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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 

Post processing operations in selective laser melting (SLM) are becoming increasingly important to be able to have components 
with maximum performance. With this paper, the authors present the first results relating to microstructural modifications obtained 
after a femtosecond laser shock peening treatment (f-LSP) with a pulse duration of 165 fs and energy per pulse varying between 
200-600 μJ. The samples produced with SLM were obtained by varying both the energy and scanning parameters and the surfaces 
treated with f-LSP are both parallel and orthogonal to the build direction. 
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1. Introduction 

  Laser shock peening (LSP) is a surface engineering technique 
that increases material characteristics such as surface hardness, 
fatigue life, and corrosion resistance by promoting negative 
residual stresses in the material [1–5], also in aluminum alloys. 
When a high-intensity laser beam impacts a sample surface, the 
expansion of laser-induced plasma near the surface generates a 
severe shock wave into the sample. A nanosecond laser is 
generally utilized in current laser shock peening technology, 
which is commercially used in the automotive, aerospace, 
nuclear, and medical fields. Due to insufficient shock wave 
intensity and significant surface thermal damage, nanosecond 
laser shock peening (ns-LSP) requires a confined medium (e.g. 
water or glass) and a protective coating [8–13]. These extra 
procedures add to the cost and complexity of dealing with 
complex geometry. Femtosecond laser shock peening (fs-LSP) 
is a viable alternative to ns-LSP because it can generate a larger 

shock wave due to the ultra-high laser intensity while reducing 
thermal damage due to the small heat-affected zone [14]. 
Furthermore, the reduced plasma shielding effect improves the 
energy deposition efficiency due to the ultra-short laser pulse 
duration. 
In [15] it is shown how femtosecond laser peening is affected 
by processing circumstances (air/water, with/without coating) 
and laser parameters and it was proved that an enhancement of 
the surface hardness by 45.5%, without any confining medium 
and protective coating, due to its extremely high laser-induced 
shock wave, can be obtained. The goal of this work is to verify 
which structural changes are generated on AlSi10 samples 
fabricated by SLM, because products created by SLM can 
benefit significantly from a treatment like fs-LSP, especially if 
they must be subjected to dynamic loads. With this paper, the 
authors present the first results relating to microstructural 
modifications obtained after a fs-LSP with a pulse duration of 
165 fs and energy per pulse varying between 200-600 μJ. The 
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Fig. 2. The Schematic illustration of (a) experimental setup, and (b) scan 
direction of laser pulses for the setup shown in (a). 
 

Table 4. The processing conditions for aluminum sample 

conditions laser energy (J/cm2) 

In air 44 88 132 

 
 
 

2.3 Sample characterisation   
The following attributes of all SLM samples were 
characterized after peening: microstructure, roughness, and 
hardness. The roughness was measured with a stylus 
profilometer in parallel with the building direction, in order to 
obtain a mean value not affected by the exact direction of the 
stylus. In fact, it is known that roughness carried out 
perpendicular to the building direction have high deviation 
results due to continuous measurement crossings between 
contiguous layers. 
After roughness measurements cross-section of the samples 
were prepared following standard metallographic procedures 
and polishing the final surface up to 1 μm.  In order to reveal 
the differences in microstructure due to peening post process, 
the metallurgical specimens were etched with Keller’s reagent 
with an etching time of 4 s. The microstructure was analyzed 
by optical microscopy (OM, Nikon Optiphot-100). Finally, 
Vickers microhardness tests were performed using a durometer 
with 0.2 kg load (HV0.2) and dwell time of 10 s. Indentations 
were carried out from the surface to the sample’s core with a 
space between each indentation varying from 70-100 μm. 

3. Results and discussion 

SLM parameters used in this work gave density >99% and 
a typical microstructure of the as built sample is presented in 
Fig. 3. In this figure an example of the Vickers measures is also 
reported. The 2 different microstructures, in the bulk and below 
the outer surface, are due to the scanning strategy and process 

parameters used (skin and core). Furthermore, roughness 
measurements carried out on samples after SLM fabrication 
show Ra>15 µm for not finished surfaces and Ra of 1.2µm for 
surfaces milled after SLM. First interesting results obtained 
was that no laser peening effects were found in rough surfaces: 
it seems that with Ra>15 µm laser radiation has not been 
absorbed from the sample and further investigation will be 
carried out to investigate the importance of the surface 
roughness on fs-LSP. More in detail, all the samples with 
vertical build direction have surfaces roughness very close to, 
or greater than, 10 µm, and so the data obtained are not 
sufficiently reliable and will not be reported. The upper surface 
of the horizontally printed samples, on the other hand, has a 
very high roughness (always larger than 15 µm), but the lower 
surface, which is directly in contact with the supports and has 
been milled, has a controlled roughness of 1.2 µm. As a result, 
the fs-LSP results described below only apply to these surfaces 
for the sake of consistency. 

