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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. 
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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 

For the implementation of carbon fiber reinforced (CFRP) parts, these need to be assembled to more complex structures. Therefore, laser 
transmission welding was transferred to heat conduction welding for joining thermoplastic CFRP to itself. The goal of these investigations was 
to determine the influence of the focal point geometry and the main fiber orientation within the CFRP on the temperature distribution at the 
upper joining member. A set-up was chosen consisting of two thermo cameras in order to measure the process temperatures on top and 
underneath the upper joining member. Furthermore, the heat affected width was determined and correlated to the process temperatures. 
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/) 
Peer-review under responsibility of the Bayerisches Laserzentrum GmbH. 

 Keywords: heat conduction welding; contour welding; thermoplastic; carbon fiber; process temperture, seam strength 

 
1. Introduction 

Today, carbon fiber reinforced materials are used for many 
different applications in order to implement the newest light 
weight design. This is the reason that the carbon fiber market 
has grown in the last couple years. Based on the year 2010, the 
carbon fiber demand increased by 11.5% each year. [1] 

Due to the increase of CFRP usage also the process-know-
how as well as understanding of the characteristic of the CFRP 
itself increased, so further applications are possible. For many 
applications it is necessary to join CFRP parts to other CFRP 
parts. This can be done by adhesive bonding or riveting. When 
the CFRP consists of a thermoplastic matrix welding 
techniques can be applied such as vibration, ultrasonic and 
induction welding. [2] Another new welding techniques is 
laser based heat conduction welding, which is a progression of 
the laser transmission welding. [3] At the classic laser 
transmission welding the laser radiation passes the upper 
joining member and is absorbed at the lower joining member, 
where the heat development takes place. Due to heat 
conduction between the parts the upper joining member 
becomes molten, too and after resolification a weld seam is 

generated. This welding technique can only be applied when 
the upper joining member is transparent or partly transparent 
for the laser radiation such as natural polymers. [4,5] If the 
upper joining member contains carbon fibers the radiation is 
absorbed directly at the carbon fibers, so the laser radiation 
cannot pass the upper part. This effect is used at the laser 
based heat conduction welding.  

 

Fig. 1. Priciple of heat conduction welding of CFRP. 
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The process heat is generated at the surface of the upper 
joining member and due to heat conduction the lower part 
becomes molten too. [3] 

It is important for this joining method that enough heat is 
generated so the lower part is molten, but the surface of the 
upper part becomes not damaged by the heat generation. In 
order to enhance the understanding of heat conduction 
welding of CFRP, the influence of the focal point geometry on 
the process temperature generation and the resulting seam 
strength need to be known.  

 
Nomenclature 

Tg               glass transition temperature  
Tm              melting temperature 
T                temperature 
A…            focal point geometry 
B…        …focal point geometry 
ΔTbot           temperature difference on the bottom of the CFRP 
ΔTtop                temperature difference on the top of the CFRP 
HAW         heat affected width 
ΔHAWbot    difference in HAW on the bottom of the CFRP 
ΔHAWtop    difference in HAW on top of the CFRP 
α, β             detection angle 
Es                        energy per unit length 

2. Experimental Set-up 

The experiments were conducted with carbon fiber fabric 
reinforced PPS (CETEX) produced by Tencate Advanced 
Composites BV with a fiber volume of 50%. PPS is a 
semicrystalline thermoplastic. The glass transmission 
temperature of natural PPS is Tg = 85-95°C and the melting 
point is Tm = 285-290°C. For a short time frame PPS can be 
used at T = 270-300°C and permanent at T = 200-240°C. It is 
known for its fire resistance, stiffness and resistance to 
chemicals. [6] The matrix material is natural, so it is 
transparent for NIR-radiation. The carbon fiber fabric has a 5 
Harnes weave style and the lay-up is (0,90)/(90,0). The CFRP 
laminate consists of two carbon fiber fabric layers and has a 
total thickness of d = 0.62 mm.  

