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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 

WC-Co cemented carbides (hardmetals) represent the backbone materials for the tooling industry. In order to achieve particular tool geometries, 
diamond wheel grinding is a well-established method for machining hardmetals. Grinding-induced damage has been proven to strongly affect 
the performance and reliability of the machined tools. Assessment of grinding-mechanisms and induced surface integrity changes has usually 
been limited to monolithic ceramics, and it is particularly done on the basis of post-failure fractographic examination. In this work, 
characterization of grinding-induced damage of a WC-Co grade has been conducted by means of focused ion beam (FIB) tomography.  The study 
includes a 3D description of the damage scenario, based on a reconstruction from successive parallel slices. Our results show that grinding induces 
a 200-400 nm thick surface layer containing fragmented WC grains and smeared Co phase morphology. A highly anisotropic subsurface 
microcrack network is generated. The discerned microcracks follow different microstructural paths: running through the binder, close to WC/Co 
interfaces or transgranular within the carbide phase. Very interesting, completely or near- lateral cracks (parallel to the ground surface) are found 
to be the predominant damage feature, whereas only few completely or near- orthogonal (perpendicular to the ground surface) cracks are 
discerned. Results are discussed in terms of material removal mechanisms during grinding of cemented carbides and surface integrity effects on 
the mechanical performance of hardmetal tools under service conditions. 
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1.Introduction 

Cemented carbides are essentially ceramic-metal 
composites consisting of hard refractory carbides sintered 
together with tough iron group metals. These two distinct 
constituents yield them an excellent combination of 
mechanical properties (hardness, strength and toughness) 
and unique abrasion/wear resistance. Accordingly, 
cemented carbides are widely used as cutting/forming 
tools and structural components. The majority of the 
cemented carbides employed as cutting tools are WC-Co 
grades, often simply termed as hardmetals [1].  

After being sintered, cemented carbides need to pass a 
manufacturing process to fulfill the requirements of the 
final tools [2,3]. Diamond grinding is a primary shaping 
process for these materials to achieve a particular tool 
geometry and/or close tolerances prescribed by its design. 
Similar to other hard/brittle materials [4], grinding of 
cemented carbides changes the surface integrity of the 
materials by inducing microcracks, residual stresses 
and/or phase transformation of the metallic binder (e.g. 
Refs. [3,5-9]. Surface integrity alterations play a crucial 
role in dictating the mechanical and tribological response 
of these ground materials, like fracture strength, fatigue 
and wear, etc. On the other hand, as grinding is a repetitive 
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improve image quality as well as to differentiate the three 
regions (WC, Co, and cracks), and final assignment of 
specific colors to each phase. 
 
It should be noted here that real reconstructed volume is 
smaller than the total FIB-milled one. It is mainly due to 
the fact that artificial effects during FIB milling such as 
waterfall/material resputtered may cover part of the milled 
cross-section surface (imaged at 45000X).  

 

 

 
 
 
Fig. 1 (a) Schematic of FIB serial sectioning process; and (b) SEM 
image of frontal trench opened by FIB. Note that Pt deposited square 
area is the region being serial sectioned later. Grinding direction is 
marked by a white arrow. 

 
3. Results and Discussion 
 
3.1 Surface topography  
Grinding is commonly used as a primary choice for 
machining hardmetal tools. A grinding wheel containing 
diamond grits with sharp edges embedded in a softer 
binder is rotated against the material surface. 
Simultaneously, coolant is applied for minimizing the heat 
effect. The material removal mechanism is an intensive 
abrasive process affecting both WC and Co phases. 
Carbide grains are either cracked by the tensile stresses 
induced by the abrasive particles or plastically deformed 

by the compressive stresses in front of them. On the other 
hand, Co phase is smeared out from the surface with 
pulverized WC particles, and partly removed together with 
the WC fragments [6]. Consequently, the surface 
topography was modified by the grinding process. A 
surface texture can be discerned in Fig.1b with an 
unidirectional groove-like feature originating from the 
relative movement of the grinding wheel with respect to 
the hardmetal surface (see white arrow). This kind of 
anisotropy texture is suggested to have an effect on 
tribomechanical response of the material. Meanwhile, the 
geometrical discontinuities such as peaks and valleys exist 
as stress concentrators compared to flat surface [26].  

