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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 

Additive manufacturing (AM) processes have attracted a great interest in the scientific community during the last five years. This paper presents 
the 3D printing of a hypoeutectic Al alloy obtained by the Selective Laser Melting (SLM) technique. The initially printed material presented a 
cellular Al matrix microstructure with interconnected Si networks. Different tensile behaviors were found depending on the orientation of the 
specimens for both the initial material and after the annealing heat treatment. The specimens cut in the printing direction recorded lower ductility 
values, while those from the perpendicular plane and in the radial direction showed higher ductility and strength values. 
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1. Introduction 

First impressions of Additive Manufacturing (AM) 
applicability date back 30 years in Austin Texas, where the first 
3D printing machine was built [1]. However, research interest 
on AM processes has just increased in recent years. These 
processes base on joining metallic materials, either in the form 
of powder, wire, or sheets to shape 3D objects. In this way, 
metal components are built layer by layer, giving freedom of 
design and manufacturing flexibility[2–4]. These methods have 
the potential to revolutionize the elements design, due to factors 
like the speed at which parts are produced, the low number of 
manufacturing steps, low volumes of waste material, and also a 
large number of 3D printers entering the industry. For those 
reasons, sales of additive manufacturing systems have 
increased dramatically over the past five years [5]. Although 
additive manufacturing presents vast advantages, there are also 
specific problems related to the presence of pores, rough 
surface, lack of fusion between layers. However, perhaps the 
most important is anisotropy in the microstructure and 
mechanical properties, which today are considered the most 

striking topics for studies in the field of additive manufacturing. 
Many of these problems are related to the complex and cyclical 
thermal history the material is subjected as a result of the 
directional heat extraction, repetitive fusion between layers, 
and rapid solidification rates [6]. 

Nowadays there are different categories of additive 
manufacturing for metals like Selective Laser Melting (SLM) 
and Direct Energy Deposition (DED), whose are the most used 
and studied processes [1,7].  

SLM is one of the best-known additive manufacturing 
processes. This process uses a high-energy laser beam to melt 
metal powders into a protected chamber with a controlled 
atmosphere that allows rapid solidification. Since this process 
does not require a mold, design, and production times are 
reduced in comparison with traditional processes [2].     

Today, part of the success achieved by additive 
manufacturing is because the vast majority of metallic materials 
have been printed with great success through the different 3D 
printing techniques [8–10]. 

However, Al alloys, especially commercial ones such as the 
2XXX, 5XXX, 6XXX, and 7XXX series, have been the most 
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difficult materials in achieving their successful processing free 
of cracks and other defects. This behavior is associated with the 
high aluminum reflectivity, which makes it necessary to use 
high powers to melt it. On the other hand, the fact that the high 
cooling rates make the commercial alloys form micro-cracks 
because their alloying elements such as Cu, Mg, Zn, and Si 
promote wide solidification ranges resulting in the cracks 
appearance [11]. 

For this reason, Al-Si eutectic alloys have gained substantial 
importance due to their success and ease in printing by AM 
technologies as a result of their small range of solidification and 
weldability [12]. The big problem that this type of alloy 
presents is its low ductility (<4% true strain) and modest 
strength (<200 MPa yield stress) [6]. Several methods have 
been used to improve the ductility, such as scandium and 
expensive rare metals alloy. The adhesion of Zr particles helps 
to form nucleating phases of Al3Zr promoting the formation of 
equiaxial structures with ultrafine grain sizes [12]. It has also 
been shown that the adhesion of Cu and Zn traces improves 
print quality and microstructural properties because Cu 
improves absorption capacity, and Zn does the same by 
promoting grain refinement [13,14]. 

Other strategies go through additional processes such as pre-
heating of the powders before printing to improve their 
absorption capacity or involving procedures such as high-
intensity ultrasound that helps to control the grain structure 
allowing to obtain ultrafine grain structures [15].  

In this research work, we present the study of the mechanical 
and microstructural properties of a 3D printed AlSi11Cu alloy 
through tensile and compression tests in the reception state and 
after a stress relief heat treatment. 

 
Nomenclature 

δσ/δε Strain hardening rate  
σ            True stress 
ε            True strain 
n   Hollomon strain hardening exponent 
K   Material strength constant 

2. Materials and methods 

2.1. Selective laser melting process 

The studied alloy was AlSi11Cu supplied in powder form 
with an average particle size of D10 19.6 µm, D50 40.4 µm and 
D90 58.6 µm. Nominal composition described in Table 1. 20 
mm diameter rods were printed on which the different 
mechanical and microstructural characterization specimens 
were extracted. The printing process was carried out by SLM, 
as shown in Fig 1a. 

 
Table 1. Chemical composition of AlSi11Cu powder. 

