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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 has a particular impact on the surface integrity and on corrosion resistance of components. In fact, material removal induces 
geometrical, mechanical and micro-structural modifications in the machined surface and sub-surface that alter the electrochemical behavior of 
the material, and so the aging process. In this study, oxygen free high conductivity copper (OFHC) has machined under orthogonal cutting 
conditions using uncoated cemented carbide tools. Then, the corrosion resistance in 0.1 M NaCl salt fog atmosphere of the machined samples is 
analyzed. Finally, the optimal cutting conditions, including the tool geometry, for an improved corrosion resistance are identified. Their 
influence on the surface integrity, and then their consequences on the surface aging response is discussed. 
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1. Introduction 

Sustainability, functional performance and life of 
components present the core of nowadays research in 
pioneering mechanical industries. Manufacturers seek the 
control of the surface integrity of their produced components 
in terms of topological, mechanical and metallurgical states 
[1,2], in order to guarantee the part quality and prevent any 
failure. One way to achieve it is the optimization of the 
machining conditions. Consequently, the surface integrity will 
be affected, and so the functional performance and life of the 
machined component as well [3,4], including fatigue life and 
corrosion resistance. Concerning the corrosion resistance of 
the machined surface, several studies have shown that it 
strongly depends on the surface integrity. Bissey-Breton et al. 
[7] found that surface roughness and surface residual stresses 
are highly correlated with the free corrosion potential, when 
compared to other surface integrity parameters. Robin et al. 

[8] found that the corrosion resistance of copper decreases 
with the strain intensity induced by the swaging process. Yin 
et al. [9] showed also that the initial grain size, grain 
boundaries and twins have an impact on the in-depth residual 
stresses distribution which affects corrosion wear of copper 
surfaces when exposed to NaCl solution. 

This paper studies the influence of the cutting conditions, 
including tool geometry, on the surface integrity and 
corrosion resistance in salt fog atmosphere of oxygen free 
high conductivity copper (OFHC). The optimal cutting 
conditions are identified and explained basing on their impact 
on the surface integrity and its consequence on the surface 
electrochemical response ruling the aging.  
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2. Procedure for surface integrity analysis 

Orthogonal cutting tests in planing configuration were 
performed on flat specimens (40×15×4 mm) of OFHC copper 
(annealed at 450°C for 2 hours, with an average grain size of 
55 µm), using a DMG DMC85V milling machine. Uncoated 
cemented tungsten carbide cutting tools (M10 grade) with 4 
different geometries were used. All tool geometries were 
characterized by a constant edge radius (rn) of 10±2 µm, but 
different rake angle values (γ) of 20° and 30°, besides two 
flank angles (α) of 5° and 10°. Two uncut chip thicknesses (h) 
values of 0.05 and 0.2 mm were used. The cutting speed (Vc) 
and the width of cut (W) was kept also constants and equal to 
90 m/min and 4 mm, respectively. Low temperature 
pressurized air (-5±2°C; 6 bar) cooling generated by a vortex 
system was applied to minimize the adhesion phenomenon 
between the tool and the work material. Residual stresses 
were determined using PROTOTM IXRD diffractometer, based 
on the X-ray diffraction technique and applying the sin2ψ 
method. According to this method, the residual stresses were 
calculated from strain distribution εφψ{hkl} derived from the 
measured inter reticular plane spacing and knowing the elastic 
radio crystallographic constants, S1{hkl} and ½S2{hkl}, which 
are equal to -3.13×10-6 MPa-1 and 11.79×10-6 MPa for OFHC 
copper, respectively. An X-ray Mn-Kα radiation (18 kV at 4 
mA) was used to determine the elastic strains in the (311) 
planes (149.09° Bragg angle). Residual stresses were 
determined in the machined surface, in the cutting direction 
and parallel to the cutting edge. To evaluate the dislocation 
density, a measurement of the Bragg peak broadening of the 
dislocation/defect density in the diffracting domain by X-ray 
diffraction was performed. In fact, for a simple Gaussian 
distribution, the full width at half maximum (FWHM) may be 
related to the dislocation density (ρ) when the model of 
Williamson and Smallmann [10] is used. The grain size 
measurements were performed using the optical microscope 
OLYMPUSTM BX51M after an electro-polishing with 
phosphoric acid to reveal the grains boundaries using 
StruersTM LectroPol-5 machine. Finally, to measure the 
arithmetic roughness (Sa) and the roughness at maximum 
height (St) of the machined surfaces, the interferometer 
WykoTM NT1100 was used in VSI mode (Vertical Scanning 
Interferometry) having a resolution of 2 nm in the field of 
measurement. 

