the as-received tapes were analyzed by using
the laser scanning confocal microscope Keyence VK-X1050. Fig. 5 shows
the micrographs of the tape surfaces and the corresponding average and
root mean square (Ra and RMS) of the surface roughness. Total of eight
locations per tape was analyzed by using the confocal microscopy in
order to ensure a repeatable and reproducible measurement. The stan
dard deviations of Ra and RMS of the surface roughness are indicated
with the error bars in Fig. 5. The presence of the fibers was visible for the
PVDF-CF (A), black-pigmented PP-GF and PA12-CF tapes as seen in
Fig. 5(a). However, most of the surface of the PVDF-CF (B) tape was
occupied by the polymer matrix as can be seen also from Fig. 4 (see
“resin rich”). Although both PP-GF and PVDF-CF (B) had 45% FVC and a
thickness of 0.25 mm, the fiber distribution near the surface was
different probably due to differences in the tape manufacturing process.
In addition, the presence of surface anomalies like voids and fiber

misalignments was observed in Fig. 5 for all UD tapes which might
change the local refractive index (absorption) and anisotropic reflection
behavior. According to the measured surface roughness parameters as
seen in Fig. 5(b), PA12-CF and PP-GF tapes had the smallest Ra value as
approximately 5 μm and RMS value as approximately 6 μm. On the other
hand, PVDF-CF (A) and PVDF-CF (B) tapes had larger Ra and RMS values
approximately as 12 μm and 16 μm, respectively.
2.2. Transmittance and reflectance measurements
The total transmittance was measured by using two techniques
including a power meter as a direct method and an integrating sphere as
a diffusive method. The integrating sphere was also employed for the
measurement of the total reflectance albeit with a different setup. The
direct measurement of the transmittance was performed by placing a
power meter on the backside of the tape as shown in Fig. 6(a)(left). The
samples were put in front of the integrating sphere as shown in Fig. 6(a)
(right) for the diffusive transmittance measurement. A portion of the
laser energy passes into the integrating sphere and it bounces until it is
detected by the detector. The total reflectance was measured by putting
the UD tape samples on the backside of the integrating sphere as sche
matically seen in Fig. 6(b). The laser light goes inside the integrating
4

A. Zaami et al.

Composites Part A 146 (2021) 106402

Fig. 6. Schematic view of the experimental setups for measuring the total (a) transmittance and (b) reflectance. The total transmittance was measured by using both
the power meter (direct approach) and the integrating sphere (diffusive approach). The total reflectance was measured only via the integrating sphere. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

sphere, where it hits the sample and then a portion of the laser light is
reflected from the tape surface. The laser light bounces in the highly
reflective sphere until it is detected by the sensor. The reflection
behavior at the tape surface depends on the local surface roughness and
the fiber orientation. However, the total reflected energy obtained
within the integrating sphere remains the same for a given tape material
independent of the local surface roughness of the tape. Differences in the

tape matrix material and the FVC are expected to lead to differences in
the total reflectance from tape to tape.
The refractive indices of the tapes were calculated by using Snell’s
Law and the Fresnel equations [22] based on the measured values of the
tape reflectance from the diffusive method. The determined indices were
validated by measuring the reflectance of a PEEK-CF tape with 60% FVC
with a known reflective index and a measured RMS value of the tape

Fig. 7. Employed gonioreflectometer setup located at Fraunhofer ILT, Aachen Germany for measuring the spatial distribution of diffusive reflectance from UD tapes.
The main elements of the gonioreflectometer include C-arm, sensor, UD tape sample and laser source beam. The sensor moves along the C-arm with an increment of
ΔϕS to collect reflected light information for each rotational increment of the C-arm denoted as ΔϕC . The laser beam irradiates the sample with a nominal β = 33
(nominal incident angle α = 57) where →
n is the normal vector. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 8. Virtual reflectance pattern of a UD prepreg tape obtained from the BRDF model for different BRDF parameters (α = 60, σf = 0.1, σ t = 0.2 and 0.5) and fiber
orientations (ϕ = 0, 45 and 90). The micro-facet distribution is also illustrated for σt = 0.50 and σ t = 0.20. The local coordinate system of the tape includes ̂e f as along
fiber direction, ̂e t as the transverse direction with respect to the fibers and ̂e n as the normal of the sample surface. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

