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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. 
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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  

The adoption of metal powder-based laser process (L-PBF) for industrial applications continues to widen, due to an increasing knowledge on 
additive processes and the availability of new systems for industrial production. The use of L-PBF processes requires a deeper investigation and 
comparison on mechanical properties of conventional and additive parts. For instance, metal parts produced by L-PBF could require additional 
machining operations, which alter the stress state of additive components. In this work, the effect of machining operations on the residual stress 
state of an AlSi10Mg component produced by L-PBF is investigated by means of the semi destructive hole-drilling method. 
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1. Introduction 

Additive Manufacturing (AM) is a manufacturing process 
that allows producing near net shaping parts with complex 
shapes without the use of expensive tools or equipment. The 
production of the parts occurs depositing the material layer by 
layer in contrast to the conventionally manufacturing processes, 
like milling and turning, in which the parts are produced by 
eliminating the materials by means of a cutting tool. 
The AM technologies include several processes but for the 
industry field the Laser Powder Bed Fusion (L-PBF) also 
known as Selective Laser Melting (SLM) or Direct Metal Laser 
Sintering (DMLS) is the most used [1] and effective process to 
produce metal parts [2-4]. In the recent years the application of 
L-PBF in the industry grows rapidly [5,6] and the main 
application areas were the biomedical [7,8], the aerospace [9], 
the automotive [10] and the aeronautical ones [11]. Atzeni and 
Salmi [12] in 2012 demonstrated that the production using L-
PBF is convenient for small and medium productivity.  
Although the numerous application of AM some issue as the 
limited materials available, the poor accuracy of the part and 

the presence of residual stresses has to be investigated [13]. L-
PBF is an AM process in which a laser is used to melt a thin 
layer of the pre-placed bed of metal powder according with the 
CAD geometry of the part. Repeating the process is it possible 
to produce parts with complex geometries. Due to the nature of 
the energy source, during the process a large amount of residual 
stresses were generated [14]. Two different phenomena that 
generate residual stresses can be noticed. The first phenomenon 
is called Temperature Gradient Mechanism (TGM) and it was 
caused by the huge thermal gradient around the laser spot. It 
causes the expansion of the upper material due to the 
temperature rise, but this expansion is inhibited by the 
underlying material so a compressive strain is induced. The 
second phenomenon is the cool-down face of the molten top 
layer. In this case, when the molten material solidifies it tends 
to shrink, but this thermal contraction is prevented by the 
underlying layer, so a tensile stress is induced.  

Residual stresses can cause distortion during the fabrication 
causing the failure of the process. Moreover, the deformations 
can occur when the component is complete and if the level of 
these deformations is higher than the design value they could 
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make the component unusable. Several studies were performed 
in order to understand and predict the residual stresses 
distribution in the produced component. Kruth and Mercelis 
[14] proposed a simple theoretical model to predict the residual 
stress distribution in a simple rectangular geometry. Shiomi et 
al. [15] performed an experimental investigation of residual 
stresses and showed that the heat treatment, the heating of the 
substrate and the re-scanning process reduced the residual 
stresses. Gusarov et al. [16] proposed a mathematical model for 
the prediction of residual stresses and showed that the residual 
stresses in the scanning direction are approximatively half of 
the residual stresses measured in the transversal direction. Liu 
et al. [17] studied the effect of energy input and scanning track 
length on residual stress distribution and showed that lower 
energy input and small track length reduce residual stresses. 
Mugwagwa et al. [18] studied the effect of laser power, 
scanning speed and layer thickness on the residual stresses. In 
2017,  Salmi et al. [19] performed and experimental analysis on 
residual stresses in different phases of the production process 
and the effect of support structures, thermal treatment and shot-
peening process were investigated. In 22018 the same authors 
[20] performed an experimental analysis in which the effect of 
part orientation on residual stress distribution was examined.      

The surface roughness (Ra) surfaces of the components 
produced by L-PBF varies between 8 μm and 30 μm [21-23] 
and this value depends on several factors like material, process 
parameters and part orientation. The commonly industrial 
application requires a surface quality of 0.8 μm in order to avoid 
premature failure of the parts due to initiating of cracks [24]. 
Hence, final machining operations were required in order to 
obtain the desired quality. It is well known that cutting 
processes as turning and milling induce residual stresses on the 
machined surface [25-27]. El-Khabeery and Fattouh [28] 
studied the effect of cutting speed, feed rate and depth of cut on 
the residual stress distribution during the milling operation. 
Denkena and De Leon [29] investigated the effect of machining 
parameters, cooling strategy and the cutting tool geometry on 
the induced residual stresses in aluminium component. 

