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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 

The success of biomedical implantation is linked to osseointegration, depending on the mechanical loading of the bone interface. The large 
difference in stiffness between the host bone (30 GPa) and the usual implant material (over 100 GPa), as well as the absence of mechanical stress 
at the surrounding bone, induce a stress shielding effect, which leads to bone atrophy and implant loss. A recent work has shown the possibility 
to produce so-called second-generation titanium alloys. β-type Ti alloys have been studied for biomedical applications, due to the composition 
of non-cytotoxic elements. Some TiNb alloys can reach after heat treatment a Young’s modulus close to 35 GPa, which is really close to bone’s 
one. Unfortunately, titanium and its alloys are well known for their poor machinability due to the hardness and low thermal conductivity. 
Machined surfaces of titanium alloys are also easily damaged (micro cracks, build-up edge, plastic deformation, heat-affected zones, and tension 
residual stresses) during the process. Studying process parameters is important to avoid these phenomena. 
The machinability of TiNb (turning, milling) has not been studied to date. Therefore, in this study, we examined the behavior of the TiNb titanium 
alloy for applications as a biomaterial in micro-cutting. Orthogonal cutting tests were performed on austenite and martensite states TiNb alloys 
and compared with Ti40 pure titanium. The aim was to evaluate the influence of the alloys and the cutting parameters on the evolution of the 
cutting forces, specific cutting energy, friction coefficient which are good indicators of machinability 
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1. Introduction 

The formation of the interface between living bone and 
biomedical implants, as known as osseointegration, depends on 
mechanical loading at this interface. For example, a large gap 
of stiffnesses between material implant and bone (30 GPa) or 
no mechanical stress at the surrounding bone leads to stress 
shielding effects. Bone atrophy and implant loss can occur 
[1,2], and additional surgery is necessary [3-6]. 

Ti-6Al-4V is widely used for biomedical implants and has 
interesting properties such as a low density, a high resistance to 
fatigue and corrosion. However, its stiffness is relatively high 
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(110GPa). Vanadium ions are cytotoxic and can reduce 
osseointegration and aluminum ions can cause neurological 
disorders and Alzheimer's disease [7-9] . 

Recent work has shown the possibility to produce titanium 
alloys composed of non-cytotoxic elements. These β-type Ti 
alloys have been studied for biomedical applications. These 
alloys are β-metastable, and a martensitic transformation can 
occur under stress by the formation of an α'' phase [10] This 
phase transformation, possible due to the instability of the β-
phase, depending on the chemical compositions, enables 
interesting effects such as superelasticity effect (SE) or shape 
memory effect (SME). This phase transformation in the binary 
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(110GPa). Vanadium ions are cytotoxic and can reduce 
osseointegration and aluminum ions can cause neurological 
disorders and Alzheimer's disease [7-9] . 

Recent work has shown the possibility to produce titanium 
alloys composed of non-cytotoxic elements. These β-type Ti 
alloys have been studied for biomedical applications. These 
alloys are β-metastable, and a martensitic transformation can 
occur under stress by the formation of an α'' phase [10] This 
phase transformation, possible due to the instability of the β-
phase, depending on the chemical compositions, enables 
interesting effects such as superelasticity effect (SE) or shape 
memory effect (SME). This phase transformation in the binary 
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alloy Ti-24Nb has been studied by Elmay et al [11]. This alloy 
reached a Young's modulus close to 35 GPa after heat 
treatment. The low modulus is generating a growing interest 
from the medical implant industry but to consider an 
industrialization of the process, an understanding of the 
material cut must be considered. 

To achieve the requirements of medical such as surface 
quality or miniaturization, precise machining is needed [12]. 
With a low thermal conductivity and high hardness, Titanium 
alloys have a poor machinability. Damages (micro-cracks, heat-
affected zones or residual stresses) are often observed on 
machined surfaces [13]. Concerning the machining of shape 
memory and superelastic alloys, studies have been carried out 
on NiTi in the medical field [14-16]. The high ductility, the 
unconventional strain-stress behavior and the high degree of 
work hardening of NiTi alloys during cutting leads to difficult 
processing, poor workpiece quality, burr formation and tool 
wear.  

Concerning the machinability of TiNb, literature is poor.  
This study investigates it machining for biomedical 
applications. TiNb alloys in austenitic and martensitic states are 
compared with a pure titanium Ti40 through orthogonal cutting 
tests. The behavior (cutting forces, apparent friction 
coefficient) of these materials is observed under different 
cutting feeds. 

2. Method 

2.1. Materials 

The shape memory alloys are characterized by a solid-state 
phase change due to temperature or stress variation. This phase 
change between a β-phase, stable at high temperature, and a 
martensitic α" phase leads to SME and SE. These effects are 
interesting for biomedical applications, especially TNZ alloys, 
which are titanium-based SMAs with only non-toxic elements 
(Ti, Nb, Zr, and Ta) represent an excellent alternative to Ti40, 
Ti-6Al-4V and NiTi alloys. 

