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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 

Fatigue crack resistance is a critical factor for the performance of aero-engine components. Deep cold rolling (DCR) is one 
promising surface enhancement technique, as it generates deep compressive residual stresses with the good surface finish. In this 
work, the influence of DCR process on the microstructure and mechanical properties of nickel-based superalloy (Udimet 720Li) 
was investigated. After DCR process, a deep layer of compressive residual stress up to 1mm was observed, which agrees well 
with the depth profile of Vickers micro-hardness. Statistical analysis of Grain Orientation Spread (GOS) in the Electron Back 
Scattered Diffraction (EBSD) map also shows the presence of strain hardening layer after the DCR process. Results are discussed 
with a focus on the strengthening mechanism through grain refinement, the addition of Low Angle Grain Boundaries (LAGBs), 
and intragranular deformation in the sub-surface. Overall, this fundamental understanding could shed light on a new pathway to 
develop nickel-based superalloys with an excellent mechanical performance for aerospace applications. 
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1. Introduction 

Udimet 720Li is widely used in turbine engines due to its 
good corrosion and fatigue resistance at elevated temperatures. 
To further enhance the engine performance in harsh 
environments, i.e. higher engine operating temperature and 
cyclic mechanical loading, mechanical surface treatments 
such as Shot Peening (SP) [1] and Laser Shock Peening (LSP) 
[2, 3] have been used. It induces compressive residual stresses 
and strain hardening in the sub-surface to improve the crack 
initiation and propagation resistance. However, the post-
peening surface roughness is high, and an additional polishing 
process is inevitable [4]. On the other hand, deep cold rolling 
(DCR) process generates comparable residual stress depth 

profiles to SP and LSP, whilst offering much better surface 
finish [5, 6].  

Some researchers made attempts to understand the 
microstructural behavior of Ti-6Al-4V after DCR and found 
very interesting features such as dislocation tangles and 
nanoscale sub-grain structures [7]. However, there is a limited 
understanding on the microstructural features after DCR of 
nickel-based superalloys specially Udimet 720Li. It is a Face 
Centred Cubic material consisting γ matrix and γ’ precipitates 
which play a vital role in strengthening, thermal stability and 
crack propagation behavior. It would be interesting to explore 
the microstructural features, mechanical properties and 
strengthening mechanism of as DCR Udimet 720Li. 

In this paper, the influence of the DCR process on surface 
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topography, residual stresses, strain hardening and micro-
hardness on Udimet 720Li was investigated. Strain hardening 
depth is estimated using statistical analysis of Grain 
Orientation Spread (GOS) data obtained from Electron Back 
Scattered Diffraction (EBSD). The mechanism of surface 
strengthening is discussed in detail, with focus on 
microstructural features such as Low Angle Grain Boundaries 
(LAGBs), grain refinement and intragranular deformation 
under a different level of surface plastic deformation induced 
by means of DCR hydrostatic pressure control. 

2. Experimental Methods 

2.1. Material Preparation 

The material being investigated in the current work is 
nickel-based superalloy Udimet 720Li, manufactured through 
forging and hot rolling. The chemical composition of Udimet 
720Li is 16% chromium, 14.7% cobalt, 5% titanium, 3% 
molybdenum and 57.49% nickel [8]. It is a fine grain (2-12µm) 
polycrystalline material. Plain rectangular specimens with the 
dimensions of 78x18x12mm were machined from scrapped 
aero-engine parts. The specimens were mounted, ground and 
polished by emery paper (grit size of 180, 320, 500, 800, and 
1200), until an extremely smooth surface finish was achieved, 
i.e. Ra~0.05µm. Test specimens were then heat treated in a 
vacuum furnace to relax residual stresses in the material. 
Subsequently, the specimen surface was polished with 
colloidal suspension with grain sizes of 9, 3, 1 and 0.04μm as 
the final polishing step. 

2.2. Deep Cold Rolling 

In the DCR process, a hydrostatically controlled ball is 
pressed against the workpiece surface. A hydrostatic tool with 
6mm tungsten carbide ball (HG6, ECOROLL AG) was used 
at three different hydraulic pressures (10, 30, 50MPa). The 
speed and stepover were set at 1m/min and 0.06mm 
respectively. The DCR tool was attached to the end-effector 
of an ABB robot that moves along the longitudinal direction 
during the DCR process (as shown in Figure 1).  