In this work the residual stress distribution on AlSi10Mg 
component produced by L-PBF and subsequently subjected to 
milling operation was examined. The residual stresses were 
evaluated using the hole drilling strain gauge method. 

2. Materials and method 

AlSi10Mg alloy has been selected for this study. Residual 
stresses after machining operations on AM components are 
evaluated and compared with conventional cast parts of same 
material subjected to analogous operations. A shoulder face 
milling operation is adopted in the tests. The machining 
operations and cutting force evaluation are explained in detail 
in the following sections. The methodology adopted to measure 
and evaluate the residual stresses is also illustrated briefly. 

2.1. Test specimens 

Two aluminum alloy specimens were produced in a single 
job using an EOSINT M 270 Dual Mode machine. This 
machine uses a 200 W fiber laser, with a wavelength of 1060-
1100 nm, focused on a 0.1 mm diameter to melt the metallic 
powder. The layer was 30 µm thick and the building platform 
was kept at 100 °C. The dimensions of the samples were 30 × 
20 × 15 mm³. The components were constructed while blowing 
Argon into the work chamber in order to avoid oxidation of the 
material. A standard scanning strategy, which foresees 
different exposition parameters for the core, the skin, and the 
contour, was adopted. The samples were subjected to a stress 
relieving thermal treatment at 300°C for 3 h and then removed 
from the platform. After the post-processing operation, a 
sample was measured in order to evaluate the final residual 
stress state. The second specimen was used to test the effect of 
milling operation on the residual stresses. An additional 
aluminum alloy specimen (80 × 80 × 15 mm³) produced by 
conventional sand casting and shot-peened was tested for 
comparison. This specimen is referred as reference. 

2.2. Face milling and analytical prediction of cutting forces 

In face milling the resultant cutting force can be resolved into 
the tangential, axial and radial directions of the cutter. The three 
components are expressed in general form as: 
 
𝐹𝐹𝑡𝑡 = 𝑘𝑘𝑠𝑠 ∙ ℎ0 ∙ 𝑑𝑑 (1) 
 
where 𝑘𝑘𝑠𝑠  is the specific cutting pressure, ℎ0  is the chip 
thickness and d is the depth of cut. The force coefficient is 
dependent on cutting condition and work material and can be 
expressed as: 

𝐾𝐾𝑠𝑠 = 𝑘𝑘𝑠𝑠0 ∙ ℎ0
−𝑧𝑧 ∙ (1 − 0.01 ∙  𝛾𝛾) (2) 

where 𝛾𝛾 is the rake angle. 
The chip thickness ℎ0  in face milling operation can be 
approximated as: 
 
ℎ0 = 𝑓𝑓𝑧𝑧 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠 𝜒𝜒 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠 𝜑𝜑 (3)
 
where 𝜒𝜒 is the lead angle of the cutter, and 𝜑𝜑 is the angular 
position of the cutter. 

Nomenclature 

𝐹𝐹𝑡𝑡 tangential force components (N)  
𝐹𝐹𝑟𝑟  radial force components (N) 
𝐹𝐹𝑎𝑎 axial force components (N) 
𝐹𝐹𝑥𝑥  X force components (N) 
𝐹𝐹𝑦𝑦  Y force components (N) 
𝐹𝐹𝑧𝑧  Z force components (N) 
ℎ0 undeformed chip thickness (mm) 
𝑑𝑑         depth of cut (mm) 
w width of cut (mm) 
fz feed per tooth (mm/tooth) 
vc  cutting speed (m/min) 
𝑘𝑘𝑠𝑠 specific cutting pressure (MPa) 
𝑘𝑘𝑠𝑠0, z constant and exponent of the specific cutting pressure 
𝛾𝛾 rake angle (°) 
𝛾𝛾𝑟𝑟  radial rake angle (°) 
𝛾𝛾𝑎𝑎 axial rake angle (°) 
𝜒𝜒  lead angle of the cutter (°) 
𝜑𝜑 angular position of the cutter (°) 
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The radial force can be expressed by the experimental equation: 
 
𝐹𝐹𝑟𝑟 = 𝐹𝐹𝑡𝑡 ∙ (0.44 − 0.013𝛾𝛾𝑟𝑟) (4) 
 
where 𝛾𝛾𝑟𝑟  is the radial rake angle of the cutting edge. 
The axial force can be expressed by the experimental equation 
[30]: 
 
