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Temperature variation during
continuous laser-assisted adjacent
hoop winding of type-IV pressure
vessels: An experimental analysis
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Abstract

Laser-assisted tape winding is an automated process to produce tubular or tube-like continuous fiber-reinforced polymer

composites by winding a tape around a mandrel or liner. Placing additional layers on a previously heated substrate and

variation in material and process parameters causes a variation in the bonding temperature of fiber-reinforced thermo-

plastic tapes which need to be understood and described well in order to have a reliable manufacturing process. In order

to quantify the variation in this critical bonding temperature, a comprehensive temperature analysis of an adjacent hoop

winding process of type-IV pressure vessels is performed. A total of five tanks are manufactured in which three glass/

HDPE tapes are placed on an HDPE liner. The tape and substrate temperatures, roller force and tape feeding velocity are

measured. The coefficient of variation for each round is characterized for the first time. According to the statistical

analysis, the coefficient of variation in substrate temperature is found to be approximately 4.8–8.8% which is larger than

the coefficient of variation of the tape temperature which is 2.1–7.8%. The coefficient of variations of the substrate

temperatures in the third round decrease as compared with the coefficient of variations in the second round mainly due

to the change in gap/overlap behavior of the deposited tapes. Fourier and thermographic analysis evince that the geo-

metrical disturbances such as unroundness and eccentricity have a direct effect on the temperature variation. In addition

to the temperature feedback control, a real-time object detection technique with deep learning algorithms can be used

to mitigate the unwanted temperature variation and to have a more reliable thermal history.
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Introduction

New fuel regulations and emission restrictions in
the transport sector increase the appeal of lightweight
composite components. Especially, thermoplastic com-
posites experience a rise in applications due to their
unique characteristics, including repeated shapeability
and recyclability.1 Manufacturing of sustainable prod-
ucts with respect to challenging environmental influ-
ences, quick adaptability, failure-free quality and safe
operation over the complete life cycle is mandatory.
The lightweight components like composite pressure
vessels for the storage of hydrogen2 or compressed nat-
ural gas (CNG) are gaining appeal within the automo-
tive and transport industries.1 Pressure vessels with a

full composite design (type IV – an all-composite con-
struction featuring a polymer liner with carbon or glass
fiber reinforcement) exhibit relatively high specific
strength and rigidity as well as corrosion resistance.3,4

The combination of a thermoplastic liner with compos-
ite reinforcements to substitute conventional metal
designs enables relatively high internal gas pressures,
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which together with the reduced pressure vessel weight
adds to the range (longer distance) of fuel-cell based or
CNG applications.5 For this type of lightweight pres-
sure vessels, HDPE (high-density polyethylene) is often
selected as a durable solid material which can dampen
and absorb shock waves minimizing surges as well as
the abrasion resistance. This polymer material is well-
suited for industrial, automotive and sporting goods
applications where cost and processability are crit-
ical.6–8 Regarding the reinforcement tapes, glass fiber
(GF)-reinforced tape is preferred for low-pressure
applications rather than carbon fiber (CF) tapes due
to pricing, higher durability and more mechanical flexi-
bility (carbon fibers are more rigid).9 Thus, the manu-
facturing of glass fiber-reinforced type-IV pressure
vessels is highly favored in high-volume applications,
where low unit cost is a priority.

One of the advanced techniques to make tubular
long or continuous fiber-reinforced thermoplastic
(CFRTs) components like pressure vessels is laser-
assisted tape winding (LATW).10 LATW has been a
source of great interest to attain higher composite
part accuracy and quality but with reduced cycle
times. The LATW process relies on heating through
diode lasers similar to laser-assisted tape placement
(LATP). These diode lasers are preferred over alterna-
tive heating sources, e.g. hot gas or infrared emitters,
due to their high energy concentration, short response
times and excellent controllability for ensuring an ideal
heat input adapted to the current process velocity.10,11

Another advantage of the LATW process is avoiding
additional curing steps which makes it more time-
efficient in comparison with competing thermoset com-
posite manufacturing technologies.12 This is achieved
via in situ consolidation of the thermoplastic unidirec-
tional fiber-reinforced tape and the substrate, which are
simultaneously heated by a focused laser spot in the

process zone while the pressure is applied to the sub-
strate surface and the tape simultaneously.

In Figure 1, a typical hoop-winding case is shown
where the tape and substrate are heated by the laser
source on a cylindrical liner. The winding path in a
continuous LATW process is designed such that it
includes transitions between different angles in subse-
quent layers. The process can be used for the manufac-
turing of either concluded products like pressure vessels
or continuous ones like pipes for oil and gas recovery in
offshore deep-sea applications depending on the actuat-
ing system technology guiding the tape winding head.13

Optimum process conditions are needed to ensure
good consolidation and adhesion between subsequent
layers.14 The bonding temperature at the location
where incoming tape and the substrate come in contact,
the so-called nip-point, is widely regarded as the most
important parameter among the process variables gov-
erning the consolidation quality.15 Kok16 clearly stated
that unwanted overheating causes negative effects on
intralaminar void content, intralaminar bond strength
and residual stresses. Several efforts have therefore been
made towards analyzing the temperature distributions
on the substrate and incoming tape to define the
nip-point temperature, e.g. Del Castillo et al.17 used
fiber-Bragg grating (FBG) sensors and a thermocouple,
Stokes-Griffin et al. and Schäkel et al.18–20 used
thermocouples and Perez et al.21 used an infrared
thermographic camera. In Weiler et al.22, carbon
fiber-reinforced PA12 composites were employed for
the LATP process on flat surfaces. Other thermoplastic
materials like PEEK CF, PPS CF and PA6 CF were
also utilized for placement on flat surfaces as discussed
in literature23–25respectively. For a continuous ring
winding (circular shape) via the LATW process,
Reichardt26 performed an experimental and a numer-
ical study on PEEK CF.

System technologyPrinciple

Tape
Consolidation roller

Laser optics

Nip point

Substrate

Liner

Tape

Laser spot

Liner

Nip point

Substrate

(a) (b)

Figure 1. Description of the LATW elements including laser optics, substrate, tape, roller, and liner. The hoop-winding process

where thermoplastic tape and substrate are preheated by the laser source and the tape is pressed on the substrate at the nip-point

location through a consolidation roller is shown as: (a) Principle and (b) System technology (detailed view on the experimental set-up

employed at Fraunhofer IPT, Aachen, Germany).
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In order to have a reliable and consistent product
performance, the bonding temperature at the nip-point
should remain at a constant, optimized value for each
deposited layers. However, it is very difficult to achieve
a constant nip-point temperature due to the following
phenomena that inherently take place in LATP/LATW
processes:

. variation in material properties21;

. variation in fiber volume fraction and distribution in
the tape and substrate21;

. variation in porosity, roughness and thickness in the
incoming tape21;

. variation in the geometrical position of the deposited
tapes which can result in gaps and overlaps in the
substrate27;

. variation in the roller force due to the variation in
the local stiffness of the mold/mandrel or deform-
ation of the roller.