Longitudinal

Transverse

Tungsten carbide 
tool (6 mm 
diameter)

 

Figure 1. Schematic diagram of DCR experimental set-up [9] 

2.3. Material Characterization & Measurement 

Surface area roughness (Sa) before and after the DCR 
process was measured using a Taylor Hobson profilometer, to 
compare topographic properties. The selected scan area was 
2x2mm2. 

Residual stresses were characterized using an X-ray 

residual stress analyzer (Xstress 3000 G3, Stresstech) by the 
conventional sin2Ψ method. Material properties considered 
for residual stress measurements of Udimet 720Li are as 
follows: Poisson ratio = 0.31, Elastic constant = 208GPa at 
(311) crystallographic plane [10]. Both longitudinal and 
transverse measurements were conducted to understand the 
directional properties. 

Samples for Electron Back Scattered Diffraction (EBSD) 
characterization were cut into small cross-sections, polished 
with diamond paste, followed by electrolytic polishing. EBSD 
data was collected using an Oxford Instruments detector 
situated within a Field Emission Scanning Electron 
Microscope (FESEM, JOEL 7600F). Post-processing software 
AZTec® was then used to extract the Grain Orientation 
Spread (GOS), misorientation, grain size and interface 
boundary data for statistical analysis of the strain hardening 
layer. 

Micro-Vickers Hardness study was carried out using a 
Qualitest QV-10000 DM hardness machine system. Hardness 
tests were performed at 200gf load with a dwell time of 10s. 
For estimating hardness along the cross-sectional direction 
(i.e. from the peened surface to the bulk of material), 
indentations spaced approximately 50µm apart were made on 
the polished surface. The measurements were done in both 
longitudinal and transverse direction i.e. parallel and 
perpendicular to the rolling direction. At least three 
measurements were recorded for each data point and error 
were calculated.   

3. Results, Analysis and Discussion 

3.1. Residual Stresses 

Residual stress depth profiles were measured along both 
longitudinal and transverse directions, as shown in Figure 2. 
Residual stresses in the untreated material (O) were within 
200MPa, which increased significantly after the DCR process. 
The maximum compressive residual stress generated by DCR 
is approximately 1300MPa and compression layer is upto 
1mm depth, at 50MPa hydrostatic pressure. In LSP, maximum 
compressive residual stresses of 1100MPa and compression 
layers of up to 1mm are reported for a nickel-based superalloy 
(IN718), at 200Jcm-2 laser energy [11]. Similarly, the 
maximum residual stresses of 660MPa and compression layer 
upto 1mm are reported for an energy density of 7.5GWcm-2 
and lapping rate of 50-75% in nickel-based superalloy K417 
[12]. Furthermore, in the case of SP, maximum residual 
stresses are approximately 1450MPa at a compression depth 
up to 0.20mm, using 6-8A intensity and 200% coverage for 
Udimet 720Li [10]. It can be clearly observed that DCR 
shows comparable compressive residual stresses to LSP and a 
deeper compression layer than SP using the reported process 
conditions. The increment in the depth of residual stresses 
could be beneficial for fatigue performance. However, there 
could be a stress relaxation during the high-temperature 
application which may compromise the fatigue performance. 
Stress relaxation behavior is not studied in the current work 
but it is reported for the SP and LSP processes in other studies 
[13]. 
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Figure 2. Residual stress distribution as a function of depth (a) longitudinal (b) 
Transverse 

It is also noted that the distribution of residual stresses with 
depth in DCR, LSP, and SP is different. Peak residual stress 
lies approximately 100-200μm from the surface in DCR, at 
20-50μm in case of LSP [11] and at 50µm in SP [10]. 
Additionally, the slope changes abruptly from the surface to 
sub-surface in DCR, but gradually in LSP [13] and SP [10]. 
Overall, DCR process can attain high surface residual stresses 
as SP and deeper as LSP. Thus, the process could provide the 
material with significant improvement in mechanical 
properties and fatigue performance.  