surface, nPEEK− CF (60%) = 1.95 and RMS = 2.2, respectively [4].
The employed experimental setups for the optical measurements
described in Fig. 6 were provided by the Chair of Laser Processing at the
University of Twente. A CPS980S Thorlabs collimated slim laser module
with a typical center wavelength close to 980 nm was employed as the
laser source for the direct transmittance measurements similar to the
operating laser in the LATW and LATP processes. It featured an elliptical
beam shape with a size of 3.8 mm × 1.8 mm. The maximum power of the
laser was 5 mW with 1.5 mrad as the maximum beam divergence. The
power meter was a Thorlabs S130C with a wavelength range of
200–1100 nm and a power range 500 pW-5 mW. The detector type was a
Si photodiode with a measurement uncertainty of ±3%.
The main parts of the integrating sphere include a broadband light
source (300–2500 nm) from AvaLight-HAL-S of Avantes, an HR-4000
spectrometer from Ocean Optics and a UPB-150-ART highly reflective
integrating sphere from Gigahertz-Optik. The diameter of the inte
grating sphere was approximately 20 cm. The laser light was guided by
fiber optic from the light source toward the integrating sphere. The laser
light was focused by an achromatic doublet lens on the UD tape sample.
The reflection spectrum obtained from the detector as collected by the
spectrometer [23]. It was only possible for perpendicular irradiation on
the sample measured (roughly 89.9 between laser ray and surface
tangent) since only tiny holes were available on the sides of the inte
grating sphere (holes for laser source, UD tape sample and detector). The
integrating sphere had three holes (ports), however only one of the ports
with a size of 2 mm diameter was used during the experiment for
measuring either transmittance or reflectance. It was assumed that the
leakage of the reflected laser lights from source port was negligible. The
integrating sphere was stabilized by running it for about 15 min at the
beginning of experiments.

schematically shown in Fig. 7. A fixed sample is irradiated by a sta
tionary laser where the incident laser beam has a constant inclination
angle α with the specimen normal vector. The reflected intensity is
measured with a detector that covers a hemisphere around the sample.
The origin of the hemisphere coincides with the location where the laser
irradiates the sample. The geometrical location of the detector can be
given in terms of its longitude ϕC and latitude ϕS .
The measurements were performed with the gonioreflectometer
available at Fraunhofer ILT (Aachen). It uses a CPS980S Thorlabs laser
source and an SFH 229FA photodiode from Osram with a wavelength of
730–1100 nm to measure the reflected intensity. The laser beam angle
with respect to the irradiating surface horizontal line (β) was 33, i.e.
incident angle α = 57, as seen in Fig. 7. Note that due to the manual
placement of the tapes on the sample holder there was a misalignment of
approximately ±3 for the incident angle. The hemisphere is character
ized by a radius of 488.4 mm which equals the distance from the de
tector to the laser spot on the sample surface. The complete hemisphere
is scanned in steps of ΔϕC = ΔϕS = 0.05 degrees to capture a sufficient
density of measurement points. After the reflection measurements,
which typically took 2–3 h, the sample was rotated manually and the
reflection measurements were repeated. The following fiber orientations
were considered: 0, 10, 25, 40, 60, 80 and 90. The gonioreflectometer
was kept in a dark chamber during the experiments to reduce the noise
coming from the ambient light. In addition to the prepreg tapes, a highly
reflective mirror with 99.9% reflection was employed in the goniore
flectometer experiments to compare the mirror-like reflection patterns
with the anisotropic reflection of the prepreg tapes.
3. Anisotropic reflection modeling
The BRDF modeling approach was employed to mathematically
capture the anisotropic reflection distributions of the FRTP tapes. The
utilized BRDF in this paper was developed and described in detail in [6].
The BRDF simulation made a relation between the incoming ray and the
reflected rays based on the micro-facet distribution representing the
effect of fibers on the diffusive reflection. An anisotropic Gaussian dis
tribution in spherical coordinates was employed for the micro-facet
distribution p( ̂
h) as described in Eq. (1):

2.3. Anisotropic reflection measurement
Gonioreflectometer measurements can be carried out to study the
reflection intensity distribution from non-homogeneous surfaces
[24,11] such as the tapes considered in this work. The measurements are
key in understanding the complex relation between the fiber orienta
tion, the direction of the incident laser beam and the resulting nonspecular reflection pattern. The measurement approach is
6
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Table 1
Measured transmittance (direct and diffusive methods), reflectance (diffusive
method), and corresponding refractive index of the employed UD thermoplastic
tapes.

