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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Tubular structures of fiber-reinforced polymer composites are utilized in various applications such as risers in the oil and gas industry and 
hydrogen pressure vessels in the automotive sector. The laser-assisted tape winding process presents an automated and efficient solution for the 
manufacturing of these structures out of thermoplastic composites. However, in order to guarantee reliable and high-quality process results, the 
temperature distribution within the laminate governing the consolidation between successively wound layers has to be understood and taken 
into account for process design. In an experimental setup, thermocouples were embedded between the layers in multiple spots along the 
perimeter during the manufacturing of pipe samples with five layers wound on a pure thermoplastic liner. This enabled capturing the through-
thickness temperature distribution at different transversal locations. In addition to the temperature data recorded by the thermocouples, a 
stationary infrared thermographic camera focused on the laser-heated area was mounted on the tape winding head. The temperature data points 
of both sources were contrasted to evaluate how the through-thickness temperature distribution reflects the temperature input on the surface. 
Furthermore, the experimentally determined temperature distribution was compared with the results of a numerical process model, drawing 
conclusions with regard to the modelling and control of the multi-variable process. 
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1. Introduction

Offshore oil and gas exploration takes place in increasing
water depths in order to access previously undeveloped 
reserves. This increases the mechanical, thermal and chemical 
requirements for involved components and materials. For the 
pipes conveying the hydrocarbons to the surface, also referred 
to as risers, the increased required length leads to limitations 
in the design and weight of the structure, which should be self-
supporting. In this context, fiber-reinforced plastic (FRP) 
composites offer tailored strength, high thermal and pressure 
tolerances, resilience and durability in corrosive environments 
with reduced weight compared to conventional metals. [1] 

Thermoplastic FRPs are particularly suitable for prolonged 
service in these conditions due to their excellent resistance to 
corrosion and fatigue resistance with respect to thermoset 

FRPs [2]. Additionally, considering the high length necessi-
tating continuous production processes, thermoset cure dyna-
mics constitute a barrier for pipe manufacturing processes [1]. 
In general, process specification, control and documentation 
are essential to consistent quality assurance, given the com-
plexity of the manufactured structures and the lack of com-
parative quality data. Achieving this objective would under-
line the status of composites as an enabling technology for oil 
and gas applications and prevent potentially fatal failures in 
offshore environments [3]. For ensuring the quality of thermo-
plastic FRP parts bonded by in-situ consolidation, the tem-
perature in the process area is crucial determining final part 
quality and thus has to be controlled accurately to monitor suf-
ficient melting for interlaminar bonding without degradation 
of the polymer [4,5]. In this context, the through-thickness 
temperature distribution is of great interest, as the repetitive 
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1. Introduction

Offshore oil and gas exploration takes place in increasing
water depths in order to access previously undeveloped 
reserves. This increases the mechanical, thermal and chemical 
requirements for involved components and materials. For the 
pipes conveying the hydrocarbons to the surface, also referred 
to as risers, the increased required length leads to limitations 
in the design and weight of the structure, which should be self-
supporting. In this context, fiber-reinforced plastic (FRP) 
composites offer tailored strength, high thermal and pressure 
tolerances, resilience and durability in corrosive environments 
with reduced weight compared to conventional metals. [1] 

Thermoplastic FRPs are particularly suitable for prolonged 
service in these conditions due to their excellent resistance to 
corrosion and fatigue resistance with respect to thermoset 

FRPs [2]. Additionally, considering the high length necessi-
tating continuous production processes, thermoset cure dyna-
mics constitute a barrier for pipe manufacturing processes [1]. 
In general, process specification, control and documentation 
are essential to consistent quality assurance, given the com-
plexity of the manufactured structures and the lack of com-
parative quality data. Achieving this objective would under-
line the status of composites as an enabling technology for oil 
and gas applications and prevent potentially fatal failures in 
offshore environments [3]. For ensuring the quality of thermo-
plastic FRP parts bonded by in-situ consolidation, the tem-
perature in the process area is crucial determining final part 
quality and thus has to be controlled accurately to monitor suf-
ficient melting for interlaminar bonding without degradation 
of the polymer [4,5]. In this context, the through-thickness 
temperature distribution is of great interest, as the repetitive 
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interlaminar measurement during the placement of subsequent 
layers enables to assess the considerably high heating and 
cooling rates determining the time for intimate contact, inter-
molecular diffusion and the occurrence of repeated consolida-
tion altering the mechanical performance of a laminate [5,6,7]. 