These variations directly influence the absorption and
reflection behavior of the tape and substrate which are
fiber orientation and incident angle dependent.28

In addition, the previously deposited layer’s tempera-
ture in a continuous LATW process has an influence on
the nip-point temperature. A variation in the roller
force results in a variation in the local deformation in
roller and/or substrate which affects the location of the
nip-point and local reflections on the tape and sub-
strate. The process parameters have therefore to be
controlled in order to compensate for such variations
in temperature during the process. In Perez et al.,21

the effects of variation in material properties, thickness
and fiber volume fraction on the substrate temperature
were studied statistically in an LATW of AS4/PEEK
composites. A coefficient of variation of approximately
2.5–5% was estimated for the temperature variation in
the range of approximately 9–20�C. It was concluded
that the uncertainties in the material properties and
process dynamics can result in a significant variation
in the thermal response with considerable impact on
the industrial applications. However, apart from this
study, in literature, there has been no study on the vari-
ation in tape and substrate temperature during continu-
ous LATW of thermoplastic composites by taking the
geometrical disturbances into account. The determin-
ation of the coefficient of variation (COV) in tempera-
ture evolution is utmost important for reliable
continuous LATW processes and process optimization.

Understanding the process temperature development
and describing the variations in material temperature
and process parameters are key in order to develop
proper computational models and in-line process con-
trol strategies for LATW of thermoplastic compos-
ites.29,30 Therefore, the main objective of this paper is

to analyze the temperature evolution quantitatively
and statistically by a closer look at the variations in
the process parameters and setup. The analysis of the
temperature development during an adjacent continu-
ous hoop winding process of a type-IV pressure vessel is
presented in this paper. A total of five vessels were
manufactured in which the temperature distribution
in the tape and substrate was measured using an infra-
red thermal camera. The measurements were performed
only for the LATW of the first three layers which were
deposited on a thermoplastic liner. A statistical charac-
terization of the measured tape and substrate tempera-
ture was made for each layer together with the variation
in roller force and tape feeding velocity for the first time
in literature. The influence of the geometrical disturb-
ances, such as dimensional irregularities in the liner,
on the temperature was determined by using thermo-
graphic images and employing a Fourier analysis of
temperature, roller force and tape feeding velocity.

Experimental work

The composite pressure vessels were manufactured
with the in-house developed PrePro3D system at
Fraunhofer IPT. The type-IV pressure vessels consist
of a polymer liner and additional adjacent hoop
and helical fiber-reinforced tape layers. This section
describes the materials and the method for the manu-
facturing of thermoplastic composite pressure vessels.

Materials and setup

The pressure vessel was composed of a blow-molded
HDPE polymer liner and a number of layers of a uni-
directional (UD) tape of glass fibers embedded in an
HDPE matrix. The utilized UD-tape was Celstran
CFR-TP HDPE GF70-01, which was a 70% E-glass
by weight with a fiber volume fraction of 47%.31 The
tape thickness was 0.25mm and the tape was slit to a
width of 25mm for adjacent hoop winding on the cylin-
drical part of the liners. The melting temperature of the
HDPE ranges between 108 and 134�C.32 The dimen-
sional specifications of the 40-liter tank liners are
shown in Figure 2. The blow-molded polymer liners
provided by HBN-Teknik A/S exhibited a nominal
thickness of 5mm and were equipped with boss pieces
out of polymer and metal at the dome parts. The laser
absorption of the tank liner is sensitive to the compos-
ition of the HDPE, the tank liner thickness, possible
heat treatments, the amount and type of pigments
added and the surface finishing.15,32,33 The blow
molded HDPE liner employed in this research featured
a relatively small edge due to the mold parting line as
indicated in Figure 2. The rough dimensions of the
mold parting line on the cylindrical part were 0.5mm
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as width and 0.1mm as height which may affect the
temperature evolution locally. The connection between
the tank liner and the rotating pipe was made by six
screw elements. The rotating pipe was supported by
two bearings with 58mm distance to the tank liner.
There were also two bearings supporting the tank
liner in direct contact on the other side of the tank
liner (end of cylindrical part of the tank liner).

The processing of the pressure vessel liners was exe-
cuted with time independent constant input parameters
based on processing knowledge of Fraunhofer IPT and
initial parameter trials as no data were available in lit-
erature for processing of glass/HDPE thermoplastic
tape through LATW. Further details regarding the pro-
cess parameter selection are not mentioned here, since
the focus of this paper is solely on the characterization
of the variation in temperature during continuous
LATW of glass HDPE tanks.

On the basis of the cumulated results of all trials, the
deposition velocity of the reinforcing tape was set to a
nominal value of 140mm/s, the laser power was kept
constant at 900W and the compression force exerted by
the consolidation roller was set to a nominal value of
105N as the threshold for ensuring sufficient intimate
contact. The force was exerted by the flexible roller
developed by Fraunhofer IPT34 and can be modeled
as a spring-damper system.

An LDF 3000-40 VGP diode laser with wavelength
of 935–1030 nm� 10 nm and the total laser power
3300W cw by Laserline GmbH was employed as a
heating source.35 The laser power remained constant

during the process. A uniformly distributed rectangular
laser spot size of 14� 28mm at the aperture was rea-
lized by the laser optics which is represented in Figure
3. This rectangular spot became larger due to the laser
divergence at the nip-point, similar to the configuration
represented in Stokes-Griffin and Compston.36 The size
of the irradiated area at the nip-point which was
approximately 400mm away from the laser optics had
a length of 67mm and a width of 32mm on a plane
parallel to the laser aperture.37 The spot size was deter-
mined as larger than the tape width to ensure covering
the whole material surface by the laser irradiation.

The dimensional configuration of the assembled
laser optics is seen in Figure 4 (in this picture, �1 and
�2 are 28

� and 32�, S1 and S2 are 370mm and 210mm,
respectively).