Fig. 9. Schematic view of the reflected light for ϕ = 0. The fitting procedure to
determine σ t and σ f which control the amount of widening (in degree) is
defined based on latitude as Dy and longitude as Dx of the reflected light. The
distance between the left and right edge of the pattern denoted as Dx and the
distance between the upper and bottom part denoted as Dy at the center are
calculated. The intensity distribution is scaled to its maximum value. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

(
))
(
( )
cos2 (ϕC ) sin2 (ϕC )
p ̂
h = p(ϕS , ϕC ) = exp − tan2 ϕS
+
2σ2f
2σ 2t

UD tapes

PEEK-CF

PA12-CF

PP-GF

PVDF-CF
(A)

PVDF-CF
(B)

FVC [%]

60

60

45

60

45

Transmittance
[%]

0.00 ±
0.000

0.00 ±
0.000

0.2 ±
0.1

0.010 ±
0.003

0.005 ±
0.005

Total reflectance
[%]

10.5 ±
0.25

11.8 ±
0.3

9.8 ±
1.4

11.6 ±
0.9

10.3 ±
1.8

Mean refractive
index

1.96

2.05

1.91

2.03

1.94

the distance between the left and right edge of the reflection pattern in
ϕC direction and Dy is the distance between the upper and lower edge at
the centerline of the reflection pattern in ϕS direction. A higher value of
σ f and σt generates a larger spread of the reflected rays along the ϕS and
ϕC directions, respectively. Once σ f and σ t were found for each FRTP
tape at ϕ = 0, the intensity distributions for the other fiber orientation
angles were predicted by using the same values of σ f and σt . Subse
quently, the simulated intensity distributions were compared with the
respective experimental gonioreflectometer results for the other fiber
orientation angles. In all experiments the laser incident angle was
exercised at 57.

(1)

In Eq. (1), ̂
h is the normal of each micro-facet defined by ϕS as the
latitude angle and ϕC as the longitude angle, σf and σt are the BRDF
parameters describing the Gaussian function intensity along ϕS and ϕC ,
respectively. Here, the anisotropic distribution of the micro-facet
normal allows to control the size of the spread in the fiber and trans
verse to the fiber directions. The reflected BRDF rays are constructed as
they specularly reflected from the micro-facets. Based on the relative
fiber orientation and incident angles, different reflection patterns can be
obtained.
An illustration of the anisotropic reflection behavior from a virtual
UD prepreg tape using the Gaussian BRDF model is presented with σf =
0.1 and σ t = 0.2 and 0.5 in Fig. 8. The left side of the figure explains the
relation between the laser light direction, the micro-facet based reflec
tion at the fiber surface and the obtained projected intensity distribu
tions. The right side of the figure shows the obtained intensity
distributions as virtually recorded by the detector on the hemisphere
about the sample. In the left part of the figure the fiber orientation is
given in terms of a local coordinate system ̂e f , ̂e t and ̂e n which are the
directions along the fiber, transverse to the fiber and normal to the fibers
micro-facet surface, respectively. The angles α and ϕ were defined in
Fig. 7. The intensity distributions shown in Fig. 8 were obtained for α =
60 with ϕ = 0, 45 and 90.
The illustrated micro-facet distributions are mainly along the trans
verse direction in the spherical coordinate system, i.e. ̂e t , since σt is
larger than σf in this figure. The micro-facet behavior was shown
through changing of σt from 0.2 to 0.5 to cause a bigger spread of the
micro facets along ̂e t which causes a corresponding broadening effect on
the reflection patterns in Fig. 8. Every facet has a different normal vector
with respect to the incoming ray. Therefore, the effect of the fiber
orientation was included inherently using the micro-facet distribution. A
uniform sampling of reflected rays was employed for the analysis in this
paper as carried out in [6].
The BRDF parameters σ f and σt of the various tapes used in LATW
and LATP processes are not known on beforehand as mentioned earlier
in the introduction section. Therefore, the anisotropic reflection patterns
obtained from the BRDF simulations were fit to the reflection behavior
observed in the gonioreflectometer measurements via adjusting σ f and
σ t for each FRTP tape used in this work.
The variables for the fitting procedure, Dx and Dy , are oriented along
the ϕC and ϕS axes, respectively. The measured intensity distribution is
projected on a plane in the same way as shown schematically in Fig. 8.
An example of such a projection is shown in Fig. 9. Here, Dx is defined as