Against this background, the focus of this paper is on the 
temperature distribution within the composite laminate during 
the laser-assisted tape winding (LATW) process as an 
important quality indicator and as an input for process 
modelling enabling the control of the manufacturing process 
for obtaining reproducible high-quality components. 

 
Nomenclature 

exp. Experiment 
FRP Fiber-reinforced plastic 
ITC Infrared thermographic camera 
LATW Laser-assisted tape winding 
NP Nip point 
PA Polyamide 
PA12 Polyamide-12 
PEEK Polyether ether ketone 
Tc Thermocouple 

2. Research background 

2.1. Thermoplastic composite pipes 

In the unbonded, flexible design of thermoplastic compo-
site risers the separate layers can move individually. These 
include a steel carcass for collapse resistance, a thermoplastic 
liner as fluid barrier, a composite pressure armor, a steel ten-
sile armor and additional insulating and protective layers. [8] 

 

 

Fig. 1. Inner layers of unbonded flexible pipe with thermoplastic composite 
pressure armor. 

Thermoplastics like polyamide (PA) and polyether ether 
ketone (PEEK) are already used by different companies 
developing thermoplastic composite pipes [2]. Fig. 1 depicts 
the inner layers of an unbonded pipe. The thermoplastic liner 
is extruded around the carcass and serves as substrate for the 
placement of composite tapes forming the pressure armor. In 
conventional unbonded designs not featuring composites, the 
pressure armor is constituted of steel, causing problems of 
increased weight for pipe lengths of more than 1,500 meters 
[2,8]. 

2.2. Laser-assisted tape winding 

For manufacturing the thermoplastic composite laminates 
in unbonded pipes, tape winding, also referred to as filament 
winding, is mostly applied given the high degree of process 
automation. The principle of this manufacturing method is 
presented in Fig. 2. Thermoplastic unidirectionally fiber-rein-
forced tape is fed towards the nip point beneath a roller, where 
it is melted and consolidated with the substrate by localized 
heat and pressure input. For the first layer, the substrate 
consists of a smooth plastic liner, which should be made out of 
a similar thermoplastic to the tape matrix to enable bonding 
between both components. The application of a laser as heat 
source allows for short response times and high energy 
density, facilitating the ‘in-situ consolidation’ of tape and 
substrate, i.e. the full bonding of the plies simultaneously to 
the lay-up. [4,9]. 

 

 

Fig. 2. LATW – (a) Process principle; (b) Application for pipe winding. 

Manufacturing of parts by in-situ consolidation eliminates 
additional tempering or curing steps associated with thermoset 
composite production. Additional processing advantages in-
clude the clean nature of the process without by-products or 
emissions and the post-formability of thermoplastic compo-
sites enabling subsequent forming and recycling of the com-
ponent. To fully exploit these advantages despite short melt 
times, the process design has to be sophisticated and ensure an 
ideal temperature distribution within the materials. This is a 
prerequisite for intimate contact between the laminate sur-
faces, melt flow and intermolecular diffusion. [9] 