The measurement of the tape and substrate tempera-
ture was carried out with an infrared thermographic
camera from DIAS Infrared (type: Pyroview 380Lc)
located just above the laser optics enabling image acqui-
sition at frame rates of 50Hz. The technical specification
of the infrared thermographic camera consists of:
aperture angle as 22� � 16�, spectral range as 8–14mm,
measurement temperature range as 0–500�C, resolution
as 384� 288 pixel. The sensor was based on an uncooled
microbolometer array with a measurement uncertainty
of approximately 2K when the object temperature is
below 100�C and otherwise 2% of the measurement
value in �C. The more details of thermographic tempera-
ture acquisition, the control interface, data transmission
and imaging can be found in Brecher et al.38

Figure 2. Schematic of 40-l tank liner dimension (640.4 mm as length and 272 mm as diameter), the blow-molded edge along tank

length and fixation of tank liner with the pipe by screw elements and bearings are shown. The rough dimensions of the blow-molded

edge on the cylindrical part are 0.5 mm (width) and 0.1 mm (height).
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Characteristic average values for the tape and sub-
strate temperature were extracted from the acquired
images from areas of 5� 5 mm2 located at a distance
of 10mm above and below the nip-point, respectively.
The measurement zones were chosen based on experience
and best practice from Fraunhofer IPT. The determined
measurement areas are shown in the thermographic
camera image in Figure 5.

A thermographic image during the lay-up process in
the first round is also illustrated in Figure 5(b) which

indicates the formation of gap/overlap due to geomet-
rical disturbances such as unroundness and eccentricity.
Distance ‘‘A-B’’ between the tape edge (to be placed)
and the edge of substrate (already wound tape) shown
in Figure 5(b) indicates the gap formation during the
first round. A positive value of this parameter shows
the gap between these two edges, a negative distance
shows the overlap on two edges and zero value of
‘‘A-B’’ distance indicates a perfect lay-up regarding
geometry.37

The average temperature values of the measurement
areas were extracted and employed for the analysis in
this paper.

The emission coefficient of the UD glass/HDPE
thermoplastic prepreg tape for extracting temperature
is temperature and angle dependent (angle of thermal
camera toward the material). The value of emission
coefficient employed for the temperature calculation
by the camera software (PYROSOFT version 3.17.0.3
from DIAS Infrared GmbH) was set to 0.9 based on
emission coefficient measurements performed with the
glass/HDPE fiber-reinforced tape (see possible sources
of non-contact measurement error in Appendix 1).

The value was set to 0.6 for the pure HDPE liner
surface at the first round when the tape was deposited
directly on the liner (the value was derived based on
the experimental analysis in Abdel-Ghany et al.39).
Additional sensors were embedded in the tape winding
head to transmit actual values of the tape tension, com-
pression force and tape feed velocity which is seen in
Figure 6. The tape and substrate temperature as well as
other measured parameters were recorded throughout
the LATW process for tank reinforcement by an in-
house developed Beckhoff-based programmable logic

Figure 3. Schematic view of the laser source characteristics including laser intensity distribution and profile. The laser optics was

attached to the winding head which was �400 mm away from the nip-point. The laser divergence caused a larger laser spot as

32� 67 mm at the nip-point.35,37 The pink color in the snapshot image represents the laser which is irradiated on the tape, roller and

liner at the beginning of the process (for interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article).
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controller (PLC). It can monitor the process stability
and give the operator the possibility of in-process
adjustments, if the values lie outside of predefined
and knowledge-based process boundaries. This model
also regulates the compression force against possible
misalignments in the system, i.e. gaps and overlaps in
the deposited tape27 via a closed-loop control in order
to keep enough contact between the consolidation
roller and the tank liner.40

Process kinematics

The HDPE tank liners were reinforced with seven
layers (executed through seven rounds) of tape on top
of each other according to the requirements set by
desired burst pressure and determined layup. The
total reinforcement thickness is equal to 1.75 mm.
First, three rounds of adjacent hoop layers were applied
continuously on the cylindrical part, followed by four
rounds of helical layers covering the entire liner includ-
ing cylindrical and dome parts. The focus of this paper
is on the adjacent hoop winding of the tapes on the
tank liner. Successful implementation of these layers
is important to the quality of the end product and
key phenomena observed and understood with this pro-
cess can also be applied to the case of the more com-
plicated helical winding process that will be studied at
a later stage. The kinematic of the adjacent hoop
winding process is outlined as a lateral movement of
the tape winding head from the beginning to the end
of the cylindrical part, while the tank liner is rotating at
a constant angular speed. During this movement, a pos-
sible eccentricity might occur due to the fixation setup
and deformation of the tank liner (see ‘‘Materials and
setup’’ section). The eccentricity generates a distance
between the tank liner axis and the rotation axis
which may result in a variation in the tape feeding vel-
ocity and roller force. The system technology accounts
for this possible eccentricity by a spring suspension
of the compression roller, which is able to maintain a
constant pressure value in the nip-point. However, this
adjusting movement leads to deviations in the nip-point
location observed by the stationary thermographic
infrared camera and irradiated by the stationary
laser optics.

The winding angle was determined as �88.2� which
allows the continuous adjacent winding of the tapes
(25mm width) on a liner with 272mm diameter. The
end position of one round constitutes the start position
for the next round as the adjacent hoop winding was
executed continuously. After the first round, the
moving direction is reversed and the head is laterally

Figure 5. (a) Thermographic image from DIAS Infrared (type:

Pyroview 380Lc) for extracting tape and substrate temperatures

from indicated areas (boxes) during the LATW process. In this

image, isothermal regions are shown with their boundaries on

the tape and substrate. (b) The distance ‘‘A-B’’ is realized

between the tape edge (to be placed) and the edge of substrate

(already wound) at the nip-point in the first round (winding on

polymer liner surface). This distance indicates creation of gap or

overlap in the first round (for interpretation of the references to

color in this figure legend, the reader is referred to the web

version of this article).

Tape Feeding spool 

Tape Tension sensor

Tape

Roller force sensor

Feeding velocity sensor

Figure 6. Sensors locations for measuring tape tension, tape

feeding velocity and roller force. The locations of the tape and

tape feeding spool are also shown.
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moving back to the beginning of the cylindrical part of
the liner (round 2).

This transition from one round to the next round
also includes changing winding direction which is
amounted as 3.6� (changing winding angle from
þ88.2� to �88.2� or vice versa).