4. Results and discussions
4.1. Experimental
4.1.1. Transmittance and reflectance
The total transmittance, reflectance and calculated refractive index
of the tapes are presented in Table 1. Overall, the transmittance as
determined with the power meter and the integrating sphere methods is
negligibly small. The measured maximum average transmittance was
0.2% of the initial energy for the black-pigmented PP-GF and was found
to be less than 0.01% of the initial energy for other CF-based UD tapes.
Although the tapes had different thicknesses that might affect the
transmittance, it was observed that the thickness difference among the
tapes played a negligible role as the PEEK-CF and PA12-CF tapes with Δ
= 0.15 mm had 0 transmittance. On the other hand, the PVDF-CF (B)
and PP-GF with Δ = 0.25 mm had a slight transmittance. The relatively
non-uniform fiber distribution, e.g. for PVDF-CF tapes as compared to
PA12-CF (see fiber distribution Fig. 4, was the reason for a small amount
of transmitted radiation in the CF-based tapes as CFs blocks the laser
transmission through the tapes [25].
The total reflectance values from the UD tapes were found to be very
close to each other varying between 9.8% and 11.8% as seen in Table 1.
The effective refractive indices of the prepreg tapes were found to be
between 1.91 and 2.05 by incorporating the measured total reflectance
in the Fresnel equation for 0 degree incident angle. The refractive index
of PEEK-CF was studied in order to verify/validate the total reflectance
measurements with the literature. A very good agreement was obtained
for the refractive index of PEEK-CF between the reported value of
approximately 1.95 in [26] and [16] and the current finding which was
1.96.
The mean value of the total reflectance for PVDF-CF (A) was found to
be approximately 1.3% larger than the reflectance of PVDF-CF(B)
although both materials comprise the same fiber and matrix. It was
ascribed to the higher FVC of PVDF-CF(A), where it is known that fibers
are the main source of the reflective behavior. The variation in reflec
tance behavior among the various UD tapes seems to have a direct
relation with the homogeneity of the fiber distributions as displayed
earlier in Fig. 4 and the presence of surface anomalies, such as voids and
fiber misalignments, shown in Fig. 5. The PVDF-CF (B) 45% FVC tape
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Fig. 10. Normalized reflectance intensity distributions of the employed UD tapes at zero orientation of fibers (ϕ = 0) and the mirror case obtained through the
gonioreflectometer experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

demonstrated a relatively large variation in the reflectance, equal to
1.8% on an average value of 10.3%, which corresponds with the
strongest non-uniformity of the fiber distribution. On the contrary, a
more homogeneous fiber distribution with fewer surface anomalies and
presence of fibers near the surface resulted in a relatively small

reflectance variation equal to approximately 0.3% for PA12-CF and
0.25% for PEEK-CF with 60% FVC on average values of 11.8% and
10.5%, respectively. In case of PP-GF the determined value of the
refractive index may seem too high with a value of 1.91, where the
typical refractive index of polymers is reported between 1.4 and 1.6 [27]

Fig. 11. Normalized reflectance intensity distribution of the PA12-CF tape at different orientation of fibers (ϕ = 10–90) via the gonioreflectometer experiments. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. 3D representation of the measured normalized reflectance distribution of the PA12-CF UD tape at zero orientation of fibers (ϕ = 0) as obtained through the
gonioreflectometer experiment and corrected for background noise. The widening parameters (Dx and Dy ) of the captured shape are estimated after removing the
background noise. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and the refractive index of GF is approximately equal to 1.5 [28].
However, this material is filled with additional black pigments clearly
resulting in an increase in the laser absorption leading to a compara
tively higher refractive index. Finally, it can be observed that the FVC
seems to be related to the refractive index as higher FVCs typically in
crease the corresponding values of the refractive index.

Table 2
Widening parameters (Dx and Dy ) of the mirror (source) and employed UD tapes
at zero orientation of fibers (ϕ = 0) after removing the background noise.