𝐹𝐹𝑎𝑎 = 𝐹𝐹𝑡𝑡 ∙ 𝑓𝑓𝑧𝑧+𝑑𝑑∙cot𝜒𝜒𝑑𝑑 (0.88 − 0.013𝛾𝛾𝑎𝑎) (5) 
 
where 𝛾𝛾𝑎𝑎 is the axial rake angle.  
The force components in the directions of the machine tool axes 
are calculated by applying the transformations: 
 

[
𝐹𝐹𝑥𝑥
𝐹𝐹𝑦𝑦
𝐹𝐹𝑧𝑧
] = [

cos 𝜑𝜑 − sin𝜑𝜑 0
sin𝜑𝜑 cos𝜑𝜑 0
0 0 1

] [
𝐹𝐹𝑡𝑡
𝐹𝐹𝑟𝑟
𝐹𝐹𝑎𝑎
] (6) 

2.3. Machining tests  

A 90° shoulder face milling cutter with a diameter of 100 
mm and seven (APKT160408A-2C) rectangular inserts were 
used in milling the aluminum alloy specimens. The rake angle 
is 24° and the axial (inclination) angle is 5°. A quartz 3-
component Kistler Type 9257BA dynamometer was fixed on 
the table of the three-axis machine tool and each specimen was 
fastened on it to measure reaction forces during machining. The 
force data were collected by means of a sampling device 
installed on a PC. A National Instruments acquisition board 
with a 16-Bit resolution, 1 MS/s multichannel, and 16 analogic 
inputs was used. The signals were sampled at the frequency of 
5,000 Hz. The data were acquired and elaborated using 
program developed in LabVIEW 2017. 

The acquired data were analyzed, and the frequency 
response was observed to determine the resonance peaks.  The 

frequency signals corresponding to the rotation frequency of 
the milling cutter and to its multiples were filtered using a 
band-stop filter.  Moreover, a smoothing was applied, and the 
moving average was set equal to 20. The thus obtained signal 
describes the trend of the force components during the test. The 
experimental set-up is shown in Fig. 1. Cutting conditions are 
shown in Table 1. 

2.4. Residual stresses measurements 

The MTS3000 RESTAN (Fig. 2) system by SINT 
Technology, which is based on the hole-drilling strain gauge 
method, was used to measure the residual stresses, according to 
the ASTM E837-13a standard [31]. A 2 mm diameter drill bit 
was used to produce a 1.2 mm deep flat-bottom hole, with a 
sequence of 24 drilling steps of 50 μm. A K-RY61-1.5/120R 
rosette strain gauge made by HBM was used during the 
experimental campaign. The surface of each specimen was 
prepared for the application of the rosette strain gauge through 
sanding with a 200 grain abrasive paper and then with a 400 

 
 

 
Fig. 2. MTS3000 RESTAN (REsidual STress ANalyzer) system by SINT 

Technology during a measurement phase. 

 
Fig. 1. Force acquisition system in face milling operation. 

 
 

Table 1. Cutting conditions for milling tests 

 depth of 
cut d  
(mm) 

width of 
cut w 
(mm) 

cutting 
speed vc 
(m/min) 

feed per 
tooth fz 
(mm/tooth) 

mode of 
milling 

2 passes 1 15 380 0.2 down 
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𝜒𝜒  lead angle of the cutter (°) 
𝜑𝜑 angular position of the cutter (°) 
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The radial force can be expressed by the experimental equation: 
 
𝐹𝐹𝑟𝑟 = 𝐹𝐹𝑡𝑡 ∙ (0.44 − 0.013𝛾𝛾𝑟𝑟) (4) 
 
where 𝛾𝛾𝑟𝑟  is the radial rake angle of the cutting edge. 
The axial force can be expressed by the experimental equation 
[30]: 
 
𝐹𝐹𝑎𝑎 = 𝐹𝐹𝑡𝑡 ∙ 𝑓𝑓𝑧𝑧+𝑑𝑑∙cot𝜒𝜒𝑑𝑑 (0.88 − 0.013𝛾𝛾𝑎𝑎) (5) 
 
where 𝛾𝛾𝑎𝑎 is the axial rake angle.  
The force components in the directions of the machine tool axes 
are calculated by applying the transformations: 
 

[
𝐹𝐹𝑥𝑥
𝐹𝐹𝑦𝑦
𝐹𝐹𝑧𝑧
] = [

cos 𝜑𝜑 − sin𝜑𝜑 0
sin𝜑𝜑 cos𝜑𝜑 0
0 0 1

] [
𝐹𝐹𝑡𝑡
𝐹𝐹𝑟𝑟
𝐹𝐹𝑎𝑎
] (6) 