The SME occurs when a SMA deformed in martensitic state 
recovers its initial shape during a heating cycle to reach the 
austenitic state. The SE occurs when a stress deformation 
applied in the austenitic state is released. These effects are 
related to the reversible austenite/martensitic transformation 
related to temperature and stress (Fig. 1). This transformation 
is defined by four temperatures: 
• As : austenite start 
• Af : austenite finish 
• Ms : martensite start 
• Mf : martensite finish 

As and Af are temperatures of start and finish of transition 
from martensite to austenite state, and Ms and Mf are 
temperatures of start and finish of transition from austenite to 
martensite state. 

 

 

Fig. 1. Reversible martensitic transformation as a function of stress and 
temperature. 

The four temperatures are determined by direct method 
according to ASTM F2004 [17], by Elmay et al. [18] for 
Ti24Nb alloy and by Peltier et al. [19] for Ti26Nb. The 
transformation points are reported in Table 1 

Table 1. Transformation temperatures of TiNb alloys. 

 εmax (%) As (°C) Af (°C) Ms (°C) Mf (°C) 

Ti24Nb 32 107 142 97 67 

Ti26Nb 20 -17 50 17 30 

 
Ti-24Nb and Ti-26Nb are respectively shape memory alloy 

and superelastic alloy, with a low Young’s modulus (50GPa) 
that can reach a lower one by controlling the microstructure. 

Ti-26Nb and Ti-24Nb SMAs are produced by melting pure 
titanium and pure niobium. All the alloys studied are prepared 
in a cold crucible levitation melting furnace under a controlled 
atmosphere of pure argon. To homogenize the composition, 
alloys are remelted ten times.  

A homogenization heat treatment is performed at 1100°C 
for 15 hours and then a solution heat treatment is carried out in 
the same furnace at 850°C for 1 hour. Heat treatment is 
followed by a water quenching. 

Young’s modulus of the three materials are given in Table 
2. Stiffness of Ti-24Nb and Ti-26Nb are lower than Ti40. 

Table 2. Young’s modulus of the three materials. 

 E (GPa) 

Ti24Nb 50 

Ti26Nb 45 

Ti40 110 

2.2. Cutting experiments 

The experimental set-up consists of turning a thin tubular 
sample, shown on fig. 2 to achieve micro-turning assumptions 
[20]: 
• the uncut chip thickness must be small compared to the 

width of cut (w) to neglect the boundary effects. 
• the width should not be too large to consider a constant 

cutting speed along the cutting edge (variation < 10%). 

 Author name / Procedia CIRP 00 (2019) 000–000  3 

In this way, an average diameter of 6.366 mm and a 
thickness w of 318 µm are used. The diameters are directly 
machined before test on a small height, in order to limit sample 
run-out and deflection during the test. 

 

 

Fig. 2. Micro-cutting set-up 

Micro orthogonal cutting tests were performed on a 5 axis 
CNC vertical milling Röders RXP200DS, used as a precision 
turning lathe and an Ifanger MTNY 41015-R cutting tool for 
frontal groove (inclination 0°) was used. Rake angle (8°) and 
cutting-edge radius (rβ 1.5µm) were measured on Alicona 
Infinite Focus 3D microscope. Cutting forces were measured 
through a dynamometric table Kistler Minidyn 9256C2, 
associated with a Kistler amplifier 9017 and a NI Labview 
acquisition system.  

The cutting speed was set at 60 m/min and feed h varied 
from 0.333 to 20 µm/rev. Thus, dimensionless ratio h/rβ casts 
a wide net in order to be in micro and classic turning. Each test 
was performed at least 2 times showing a repeatability of less 
than 10% on the plateau area. 

3. Results and discussion 

Cutting forces of TiNb alloys are clearly different from 
Ti40. Regardless of h/rβ, Ti40 provides cutting forces 
classically observed in literature: a plateau is reached after a 
rise of each force component. For TiNb alloys, peaks are also 
visible and can be compared with similar behaviour in pure 
copper [20] or aluminium alloy [21]. Characteristic forces are 
shown on fig. 3. 

Theoretically, a transient period occurs during a rotation of 
the sample. The undeformed chip thickness transits from 0 to 
h, defined by the feed per revolution. At the beginning, a chip 
is not formed immediately, and ploughing occur until minimum 
chip thickness is reached. This minimum chip thickness is 
largely dependent of cutting edge radius and material 
behaviour. 

During the orthogonal cutting tests in the Ti40 sample and 
for conditions where the ratio h/rβ is higher than 1 the increase 
in force takes 0.022s, corresponding to one revolution. For 
lower ratio, the force rise takes between 4 (0.666µm/rev) and 
10 (0.333µm/rev) revolutions. During these revolutions, it is 
assumed that the surface is strain-hardened, that an elastic 
backward movement is amplified until the chip formation 
occurs. 