4.1.2. Anisotropic reflection
The normalized intensity distributions of the laser reflections from
the UD tapes with ϕ = 0 as well as from the highly reflective mirror are
shown in Fig. 10. Each intensity distribution in Fig. 10 was normalized
with its maximum value. The latitude angle was almost the same for
each tape at approximately 57 ±3 and the center of the crescent shapes
was located almost at a longitude of approximately 0 ±2. It is seen that
the laser reflections from the mirror were almost isotropic and occupied
approximately 2 degrees in the latitude and longitude directions based
on the spherical coordinates. On the other hand, the anisotropic re
flections from the UD tapes covered a larger area in the longitude and
latitude directions. The differences among the reflection intensity dis
tribution shapes for the UD tapes are due to the different fiber distri
bution, FVC, fiber size and surface anomalies as observed before. In
other words, the penetration of the laser light into the matrix and
interaction with fibers inside the media of the UD tape occurs which
subsequently causes different intensity distributions of the reflection
light. The results of PA12-CF and PVDF-CF(A) with 60% FVC had a very
similar reflection intensity shape as seen in Fig. 10 where a crescent
reflection from cylindrical fibers fibers, as simulated and shown in Fig. 8
and Fig. 9, was neatly captured. Both PVDF-CF(B) and PP-GF with 45%
FVC on the other hand showed a less crescent-like intensity distribution
shape. Small reflection intensity irregularities of the PVDF-CF(B) sample
were related to the non-homogeneous fiber distribution across the
thickness as seen in Fig. 4. The bigger size of the GFs compared to the
CFs was another important point which caused differences in the radi
ative properties between PP-GF tape and the CF-based tapes.
The normalized anisotropic reflection intensity distribution results of
different fiber orientations of the PA12-CF tape from ϕ = 10 to ϕ = 90
are shown in Fig. 11. The measured intensity distributions rotated by
increasing the fiber orientation and became slightly slender for ϕ = 90.

Sample

Mirror

PA12-CF

PP-GF

PVDF-CF(A)

PVDF-CF(B)

Unit

FVC [%]

–

60

45

60

45

–

Dx

2.9

56

42

68

47

[◦ ]

Dy

2.3

16

21

9.5

18

[◦ ]

In addition, the length of the scatter in the latitude direction increased as
the fiber orientation was increased from ϕ = 0 to ϕ = 90. The left edge of
the crescent shape in Fig. 11 moved from − 70 to − 85 in the latitude
direction, and the right edge moved from − 65 to − 20 in the latitude
direction for ϕ = 10 to ϕ = 90. Similarly, two edges of crescent re
flections moved from − 15 and 20 to 0 in the longitude direction for ϕ =
10 to ϕ = 90. The change in shape and orientation of the reflected in
tensity distributions is mostly related to the change in the laser irradi
ation direction (incident angle) on the cylindrical fibers at micro-level. A
more detailed explanation of the relation for laser irradiated cylindrical
fibers can be found in [7]. Hence, the length of the reflection pattern in
the latitude and longitude directions was driven by the fiber orientation.
The trend of fiber orientation effect on the reflected intensity distribu
tions was the same for all UD tapes as it was a geometrical effect.
However, detailed differences may occur in the reflected intensity dis
tributions from tape to tape and even for different fiber orientation
angles for a single tape due to the non-uniformity of the fiber distribu
tions and/or the presence of local anomalies, as studied earlier and
shown in Fig. 4.
The background noise of the normalized reflected intensity distri
butions were removed to prepare the measurements for the fitting pro
cedure based on the BRDF model. Here, the background noise was
determined as 0.1% of the normalized reflected intensity distributions
based on the ambient light intensity which was slightly different in the
gonioreflectometer tests. An example of a 3D reflected intensity distri
bution with the determined dimensions in longitude (Dx ) and latitude
direction (Dy ) is shown for PA 12-CF at ϕ = 0 in Fig. 12. In this case, Dx is
56 and Dy is 16. The widening parameters of other samples are listed in
9
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Fig. 13. The change in the size of the reflection pattern (crescent shape) as a function of BRDF model parameters, (a) σt and (b) σ f , at zero orientation of fibers (ϕ =
0) for α = 57. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