Element Mg Si Ti Mn Fe Cu Al 

Composition 
(wt %) 0.54 10.73 0.22 0.49 0.25 0.72 87.05 

 

Samples were manufactured using an SLM280HL printer 
equipped with a Yb laser with a 1064 nm wavelength. The 
system works with a laser power of 370 W, a scan speed of 
1650 mm/s, and 130 µm hatch spacing. The whole process 
carried out in a controlled argon atmosphere. 

2.2. Microstructure characterization 

For microstructure characterization, optical microscopy 
(OM) using a Zeiss AX10 microscope was employed. The 
microstructure inside the fusion pools was characterized using 
a TESCAN VEGA SBH3 scanning electron microscope (SEM-
EDS) with tungsten cathode from Oxford Instruments. The 
microstructure was revealed by a chemical treatment using 
Keller’s reagent (2.5% HNO3, 1% HF, 1.5% HCl, and 95% 
distilled water).  

2.3. Mechanical characterization 

An annealing heat treatment was performed to remove the 
high residual stresses resulting from the SLM process by 
heating the material at 300 ° C for 2 hours and subsequent air 
cooling. Materials were subjected to uniaxial tensile and 
compression tests at room temperature with a constant strain 
rate of 1•10-3 s-1. The specimens were cut in different directions 
(parallel and perpendicular to the printing direction) using a 
wire electrical discharge machine, as indicated in Figs 1b-1c. 
Samples dimensions were 4 mm gauge length, 2 mm thickness, 
and 1.3 mm width for the tensile samples, and 5 mm diameter 
and 10 mm length for the compression ones. 

3. Results and analysis 

3.1. Microstructure evolution 

To analyze the microstructure obtained by the SLM process, 
different planes of the printed samples were observed. Fig 2a 
shows the microstructure observed in the longitudinal plane 
(build direction vertical). At the same time, Fig 2b represents 
the microstructure seen from the transverse plane (build 
direction perpendicular to the plane). Initially, Fig 2a allows 
differentiating the cylinder-shaped fusion pools with their 
respective boundaries showing a typical cellular structure 
aligned in the building direction. Fig 2b indicates the different 
directions of the fusion pools according to the printing pattern 
of each layer showing an epitaxial growth with different pool 

Fig 1. (a) SLM process; (b) tensile samples; (c) compression samples 
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sizes. According to Garmendia et al. [13], it can be attributed 
to the partial re-fusion process of previously solidified layers.        

In addition to the OM characterization, Fig 3 shows the 
microstructure obtained employing SEM and Energy 
Dispersive X-Ray Spectroscopy (EDS). The formation of a 
coral-like structure forming eutectic Si networks on an Al 
cellular matrix is indicated. 

Fig 3a indicates the existence of zones separated by a melt 
pool boundary (MPB) (highlighted by the yellow dashed line) 
in which different morphologies occur. Fig 3b, corresponding 
to the area marked with the red square b, shows a structure of 
elongated rich Si composition networks (brighter zones) and Al 
cells (darker zones) with a lower amount of Si according to the 
EDS spectrums. The approximate size of the Al cells in the 
square b is 2.5 µm, while on the other side of the MPB in the 
area highlighted by the square c, Fig 3c shows a more equiaxed 
cell pattern with approximate Al cell sizes of 1.5 µm.  

 
 

 
These differences can be attributed to the proximity of zone 

c with areas of high thermal impact, e.g., triple points where 
different melting pools overlap. Similar behavior was reported 
by Griffiths et al. [12] in an Al-Mg-Zr alloy printed by SLM in 
which they reported smaller Al cells sizes at the base of the 
melt pools and larger cell structures in the center.  

3.2. Mechanical properties 

Fig 4 represents the tensile properties of the alloy, as well as 
the Considère criterion evolution for each of the tensile curves. 
The traction curves for the three directions shown in Fig 1b are 
indicated in Fig 4a for the as-printed material and after 
annealing treatment. After the annealing treatment, the material 
showed a strength reduction. However, this strength reduction 
was also reflected in the material ductility improvement. Table 
2 summarizes the materials tensile properties. Higher values of 
maximum deformation for the annealing condition with values 
between 5.3% and 8.5% are observed. In contrast, the printing 
condition reached maximum deformations between 2.3% and 
4.8%.  

The tensile curves also allow observing the material 
anisotropy where the best strength and ductility properties 
correspond to the radial direction, followed by the transverse 

Fig 2. Microstructure evolution for the 3D printed alloy, (a) longitudinal 
plane (Build direction (BD) vertical); and (b) perpendicular to the building 
direction.  

Fig 3. SEM images, (a) microstructure showing a melting boundary; (b) 
microstructure indicating the Al and Si phases corresponding with the b 
red square; (c) microstructure corresponding to the left side of the 
melting boundary (c square area). 

