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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 

In addition to the surface quality and appearance, the near surface scanning strategy has an influence on the porosity beneath the surface of LBPF 
manufactured 316L parts. Furthermore, this porosity will influence the fatigue life of the part which will be pronounced on a flexural bending 
type of fatigue. In this work, the effect of scanning strategy to the edge porosity was analyzed by optical microscopy and the effect on the fatigue 
life was measured with flexural bending tests. The results showed that the edge porosity had a clear impact on the fatigue life and the fatigue 
limit was improved by 30 % to 250 MPa by a simple parameter change. 
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1. Introduction 

Additive manufacturing (AM) has challenged traditional 
manufacturing methods in many industries and several AM 
techniques have been developed for part manufacturing. Laser 
powder bed fusion (PBF-LB) is currently the most widely used 
one offering high precision and good mechanical properties. 
Austenitic stainless steel 316L has gained wide usage in the AM 
sector and the microstructure of the PBF-LB manufactured 
316L has been widely studied [1, 2]. In authors’ previous work 
it was noted that the mechanical properties of the LPBF 
manufactured 316L can exceed the traditionally manufactured 
counterparts [3]. 

The fatigue strength of the PBF-LB manufactured 316L has 
recently gained increasing interest and Solberg et al. 
investigated the effect of porosity on the fatigue life of AM 
316L using axial fatigue testing [4] and noted that the inner 
defects resulted to poor fatigue resistance and that different 
stress amplitudes resulted to changes in crack initiation 
locations. On the other hand, Zhang et al. [5] proposed that low 

pore size and distribution achieved with suitable laser power 
adjustment lead to minimal effect of defects on the fatigue life 
while the cracks initiated from slip bands. High cycle fatigue 
properties in axial fatigue were previously investigated by 
Andreau et al. for the AM 316L [6]. Jaskari et al. studied the 
fatigue life of PBF-LB manufactured 316L in flexural bending 
and noted in this case that the porosity in the surface area was 
the dominant factor determining the fatigue life of the material 
disregarding the mechanical properties and the microstructure. 
Bending fatigue testing concentrates the highest stresses on the 
surface areas. 

Scanning strategies have a major impact on the properties of 
PLB-LB manufactured material affecting the volume energy 
density and the resulting porosity level as shown by Jaskari et 
al. [7]. The orientation of the part on the print platform can also 
affect the porosity as the increase in downskin increases the 
near surface porosity in addition to the surface roughness [8]. 
In this work, the edge scanning strategies for PBF-LB 
manufactured 316L are studied in relation to the porosity and 
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the effect of near edge porosity to the fatigue life of the parts in 
flexural bending is investigated. 

2. Material and methods 

2.1. Specimen manufacturing with PBF-LB 

An SLM 280 HL printer based on the PBF-LB technique 
was utilized for all the samples manufactured for this work. 
Spherically shaped powder was supplied by Carpenter Additive 
of Carpenter Technology Corporation (UK) and had a particle 
size distribution in the range of 15-45 µm and mean size of 31.7 
µm. The composition of the powder batch used in this work is 
detailed in Table 1. For the bending fatigue experiments, 
hourglass shaped specimens in the size of 30 x 90 x 2 mm were 
printed in horizontal orientation. 

All samples were printed on a single 280 x 280 mm platform 
using the same set of standard parameters provided by the 
printer manufacturer and were as follows: laser power (P) of 
200 W, speed (v) of 800 mm/s, hatch spacing (h) of 120 µm, 
layer thickness (t) of 30 µm, laser spot diameter 0.1 mm with a 
Gaussian laser profile and a wavelength of 1070 nm. Applying 
these values to Eq. 1 results to an energy density of 69.4 J/mm3. 

𝐸𝐸 = 𝑃𝑃
𝑣𝑣⋅ℎ⋅𝑡𝑡                             (1) 

Table 1. Chemical compostion of the 316L powder as stated by the powder 
manufacturer. 

Fe C Si  Mn P S Cr Ni Mo N 
Bal. 0.02 0.54 1.24 0.005 0.004 16.72 12.14 2.38 0 

2.2. Edge scanning strategies 

The parameters used for printing the edges of the samples 
were varied according to Table 2. Altogether 25 different 
variations of the edge printing were realized. This consisted of 
five strategies which are graphically detailed in Fig. 1. where 
arrows represent the laser scanning tracks of an example layer 
of a small cubic part. Borders are shown in red, fill contours in 
black and the inner hatching in blue. In the first, the standard 
procedure of printing two borders and a fill contour between 
the inside hatching and inner border was used and in this case 
the distance of fill contour to inner border varied. Second 
strategy had the same sweep of fill contour but only one border 
was printed. Three remaining strategies all had two borders 
with the distance between them varied. Fill contour was altered 
so that the third strategy had the standard setup but the fourth 
did not have a fill contour and the fifth had two fill contours. 
The platform of cubes that was printed using the above-
described different edge parameters is shown in Fig. 2. Each 
cube was cut from the middle in z-direction and polished for 
near surface porosity analysis. 