3. Procedure for aging in salt fog atmosphere analysis 

The object of corrosion tests under salt fog atmosphere is 
to follow the evolution of the machined surfaces aging in a 
corrosive environment. The specimens of the machined 
OFHC copper were put into a salt fog chamber containing 0.1 
M NaCl at a continuous flow of 9 mL/h at 24 ± 1°C for 2700 
hours. At each specific moment of the aging time, specimens 
were taken in photos to calculate the evolution of the oxidized 
surface. The lightening with white light was controlled, and 
the camera was fixed in order to keep natural colors and net 
shape photos. Those images were filtered to isolate the 
studied surface from the redundant parts of the specimen 
surface corresponding to the edges and tool stabilization area. 
The calculus of the percentage of green inside the surface was 
done using scripts developed with Matlab® software. After 
the aging tests, the volume of copper participating into the 

oxidation reaction per mm2 covered by atacamite (the green 
color) was quantified. In fact, the oxidized surface was taken 
in photo by a high-resolution microscope KeyenceTM. Then, 
the surface was cleaned from oxides and taken again into 
photo. The topography was measured by optical microscope 
AliconaTM using the variation of focal distance technique. The 
volume of OFHC copper that disappeared from the oxidized 
surface was calculated by treating automatically the images 
under Matlab® (cf. Figure 1) using a script developed for the 
study making the following tasks: 

 
                       (a)                              (b)                 (c) 

Fig. 1. Evaluation of the volume of copper dissolved by mm2 
covered by atacamite. 

a) Isolation of green zones (covered by atacamite) starting 
from a photo of the oxidized surface as shown in Figure 1a. 
b) Starting from the image of the cleaned surface, isolating 
topographies of zones corresponding to those covered by 
green before the cleaning as shown in Figure 1b. 
c) Visualization of the topography corresponding only to the 
filtered zones as shown in Figure 1c. Level 0 corresponds to 
the mean plan of the freshly machined surface, before the 
aging test (Ra < 800 nm). 
d) The program calculated the volume of copper that has 
removed (valleys) under the zones previously covered with 
atacamite, and divided it by the green analyzed surface, which 
gave a mean value of the depth of the dissolved substrate. 

4. Results and discussion 

Figure 5 shows a non-negligible influence of the cutting 
conditions in on the evolution of the corrosion of OFHC 
copper surfaces, especially after 700 hours. under saline 
atmosphere. In fact, for the surfaces generated with a tool 
having the same rake angle of 20°, a raise in the uncut chip 
thickness accelerates the corrosion (cf. Figure 2). 
Nevertheless, this phenomenon is not seen when the rake 
angle is 30° where the uncut chip thickness seems to have no 
influence. On the other side, whatever the rake angle and the 
uncut chip thickness are, the raise of the flank angle from 5° 
to 10° shows a better influence on corrosion resistance. As 
observations are not enough to reveal the existing 
relationships between the cutting conditions and corrosion 
resistance, further analysis is needed to reveal their impact on 
the surface integrity responsible for this behavior.  
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Fig. 2. Corrosion evolution under saline atmosphere for surfaces 
obtained by orthogonal cutting at Vc = 90 m/min. 

To explain degradation under the green surface, in-depth 
topography is measured under the oxide once it is removed. 
The removed volume per surface unit reflects the mean in-
depth degradation under the oxide. Results are represented in 
Figure 3.  
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Fig. 3. (a) Mean in-depth degradation induced by oxidation at the 
end of the aging test under saline atmosphere, and (b) percentage of 
the oxidized surfaces at the end of the aging test under saline 
atmosphere. 

Comparing the percentage of oxidized surface at the end 
of the aging test under saline atmosphere (cf. Figure 3b), the 
following remarks can be drawn: i) The least covered surface 
by atacamite is the least damaged under the green oxide (γ = 
20°; α = 10°; h = 0.05 mm; Vc = 90 m/min); ii) The most 
covered surface by oxides is not necessarily the one knowing 
the worst in-depth degradation (γ = 30°; α = 5°; h = 0.05 mm; 
Vc = 90 m/min). 