3.2 3D FIB tomography of subsurface cracks 

Grinding induces subsurface damage to the material and 
the resulting 3D network of the cracks is complex, 
particularly in the composite material studied. FIB 
tomography is then applied here for the first time for 
quantitative analysis of 3D grinding-induced crack 
networks in hardmetals. 
 
3.2.1 Subsurface features: 2D analysis 

Fig. 2 shows a series of representative cross-sectional 
images. It should be noticed that grinding direction is 
orthogonal to the screen in this configuration. Several 
observations may be highlighted from inspection of these 
2D images. First, grinding damage is localized within a 
surface layer of approximately 200-400 nm in thickness, 
containing pulverized WC grains and smeared Co phase. 
This observation is in good agreement with those reported 
by Zuñega et al. [27]. In that study, as a consequence of 
multi-scratch  testing  using a  diamond indenter,  a tribo- 
layer composed of fragmented nano-sized WC grains 
embedded in a Co metallic matrix was generated. Such 
tribolayer was reported by them as a completely novel 
finding, speculated to exist as a possible protective layer 
or self-healing mechanism for the WC-Co hardmetals 
when abraded at very low speeds at room temperature. The 
protective and/or self-healing description was coined, 
because it seemed to be helpful in arresting further 
extension of the discerned damage into the bulk material 
underneath the tribolayer [27]. Second, microcracking was 
identified to follow different microstructural paths: either  
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abrasion movement, investigation of how grinding affects 
the surface/subsurface of the materials provides more 
insights in understanding tribological behavior (scratch 
and/or wear, etc.).    

The fact that grinding induces damage in hard and brittle 
materials is known. In this regard, extensive research 
conducted on fracture origins in single crystal and 
polycrystalline ceramics points out the existence of a dual 
population of cracks, oriented approximately 
perpendicular and parallel, respectively, to the grinding 
direction [4,10]. This anisotropy in terms of damage can 
result in quite distinct strength values, as a ground 
workpiece is stressed in various directions. However, 
literature information about the nature and distribution of 
grinding-induced microcracks in cemented carbides is 
scarce. Hegeman et al. [6] applied fractured cross-section 
analysis and found a deformed layer consisting of 
fragmented and pulverized grains and smeared out cobalt 
on top of the ground surface.  

Over the past years, focused ion beam combined with 
field-emission scanning electron microscope 
(FIB/FESEM) systems have emerged as a useful advanced 
technique for characterizing microstructure, surface 
modification and deformation/damage in a wide range of 
materials [11,12]. In the case of cemented carbides, it has 
been successfully implemented for quantifying 
microstructure, evaluating tribological and mechanical 
phenomena, and assessing fatigue crack growth and 
corrosion behavior [13-21]. 
 
Grinding-induced damage in WC-Co using cross section 
view by FIB milling has been previously reported 
[8,9,22,23]. However, detailed information about crack 
distribution and microstructure-damage interaction cannot 
be captured from inspection of single cross-sections. On 
the other hand, FIB has recently shown to be a suitable 
technique for three-dimensional (3D) image 
reconstruction of  small-scale  scenarios [17,19,20].  
 
This is related to its ability to perform site-specific and 
sequential SEM cross-sections. Compared to other 
conventional sectioning methods, based on the use of X-
rays, transmission electron microscope (TEM) and/or 
atom probe tomography, FIB-base protocols require little 
or no specimen preparation, and is readily applicable to a  

 
wide range of materials. Moreover, it can be combined 
with other characterization techniques, such as energy 
dispersive x-ray spectroscopy or electron back scattered 
diffraction, to provide chemical and crystallographic data 
in 3D [24].  
 