2.3. Flexural bending fatigue testing 

On fatigue experiments, a reversed flexural bending fatigue 
machine by Carl Schenck was used with a stress ratio of R=-1 
and frequency of 10 Hz. Stress amplitudes were used in the 

range from 200 MPa to 800 MPa with a runout of 2×106 cycles. 
All conditions were calibrated separately with strain gauges 
before testing. Fatigue tests were conducted in room 
temperature using air cooling when necessary. 

Table 2. Different scanning strategies for the first batch of samples printed for 
comparison. 

Description Matrix 
element 

Sweep range 

FC sweep with 2 borders A1-E1 0.06 - 0.1 mm 
FC sweep with 1 border A2-E2 0.06 - 0.1 mm 
Border spacing sweep A3-E3 0.07 - 0.11 mm 
Border spacing sweep without FC A4-E4 0.07 - 0.11 mm 
Border spacing sweep with 2 FC A5-E5 0.07 - 0.11 mm 

 

 

Fig. 1. Strategies used for printing the edge area. An example layer of laser 
scanning tracks with arrows for each case. Arrow colours: border in red, fill 
contour in black and hatch in blue. Double arrows representing the swept 
distance. 

 

Fig. 2. The platform of cubes printed with the varied parameters for the 
edges. 
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2.4. Characterization 

Microstructure and the porosity of the printed specimens 
with different edge parameters were analyzed with a Keyence 
VHX 2000 E optical microscope after polishing and etching in 
a 60% HNO3 liquid using a voltage of 1.5V for 10 s. Surface 
roughness of the specimens was measured with a profilometer 
(Mitutoyo Surftest 211) and repeated five times for each to get 
the averages and standard deviations. Only the sides of the cube 
were measured as the top and bottom are not affected by the 
strategies. The cubes were placed close to each to minimize the 
effect of shielding gas flow variation in the chamber to the 
surface roughness. 

 
3. Results and discussion 

3.1. The effect of edge printing parameters on the porosity of 
the 316L 

Optical microscopy was used to investigate the effect of 
edge printing parameters on the porosity on the edge areas of 
the parts. The image in Fig. 3. a) shows some typical defects 
observed near the edge when the standard parameters 
(corresponding to C3 of Table 2) are used. The defects marked 
with yellow arrows represent typical lack-of-fusion defects 
which have a very long and narrow characteristics in this case. 
The length varies roughly from 50 µm to 100 µm and they are 
located approximately 100 µm from the edge of the part. The 
sharp edges associated with this kind of defects can be assumed 
to be very detrimental for the fatigue life of the parts as they 
will work as crack initiation sites when the part is under fatigue.  

For instance, when the distance between the two borders is 
increased (parameters E3), it has a drastic effect on the porosity 
as shown in Fig. 3. b). The amount of pores is greatly higher, 
and several can be observed in a length of one millimeter along 
the border. On the other hand, when only one border scan was 
used with FC distance of 0.06 (parameters A2), the porosity 
could be nearly eliminated as evidenced by the Fig. 3. c). The 
edge has very similar properties to the bulk of the material and 

the number of sharp lack-of-fusion defects has been reduced 
near zero. Some round pores accompanied with lack-of-fusion 
defects with rounder appearance could still be observed 
comparable to the bulk of the material.  

3.2. Surface roughness 

The effect of the edge printing parameters on the surface 
roughness was analyzed with profilometer measurements. The 
average Ra values and standard deviations for each parameter 
type (one cube per parameter, 25 samples in total) are presented 
in Fig. 4. The roughness values ranged between 5-10 µm and 
due to the large deviation on the results the presented values 
are calculated averages for the whole swept range, for example 
A1-E1. A distinguishable rise in the surface roughness was 
noted on the samples printed with only one border scan (A2-
E2). While the other series had Ra values between 6.7-7.0 µm 
on average, it was measured at 7.6 µm on average on A2 
through E2. This result is obvious when looking at the scanning 
tracks labeled A2-E2 in Fig. 1 which shows the inside hatching 
reaching the outer edge of the part due to the one border used 
instead of two as in the other parameter sets. In the standard 
procedure the borders are printed first and the inside hatching 
afterwards. Printing the inside hatch partially on top of the 

 
Fig. 4. Surface roughness of the series. 

