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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 

Machining-induced residual stresses depend on the process parameters and are strongly influenced by the tool wear. The chip segmentation 
frequency in turning of Ti-6Al-4V can be obtained by processing signals of acoustic emission (AE) caused by the cutting process and used to 
estimate the tool wear condition. In this work, chip segmentation frequencies during longitudinal turning of Ti-6Al-4V are measured using AE 
sensors and correlated with the process parameters, abrasive tool wear and residual stresses. The resulting models allow for predition of significant 
characteristics in the residual stress distribution based on in-process measured chip segmentation frequencies. 
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1. Introduction 

Residual stress states of high-performance components have 
a significant influence on the resulting fatigue strength [1,2]. 
Selecting machining parameters for achieving compressive 
residual stresses in the subsurface is still challenging [3]. 
Previous studies showed a negative impact of tool wear on 
surface integrity due to higher thermal loads leading to 
increased tensile residual stresses [4]. Severe tool wear 
increases thermo-mechanical load at the shear zone and leads 
to segmentation frequency variations, as shown by Zanger et al. 
during orthogonal cutting of Ti-6Al-4V [5]. Wu et al. [6] 
established a numerical model to identify correlations between 
residual stress profiles and chip segmentation frequency in 
orthogonal turning of Ti-6Al-4V, however the research lacks on 
experiments and the effect of tool wear was not considered. 
Liang et al. [7] proposed an analytical model for predicting the 
influence of tool wear on the residual stress distributions, 
neglecting the chip shape. Modeling of residual stresses 

distributions in face turning and surface stresses in longitudinal 
turning of Ti-6Al-4V was conducted in previous studies, 
however the relationship with the chip segmentation frequency 
was not investigated [8,9]. González et al. [10] showed 
variations in chip segmentation frequency with process 
parameters and tool wear in longitudinal turning and proposed 
techniques to identify chip segmentation frequencies in-process 
using acoustic emissions (AE).  

In this work, longitudinal turning of Ti-6Al-4V is performed 
under different cutting speeds and flank wear states. AE sensors 
and optical chip analyses are used to identify chip segmentation 
frequency and its dependence on thermo-mechanical loads and 
tool wear. The residual stress depth distributions in the 
subsurface of the workpieces are also measured. Characteristics 
of the resulting residual stress profiles are correlated with the 
associated chip segmentation frequency. An AE-based model 
for the prediction of residual stress is proposed. This model 
estimates residual stress profiles using the tool wear state, the 
process parameters and the chip segmentation frequency. 
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1. Introduction 

Residual stress states of high-performance components have 
a significant influence on the resulting fatigue strength [1,2]. 
Selecting machining parameters for achieving compressive 
residual stresses in the subsurface is still challenging [3]. 
Previous studies showed a negative impact of tool wear on 
surface integrity due to higher thermal loads leading to 
increased tensile residual stresses [4]. Severe tool wear 
increases thermo-mechanical load at the shear zone and leads 
to segmentation frequency variations, as shown by Zanger et al. 
during orthogonal cutting of Ti-6Al-4V [5]. Wu et al. [6] 
established a numerical model to identify correlations between 
residual stress profiles and chip segmentation frequency in 
orthogonal turning of Ti-6Al-4V, however the research lacks on 
experiments and the effect of tool wear was not considered. 
Liang et al. [7] proposed an analytical model for predicting the 
influence of tool wear on the residual stress distributions, 
neglecting the chip shape. Modeling of residual stresses 

distributions in face turning and surface stresses in longitudinal 
turning of Ti-6Al-4V was conducted in previous studies, 
however the relationship with the chip segmentation frequency 
was not investigated [8,9]. González et al. [10] showed 
variations in chip segmentation frequency with process 
parameters and tool wear in longitudinal turning and proposed 
techniques to identify chip segmentation frequencies in-process 
using acoustic emissions (AE).  