2.3. Machining tests  

A 90° shoulder face milling cutter with a diameter of 100 
mm and seven (APKT160408A-2C) rectangular inserts were 
used in milling the aluminum alloy specimens. The rake angle 
is 24° and the axial (inclination) angle is 5°. A quartz 3-
component Kistler Type 9257BA dynamometer was fixed on 
the table of the three-axis machine tool and each specimen was 
fastened on it to measure reaction forces during machining. The 
force data were collected by means of a sampling device 
installed on a PC. A National Instruments acquisition board 
with a 16-Bit resolution, 1 MS/s multichannel, and 16 analogic 
inputs was used. The signals were sampled at the frequency of 
5,000 Hz. The data were acquired and elaborated using 
program developed in LabVIEW 2017. 

The acquired data were analyzed, and the frequency 
response was observed to determine the resonance peaks.  The 

frequency signals corresponding to the rotation frequency of 
the milling cutter and to its multiples were filtered using a 
band-stop filter.  Moreover, a smoothing was applied, and the 
moving average was set equal to 20. The thus obtained signal 
describes the trend of the force components during the test. The 
experimental set-up is shown in Fig. 1. Cutting conditions are 
shown in Table 1. 

2.4. Residual stresses measurements 

The MTS3000 RESTAN (Fig. 2) system by SINT 
Technology, which is based on the hole-drilling strain gauge 
method, was used to measure the residual stresses, according to 
the ASTM E837-13a standard [31]. A 2 mm diameter drill bit 
was used to produce a 1.2 mm deep flat-bottom hole, with a 
sequence of 24 drilling steps of 50 μm. A K-RY61-1.5/120R 
rosette strain gauge made by HBM was used during the 
experimental campaign. The surface of each specimen was 
prepared for the application of the rosette strain gauge through 
sanding with a 200 grain abrasive paper and then with a 400 

 
 

 
Fig. 2. MTS3000 RESTAN (REsidual STress ANalyzer) system by SINT 

Technology during a measurement phase. 

 
Fig. 1. Force acquisition system in face milling operation. 

 
 

Table 1. Cutting conditions for milling tests 

 depth of 
cut d  
(mm) 

width of 
cut w 
(mm) 

cutting 
speed vc 
(m/min) 

feed per 
tooth fz 
(mm/tooth) 

mode of 
milling 

2 passes 1 15 380 0.2 down 
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grain abrasive paper. Finally, it was cleaned with an RMS1 
Spray solvent. LabVIEW 2017 was used to develop an 
acquisition program to automate the data acquisition and to 
compute residual stresses according to ASTM E837-13a [32].  

3. Results and discussion 

The results of the experimental tests and numerical 
elaborations are presented hereafter. 

3.1. Cutting forces 

The directions X, Y and Z force components measured on 
the reference specimen are shown in Fig. 3(a). The approximate 
trends of measured and predicted cutting forces are in 
reasonable agreement. The axial component Fz resulted higher 
than the predicted one, probably due to the effect of the nose 
radius of the insert. A compressive load of around 90 N is 
exerted on the surface of the part. The force components 
measured on the AM specimen during milling operation, 
illustrated in Fig. 3(b), exhibit the same trend of the reference 
specimen, even if their values are lower. Especially, the axial 
component of the force is about 40 N.  

3.2. Residual stresses 

Residual stresses were measured before machining tests on 
both the reference and the AM specimen. In the reference 
specimen a 0.5 mm deep compressive profile is observed, Fig. 
4(a) Below the compressive layer, the tensile state tends to 
zero. Fig. 4b shows residual stresses of the AM specimen; a 
low superficial tensile state, for a depth of about 1 mm, is still 
present after the heat treatment. The maximum value of the 
stress is 100 MPa.  

The residual stress profiles after machining are shown in 
Fig. 5(a) and Fig. 5(b) for the reference and the AM specimen 
respectively. The machining operation, by cutting 2 mm of 
material, removed the subsurface layer subjected to 
compressive or tensile stress. Consequently, the residual 
stresses after machining tests should be mainly due to the 
machining loads. From Fig. 4 and Fig. 5, it is possible to 
observe that the stress profiles on the two specimens have a 
similar trend. A surface tensile stress and a subsurface 
compressive state is induced by the milling operation. Higher 
compressive stress is induced in the reference specimen. In this 
specimen, the stress drops rapidly from a tensile stress of 
60 MPa to a compressive stress of 50 MPa within the first 

 
Fig. 3. Cutting forces trends predicted and measured on the (a) reference specimen and on the (b) AM specimen. 