Fig 4. (a) True stress-strain curves; (b) Considère criteria evolution for all the 
conditions. 
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direction and the worst performance for the longitudinal 
direction.  

 In order to observe the material ductility, the Considère 
criterion evolution is shown in Fig 4b, which establishes that 
the end of the homogeneous deformation in a material takes 
place when its strain hardening rate equals its strength, as 
indicated by equation (1) [16]:                                            

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 ≤ 𝜎𝜎                     (1) 

In this way, according to Fig 4b and Table 2, the as-printed 
material shows the smallest extensions of homogeneous 
deformation with values between 2.2% and 4.5%, with the 
longitudinal and radial directions displaying the smallest and 
highest ductility, respectively. Similarly, the annealed material 
also presented differences between the different directions, but 
with higher homogeneous deformation values, obtaining values 
between 4.8% and 6%. 

Table 2. Mechanical properties for the alloy. 

Condition 
Yield      
stress     
(MPa) 

Maximun 
stress      
(MPa) 

Homogeneous 
deformation 

(%) 

Total 
deformation 

(%) 

Transversal 373.8 508.4 3.1 3.2 

Longitudinal 378.9 514.3 2.2 2.3 

Radial 393.1 565.12 4.5 4.8 

Transversal 
annealed 264.7 419.8 6 6.9 

Longitudinal 
annealed 289.5 425.7 4.8 5.3 

Radial 
annealed 275.9 405.5 5.7 8.5 

 
It worths mentioning that the strength and ductility values 

found in this study for both the as-printed and annealed 
condition stand out for their ductility with respect to other 
studies for similar alloys. For example, Garmendia et al. [13] 
reported a 461 MPa strength and 12% deformation for an 
AlSi10Mg alloy with a modified surface with Cu coating. 
Takata et al. [17] reported a strength of 476 MPa and 
deformations between 5.5 and 7.5 for AlSi10Mg obtained by 
SLM in the printing condition. At the same time, after annealing 
at 300 °C for 2 hours, they achieved a strength of 285MPa with 
deformation higher than 14%. On the other hand, Li et al. [18] 
studied the effect of solution heat treatment times in an Al-12Si 
eutectic alloy and found deformations higher than 25%, 
although the strength decreased from 350 MPa to less than 200 
MPa.  

To understand the anisotropy for the different directions of 
the tensile specimens, a study of the microstructure in the 
fracture zones of the materials was carried out.  

 From Fig. 5 it can be seen that depending on the orientation 
of the melt pools concerning the tensile load direction, there are 
different fracture paths. For example, Figs 5a and 5b show 
straight and smoothed fracture zones with indications of less 
plastic deformation in which the fracture is mainly performed 
as shedding of layers together with fracture by the melting 
boundaries of different layers. Meanwhile, Fig 5c shows a V-
shape fracture zone where the material breaks through the 
fusion pools and by the pools boundary tracks. For the cross-
sectional area Figs 5d-5e show that the fracture completely 
crosses the melt pools. These observations are in agreement 
with the research of Shifeng et al. [19], who studied the effect 
of the MPBs on the mechanical properties of stainless steel 
obtained by SLM. They also reported higher plastic 
deformation when the melt pools oriented perpendicular to the 
load direction.  

Additionally, the vast majority of the fractures indicated in 
Fig. 5 follow a path oriented at ~45° to the load application 
except for the radial direction. This behavior is also reflected in 
the compression tests.  

Fig 6a indicates the compression curves for the printed 
material and after annealing. With the compression curves, the 
previously observed in the tensile curves is corroborated. After 
annealing treatment, the material presented higher ductility and 
less strength. Similarly to the tensile test, the printed material 
breaks before the annealed one at a strain of ~ 26% following a 
path that forms 45° with the applied load. 

 Since the ductility of metallic materials, unlike their 
plasticity, depend on their hardening capacity, which in turn 
depends on the nature of the microstructure (i.e., grain size, 
dislocations), a simple strain hardening study is carried out for 
the two material conditions. Fig 6b shows the strain hardening 
exponent calculation through the equation proposed by 
Hollomon [20]:             

𝜎𝜎 = 𝐾𝐾𝜀𝜀𝑛𝑛                   (2)

with 𝜎𝜎  and 𝜀𝜀  as the true stress and strain, 𝐾𝐾  a material 
strength constant and 𝑛𝑛  the strain hardening exponent. The 

Fig 5. Tensile samples after fracture, (a) longitudinal; (b) longitudinal 
annealed; (c) radial annealed; (d) transversal; (e) transversal annealed.  
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Hollomon equation fitting shows a good correspondence with 
the experimental data giving r2 values of 0.98. Furthermore, the 
values of the constant K indicate a greater magnitude for the 
printed material than the annealed as a consequence of the 
strength differences.   

