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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 

Weight reduction and consequently less carbon footprint is one of the major goals in the automotive industry. This aim is addressed by laser 
joining of metals to polymers. However, the performance and long-time durability of the assemblies are the controversial aspects of this emerging 
technology. Therefore, the shear load and durability of the joints between stainless steel 304 and PA6.6 are addressed via different laser-based 
surface pretreatments on the metal. Microscopic evaluations are also implemented to examine the relationship between the surface condition of 
stainless steel and the performance of the assemblies. Considering the effect of pretreatments on the surface of the stainless steel, oxidizing the 
metal is favorable to improve the shear load of the joint assemblies, however, it is detrimental to the corrosion resistance due to the loss of alloying 
elements such as chromium and nickel. 
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1. Introduction 

Manufacturing of miniaturized, lightweight assemblies is 
one of the major goals in the automotive industry to reduce fuel 
consumption. In this regard, laser joining is the most versatile 
and predominant technology for several material combinations 
thanks to the unique properties of the laser beam [1,2]. 
Tailoring assemblies from different materials combinations 
enables us to take advantage of miscellaneous properties for a 
specific application in a single assembly. In this regard, 
stainless steel 304 and polyamide are some of the materials 
widely used in automotive industries, and manufacturing their 
assemblies with LAMP joining is interesting.  
For several laser-joined metal/polymer assemblies the 
mechanism of bonding at the interface is reported. For instance, 
the metal-Cr-O-plastic for SS 304 joined to PET [3] or PA66 
[4], Zn-O-C bond for ABS joined to Zn-coated steel [5]. In the 
case of aluminum laser-joined to PA, a correlation between the 
tensile-shear strength of the assembly and the thickness of the 
artificial aluminum oxide layer is reported [6]. In other studies, 
the formation of bonding at the interface of aluminum/PA via 

oxygen atoms of the aluminum oxide is introduced as the 
bonding mechanism [7-9]. Therefore, the presence of oxygen 
atoms in the metal’s oxide is necessary to create a reliable 
bonding to the polymeric partner during the laser joining 
process. Several surface treatments are presented for aluminum 
and PA laser joined assemblies in order to modify the surface 
structure and chemistry of the joining components [9]. The 
enhancement of mechanical performance via enabling the 
mechanical interlocking for assemblies is also addressed [10]. 

Nomenclature 

LAMP      Laser-Assisted Metal and Plastic 
SS 304      Stainless Steel 304 
PET          Polyethylene terephthalate 
PA            Polyamide 
ABS         Acrylonitrile Butadiene Styrene 
SEM         Scanning Electron Microscopy  
EDX         Energy Dispersive X-ray spectroscopy  
CW/PW    Continuous/Pulsed Wave 
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Fig. 3 depicts the PW-3 surface in two magnifications. The 
effect of implementing higher power compared to the previous 
PW samples is clear in the form of surface ablation of SS 304. 
The frozen droplets of molten materials trying to detach from 
the surface show the combination of surface melting and 
evaporation which consequently increases the surface 
roughness significantly compared to the previous samples. 

 
Fig. 3. Top-view SEM images of SS 304 surface after PW-3 treatment. 

Fig. 4 presents the atomic percentage of alloying elements for 
different SS 304 samples carried out by EDX analysis. For 
untreated and treated samples with CW and PW-1 conditions, 
the chemical composition is more or less similar due to limited 
surface melting and only a slight surface cleaning effect is 
observed by reduction of carbon content. However, for PW-2 
and PW-3 samples, the oxidation effect of the laser treatment 
process is observed. The loss of alloying elements and more 
specifically Cr and Ni is noticed for PW-2 and PW-3 samples. 

 

 
 

 
 
 
 
 
 
 
 

 
Fig. 4. The atomic percentage of alloying elements for samples with different 
surface treatments. 

 
 
Fig. 5. a) SEM image of PW-1 surface, b) the corresponding oxygen 
elemental mapping for, c) SEM image of PW-3 sample, and d) the 
corresponding oxygen elemental mapping. 

Fig. 5 depicts the elemental mapping of oxygen for samples 
PW-1 and PW-3. A significant oxidation effect due to extensive 
surface melting during the PW-3 process is observed compared 
to PW-1 and consequently other samples for this study. The 
concentration of oxygen atoms is visible on the molten droplets 
on the surface of the metal. 

3.2. Mechanical performance of the assemblies 

Fig. 6 depicts the mechanical performance of SS 304 
samples with different surface conditions laser-joined to PA as 
described in section 2 (experimental setup). All laser treatment 
processes provide a higher tensile-shear load of the assembly 
compared to untreated condition. However, for this study, as 
the joining process is identical for all samples, a higher oxygen 
content of the SS 304 surface results in a higher tensile-shear 
load. 

 

 

 
 
 
 
 
 

 
Fig. 6. Tensile-shear load of different SS 304 samples laser-joined to PA. 