 
 

 

 
Fig. 4. Residual stress distribution before machining in the (a) reference specimen and in the (b) AM specimen. 
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150 µm, and then it approaches zero at about 300 µm below the 
machined surface. Considering the AM specimen, analogously 
to the reference case, a rapid drop of the stress is observed from 
a tensile value of 60 MPa to a compressive peak of 20 MPa at 
150 µm. At larger depths, the compressive residual stress 
decreases, and beyond 300 µm a low tensile stress is observed, 
probably remained after the thermal relieving treatment of the 
specimen. 

4. Conclusions 

The surface residual stresses and subsurface residual stress 
distributions induced by face milling on an AlSi10Mg sample 
manufactured by laser powder bed fusion were investigated by 
hole-drilling method. The main observations are summarized 
below: 
• the oblique cutting process and the geometry of the insert 

cause an axial compressive force on the surface of the 
specimen; 

• a surface tensile stress and a subsurface compressive state 
is induced by the milling operation; 

• the compressive stress on the AM part is lower than that 
induced on a conventional part of same material; 

• higher force increases the subsurface compressive state 
and penetration depth. 
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grain abrasive paper. Finally, it was cleaned with an RMS1 
Spray solvent. LabVIEW 2017 was used to develop an 
acquisition program to automate the data acquisition and to 
compute residual stresses according to ASTM E837-13a [32].  

3. Results and discussion 

The results of the experimental tests and numerical 
elaborations are presented hereafter. 

3.1. Cutting forces 

The directions X, Y and Z force components measured on 
the reference specimen are shown in Fig. 3(a). The approximate 
trends of measured and predicted cutting forces are in 
reasonable agreement. The axial component Fz resulted higher 
than the predicted one, probably due to the effect of the nose 
radius of the insert. A compressive load of around 90 N is 
exerted on the surface of the part. The force components 
measured on the AM specimen during milling operation, 
illustrated in Fig. 3(b), exhibit the same trend of the reference 
specimen, even if their values are lower. Especially, the axial 
component of the force is about 40 N.  

3.2. Residual stresses 

Residual stresses were measured before machining tests on 
both the reference and the AM specimen. In the reference 
specimen a 0.5 mm deep compressive profile is observed, Fig. 
4(a) Below the compressive layer, the tensile state tends to 
zero. Fig. 4b shows residual stresses of the AM specimen; a 
low superficial tensile state, for a depth of about 1 mm, is still 
present after the heat treatment. The maximum value of the 
stress is 100 MPa.  

The residual stress profiles after machining are shown in 
Fig. 5(a) and Fig. 5(b) for the reference and the AM specimen 
respectively. The machining operation, by cutting 2 mm of 
material, removed the subsurface layer subjected to 
compressive or tensile stress. Consequently, the residual 
stresses after machining tests should be mainly due to the 
machining loads. From Fig. 4 and Fig. 5, it is possible to 
observe that the stress profiles on the two specimens have a 
similar trend. A surface tensile stress and a subsurface 
compressive state is induced by the milling operation. Higher 
compressive stress is induced in the reference specimen. In this 
specimen, the stress drops rapidly from a tensile stress of 
60 MPa to a compressive stress of 50 MPa within the first 

 
Fig. 3. Cutting forces trends predicted and measured on the (a) reference specimen and on the (b) AM specimen. 

 
 

 

 
Fig. 4. Residual stress distribution before machining in the (a) reference specimen and in the (b) AM specimen. 
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150 µm, and then it approaches zero at about 300 µm below the 
machined surface. Considering the AM specimen, analogously 
to the reference case, a rapid drop of the stress is observed from 
a tensile value of 60 MPa to a compressive peak of 20 MPa at 
150 µm. At larger depths, the compressive residual stress 
decreases, and beyond 300 µm a low tensile stress is observed, 
probably remained after the thermal relieving treatment of the 
specimen. 

4. Conclusions 

The surface residual stresses and subsurface residual stress 
distributions induced by face milling on an AlSi10Mg sample 
manufactured by laser powder bed fusion were investigated by 
hole-drilling method. The main observations are summarized 
below: 
• the oblique cutting process and the geometry of the insert 

cause an axial compressive force on the surface of the 
specimen; 

• a surface tensile stress and a subsurface compressive state 
is induced by the milling operation; 

• the compressive stress on the AM part is lower than that 
induced on a conventional part of same material; 

• higher force increases the subsurface compressive state 
and penetration depth. 
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