Furthermore, compressive residual stresses increase 
dramatically with rolling pressure, as plastic strain increases. 
The position of peak residual stress shifts towards the bulk 
material as rolling pressure increases (as shown in Figure 2). 
This can be understood by Hertzian contact theory; maximum 
equivalent stresses lie below the surface and vary according to 
the applied force and contact geometry of the mating surfaces 
[14]. It is noted that transverse direction (Figure 2.b) exhibit 
higher residual stresses than longitudinal direction (Figure 
2.a). One possible reason could be a large amount of material 
that is pushed in the perpendicular direction compared to the 
parallel direction of rolling [5]. Similar justification is 
reported by Balland et.al. [15] through use of finite element 
simulation modeling of a single path burnishing process. 

3.2. Micro-hardness 

It is important to understand hardening effects after the 
DCR process, as it will influence the crack initiation 
resistance of the material. It can be observed from the depth 
profile that micro-hardness is high on the surface and drops 
gradually from the surface to bulk material, irrespective of the 

process and rolling direction (Figure 3(a, b). Higher micro-
hardness on the surface represents the addition of dislocations 
due to severe plastic deformation according to Taylor’s 
hardening mechanism [16]. 
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Figure 3. Depth profiling of Vickers micro-hardness (a) Longitudinal (b) 
Transverse 

The average hardness value at the untreated surface is 
500HV which is increased to a maximum of 30% in the 
transverse direction after deep cold rolling using 50MPa 
pressure. It can be observed from values that the hardness 
value decreases dramatically from surface to depth in each 
hydrostatic pressure condition. The hardness value is almost 
constant below a depth of 300, 500, 700μm in 10, 30, 50MPa 
respectively. It is noted that micro-hardness values are slightly 
higher in the transverse direction compared to the longitudinal 
direction. 

Micro-hardness values and compressive residual stresses of 
the material are correlated to each other i.e. it can be clearly 
observed that micro-hardness and residual compressive 
stresses are both effective till similar depth. A similar 
correlation between micro-hardness, FWHM and grain mean 
misorientation is reported on shot peened RR1000 material 
[10]. Furthermore, micro-hardness and compressive residual 
stresses provide a resistance to crack initiation and contribute 
to the strengthening of the material. 

3.3. Surface Profilometry 

After DCR processes, surface roughness (Sa) value is 
slightly increased relative to the untreated sample, as shown 
in Figure 4(a-d). It is noted that the Sa value increment 
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(~0.048µm) after rolling at 50MPa is relatively higher 
compared to those at lower hydraulic pressure levels i.e. the 
peak and valley variation is relatively higher. However, such 
surface finish condition would readily meet the requirement 
of aero-engine components, without any further surface 
polishing steps. The surface roughness value generated 
through DCR process is remarkably lower than that of other 
processes like SP [1] and LSP [2] as it involves burnishing 
mechanism. It is well known that lower surface roughness is 
beneficial for the improvement of fatigue properties. 
Furthermore, there is no obvious tool path can be observed 
after rolling. It could be due to high percentage overlap 
(~90%). The effect of DCR overlap and coverage on 
roughness level is discussed in detail by other researchers [17].  
   

 

Figure 4. Surface profilometry of DCR samples (a) O (b) DCR_10 (c) 
DCR_30 (d) DCR_50 (colourful legend in right represents the respective 
roughness values Sa) 

3.4. Full-width half maxima (FWHM) 
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Figure 5. Depth profile of FWHM (a) Longitudinal (b) Transverse 

FWHM represents broadening of the X-Ray diffraction 
peak and provides a qualitative representation of cold work 
[18]. Figure 5 shows the depth profile of FWHM along both 
longitudinal and transverse directions. It can be observed that 
the surface has maximum peak broadening, relative to deeper 
in the bulk material, and broadening increased with applied 
pressure. This may arise from the higher strain and small 
grain size on the surface, due to the DCR process. FWHM 
obtained by DCR is significantly higher than those typically 
arising from LSP [11] and SP [10]. Minimum FWHM, or cold 
work, is desirable for elevated temperature applications, as 
low cold work is linked with low stress relaxation [18]. Also, 
high cold work indicates a high amount of stored energy, 
which is not favorable from a thermal stability point of view. 
Furthermore, the micro-hardness and FWHM of X-Ray 
diffraction peaks follow the similar trend like residual stress. 
However, depth of influence varies in each case thus an 
alternative method, grain orientation spread (GOS) using 
EBSD, is utilized to estimate the strain hardening depth. 