3.3. Salt-spray test 

After 500 hours of the salt-spray test, the assemblies with 
PW-2 and PW-3 surface treatments of SS 304 present the 
highest mechanical performance with approximately 60% 
reduction in their maximum tensile-shear load. Other samples 
cannot maintain their mechanical performance after the test. 
Nevertheless, the corrosion behavior of SS 304 samples is 
opposite of the mentioned observation. Samples PW-2 and 
PW-3 suffer from the most significant corrosion after the test, 
while samples CW and PW-1 represent the highest corrosion 
resistance. 

4. Discussions 

Considering the laser treatments as non-contact processes, 
they provide a reliable cleaning effect for the samples. 
Consequently, regardless of further effects on the SS 304 
surface, increasing the tensile-shear load of the assemblies with 
laser surface treatments is recorded compared to the untreated 
condition. The laser-treated samples can be classified into two 
categories: first the samples with similar surface roughness to 
the untreated state of SS 304 and slight oxidation effect during 
the treatment process, i.e., CW and PW-1 and then the samples 
with considerable surface oxide which follows by an increase 
in the surface roughness due to extensive surface melting, i.e., 
PW-2 and specifically PW-3.  
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The effect of surface structuring and the laser joining 
parameters on the mechanical performance of the SS 304/PA 
assemblies produced by laser transmission joining is discussed 
[11]. Therefore, it is interesting to study the surface treatments 
of SS 304 with SEM-EDX and improve the adhesion via 
surface oxidation and address the performance of the 
assemblies with the combination of the mechanical and 
durability tests for the laser conduction joining process which 
is missing in the literature. 

2. Experimental setup 

The laser-based surface treatments are carried out on SS 304 
samples in two categories of macro and micro treatments. The 
treated area is 30×10 mm for all samples. The macro treatment 
is implemented with a CW fiber laser (TruFiber 400 from 
Trumpf) equipped with Scanlab HS20 2D f-θ scanner. The 
process parameters were optimized to avoid warping the 
sample due to heat accumulation. The micro treatments are 
done in PW mode and by an Nd:YVO4 laser (TruMark 6130 
from Trumpf). The corresponding parameters for surface 
treatments are presented in Table 1.  

Table 1. The parameters of laser-based surface treatments for SS 304. 

 Type 
CW laser 

Power 
[W] 

Pulse 
frequency 

[kHz] 

Scanning 
speed 

[mm/s] 
Focal point 

macro 
treatment  CW 400 - 7000 +8 mm from 

the surface 

micro 
treatment  

PW-1 4 120 750 On the 
surface 

PW-2 2.4 1 50 On the 
surface 

PW-3 16 40 300 On the 
surface 

 
For the laser conduction joining process between SS 304 

samples (60×30×0.5 mm) and conditioned PA6.6 (75×25×4 
mm) according to ISO 1110, a disc laser (TruDisk 2000 from 
Trumpf) equipped with an intelliSCAN 30 FT optics (from 
Scanlab) controlled by an SCU-3 unit (from Blackbird) is used. 
SS 304 and PA are placed in an overlap configuration (overlap 
length is 12 mm) and the laser is applied from the SS side with 
a linear trajectory in the middle of the overlap. With the feed 
rate of 60 mm/s and the power of 300 W in CW mode, 
consequently, the joining area between SS 304 and PA is 
approximately 25×1.75 mm. The mechanical performance of 
the assemblies is evaluated by the tensile-shear test in a single 
lap configuration. The reported values are the average of at 
least three measurements. The durability of the samples is 
addressed by the salt spray test. The salt spray test is carried out 
with 5% Sodium Chloride at 35℃ for 500 hours. 

3. Results 

3.1. Different surface treatments 

Table 2 depicts the average surface roughness (of at least 
five measurements) for SS 304 samples with different laser 
treatments. The Ra value of samples in untreated condition and 
treated with CW and PW-1are comparable and for sample PW-

2, the increase is minor. However, sample PW-3 shows 
significantly more surface roughness.  

Table 2. The Ra measurements for SS 304 surfaces with different treatments. 

 untreated CW PW-1 PW-2 PW-3 
Ra [µm] 0.1 0.09 0.12 0.17 2.87 
 
Fig. 1(a) shows the SS 304 surface in an untreated condition. 

It is presented as the reference for further comparisons and Fig. 
1(b) depicts the SS 304 surface in macro-treated condition 
(CW). A uniform sub-micron structure is observed on the 
surface due to very limited surface melting in thickness 
followed by a high cooling rate. Fig. 1(c) shows the micro-
treated surface type PW-1. In this case, the surface of the metal 
is melted by a pulsed laser in a controlled manner that rounded 
the surface asperities. However, the extent of surface 
modification does not significantly impact surface roughness 
and these surfaces present approximately similar Ra values.   

 
 

Fig. 1. Top-view SEM images of (a) untreated SS 304 sample, (b) after CW 
treatment, and (c) after PW-1 treatment. 