This study aims to implement FIB tomography, i.e. 
sequential FIB milling and subsequent FESEM imaging 
steps followed by an overall 3D reconstruction and 
visualization, for evaluation of subsurface grind-related 
damages. Special attention was paid to the distribution and 
orientation of the induced cracks as well as the 
corresponding microstructure-damage interaction. 
 
2. Experimental Procedure 

The hardmetal studied in this work is a WC- 13 wt.% Co 
grade with a carbide mean grain size of 0.7 μm. Grades 
with submicron (and finer) carbide size and binder content 
between 6 and 15% in weight are the most common 
hardmetal inserts used in the cutting tool industry, because 
they exhibit high hardness and toughness, combined with 
elevated compressive and edge strength together with 
superior abrasive resistance [1]. Vickers hardness and 
fracture toughness for the material here studied have 
previously been assessed as 14.8 GPa and 11.2 MPa√m, 
respectively [25]. Shaping of the cutting tool inserts was 
performed with an industrial plane surface grinding 
protocol at SECO Tools AB, making use of a commercial 
diamond abrasive wheel in combination with a coolant to 
reduce the heat generated. 
 
Grinding-induced subsurface features were viewed using 
a FIB/FESEM dual beam Zeiss Neon 40 work station. The 
focused ion beam was used for sequential milling, while 
2D x-y serial sections images were recorded using an 
electron beam (Fig. 1a). Before ion milling, a platinum 
layer was deposited on the region of interest to prevent re-
deposition, erosion and curtain effects during milling (Fig. 
1b). A frontal trench was opened using the ion beam for 
generating a cross-sectional surface (normal incidence to 
were identified and traced in each 2D image. Then, based 
on the batches of serial images, a 3D reconstruction of the 
damage scenario was obtained, using commercial Avizo 
software. Image processing consisted of different steps: 
image alignment, implementation of several filters to 
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improve image quality as well as to differentiate the three 
regions (WC, Co, and cracks), and final assignment of 
specific colors to each phase. 
 
It should be noted here that real reconstructed volume is 
smaller than the total FIB-milled one. It is mainly due to 
the fact that artificial effects during FIB milling such as 
waterfall/material resputtered may cover part of the milled 
cross-section surface (imaged at 45000X).  

 

 

 
 
 
Fig. 1 (a) Schematic of FIB serial sectioning process; and (b) SEM 
image of frontal trench opened by FIB. Note that Pt deposited square 
area is the region being serial sectioned later. Grinding direction is 
marked by a white arrow. 
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embedded in a Co metallic matrix was generated. Such 
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finding, speculated to exist as a possible protective layer 
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when abraded at very low speeds at room temperature. The 
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The anisotropic cracking network here evidenced should 
be a direct result of the plastic/elastic deformation and the 
strain mismatch inside the bulk matrix. Studies carried on 
static indentation, scratch and grinding of monolithic 
ceramics have reported that median/radial cracks initiate 
from flaws at the deformation boundary and are driven by 
the residual stress field arising from strain mismatch 
between plastically and elastically deformed regions 
[4,10,29]. Within this context, the role played by the phase 
assemblage of hardmetals: two-phase interpenetrating 
networks with quite distinct individual properties, should 
be invoked for analyzing the discerned cracking scenario. 
On one hand, the ductile nature of the Co binder phase may 
be speculated to impede stress concentrators and crack 
nucleation. Furthermore, it may yield a more gradual 
residual stress field evolution; and thus, a less pronounced 
strain mismatch between the plastically deformed zone 
and the surrounding elastically restraining matrix. Under 
these conditions, nucleation and extension of 
median/radial cracks would be partly suppressed or even 
inhibited. On the other hand, random distribution of 
carbides may also translate into more effective obstacles, 
since median crack initiation and growth need to cross 
intragranular paths too.  
 