3.5. Strain Hardening Analysis 

Figure 6 shows the Grain Orientation Spread (GOS) map 
produced from EBSD misorientation tool at the different 
rolling pressures along both longitudinal and transverse 
directions. Quantification of strain hardening was done by a 
statistical method, as illustrated in Figure 7. GOS data is 
plotted against the depth from the surface and then fitted 
using polynomial functions (Figure 7.a). The strain hardening 
region is defined as the depth from the surface to the point 
where the slope of the fitted plot becomes zero (Figure 7.b). 
Colors in the maps correspond to the GOS scale i.e. blue and 
red represent the minimum and maximum GOS values 
respectively.  

As shown in Figure 6.a, depth of the strain hardened layer 
is almost negligible in the untreated sample, which was 
subjected to heat treatment for residual stress relaxation 
before DCR. After DCR surface treatment, depth of the strain 
hardening layer increases with rolling pressure and is 
relatively higher in the transverse direction compared to the 
longitudinal direction, i.e. 160, 324 and 479µm in the 
longitudinal direction and 170, 293 and 494µm in transverse 
direction after rolling at 10, 30, 50MPa hydrostatic pressure 
respectively. However, Child et.al.[1] reported that the GOS 
method underestimates the strain hardening depth, as the 
EBSD camera may not be able to detect low misorientation 
angles. The effect of strain hardening mechanism can be 
correlated with micro and macro lattice strain and the 
difference in strain rate induced during the rolling process 
[19]. Hydrostatic pressure deforms near surface grains, adding 
more dislocations and stacking faults in the material. It can be 
observed that misorientation is high on the surface and 
gradually reduces with depth (as shown in Figure 7.a). Similar 
observations were made on deep rolled Ti-6Al-4V material 
[7]. Therefore, surface strengthening is relatively high 
compared to the effect on the bulk material.  A similar trend 
can also be observed in the micro-hardness and FWHM 
values. 
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Figure 6. GOS map of samples (a) O (b) DCR_10 (L) (c) DCR_30 (L) (d) 
DCR_50 (L) (e) DCR_10 (T) (f) DCR_30 (T) (g) DCR_50 (T) 

 

Figure 7. (a) GOS data vs depth from the surface (b) first-order derivative 

Furthermore, grain refinement in the topmost surface after 

DCR could be a contributing factor for the strengthening of 
the material, according to the Hall–Petch relationship [20].  
Additionally, a significant fraction of Low Angle Grain 
Boundaries (LAGBs) could be generated after the DCR 
process. These LAGBs primarily originate from original grain 
boundaries and extend to the grain interior. This phenomenon 
could be linked with the high strain deformation and crystal 
slip. LAGBs contribute to the strengthening of materials as it 
has been observed in other studies [20, 21].  

Additionally, intragranular deformation in sub-surface 
grains is also possible. Activation of intragranular 
deformation in adjacent grains occurs due to dislocation pile-
ups that facilitate stress concentration near the grain 
boundaries [23]. This is attributed to the Hall-Petch 
mechanism and is similar to grain size strengthening. This 
could be due to heterogeneous lattice rotation and uneven slip 
formation [24]. Therefore, grain refinement, the addition of 
LAGBs and intragranular deformation could be a possible 
mechanism for the strain hardening in the treated surface. 

4. Conclusions 

In this paper, the effect of DCR hydrostatic pressure on 
surface roughness, residual stresses, micro-hardness, FWHM 
and strain hardening is studied. Strain hardening depth 
quantification using statistical data analysis of GOS shows 
comparable results to those obtained from micro-hardness and 
FWHM. Furthermore, the magnitude and depth of 
compressive residual stress are achieved from DCR is 
comparable to the LSP process and with much better surface 
finish than LSP. However, high cold work is major drawbacks 
of this process. Overall, DCR process shows the potential to 
generate good mechanical properties and performance.  
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