Fig. 3. Porosity near the edge for a) the standard parameters C3 (high magnification), b) added porosity E3 (low magnification) and c) reduced porosity A2 (low 
magnification). 
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border scan track will interfere with the surface layer and leads 
to an increase in the surface roughness as seen on the 
measurements. 

3.3. Bending fatigue results 

Flexural bending fatigue tests were used to determine the 
effect of edge porosity on fatigue life of the PBF-LB 
manufactured 316L. The resulting SN-curves for standard 
parameters and for added and reduced porosity series are 
collected in Fig. 5. The results show that using the standard 
parameters for the 316L results in a fatigue limit of roughly 200 
MPa. An intentional addition of porosity on the edge had only 
a minor effect on the fatigue life of the material. The same 
fatigue limit was still reached and only on the low cycle fatigue 
regime a slight deviation to the worse could be noticed. 
However, reducing the number of lack-of-fusion defects with 
improved parameter selection in the edge area resulted in a 
clear improvement in the fatigue life from low cycle to high 
cycle regime. In agreement, the lack-of-fusion defects were 
found to be the predominant factor in the fatigue performance 
of the PBF-LB manufactured 316L in [9]. In this case, the 
estimated fatigue limit was measured roughly 30% higher 
compared to the standard parameters as a result. 

 

 

Fig 5. Bending fatigue results for the different edge porosity series. 

4. Conclusions 

The effect of edge scanning strategy on the porosity, surface 
roughness and fatigue life of the laser powder bed fusion 
manufactured 316L was investigated. The following 
conclusions could be drawn from the results: 

 

• Simple parameter changes of border distance or border 
count has a clear impact on the porosity (lack-of-fusion 
defects) near the surface of the part (100 µm from the 
surface). By printing only one border the porosity could be 
reduced evidenced by optical microscopy. 

• A minor surface roughness increase results from the one 
border scanning strategy. 

• The fatigue life of the material is clearly dependent on the 
near edge porosity. The standard parameter set results to 
high enough porosity so that no considerable change could 
be observed with increased porosity in the fatigue limit. 

• Lowering the edge porosity resulted in a 30% increase in 
the fatigue limit showing the near surface porosity is a 
limiting factor, not the surface quality. 

Acknowledgements 

The authors would like to acknowledge the financial support 
received from the Council of Oulu Region and the European 
Union (European Regional Development Fund) for the M3D 
project. 

References 

[1] Pinomaa T, Lindroos M, Walbruhl M, Provatas N, Laukkanen A. The 
significance of spatial length scales and solute segregation in strengthening 
rapid solidification microstructures of 316l stainless steel. Acta Materialia. 

[2] Jaskari M, Mäkikangas J, Järvenpää A, Mäntyjärvi K, Karjalainen P. Effect 
of high porosity on bending fatigue properties of 3d printed aisi 316l steel. 
Procedia Manuf. 2019; 36:33–41. 

[3] Rautio T, Mäkikangas J, Jaskari M, Keskitalo M, Järvenpää A. 
Microstructure and mechanical properties of laser welded 316l SLM parts. 
Key Eng. Mater. 2020; 841:306–311. 

[4] Solberg K, Guan S, Razavi SMJ, Welo T, Chan KC, Berto F. Fatigue of 
additively manufactured 316l stainless steel: The influence of porosity and 
surface roughness. Fatigue Fract. Eng. Mater. Struct. 42 2019; 9:2043–
2052. 

[5] Zhang M, Sun C-N, Zhang X, Goh PC, Wei J, Hardacre D, Li H. Fatigue 
and fracture behaviour of laser powder bed fusion stainless steel 316l: 
Influence of processing parameters. Mater. Sci. Eng. A. 2017; 703:251–
261. 

[6] Adreau O, Pessard E, Koutiri I, Peyre P, Saintier N. Influence of the 
position and size of various deterministic defects on the high cycle fatigue 
resistance of a 316l steel manufactured by laser powder bed fusion. Int. J. 
Fatigue 2021; 143:105930. 

[7] Jaskari M, Ghosh S, Miettunen I, Karjalainen P, Järvenpää, A. Tensile 
properties and deformation of AISI 316l additively manufactured with 
various energy densities. Materials 2021; 14:5809.  

[8] Vu HM, Meiniger S, Ringel B, Hoche HC, Oechsner M, Weigold M, 
Schmitt M, Schlick G. Investigation of material properties of wall 
structures from stainless steel 316l manufactured by laser powder bed 
fusion. Metals 2022; 12:285. 

[9] Liang X, Hor A, Robert C, Salem M, Lin F, Morel F. High cycle fatigue 
behavior of 316l steel fabricated by laser powder bed fusion: Effects of 
surface defect and loading mode. Int. J. Fatigue 2022; 160:106843.

 