2.3. Temperature measurement in LATW processes 

Among other parameters of the LATW process governing 
the in-situ consolidation quality and as a result, the quality of 
the final product, like the pressure exerted by the roller, the 
temperature distribution is considered the most important 
[4,6,7]. Numerous publications are dedicated to measuring and 
modeling the heat input and induced temperature distribution 
and history governing the polymer melt viscosity, intimate 
contact and intermolecular diffusion between the tape and 
substrate surfaces and thus the quality of the bonding and 
consolidation within the composite part. Beside non-contact 
sensors based on pyrometry, which are limited to assessing the 
surface temperature, thermocouples are frequently used to 
track the temperature directly on or within the substrate in 
areas affected by the thermal radiation. [10]. 
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Different approaches to contact temperature measurements 
have been implemented in literature. Dai et al. [5] placed the 
thermocouples on the substrate surface in order to obtain the 
temperature pattern during the production of ring samples with 
carbon fiber-reinforced polyethylenimine (PEI) tape heated by 
hot air. A similar approach with thermocouples applied to the 
substrate surface was pursued by Stokes-Griffin et al. [10] and 
Dedieu et al. [11] on flat laminates during the laser-assisted 
application of PEEK/CF tape. Dedieu et al. also investigated 
the temperature evolution over the placement of several plies 
on top of the same thermocouple. Comer et al. [12] placed 
multiple thermocouples in between layers of carbon fiber-
reinforced PEEK and focused on a comparison of in-situ con-
solidated laminates and laminates produced by treatment in an 
autoclave after placement. Kermer-Meyer [13] pursued a 
similar approach focusing on the cooling and crystallization 
behavior. Both sources do not explicitly consider the through-
thickness temperature distribution. A focus on this distribution 
is also missing in the work of Hosseini et al. [14], who used a 
flat setup of PEEK/CF with embedded thermocouples for the 
investigation of temperature behavior during placement on 
steps in the laminate. Schäkel et al. [15] introduced a new 
approach by feeding different temperature sensors through the 
tape placement machinery with the carbon fiber-reinforced 
PA12 tape. Because a simple ring geometry was used, the 
repeated heating of the substrate had a significant effect, 
which is not typical for the subsequent addition of multiple 
layers on thermoplastic composite pipes. 

The work documented in this paper focuses on the through-
thickness temperature distribution in an unbonded flexible 
pipe setup (see Fig. 1) with sensor placement in between sub-
sequent plies as this has not yet been studied in literature and 
is an important input both for process studies, optimization 
and modelling. As molecular interdiffusion can be induced 
within a laminate by sufficient heat input and lead to repeated 
consolidation and elimination of voids in subjacent layers, the 
mechanical peel strength of a laminate can be substantially 
increased by repeated heat and pressure input [6]. 

3. Experimental setup and methodology

3.1. Tape winding system technology 

Manufacturing systems for LATW are often customized 
and designed modularly for flexible production featuring the 
placement of different FRP semi-finished materials on various 
geometries. Typical elements of a tape applicator are the heat 
supply, the consolidation roller for exerting pressure perpen-
dicularly to the nip point, the feed and guiding unit as well as 
a device for tape cutting. [9,16] 

The LATW system employed in the experimental setup 
features a multi-mode diode laser-based heating system 
(wavelengths 935-1030 nm) and a laser optics mounted on the 
tape applicator, which homogenizes the laser spot and shapes 
it rectangularly in a top-hat profile with a width of 28 mm and 
a height of 65 mm in the nip point plane. An infrared thermo-
graphic camera (ITC) is attached next to the laser optics for 

capturing the temperature distribution in the process zone. The 
thermographic images are evaluated by extracting average va-
lues in predetermined regions for tape, substrate and nip point 
(see Fig. 3) [17]. Additional information about the setup of the 
modular flexible tape application system can be found in [16]. 

Fig. 3. Experimental setup and positioning of sensors. 

3.2. Measuring devices and positioning 

Due to their fast response and compact size, which enables 
them to be easily integrated within the laminate without 
disturbing the process, K-type thermocouples of the Omega 
5TC series with a wire diameter of 0.13 mm and a maximum 
deviation of 1.5 °C were used. They were connected to a 
Graphtec GL220 data logger allowing the simultaneous 
capturing of 10 signals with a frequency of 10 Hz. 

The winding was performed discontinuously allowing for 
thermocouple (Tc) fixation before the beginning of a new 
layer. As indicated in Fig. 4, two thermocouples were placed 
on the substrate of each layer with a radial offset of 180 ° in 
the axial middle of the pipe samples, which exhibited an 
overall length of 150 mm. The sensor placement on the liner 
allows for assessing the consolidation between liner and first 
layer as well. 

Fig. 4. Schematic pipe section and sensor locations. 

