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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 

Magnesium alloys represent promising bioresorbable orthopedic materials thanks to their biocompatibility, non-toxicity, and mechanical 
properties that are pretty close to the ones of the human bone. Nevertheless, the major drawback that impairs their widespread adoption in the 
biomedical field is represented by their unsatisfactory corrosion resistance once placed in the human body environment.  
Several research studies have demonstrated that an effective method to control the degradation rate of magnesium alloys is represented by a 
proper conditioning of the surface characteristics of the alloy. With this in mind, the present work proves the feasibility of using Large-Strain 
Extrusion Machining (LSEM), namely a hybrid cutting–extrusion process, as a strategy to sensibly affect the surface features of the AZ31 
magnesium alloy, and, as a consequence, its corrosion performances. The microstructure and micro-hardness close to the machined surface was 
investigated after LSEM. The experimental results were exploited to develop, calibrate and validate numerical simulations able to describe the 
microstructural and mechanical phenomena that occur under LSEM. The proposed approach shows that the simulation model can represent a 
useful tool to predict the magnesium alloy machining performances, thus reducing the need for numerous and time-consuming experimental tests 
to a great extent. 
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1. Introduction 

Magnesium alloys are recently in spotlight within the 
biomedical field because of the advantages they offer like 
biocompatibility and mechanical properties very similar to the 
ones of the human bones. Thanks to their biosafety within the 
human body along with their natural degradation rate in 
physiological environment, they can be used for manufacturing 
temporary orthopaedic and cardiovascular implants devices that 
does not require secondary removal surgery operations [1].  

Nevertheless, the main limitation of the magnesium alloys is 
represented by the fact that their degradation inside the human 
body occurs faster than the one expected for the bone correct 

recovery, possibly leading to a premature failure of the 
biomedical device.  

In this framework, recent research studies dealing with 
clinical applications of magnesium alloys have mainly 
concerned the development of strategies to reduce their 
corrosion degradation rate. Severe Plastic Deformation (SPD) 
processes have emerged as a potential way for manufacturing 
materials with Ultra Fined Grain (UFG) microstructure 
assuring enhanced mechanical and corrosion properties [2]. 
Among the available SPD processes, machining-based ones, 
like Large Strain Extrusion Machining (LSEM), are more and 
more attracting the researchers’ attention because they are 
already foreseen in the process chain, without providing 
additional costs for manufacturing the product. 
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LSEM refers to a simultaneous cutting and extrusion 
process, which converts the chip into a sheet with a desired and 
a priori controlled thickness [3]. In contrast to conventional 
machining, the extrudate thickness (tc) can be set smaller than 
the depth of cut (t), thus inducing large plastic strains and high 
hydrostatic pressure levels in the cutting zone. In a previous 
study of the Authors [4], LSEM was proved to be suitable to 
induce a significant deformation on the machined surface of an 
AZ31 magnesium alloy bar. As a matter of fact, an SPD layer, 
harder and more refined SPD compared to the annealed alloy, 
was found. These microstructural and mechanical alterations 
corresponded to an improvement of the corrosion resistance of 
the alloy, by shifting the related corrosion curves towards 
higher potentials and lower current densities. Besides to this, 
significant corrosion improvements were found also for the 
continuous chips that were obtained, as described in [5]. 

Considering the aforementioned positive, but preliminary, 
results, a further optimization of the process is needed. To this 
aim, an accurate numerical model of the LSEM process can 
greatly reduce costly and time-consuming machining trials and 
allows predicting the surface characteristics on the basis of the 
chosen cutting parameters.  

Phenomenological material constitutive models, like the 
Johnson–Cook model, are the most used for describing the flow 
stress in Finite Element (FE) machining simulations, but, for a 
reliable description of the phenomena occurring during cutting 
and prediction of the surface integrity changes, they need to be 
integrated with additional models dealing with the workpiece 
microstructural evolution. In [6], a numerical model was built 
to predict the residual stresses variation after dry and cryogenic 
machining of the AZ31 magnesium alloy, showing that the 
model predictive capability was limited, being discrepancies 
among the experimental and numerically predicted values. A 
step forward was made in [7], in which a user subroutine was 
developed to predict the formation of affected layers induced 
by machining based on the dynamic recrystallization 
mechanism of the AZ31B alloy. 

