
Vol.:(0123456789)1 3

The International Journal of Advanced Manufacturing Technology (2023) 128:1709–1723 
https://doi.org/10.1007/s00170-023-12006-8

ORIGINAL ARTICLE

Simulation of machining behaviour of two‑phase brittle materials 
during grinding by modelling single‑grain scratching using 
a combination of FE and SPH methods

Alexander Dehmer1 · Sebastian Prinz1 · Peter Breuer1 · Sebastian Barth1 · Thomas Bergs2

Received: 15 February 2023 / Accepted: 17 July 2023 / Published online: 28 July 2023 
© The Author(s) 2023

Abstract
Two-phase, brittle-hard materials are widely used not only in the tool industry but also increasingly in the aerospace industry. 
Due to the two-phase nature, the materials have unique material properties adapted to the respective application. But the 
material properties also lead to challenging machinability. Therefore, two-phase, brittle-hard materials are mostly ground. 
The analogy process of single-grain scratching is used to analyse the material removal behaviour and design the grinding 
process. Since single-grain scratching is time-consuming and costly, it is desirable to substitute the analogy process with 
numerical simulation. This paper discusses the suitability of the Smooth Particle Hydrodynamic (SPH) simulation method 
in combination with the Finite Element Method (FEM) for single-grain scratching of two-phase, brittle-hard materials. The 
approach is validated using the examples of tungsten carbide-cobalt (WC-Co) cemented carbides and Silicon carbide fibre-
reinforced silicon carbide  (SiC/SiC) ceramics. For both applications, the material removal behaviour was optically analysed 
and in good agreement with the experimental results and theoretical assumptions. For SiC/SiC ceramics, several surface 
phenomena could be identified in the simulation as well as in the experimental results. The scratching forces were compared 
qualitatively and were in good agreement with the experimental results for both applications.
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1  Introduction

Two-phase, brittle materials are used in a wide variety of 
industries. For example, tungsten carbide-cobalt (WC-Co) 
cemented carbides have been used as cutting materials in 
tool manufacturing [1]. A new development uses Silicon car-
bide fibre-reinforced silicon carbide (SiC/SiC) ceramics in 
the aerospace industry [2]. Both WC-Co cemented carbides 
and SiC/SiC ceramics are classified as brittle materials due 
to their material properties, a combination of the properties 
of the individual phases [3]. In both applications, high accu-
racies with high productivity are required [4].

Due to the challenging material properties of the two-
phase, brittle materials for machining, only grinding 
achieves the necessary high productivity and high accuracy 
[5]. Because of the complex and indeterminate cutting-edge 
geometries and many simultaneous grain engagements, the 
material removal behaviour cannot be analysed in the grind-
ing process. Therefore, the material removal behaviour is 
usually investigated with the analogy process of single-
grain scratching [6]. Novel approaches go as far as work-
ing with cutting speeds of up to 40.2 m/s [7] whilst having 
a nano-scale depth of cut in order to be able to reproduce 
special grinding processes, such as ultra-precision grinding 
[8]. Next to the material removal behaviour during grind-
ing, these approaches also enable the tracking of microcrack 
propagation [9]. However, single-grain scratching investiga-
tions are time-consuming and costly and must be carried out 
for a wide variety of material specifications, grain geom-
etries, and process parameters.

One possibility to substitute single-grain scratching inves-
tigations is numerical simulation [10]. In addition to cost 
and time savings, a numerical simulation can contribute to 
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an improved understanding of the material removal process 
in grinding since experimental investigations only allow a 
limited insight into the contact zone between the workpiece 
and tool due to the complex engagement conditions. With 
that knowledge gained, the grinding process design will be 
more efficient [11].

This work used the Smooth Particle Hydrodynamics 
(SPH) method to simulate the single-grain scratching of 
WC-Co cemented carbide and SiC/SiC ceramics as exam-
ples of two-phase brittle materials. The simulations were 
validated with experimental data.

2 � Simulation of brittle materials using SPH

The SPH method is a calculation method for the realisation 
of manufacturing simulations. It was developed by Lucy [12] 
and by Gingold and Monaghan [13] to simulate astrophysi-
cal problems. Later, it was used for solid mechanics inves-
tigations [14].

When the SPH method is applied, the continuum is 
approximated by a finite number of uncrosslinked particles. 
Each particle is assumed to have its properties at the centre 
of mass. These properties are determined using interpola-
tion from the corresponding properties of the surrounding 
particles. The interpolation is described by the smoothing 
function W. Figure 1 illustrates the smoothing function and 
its sphere of influence on surrounding elements.

W depends on the smoothing length h and the distance 
(ri − rj) of a considered particle from the surrounding parti-
cles. ri and rj describe the position of the individual particles 
in the selected coordinate system. Therefore, W is defined 
according to formula (1) [15]:

The selection of the smoothing function used for a simu-
lation depends on the particular application. The following 
criteria must be considered: the function must be positive 

(1)W = W
(

ri − rj, h
)

and radially symmetric around ri. In the range of validity, 
which is a circle with the radius h around ri, the integral must 
be 1 (normalisation). Outside the range of validity, the func-
tion value must be 0. When approaching ri, W must behave 
according to a delta function. In other words, the function 
value must fall monotonically with increasing distance from 
ri [15]. The term delta function denotes a function with a 
value of 0 at every point except 0, whilst its infinite inte-
gral has the value 1 [16]. Seventeen parameters describe the 
properties of SPH particles. These include the position, the 
velocity in all directions, the density, the internal energy, the 
mass, and the damage. Thus, formula (2) applies to each of 
the quantities A, which have to be calculated [17]:

Formula (2) shows that the smoothing function W 
decreases with increasing distance from the considered 
particle (ri − rj). Thus, on the calculated properties of the 
considered particle, the properties of more distant particles 
within the smoothing length have a smaller influence than 
closer particles. The limits of the interpolation are defined 
by the smoothing length h [15].