In addition to the contact temperature sensors, the thermo-
graphic camera attached to the tape applicator was used for 
gathering temperature data during the manufacturing of the 
pipe samples. The Pyroview 160L compact+ by Dias captured 
the temperature in the process zone with a frequency of 35 Hz, 
a resolution of 160 x 120 pixels and a maximum deviation of 
2 % (see Fig. 3). 

Thermocouple Tc1-1
Thermocouple Tc2-1
Thermocouple Tc3-1
Thermocouple Tc4-1

Thermocouple Tc1-2
Thermocouple Tc2-2
Thermocouple Tc3-2
Thermocouple Tc4-2

Thermocouple Tc5-1

Thermocouple Tc5-2

Tape layer 3
Tape layer 4

Tape layer 1
Tape layer 2

Thermoplastic liner
Metal carcass

Tape layer 5
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3.3. Materials and process parameters 

The tape material employed in the experiments was HT 
carbon fiber-reinforced polyamide-12 (PA12) from Evonik 
with a fiber volume fraction of 45 %, a width of 20 mm and a 
thickness of 0.15 mm. The thermoplastic liner was manufac-
tured of a similar thermoplastic material to ensure bonding 
with the first tape layer. Three pipe samples were produced 
with an inner diameter of 125 mm, a length of 150 mm and a 
pitch of one tape width leading to a winding angle of 87 °. To 
amplify the significance of the results for thermoplastic 
composite pipes, a typical layup with alternating winding 
angles (+/- 87 °) for alternating layers was realized. Table 1 
contains the process parameters selected based on a previously 
conducted process analysis for identifying optimum process-
ing conditions, which was assessed by mechanical analysis of 
systematically manufactured, standardized ring samples 
determining peel strength and interlaminar shear strength. The 
laser inclination angle is specified relative to the plane defined 
by the direct connection between laser optics and nip point. A 
negative inclination angle indicates a higher share of 
irradiation on the substrate. For the first layer directly placed 
on the liner, a higher laser power and lower inclination angle 
were set to account for the lower absorption coefficient of the 
white-colored liner material. 

Table 1. Process parameters for the experiments. 

Parameter Layer 1 Layer 2-5 

Laser power [W] 2500 1650 

Tape heating proportion [%] 45 60 

Consolidation force [N] 100 100 

Tape tension [N] 5 5 

Tape feed rate [mm/s] 200 200 

 
Contact and non-contact temperature measurements were 

continuously conducted during the experiments and the 
obtained data were subsequently merged for analysis. 

4. Results and discussion 

4.1. Contact measurements 

The data obtained from the thermocouples was stable 
throughout the experiments. Comparing the placement of the 
first layer on the liner with that of subsequent layers on previ-
ously placed tape, the heating pattern is similar, confirming 
the selected process parameters (see Table 1). 

Fig. 5 contains a typical temperature plot for the winding of 
the final layer incorporating the data gathered by all sensors. 
The temperature abruptly rises when the thermocouple is 
directly heated by the laser on the surface or is indirectly 
heated by conduction within the laminate. The maximum 
temperature is followed by a steep decline. In the course of the 
cooling phase the cooling rate decreases and the temperature 
within the laminate homogenizes towards a temperature of 
about 100 °C due to the thermal inertia of the material. Similar 

heating patterns of heating and cooling behavior were 
identified in previous studies [5,10,11,12,13,14]. In [15], the 
distinctive pattern was also identified despite the different 
approach in sensor integration. However, the continuously 
manufactured ring geometry with multiple layers placed 
successively did not allow a cooling of the laminate. 

 

 

Fig. 5. Full thermocouple data for winding of fifth layer (Sample 3). 

In multiple data sets obtained during the experiments, two 
temperature peaks could be observed in the thermocouple data 
(see Fig. 5). This can be attributed to the width of the rectan-
gular laser spot exceeding the width of the placed tape and 
therefore the lateral movement for one revolution of the liner. 
Depending on the axial position of the sensor with respect to 
the tape layup, it is irradiated twice by the laser (see Fig. 6). 
As the sensor is either not directly covered by the incoming 
tape (lower first peak) or is already covered by the tape when 
it is irradiated by the edge of the laser spot (lower second 
peak), the heat input to the sensor is lower due to either 
convection or the tape layer on top of it. For this reason, the 
maximum of the measurement series signifies the direct tape 
placement after irradiation of the sensor and thus is considered 
the most significant temperature value for process analysis. 