 

 
Fig. 3. Example of microstructures obtained after SLM and before fs-LSP 
 
Figures 4 and 5 present an example of a metallographic section 
after fs-LSP obtained with 2 different process parameters: the 
highest fluence (132 J/cm2) and the lowest fluence (44 J/cm2), 
respectively. In all samples, there are clearly visible 3 different 
zones: 

• a resolidified area (below the surface) 
• a zone with a refined grain 
• bulk material 

The resolidified zones are caused by the presence of a substrate 
that is melted during the interaction with the fs-laser and then 
resolidifies when the samples are cooled in air. Its width is 
determined by the amount of energy delivered to the sample, 
which is determined by the laser's energy per pulse and 
scanning speed (laser energy), and the scanning strategy. The 
presence of a solidification area was seen in all the settings 
tested in this study. These areas, in addition to having a high 
porosity, also have a low hardness and must be reduced or 
deleted by means of a process optimization campaign.  
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samples produced with SLM were obtained by varying both the 
energy and scanning parameters and the surfaces treated with 
f-LSP are both parallel and orthogonal to the build direction. 
Initial results show that: (i) roughness has a significant impact 
on laser absorption and, as a result, on peening: smooth 
surfaces are much better treated than rough ones; and (ii) the 
zones where surface modifications occurred are distinguished 
by a resolidified area and a transition area with a refined grain.   

2. Materials and methods  

2.1 Sample fabrication by SLM   
AlSi10Mg coupons were produced by SLM in form of blocks 

with a 20 x 20 mm2 square base and 3 mm in thickness. Powder 
was provided by Carpenter Additive (Carpenter Technology 
Corporation, USA) with chemical composition summarized in 
Table 1.  

Before the process, powders were subjected to a drying pre-
treatment at 60°C for 3 h and the manufacturing was carried 
out in a nitrogen environment with a low oxygen content (0.1 
vol.%). All samples were fabricated in a SISMA MySint 100 
RM metal machine with a focused spot diameter of 55 μm and 
were built on an aluminum platform without pre-heating.  

Table 1. Chemical composition of the AlSi10 powders. 

Al Si Mg Fe Ti Others  
Balance 9.97 0.38 0.11 0.01 <0.01  

 

Table 2. SLM process parameters 

 MP RM 
 MP1 MP2 MP3 RM1 RM2 RM3 
Power [W] 175 
Scan speed 
[mm/s] 800 1025 

≡ 
MP 

1000 800 

Layer 
thickness [µm] 20 30 20 30 

Hatch spacing 
[µm] 70 70 70 70 

Energy density 
[J/mm3] 137 71 137 71 

Scan strategy SS1 SS2 SS3 SS1 SS2 
 

Eighteen (18) SLM setup combination were defined changing 
the main process parameters (MP), the building orientation 
(BD) and the surface remelting parameters (RM) for a total of 
54 samples considering 3 repetitions of each set. In particular, 
the 3 main process parameters were defined following author’s 
previous optimization [16] and literature results [17], changing 
the scanning strategy, as detailed in Table 2 where: 

- SS1 indicates a chessboard scanning strategy with 3mm 
x 3mm islands rotated of 45° between subsequent layers; 
the skywriting is enabled 

- SS2 indicates a chessboard with 2.4 mm x 2.4 islands, 
translated of 1 mm and rotated of 90° between 
subsequent layers; the skywriting is enabled 

- SS3 indicated a meander scanning strategy without 
rotation between subsequent layers. 

Regarding the influence of build direction two positions were 

defined, fabricating the samples with the main dimension 
perpendicular (O1) and parallel (O2) to the building platform 
(see Figure 1). Finally, the orange surface highlighted in Figure 
1 of same samples was remelted using three different 
parameters configuration (RM1, RM2 and RM3) as described 
in Table 1. Remelting, in fact, can enhance the surface 
roughness and the surface relative density [18]. Summarizing 
the 18 parameter’s combination are reported in Table 3. 
 

 
Fig. 1. Example of the specimen produced by means of SLM. 

