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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. 

Keywords: Assembly; Design method; Family identification

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 

The study deals with the influence of the heat input and the resulting cooling times on the microstructure and Charpy impact toughness of 
single-pass laser hybrid welded 20-mm thick high-strength steel S690QL. The main focus is on the change of the mechanical properties over 
the entire seam thickness. The cooling times were measured in-situ using a pyrometer and an optical fibre in three different depths of the seam 
where Charpy impact test specimens were also later taken. Thereby, three different heat inputs from 1.3 kJ/mm to 2 kJ/mm were investigated. 
Despite the observed decreased values of both t8/5-cooling time and the Charpy impact toughness in the root part of the seam, the required 
impact toughness of 38 J/cm2 could be reached in dependance on applied heat input, especially at the heat input of 1.6 kJ/mm. 
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1. Introduction 

The laser hybrid welding process is the coupling of the laser 
beam welding (LBW) process and the arc welding process, 
mostly gas metal arc welding process (GMAW) in a common 
interaction zone and was developed in the end of the 1970s [1]. 
The advantages of the laser hybrid welding are the high 
penetration depth due to the high power density of the laser 
beam and thus resulting reduction of the welding time and layer 
number when welding thick-walled components, better gap 
bridgeability compared to pure LBW process, reduction of the 
heat input compared to GMAW process and resulting lower 
distortion. One of the disadvantages of the process is the high 
cooling rate compared to the GMAW process, which can lead 
to decreased mechanical properties such as Charpy impact 
toughness, hardening in the fusion zone or heat affected zone 
especially when welding high strength steels (HSS). The HSS 

are characterized by their fine grained structure and a 
combination of micro-alloying together with quenching and 
tempering, which gives the steel its properties such as high 
strength and toughness. The structure mainly consists of 
martensite and bainite [2]. The joining of HSS presents some 
challenges regarding the thermal cycle of the welding process, 
as the material properties can be changed under heat influence.  

The high welding speeds at LBW lead to high solidification 
and cooling rates, which may in turn lead to pores or cracking 
in the weld. The rapid cooling rate could also result in the 
increase of hardness in the weld and heat-affected zone [3] as 
well as changes of the microstructure and mechanical properties 
through the fusion zone and the HAZ. On the other hand, a high 
heat input such as at the arc welding processes can lead to grain-
coarsening, so that the mechanical properties can be 
deteriorated. The heat input is the major parameter affecting the 
cooling rate and thus the microstructure and the mechanical 
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combination of micro-alloying together with quenching and 
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as the material properties can be changed under heat influence.  
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properties. So, it has to be controlled by suitable selecting 
welding parameters and particularly a welding speed.  

In numerous studies, the HLAW is a proper welding process 
for welding of HSS due to its low heat input and the possibility 
to influence the microstructure via suitable selecting of the filler 
wire. It is reported that with a heat input of 0.43 kJ mm-1 to 
0.51 kJ mm-1 at HLAW of 10 mm thick S690QL steels, the 
minimum required Charpy impact toughness could be reached 
and the hardness of the weld metal and HAZ had a small 
variation from the base metal without any preheating [4]. In [5] 
the influence of filler wire on the mechanical properties was 
investigated for single-pass welded 6 mm thick ultra-high 
strength steels. Alloyed (matching) and non-alloyed 
undermatching filler wire were applicable to weld with 
adequate impact toughness at -40 °C temperature for heat inputs 
between 0.31 kJ mm-1 and 0.63 kJ mm-1. Grünenwald et al. [6] 
reported that solid wire is appropriate for welding of up to 
14.5 mm thick high-strength steels regarding the Charpy impact 
toughness. On the other hand, Rethmeier et al. [7] reached the 
conclusion that high quality welds with appropriate ductile-to-
brittle-transition can be produced by metal cored wire when the 
heat input was about 0.9 kJ mm-1 to 1 kJ mm-1. However, the 
studies were performed on pipeline steels, the strength level is 
comparable to S690QL steels.  

As the state of the art also shows, the single-pass HLAW of 
HSS poses some challenges. The aim of this study is to 
determine the influence of the heat input on the mechanical 
properties of single-pass HLAW 20 mm thick S690QL steels. 
Thereby, the mechanical properties will be studied in different 
depths of the single-pass welds because they can vary over the 
thickness as reported in [8] due to the inhomogeneous local 
thermal cycles, uneven cooling conditions over the depth and 
the irregular distribution of the elements of filler wire. To avoid 
root defects such as sagging or the formation of drop-outs, a 
contactless electromagnetic backing is used. The effectiveness 
of the contactless electromagnetic backing was demonstrated 
by several studies [9-11] for single-pass HLAW of steels with 
a wall thickness up to 30 mm.  