 

 

Fig. 6. Repeated irradiation of fixed thermocouples – (a) Process image; (b) 
Visualization of laser irradiation; (c) Resulting measurement curve. 

With the maximum values obtained in different laminate 
depths, the through-thickness temperature distribution was 
determined. The display in Fig. 7 shows a gradual decrease of 
the measured temperature, relating to the distributions 
indicated by Weiler et al. [7] within a heated composite 
laminate. The approximate minimum temperature value in the 
laminate amounts to 100 °C, which confirms the temperature 
equilibrium of the temporal progression (see Fig. 5). The 
deviation between the measurements decreases with increased 
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distance from the surface. Considering the melting tempera-
ture of PA12, it can be assumed that the first tape layer of the 
substrate is fully melted and that the top of the second, 
subjacent tape layer of the substrate is also sufficiently heated 
to enable molecular diffusion. This confirms the healing effect 
in subjacent substrate layers identified by Stimpfl [6], which 
leads to an increased bond strength and mechanical 
performance of the laminate also stated by Stokes-Griffin et 
al. [10]. Considering the limited heat absorption of the white 
liner for initial laser irradiation, the repeated heating above 
melting temperature by conduction during the addition of the 
second ply is important to consider. This proven healing effect 
enhances the degree of consolidation and therefore the 
connection between the composite laminate and the liner. 

 

 

Fig. 7. Visualization of through-thickness temperature distribution. 

Dedieu et al. [11] identified a similar through-thickness 
distribution and pointed out the high heating and cooling rates 
induced for in-situ consolidation. The results of this experi-
mental study confirm Dedieu et al.’s observation as the 
heating rate at the surface of the pipe samples averaged more 
than 700 °C/s (see Table 2). Due to conduction to the consoli-
dation roller and within the laminate as well as convection to 
the surrounding air, the cooling rate is also significant leading 
to a time of 0.1 s where intimate contact and molecular 
interdiffusion can come into effect. 

Table 2. Evaluation of contact temperature measurements. 

Distance from 
surface [mm] 

Average heating 
rate [°C/s] 

Average cooling 
rate [°C/s] 

Average time 
above melting 
temperature [s] 

0.00 706.3 246.4 0.097 

0.15 538.6 101.9 0.055 

0.30 71.9 8.0 0.009 

0.45 4.9 2.0 0.000 

0.60 3.3 1.2 0.000 

4.2. Comparison with non-contact measurements 

The thermocouple temperature measurements were con-
trasted with the data obtained by the infrared thermographic 
camera, which is routinely used for process monitoring. The 
average values extracted from the camera images (see Fig. 3) 
show a steady temperature distribution within the process zone 
between incoming tape and substrate (see Fig. 8). Due to the 

inclination of the laser irradiation towards the substrate, the 
average temperature value determined for the substrate region 
is higher than for the nip point and tape regions. When com-
paring the temperature values for the substrate region with the 
peak temperature from the thermocouple readings across all 
measurement series, it is evident that the camera substrate 
values are always higher than the thermocouple peak values. 
This can be attributed to the different measurement principles 
of the stationary pyrometric camera and the rotating contact 
sensors as well as to the fact that the camera software slightly 
exaggerates the emission coefficient attributed to the substrate 
when generating temperature values. 

 

 

Fig. 8. Comparison of thermocouple and infrared thermographic camera data 
for winding of fifth layer (Sample 1). 

4.3. Comparison with numerical model 

For contrasting the thermocouple data with numerical 
simulation values to assess the capabilities of process mod-
elling for secured process quality control, a coupled optical-
thermal model as described in [18] was utilized. It evaluates 
the heat flux distribution by a ray-tracing approach imple-
menting a non-specular reflection model for modeling the 
anisotropic reflective behavior on the composite surfaces. A 
2D transient through-thickness model considering in-plane 
conductivity calculates the temperature distribution by finite 
volume scheme. The heat flux calculated by the optical model 
is transferred to the thermal model as the boundary condition 
on the heating surface of the substrate and tape. The mass is 
growing in the winding and thickness direction by activating 
computational nodes in each time step according to the tape 
deposition. The material property and boundary condition 
values necessary to run the simulation model are presented in 
Table 3. 