Assigning properties to points that do not coincide with 
the centre of mass of an SPH particle can be done in several 
ways. Lucy [12], as well as Gingold and Monaghan [13], 
used a statistical method. Alternatively, the actual particle 
density of the neighbouring particles can be considered in the 
interpolation, as in the simulation software LS-Dyna of the 
company Livermore Software Technology Corporation. In 
this case, the calculation is performed according to formula 
(3). Here, the parameter J denotes the number of particles 
involved, mj the mass of particle j, and ρj its density [18].

The SPH method was originally developed to describe 
fluids. However, the calculation does not distinguish between 
particles of different aggregate states [17]. Thus, adapted 
material models are used to adequately represent the force 
transfer behaviour of solids [18].

An advantage of the SPH method concerning the stability 
and efficiency of machining simulations is that, regardless of 
the magnitude of deformations and deformation velocities, 
no mesh and, therefore, no remeshing is required [19]. Thus, 
for large deformations and deformation velocities, shorter 
computation times can be achieved than, for example, in a 
finite element (FE) simulation [20].

It is possible to combine the FE and SPH methods. Com-
bined simulations can achieve shorter computation times than 
pure SPH simulations whilst maintaining high accuracy by 
using finite elements for the non-deformed or only slightly 
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Fig. 1   Smoothing function and its sphere of influence according to 
Fraga Filho [15]
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deformed tool and SPH particles for the workpiece [21]. 
Another possible combination of the FE and SPH methods 
is the representation of workpiece regions far away from the 
workpiece-tool contact by finite elements [22].

Using the FE method to simulate brittle materials, differ-
ent criteria must be defined to ensure the mesh is free of gaps 
and overlaps. Defining criteria is not necessary using the SPH 
method [23]. The propagation of a crack in a workpiece mod-
elled with SPH particles is inherently due to the change in 
particle spacing. Therefore, the calculated stress state is not 
distorted by the deletion of overloaded elements, as in the FE 
method [24]. The SPH method allows a high calculation accu-
racy, especially for the simulation of cutting processes with 
negative rake angles, like grinding [25].

Using the SPH method, adapted material models are 
required to map the force transfer behaviour in solids [18]. 
Examples are the viscoplastic material models Johnson-
Holmquist 2 (JH2) and Johnson-Cook (JC). The JH2 model 
includes a strength model, a damage model, and a volume-
pressure model. The calculated strength values depend on the 
pressure p, the strain rate ε֗, and the damage variable D. The 
damage variable D is included in the further calculations in 
the JH2 model by interpolation between a calculation rule for 
a completely intact material (D = 0) and a wholly damaged 
material (D = 1) [26].

The SPH method was already used for simulations of brit-
tle materials. Niu et al. [27] used the SPH method to simulate 
the machining process of an aluminium alloy. They achieved 
more accurate chip morphology predictions than a FE simula-
tion but required longer computation times. Less simplifying 
assumptions were required for chip formation and meshing 
than in FE simulation. Wang et al. [28] used a combined FE-
SPH simulation to study an ultrasonic-assisted glass machin-
ing process. Finite elements represented the tool, and SPH 
particles represented the workpiece. The results could be 
validated experimentally. Abena and Essa [29] compared the 
FE and SPH methods for simulating the machining of carbon 
fibre-reinforced plastics. The chip geometry determined by the 
SPH method showed a more accurate agreement with the chip 
geometry in the actual process. For a large part of the investi-
gated fibre orientations, the process forces were also predicted 
more accurately than with the FE method. Deng et al. simu-
lated a milling process of zircon ceramics using a combined 
FE-SPH approach. They determined critical chip thicknesses 
and chip shapes depending on the rake angle of the tool and 
other process parameters [21]. Sridhar and Parebruyne [30] 
performed a comparative study of FE and SPH simulation for 

a turning process of aluminium. All investigated approaches 
allowed an accurate prediction of the experimentally deter-
mined chip geometries. The process forces calculated using the 
SPH method showed a minor deviation from the experimental 
values.

3 � Modelling the single‑grain scratching 
process

The following describes the models for simulating single-
grain scratching of both WC-Co cemented carbide and SiC/
SiC ceramics. Since the mesostructure of the materials dif-
fers a lot, the models vary significantly as well. Therefore, 
the WC-Co cemented carbide and SiC/SiC ceramics mod-
els are discussed separately. The software LS-Dyna from 
Livermore Software Technology Corporation was used for 
both models.

3.1 � WC‑Co cemented carbide

WC-Co cemented carbides are two-phase materials used, 
for example, to manufacture cutting tools. The basis for this 
application is that cemented carbides combine a high hard-
ness with a high fracture toughness. However, these proper-
ties also result in difficult machinability. Therefore, WC-Co 
cemented carbides are mostly ground. WC-Co cemented 
carbides are classified into specifications. These are char-
acterised by a mean WC grain diameter dWC and a Co frac-
tion xCo. The material removal behaviour of the cemented 
carbides depends on the specification. Currently, process 
design in grinding is mostly done by preliminary tests. An 
alternative to avoid time- and cost-intensive initial tests is 
simulation.