However, both the aforementioned studies neglect additional 
material-related phenomena, like twinning, which may 
drastically affect the surface condition in the case of magnesium 
alloys. In [8], a dislocation density-based constitutive model 
was developed to model the AZ31 microstructure evolution as 
well as the slip and twinning responses during a two-pass 
cryogenic machining operation. Results show that, compared to 
the experimental data, the numerical model was able to 
successfully capture the trend of the microhardness depth 
profile from the machined surface, the residual stress state and 
even the slip/twinning transition and resolved twinning 
lamellas. 

Nevertheless, there is no publication on modeling surface 
changes during LSEM of magnesium alloys. In this context, a 
Johnson–Cook material constitutive law, considering both the 
microstructure and mechanical response, was developed and 
applied to the AZ31 alloy. The material model was 
implemented through a user subroutine using the DEFORM™ 
2D FE software to predict the final distributions of various 
surface attributes after LSEM. The validity of the model was 
then witnessed on the basis of grain size and microhardness 
measurements gained from experimental LSEM trials. 

2. LSEM experiments 

Fig. 1 shows a scheme of the LSEM process. The LSEM 
setup is composed by a cutting tool and a constraint placed 
above it, which represents the peculiarity of the operation with 
respect to conventional orthogonal cutting. In this way, a 
combined machining-extrusion process takes place and the 
chip thickness is reduced from t to tc. On this basis, the chip 
compression ratio (λ) is calculated as λ = 𝑡𝑡/𝑡𝑡𝑐𝑐. 

In LSEM, the shear deformation (γ) is highly localized and 
imposed in a narrow zone idealized as a shear plane and 
calculated by Eq. (1): 

 
𝛾𝛾 =  𝜆𝜆

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 +  1
𝜆𝜆∗𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  − 2 ∗ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡        (1) 

 
where α stands for the tool rake angle.  

According to Eq. (1), various strain can be imposed by varying 
α and λ.  

 

 

Figure 1. Scheme of the LSEM process. 

The material under investigation is the AZ31 magnesium 
alloy supplied in form of a bar of 60 mm of diameter. The 
material is characterized by an equiaxed microstructure with an 
average grain size of 15 m (Fig. 2). 

The LSEM experiments were performed on AZ31 5-mm 
thick discs using an orthogonal cutting setup on a Mori Seiki 
NL 1500™ CNC lathe. More details of the experimental 
cutting procedure can be found in [4]. The adopted cutting 
insert was a commercial uncoated semi-finishing insert 
VBMW160404H13A characterized by 𝛼𝛼 = 0° . The other 
LSEM conditions were the following: t= 0.3 mm, λ= 1.1 and 
V= 120 m/min. It is worth noting that, the presence of the 
constraint above the tool prevents any temperature recording 
through a thermo-camera. Thus, the temperature resulting from 
the simulation was not comparable due to the absence of 
experimental measurements. 

After LSEM, metallographic investigations were carried out 
on samples extracted from both the chips and the LSEM bar in 
correspondence of its surface. All these samples were firstly 
cold mounted, polished and finally etched by immersing them 
in acid picric solution for 2 min to reveal the microstructural 
features that were captured using optical microscopy.  
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The Leitz™ Durimet microhardness tester was used to 
measure the Vickers microhardness with a load of 98 mN for 
30 s following the ASTM E92-17 standard. Three values were 
recorded for each measurement and then the average 
calculated. Indentations were taken every 20 μm from the 
machined surface till a depth of 420 μm in the case of machined 
bar and across the section of the LSEM chip. 

 

 

Fig. 2. AZ31 microstructure in the as-delivered condition. 

3. Numerical modelling 

The numerical procedure developed in this work employs a 
FE based thermo-mechanical model formulation of the LSEM 
process. A 2D plane-strain simulation was carried out using 
SFTC DEFORM 2DTM where the material constitutive models 
reported in the following were implemented in FORTRAN™ 
and ran as user subroutine. In the following the main 
characteristics of the LSEM numerical model are described. 