reflection pattern for ϕ = 0 and α = 57. Fig. 13 shows the sensitivity of
Dx to σ t and of Dy to σf . The shape of the profiles was highly dependent
on the incident angle where α was 57. For smaller values of σ t and σ f
(σt <0.2 and σ f <0.05) the dimensions (Dx and Dy ) of the anisotropic
reflections (crescent shapes) for ϕ = 0 were found to vary almost line
arly. The parameters Dx and Dy rose to approximately 75 and 55,
respectively, then the slope of the profiles became gradually flatter.
Based on the measured dimensions of the crescent shapes (Dx and Dy ) in
Table 2, a region of interest about the experimentally observed di
mensions was determined first, which was 0–0.2 for σt and 0–0.1 for σf .
Afterward, σ t and σ f were fitted to the measured values of Dx and Dy by
using a brute-force search algorithm. In this algorithm, σt and σ f were
increased from 0 to 1 with an increment of 0.001 and the optimum
values were determined based on the minimum error between the pre
dicted and measured Dx and Dy values.
The obtained values of σt and σ f are given in Table 3 for each UD tape
investigated in this work. Here, the anisotropic reflection simulations
were denoted as Vir-1, Vir-2, Vir-3 and Vir-4 for PA12-CF, PP-GF, PVDFCF(A) and PVDF-CF(B), respectively. The σt had a range between 0.1 and
0.18, whereas σf was between 0.006 and 0.015. The obtained BRDF

Table 3
Calculated BRDF parameters for the employed UD thermoplastic tapes based on
the measured widening in Table 2 at zero orientation of fibers (ϕ = 0).
Simulations

PA12-CF
(Vir-1)

PP-GF (Vir2)

PVDF-CF(A)
(Vir-3)

PVDF-CF(B)
(Vir-4)

FVC [%]

60

45

60

45

σf

0.01

0.015

0.006

0.012

0.15

0.10

0.18

0.12

σt

Table 2. The values of Dx from the tape samples were approximately 14
to 24 times larger than the mirror sample. The widening values deter
mined by Dy for tapes were smaller than Dx , where they were approxi
mately 4–9 times larger than the mirror case result.
4.2. Modeling
The developed optical model using the BRDF was first used to
investigate the effect of σt and σ f on Dx and Dy for the anisotropic

Fig. 14. The obtained experimental and BRDF simulation reflection borders for the studied tape samples at ϕ = 0 by employing the obtained parameters in Table 3.
Non-measured areas in the gonioreflectometer experiments were extrapolated (post-processed) for some cases based on their curved slope to estimate their widening.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
10

A. Zaami et al.

Composites Part A 146 (2021) 106402

Fig. 15. Predicted and measured reflection intensity borders along the longitude and latitude axes for (a) ϕ = 10, (b) ϕ = 25, (c) ϕ = 40, (d) ϕ = 60, (e) ϕ = 80 and (f)
ϕ = 90 of the employed PA12-CF UD tape. The small scales of the BRDF intensity distribution of each case are also shown in the pictures. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

parameters were much smaller than the default BRDF values (σt = 0.5
and σf = 0.05) employed in [6] where the numerical BRDF model was
introduced without any optical material characterization. It was
observed that the PA12-CF and PVDF-CF(A) tapes with 60% FVC had
higher values of σ t and smaller values of σ f than the corresponding
values from the PP-GF and PVDF-CF(B) with 45% FVC as seen in Table 3.
Therefore, a larger FVC resulted in more spread of the reflected laser
rays along the longitudinal axis (more dominant crescent reflection
shape) at ϕ = 0.
The fitted values of the BRDF parameters seen in Table 3 were
employed in the anisotropic reflection BRDF model to generate hemi
spherical reflections for ϕ = 0. The estimated reflection intensity dis
tribution based on the fitted σ t and σ f , and the borders of the
experimentally and numerically obtained reflection patterns for ϕ =
0 are shown in the spherical coordinate system along the longitude and
latitude directions in Fig. 14. The tails of the experimental borders were
outside the measurement area and were extrapolated in order to make a
comparison with the model predictions.
Very similar reflection intensities and borders were obtained from
the simulations as compared with the measurements. In fact, the
anisotropic reflection model was very well capable in general to capture
the different crescent-shaped patterns for the UD tapes employed. The