2. Experimental setup 

For this study, the high-strength steel S690QL with a 
material thickness of 20 mm was used. All welds were butt-
joint welded in a single-pass. A low-alloyed solid wire 
Union X85 (G 79 5 M21 Mn4Ni1,5CrMo according to EN ISO 
16834-A) with a diameter of 1.2 mm was used as filler wire. A 
mixture of argon with 18% CO2 with a flow rate of 20 l min-1 

served as shielding gas. The materials used, and their chemical 
compositions are shown in Table 1.  

Table 1. Chemical composition of materials used, shown in wt%. 

Material / 
Element 

C Si Mn Cr Mo Ni P 

S690QL 0.2 0.8 1.7 1.5 0.7 2 0.02 

Union X85 0.09 0.7 1.7 0.3 0.6 1.85 - 

 S V Al Cu Nb Ti Fe 

S690QL 0.01 0.12 0.015 0.5 0.06 0.05 bal. 

Union X85 - - - - - - bal. 

The mechanical properties of the materials used are shown 
in Table 2.  

Table 2. Mechanical properties of materials used. 

Material Yield Strength 
in MPa 

Tensile 
Strength 
in MPa 

Elongation 
A5 in % 

Impact 
energy in J 

S690QL 690 770-930 14 30 (-40°C) 

Union X85 790 880 16 47 (-50°C) 

 
The welding tests were performed with a 20 kW Yb fiber 

laser YLR 20000, with a wavelength of 1.06 µm - 1.07 µm and 
a beam parameter product of 11.2 mm x mrad in flat position 
(1G). The laser radiation was transmitted through an optical 
fiber with a core diameter of 200 µm. A laser processing head 
BIMO HP from HIGHYAG with a focal length of 350 mm 
providing a spot focus diameter of 0.56 mm was used. The 
Qineo Pulse 600A welding unit served as the current source for 
arc welding and was operated in pulse mode with a frequency 
of 180 Hz. The GMA torch was tilted 25° relative to the laser 
axis, where the laser axis was positioned 90° to the surface of 
weld specimens. All tests were carried out with an arc leading 
orientation. The distance between the wire tip extension and the 
spot of the laser beam on the workpiece was defined as 4 mm. 
The focal position of the laser beam relative to the workpiece 
surface was of -5 mm. The welding speed was changed from 
0.75 m min-1 to 1.7 m min-1 so that the heat input was variated 
between 1.3 kJ mm-1 and 2 kJ mm-1. The variable welding 
parameters are listed in Table 3.  

Table 3. Mechanical properties of materials used. 

 Laser beam 
power in kW 

Welding speed 
in m min-1 

Wire feed 
speed in 
m min-1 

Heat 
input in 
kJ mm-1 

Case 1 20.1 1.7 15 1.3 

Case 2 17.7 1.2 13 1.6 

Case 3 16.1 0.75 9 2 

 
During the experiments a contactless electromagnetic 

backing was used. The AC magnet was 2 mm under the 
workpiece in a fixed position. The movement of the workpiece 
for welding was realized via external axis. The distance 
between the two magnetic poles was 25 mm. Depending on the 
material thickness and high hydrostatic pressure, the AC 
magnet was operated with an oscillating frequency of 1.21 kHz 
and a power of 1.7 kW ± 200 W.  

The temperature measurements during welding were 
performed with help of two two-color pyrometers, which were 
focused on two collimators with a numerical aperture (NA) of 
0.25 and spectral range of 1050 nm to 1600 nm. Two optical 
fibres with a core diameter of 550 µm, NA of 0.22 operating in 
the wavelengths range of 400 nm to 2200 nm were fixed each 
to the collimator. The second free edge of the optical fibers 
were put in the material, which were prefabricated with holes, 
to measure the cooling time during welding inside the material 
and the root part.  Fig. 1 demonstrates the experimental setup 
of a HLAW welding process with a contactless electromagnetic 
backing. 
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Fig. 1. Experimental setup 

Subsequently, for the investigation of the mechanical 
properties, hardness maps were carried out. Additionally, sub-
sized (5 mm x 10 mm x 55 mm) V-notched Charpy impact 
specimens in three different depths (arc-dominated zone, 
middle and laser-dominated zone) are extracted from the 
material with a notch in the fusion zone (FZ) and then tested at 
a testing temperature of -20 °C. Also, flat tensile test specimens 
with a thickness of 5 mm were extracted from the arc-
dominated zone and laser-dominated zone. The dimensions of 
the tensile test specimens correspond to the Form E according 
to DIN 50125.  

3. Results  

S690QL steel plates with a thickness of 20 mm could be 
welded in square groove butt joint configuration in a single-
pass with three different heat inputs. With help of the 
contactless electromagnetic backing, sagging and gravity 
dropouts could be avoided even for lower welding speeds, so 
that all the welds could be classified in the highest evaluation 
group B according to EN ISO 12932 regarding the outer 
appearance of the seams. Exemplarily, one cross section for 
each case is shown in Fig. 2. It is evident that the seam 
geometry changes considerably at the different heat inputs. At 
higher welding speeds, the seam is very narrow, and the flanks 
are almost parallel, so that this weld can be more critical to 
cracks due to this geometry. 