 The Johnson-Cook equation (Eq. 2 in Fig. 3) is exploited 
as material constitutive law. The model provides the 
equivalent stress σ at varying deformation rate 𝜀̇𝜀  and 
temperature 𝑇𝑇. More details about this model can be found 
in [7]. Along with the Johnson-Cook model, the Hall-Petch 
equation (Eq. 3 in Fig. 3) is introduced to consider the 
effect of the strain hardening, ascribable to the grain size 
variation during the process, to the yield strength 𝐴𝐴. Table 
1 reports the values of the material constants of the above 
reported models on the basis of the available literature data 
[4, 8, 9]. 

 The semi-empiric approach proposed in [10] is used to 
model the dynamic recrystallization phenomenon (from 
Eq. 4 to Eq. 9 in Fig. 3). The mechanical and thermal 
contributions are taken into account through the Zener-
Hollomon parameter 𝑍𝑍 (Eq. 4 in Fig. 3). When a critical 
value of deformation 𝑐𝑐𝑐𝑐 is achieved (Eq. 7 in Fig. 3), the 
dynamic recrystallization of the material takes place and 
the amount of dynamically recrystallized grains 𝑋𝑋𝐷𝐷𝐷𝐷𝐷𝐷  is 
calculated (Eq. 6 in Fig. 3) on the basis of the equivalent 
strain for 50% recrystallized fraction 0.5 (Eq. 8 in Fig. 3). 
The average grain size 𝐷𝐷  is calculated as a weighted 
average among the initial grain size 𝐷𝐷0  and the 
recrystallized grain size 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 (Eq. 5 and Eq. 9 in Fig. 3, 
respectively).  

 A mathematical model for dislocations motion (from Eq. 
10 to Eq.13 in Fig. 3) is implemented to estimate the 
density of dislocations on the basis of the process 
temperature 𝑇𝑇 , initial dislocation density 0  and 
deformation rate 𝜀𝜀̇ . Table 2 reports the values of the 
material constants for grain size and dislocation density 
evolutions on the basis of the available literature data [4, 

8, 9]. 
 The hardness of the machined bar and chips (Eq. 15 in Fig. 

3) is then calculated as the sum of different contributions, 
namely the material initial hardness 𝐻𝐻𝐻𝐻0, the Hall-Petch 
hardness ∆𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 and the Taylor hardness ∆𝐻𝐻𝐻𝐻𝑑𝑑𝑑𝑑𝑑𝑑 . 
∆𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 accounts for the grain boundary role in hindering 
dislocation motion whereas ∆𝐻𝐻𝐻𝐻𝑑𝑑𝑑𝑑𝑑𝑑  accounts for the 
dislocation density variation during the process. To apply 
the model, the shear modulus changes as a function of 
temperature were incorporated from the data provided in 
[11]. 

 The workpiece was modelled as an elastoplastic body and 
meshed with 20000 elements. DEFORMTM 2D meshing 
method allows defining a finer mesh at the workpiece-tool 
interface, which 6 m in this case. The cutting tool was 
modelled as a rigid body and meshed with 5000 elements 
while the rigid constraint was meshed with 1000 elements.  

 The temperatures of the workpiece, cutting tool and 
constraint were set equal to the environment temperature, 
namely 20°C. The heat exchange with the environment 
was kept fixed using a global heat transfer coefficient 
equal to 105 kW/(m2K). The tool-workpiece friction 
coefficient as well as the constraint-workpiece one were 
set equal to 0.7 according to [12]. 

 

 

Fig. 3. Constitutive laws implemented in the LSEM numerical model. 
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Table 1. Material constants of the Johnson-Cook and Hall-Petch equations 
(Eq. 2 and Eq. 3). 

