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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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1. Introduction 

 White layers are a thin, near-surface region of highly 

refined microstructure [1], which typically possess increased 

hardness relative to the bulk material [2] and large 

compressive [3] or tensile [4] residual stresses. This 

anomalous surface feature is encountered when machining 

difficult-to-machine aeroengine alloys, particularly when 

using high cutting speeds [5] or worn tools [6]. White layers 

have been associated with a reduction in fatigue life [7] when 

large tensile residual stresses are present. However, the brittle 

nature of the white layer [8] means that the presence of this 

feature on an aeroengine component would result in an 

immediate inspection fail regardless of residual stress state. 

White layers typically can form by one of two mechanisms in 

machined surfaces, phase transformation or severe plastic 

deformation (SPD) plus dynamic recrystallization [9]. 

 The inspection of white layers is currently a destructive 

process wherein components are sectioned and the cross-

section is imaged using optical microscopy [10]. Any level of 

white layer is considered an inspection failure. Microscopy, as 
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Abstract 

 
Machining-induced white layers are an undesirable surface integrity feature which, due to their physical properties, can have a direct effect on the 

in-service performance of aero-engine components. Typically, destructive methods such as cross-sectional microscopy are used during inspection 

to identify white layers. This is costly, both in terms of parts sacrificed and time-consumed. A non-destructive evaluation method could speed-up 

inspection and allow all parts to be inspected before entering service as well as throughout the component life cycle. The present work covers the 

quantitative characterization of machining-induced white layers in super chrome molybdenum vanadium steel through destructive methods in 

addition to Barkhausen noise non-destructive testing of the same surfaces. White layers formed by machining with severely worn inserts were 

measured to be up to 50% harder than the bulk material, possess nano-scale grains and can have an associated compressive residual stress state of 

up to -1800 MPa. Barkhausen noise testing was used to show that surfaces with a white layer formed by SPD could be detected by measuring 

shifts in the peak frequency of the Barkhausen noise signal, caused by the compressive near-surface residual stress state associated with the 

formation of white layers of this type. 
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a method for identifying white layers, is inherently costly, in 

terms of parts sacrificed, and time-consuming, due to the 

numerous process steps involved in preparing metallographic 

samples. At present, there is no widely researched and truly 

non-destructive testing (NDT) method for reliably detecting 

the presence of a white layer in different alloys. Therefore, 

there is a high demand for detecting white layers formed 

during machining using NDT techniques. 

 Early attempts at non-destructive white layer detection 

investigated acoustic emission testing [11] and optical 

scattering [12]. However, the acoustic emission study did not 

include the separation of effects due to the presence of white 

layers from effects such as surface roughness and there was no 

clear physical phenomena attributed to the results in the optical 

scattering study. There have been a number of more recent 

studies into the detection of machining induced white layers 

using Barkhausen noise (BN) methods [13, 14] in 

ferromagnetic materials. In BN testing, an alternating 

magnetic field is applied to the ferromagnetic test piece and as 

the magnetic field varies, the magnetic moments within the 

sample attempt to align with the field. However, due to domain 

wall movement restrictions, such as dislocations present in 

deformed material, the magnetization of the sample occurs in 

a step-wise manner. This magnetization “noise” is measured 

by a pick-up coil through spikes in induced current or voltage 

[15]. The energy required to overcome domain wall pinning 

and consequently the BN generated, is reported to be linked to 

the residual stress state [16], case-hardening [17] and grain 

size [18]. BN is subject to the skin depth limitations as eddy 

current testing, with the strength of the electromagnetic field 

decreasing exponentially with depth [19]. 

 Stupakov et al. [14] were able to rank machined steel 

samples by the level of milling tool wear and thus white layer 

thickness using in-house BN equipment. It was identified that 

the presence of a second peak in the BN envelope (a plot of 

BN against magnetic field strength) could be associated with 

the presence of a white layer due to the increased hardness, 

retained austenite concentration and the favourable orientation 

of the martensitic matrix of the white layer. The white layers 

appear to have formed by the phase transformation, as 

evidenced in the published micrographs by the over-tempered, 

dark layer, beneath the white layer [14]. Dark layers are 

commonly associated with white layers formed by this 

mechanism [20]. It is, therefore, appropriate to investigate the 

potential for detecting white layers formed by the SPD 

mechanism using BN. SPD white layers typically possess a 

strong compressive surface residual stress state [21] and so 

may behave very differently under BN inspection. 

Additionally, commercially available BN equipment should 

be used to investigate whether white layer detection can be 

achieved without specifically designed, in-house equipment. 