This procedure continues for three rounds as shown
schematically in Figure 7. In each round, the liner
rotates 22 times resulting in a placement of 22 adjacent
annular cycles of the tape. Each round of adjacent hoop
winding takes roughly 134 seconds based on the aver-
age tape feed velocity, liner diameter, winding angle,
and length of the cylindrical part of the liner
(�640.4mm). Thus, winding three rounds on a tank
takes roughly 6min and 43 s (�403 s). The described
procedure in this section for manufacturing type-IV
pressure vessel was executed for five tanks in a similar
way in order to have reliable and repeatable results.

Results and discussion

An interim and a final result of pressure vessel manu-
facturing through the LATW process are shown in
Figure 8. One of the products is visible after three
rounds of adjacent hoop winding and a final product
followed by four rounds of helical winding covering
the entire tank liner. This section focuses on the explan-
ation of the observed phenomena during the first three
rounds of adjacent hoop winding (see Figure 8(a)). It
also provides an assessment of process stability and
repeatability.

Temperature evolution and variation

Five tanks were continuously wound with identical
conditions. In all cases, the laser power was held con-
stant during each round. The temperatures of the tape
and the substrates were measured in a continuous fash-
ion from the beginning to the end of the tape winding

process, see Figure 9. In this figure, the temperature
data of all tanks are shown for the tape and substrate.
The following trends are visible for the temperature
developments of all tanks:

. Round 1: The substrate and tape temperatures
showed an approximately constant baseline with a
large number of spikes on top for the substrate. Over
the whole range of the first round, the substrate tem-
perature was about 10�C lower than the tape tem-
perature. The substrate and tape temperatures
showed some degree of variation in temperature
(�5�C) about the baseline along with the already
mentioned positive spikes with magnitudes from
40�C up to 80�C.

. Round 2: The substrate temperature suddenly
increased to temperatures about 75�C higher than
at the end of round 1, whereas the tape temperature
only showed a minor increase of about 10�C. The
substrate temperature in this round was always
larger than the tape temperature. The substrate tem-
perature showed a decreasing trend with the tem-
perature dropping from 190�C to 170�C, whereas
the tape temperature decreased only a few degrees
Celsius. The substrate temperature was showing

Figure 8. (a) Tank liner at the end of three rounds of adjacent

hoop winding and (b) the final product of pressure vessel

including three rounds of adjacent hoop layers followed by four

rounds of helical layers covering the entire body (see section

‘‘Experimental work’’ for description).

1st

2nd

3rd

±88.2⁰

Tank liner Tank liner Tank liner

1st

2nd

3rd

First Round Second Round Third Round

Tape layer on tank

Figure 7. Schematic view of continuous winding kinematics for

three rounds of adjacent hoop winding on the cylindrical part of

the HDPE tank liner. The winding angle was �88.2�.
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much more variation in temperature than the tape
temperature. The variation in the substrate tempera-
ture was comparable to that in round 1. In round 2,
strong local variations in temperature occurred as
well for all tanks, but both in the positive and nega-
tive direction.

. Round 3: The tape temperature is changed hardly as
compared to the previous round. The substrate tem-
perature showed a strong increase at the start of
round 3 of about 40�C, but it leveled off to an
approximately constant value with a significant
amount of variation. Also in round 3, strong local
variations in temperature occurred.

In order to quantify process variations, histograms of
the measured process parameters were analyzed.
The histograms of the temperature variation in the
first, second and third round for each tank are illu-
strated in Figures 10 11 for the substrate and tape,
respectively. The corresponding mean and standard
deviation of the temperature distributions in each
round are given in Figure 12 for the substrate and in
Figure 13 for the tape. Here, the standard deviation was
estimated with and without subtracting the moving
average of the temperature evolution from the

actual measurement. An example of the substrate tem-
perature with and without subtracting the moving aver-
age temperature is depicted in Figure 14 for Tank-2.
It is seen from Figure 12 that the mean substrate tem-
perature increased gradually and was approximately
125�C, 175�C and 195�C for the first, second and
third round, respectively. The standard deviation of
the substrate temperature was approximately 8�C,
12�C and 6�C for the first, second and third round,
respectively without subtracting the moving average.
These values slightly decreased when the moving aver-
ages of the temperatures were subtracted. The increase
in standard deviation from the first to second round
and the decrease in standard deviation from the
second to third round were consistent for the substrate
and are discussed further in the following sections.
A similar trend was observed for the mean tape tem-
perature which was approximately 130�C, 142�C and
145�C the first, second and third round, respectively.
The standard deviation of the tape temperature was
in general smaller than the standard deviation of the
substrate temperature with subtracting the moving
average temperature. The coefficients of variation
(COV) of the tape and substrate temperatures
are depicted in Table 1. It is seen that the COV was

Figure 9. Tape (a) and substrate (b) temperature of three rounds adjacent hoop winding of five manufactured tanks via the LATW

process. Each rotation takes roughly 6.2 s.
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4.8–8.8% for the substrate temperature and 2.1–7.8%
for the tape temperature. In the following, the observed
trends based on the temperature evolution are discussed
in more detail.

First round. At the start of the first round, the deposition
head was placed closely to the tank liner and the tape is
brought into contact with the liner. The liner was accel-
erated up to a nominal rotational velocity of about
140mm/s. The laser was switched on as well and imme-
diately started to heat up the tape and substrate.
As long as the liner had not reached the nominal vel-
ocity, a slight overheating of the liner occurred which is
visible as the first peak in tape and substrate tempera-
tures at the start, see Tanks 1 and 5 in Figure 9. After
the start of the process, the deposition head moved with
a constant velocity parallel to the axis of the liner from
the start position to the end of the liner. For Tank-2,
the laser power was accidentally too low during a short
period of time after the start explaining the relatively
low temperatures. Similar phenomena related to a small

degree of in-synchrony can also be observed at the end
of round 3 when the tape winding process was stopped
for some of the tanks.

Throughout the first round, the tape and substrate
temperature remained more or less constant with dis-
tinctive peaks visible in the substrate temperature.
Every time the laser irradiated the blow-molded edge
part of the liner, which was formed during the blow-
molding process of the tank liner (see also Figure 2), a
temperature spike appeared. The number of spikes was
identical to the number of rotations the tank made
when covering the liner with a layer of tape during
the first round as shown in Figure 9. The magnitudes
of the peaks depended on the geometry of the blow
molded edge such as the shape and height32 and there-
fore vary from tank to tank. The edge caused local
energy concentration and hence sudden temperature
elevations in the substrate temperature that may deteri-
orate the liner due to thermal and chemical degrad-
ation. Such excessive temperature values should be
avoided in general.