All experiments were conducted with a main fiber 
orientation parallel to the weld seam path. For the heat 
conduction welding a diode laser emitting at λ = 940 nm was 
used. The maximum output power was P = 300 W. The 
experiments were conducted with a welding head generating a 
homogenized focal point with the dimension of 10 x 10 mm² 
to 10 x 20 mm². The test samples were moved by an axis 
system relatively to the welding head.  

In order to determine the process temperatures of the upper 
part, two thermo cameras were used to determine the 
temperatures of the surfaces of the CFRP (Figure 2). The 
upper thermo camera was placed at an angle of α = 68° 
relative to the surface of the CFRP. The lower thermo camera 
was placed in an angle of β = 90° to the surface. The thermo 
camera forms a 2D pseudocolor image representing the 
temperature values. For the evaluation of the thermo camera 
images, the maximum temperatures were determined, which 
occur during the welding process. Furthermore, a straight 

measuring line was placed perpendicular to the axis feed in 
the area where the highest temperatures occur. Then the 
maximum temperature for each pixel on this line was 
determined and a corresponding envelope was created.  

 

 

Fig. 2. Set-up used for the detection of the welding temperatures on top and 
underneath the CFRP. 

For the evaluation of the weld seam strength overlap, 
samples were welded and t tested with a tensile testing 
machine. Furthermore, the weld seam area was measured in 
order to determine the average weld seam width of each 
sample. All experiments were conducted by contour welding. 
Pre-tests were performed in order to determine the welding 
speed depending on the laser power needed to join materials. 
The maximum welding speed was defined, when a continuous 
weld seam was generated. The minimum welding speed was 
set when visible damage of the matrix material occurred due 
to process temperatures that were too high. 

3. Results and Discussion 

For the evaluation of the maximum weld seam 
temperatures, the experiments were conducted with a constant 
laser power of P = 9 W and varying welding speed between 
v = 13-27 mm/min in order to generate different energy per 
unit length ES the minimum welding speed was set to the point 
when the matrix material on the surface of the upper joining 
member started to degenerate while the carbon fibers remain 
nearly unharmed. The maximum welding speed was set to the 
point when only a small but continuous heat affected was 
generated underneath the CFRP.  

The laser beam width was always 10mm and the length 
was 10mm (A) and 20mm (B), respectively. In Fig. 3 are 
shown the maximum temperatures for two different spot sizes. 
The focal point geometry with A=10x10mm² generates higher 
temperatures on top and underneath the CFRP than the focal 
point geometry of B=10x20mm². This is due to the twice as 
high radiation density in combination with half as long 
interaction time between the radiation and the CFRP. So for 
the process with focal point B a longer time frame is available 
in which the process heat can dissipate out of the processing 
area. Furthermore, it was not possible to generate a heat 
affected area only with the focal point A for Es = 36 J/mm 
without damaging (smoke development) the surface.  
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Fig. 3. Max. average weld seam temperatures for welding with two different 
focal point geometries. 

The difference in the temperatures on top the CFRP 
generated by the different focal point geometries is at 
ES = 20 J/mm ΔTtop = 91.4 K. The difference of the 
temperatures underneath the CFRP is ΔTbot = 43.7 K and so 
clearly lower than the one of the upper surface. This 
difference can be deducted to the heat conduction from the 
surface into the material thickness, which has more time to 
take place for the focal point geometry B resulting in a lower 
temperature loss than for the focal point A.  

In Figure 4 are depicted the average heat affected width for 
the two focal point geometries. The difference of the heat 
affected width on top and underneath the CFRP is similar 
with ΔHAWtop = 1.7mm and ΔHAWbot = 1.9mm at 
Es = 20 J/mm. Furthermore, due to the detected temperatures 
it was expected that the upper heat affected width for the focal 
point geometry B is larger than the lower heat affected width 
for the focal point geometry A, which is not the case. 

 

 

Fig. 4. Average heat affected width on top and bottom for the focal point 
geometries A and B. 