A similar phenomenon appears for TiNb alloys. For low 
h/rβ ratio, the force rise takes between 6 (0.666µm/rev) and 20 
(0.333µm/rev) revolutions meaning that cumulative feed h is 
greater than 2 times rβ. This transient phase generates a 
significant cutting force and feed rate. As for Ti40, this 
phenomenon disappears when ratio h/rβ is greater than 1 

 

 

Fig. 3. Characteristic cutting forces for the three materials: Ti40, Ti24Nb and 
Ti26Nb. 

Despite of the peaks on cutting forces, an average value of 
cutting forces excluding these instabilities can be measured. 
Fig 4. gives cutting forces as a function of undeformed chip 
thickness h. 

Cutting forces for Ti40 (Fig 4. (a)) are defined by a 
dominant ploughing zone where feed force is higher than 
cutting force when h is less than 1µm, a dominant cutting zone 
where cutting force is higher than feed force when h is higher 
than 3 µm and a transient zone with a drop of forces. This 
behaviour has been already observed in hardened tool steel 
[22]. This drop is assumed to be the zone where h becomes 
higher than the hardened layer produced at the previous 
revolution. 

Concerning TiNb alloys, the same behaviour with three 
zones is observed for Fc. It is not the case for Ff. On the whole 
range of undeformed chip thickness, feed force is always higher 
than cutting force, as an indicator of ploughing. The high level 
of elastic deformation tends to deform material without 
hardening. Friction between machined surface and clearance 
face is significant in this case. As a consequence, TiNb alloys 
are sensitive to burr formation. Burrs are defects that can lead 
to dust if no deburring is planned. 
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range of undeformed chip thickness, feed force is always higher 
than cutting force, as an indicator of ploughing. The high level 
of elastic deformation tends to deform material without 
hardening. Friction between machined surface and clearance 
face is significant in this case. As a consequence, TiNb alloys 
are sensitive to burr formation. Burrs are defects that can lead 
to dust if no deburring is planned. 
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Fig. 4. Cutting forces as a function of h for the three materials: Ti40, Ti24Nb 
and Ti26Nb. 

The peaks observed on cutting forces are related to bulges 
on chip. An observation of the bulge by SEM is given on Fig. 
5. The sliding direction of the rake face on the chip is given by 
(sd). After a slight thinning of the chip (1), the bulge gets 
progressively thicker with an increase of shear bands 
inclination up to 90° (2) and ends with a very rapid thinning (3) 

to find a constant chip thickness (4). The bulge is maximum 
430µm thick, where the chip is less than 100µm thick. 

 

 

Fig. 5. Bulge observed on a chip 

A closed phenomenon was observed when micro-cutting 
pure copper [23] and aluminum 6061 [21] with a diamond tool, 
for very small thicknesses h (<0.8µm) but for low cutting 
speeds (1 mm/min) and bigger grains (50 µm). The authors 
defined it with the term “scaling”. Scaling occurred after the 
micro-tool passed through the different regions, at the grain 
boundary, leading to a smaller shear angle to form a thicker 
chip. In the case of our experiment, it appears an unstable phase 
where a large strain may take place in front of the rake face in 
a very short interval. This involves very severe plastic 
deformation in front of the rake face. However, it is not the 
result of a change of crystalline orientation or a passage from 
one grain to another and even less of a surface phenomenon. 
Indeed, although in ultra-precision cutting, the phenomenon is 
observed when cutting a large number of grains over several 
revolutions of the tubular sample. This bulge formation is 
attributed to sticking on the rake face, with built-up material. 
Another clue is the face of the chip in contact with the rake face 
that show craters whereas the sliding zones are continuous. 
This phenomenon has to be avoided to limit tool deflection and 
ensure surface quality. 

4. Conclusion 

In this study, a comparison of the behaviour during 
orthogonal cutting tests of Ti40, Ti-24Nb and Ti-26Nb was 
examined. While Ti40 behaviour is classic, TiNb alloys show 
particularities.  

When entering the material TiNb alloys reach constant 
forces when h is greater than 2 times rβ. A typical value of 1 is 
classically observed.  This phenomenon is assumed to be 
related to high ductility and superelasticity of the alloys. 

Ploughing is widely present and a risk of burr generation is 
therefore very high. Moreover, the feed force Ff is 
systematically higher than the cutting force when cutting TiNb 
alloys and is an indication of a high elastic recovery. 

Cyclic peaks of forces appear during the cutting of TiNb 
alloys. These peaks are characterized by chip bulges with a 
progressive increase in its thickness and with a very rapid 
thinning at its ends, such as a built-up chip sticking at the rake 
face.  
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In conclusion, TiNb alloys are difficult to machine, due to 
their unconventional behaviour. Further investigations will 
give the best cutting conditions (lubrication, machining 
assistance…). 
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