Taking into account the Hollomon exponent evolution for 
both materials, Fig 6b demonstrates that after the annealing 
treatment, the material has the same value as in printing 
condition with strain hardening exponent (n) values of 0.23 and 
0.24. Therefore, lower material ductility before and after 
annealing is due to an external fact of the microstructure, in this 
case, the possible existence of defects like pores, which are 
quite common defects in the SLM process. E.g. Tang et al. [21] 
reported the influence of porosity on the fatigue performance of 
an AlSi10Mg alloy obtained by SLM. They confirm the 
porosity formation by the oxidation of the vaporized metal, 
which made the material fail early.  

 

4. Conclusions 

After obtaining an hypoeutectic Al alloy by AM using the 
SLM process, the next conclusions can be drawn: 

A structure formed by melt pools oriented in the longitudinal 
direction in which the microstructure formed a cellular matrix 
of Al together with an interconnected coral type Si network. 

The mechanical properties showed a clear anisotropy in the 
printed condition as well as in the annealed one, with higher 
strength and ductility in the radial direction, followed by the 
transverse direction and the longitudinal direction with the 
worst performance. 

The material did not show changes in its strain hardening 
capacity after annealing by presenting similar Hollomon 
exponents, demonstrating that the lack of ductility in the alloy 
could be due to the existence of defects that caused its early 
fracture. 
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shape fracture zone where the material breaks through the 
fusion pools and by the pools boundary tracks. For the cross-
sectional area Figs 5d-5e show that the fracture completely 
crosses the melt pools. These observations are in agreement 
with the research of Shifeng et al. [19], who studied the effect 
of the MPBs on the mechanical properties of stainless steel 
obtained by SLM. They also reported higher plastic 
deformation when the melt pools oriented perpendicular to the 
load direction.  

Additionally, the vast majority of the fractures indicated in 
Fig. 5 follow a path oriented at ~45° to the load application 
except for the radial direction. This behavior is also reflected in 
the compression tests.  

Fig 6a indicates the compression curves for the printed 
material and after annealing. With the compression curves, the 
previously observed in the tensile curves is corroborated. After 
annealing treatment, the material presented higher ductility and 
less strength. Similarly to the tensile test, the printed material 
breaks before the annealed one at a strain of ~ 26% following a 
path that forms 45° with the applied load. 

 Since the ductility of metallic materials, unlike their 
plasticity, depend on their hardening capacity, which in turn 
depends on the nature of the microstructure (i.e., grain size, 
dislocations), a simple strain hardening study is carried out for 
the two material conditions. Fig 6b shows the strain hardening 
exponent calculation through the equation proposed by 
Hollomon [20]:             

𝜎𝜎 = 𝐾𝐾𝜀𝜀𝑛𝑛                   (2)

with 𝜎𝜎  and 𝜀𝜀  as the true stress and strain, 𝐾𝐾  a material 
strength constant and 𝑛𝑛  the strain hardening exponent. The 
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annealed; (c) radial annealed; (d) transversal; (e) transversal annealed.  
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Hollomon equation fitting shows a good correspondence with 
the experimental data giving r2 values of 0.98. Furthermore, the 
values of the constant K indicate a greater magnitude for the 
printed material than the annealed as a consequence of the 
strength differences.   

Taking into account the Hollomon exponent evolution for 
both materials, Fig 6b demonstrates that after the annealing 
treatment, the material has the same value as in printing 
condition with strain hardening exponent (n) values of 0.23 and 
0.24. Therefore, lower material ductility before and after 
annealing is due to an external fact of the microstructure, in this 
case, the possible existence of defects like pores, which are 
quite common defects in the SLM process. E.g. Tang et al. [21] 
reported the influence of porosity on the fatigue performance of 
an AlSi10Mg alloy obtained by SLM. They confirm the 
porosity formation by the oxidation of the vaporized metal, 
which made the material fail early.  

 

4. Conclusions 

After obtaining an hypoeutectic Al alloy by AM using the 
SLM process, the next conclusions can be drawn: 

A structure formed by melt pools oriented in the longitudinal 
direction in which the microstructure formed a cellular matrix 
of Al together with an interconnected coral type Si network. 

The mechanical properties showed a clear anisotropy in the 
printed condition as well as in the annealed one, with higher 
strength and ductility in the radial direction, followed by the 
transverse direction and the longitudinal direction with the 
worst performance. 

The material did not show changes in its strain hardening 
capacity after annealing by presenting similar Hollomon 
exponents, demonstrating that the lack of ductility in the alloy 
could be due to the existence of defects that caused its early 
fracture. 
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