Figure 10. Histogram of the substrate temperature in the first, second and third round for all pressure tanks (for interpretation of

the references to color in this figure legend, the reader is referred to the web version of this article).
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During the first round, some variations in tape
and substrate temperature were visible, apart from the
observed spikes, that may be ascribed to variations
in laser absorption of the liner and the tape as well as
variation in material properties. Surface asperities
and texture along with complex absorption mechanisms
of the pure polymer pigmented HDPE tank and the
glass fiber-reinforced HDPE tape can explain this
behavior.15,32,41

Second round. The second round started immediately
after the first round with the tape winding head
moving parallel to the liner axis in opposite direction
from the end to the start position, while the liner con-
tinued to rotate with the same velocity (140mm/s).
At the beginning of the second round, sharp increases
in the substrate temperatures were observed with high
peak temperatures considerably above those at the end
of the first round. There are two reasons explaining this
observation. Firstly, the deposition process was contin-
ued in reverse direction while the substrate was still

relatively hot from the deposition of the first layer.
The laser power remained unchanged causing a signifi-
cant increase in the substrate temperature. Secondly,
the substrate material changed from a pure HDPE
(liner) in the first round to a glass/HDPE composite,
i.e. the deposited tape, in the second round affecting the
amount of energy absorbed from the supplied laser
irradiation.

During the deposition of the tape in round 2,
the average substrate temperature showed a continuous
decrease to approximately 160�C at the end of the
round 2 for all tanks. The temperature decrease was
mainly caused by cooling of the substrate. After a
point on the tank liner surface was covered by tape
during round 1, it started to cool down from the pro-
cess temperature of approximately 130�C. It depended
on the amount of time for the tape winding head to
move further to the end position and move back
towards the start position how far the temperature
may drop. The closer a point at the substrate was to
the start position, the longer the time allowed for

Figure 11. Histogram of the tape temperature in the first, second and third round for all the pressure tanks (for interpretation of

the references to color in this figure legend, the reader is referred to the web version of this article).
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cooling and the further the temperature dropped in line
with the observed substrate temperature development
in round 2.

The apparently random peaks in the substrate
temperature profile in the second round had a magni-
tude of smaller than 30�C. The reason of these peaks
may be found in anisotropic reflections at the surface of
the substrate due to non-ideal stacking of layers on top
of each other causing local gaps in between tapes
or overlap of adjacent tapes from the first round (see
Schmitt and Witte27 for gap/overlap and42,43 for effect
of laser reflection). This resulted in an increase in the
COV and standard deviation in the second round as
compared with the first round (see Figure 12 and
Table 1). The origin of these local gaps and overlaps
and other potential sources like fibers is discussed in the
next section.

The tape temperature remained more or less con-
stant with some scatter in between approximately
130�C to 145�C with a COV of 2.1–7.2%. Its mean
value slightly increased with respect to the first round
as seen from Figure 13 due to a larger scattering con-
tribution from the substrate, which obtained a higher
temperature during round 2 as compared to round 1.
Another reason of increasing tape temperature at the

beginning of this round especially for Tank-2 or Tank-5
is changing measurement location. This will be dis-
cussed in detail in the next section.

At the end of the second round, a sudden drop of the
substrate temperature can be observed with a magni-
tude up to about 60�C. Here, the tape winding head
moved beyond the starting point to a relatively cool
part of the tank liner in the turning point between the
second and the third round where no previously wound
tape is present (uncovered part).

Third round. In the third round, the tape winding head
moved again parallel to the liner axis from the start to
the end position similar to the first round. The substrate
temperature showed a strong peak at the beginning of
the round for the same reason as it did at the start of
the second round. The third layer was deposited on top
of the second layer immediately after the second layer
was deposited, so the substrate was still relatively hot
while the laser power remained unchanged. Here, the
temperature peaked at about 210�C and during the
third round it decreased to a fairly constant value of
about 185�C. This value was mostly above the substrate
temperature of the second round indicating a further
heating of the substrate during the third round.

Figure 12. Substrate temperature: The mean (m) (a), corresponding standard deviation (�) without subtracting the moving average

temperature (b) and standard deviation with subtracting the moving average temperature (c) for the first, second and third round.
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Figure 13. Tape temperature: The mean (m) (a), corresponding standard deviation (�) without subtracting the moving average

temperature (b) and standard deviation with subtracting the moving average temperature (c) for the first, second and third round.

Figure 14. The substrate temperature evolution for Tank-2 with and without subtracting the moving average. Length of moving

average interval is considered as 1 s.
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Apparently, heat loss to the environment was not suf-
ficient to keep the substrate from heating up which is
also due to heating of the air enclosed within the
tank liner.

On close inspection during the transition from the
second round to the third round, a physically unrealis-
tic drop in the substrate temperature was observed
for all tanks with a magnitude of almost 100�C at
t¼ 270 s just before the temperature strongly increased.
This drop was partly related to the tape being deposited
on a relatively cold uncovered section of the tank liner,
where no tape had been deposited before. The main
reason, however, was that starting from the second
round onwards, the emission coefficient of the tape
was being used to interpret the thermal camera data
of the substrate and illuminating uncovered liner mater-
ial obviously led to wrong temperature data as the
emission coefficient of the liner (0.6) differs from that
of the tape (0.9), see also section ‘‘Materials and setup’’.
Although the tape temperature remained more or less
constant with some scatter in round 3, the profiles of
Tanks 2 and 3 showed a relatively steady increase of the
tape temperature up to �50�C. As explained before,
this behavior is related to the changing measurement
location which will be elaborated in next section.

The COV and standard deviation of the substrate
temperature decreased in the third round as compared
with the second round as can be seen from Table 1 and
Figure 12. This reduction in standard deviation can be
due to the influence from the liner surface. The gap in
between the deposited tapes was not as dominant in the
third round as in the second round, i.e. the possible
gaps between the deposited tapes in the third round
consisted of the tape material instead of the pure
HDPE liner as in the second round. At the end of the
third round, a drop of temperature for both tape and
substrate can be observed as the laser source is shut
down. For some tanks prior to this temperature drop,
a sharp rise in the tape and substrate temperature
appeared, see for example Tank-1. This phenomenon
was related to a small in-synchrony between shutting

down the laser source and stopping the roller and tape
movement.

