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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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Recently, cryogenic machining of difficult-to-cut alloys has been adopted to increase tool life and improve the machined components surface 
integrity. Numerical models of cryogenic machining are being developed to evaluate the influence of the different process parameters. Up to 
now, their calibration in terms of material flow stress is fulfilled using data at conventional temperatures, whereas the material sensitivity to 
temperatures lower than the environment one should be taken into account. To this regard, the paper objective is to present material data, 
obtained through a newly developed Split Hopkinson Tension Bar, at cryogenic temperatures and high strain rates to properly calibrate 
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1. Introduction 

In recent years, cryogenic machining has been extensively 
applied to the so-called difficult-to-cut metal alloys with the 
twofold objective of reducing the tool wear and increasing the 
part in-service performances [1]. The former is fulfilled 
thanks to the drastic reduction of the cutting temperature, 
which, in turn, limits adhesion and diffusion wear phenomena 
to a great extent [2]; whereas, the latter is usually achieved 
thanks to the attainment of machining-altered layer 
characterized by ultra-fined microstructure and compressive 
residual state of stress [3]. The influence of the cutting 
parameters and of the layout of the liquid nitrogen delivery 
system can be evaluated by means of either machining trails 
or numerical simulations. While the former are costly and 
time-consuming, the latter are still far from being an 
established procedure due to the difficulties that can be 
encountered in calibrating the numerical models devoted to 
machining operations. Attempts for the numerical modelling 

of cryogenic machining have been done recently, as in [4][5] 
where flow stress data of the workpiece material were coupled 
with microstructural features evolution to give a proper 
description of the machined surface integrity. Usually, flow 
stress data for machining simulations are gained from tests 
carried out at elevated strain rate values, being the latter 
relevant to cutting operations, making use of either tensile or 
compressive testing apparatuses, such as the Split Hopkinson 
Tension or Pressure Bars [6][7]. Most of these tests are 
carried out at room temperature, in some cases at higher 
temperatures to account for the cutting temperature increase, 
but none at sub-zero temperatures that the workpiece surface 
encounters during cryogenic machining. 

To this regard, the objective of the paper is to show how 
the material behaviour changes when testing at sub-zero 
temperatures and elevated strain rate compared to 
conventional testing parameters. In the first part of the paper, 
a newly developed testing se-up, based on a Split Hopkinson 
Tension Bar, is presented, whereas the second part shows the 
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experimental results in terms of flow stress and strain at 
fracture sensitivity to temperature and strain rate, as well as 
surface fracture features to evaluate the fracture modes at 
varying temperature. 

2. Material and experimental procedures 

2.1. Material under investigation 

The material used in this study was the Ti6Al4V titanium 
alloy supplied in form of 1 mm thick sheets. The sheets were 
provided in annealed condition, characterized by an equiaxed 
α + β microstructure. According to the supplier’s 
specification, the chemical composition of the Ti6Al4V alloy 
is reported in Table 1.  

Table 1. Chemical composition of the Ti6Al4V titanium alloy (%wt). 

Ti Al V Fe O C N 

Balance 6 4 < 0.3 0.2 <0.08 <0.07 

   

2.2. Split Hopkinson Tension Bar tests 

 To characterize the material behaviour at high strain rate, 
dynamic impact tests were carried out using a Split 
Hopkinson Tension Bar (SHTB) apparatus located at the 
L.A.M.I.H. laboratory in Valenciennes (France).  

During the test, the sheet specimen is sandwiched between 
the incident pressure bar and the transmitter bar; a tensile load 
is produced by the release of a pre-stretched load at the end of 
the incident bar.  

More details about the experimental procedure and 
analytical technique used to evaluate the dynamic mechanical 
response of the impacted specimens are presented in [8].  

To match geometrical/material properties of the bars and 
the strain rates attended in this study, the shape of the 
specimens was accurately designed by means of analytical 
approaches [8].  

Fig. 1 shows the drawing of the specimen used in this 
study. The specimens were laser cut from the as-received 
sheet along the rolling direction.  

 

Figure 1. Drawing of the Ti6AlV sheet specimen used in this study 
(dimensions in mm). 