In this work, longitudinal turning of Ti-6Al-4V is performed 
under different cutting speeds and flank wear states. AE sensors 
and optical chip analyses are used to identify chip segmentation 
frequency and its dependence on thermo-mechanical loads and 
tool wear. The residual stress depth distributions in the 
subsurface of the workpieces are also measured. Characteristics 
of the resulting residual stress profiles are correlated with the 
associated chip segmentation frequency. An AE-based model 
for the prediction of residual stress is proposed. This model 
estimates residual stress profiles using the tool wear state, the 
process parameters and the chip segmentation frequency. 
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Nomenclature 

vc Cutting speed, m/min 
f  Feed, mm/rev 
ap Cutting depth, mm 
fcs Chip segmentation frequency, kHz 
α Clearance angle, ° 
κr  Tool cutting edge angle, ° 
γ  Rake angle, ° 
VB  Flank wear, µm 
N  Number of inverted zero-crossings 
Δs  Average peak-to-peak distance, µm 
σsurf  Surface residual stress, MPa 
σmin  Minimum residual stress, MPa 
d  Depth under workpiece surface, µm 
d0  Impact depth of compressive residual stress, µm 
dσ,min  Depth of minimum residual stress, µm 

2. Setup and method 

2.1. Experimental setup 

Longitudinal turning tests were conducted on a vertical 
turning machine Index V100 under dry conditions. Uncoated 
carbide inserts CCMW120404 with a cutting edge radius of 
50 µm were placed in a tool holder providing a tool cutting edge 
angle κr of 75°, a rake angle γ of 0° and a clearance angle α of 
7°. A three component dynamometer type 9257B from Kistler 
beneath the holder measured the process forces. In order to 
capture the chip segmentation frequencies, a piezoelectric AE 
sensor VS45-H from Vallen Systeme was mechanically 
mounted on the tool holder in the cutting direction as shown in 
Fig. 1. The raw signal from the AE sensor is processed by an 
AE-preamplifier before being recorded by a PXI station. The 
duration from in-process measurement to data acquisition and 
processing is estimated to be between 10 and 100 ms. 

The process parameters are listed in Table 1. Cutting speeds 
were varied using a new insert after each cut. At a cutting speed 
of 120 m/min, abrasive flank wear was identified as the 
dominant wear mechanism, while slower vc lead to adhesion 
and more aggressive vc caused crater and notch wear on the rake 
face. In order to investigate the separate influence of flank wear 
on the chip segmentation frequency and residual stresses a fixed 
cutting speed of 120 m/min was chosen. The flank wear was 
produced by additional cutting tests and characterized by 
repeated measurements with an optical light microscope until 
the desired values were reached. Each cut was conducted on a 
separate section of the workpiece, as residual stress 
measurements followed the turning process.  

Table 1. Process parameters for longitudinal turning tests 

vc 

m/min 
ap 

mm 
f 

mm/rev 
κr 

° 
γ 
° 

α 
° 

VB 
µm 

120; 200; 300 0.3 0.2 75 0 7 0; 100; 200 

 

 
Fig. 1. Experimental setup for longitudinal turning tests. 

2.2. Chip segmentation frequency analysis 

The segmentation frequency of the produced chips can be 
evaluated using AE processing techniques or optical chip 
analysis. Both options were applied using the methods 
developed and presented in previous studies [10,11]. During 
machining, AE signals in sawtooth waveform shown in 
Fig. 2 (a) are generated, caused by the periodic cutting forces 
during segmented chip formation. The strongly inharmonic raw 
data was evaluated by inverting the time interval between 
successive zero crossing points resulting in a frequency. 
Plotting the number of inverted intervals N as a histogram with 
unequally spaced bins allows for estimating the chip 
segmentation frequency during the turning process as shown in 
Fig. 2 (b). In addition, chip segmentation frequencies were 
directly obtained by optical chip analysis.  

 
Fig. 2. (a) AE signals in saw tooth waveform during the cutting process; (b) 
Histogram obtained from AE data processing. 

This allows the verification of the AE signal processing 
methods. After each experiment, chips were collected and 
evaluated using a confocal laser scanning microscope to 
measure the average distance Δs between two consecutive 
segmentation peaks presented in Fig 3. As the chips are getting 
compressed during the cutting process an additional 
compression factor, depending on the weight and length of the 
examined chip segments, was considered [12]. 
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Fig. 3. (a) Optical chip analysis for measuring; (b) average peak-to-peak 
distance Δs. 