The simulation of the single-grain scratching process of 
WC-Co cemented carbide focused on determining the occur-
ring scratching forces as a function of the WC-Co cemented 
carbide specification and the scratching process parameters. 
The selected cemented carbide specifications by Ceratizit 
SA and the simulated process parameters were derived from 
scratching tests already performed, which could be used for 
validation (see also Section 4.1.1). The cemented carbide 
specifications are shown in Table 1. A cutting speed of vc = 
20 m/s was used for both the numerical and the empirical 
tests.

In this work, single-grain scratching was investigated 
as an analogy process to the grinding process. During 

Table 1   Cemented carbide 
specifications used in this work

Variation of cemented carbide CTF08E CTF12E CTF24E CTF40A CTS12L

Co fraction xco (%) 4 6 12 20 6
Mean WC grain diameter dWC (μm) 0.8–1.3 0.8–1.3 0.8–1.3 0.8–1.3 0.5–0.8
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grinding, strain rates 𝜀̇ > 106 s−1 may be present on the 
workpiece [31]. The SPH method is more efficient in simu-
lating high strain rates and was therefore chosen for mod-
elling the workpiece. The respective material behaviour of 
the WC and the Co phases was approximated in the meso-
scopic simulation by a linear elastic-ideal plastic (WC) 
and a linear elastic-linear plastic material model (Co). The 
used material parameters were derived from the literature 
and are shown in Table 2.

LS-Dyna allows two- and three-dimensional simulations 
to be performed. A complex, three-dimensional geometry 
characterised the diamond grains studied in this work. In 
addition, the cemented carbide workpieces exhibited a 
three-dimensional mesogeometry. Consequently, the rep-
resentation of the single-grain scratching process in three 
dimensions is required for realistic modelling. However, 
information on the cemented carbide mesogeometry was 
only available in two-dimensional scanning electron micro-
graphs of microstructural sections. The two-dimensional 
image was linearly extruded into the remaining third spatial 
direction by transferring the scanning electron micrographs 
into the third dimension (Fig. 2). The chosen approach thus 
allows the spatial mapping of the considered process in 
terms of diamond grain geometry and displacement of mate-
rial particles from their original position, without presuppos-
ing information on the three-dimensional mesogeometry of 
the material in its initial state.

During the simulation model’s development, a central 
challenge was to identify a suitable compromise between 
a high level of detail compared to the actual process and 
a moderate calculation time. A key parameter influencing 
the calculation time was the particle spacing aP. The largest 
possible particle spacing aP with sufficient accuracy of the 
computation result was selected to minimise the compu-
tation time. Another requirement was to choose an equal 
value of the particle spacing aP for different cemented 
carbide specifications to ensure the comparability of the 
simulation results. Based on a visual comparison of the 
generated material mesogeometry models with the under-
lying micrographs of all cemented carbide specifications, 

a particle spacing aP = 0.1 μm was identified as suitable, 
which resulted in a total number of SPH particles np = 
756,000.

To further reduce the model complexity, the size of 
the section of the mesostructure was chosen so that only 
workpiece areas influenced by the single-grain scratching 
process were included in the simulation. The length, width, 
and height of this segment and the infeed of the diamond 
grain were determined iteratively. In this manner, an infeed 
of ae,num = 1.5 μm was determined even though the infeed 
of the experiments ae,emp = 20 μm was much higher. The 
width of the considered workpiece section was bw = 12 μm 
in all simulations, and the height in the infeed direction was 
hw = 4.5 μm. The length of the workpiece in the scratching 
direction was determined to be lw = 12 μm for the cemented 
carbide specifications CTF08E, CTF12E, CTF24E, and 
CTS12L. For the cemented carbide specification CTF40A, 
a greater length of lw,CTF40A = 14 μm was required because 
the effects of the rear workpiece edge plane on the simula-
tion were apparent earlier.

The diamond grains meshed with FE were assumed to 
be non-deformable and were modelled using 3D laser scan-
ning microscope (LSM) images of grains. The procedure to 
derive a meshed grain geometry integrated into the simula-
tion is illustrated in Fig. 3.

Based on the simulation of individual grain engagements, 
it was possible to model the diamond grain as rigid. This 
approach is comparable to the method of Umer et al. [19] 

Table 2   Material parameters of WC and Co according to Kurlov et al. 
[32], Csanádi et al. [33], Özden [34], and Kurzweil [35]

WC Co

Material model Linear elastic 
ideal plastic

Linear elastic 
linear 
plastic

Density ρ (kg/cm3) 0.0157 0.00889
Shear modulus G (MPa) 274,000 87,415
Yield stress σy (MPa) 6450 683.07
Tangent modulus ET (MPa) 0 1783
Compressive modulus K (MPa) 629,700 189,400

Extrusion

in the third

dimension

Illustration of a

two-dimensional

microsection
WC phase

Co phase

Cemented carbide
CTF24E

Mean WC grain diameter dWC
0.8 1.3 µm

Co fraction xCo
12 %

4
.5

 µ
m

12 µm12 µm

Fig. 2   Exemplary three-dimensional cemented carbide mesogeom-
etry model for CTF24E
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and is based on the assumption that wear on the diamond 
grain only occurs after repeated grain engagements. The 
diamond grain was modelled with finite elements since FE 
simulations calculate rigid bodies more efficiently. The mesh 
size of the tetrahedral mesh was chosen to be Δmesh = 0.1 
μm according to the particle distance of the SPH-modelled 
workpiece. Due to the complex diamond grain geometry and 
the small mesh size, other FE geometries were ruled out. 
The material properties of diamonds needed to model a rigid 
body are shown in Table 3.