In Fig. 9a, the temperature history is plotted for a fixed 
thermocouple at the liner interface (Tc1-1) and as more layers 
are added, the temperature values drop accordingly. A good 
agreement of the prediction and measurement is shown both 
for heating and cooling regions. Especially the cooling 
equilibrium is accurately predicted for all layers with a slight 
deviation for the last layer, where the model underestimates 
the entire through-thickness heating behavior. This difference 
could be due to fixed thermal parameters of the model and 
minor disturbances of through-thickness conduction within the 
laminate. In Fig. 9b, a considerable difference is noticeable 
between the modeled and measured values for Tc2-1 and 
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Tc4-1. This can be explained with an inaccurate placement of 
the respective thermocouples within the experiments. The 
temperature profiles determined in the experiments were 
subsequently used to adapt the model including the pheno-
menon of repeated irradiation (see Fig. 6). This enhances the 
model’s accuracy as well as its capability to be used in a 
model-based control of the LATW process. 

Table 3. Reference values for numerical thermal model. 

Category Description Value Unit 

Tape 
material 
properties 
(PA12/CF) 

Thermal conductivity in fiber direction 7.78 W/mK 

Thermal conductivity in transverse 
direction 

0.46 W/mK 

Mass density 1360 kg/m³ 

Heat capacity 1500 J/kgK 

Liner 
material 
properties 
(PA12) 

Thermal conductivity 0.23 W/mK 

Mass density 1030 kg/m³ 

Specific heat capacity 2400 J/kgK 

Boundary 
conditions 

Heat transfer coefficient composite-air 10 W/m²K 

Heat transfer coefficient tape-roller 100 W/m²K 

Thermal contact conductance coefficient 
of mandrel and substrate interface 

1000 W/m²K 

Initial 
conditions 

Initial mandrel, tape, substrate and 
ambient temperature 

30 °C 

Roller “far field” temperature (constant) 50 °C 

Numerical 
parameters 

Mesh size in winding and width directions 1 mm 

Number of nodes per layer in thickness 
direction 

2 - 

 

Fig. 9. Comparison of thermocouple data and model prediction – (a) 
Comparison for Tc1-1 for layers 2-5 (Sample 3); (b) Comparison for Tc1-1, 
Tc2-1, Tc3-1, Tc4-1 for layer 5 (Sample 3). 

5. Conclusion 

Pipe samples of a structure typical for unbonded flexible 
risers for oil and gas applications were manufactured in an 
experimental setting including the temperature measurement 
by contact thermocouples as well as a non-contact infrared 
thermographic camera. The obtained temperature data were 
analyzed confirming the through-thickness heating of sub-
jacent tapes, the connection of composite laminate and liner as 
well as the short time available for intermolecular diffusion 
processes affecting the bonding strength of the laminate. 

Acknowledgements 

This project has received funding from the European 
Union’s Horizon 2020 research and innovation program under 
grant agreement No 678875. The dissemination of the project 
herein reflects only the authors’ view and the Commission is 
not responsible for any use that may be made of the 
information it contains. 

References 

[1] Marsh G. Thermoplastic composite solution for deep oil and gas reserves. 
Reinforced Plastics 2013;57:4; p. 26-29. 

[2] Osborne J. Thermoplastic pipes – lighter, more flexible solutions for oil 
and gas extraction. Reinforced plastics 2013;57:1; p. 33-38. 

[3] Ochoa OO, Salama MM. Offshore composites: Transition barriers to an 
enabling technology. Composites Science and Technology 2005;65:15-
16; p. 2588-2596. 

[4] Grouve W. Weld Strength of Laser-Assisted Tape-Placed Thermoplastic 
Composites. PhD Thesis; University of Twente; 2012. 