A unidirectional profile measured in the oxidized region 
was taken from every analyzed surface to identify the shape 
profile under the oxide. It was measured only under the green 
areas (represented by the green lines in Figure 4 as an 
example). The used in-depth resolution is 78 nm and the 
horizontal resolution is 5 µm. According to the obtained 
profiles, it is remarkable that under the green areas two types 
of cavities can prevail: large cavities with plate valleys 
(corresponding to generalized dissolution, cf. Figure 4.a) and 
thin and deep cavities (corresponding to intergranular 
corrosion cf. Figure 4.b) in the borders of the green area. 

(a)  

 (b)  
Fig. 4. Profiles under the green zones for surfaces obtained by the 
conditions γ = 30°, α = 5°, h = 0.2 mm and Vc = 90 m/min. Part of 
the analyzed profile presenting generalized dissolution (a) and 
intergranular corrosion (b). 

The cavities depth varies under the surfaces covered by the 
green oxide, what witnesses a non-uniform dissolution 
happening on the same surface. These observations under the 
oxides allow the corrosion process analysis explaining the 
surface damage in the presence of saline atmosphere as 
follows [12]. Inside the droplets, copper dissolution leads to 
the formation of the ions Cu+ or Cu2+ in aqueous solution. 
Associated to anions Cl- already present in the droplet, they 
constitute the green compound CuCl. With high chloride 
concentration, they can even produce the ions of CuCl2-. On 
the other side, cations Cu2+ can be hydrolyzed to form 
atacamite Cu2(OH)3Cl. This reaction, consuming molecules of 
H2O, produces protons H+, decreasing the pH. As the droplet 
stagnates in the surface, the pH diminishes with the 
generation of atacamite. A previous study [11] has 
demonstrated that pH lower than the limit of copper 
dissolution can be rapidly reached leading to a generalized 
dissolution and to intergranular corrosion. The electrons 
issued from the dissolution reduce the oxygen inside the 
droplet. As the solubility of oxygen inside water is high, the 
cathodic reaction continues, and the dissolution evolves into 
cavities. Then, what makes a machined surface more active 
than the other just by manipulating the cutting conditions?  

To answer that question, the relationship between the 
surface integrity parameters (surface residual stresses in the 
cutting direction σx and in the transversal direction σy, the 
roughness Sa and St parameters, the grains size dgrain and the 
dislocations density ρ, all detailed in Table 1) and corrosion in 
terms of the oxide surface area and the surface in-depth 
degradation are evaluated using the correlation of Pearson 
technique. The results (cf. Figure 5) show that concerning to 
the area of the oxide surface is highly sensitive to the grain 
size dgrain, then to the surface roughness Sa, while in-depth 
degradation is mostly related to the residual stresses. In fact, 
the preferential dissolution starting sites are the grains 
boundaries and the peaks of roughness presenting micro-
electrodes. So, more grains and more peaks imply greener 
surface. However, when it is up to the in-depth degradation, 
tensile stresses will play the major role in continuing and 
accelerating the dissolution process [12]. 
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of cavities can prevail: large cavities with plate valleys 
(corresponding to generalized dissolution, cf. Figure 4.a) and 
thin and deep cavities (corresponding to intergranular 
corrosion cf. Figure 4.b) in the borders of the green area. 

(a)  

 (b)  
Fig. 4. Profiles under the green zones for surfaces obtained by the 
conditions γ = 30°, α = 5°, h = 0.2 mm and Vc = 90 m/min. Part of 
the analyzed profile presenting generalized dissolution (a) and 
intergranular corrosion (b). 

The cavities depth varies under the surfaces covered by the 
green oxide, what witnesses a non-uniform dissolution 
happening on the same surface. These observations under the 
oxides allow the corrosion process analysis explaining the 
surface damage in the presence of saline atmosphere as 
follows [12]. Inside the droplets, copper dissolution leads to 
the formation of the ions Cu+ or Cu2+ in aqueous solution. 
Associated to anions Cl- already present in the droplet, they 
constitute the green compound CuCl. With high chloride 
concentration, they can even produce the ions of CuCl2-. On 
the other side, cations Cu2+ can be hydrolyzed to form 
atacamite Cu2(OH)3Cl. This reaction, consuming molecules of 
H2O, produces protons H+, decreasing the pH. As the droplet 
stagnates in the surface, the pH diminishes with the 
generation of atacamite. A previous study [11] has 
demonstrated that pH lower than the limit of copper 
dissolution can be rapidly reached leading to a generalized 
dissolution and to intergranular corrosion. The electrons 
issued from the dissolution reduce the oxygen inside the 
droplet. As the solubility of oxygen inside water is high, the 
cathodic reaction continues, and the dissolution evolves into 
cavities. Then, what makes a machined surface more active 
than the other just by manipulating the cutting conditions?  