In addition to the geometric and physical modelling, 
boundary and contact conditions must be defined. As shown 
in Fig. 4, the particles of the two sidewalls (blue) and the 
particles at the lower model edge (yellow) were fixed in 
all translational and rotational degrees of freedom. The 
boundary condition described was chosen because the fixed 
degrees of freedom in these locations had little effect on the 
simulated material behaviour on the sides where the dia-
mond grain enters and exits and on the machined surface of 
the workpiece. The fixed degrees of freedom represented the 
embedding of the workpiece in the surrounding material as 
well as its fixation in a test arrangement.

The rotational movement of the diamond grain in the 
real scratching process can be assumed to be negligible in 
the context of the simulation due to the small amount of 
infeed. The motion of the diamond grain in the simulation 
was therefore modelled as uniaxial translational motion.

Because both phases were modelled with SPH particles 
and due to the structure of a SPH simulation, no contact 
conditions had to be modelled between Co and WC. Within 
the SPH simulation, the interaction between both phases is 
calculated automatically. A contact model had to be deter-
mined between the two-phase workpiece and the diamond 

grain, which was discretized by finite elements. For this pur-
pose, the static friction coefficient μs and the dynamic fric-
tion coefficient μd between the workpiece and the diamond 
grain were defined. No literature values were available for 
the friction coefficients. Therefore, they were approximated 
by values determined by Jianxin et al. in tribological inves-
tigations for a WC-Co cemented carbide in contact with alu-
minium oxide Al2O3 [37]. The static friction coefficient was 
determined to be μs = 0.35, and the dynamic friction coef-
ficient to be μd = 0.2. The parameters used for the simulation 
when single-grain scratching WC-Co cemented carbides are 
summarised in Table 4.

3.2 � SiC/SiC ceramics

SiC/SiC is a new generation of high-temperature light-
weight ceramic matrix composite material. SiC/SiC has 
higher specific strength than titanium and nickel-based 
superalloys above 1000°C as well as good high-temperature 
fracture toughness, creep, and other material properties 

LSM image of

diamond grain

Cutting in 

appropriate size

Adding meshed

grain to simulation

Applying

tetrahedral mesh

Fig. 3   Integrating a real diamond grain geometry in the simulation meshed with FE

Table 3   Material parameters of diamond for a rigid body material 
model [36]

Density ρ (kg/cm3) Young’s modulus 
E (MPa)

Poisson’s ratio 
υ (-)

Diamond 0.00352 890,000 0.2

Diamond grain

Fixed particles on 

the bottom of the

workpiece

Not fixed

particles

Fixed particles

on the side walls

12 µm12 µm

4.5 µm

Fig. 4   Fixed boundary conditions of the workpiece
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for the blade, vane, combustor, and shroud applications 
in critical hot sections of aircraft and power generation 
turbines [38]. Furthermore, SiC/SiC is one-third of the 
weight of traditional nickel-based superalloys. The reduced 
weight and elevated combustion temperature increase the 
efficiency and thrust of turbines [39, 40].

SiC/SiC comprises SiC fibre bundles (10–20 μm in diam-
eter) embedded in the SiC ceramic matrix [41]. The fibre-
reinforced microstructure of SiC/SiC overcomes the inherent 
limitation on the toughness of monolithic SiC ceramic. To 
further improve the toughness of SiC/SiC, the fibre-matrix 
was connected with a thin (about 1 μm) pyrolytic carbon 
(PyC) or boron nitride (BN) coating as the fibre-matrix 
interfacial material [42].

In the simulation, the material removal behaviour of the 
SiC/SiC ceramic during single-grain engagement with a 
diamond grain is numerically modelled. The results of the 
simulation were validated qualitatively and quantitatively 
with the results of previously conducted empirical single-
grain scratching tests (see also Section 4.2.1).

Comparable to the simulation of the WC-Co cemented 
carbides, the wear of the diamond grain is negligible due 
to the short engagement time. Therefore, the diamond grain 
was assumed to be rigid and modelled with FE. The selected 
material parameters for the diamond corresponded to those 
used in the WC-Co cemented carbide model. Due to the 
high deformations during machining, the SPH method was 
selected to model the SiC/SiC ceramic. Likewise, cracks 
occurring as a result of brittle-hard machining can be better 
represented by the SPH method [43].

Based on the validation of the numerical simulation 
with the help of existing empirical test results, the pro-
cess parameters of the simulation varied according to the 
conducted tests. In the empirical and numerical tests, the 
influence of three grain geometries—blunt, hybrid, and 
sharp—on the scratching of the fibre-reinforced SiC/SiC 
ceramics was investigated (Fig. 5a). For each grain geom-
etry, the influence of the fibre orientation on the machining 
was investigated. For this purpose, the SiC/SiC samples 
were scratched in transverse, longitudinal, 45° and normal 
orientation (Fig. 5b). Caused by the selected scratching 
kinematics, the infeed varied between 0 < ae,emp < 20 μm 
for each scratching track. Since this kinematics could not 
be reproduced in LS-Dyna, the discrete infeed ae,num = 4, 
8, 12, 16, 20 μm were chosen for the numerical simulation 
(Fig. 5c). The cutting speed was set to vc = 20 m/s for all 
simulations.