From a practical viewpoint, the anisotropic nature of the 
microcracking network must be assessed as beneficial for 
effective machining of cemented carbides. In this regard, 
the correlation between prominence of lateral crack and 
more material removal would point out that spalling-like 
failure micromechanism exhibited by the hardmetal 
studied implies a relatively lower energy consumption 
during the grinding process. Beneficial description may 
also be recalled from a mechanical integrity viewpoint, as 
lower frequency of median cracks results in less 
pronounced effects regarding strength lessening, when the 
ground material is subjected to external stresses under 
service conditions.  
 
4. Summary 
 
3D FIB/FESEM tomography has been successfully 
implemented for visualizing and characterizing the 
microcracking network induced by grinding of a WC-Co 
hardmetal grade. The existence of a thin surface layer 
containing pulverized WC grains and smeared Co phase is 

 

 

 

 
 
Fig. 3 3D reconstruction of the microcrack network, within the 
interpreted volume. It is shown from two different view perspectives 
depending on the orientation of grinding direction with respect to the 
screen: perpendicular (a), and inclined some degree (b). The dimension 
of the interpreted region is listed. A schematic diagram of subsurface 
crack types, observed beneath ground surface, are given in (c). Note 
that here cracks are indicated by red segments. Labels (A)–(E) denote 
surface region discussed in the text. 

 
confirmed. Just below it, a complex microcracking 
network is discerned. The observed microcracks follow 
different microstructural paths: running through either 
binder or carbides, or following WC/Co interfaces. The 
most relevant finding is the highly anisotropic character of 
the microcrack distribution. In this regard, completely or 
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Fig. 2 Representative examples of multiple parallel 2D FIB cross-
sections, showing the evidenced subsurface damage. The viewing angle 
is 36° from the milled plane. Cracks following either WC/Co interface 
or transgranular paths are indicated by red and yellow arrows 
respectively. The surface layer containing fragmented WC grains and 
smeared Co phase is differentiated from the underneath bulk material 
by dashed white lines. 

running through the binder or at WC/Co interfaces (red 
arrows), or transgranular within the carbide phase (yellow 
arrows), the former being more predominant than the 
latter. Similar findings to those identified after grinding 
have been reported under abrasive wear in previous 
studies. For instance, Larsen-Basse et al. [28] did a 
systematic microscopic examination of rock drilling WC-
Co tool bits, and pointed out that abrasive wear occurs by 
preferential removal of the cobalt metal binder between 
the WC grains, followed by carbide spalling mainly 
through intergranular fracture. Third, close inspection of 
the subsurface, just beneath the referred tribolayer, reveals 
severe plastic deformation within binder phase. It is 
evidenced by the pronounced image contrast at length 
scales smaller than the binder thickness between the 
carbide grains. Co experiences noticeable metallurgical 
changes, and detailed information – as gathered through 

electron back-scattered diffraction and TEM analysis – 
may be found in a  recently published work by the authors 
[9]. 

3.2.2 Grinding-induced crack distribution network: 3D 
view 

Fig. 3 presents the 3D reconstruction of the microcracking 
network. It is shown from two different view perspectives, 
depending on the orientation of grinding direction with 
respect to the screen: perpendicular (Fig. 3a), and inclined 
at some degree (Fig. 3b). A schematic diagram of the 
cracking features observed at the subsurface level is 
outlined in Fig. 3c, to illustrate some relevant aspects. 
Reference points, regarding different grinding-groove 
peaks/valleys, are also identified in Fig. 3. Surface region 
examined contains two grooves. Reference points B and D 
represent the bottom of the two residual grinding grooves, 
whereas A, C and E correspond to the groove edges, where 
some material is piled-up. Note that the tribolayer 
discerned in the 2D images is not sketched in Fig. 3c.   
 