2.3. Residual stress analysis 

The residual stress analysis on the machined Ti-6Al-4V 
samples in tangential and axial direction were performed using 
the 𝑠𝑠𝑠𝑠𝑠𝑠²-𝜓𝜓-method and a four-circle diffractometer in 𝜓𝜓-
geometry. Ni-filtered CuKα type radiation was used. The 
measurements were performed at 15 different angles in the 
range -60° ≤ 𝜓𝜓 ≤ 60° over the vertical with an equidistant step 
size. The stress analyses were evaluated assuming isotropic 
material behavior with the radiographic values E = 113000 MPa 
for the elastic modulus and ν = 0.32 for the Poisson’s ratio. 
Depth profiles of residual stresses were generated by 
electrochemical ablation of the surface and repeated 
measurements. 

3. Results and discussion 

3.1. Chip segmentation frequency 

The results of AE signal processing and optical chip analysis 
differ from each other, caused by high measurement 
uncertainties in determining the compression factor used in 
optical chip analysis or distorted AE signals due to reflections 
inside the tool holder. Fig. 4 (a) shows increasing chip 
segmentation frequencies for higher cutting speeds. The error 
bars indicate the standard deviation from three replicate tests 
and are very small as the results are well reproducible and the 
general trend is the same in both methods.  

 
Fig. 4. Chip segmentation frequencies from optical chip analysis and AE-
processing under (a) varying cutting speeds; (b) progressing flank wear at 
vc = 120 m/min. 

The experimental results using tools with progressing flank 
wear are shown in Fig. 4 (b). Statistical information is not 
provided as identical tool wear conditions are hard to reproduce 
and therefore no tests were exactly replicate. The estimated 
chip segmentation frequency only changes slightly. This trend 
is validated using the optical chip analysis, where only a minor 
decrease is notable. Both the AE-based method and the optical 
chip analysis have high uncertainties, so that the minor trends 
are not meaningful nor interpretable. The frequencies remain at 
the same range with increasing flank wear. A systematic 
difference of 2.8 to 4.3 kHz between optical chip and AE 
analyses is present. 

3.2. Residual stress distributions 

The residual stress depth distributions were measured in 
tangential direction and axial direction, as shown in Fig. 5 (a) 
and 5 (b) respectively. The stresses in the axial direction are 
substantially more affected by the higher cutting speeds than 
the tangential stresses. Higher compressive residual stresses are 
generated in the subsurface in axial direction due to the 
machining process. In axial direction higher cutting speeds 
cause significant change in the surface stress from minimal 
tensile stresses at 120 m/min cutting speed to a compressive 
stress of 720 MPa at 300 m/min. The maximum compressive 
stress in the subsurface increases by 90 %. Additionally, the 
depth at which the maximum compressive value occurs as well 
as the overall impact depth of the machining process are shifted 
deeper into the workpiece. Concerning the residual surface 
stress in tangential direction there is no clear tendency, as 
illustrated in Fig. 5 (b), but values move into the tensile area 
with increasing cutting speed. The peak compressive stresses 
are at a similar level, but their occurrence is deeper under the 
surface with increasing cutting speed. The impact depth of the 
compressive stresses increases significantly and is comparable 
to the results in axial direction. Additionally, an increasing 
difference between the residual stress distribution in axial and 
tangential direction is present due to the cutting speed 
variation. The higher cutting temperatures due to increased 
cutting speeds only seem to have an impact on the tangential 
surface stress as higher tensile stresses were measured. For 
these process parameters, the results suggest that the hardening 
through mechanical loads outweighs the increased 
temperatures and their effect on the residual stress distribution. 
Fig. 6 shows the residual stresses at a fixed cutting speed of 
120 m/min comparing new cutting edges to tools with flank 
wear of approximately 100 µm and 200 µm. Increasing tool 
wear increases the depth effect of residual compressive stresses 
in the subsurface, both in axial and in tangential direction. The 
surface value in axial direction does not follow a clear trend, 
while the value in tangential direction moves from compressive 
to tensile stress with increasing wear. Compared to Fig. 5 the 
influence of abrasive flank wear is low and clear tendencies 
with increased wear condition are hard to identify, as results do 
not differ significantly. The evaluation of the force signals 
using a new insert shows an increase of the mean passive force 
from 90 N to 150 N at a flank wear of 100 µm.  
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Fig. 5. Residual stress distributions in the subsurface in (a) axial direction and 
(b) tangential direction at varied cutting speeds 