Calculation capacities of the High-Performance Cluster 
of RWTH Aachen University were used to run the simula-
tions. There was a limitation of 24 hours for each simula-
tion using the CPU with 16 cores and 1 GB memory for 
each core as well as a frequency of 2.1 GHz. In prelimi-
nary numerical tests, it was found that the calculation time 
strongly depends on the number of particles in the work-
piece model. The workpiece dimensions had to be limited 
to achieve realistic calculation times of less than 24 hours 
per simulation. Therefore, it was impossible to represent 

Table 4   Parameters used for simulating single-grain scratching of 
WC-Co cemented carbides

Parameter Description Value Unit

ae,num Simulation infeed 1.5 μm
ap SPH particle spacing of workpiece 0.1 μm
bw Workpiece width 12 μm
hw Workpiece height 4.5 μm
lw Workpiece length for other WC-Co 

specifications
12 μm

lw,CTF40A Workpiece length for CTF40A 14 μm
np Number of SPH particles 756,000 -
vc Cutting speed 20 m/s
Δmesh FE mesh size of diamond grain 0.1 μm
μd Dynamic friction coefficient 0.2 -
μs Static friction coefficient 0.35 -

Fig. 5   Parameters variation 
of numerical and empirical 
single-grain scratching tests of 
SiC/SiC

Blunt

Hybrid

Sharp

Transversal

45°

Longitudinal

Normal

c) Infeed

0 μm < ae,emp< 20 μm

b) Fibre orientation

ae,num = 4, 8, 12, 16, 20 µm 

vr

a) Grain geometry
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the complete process kinematics of single-grain scratching 
in one simulation. A distinction had to be made between a 
model used to predict forces and a model used to predict 
the surface. Figure 6 shows the general difference in the 

underlying process kinematics. In the force model, the mate-
rial removal of the SiC/SiC ceramic already started with a 
predefined infeed ae (Fig. 6a). The objective of the force 
model was to capture the maximum process forces during 
machining. On the other hand, in the surface model, the dia-
mond grain was positioned in front of the workpiece without 
a preliminary infeed ae (Fig. 6b). The objective of the sec-
ond model was to capture the material removal mechanisms 
during the initial engagement of the diamond grain with the 
workpiece.

According to the data on the material used in the empiri-
cal tests, the SiC/SiC ceramic was modelled with SPH par-
ticles, for which a particle spacing aP = 2 μm was specified. 
Starting from a volume element (Fig. 7a), an elementary 
cell (EC) with the particle number np,EC = 729 was derived 
(Fig.  7b). The individual ECs were then assembled to 
form the final geometry of the SiC/SiC ceramic workpiece 
(Fig. 7c). For the force model, the length was modelled with 
16, the width was modelled with 16, and the height was 
modelled with 6 ECs. The final sample dimensions resulted 
in 0.288 × 0.288 × 0.108 mm3 and a total particle number 
of np,fm = 1,119,744. For the surface model, the length was 
modelled with 20, the width was modelled with 14, and the 

a) Force model

b) Surface model

vr

vr

Grain

Grain
Workpiece

Workpiece

ae ae = ae,max

0 < ae << ae,max

Fig. 6   Numerical models for force and workpiece surface

Fig. 7   SPH modelling of the 
SiC/SiC ceramic

Matrix

b) SPH ECa) Vol. Element

Fibre Coating

c) Assembly

18 µm

18 µm

18 µm
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height was modelled with 5 ECs. The modelled sample had 
the final dimensions 0.36 × 0.252 × 0.09 mm3 and a total 
particle number of np,sm = 1,020,600.

The challenge of numerically modelling the brittle mate-
rial behaviour of the silicon carbide matrix was solved by 
using the JH2 material model [26]. Known as the most 
widely used material model to represent the post-fracture 
behaviour of ceramics, the JH2 model includes the main 
damage components of ceramics. The effects of ongoing 
damage are represented by a damage variable D. A disad-
vantage of the JH2 model is the high number of empirically 
determined material parameters required. For the SiC/SiC 
ceramic, these parameters were derived from an already vali-
dated model [44].

Due to the limited availability of the required material 
parameters of the Tyranno S fibre and the pyrolytic carbon 
fibre coating, a linear elastic ideal plastic material behav-
iour was assumed. The material parameters derived from 
the material manufacturers BJS Composites GmbH, UBE 
Industries Ltd., and the literature are listed in Table 5.

The boundary conditions that fix the workpiece were 
chosen similarly to the WC-Co cemented carbide simula-
tion model. Also, in this simulation, the contact between 
fibre, coating, and matrix did not have to be defined because 
both parts were modelled in SPH. A friction model was also 
used to model the contact between the diamond grain and 
workpiece material. Following Lyu et al., the static friction 
coefficient was set to μs = 0.6 and the dynamic friction coef-
ficient to μd = 0.26 [47]. The parameters used for the simu-
lation when single-grain scratching SiC/SiC ceramics are 
summarised in Table 6.

4 � Simulation

The initial simulations of both models were validated with 
experimental results. In the following, the first simulation 
results of both models are compared to experimental data.

4.1 � WC‑Co cemented carbide

This section first explains the experimental setup of the 
WC-Co cemented carbide single-grain scratching experi-
ments. Then, the simulation is validated.

4.1.1 � Experimental setup

Data from already conducted single-grain scratching experi-
ments with surface grinding kinematics was utilised to vali-
date the simulation. The tool grinding machine ISOG S22P-
Turbo from ISOG Technologies and the WC-Co cemented 
carbides listed in Table 1 were used for the experiments. 