Geometrical disturbances

The highly localized substrate temperature spikes in the
first round claimed due to the blow-molded edge were
explored via the thermographic measurements. The
exemplary thermographic snapshots in the first round
showing polymer material inhomogeneity and blow-
molded effects as well as defect-free surface of polymer
liner are displayed in Figure 15. The increase of sub-
strate temperature due to the blow-molded edge effects
is in accordance with explanations in section
‘‘Temperature evolution and variation’’. The tempera-
ture spike, i.e. the temperature increase, in Figure 15(c)
due to blow molded edge was found to be approxi-
mately 43�C as compared with the image shown in
Figure 15(b). In order to quantify the temperature vari-
ation due to the aforementioned effects, a path was
drawn in Figure 15 illustrated as a line from point P1
to point P2. The temperature variation along the path
P1–P2 is plotted in Figure 16. It is seen that the tem-
perature was approximately 120�C for the defect-free
case with a slight variation. The material inhomogene-
ities of the polymer liner caused an increase in the mean
temperature which was approximately 135�C and its
variation was found to be approximately 10�C. The
change in surface topology and roughness might have
caused this increase and variation in the substrate tem-
perature. The blow-molded edge had the most influen-
cing effect where the mean substrate temperature
reached approximately 165�C with a maximum value
of approximately 170�C. The blow-molded edge can be
considered as locally a rough area where the laser
irradiation was localized and hence resulted in a
sharp increase in the temperature.

Another possible geometrical disturbance was the
eccentricity which caused a non-uniform liner move-
ment and hence affected the location at which the ther-
mal camera measurements were recorded. This is

Table 1. The coefficient of variation (COV¼ m/�) of the temperature variation in substrate and tape

without subtracting the moving average temperature for tank liners represented as T-1 to T-5 (see Figure 9).

COV [%] substrate COV [%] tape

First round Second round Third round First round Second round Third round

T-1 5.8 6.9 2.9 2.2 2.1 2.1

T-2 7.9 8.0 3.6 2.9 7.2 7.8

T-3 4.8 6.3 3.4 2.0 3.2 5.9

T-4 5.1 7.4 4.2 2.8 2.6 2.9

T-5 8.8 7.6 3.4 3.3 4.6 4.4
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illustrated for Tank-2 in Figure 17 in which three dif-
ferent locations for the measurement box for substrate,
tape and nip point are shown. It should be noted that
the movement of the measurement box is present only
when there is an eccentricity. As a consequence, the
change in tape temperature due to the movement of
the measurement box was obtained approximately as
44�C according to the frames shown in Figure 17
which was aligned with the increase in tape temperature
for Tank-2 as shown in Figure 9.

The gap and overlap formations were captured
using the thermographic images which are displayed
in Figure 18. The origin of these regions with gaps/
overlaps lied in the non-ideal shape of the liner

(being slightly unround during tank liner production
or deformation due to exerted roller force) and the
unwanted eccentric fixation of the liner on the tape
winding device. These local features caused a variation
in the temperature measured by the thermal camera
mainly due to the change in the local geometry which
affected the heat absorption and laser light reflection
locally. In addition, the emission coefficient used in
the thermal camera needed to be updated with respect
to the local geometry which was not the case during the
experiments. To illustrate, in the case of gap during the
second round, the HDPE liner material was visible for
the camera, which caused a lower temperature recorded
by the camera. On the other hand, in the case of an

Figure 16. Temperature variation of path P1–P2 in the first round due to the material inhomogeneity and blow-molded edge of the

polymer liner as well as defect-free surface which are represented graphically in Figure 15.

Figure 15. Thermographic images of the irradiated area near the nip-point in the first round. (a) No edge/ material inhomogeneity

(defect-free surface), (b) effects of material inhomogeneity and (c) blow-molded edge of the polymer liner (substrate in first round) are

displayed. The path P1–P2 is drawn in the width direction of the substrate to get quantitatively variation of the temperature due to the

mentioned effects (for interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article).
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overlap, the laser irradiation was localized providing a
sharp increase in substrate temperature. At this situ-
ation, the emission coefficient needed to be lowered at
this time frame due to high temperature (see Appendix
for the variation in emission coefficient with respect to
the temperature). The path P1–P2 defined in Figure 18
was used to quantify the temperature variation at the

gap/overlap regions. The temperature variation profile
along P1–P2 path (extracted from pixels) is shown in
Figure 19. The locations of the gap/overlap in the tem-
perature profiles were related to the pixels containing
the gap/overlap in the thermographic images. The emis-
sion coefficient (EC) of the pixels (pixels 37–39) with
gap was adapted manually with correct value from the
polymer liner in order to show the influence of this
effect. The temperature dropped from approximately
210�C to 135�C due to the gap. By adapting emission
coefficient to 0.6 (was 0.9) for the pixels constituting the
gap, the corrected temperature was estimated approxi-
mately as 170�C due to the gap as seen in Figure 19.
On the other hand, the substrate temperature increased
to approximately 235�C due to the overlap.

In order to evaluate the temperature variation
excluding the gap/overlap on the substrate, e.g.
during the second round, a total of 50 images which
did not include the gap/overlap were selected randomly

Figure 17. Thermographic images of the irradiated area near nip-point in the second round indicating the movement of the thermal

camera measurement targets at tape, nip point and substrate. (a) Correct measurement location, (b) upward and (c) downward

movement of the measurement locations due to the unavoidable eccentricity (for interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article).

Figure 18. Thermographic images of the exemplary (a) gap and

(b) overlap in the second round which causes localization of the

substrate temperature. The path P1–P2 is drawn in the width

direction of the substrate to get quantitatively the maximum

(shown in the pictures) and variation of the temperature due to

the gap/overlap effects (for interpretation of the references to

color in this figure legend, the reader is referred to the web

version of this article).

Figure 19. Temperature variation of path P1–P2 in the second

round due to the gap and overlap of wound tape (substrate) is

represented graphically in Figure 18. Manually adapted emission

coefficient (EC) of the gap region is also added.
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at different time stamps. The temperature variation
along P1–P2 path was analyzed for each thermal
image and plotted in Figure 20. Total of 25 pixels
were considered on P1–P2 path. The mean average of
the temperature along P1–P2 path was subtracted from
the temperature profile along the path P1–P2 in order
to quantify the measured temperature variation due to
a possible material homogeneity. The temperature
values for each pixel along the path P1–P2 were
grouped for the 50 images and represented as a box
and whisker plot in Figure 20. This chart shows distri-
bution of data into quartiles, highlighting the mean,
median and outliers. The boxes, which represent
50% of the data set, have the lines extending vertically
called ‘‘whiskers’’. These lines indicate variability
outside the upper and lower quartiles of the observa-
tions, and any point outside those lines or whiskers
is considered as an outlier. The mean is marked as cen-
tral cross and median is shown by a horizontal line
inside the box as shown in Figure 20. Approximately
5�C variation (length of boxes) was observed as a gen-
eral trend for each pixel. The most of the outliers were
observed approximately as 10�C and few of them
were found to be approximately 25�C. The outliers
with high scatter might be due to a possible nonunifor-
mity of the fiber distribution or the change in orienta-
tion of the material surface (see Appendix 1 for the

variation of emission coefficient with respect to the
thermal camera angle).