measured reflection patterns had local variations which could be related
to the non-uniform fiber distributions (e.g. PVDF-CF (B)), possible slight
misalignment of the sample with respect to the laser source, and other
local surface anomalies. There was no correlation found between the
surface roughness of the UD tapes (Ra and RMS values) and the reflec
tion patterns for ϕ = 0. This indicates that the anisotropic (diffusive)
reflection behavior is highly driven by the fibers and their configuration.
The predicted reflection patterns in spherical coordinates for
different fiber orientations by using the determined σ t and σf at ϕ = 0 are
shown in Fig. 15. The PA12-CF results are representative for the results
of all tapes employed in this work. Here, the comparison between the
experimental and numerical anisotropic reflection patterns for ϕ = 10,
25, 40, 60, 80 and 90 are displayed. The simulated/modeled BRDF
reflection intensities are shown as contour plot in the top left of each
subfigure and borders are shown in blue for the BRDF and in black for
the experiments. Although some part of the experimental borders was
outside of the measurement region, the predicted and measured shapes
matched overall well. The development of the shape of the reflected
intensity distributions is similar to developments observed with the
simulated BRDF patterns. Nevertheless, the tails of the predicted
reflection patterns for ϕ = 40, 60 and 80 deviated somewhat from the
measured reflection patterns. Possible reasons explaining the observed
11
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differences include the predefined micro-facet distributions used in the
BRDF model which did not take the actual fiber distribution into account
and the aforementioned measurement errors together with the irregu
larities in the micro-structure of the UD tapes.
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5. Conclusions and future outlook
The optical characterization of several UD thermoplastic tapes was
conducted as the optical behavior plays an important role for accurate
temperature prediction in laser-based FRTP composite manufacturing
processes. The characterization was performed to determine the trans
mittance and reflectance behavior of a number of typical thermoplastic
tapes, including PA12-CF 60%FVC, PP-GF 45%FVC, PVDF-CF 45%FVC,
and PVDF-CF 60%FVC. The total transmittance was measured using a
power meter as a direct approach and an integrating sphere as a diffu
sive approach, whereas the total reflectance was measured using only
the integrating sphere. In these experiments the PEEK-CF 60%FVC
prepreg was employed as the reference sample.
The total transmittance of the UD thermoplastic tapes ranged from
negligibly small to very small values of 0.2% of the supplied laser en
ergy. The total mean reflectance varied between 9.8% and 11.8% cor
responding to a refractive index of 1.91 to 2.05. The total reflectance
and the variation of this value were mostly influenced by the FVC and
the type of fiber (glass vs carbon fiber). At higher values of the FVC the
total reflectance increased (for example: PVDF-CF with 45% and 60%
FVC) and the variation about the mean value decreased.
Gonioreflectometry was employed to study more in depth the
anisotropic reflectance behavior related to the alignment of fibers within
the UD tapes. When the fibers were aligned parallel to the projected
incoming laser direction on the tape plane (ϕ = 0) a crescent reflection
intensity distribution resulted, whereas increasing the misalignment
(increasing ϕ from 0 to 90) resulted in a more straight and slender re
flected intensity distribution. The shape and width of the generated
patterns differed strongly from that of a mirror type of reference sample.
The UD tape based reflectance behavior was mostly influenced by the
FVC, the uniformity of the fiber distribution and the presence of surface
anomalies rather than the surface roughness as characterized by Ra and
RMS values. Higher fiber volume contents typically intensified the
crescent like shape of the reflected intensity distribution.
The implemented optical BRDF model as a computational platform
successfully enabled capturing the anisotropic reflections as observed in
the experiments where tapes with a higher FVC provided higher values
of σt and smaller values of σ f . The obtained BRDF parameters σt and σ f
had a range of 0.1–0.18 and 0.006–0.015, respectively, for different
tapes. The new BRDF parameters were found to be smaller than the ones
used in the literature before in [6] which gives a new contribution to
ward developing an accurate optical model for these types of tapes. The
intrinsic BRDF parameters obtained from the 0 fiber orientation could
satisfactorily capture the reflected intensity distributions of other ori
entations (10–90), but some discrepancies existed related to non-perfect
Gaussian laser source, possible metrology errors, irregularities in the
fiber distribution and other surface anomalies.
The described anisotropic reflection implies the need for a careful
consideration of the selected materials (including FVC and fiber distri
bution) in the designing phase of high-quality composite part
manufacturing processes, such as LATW and LATP. The actual local
microstructure should therefore be included in the optical models
developed in literature, i.e. BRDF approach [6] and micro half cylinders
technique [7,16], which is considered as a future outlook. Utilizing the
new BRDF parameters in the optical process model empowers the
computational tool to accurately predict and optimize the process set
tings of laser-based composite manufacturing processes. Further de
velopments including a more comprehensive statistical description for
the BRDF model and incorporating temperature dependency of the tape
reflectance behavior into the model are reserved as parts of future
works.
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