Tests were performed at different strain rates and 
temperatures. In particular, strain rate values of 200 s-1 and 
1000 s-1 were chosen as representative of machining 
processes, while the temperature was varied from 25°C to -
150°C at steps of 50°C. In order to achieve sub-zero 
temperatures, a refrigeration chamber was specifically 
designed. The chamber is composed of an upper part and a 
lower part, in witch both the cylindrical bars and the sample 
are located in between. K-thermocouples are spot-welded on 
the sample’ surface to measure the temperature during tests.  

The experimental procedure adopted for sub-zero testing 
consists of the following three stages: 

1. The lower part is placed below the connectors/bars 
set and the liquid nitrogen is completely spilled in. 
Then, the upper part is positioned over the lower part 
and a locking system assures the contact of the two 
parts. Five minutes of contact with the liquid 
nitrogen assures the specimen temperature close to -
195°C. 

2. The upper part is removed with the temperature still 
controlled by heat exchange with the environment. A 
mechanism is used to discharge the liquid nitrogen so 
that the connectors/sample set is no more immersed 
into the liquid nitrogen. 

3. When the desired testing temperature is reached, the 
test is launched and data are collected.  
 

Incident bar Transmitted bar

Thermocouple

Liquid nitrogen

Cover

Incident bar Transmitted bar

Thermocouple

Liquid nitrogen

Cover

Incident bar Transmitted bar

Thermocouple

Liquid nitrogen

STAGE 1: Preparation

STAGE 3: Test 

STAGE 2: Nitrogen discharge

 

Figure 2. Experimental stages of SHTB tests under low temperatures regime. 
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The aforementioned three stages are schematically 
described in Fig. 2, while images of the experimental 
apparatus are reported on Fig. 3. From the latter, it can be 
seen that the chamber is large enough to ensure a constant 
temperature in the environment of the specimen.  

It is supposed that a homogeneous temperature is obtained 
at the gauge area of the specimen thanks to its reduced 
dimensions. However, this information cannot be checked 
since the thermocouple is bonded at the surface of the 
specimen. It is also worth adding that the actual temperature 
during the test cannot be measured due to the very short time 
at break (less than 1ms). 

Normally, a set of 3 tests was performed for each testing 
condition to ensure an acceptable repeatability of results and 
highlight possible material data dispersion at the same time. 

For sake of comparison, quasi-static tests were carried out 
on a ElectroPulsTM Instron E 3000 machine with a strain rate 
of 0.008 s-1 at room temperature.  
 

Upper part

Incident bar

Transmitted bar

Lower part

Specimen

Thermocouple

a)

b)

 

Figure 3. SHTB experimental setup apparatus: a) setting of the testing 
temperature in the refrigetation chamber; b) configuration after testing.  

2.3. Characterization after SHTB tests 

After SHTB tests, the specimens fracture surface was 
analyzed by means of a FEI™ QUANTA 450 Scanning 
Electron Microscope (SEM) using the Secondary Electron 
(SE) probe. Images at different magnifications, namely 
5000X, 2000X and 1000X, were acquired.  

Low magnification images of the fracture surfaces were 
acquired by SEM and the area was accurately measured by 
means of the length tool of the microscope.  

3. Results and discussion 

3.1. True stress–strain curves and strain at fracture 

In this section, the Ti6Al4V mechanical behavior is 
presented with respect to different strain rates and 
temperatures. The flow stress relations are obtained using 
DavidTM software [9] on the basis on the governing equations 
mentioned in a previous paper [10]. For all the conditions, it is 
assumed a Poisson’s coefficient of 0.34 and no visco-
elasticity effect is considered. 

Fig. 4 reports the effect of strain rate on the flow stress at 
room temperature. The tensile tests performed under dynamic 
conditions showed higher values of the fracture strength 
compared to the flow stress under quasi–static conditions, 
confirming the strain rate hardening effect at elevated strain 
rates. It is worth noting that the changes of the tensile tests 
strain rate do not influence significantly the elastic modulus of 
the investigated material: Young’s modulus is 80 GPa in 
quasi-static conditions and close to 90 GPa under dynamic 
loadings. However, in the latter case, the elastic modulus 
cannot be accurately confirmed [11]. 
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Figure 4. Ti6Al4V true stress–true strain curves as a function of strain rate at 
room temperature. 