[5] Dai SC, Ye L. Characteristics of CF/PEI tape winding process with on-
line consolidation. Composites Part A: Applied Science and 
Manufacturing 2002;33:9; p. 1227-1238. 

[6] Stimpfl J. CO2-laserunterstütztes Tapelege-, Wickelverfahren zur 
Verarbeitung von ungefärbten, endlos glasfaserverstärkten Thermoplast-
Tapes. PhD Thesis. RWTH Aachen University; 2014. 

[7] Weiler T, Emonts M, Janssen H. On the Use of Flexible Intensity 
Distributions for Thermoplastic Tape Placement by Means of Vertical-
Cavity Surface-Emitting Laser (VCSEL). Proceedings of 3rd International 
Conference & Exhibition on Thermoplastic Composites; 2016. 

[8] Pham D, Sridhar N, Qian X, Sobey AJ, Achintha M, Shenoi A. A review 
on design, manufacture and mechanics of composite risers. Ocean 
Engineering 2016;112:1; p. 82-96. 

[9] Mazumdar SK. Composites Manufacturing – Materials, Product, and 
Process Engineering. 1st ed. Boca Raton: CRC-Press; 2000. 

[10] Stokes-Griffin CM, Compston P. Laser-Assisted Tape Placement of 
Thermoplastic Composites: The Effect of Process Parameters on Bond 
Strength. Sustainable Automotive Technologies 2013; p. 133-141. 

[11] Dedieu C, Barasinski A, Chinesta F. About the origins of residual 
stresses in in-situ consolidated thermoplastic composite rings. 
International Journal of Material Forming 2017;10:5; p. 779-792. 

[12] Comer A, Ray D, Obande W, Jones D, Lyons J, Rosca I, O’Higgins R, 
McCarthy M. Mechanical characterisation of carbon fibre-PEEK manu-
factured by laser-assisted automated-tape-placement and autoclave. Com-
posites Part A: Applied Science and Manufacturing 2015;69:1; p. 10-20. 

[13] Kermer-Meyer A. Formhaltige und komplexe Laminatstrukturen in 
Thermoplast-Tapelegeverfahren. PhD Thesis. RWTH Aachen; 2015. 

[14] Hosseini SMA, Baran I, Akkerman R. An experimental investigation on 
the thermal field of overlapping layers in laser-assisted tape winding 
process. Proceedings of 21st International Conference on Material 
Forming; 2018. 

[15] Schäkel M, McNab J, Dodds N, Peters T, Janssen H, Brecher C. Data 
collection and analysis for the creation of a digital shadow during the 
production of thermoplastic composite layers in unbonded flexible pipes. 
Proceedings of the ASME 2018 37th International Conference on Ocean, 
Offshore and Arctic Engineering; 2018. 

[16] Werner D. Fertigung basaltfaserverstärkter Bauteile auf Basis 
duroplastischer Matrixsysteme mit aktivierbarer Adhäsion. PhD. Thesis. 
RWTH Aachen; 2018. 

[17] Brecher C, Kukla C, Emonts M. Infrarotkameragestützte Prozesstempe-
raturerfassung – Laserunterstützte Verarbeitung endlosfaserverstärkter 
thermoplastischer Tapes. Werkstatttechnik online 2016;106:5; p. 341-346. 

[18] Hosseini SMA, Baran I, Akkerman R. Thermal modeling strategies for 
laser assisted tape winding (LATW) process. Proceedings of 21st 
International Conference on Composite Materials; 2017. 

 

a b

0

50

100

150

200

250

4 5 6 7 8 9

Te
m

p
er

at
u

re
 [

°C
]

Time [s]
Layer 2 (exp.) Layer 3 (exp.)
Layer 4 (exp.) Layer 5 (exp.)
Layer 2 (model) Layer 3 (model)
Layer 4 (model) Layer 5 (model)

4 5 6 7 8 9
Time [s]

Tc1-1 (exp.) Tc2-1 (exp.)
Tc3-1 (exp.) Tc4-1 (exp.)
Tc1-1 (model) Tc2-1 (model)
Tc3-1 (model) Tc4-1 (model)