The periodical vertical change in the nip-point
position can be determined by analyzing the roller
force distribution for each round which can be seen in
Figure 21. It is seen that much random scatter was the
case for all the rounds as compared with the tape and
substrate temperature distributions seen in Figures 10
and 11. Although the nominal roller force was set to
105N, roller force clusters were observed relatively
lower and higher force values, e.g. 97N and 117N for
Tank-2; 102N and 118N for Tank-3; 106N and 115N
for Tank-5. These clustering of the roller force clearly
indicate a periodicity in the liner response with respect
to the exerted roller force. To illustrate, the develop-
ment of the roller force during the tape winding process
of Tank-2 is displayed in Figure 22. During most of the
first round, the mean and standard deviation of
the roller force were more or less constant for Tank-
2; however, towards the end of round 1 the mean value
increased and the standard deviation decreased.
In round 2, the mean value reduced to a more or less
constant value similar to that in the first part of round 1
and this value was also maintained in the first half of
round 3. In the second half of round 3, an increase in
the mean roller force was observed with a concomitant
reduction of the standard deviation. The locations of
these changes at the end of the first and third round are
related to a relatively large stiffness at the dome part of
the tank (the right side of tank liner in Figure 7) where
the cylindrical part of the tank liner is supported by two
bearings. Fluctuations in the roller force were caused by
changes in the vertical position of the consolidation
roller, as can be learned from Figure 4, where the
spring/damper construction attached to the consolida-
tion roller is displayed. The roller force oscillations in
Tank-2 were analyzed through a Fourier analysis of the
force-time signal in Figure 23. Here, the relative mag-
nitudes of the signals as a function of the frequency are
displayed for the three rounds, where the data at some
distance from the start and end positions were selected
(in order to eliminate the effect of transition parts
between rounds). In line with the repetitive nature of
the roller force oscillations, distinctive peaks in fre-
quencies can be observed that can be related to the
tape winding process. The first peak at a frequency of
about 0.16 Hz corresponds to a periodic signal with a
period of 6.2 s, which exactly corresponds with the time
it takes for the tank liner to make a revolution.
The other peaks may be regarded as higher orders or
can be related to other periodic signals. For example,
the signal at 0.43Hz can be related to the time it takes
for the consolidation roller to make a revolution.
On closer inspection, indeed the roller showed some
geometrical inconsistencies that could very well explain

Figure 20. Box and whisker plot representing temperature

variation at indicated pixels (path P1–P2 in the width direction of

the substrate) for randomly selected 50 frames images. Note that

the images containing edge effect/gap/overlap are excluded in the

selection procedure and the mean average of the temperature

along P1–P2 path was subtracted.

16 Journal of Composite Materials 0(0)



the presence of this signal. Hence, the observed vari-
ations in the roller force can directly be related to the
rotational nature of the tape winding process. The local
variations in liner diameter related to unroundness and

excentricity can lead to the formation of small gaps and
regions with some tape overlap due to the trajectory
change. In turn, the regions with gaps/overlap may
cause irregular reflection/absorption behavior of the

Figure 21. Histogram of the roller force in the first, second and third round for all the pressure tanks (for interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article).
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laser rays leading to different substrate temperature
values, both above and below typically expected
values. This largely explains the substrate temperature
variation in the second and third round (see Figures 9,
10 and 12).

In addition to the roller force, the tape feeding vel-
ocity was also affected by the geometrical disturbances,
i.e. the unroundness and eccentricity. The histogram of
the tape feeding velocity for each round is shown in
Figure 24. It is seen that the velocity distribution
trend was almost the same for each round and the dis-
tribution was very close to the normal distribution
where the nominal set value was 140mm/s. The mean
and standard deviation of the measured velocity were
approximately 143mm/s and 5mm/s, respectively. To
illustrate, the measured velocity data, moving average
values and moving standard deviation of adjacent
hoop-winding for Tank-2 are shown in Figure 25.
The variation of measured linear velocity is roughly
10mm/s with some spikes that amounts to 20mm/s.

A Fourier analysis of the tape feeding velocity, tem-
perature of tape and substrate data was conducted in a
same manner as the roller force analysis which is shown
in Figure 26 for Tank-2. The same dominant frequen-
cies observed from the analysis of the roller forces are
observed for the tape and substrate temperature devi-
ations providing strong evidence that the variations in
the roller force and both temperatures were linked.
The unroundness and eccentricity also caused vari-
ations in the required supply speed of the tape that
was deposited on top of the tank liner and the tape
tension. The actual supply speed is equal to the tangen-
tial velocity at the nip-point which in turn is dependent
on the local value of the tank liner diameter.

Unroundness and eccentricity cause temporal vari-
ations in the diameter and, in turn, in the required
supply speed. As the laser source supplies a constant
power, the heating rates of the tape may temporarily
change, depending on the tape speed. The larger the
local tape speed, the smaller the temperature increase
of the tape at constant laser power. This also holds to
some extent for the substrate surface heated by the laser
source. A Fourier analysis of the tape speed, carried out
in the same way, indeed shows that the frequencies pre-
sent in the tape temperature, substrate temperature,
tape tension and roller forces can explain the speed
variations observed, see Figure 26 for the results of
the analysis of Tank-2.

Process improvement

The laser-assisted adjacent hoop winding of three
rounds on a tank liner at constant laser power can be
done well but led to significant changes in the process
temperature during the deposition process. The optimal
and well-controllable conditions should be achieved
during the tape winding process for the superior man-
ufactured product. As observed from the results pre-
sented in this work, such ideal manufacturing
conditions due to the geometrical disturbances cannot
be established. Therefore, suitable approaches should
be developed to control the temperature evolution glo-
bally and locally as well as fluctuations in temperature
due to geometrical disturbances. This is necessary to
optimize the final part properties with a better under-
standing of the thermal history of the material.