Fig. 5 a and b presents the Ti6Al4V true stress– true strain 
curves at strain rate of 200 s-1 and 1000 s-1, respectively, and 
at temperatures varying from 25°C to -150°C. It can be 
clearly seen that the flow stress depends on both the strain rate 
and temperature. Specifically, at constant temperature, the 
flow stress increases rapidly at increasing strain rate, while at 
constant strain rate, the flow stress increases gradually at 
decreasing temperature [12]. 

For example, for a fixed true strain of 0.03 and strain rate 
of 200 s-1, the flow stress increases from 1100 MPa to 1320 
MPa as the temperature is reduced from 25°C to -150°C. 
Similarly, at the highest strain rate, the flow stress increases 
from 1210 MPa to 1580 MPa as the temperature is reduced 
from 25°C to -150°C. The curves shown in Fig. 6 show that 
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the strain rate governs not only the flow stress, but also the 
fracture strain. 
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Figure 5. Ti6Al4V true stress–true strain curves as a function of temperature 
at a) 200 s-1 and b) 1000 s-1. 
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Figure 6. Ti6Al4V strain at fracture as a function of temperature at a) 200 s-1 
and b) 1000 s-1. 

Specifically, at a given temperature, the fracture strain 
increases at increasing strain rate, but the effect is less evident 
at lower testing temperatures. On the other hand, at a constant 
strain rate, the fracture strain reduces drastically at decreasing 
reducing temperature, even if no sensible difference can be 
found between -100°C and -150°C. 

3.2. Fracture surfaces 

Figs. 7 and 8 report the SEM images of the specimens’ 
fracture surfaces as a function of the strain rate and 
temperature at two different magnifications. Surface fractures 
are arranged in dimple-like features regardless of the testing 
parameters, thus indicating always a ductile fracture 
mechanism. It should be expected, that fracture nucleates in 
the area of α phase nucleation, then plastic flow occurs in the 
areas of β phase – much more ductile, close to α phase areas 
[13].  
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Figure 7. Fracture surfaces of the Ti6Al4V specimens deformed at different strain rates and temperatures (magnification 1000X). 
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Figure 8. Fracture surfaces of the Ti6Al4V specimens deformed at different strain rates and temperatures (magnification 5000X). 

 
Fig. 7 a and b presents the fractographies of the two 

specimens deformed at a temperature of 25 °C and strain rates 
of 200 s-1 and 1000 s-1, respectively. 

The comparison of the two fracture surfaces shows that the 
dimple density increases at increasing strain rate. Similar 
tendencies are noted for the other testing temperatures and 
shown in in Fig. 7b, c and d. 

On the contrary, the dimple density reduces and the 
number of flat cleavage planes increases as the temperature 
reduces. These more brittle features at the fracture surface are 
indicative of the hardening effects occurred when deforming 
at low temperatures and are a sign of reduced ductility. These 
findings are in accordance with the strain at fracture values 
reported in Fig. 6.  

4. Conclusions 

In this study the effect of the strain rate, up to 1000 s-1, and 
temperature, in the range between 25°C and -150°C, on the 
Ti6Al4V mechanical behaviour was investigated.  

To this purpose, a newly designed refrigeration chamber 
was designed to cool down the specimen for sub-zero testing 
and applied to the Split Hopkinson Tension Bar experimental 
apparatus.   

The main findings can be summarized as follows: 
 The material behaviour is sensitive to both strain rate 
and temperature. The flow stress increases with increasing 
strain rate and decreasing temperature. The strain rate and 
temperature effect on the strain at fracture is opposite.  
 The SEM observations of the fracture surfaces show 
dimple structure indicative of a ductile rupture mechanism 
regardless of the strain rate and temperature adopted in this 
study. However, the dimple density increases as the strain rate 
is increased, while is reduced when deforming at sub-zero 

temperatures. Actually, at the lowest testing temperature 
cleavage surfaces are shown. 
 

In future research, tests at elevated temperature at high 
strain rate will be conducted to take into account the 
temperature gradient that characterized the workpiece under 
machining operations.  
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