Table 5   Material parameters of the SiC fibre and the pyrolytic carbon 
coating for linear elastic ideal plastic material models according to Jin 
et al. [45] and Park et al. [46]

SiC fibre Pyrolytic carbon 
coating

Density ρ (kg/cm3) 0.00237 0.0021
Shear modulus G (MPa) 83,480 10,710
Yield stress σy (MPa) 3400 590
Compressive modulus K (MPa) 91,430 50,000

Table 6   Parameters used 
for simulating single-grain 
scratching of SiC/SiC ceramics

Parameter Description Value Unit

ae,num Simulation infeed 4; 8; 12; 16; 20 μm
ap SPH particle spacing of workpiece 2 μm
bw Workpiece width 0.288 mm
dB Thickness of carbon fibre coating 0.1–0.2 μm
dF SiC fibre diameter in the simulation model 10 μm
f Volume fraction between matrix and fibre 0.4–0.5 –
hw Workpiece height 0.108 mm
lw Workpiece length 0.288 mm
np,EC Number of SPH particles for one elementary cell 729 –
np,fm Total number of SPH particles for the force model 1,119,744 –
np,sm Total number of SPH particles for the surface model 1,020,600 –
RMSEFn Averaged root-mean-square error of scratching normal force Fns 5.27 N
vc Cutting speed 20 m/s
Δmesh FE mesh size of diamond grain 2 μm
μd Dynamic friction coefficient 0.26 –
μs Static friction coefficient 0.6 –
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The experimental setup for the single-grain scratching tests 
is shown in Fig. 8.

The abrasive grains used were Element Six PDA657 
7080 diamonds with an average grain diameter of dg = 213 
μm, which were electroplated onto a metal carrier and then 
bonded to a grain holder. The processes were carried out in 
the mode of up-grinding. The cutting speed was set to vc = 
20 m/s, in accordance with grinding parameters commonly 
used in tool grinding. The diamond grains were scanned 
using a Keyence VK-X 150 confocal laser scanning micro-
scope. The test points were replicated 15 times for statistical 
validation.

4.1.2 � Validation

The engagement of the single-grain during simulating 
WC-Co cemented carbide scratching as a function of the 
simulation time t is shown in Fig. 9. After the diamond grain 
engagement with the workpiece started, the formation of a 
chip could be observed (Fig. 9 II). The WC-Co cemented 
carbide material was displaced to the lateral scratching 
track edges, forming a bulging. No chipping was observed 
at the scratching track edges. The shape of the scratch cross-
sectional area corresponded in good approximation to the 
projection of the diamond grain geometry in a plane perpen-
dicular to the scratch direction. In general, therefore, duc-
tile chip formation can be assumed. This assumption corre-
sponds to the explanatory model of chip formation according 
to Bifano [48] and Wirtz [49] for a chip thickness hcu below 
the critical chip thickness hcu,crit = 9.32 μm. The critical chip 
thickness is based on an empirical, analytical model. It cal-
culates, as a function of material parameters, a critical infeed 
above which the machining behaviour changes from ductile 
to brittle-hard. The proportion of SPH particles displaced by 
the diamond grain, which were not discharged laterally but 
were trapped under the diamond grain, was dependent on the 
diamond grain geometry. No curvature of the formed chip in 
the scratching direction was visible. It can be assumed that 
this behaviour, which contradicts the actual process, is due 
to the non-application of the renormalization approximation. 
In LS-DYNA, the renormalization approximation offers the 
possibility of a more precise representation of the actual 

material removal behaviour by compensating missing neigh-
bouring particles of near-edge particles using interpolation 
[19]. In the present model, the renormalization approxima-
tion would thus lead to an improved calculation in the con-
tact zone between the workpiece and the diamond grain, as 
well as at the edges of the workpiece model and the formed 
chip. However, due to a sharp drop in the time step length 
in the simulation, the renormalization approximation could 
not yet be used. The influence of heat dissipation on chip 
formation was not simulated [50].

A central objective of the simulation is the prediction of 
scratching forces depending on the cemented carbide speci-
fication and the scratching process parameters. Therefore, 
the contact forces were recorded over the entire simulation 
runtime. Force characteristics were defined to compare the 
different simulations. In the normal and tangential direc-
tions, the mean value of the monitored force values was cal-
culated over a specified period of time.

Figure 10 illustrates the influence of the cemented car-
bide specification on the simulated scratching forces. The 
infeed in the simulation was with ae,s = 1.5 μm much lower 

Fig. 8   Experimental setup of 
the single-grain scratching 
experiments

Scratching wheel

Screw-in sleeve

Grain holder

Force measuring platform WC-Co cemented carbide workpiece

I II
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t = 0.00 µs t = 0.13 µs

t = 0.26 µs t = 0.40 µs

Specification
CTF24E

WC grain size
0.8–1.3 µm

Co fraction xCo
12 %

12 µm

12 µm

4.5 µm

Fig. 9   Grain workpiece engagement during simulation
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compared to the empirical scratching experiments (ae,e = 
20–30 μm) due to limited computation time, which is why 
the simulated scratching forces are lower than the experi-
mental scratching forces. With further simulations, the 
model results will be fitted to the experimental results to 
enable the quantitative validation of the scratching forces. 
The simulated scratching forces decrease with increasing 
Co fraction and constant mean WC grain size (Fig. 10a). 
The observation can be explained by the fact that the mate-
rial’s overall strength decreases with increasing Co fraction, 
resulting in more ductile material behaviour. This phenom-
enon was also reflected in the empirical single-grain scratch-
ing experiments.