Table 3. Parameters set combinations 

1 2 3 4 5 
O1+ MP1 O1+ MP2 O1+ MP3 O2+ MP1 O2+ MP2 

6 7 8 9 10 
O2+ MP3 O1+ MP1 

+ RM1 
O1+ MP1 

+ RM2 
O1+ MP2 

+ RM1 
O1+ MP2 

+ RM3 
11 12 13 14 15 

O1+ MP3 

+ RM1 
O1+ MP3 

+ RM3 
O2+ MP1 

+ RM1 
O2+ MP1 

+ RM2 
O2+ MP2 

+ RM1 
16 17 18   

O2+ MP2 

+ RM3 
O2+ MP3 

+ RM1 
O2+ MP3 

+ RM3 
  

 
2.2 Femto-second peening experiments   
   The experimental setup for ultrafast laser shock peening is 

shown in Fig. 2 (a). A Yb:KGW femtosecond laser source 
(Pharos by Light Conversion) was employed to deliver laser 
pulses at a wavelength of 1030 nm, duration of 165 fs (full 
width at half maximum), repetition rate of 6 kilohertz (kHz), 
and pulse energy of up to 1 mJ. The laser beam was delivered 
through a laser scan head (intelliSCAN by Scanlab) and a F-
Theta objective lens to scan on the sample surface. The surface 
focal spot size was 34 μm. The aluminum sample was placed 
on the 3-dimensional motion stage. To study the peening 
effects, different laser fluences were tested. The laser energy 
was adjusted by the half-wave plate and beam splitter, then 
measured by an optical power meter. As shown in Fig. 2 (b), 
the overlapping ratio, denoted by , is to describe and control 
the distribution of laser pulses on the impact surface, which is 
expressed as, where D is the spot diameter, D is the coincidence 
length of two successive laser spots, see eq. 1.  
 

h=D/D* 100 (1) 
 
Table 4 summarizes the processing conditions for the 
aluminum sample. The laser beam with fluences 44, 88, and 
132 J/cm2 of 70% overlapping ratio was introduced to the 
sample exposed to air.  
 

h
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sufficiently reliable and will not be reported. The upper surface 
of the horizontally printed samples, on the other hand, has a 
very high roughness (always larger than 15 µm), but the lower 
surface, which is directly in contact with the supports and has 
been milled, has a controlled roughness of 1.2 µm. As a result, 
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Fig. 4. Optical micrograph obtained with 352 J/cm2 fs-LSP 
 
 
More research will be done in the future to try to figure out the 
best process parameters to reduce the melted regions, 
considering the aluminum's low absorption at 1030 nm 
wavelength and its strong thermal conductivity. Refined grain 
zones are always below the melted zones, and they are 
characterized by higher hardness compared to the melted zone 
and the base material. Table 5 reports the hardness 
measurements of micrographs in figures 4 and 6, respectively. 
It is confirmed that zones with refined grain, below the melted 
area, have the highest hardness, higher than the hardness of the 
base material of 117 HV (Ref lines in figures). 
 
 

 
 
Fig. 6. Optical micrograph obtained with 88 J/cm2 fs-LSP 
 

Table 5. Vickers hardness of samples with 352 J/cm2 and 88 J/cm2 fs-LSP. 

REF value 117 HV 
Sample with 352 J/cm2 Sample with 88 J/cm2 

Distance from 
the surface [µm] 

Vickers 
hardness [HV] 

Distance from 
the surface [µm] 

Vickers 
hardness [HV] 

35 80 60 80 
130 96 140 65 
210 80 240 140 
350 143 320 118 
390 118 410 115 

 
 
Our preliminary experiments also confirmed that as the laser 
fluences are raised, the extension of the resolidified area 
increases, although there are no clear correlations between the 
extent of the refined grain zone and the hardness with laser 
fluences. 

4. Conclusions 

  The results of a first experimental campaign aiming at 

determining the effect of a fs laser peening treatment on the 
substrate of AlSi10 samples produced by SLM are presented in 
this work. The SLM samples were printed with optimum 
parameters (density > 99%) in both vertical and horizontal 
printing directions. To achieve three distinct fluences, the 
peening treatment was carried out by varying the energy per 
pulse, scanning speed, and shot overlap. The study showed 
that:  

1. Surface roughness must be reduced when utilizing a 
fs-laser.  

2. A hardness re-solidification area and a fine grain area 
with a hardness greater than the material's bulk 
hardness are obtained on the samples where the 
peening process took place. 

In future works, the influence of the surface roughness on 
the laser absorption will be studied. Afterwards, the peening 
process will be optimized, trying to reduce the reflow zones and 
the residual stresses induced by the process will be measured.  
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Fig. 4. Optical micrograph obtained with 352 J/cm2 fs-LSP 
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determining the effect of a fs laser peening treatment on the 
substrate of AlSi10 samples produced by SLM are presented in 
this work. The SLM samples were printed with optimum 
parameters (density > 99%) in both vertical and horizontal 
printing directions. To achieve three distinct fluences, the 
peening treatment was carried out by varying the energy per 
pulse, scanning speed, and shot overlap. The study showed 
that:  

1. Surface roughness must be reduced when utilizing a 
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2. A hardness re-solidification area and a fine grain area 
with a hardness greater than the material's bulk 
hardness are obtained on the samples where the 
peening process took place. 

In future works, the influence of the surface roughness on 
the laser absorption will be studied. Afterwards, the peening 
process will be optimized, trying to reduce the reflow zones and 
the residual stresses induced by the process will be measured.  
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