 

 
Fig. 2. Cross-sections of the single-pass laser hybrid welded 20 mm thick 
S690QL plates with different heat inputs and contactless electromagnetic 
backing 

 The cooling times from 800 °C to 500 °C, the so-called t8/5-
time, were measured on the top of the workpiece, in the middle 
with a horizontal distance of 2 mm to the edge and in the root 
with a distance of 2 mm each to the edge end to the bottom of 
the workpiece. The t8/5-time for the Case 1 with the lower heat 
input is decreased from 3.7 s on the top to 2.3 s and 1.9 s in the 
middle and the bottom, respectively. It can be recognized that 
the cooling time decreases over the thickness. The additional 
heat input from the arc welding process has a low impact to the 
root, which can be a limitational factor for single-pass HLAW 
of thick plates in regard to the mechanical properties. The 
measured t8/5-times for all cases are summarized in Table 4. 
Exemplarily, the course of the t8/5-times for Case 2 in three 
different positions over the thickness are shown in Fig. 3.  

Table 4. Measured t8/5-times for all cases in the three different depths.   

 t8/5-time on the 
top surface in s 

t8/5-time in the 
middle in s 

t8/5-time in the 
root part in s 

Case 1 3.7 2.3 1.9 

Case 2 4.4 2.8 2 

Case 3 8.2 6.4 4.1 

 

 
Fig. 3. Measured t8/5-times via pyrometer and optical fibre on the top, the 
middle and the root for Case 2. 

The Vickers hardness were measured for the three cases 
using the UCI method. It is recognizable, that the hardness in 
the FZ reaches a maximum of up to 460 HV0.5 especially at 
high welding speeds of approx. 1.7 m min-1. At the lower 
welding speeds, a hardening in the HAZ can be detected.  

 

 
Fig. 4. Hardness maps of the single-pass laser hybrid welded 20 mm thick 
S690QL plates with different heat inputs and contactless electromagnetic 
backing 

 The results of the notched-bar impact test according to EN ISO 
148-1 is shown in Table 5. The minimum required impact 
toughness (αk) was 38 J cm-2 at a testing temperature of -20 °C. 
The results of the Charpy impact tests are summarized in 
Table 5.  
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Table 5. Results of the Charpy impact tests; n = 5. 

 Top KV in J      
(αk top 
in J cm-2) 

Middle KV in J      
(αk middle 
in J cm-2) 

Bottom KV in J      
(αk bottom 
in J cm-2) 

Case 1 45±5 (113±13) 27±17 (68±43) 45±25 (113±63) 

Case 2 58±4 (145±10) 40±8 (99±20) 50±1 (125±3) 

Case 3 17±2 (43±5) 23±8 (57±20) 17±1 (43±3) 

 
It is recognizable that the Charpy impact toughness for 

Case 3 is lower that for the other samples. One reason for this 
is the effect of grain-coarsening due to the higher heat input. It 
can be further seen that the values of the Charpy impact 
toughness are comparable over the material thickness, contrary 
to the results in [8]. However, the observations in [8] were 
made for higher wall thicknesses. Additionally, the impact 
toughness in Case 1 shows higher standard deviations in the 
middle of the thickness and root part. One possible reason for 
that is, that cracks were observed on the tested specimens. 
Exemplarily, a tested specimen with a detected crack (Case 1, 
middle) and a tested specimen with a high impact toughness 
(Case 2, root) with a brittle-ductile mixed fracture are shown in 
Fig. 5.    

 

 
Fig. 5. Tested Charpy impact test specimens: brittle fracture (left) with cracks 
and brittle-ductile mixed fracture (right). 

All tested tensile test specimens (arc-dominated zone as well 
as laser-dominated zone) reach the minimum required tensile 
strength of the base metal and are fractured at 828 MPa to 
886 MPa. The fracture position is in the base metal, as it can be 
seen in the Fig. 6, exemplarily. The transverse tensile tests were 
each repeated three times for each of the three investigated heat 
inputs on for the two zones. 

 

 
Fig. 6. Tested Charpy impact test specimens: brittle fracture (left) with cracks 
and brittle-ductile mixed fracture (right). 

4. Summary 

It could be shown that 20 mm thick high-strength steels of 
grade S690QL could be welded with the laser hybrid welding 
process in a single-pass by using a 20 kW fibre laser.  

 A contactless electromagnetic backing was used to prevent 
sagging. This had the advantage that the heat input could be 
variated by adaptation of the welding speed and the welding 
parameters to find an optimal range, where the mechanical 
properties such as Charpy impact toughness and tensile 
strength of the welds reaches the minimum required values. A 
heat input of 1.6 kJ mm-1 can be recommended for single-pass 
welds of 20 mm thick S690QL steels. At higher welding speeds 
the crack formation could be observed, where at lower welding 
speeds the Charpy impact toughness was lower due to the 
phenomenon of grain-coarsening.     
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