Further increased wear of 200 µm leads to a passive force of 
190 N. Cutting forces only increase about 14 % compared to a 
new insert. It was to be expected that the increased force would 
lead to an increase in residual compressive stresses. At the 
same time, the increased contact zone between workpiece and 
the worn tool’s flank face leads to additional friction and 
therefore rises in workpiece temperatures. At the surface, the 
increased friction heat results in more tensile stresses as stated 
by Chen et. al [4]. However, this can only be confirmed for the 
tangential stress as axial surface stresses tend to be more 
compressive with worn tools. In the subsurface the opposing 
mechanical and thermal effects on the residual stress state seem 
to balance each other out for the most part as the depth profiles 
do not differ much. Only the impact depth of compressive 
stresses increases clearly with flank wear.  

 
Fig. 6. Residual stress distribution in the subsurface under progressing flank 
wear at vc = 120 m/min in (a) axial direction and (b) tangential direction. 

3.3. Correlations with chip segmentation frequencies 

These experiments show that changes in thermo-mechanical 
loads due to cutting speed variations and growing abrasive tool 
wear result in varying residual stress distributions. As residual 
stress measurements cannot be performed during machining, 
correlations to in-process measurable variables, as chip 
segmentation frequency, must be established. In this work only 
the influence of abrasive tool wear is studied, which does not 
lead to significant changes in segmentation frequency, 
wherefore tool wear is not included in the models yet. As depth 
profiles are hard to describe, the residual stress state is 
decomposed into representative characteristics. Those are the 
surface value σsurf, the minimum stress σmin, its depth under the 
surface dσ,min, and depth of impact d0 as shown in Fig. 7. These 
representative characteristics can be correlated with the 
segmentation frequency using linear functions type σ=A+B·fcs. 
Separate models were developed using the frequencies 
identified by optical and AE-based strategies and compared 
with each other.  

 
Fig. 7. Extracted characteristics from residual stress depth distributions. 

For the axial direction, the fitted curves for varied cutting 
speeds are shown in Fig. 8 with the function coefficients listed 
in Table 2, with the indices of A and B indicating which 
frequencies were used. All four characteristics of the residual 
stresses correlate almost exactly linearly with the frequencies 
obtained by optical chip analysis. However, for predicting the 
stress in-process the AE frequency must be used. The models 
show the same tendency, but the quality of the linear fit 
decreases as shown by the lower Pearson correlation 
coefficients RAE and Rchip in Table 2. The identified gradients 
and therefore the dependence of the stress characteristics on the 
frequency are slightly smaller. This can be seen when 
comparing the function gradients BAE and Bchip in Table 2. 
Analogous models for stress characteristics in tangential 
direction are illustrated in Fig. 9 with their parameters listed in 
Table 3. Modeling the depths dσ,min,tan and d0,tan using the linear 
approach results in good correlations as the associated R values 
in Table 3 indicate. The stress characteristics σsurf,tan and σmin,tan 
do not increase monotonously with higher cutting speeds.  
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Fig. 8. Chip segmentation frequency based modeling of residual stress state 
characteristic in axial direction under different cutting speeds using unworn 
tools. 

Table 2. Parameters and correlation coefficients for modeling axial stress 
characteristics with chip segmentation frequencies. 