Although the feedback temperature controller seems
to be a solution to ascertain a constant nip-point
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Figure 24. Histogram of the tape feeding velocity in the first, second and third round for all the pressure tanks (for interpretation of

the references to color in this figure legend, the reader is referred to the web version of this article).
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temperature, it is not sufficient for process control when
the disturbances like measurement location movement
or gap/overlap exist. Therefore, there is a need to detect
the geometrical disturbances and adapt the thermal
camera measurements accordingly, e.g. the measure-
ment location and emission coefficient of the thermal
camera. A potential solution for this is the real-time
object detection technique using the deep-learning
methods such as RCNN, YOLO or SSD.44–46 This
can be integrated into the LATW system. The real-
time object detection can also be used for realizing
gap and overlap where the emission coefficient is
changing. At these locations, thermal camera should
use different emission coefficient to measure the right
temperature. Adapting laser power for the desired tem-
perature at those regions needs such a laser-like VCSEL
laser (see Weiler et al.22) which could precisely adjust its
power toward the gap/overlap regions. Integrating
physics-based in-line monitoring model is also another
possibility to create such model predictive control
model, i.e. those developed in Montazeri-Gh et al.,47

in order to interpret the actual temperature and control
it for the LATW application.

Conclusion

In this work, laser-assisted tape winding was used to
manufacture a number of type-IV thermoplastic com-
posite pressure vessels. A constant laser power was
employed during continuous adjacent deposition
of three layers of a glass-filled HDPE thermoplastic
fiber tape on an HDPE liner. The development of the
substrate and tape temperatures along with other key
characteristics of the deposition process was analyzed
in detail for a reliable manufacturing. In addition, the
variation in tape and substrate temperature was quan-
tified. The following conclusions can be drawn.

Applying a constant laser power while depositing
layers of tape on top of each other in a continuous
adjacent fashion leads to a non-constant process tem-
perature. The process temperature is sensitive to the
average substrate temperature that in turn is dependent
on the local heating and cooling cycles induced by the
LATW process. Continuing the tape winding process
directly after the deposition of the first layer causes a
significant increase in the average substrate tempera-
ture. The mean tape and substrate temperatures were
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Figure 26. Fourier analysis (blue color) of: (a) velocity, (b) tape temperature and (c) substrate temperature of Tank-2 along with
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fft(Vtape- <Vtape >), for the tape temperature fft(Ttape- <Ttape >) and for the substrate temperature fft(Tsub- <Tsub >).
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found to increase approximately by 12�C and 50�C,
respectively, from the first round to the second round.
The temperature change can be attributed both to the
change in substrate material (from a bare liner to a first
layer of tape on a liner) as well as to the heat accumu-
lated in the first round. Heat accumulation also led to
an increase of the average tape and substrate tempera-
ture of around 3�C and 20�C, respectively, from the
second round to the third round.

The mean temperature of the substrate and tape
temperatures increased gradually round by round.
However, the trend of the COV and standard deviation
was found to be non-linear due to the process disturb-
ances. A larger COV of the substrate temperature
(4.8–8.8%) than the COV of tape temperature
(2.1–7.8%) was found from the histograms of measured
temperatures. The standard deviation of the substrate
temperature in the third round was found to be smaller
than the second round.

The detailed analysis conducted in this paper showed
the importance of the relation between process param-
eters and geometrical anomalies (surface features,
eccentricity, unroundness) that have a severe impact
on the actual and/or measured temperature in the pro-
cess zone. Even the presence of a small blow molded
edge may cause a significant increase in the temperature
as observed during the tape winding in the first round
via the thermographic images.

This blow molded edge effected the periodic scatters
in the first round of adjacent hoop winding with an
amount of 20–50�C.

Eccentricity and unroundness of the tank liner
caused variations in tape velocity, substrate and tape
temperatures which generated reaction forces by the
roller as shown through detailed Fourier analysis.

Moreover, the unroundness and eccentricity were
found to be the potential reason for the change in meas-
urement location and the occurrence of gap/overlap.
The locations on the tank surface with gaps between
the deposited tape and overlap of adjacent layers led
to considerable local temperature variations during the
second and third round. The overall temperature vari-
ation was found to be approximately �5�C for the ran-
domly selected 50 thermal images for the substrate in
which the gap and overlap features were excluded.

The quantified temperature variations might not be
critical to generate unwanted degradation. Nevertheless,
they may affect the local temperature history of the
material, e.g. the cooling rate and the temperature at
consolidation may differ, which drives the mechanical
property evolution via crystallinity, residual stresses,
etc. It is therefore vital to understand, describe and
quantify the variation in temperature during process
which would pave the road towards developing more
robust inline control strategies. In addition, a well

described inherent temperature variation could help
the composite structure designers to make more reliable
product designs by taking the possible variations in the
thermal history, e.g. the quantified COV data per
round, and using it in a stochastic analysis.

Monitoring disturbances with thermographic images
and Fourier analysis, it was concluded that a real-time
adaptive detection of the nip-point location needs to be
employed together with a feedback temperature control
system in order to take the temperature variations due
to geometrical disturbances into account.
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Appendix 1

An experiment was designed and performed for measur-
ing temperature-dependent emission coefficient of the
employed UD glass/HDPE thermoplastic tape which is
shown in Figure 27. The experiment used the contact
measurement thermocouple and the non-contact meas-
urements of UD prepreg which is heated by a heating
plate. The experiment was performed for three inclin-
ation angles of the thermal camera toward the material
which indicates possible measurement error of the non-
contact thermographic measurement. The measurements
were repeated five times in order check reproducibility
and validation of the experiment. Emission coefficients
in the camera software were set so that the indicated
temperature matches the one determined by the contact
measurement. Results in Figure 28 show the tempera-
ture-dependent emission coefficient of the employed UD
thermoplastic tape for different inclination angles. The
general trend is reported as:

. Emission coefficient values were in the domain of
0.7–1.0.

. Emission coefficient of 1.0 was found for low
temperatures.

. The higher the temperature, the lower the emission
coefficient.

. The lower the inclination angle, the lower the emis-
sion coefficient.

. The behavior change was attributed to the changing
aggregate phase of the HDPE material after passing
the melting point of the matrix material.

Tape material

30°

Heating plate

Setup for 30° inclination angle

Setup for 60° and 90° inclination angle

Figure 27. Experimental setup for measuring temperature

dependent emission coefficient of the employed UD glass/HDPE

thermoplastic tape for three inclination angle of the thermal

camera toward the material.

Figure 28. Temperature dependent emission coefficient results

of the employed UD glass/HDPE thermoplastic tape for different

inclination angles of the thermal camera toward the material.
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