To answer that question, the relationship between the 
surface integrity parameters (surface residual stresses in the 
cutting direction σx and in the transversal direction σy, the 
roughness Sa and St parameters, the grains size dgrain and the 
dislocations density ρ, all detailed in Table 1) and corrosion in 
terms of the oxide surface area and the surface in-depth 
degradation are evaluated using the correlation of Pearson 
technique. The results (cf. Figure 5) show that concerning to 
the area of the oxide surface is highly sensitive to the grain 
size dgrain, then to the surface roughness Sa, while in-depth 
degradation is mostly related to the residual stresses. In fact, 
the preferential dissolution starting sites are the grains 
boundaries and the peaks of roughness presenting micro-
electrodes. So, more grains and more peaks imply greener 
surface. However, when it is up to the in-depth degradation, 
tensile stresses will play the major role in continuing and 
accelerating the dissolution process [12]. 
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Table 1. Results of the surface integrity (SI) analysis. 

γ α h σx σy Sa St dgrain  ρ	
° ° mm MPa MPa nm µm µm µm/µm3 

20 5 0.2 106 81 626 17.4 7.7 32 
30 10 0.05 134 118 672 31 14 1080 
20 5 0.05 181 145 471 22.6 5.4 1260 
30 10 0.2 59 50 662 15.3 6.1 425 
20 10 0.2 -10 9 677 16.9 7.1 29 
30 5 0.2 36 41 461 20.9 5.2 355 
30 5 0.05 204 105 440 18.8 3.1 1320 
20 10 0.05 206 130 550 5.7 8 92 

As Sa, dgrain, σx and σy are the surface integrity parameters 
identified as the most relevant in this study of the machined 
surfaces corrosion according to Pearson's correlation 
coefficients, the analysis of variance ANOVA revealed their 
relationship with the tested cutting conditions via Fisher 
indexes, as shown in Table 2. The highest Fisher index related 
to the roughness Sa is attributed to the flank angle α. In fact, 
unlike the turning operation where the combination of tool 
geometry and cutting parameters (in particular the feed) 
generates feed marks, in orthogonal cutting the machined 
surface is theoretically flat. However, small tool flank angle 
generates more friction between the tool flank face and the 
machined surface, resulting into build up and micro-tearing in 
the later. As a consequence, the value of Sa raises. Concerning 
to the residual stresses they are clearly driven by the uncut 
chip thickness. Indeed, while raising the uncut chip thickness, 
the residual stresses resulting from the mechanical loading 
cycle are more tensile [13]. However, concerning to the grains 
refinement, the impact of the cutting conditions is more 
complicated, as this phenomenon seems to be sensitive to the 
interaction of the different parameters. 

 

 
Fig. 5. Pearson correlations between the surface integrity 
measured parameters and the in-depth degradation and oxide surface 
at the end of the aging test in salt fog atmosphere. 

Table 2. Fisher indexes resulting from the analysis of variance 
ANOVA between the cutting conditions and the S.I. parameters. 

 γ α h h*α h*γ α*γ 
Sa 0.1 6.6 1.5 0.1 0.6 3.2 
dgrain 0.2 2.2 0.7 2.5 0.3 2.6 
σx 0.6 0.5 20.6 0.7 0.0 0.0 
σy 1.2 0.2 15.8 2.3 0.0 0.3 