Parameter AAE BAE RAE Achip Bchip Rchip 

𝜎𝜎����,�� 476.8 -0.032 -0.919 871.9 -0.048 -0.999 

𝜎𝜎���,�� -233.6 -0.024 -0.964 2.2 -0.033 -0.986 

𝑑𝑑�,���,�� 3.6 0.003 0.899 -31.0 0.004 1.000 

𝑑𝑑�,�� -226.8 0.028 0.829 -672.9 0.046 0.988 

 
A local minimum respectively maximum of the three 

measurement points is present at vc = 200 m/min and the 
associated chip segmentation frequencies. A linear model is 
therefore not suitable to correlate those characteristics. 
Establishing more complex models based on quadratic 
functions is possible, but should based on more than three 
points to make sure that a local extreme point is actually 
present. For reliable modeling, discrepancies between chip 
segmentation frequencies obtained by AE data processing and 
optical methods need to be minimized. This can be done by 
optimizing the positioning and mounting technique of the AE 
sensors to minimize reflections inside the toolholder as well as 
improving the AE data processing methods. These models can 
be used to predict characteristics of the resulting residual stress 
distributions based on the in-process measurable chip 
segmentation frequency, and therefore enable the configuration 
of a desired residual stress state by adjusting the process 
parameters accordingly. 

3.4. Correlations with flank wear 

As stated above, no significant changes in segmentation 
frequency are observable for progressing abrasive tool wear. 
The changes in the residual stress characteristics with 
increasing flank wear are shown in Fig. 10.  

 

 

Fig. 9. Chip segmentation frequency based modeling of residual stress state 
characteristic in tangential direction under different cutting speeds using 
unworn tools.  

Table 3. Parameters and correlation coefficients for modeling tangential stress 
characteristics with chip segmentation frequencies.  

Parameter AAE BAE RAE Achip Bchip Rchip 

𝜎𝜎����,��� -624.5 0.025 0.856 -554.3 0.021 0.556 

𝜎𝜎���,��� -335.0 -0.005 -0.761 -371.2 -0.004 -0.414 

𝑑𝑑�,���,��� -126.8 0.012 0.942 -258.7 0.017 0.991 

𝑑𝑑�,��� -149.9 0.025 0.846 -520.6 0.039 0.992 

 
For better visibility the points are connected with dotted 

lines to identify direct correlations with the wear state. The only 
characteristics that can be clearly assigned to increasing wear 
are the surface stress in tangential direction σsurf,tan, the 
maximum compressive stresses σmin,ax and σmin,tan and the 
depth dσ,min,ax.  

 

 
Fig. 10. Residual stress characteristics under different tool wear conditions at 
vc = 120 m/min. 
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The minimum stresses decrease slightly, but the surface 
tangential stress correlates significantly with tool wear. The 
other four characteristics have a local extremum, which is 
difficult to interpret due to the small amount of measurement 
points. Therefore, no analytical models were established. The 
results show that abrasive wear only affects few residual stress 
characteristics. No significant change in the chip segmentation 
frequency was observed using worn tools. Therefore, no link 
between pure abrasive flank wear and the segmentation 
frequency was identified in this experimental setup. However, 
the wear did lead to changes in the residual stress distribution. 
This means it is not sufficient to consider pure abrasive flank 
wear, even if first good correlations have been found in this 
study. Previous turning tests showed altered segmentation 
frequencies with other wear mechanisms such as adhesion, 
crater and notch wear and their combined occurrence with 
abrasive wear [10]. Their effect on the resulting residual 
stresses in the subsurface must therefore be investigated in 
future studies. 
 

4. Conclusions 

In this work longitudinal turning tests of Ti-6Al-4V under 
different cutting speeds and flank wear conditions were 
performed. Acoustic emissions of the machining process were 
recorded and evaluated leading to an estimated value of the chip 
segmentation frequency. The resulting residual stress state in 
the machined samples were measured using X-ray diffraction 
and modeled using the chip segmentation frequency. Following 
conclusions can be drawn: 

 
 Chip segmentation frequency increases with higher cutting 

speeds 
 Increased cutting speeds lead to more compressive residual 

stresses in the subsurface, but have different effects on the 
stresses in tangential and axial direction. 

 Correlations between significant characteristics of the 
residual stress profile and the in-process measured chip 
segmentation frequency are present, resulting in AE-based 
residual stress models. 

 Abrasive flank wear has no significant influence on chip 
segmentation frequency and only a minor impact on 
residual stresses in the subsurface, but determine the 
surface values. 

 
Reliable empirical models for the prediction of residual stresses 
over a wide range of process parameters, tool wear conditions 
and chip segmentation frequencies need a bigger data base. 
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