This indicated that not only the maximum temperatures are 
the only factor influencing the HAW, but also another factor 
such as the exact temperature distribution. In order to 
determine the temperature distribution a measurement line 

was placed perpendicular to the weld seam orientation in the 
area with the highest temperatures in the thermo camera 
image. Then the maximum temperatures over the bead on 
plate welding process for each pixel on the measurement line 
were determined. Furthermore, the envelope curves for the 
temperatures on top the CFRP were corrected in order to 
compensate the different detection angle of the thermo camera 
compared to the camera detecting the temperatures 
underneath. 

The resulting envelope curves are shown in Figure 5. The 
envelope curve for the maximum temperatures on top of the 
CFRP and for the focal point geometry B increases faster than 
for the temperatures from underneath the CFRP and for focal 
point A. This results in a smaller seam width, which is 
generated due to the melting of the matrix material.  

 

 

Fig. 5. Envelope curves of the maximum temperatures at Es = 32 J/mm. 

In a next step, overlap samples were welded and tested. 
Therefore, the welding speed and so the welding range was 
determined for two different laser powers (45W, 60W 
) for both focal point geometries. The maximum welding 
speed, and so the minimum energy per unit length, was set to 
the point when a continuous weld seam was generated. The 
minimum welding speed resulting in the maximum energy per 
unit length was set to the point when the matrix material on 
the surface of the upper parts starts to show signs of 
degradation. 

The weld seam strength increases for higher energy per 
unit length for all combinations (Figure 6). This corresponds 
with the increase of the weld seam width (Figure 7). The 
welding process with the focal point geometry A and P = 60 
W needed less energy per unit length than the other 
combinations in order to generate a continuous weld seam. 
Furthermore, the welding range for this combination is 
smaller than for the others. The welding range for the focal 
point A at P = 45 W is almost the same than for the focal 
point geometry B at P = 60 W. This based on the different 
heat generation as described before. The largest welding range 
was obtained with the focal point geometry B and P = 45 W, 
which generated the highest seam strength with 8.8 kN. 
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In a next step, overlap samples were welded and tested. 
Therefore, the welding speed and so the welding range was 
determined for two different laser powers (45W, 60W 
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Fig. 6. Average seam strength for the focal point geometries A and B at 
different energy per unit length. 

 
Fig. 7. Average weld seam width for the focal point geometries A and B at 
different energy per unit length. 

Besides the seam strength, also the weld seam width 
increases, which correlates with the results of the previous 
investigations. This time there is a second part, into which the 
process heat conducts and does not remain only in the upper 
parts to melt the thermoplastic. The increase of the weld seam 
width affects the overall shear strength, which is the ratio 
between seam strength to weld seam area. The shear strength 
was calculated for the parameters generating the highest seam 
strengths. The resulting seam strengths for all parameter 
combinations are similar, which leads to the deduction, that 
for a process development the process with the highest 
welding speed can be chosen. Furthermore, less space at the 
part is needed for the weld seam generation. If the overall 
strength of the weld seam is the main criteria, the parameter 
with the focal point geometry B and P = 45 W should be 
chosen. 

Conclusions 

Investigations were carried out on the process heat 
development at heat conduction welding of CFRP. The focal 
point geometry, especially the focal point length parallel to 
the weld seam, affect the heat development. At ES = 20 J/mm 
the difference in the temperature is ΔTtop = 91.4 K on top of 
the CFRP and ΔTbot = 43.7 K on the bottom of the CFRP just 
due to the focal point. This also affects the resulting HAW 
with ΔHAWtop = 1.7mm and ΔHAWbot = 1.9mm at 
Es = 20 J/mm. 

Furthermore, overlap samples were welded and tested for 
their strength. The highest seam strength was generated with 
the focal point geometry B and a laser power of P = 45 W. 
The shear strength for 4 different processing parameters was 
between σ = 29.9 MPa and σ = 32.5MPa.  
In order to enhance the understanding of this new welding 
process further investigations have to be performed focusing 
on the material influences such as material composition and 
material thickness. At the welding of higher material 
thicknesses probably more process heat would be needed, 
because more material is available into which the heat can 
conduct.  

The heat conduction welding would allow using this 
welding technique to join large CFRP structures such as used 
in the aerospace industry.  
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