Parameter description Symbol Value 

Hardening coefficient B (MPa) 321.3 

Hardening factor n 0.13 

Strain rate sensitivity 
coefficient 

C 0.016 

Plastic deformation 
reference 

ε0 1 

Room temperature T0(°C) 20 

Melting temperature Tm (°C) 650 

Softening coefficient (m) 1.829 

Yield stress  A0 (MPa) 125 

Hall-Petch constant KHP 2.10E+02 

Table 2. Material constants of the grain size and dislocation density evolution 
equations (from Eq. 4 to Eq. 15). 

Parameter description Symbol Value 

Gas constant R (J*K-1*mol-1) 8.31 

Activation energy Q (kJ/mol) 178831 

Initial grain size D0 ( m) 15 

Initial dislocation density ρ0 (m-2) 1E14 

Recovery function Ω 2.92E-4 

Burger’s vector b (m) 3.21E-10 

 
The overall details concerning the setting of the simulation 

and the assignment of the mesh, boundary conditions, velocity, 
temperature and contact area are visible in Fig. 4. 

 

 

Fig. 4. Mesh and boundary conditions for the LSEM numerical model. 

4. Results 

Fig. 5 (a) and (b) show the long continuous chip (called 
herein strip) obtained after the LSEM process and the cross-
section microstructure in correspondence of its center, 
respectively. The LSEM process leads to the formation of 
defects-free strips thanks to the superimposition of elevated 
pressure and temperature in the deformation zone, guaranteed 
by the presence of the constraint. The strip is characterized by 
a homogeneous and equiaxed microstructure, emblematic of 
the dynamic recrystallization that occurred at the shear plane 
AO (see Fig. 1). 

Fig. 6 shows the comparison between the measured and 
predicted microstructural characteristics, namely grain size and 
micro-hardness measured along the strip section. It can be seen 

that the predicted values of grain size and micro-hardness fit 
correctly the experimental data, being the differences equal to 
-5% and 14%, respectively. 

Indeed, the Fig. 7 shows that hardness is the highest in the 
correspondence of the surface and gradually decreases moving 
away from it, recovering the bulk value at a certain distance 
below the surface. The comparison between the experimental 
and numerically predicted microhardness of the LSEM bar is 
shown in Fig. 8. The hardness prediction from the numerical 
model shows a remarkable agreement with the experimental 
results up to a distance of 40m from the surface, showing a 
difference of solely 6% on average. On the contrary, an 
underestimation of 16% on average is registered in the zone 
ranging from 60 m to 320 m below the machined surface. 
 

 

Figure 5. Morphology (a) and cross-section microstructure (b) of the 
continuous chips obtained during the LSEM process. 

 

Fig. 6. Comparison between experimental (EXP) and numerically predicted 
(NUM) microhardness and grain size of the LSEM strip. 

Finally, Fig. 7 (a) shows the workpiece subsurface 
deformation after LSEM. In general, an SPD layer composed 
of grains characterized by a high density of deformation twins 
and sub-grains, underlying the machined surface, is readily 
visible. 

The SPD layer thickness (d) was equal to t= 32.6 ± 2.1 m. 
To such microstructure alteration corresponds an alteration of 
micro-hardness values, as numerically predicted in Fig. 7 (b).  

 

 

Fig. 7. Comparison between experimental (EXP) and numerically predicted 
(NUM) microhardness of the LSEM bar. 
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Fig. 8. Microstructure (a) and numerically predicted microhardness (b) in the 
bar subsurface after LSEM. 

5. Conclusions 

This paper has presented a FE model of the Large-Strain 
Extrusion Machining (LSEM) process carried out on AZ31 
magnesium alloy bars.  

The Johnson-Cook constitutive law combined with 
physically-based models was employed to describe the material 
flow stress and the microstructural phenomena occurring 
during the process. The numerical model was calibrated on the 
basis of literature data and validated by comparing the 
numerical outcomes with the ones from LSEM trials. In 
particular, the grain size and micro-hardness of the LSEM 
strips as well as the micro-hardness below the surface of the 
LSEM bar were compared, showing a good fitting. 

Future works will be dedicated to the numerical 
optimization of the LSEM process parameters to obtain the 

most suitable conditions that can favor a corrosion resistance 
improvement of the machined part.  
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