 In this paper, the generation and characterization of super 

chrome molybdenum vanadium (SCMV) steel surfaces 

possessing a white layer is described, in terms of their 

microstructure, nanohardness, phase composition and residual 

stress, in order to outline the key properties of this surface 

integrity feature. The results from non-destructive Barkhausen 

noise inspection of the same surfaces are discussed with 

reference to the destructive characterization work in an 

attempt to identify a non-destructive method for identifying 

surfaces with a white layer. 

2. Experimental set-up 

 A set of test pieces were generated through turning of 

SCMV steel to allow a comparison between standard 

destructive analysis methods and non-destructive BN 

inspection. The cutting parameters and tool geometry used in 

the cutting trials were selected to ensure samples with and 

without a white layer were produced. SCMV is a tempered 

martensitic steel used as shaft material in aeroengines and was 

provided for these trials by Rolls-Royce PLC. The turning 

operation was carried out on Cincinnati Hawk 300 lathe using 

a PDJNL2020K15JETL tool holder in combination with 

DNMG 150608 coated carbide inserts, both provided by Seco 

tools AB. A number of the inserts were pre-ground and re-

honed by Seco tools AB to introduce artificial wear at levels 

of 0.15 mm, 0.25 mm and 0.5 mm on the flank face, as shown 

in Fig. 1 (a) and (b). Different levels of artificial wear on the 

inserts facilitated the generation of white layers with varying 

thickness, since increased wear levels have been associated 

with thicker white layers [6]. Cutting speeds between 60-180 

m/min were used for the trials with tool wear levels varying 

between 0-0.5 mm. The depth of cut and feed were held 

constant at 0.5 mm and 0.15 mm/rev respectively, across all 

trials. 

 
Fig. 1 – Macrographs of (a) the insert in the tool holder with the ground wear 

region highlighted and (b) an insert with a 0.5 mm ground wear land. 

 Following machining, surface roughness was quantified 

using a Mitutoyo Surftest SJ-210 portable surface roughness 

profilometer using a sampling length of 0.8 mm and an 

evaluation length of 4 mm over five averaged measurements 

in the feed direction. Workpieces were then prepared for cross-

sectional optical microscopy using standard metallographic 

procedures. An Olympus BX51 microscope was used to 

capture optical micrographs of etched surfaces at 500x 

magnification [22] from which white layer thickness could be 

measured. To attempt to resolve the fine grain structure in the 

white layer, several samples were imaged using a high-
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resolution Inspect F50 FEG-SEM. Based on the optical 

microscopy surface integrity inspection, a subset of surfaces 

encompassing the range of cutting conditions imposed, were 

taken forward for further analysis. X-ray diffraction (XRD) 

patterns were captured for these surfaces using a PANalytical 

Xpert3 diffractometer with copper Kα radiation to check for 

phase transformation in the white layer. Nanoindentation with 

a triboscope nanoindenter was used to obtain cross-sectional 

hardness profiles through the white layer region into the bulk 

material, using the Oliver & Pharr [23] method, to allow the 

effect of hardness on Barkhausen noise inspection to be 

investigated. Indentations, using a 5 mN load were, applied 

over an 11 x 5 array (depth x width) with a size of 50 µm x 25 

µm. Hardness values were normalized using the bulk hardness 

measured from indentations greater than 100 µm from the 

machined surface. Residual stress profiles were measured for 

cutting and feed directions using the XRD sin2(𝜓𝜓) method in 

combination with electropolishing, to achieve measurements 

at successive depths, which could be compared to BN 

measurement on those surfaces.  

 
Fig. 2 – A MFS plot with 𝑩𝑩𝑩𝑩𝒎𝒎𝒎𝒎𝒎𝒎 and 𝒇𝒇𝒎𝒎𝒎𝒎𝒎𝒎 highlighted. 

 Non-destructive BN measurements on the same turned 

surfaces were carried out to assess the potential for using this 

non-destructive method for white layer detection. In addition, 

different Barkhausen noise signal features were measured to 

establish the best measure for detecting white layers. A 

Stresstech Rollscan 350 Barkhausen noise analyser with a 

Stresstech S1-15-32-02 sensor, designed for outside diameter 

measurements, was used during the experiments. A high filter 

frequency of 200-450 kHz was used to restrict the information 

depth (the depth up to which most Barkhausen noise signals 

are detected) to 75-50 µm beneath the surface. The inspection 

depth was calculated using confidential material property data 

and the skin depth relationship described in [19]. Basic 

Barkhausen noise measurements at 180 Hz magnetizing 

frequency and 16 Vpp, were undertaken initially using the 

magnetoelastic parameter (mp) measurement mode, 

equivalent to the RMS of the BN signal. Following this, more 

advanced magnetizing frequency sweeps (MFS) were carried 

out. Here the frequency of the applied alternating magnetic 

field was increased from 0-1000 Hz at a constant voltage (16 

Vpp) and the BN was sampled throughout. By exporting the 

MFS from the Viewscan software, packaged with the Rollscan 

equipment, to facilitate additional post-processing, two 

additional parameters could be extracted. 𝐵𝐵𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚 is the 

maximum BN generated and 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 is the frequency at which 

this maximum BN was recorded. A typical frequency sweep is 

plotted in Fig. 2 with the additional parameters highlighted.  