Fig. 2 shows the PW-2 surface in two magnifications. The 
impact of individual pulses on the surface of SS 304 is visible 
due to lower pulse frequency (and consequently higher peak 
pulse power) compare to sample PW-1. The molten material is 
pushed to the surrounding of the laser spots which remains as 
a minor bulge upon solidification and slightly increases the 
surface roughness.  

 
Fig. 2. Top-view SEM images of SS 304 surface after PW-2 treatment. 
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corresponding oxygen elemental mapping. 

Fig. 5 depicts the elemental mapping of oxygen for samples 
PW-1 and PW-3. A significant oxidation effect due to extensive 
surface melting during the PW-3 process is observed compared 
to PW-1 and consequently other samples for this study. The 
concentration of oxygen atoms is visible on the molten droplets 
on the surface of the metal. 

3.2. Mechanical performance of the assemblies 

Fig. 6 depicts the mechanical performance of SS 304 
samples with different surface conditions laser-joined to PA as 
described in section 2 (experimental setup). All laser treatment 
processes provide a higher tensile-shear load of the assembly 
compared to untreated condition. However, for this study, as 
the joining process is identical for all samples, a higher oxygen 
content of the SS 304 surface results in a higher tensile-shear 
load. 

 

 

 
 
 
 
 
 

 
Fig. 6. Tensile-shear load of different SS 304 samples laser-joined to PA. 
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The former category benefits from effective heat conduction 
from SS to PA surface thanks to the low surface roughness. 
Moreover, preserving the alloying elements (more specifically 
Cr and Ni) leads to the high corrosion resistance of this 
category during the salt-spray test. The formation of uniform, 
submicron grain structure on the surface of CW treated samples 
is also noticeable (see Fig. 1(b)) which results in high corrosion 
resistance. The shear loads of the samples for this category are 
in the medium range due to the presence of limited oxygen 
content on the surface, however, higher than that of untreated 
samples thanks to the cleaning effect of the laser treatment 
processes. The latter category, however, benefits from high 
oxygen contents on the surface which brings the high 
mechanical performance of the assemblies thanks to the 
increase of bonding regions. Regarding sample PW-2 the rise 
of surface roughness is not significant therefore, the majority 
of the contribution to the shear load originates from the oxygen 
content. Yet, the high surface roughness of sample PW-3 
provides anchoring places for mechanical interlocking in 
addition to the chemical bonding to PA. At this stage, it is not 
feasible to quantify the contribution of the mechanical 
interlocking and chemical bonding separately. High surface 
roughness also boosts chemical bonding by providing more 
surface for bonding. In addition, increasing the surface 
roughness can be detrimental to the joint performance at the 
given laser joining process due to higher contact resistance 
between the materials which restricts the heat conduction from 
SS 304 to PA and consequently reduces the size of the joining 
area. Yet, it is not observed in the presented samples of this 
study. In conclusion, by comparing the mechanical 
performance of different samples for this study, it can be said 
that the decisive parameter to increase the shear load is the 
surface chemistry, i.e. oxygen content and surface cleaning 
effect of laser treatment, and the mechanical interlocking can 
improve the shear load up to a certain extend.  
Nevertheless, the latter category is susceptible to corrosion due 
to the loss of Cr and Ni which provide good corrosion 
resistance for the metal. It is worth mentioning that the overlap 
between SS 304 and PA samples in the assembly is higher than 
the effective joined area. Therefore, the overlap area without 
contact between the materials acts as a place to stack up the 
corrosion products due to the capillary effect and deteriorates 
the mechanical performance over time by applying long-term 
peeling force on the joints. To sum up, the assemblies with 
higher oxygen contents at the surface of SS 304 show better 
long-term durability thanks to the stronger and more reliable 
joints between SS 304 and PA although they suffer from 
corrosion of 304 SS base material. To better examine the salt-
spray test, the joining configuration needs to be modified 
regarding the overlap and laser-joining areas. 
 
Conclusion 

 
Based on the presented study regarding the laser-based 

surface treatments of SS 304 followed by their corresponding 
effect on the performance and durability of the laser-joined 
assembly with PA the followings are concluded: 

• Improving the chemical bonding via surface oxidation and 
mechanical interlocking via increasing the surface 
roughness can improve the shear load of the assemblies. 
However, the contribution of chemical bonding is more 
significant. 

• Increasing the oxygen content by applying a pulsed laser on 
the surface of SS 304 results in the loss of alloying elements 
such as Cr and Ni. Consequently, the corrosion resistance 
of SS 304 deteriorates. 

• The formation of the uniform, sub-micron grain structure by 
the CW treatment of the SS 304 improves the corrosion 
resistance of the metal. 

• The robustness of the bonding areas which is enhanced by 
a higher concentration of oxygen atoms can provide long-
term durability for the assembly. However, some design 
aspects regarding the width of the overlap and the joining 
area are also influential. 
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