An increasing mean WC grain size at a constant Co frac-
tion had an insignificant effect on the scratching forces in the 
simulation (Fig. 10b). In the empirical experiments, how-
ever, a drop in force was observed as the mean WC grain size 
decreased. Several reasons may be given for this discrepancy 
between experiment and simulation. On the one hand, only 
a very small volume element with a high particle spacing 
is considered in the simulation. Secondly, the simulation 
does not represent the grain boundaries between several 
WC grains. Accordingly, several WC grains that touch each 
other are assumed to be one grain. One big WC grain causes 

higher forces during material removal than several small WC 
grains that are not connected. The smaller the average WC 
grain size, the more WC-WC grain boundaries exist in the 
real material structure. Smaller mean WC grain sizes thus 
led to lower forces in the experiments, whereas the union of 
several small WC grains led to comparably high forces in the 
simulation. Therefore, with larger average WC grain sizes, 
the scratching forces increased in the experiments, whereas 
the scratching forces remained constant in the simulation.

In addition to the scratching forces, the scratching force 
ratio μ, defined as the quotient of the scratching tangential 
force Fs,t and the scratching normal force Fs,n, was evaluated. 
The cutting force ratio offers better comparability between 
simulation and experimental single-grain scratching inves-
tigations than the scratching forces since the influence of 
the lower infeed ae,s affected both the scratching tangential 
force Fs,t and the scratching normal force Fs,n and is thus less 
significant in the cutting force ratio. Due to strongly nega-
tive rake angles, the cutting force ratio in grinding is usually 
less than one [51]. The simulation correctly represented this 
principle (Fig. 10c, d). Figure 10c shows the influence of 
the Co fraction on the cutting force ratio. From the lowest 
to the highest cobalt fraction investigated, the simulated cut-
ting force ratio μ increased by about d = 7 %. The empirical 

Fig. 10   Influence of the Co 
fraction and the mean WC grain 
size on the simulated scratching 
force and the cutting force ratio
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experiments also showed that with increasing Co fraction, 
the cutting force ratio increases (Fig. 10c).

With an increasing WC grain size, the cutting force ratio 
slightly decreased in both the simulated and experimental 
results (Fig. 10d). Consequently, the qualitative trend of the 
cutting force ratio in the simulation was comparable to the 
empirical experiments. The fact that the cutting force ratios 
in the simulation are higher than in the experiments can be 
explained by the chip formation model of Martin [52]. The 
model states that a larger cutting force ratio compared to 
small cutting force ratios suggests more ductile material 
removal. In the simulation, the infeed ae,s was far below the 
transition to brittle-hard material removal hcu,crit. In contrast, 
the infeed in the experiments ae,e was far above the limit. 
Accordingly, the more ductile machining in the simulation 
led to higher cutting force ratios.

In conclusion, the simulation could qualitatively repro-
duce the material removal behaviour. The empirical and 
numerical derived scratching and cutting force ratios largely 
followed the same trends. However, the simulation must be 
further developed at various approaches described above to 
predict values in the same order of magnitude.

4.2 � SiC/SiC ceramics

This chapter presents the experimental setup of the single-
grain scratching experiments of SiC/SiC ceramics and the 
validation.

4.2.1 � Experimental setup

The empirical single-grain scratching experiments for 
validation were carried out on the ISOG S22P-Turbo tool 
grinding machine from ISOG Technologies. In Fig. 11, the 
test setup and the axis directions of the machine are shown. 
The grain holder with the diamond grain was screwed with 
the screw-in sleeve into the scratching wheel. The work-
piece was mounted in a specially manufactured workpiece 
holder. A Kistler type 9119AA force measuring platform 
was mounted under the workpiece holder, continuously 
recording the scratching normal force Fn,s.

Several scratching tracks with increasing depths were 
placed next to each other in the scratching cone kinematics 
used for these experiments. Thus, the transition from ductile 
to brittle material removal behaviour could also be analysed. 
The scratching wheel rotated with a cutting speed of vc = 20 
m/s and moved with an axial feed in the y-direction and a 
radial feed in the x-direction. The resulting scratching tracks 
had a maximum depth of ae,emp = 20 μm. MBG-640 60/70 
diamond grains from Diamond Innovations with an average 
grain diameter of dg = 213 μm were used. Blunt, pointed, 
and hybrid grains were used, respectively. SiC/SiC ceram-
ics with dimensions of 30×30x×.5 mm from the company 
BJS Composites GmbH were used. The fibre diameter of the 
Tyranno S SiC fibres from UBE Industries LTD was deter-
mined to dF = 10 μm by using scanning electron microscopy. 
Furthermore, the thickness of carbon fibre coating was 0.1 
< dB < 0.2 μm and the volume fraction between matrix and 
fibre was 0.4 < f < 0.5. The test points were replicated three 
times for statistical validation.

4.2.2 � Validation

For the validation of the simulated scratching normal force 
Fn,s during single-grain scratching of SiC/SiC ceramics, the 
numerical and empirical interaction diagrams are compared 
in Fig. 12. In both interaction diagrams, the scratching nor-
mal force Fn,s forms the scaling variable. Diagrams (a) and 
(b) show the influence of grain geometry and fibre orienta-
tion on the scratching normal force Fn,r. When comparing 
both diagrams, the same tendencies for the empirical and the 
numerical investigations are noticeable. One exception is the 
blunt grain, which, in contrast to the empirical tests, did not 
cause the highest scratching forces in the simulation. Con-
cerning the fibre orientation, the transverse, longitudinal, 
45-degree and normal orientation of the fibres were inves-
tigated. Diagrams (c) and (d) represent conditional changes 
in the scratching normal force Fn,s caused by the variation 
of the grain geometry and the infeed. Diagrams (e) and (f) 
illustrate the correlation between fibre orientation, infeed, 
and the scratching normal force Fn,s of the numerical and 
empirical investigations.