5. Conclusion and outlook 

In this paper, the influence of the uncut chip thickness, tool 
rake and flank angles on corrosion resistance of OFHC 
copper surfaces obtained by orthogonal cutting in 0.1 M NaCl 
salt fog atmosphere is investigated. To explain the observed 
phenomena, surface integrity induced by the cutting process, 
in particular the surface topography, the surface residual 

stresses, the grains size and dislocations densities are 
experimentally studied. Their relationship with, from one 
side, the corrosion aspects and, from the other side, with the 
cutting conditions, are statistically revealed using Pearson's 
correlation and ANOVA, respectively.  
To slow down the corrosion process, first the surface 
roughness should be minimized by reducing the friction at the 
flank face by increasing the tool flank angle. Then, the 
formation of small grains at the machined surface should be 
avoided as the grain boundaries promote sites for dissolution. 
The statistical analysis has shown that the interaction between 
the different cutting parameters has an influence on 
dissolution evolution, and the best cutting conditions 
identified with the smallest area covered by atacamite is: γ = 
20°; α = 10°; h = 0.05 mm when Vc = 90 m/min. 
To minimize the in-depth degradation under the green surface 
and avoid the general dissolution, the priority is making the 
residual stresses more compressive or less tensile, by applying 
low uncut chip thicknesses minimizing the mechanical 
loading, and so the stresses. The optimal conditions among 
the tested one are the same as the above-mentioned. As the 
degradation manifested into deep intergranular dissolution or 
general dissolution presents a favorable condition for cracks 
and failure, it is worth to prevent it. Indeed, the machining 
conditions should be wisely chosen, especially when 
corrosion impacts the functional performance and life of the 
component into its working environment. 

References 

[1] Field M., Kahles J.F., 1964. “The Surface Integrity of Machined and 
Ground High Strength Steels,” DMIC Report 210, p.54–77.  

[2] Albrecht P., 1960. “New development in the theory of the metal cutting 
process, part I: The ploughing process in metal cutting,” J. of 
Engineering and Industry, ASME, 348.  

[3] Jawahir I. S. Brinksmeier E. M’Saoubi R. Aspinwall D. K. Outeiro J. C. 
Meyer D. Umbrella D. Jayal A. D., 2011, “Surface integrity in material 
removal processes: recent advances, Manufacturing Technology 60,” 
CIRP Annals, p. 603-626.  

[4] L Denguir, J Outeiro, G Fromentin, V Vignal, R Besnard, 2014, Influence 
of cutting process mechanics on surface integrity and electrochemical 
behavior of OFHC copper, Procedia CIRP 13, pp.186-191  

[5] Capello E., 2004, “Residual stresses in turning, Part I: Influence of 
process parameters,” Journal of Materials Processing Technology 160; 
p. 221-228.  

[6] Outeiro, J.C., 2007. “Influence of tool sharpness on the thermal and 
mechanical phenomena generated during machining operations,” Int. J. 
Machining and Machinability of Materials 2, p. 413–432. 

[7] Bissey-Breton S., Gravier J., Vignal V., 2011. “Impact of superfinish 
turning on surface integrity of pure copper,” 1st CIRP conference on 
surface integrity (CSI), Procedia Engineering 19, p. 28-33.  

[8] Robin A., Martinez G., Suzuki P., 2012. “Effect of cold working process 
on corrosion behavior of copper,” Materials and Design, 34, p. 319-324. 

[9] Yin S., Li D. Y., 2005. “Effects of prior cold working on corrosion and 
corrosive wear of copper in HNO and NaCl solutions,” Materials 
Science and Engineering A394, p. 266-276. 

[10] Williamson, G. and Smallmann, R., 1956 ‘Dislocation densities in some 
annealed and cold-worked metals from measurements on the X-ray 
Debye-Scherrer spectrum’, Philosophical Magazine, 1(1), pp. 34–46. 

[11] Gravier J. et al., 2008. “The use of linear regression methods and 
Pearson’s correlation matrix to identify mechanical-physical-chemical 
parameters controlling the micro-electrochemical behavior of machined 
copper,” Corrosion Science 50, p. 2885-2894. 

[12] Gravier J., Vignal V., Bissey-Breton S., 2012. “Influence of residual 
stress, surface roughness and crystallographic texture induced by 
machining on the corrosion behavior of copper in salt-fog atmosphere,” 
Corrosion Science 61, p. 162-170. 

[13] L Denguir, J Outeiro, G Fromentin, V Vignal, R Besnard, 2017, A 
physical-based constitutive model for surface integrity prediction in 
machining of OFHC copper, Journal of Materials Processing and 
Technology 248, p. 143-160. 

-1,00 -0,75 -0,50 -0,25 0,00 0,25 0,50 0,75 1,00

σx

σy

Sa

St

d	grain

ρ

Pearson	correlation	coefficients

in-depth	
degradation
Oxide	
surface