Analysis of 3D reconstruction together with 
implementation of the material statistic module in the 
Avizo software allows to quantify different parameters 
related to the microcracking scenario. On one hand, shape 
and distribution of the microcracks, the latter in terms of 
orientation with respect to grinding direction, may be 
assessed. On the other hand, volume fraction and geometry 
dimensions of microcracks may also be measured. These 
findings can be summarized as: first, although the 
grinding-induced microcracking network is complex, it is 
evidenced to be highly anisotropic. In this regard, most of 
the cracks observed are completely or near- lateral ones, 
parallel to the ground surface. Meanwhile, only few 
median (longitudinal) or radial (transversal) cracks  
running completely or near- orthogonal to the ground 
surface (i.e. following symmetry median planes containing 
the load axis of abrasive particles) are seen. Second, the 
relative volumetric content of the “phases” considered: 
WC, Co and cracks (as quantified by means of module 
within Avizo software) yield values of 80.5, 19.4 and 0.1 
vol.%, respectively. The binder-related value is 
comparable with the theoretical volume percentage of Co 
phase (i.e. 21 vol.%). Third, the highest frequent length of 
the discerned cracks is 28 nm, and over 90% of them 
exhibit a length within the range of 5 to 60 nm. 
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The anisotropic cracking network here evidenced should 
be a direct result of the plastic/elastic deformation and the 
strain mismatch inside the bulk matrix. Studies carried on 
static indentation, scratch and grinding of monolithic 
ceramics have reported that median/radial cracks initiate 
from flaws at the deformation boundary and are driven by 
the residual stress field arising from strain mismatch 
between plastically and elastically deformed regions 
[4,10,29]. Within this context, the role played by the phase 
assemblage of hardmetals: two-phase interpenetrating 
networks with quite distinct individual properties, should 
be invoked for analyzing the discerned cracking scenario. 
On one hand, the ductile nature of the Co binder phase may 
be speculated to impede stress concentrators and crack 
nucleation. Furthermore, it may yield a more gradual 
residual stress field evolution; and thus, a less pronounced 
strain mismatch between the plastically deformed zone 
and the surrounding elastically restraining matrix. Under 
these conditions, nucleation and extension of 
median/radial cracks would be partly suppressed or even 
inhibited. On the other hand, random distribution of 
carbides may also translate into more effective obstacles, 
since median crack initiation and growth need to cross 
intragranular paths too.  
 
From a practical viewpoint, the anisotropic nature of the 
microcracking network must be assessed as beneficial for 
effective machining of cemented carbides. In this regard, 
the correlation between prominence of lateral crack and 
more material removal would point out that spalling-like 
failure micromechanism exhibited by the hardmetal 
studied implies a relatively lower energy consumption 
during the grinding process. Beneficial description may 
also be recalled from a mechanical integrity viewpoint, as 
lower frequency of median cracks results in less 
pronounced effects regarding strength lessening, when the 
ground material is subjected to external stresses under 
service conditions.  
 
4. Summary 
 
3D FIB/FESEM tomography has been successfully 
implemented for visualizing and characterizing the 
microcracking network induced by grinding of a WC-Co 
hardmetal grade. The existence of a thin surface layer 
containing pulverized WC grains and smeared Co phase is 

 

 

 

 
 
Fig. 3 3D reconstruction of the microcrack network, within the 
interpreted volume. It is shown from two different view perspectives 
depending on the orientation of grinding direction with respect to the 
screen: perpendicular (a), and inclined some degree (b). The dimension 
of the interpreted region is listed. A schematic diagram of subsurface 
crack types, observed beneath ground surface, are given in (c). Note 
that here cracks are indicated by red segments. Labels (A)–(E) denote 
surface region discussed in the text. 

 
confirmed. Just below it, a complex microcracking 
network is discerned. The observed microcracks follow 
different microstructural paths: running through either 
binder or carbides, or following WC/Co interfaces. The 
most relevant finding is the highly anisotropic character of 
the microcrack distribution. In this regard, completely or 
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near- lateral cracks (parallel to the ground surface) are 
found to be the predominant damage feature, whereas only 
few completely or near- orthogonal (perpendicular to the 
ground surface) cracks are discerned. It is suggested to be 
related to the strain mismatch inside the bulk matrix as 
well as the strain interaction between the two different and 
interpenetrated constitutive phases. 
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