3. Results 

3.1 Microstructural morphology of the white layer 

 Optical micrographs revealed that machined surfaces had 

been generated with white layers up to 11 µm thickness on the 

surface. Surfaces machined at low cutting speeds (60 m/min) 

with unworn inserts, had no observable white layer on the 

surface. Optical micrographs of a surface with and without a 

white layer are shown in Fig. 3 (a) and (b) respectively. None 

of the surfaces with a white layer showed evidence of a dark 

layer immediately beneath, as discussed in [20]. 

 
Fig. 3 – Optical micrographs of (a) a machined surface (60 m/min, 0 mm 

VB) which would pass surface integrity inspection and (b) a surface with a 

white layer (60 m/min, 0.5 mm VB) which would fail inspection. 

 A highly refined microstructure within the white layer was 

observed through high-resolution SEM imaging. Fig. 4 (a) 

shows that the white layer contains equiaxed grains, smaller 

than 200 nm on average, which contrasts the bulk 

microstructure visible in Fig. 4 (b) and (d). 

 
Fig. 4 – SEM images of (a) the white layer region, (b) the near-surface 

region and (d) the bulk microstructure. The optical image (c) is used to 

illustrate the relative locations of the SEM images. 
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3.2 XRD phase composition 

 A higher concentration of retained austenite is expected if 

the white layer had formed via the phase transformation 

mechanism and this would be seen as diffraction peaks 

associated with any austenite crystallographic planes. 

However, the lack of such peaks (e.g. γ(200) ~ 50°, γ(220) ~ 

74°) in the XRD patterns shown in Fig. 5, indicates that the 

white layer formation mechanisms involved no significant 

phase transformation.  

 
Fig. 5 – XRD patterns for machined surfaces and the as-received material 

with the diffraction peaks labelled with the associated crystallographic plane. 

The white layer (WL) thickness, cutting speeds and tool wear levels are 

given. 

3.3 Nanoindentation 

 The white layer was measured to 20-45% harder than the 

bulk material as shown in Fig. 6, with the hardness decreasing 

through the white layer region from a maximum near the 

surface. For machined surfaces with no white layer, the 

hardness did not vary significantly with depth.  

 
Fig. 6 – Hardness profiles beneath the machined surface for samples with 

and without white layers. The error bars represent one standard deviation of 
the hardness measurement at each depth. The hardness was normalized using 

the bulk material hardness. 

3.4 Residual stress profiling 

 Residual stress profiles for a several samples, in both the 

feed and cutting directions, are shown in Fig. 7. It can be seen 

that the samples with white layers possessed significant 

compressive residual stresses to large depths beneath the 

surface. Compressive residual stresses were the largest in the 

feed direction. By contrast, there were tensile surface residual 

stresses for samples with no white layers, with small 

compressive residual stresses immediately beneath which 

decayed rapidly with depth.  

 
Fig. 7 – Residual stress profiles for surfaces with and without a white layer 

for the cutting (solid lines) and feed (dashed lines) directions. 

3.5 Barkhausen noise measurements 

 Results from the basic BN and MFS measurements are 

shown in Fig. 8 (a) and (b) respectively. The 𝐵𝐵𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚  

measurements closely matched the basic BN measurements so 

they are not plotted here. It can be seen from Fig. 8 (a) that 

there is no clear relationship between the Barkhausen noise, 

obtained from the basic measurement capability of the 

Rollscan 350 unit, and the white layer thickness. By contrast, 

it can be seen from Fig. 8 (b) that 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 is different for a surface 

with a thick (> 2µm) white layer and there is a reduced spread 

in measurements. 

The dependency of 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 upon surface roughness, hardness and 

residual stress is shown in Fig. 9 (a), (b) and (c) respectively. 

There is no apparent relationship between 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 and surface 

roughness, with a considerable range of measured 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 for 

surfaces with similar levels of surface roughness. With respect 

to the hardness of the surface region, 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 varies significantly 

for one of the hardened surfaces compared to the others. By 

contrast, the results presented in Fig. 9 (c) suggest that 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 

increases as the residual stress becomes more tensile. 