Fig. 11   Experimental setup 
of the single-grain scratching 
experiments
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At high infeed, the maximum values of the numerical 
scratching normal force Fn,s were lower by a factor of 1.7 
than those of the empirically determined scratching normal 
force Fn,s (Fig. 12 c–f). Especially for infeed ae = 8 μm and 
higher, a significant difference between the graphs of the 
scratching normal force Fn,s was identified. Incorrect devel-
opment of the numerical model of the fibre-reinforced SiC/
SiC non-oxide ceramics as the cause could be fundamentally 
ruled out since the curves of the scratching normal force Fn,s 
of the sharp and hybrid grain geometries tended to coincide.

When comparing diagrams (e) and (f), the same tenden-
cies between the numerical and empirical investigations were 
observed. Over the complete range of the varied infeed, the val-
ues of the monitored scratching normal forces of the 45-degree, 
longitudinal and transverse fibre orientation were in good agree-
ment. Only the range of values of the normal fibre orientation 
showed a significant difference from the empirical experiments.

For the validation of the modelled scratching nor-
mal force Fn,s, it can be summarised that the developed 

numerical simulation accurately represents the empiri-
cally determined scratching normal force. However, the 
blunt grain geometry should be compared again with the 
real grain geometry in further work since an unrepresenta-
tive grain geometry could cause the discrepancy between 
simulation and empirical tests. Therefore, only an averaged 
root-mean-square error of RMSEFns = 5.27 N was reached, 
which needs to be improved.

After both the empirical and numerical investigations, 
the scratching tracks were divided into two zones depend-
ing on the critical chip thickness. The zones differentiated 
between predominantly ductile and predominantly brittle 
machining. Within the zones, the documented surface phe-
nomena, according to Müller, could be compared for the 
numerical and empirical tests [53]. Thus, it was possible to 
evaluate the ability of the numerical simulation to represent 
the material removal mechanisms correctly. Figure 13 com-
pares the surface phenomena after the empirical tests with 
those generated in the simulation.

Fig. 12   Validation of the simu-
lated scratching normal force 
based on interaction diagrams 20
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For the ductile material removal zone (zone I), the sim-
ulation could reproduce one of two surface phenomena 
recorded in the empirical experiments. The cliffy surface 
(Fig. 13a) could be identified in the ductile zone in the 
numerical and empirical tests. In the empirical tests, addi-
tional compressed particles appeared.

In the brittle material removal zone (zone II), four surface 
phenomena that occurred in the empirical tests could also be 
detected in the simulation. The detected surface phenomena are 
the smeared, revealed, ground, and broken fibre (Fig. 13b–e).

The matches of the modelled surface phenomena with 
the empirical experiments illustrate that a numerical SPH 
model's representation of the real single-grain scratching pro-
cess is possible. However, characteristic surface phenomena, 
such as debonding and fibre pull-out, could not be recognised 
yet. It is to be assumed that the fixed particles at the edge of 
the workpiece inhibited the representation of further surface 
phenomena. For example, to image fibre pull-out, the ends of 
the fibre should not be subject to fixation. A more extensive 
and detailed model geometry of the fibre-reinforced SiC/SiC 
non-oxide ceramics could enable imaging of other surface 
phenomena in the simulation. However, the maximum mod-
elling time of tsolve,max = 24 h required a compromise between 
the level of detail and the maximum model dimensions.

5 � Conclusion and outlook

The study has shown that the material removal behaviour of 
two-phase brittle materials can be modelled by a combined 
simulation using SPH and FE methods. Two examples dem-
onstrated this, the simulation of WC-Co cemented carbide 
and SiC/SiC non-oxide ceramics during single-grain scratch-
ing. Both simulations were validated with experimental data.

The simulation of WC-Co cemented carbide was first 
evaluated based on the optical material removal behaviour 
and compared with the experimental results. Subsequently, 
the forces were analysed. The simulation was able to qual-
itatively reproduce the scratching forces with sufficient 
accuracy. The cutting force ratio was used to minimise the 
effect of the low infeed in the simulation compared to the 
empirical experiments. The cutting force ratio was quali-
tatively in good approximation to the experimental results.

Further material parameters should be determined for the 
individual phases of the material to improve the simulation 
results quantitatively. Thus, a more complex material model 
could be used, such as Johnson-Holmquist-2 for the WC phase 
and Johnson-Cook for the Co phase. Furthermore, the applica-
tion of the Massively Parallel-Processing version of LS-Dyna 
should be considered to be able to simulate higher infeed.

The simulation of SiC/SiC ceramics could also be vali-
dated using experimental data. The results were compared 

with the help of an interaction diagram and corresponded 
in a good approximation to the experimental results. Only 
the blunt grain geometry showed discrepancies when com-
pared to the experimental results. The simulation resulted 
in a more ductile material removal behaviour than the 
experiments. Furthermore, far-reaching similarities in the 
surface phenomena could be identified. The simulation of 
the SiC/SiC  ceramics could also be optimised by determin-
ing separate material parameters for the individual material 
phases and, thus, by applying a more complex material 
model. The application of Massively Parallel-Processing 
in this simulation would allow the representation of addi-
tional surface phenomena observed in the experiments.

The hybrid simulation method led to a good compromise 
between computational time and simulation accuracy for 
both use cases. These results could not be achieved with 
pure FE simulations in preliminary work carried out by the 
authors because extensive computational time allowed only 
two-dimensional simulations which did not lead to accurate 
results. Furthermore, no simulation in the state of the art 
suits this use case. However, the models must be further 
developed to improve the prediction accuracies and shorten 
the computation times. Only then can the simulation truly 
substitute the extensive single-grain scratching experiments.
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