4. Discussion 

 It has been observed that white layers formed during 

turning of SCMV with worn inserts have a refined grain 

structure, of the order of 200 nm and smaller, this is consistent 

with studies in other steel alloys [2]. The lack of a visible dark 
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layer in optical micrographs, in addition to the absence of 

retained austenite peaks in the XRD patterns, can be used to 

infer that the white layers produced in these samples were 

produced by the SPD mechanism. The large compressive 

residual stresses add further evidence to this observation, as 

compressive residual stresses are associated with SPD white 

layers and tensile residual stresses with phase transformation 

white layers [21]. The compressive residual stress is not 

caused by white layer formation, instead both features arise 

from the turning process, due to the worn cutting inserts used, 

however, it is indicative that abnormal machining has 

occurred. The increased hardness of the white layers, relative 

to the bulk material is consistent with that measured in other 

steel alloys [2]. The hardened region extends beyond the white 

layer thickness due to strain hardening in the deformed 

material beneath the white layer. This deformed region, in 

which the microstructure is resolvable, is termed the swept 

grain region as the microstructure is deformed in the direction 

of machining. 

 

 
Fig. 8 – Plots of (a) basic Barkhausen noise measurement and (b) 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 

plotted against white layer thickness. 

BN NDT revealed that the basic BN measurement capability 

of the Rollscan 350 is not adequate for detecting the presence 

of a white layer. By contrast, results show that 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 could be 

used as a quick, reliable test for the presence of thick white 

layers in SCMV due to the clear separation between samples 

with white layer thicker than 2 µm and all other samples when 

measuring this feature of the BN signal. It should be noted that 

within the thick white layer region it is not possible to use the 

measured 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 to size the feature, indicating that some 

secondary property of the white layer is influencing the BN 

inspection rather than the white layers themselves. 

 

 

 
Fig. 9 – Plots of 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 against (a) surface roughness, (b) average hardness and 

(c) average residual stress in the BN inspection volume. 

 From the secondary properties explored in Fig. 9 (a), (b) 

and (c), it is the surface residual stress state which appears to 

have the most direct impact on measured 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚. Previous 

studies have shown that the ability of BN inspection to detect 

hardness changes relies on compositional change [17], thus, as 

the results have shown no significant compositional changes 

with white layer formation the impact of hardness on 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 is 

thought to be small. This is reflected by the plot in Fig. 9 (b) 

which shows a large change in 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 for two surfaces with the 

same hardness but different white layer states.  It should be 

noted that the grain size will also affect BN measurements, 

however, the resolution limitations of SEM meant that nano-

scale grain size could not be measured accurately for samples 

with a white layer. 

 Compressive residual stresses have been shown here to 

reduce 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚, i.e. decrease the frequency at which maximum 

BN is measured. The presence of a white layer can be therefore 

be inferred from the change in BN response caused by this 

stress state, due to the association of this surface integrity 

feature with large compressive stresses. For surfaces with 

lower compressive residual stresses, it would be expected that 

there would be a smaller difference in 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 compared to a 
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 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚
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𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚

𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚

sample with good surface integrity. For materials with positive 

magnetostriction, such as most iron-carbon alloys [19], the 

energy required for a domain wall to overcome de-pinning, 

and thus generate BN, is greater under a compressive stress 

state [24]. The effect of this change in domain-wall pinning on 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 can be understood by considering that domain wall 

motion following a rapid increase in magnetic field strength, 

is not similarly rapid, there is a time-lag. This time-

dependence of domain wall unpinning is described by 

equation (1) [25], where 𝜏𝜏 is the mean waiting time for which 

domain walls are pinned following a change in magnetic field 

strengths, 𝑓𝑓0, is a characteristic frequency (not the magnetic 

field frequency), 𝐸𝐸 is the activation energy for domain wall 

motion, 𝑘𝑘𝐵𝐵 is the Boltzmann constant and 𝑇𝑇 is the temperature. 

 𝜏𝜏 = 1𝑓𝑓0 𝑒𝑒𝐸𝐸 𝑘𝑘𝐵𝐵𝑇𝑇⁄  
 

(1) 

 It can be inferred, therefore, that for an increase in the 

domain wall energy, due to a compressive residual stress state, 

the time lag before domain wall motion becomes greater. At 

higher magnetic field frequencies, there is less time for domain 

walls to move before the field reverses, so the BN is reduced 

and consequently 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 decreases. 

5. Conclusions 

 White layers formed during turning of SCMV steel have 

been characterized using destructive and non-destructive 

methods. The white layers formed in this study appear to have 

formed via the SPD mechanism and possess nano-scale grain 

structure, high hardness and compressive residual stress. Non-

destructive Barkhausen noise testing was undertaken and it 

was identified that 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚, the frequency at which maximum 

Barkhausen was generated, could be associated with 

anomalous surfaces. This was achieved through detection of 

compressive residual stresses that are associated with white 

layers formed by SPD when machining with worn cutting 

tools. As such, 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚, offers an improvement over the 

conventional measure of the RMS of the Barkhausen noise in 

this application and it may be possible to use BN testing as a 

quick non-destructive check for SPD white layers, 

immediately post-machining. 
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