
Fig. 1. Diagram showing applications of different modeling methods 
in the continuum solid mechanics in the time-length scale coordi-
nate system [1]

This paper reviews key principles of multiscale modeling 
and numerical simulations of fundamental physical phe-
nomena in machining processes, including plastic deforma-
tion, chip formation, and interfacial friction. Representative 
applications of modeling for multiphase and composite 
materials, determination of constitutive equation con-
stants, and simulation of nano- and micromachining pro-
cesses using hybrid MD+FEM and SPH+FEM methods are 
discussed.
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W artykule przedstawiono kluczowe zasady modelowania 
wieloskalowego oraz symulacji numerycznych zjawisk fi-
zycznych zachodzących w procesach obróbki skrawaniem, 
takich jak odkształcenia plastyczne, powstawanie wiórów 
i  tarcie międzyfazowe. Omówiono wybrane przykłady za-
stosowania modelowania do materiałów wielofazowych 
i  kompozytowych, wyznaczania stałych w  równaniach 
konstytutywnych materiału oraz symulacji procesów nano- 
i mikroobróbki przy użyciu metod hybrydowych MD+FEM 
i SPH+FEM.
SŁOWA KLUCZOWE: modelowanie wieloskalowe, symula-
cja obróbki, mikroobróbka, nanoobróbka

Introduction

Multiscale modelling techniques are powerful tools 
for bridging the multiple scales shown in fig. 1, capa-
ble of relating macroscopic material behaviour to mi-
croscale features and mechanisms. In this way, they 
can be used for numerous advanced modelling and 
simulation applications in solid mechanics.

Applications of multiscale modelling include not 
only the design of materials with optimal structure 
and properties, including composite materials rein-
forced with nanoparticles (FRP), but also manufac-
turing processes, including additive forming using 
the SLM method, plastic and subtractive processing, 
even on the micro and nano scale. [1, 2, 3, 4]. In turn, 
numerical simulation using hybrid methods, such as 
those based on combining molecular dynamics (MD) 
with the finite element method (FEM) in a two-scale 
model (MD+FEM), help to solve the important prob-
lem of time-consuming calculations, which common-
ly occurs when using a  uniform finite element mesh 
with a  very small mesh element dimension [1, 4, 5]. 

Fig. 1 presents an overview of modelling and simula-
tion methods in the time-length system, starting from 
the atomic scale (comparable with atomic constant) 
through the nanoscale and mesoscale, up to the mac-
roscale for which the dimension is higher than 10-3  m. 
These are the follows: AIMD - Ab initio (from first prin-
ciples) molecular dynamics, DFT (density functional 
theory), ReaxFF MD (reactive force-field MD), classi-
cal (deterministic) MD method, classical (stochastic) 
Monte Carlo (MC) method, phase field method and 
FEM. DFT/MD (Ab initio molecular dynamics) is used 
to calculate the forces between atoms at each time 
step. MD and MC methods, on the other hand, are used 
in computer simulation of multimolecular systems. In 
both cases, these are problems of quantum and mo-
lecular chemistry. It should be noted that modelling 
can be performed in two ways, namely down-scale  
(top-down) and up-scale [5].

Modelling and simulation of the behaviour  
of the workpiece material and tool

Microstructure modelling can include both the ma-
chined material and the tool to determine their be-
haviour under mechanical and thermal loads. This is 
crucial for increasing the accuracy of numerical simu-
lations of cutting processes, especially for multiphase 
materials. Such materials, like WC-Co cemented car-
bides, have properties that strongly depend on internal  
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microstructure features, such as grain size, shape, dis-
tribution of the constitutive phases, and interphase 
features. Fig.   2 shows the successive stages in the 
multiscale analysis of the material’s microstructure, 
from the nanometric atomic grid to the millimetre-
scale macroscopic material.

Examples of material microstructure models de-
termined by numerical modelling are shown in fig.  3. 
In the case of materials with a polycrystalline (mul-
tiphase) structure, a modified method for homogene-
ous materials (RVE–representative volume element) 
replicates the real microstructure mapped by scan-
ning electron microscopy (SEM) or inverse electron 
diffraction (EBSD–backscattering diffraction). An-
other approach uses various statistical and numeri-
cal methods, such as Voronoi tessellations, the syn-
thetic grain structure builder (DREAM.3D), Monte 
Carlo (MC), and CCBuilder [2, 6]. This creates a syn-
thetic structure from a  2D image of the real micro-
structure (fig.  3a). For the WC-10% Co wt. carbide 
microstructure in fig.  3b, the Automatic Reconstruc-
tion (MIPAR™) method was used for image analysis 
and segmentation, and special learning algorithms 
(Pulse-coupled neural networks (PCNN)) were em-
ployed to generate a FEM [2, 6].

Metallic materials with a  polycrystalline structure 
(i.e. composed of single crystals of single crystals) 
are most often subjected to machining, as shown in 
fig.  2. Their plastic deformation can occur by sliding 

and twinning [5]. It should be noted that slip develops 
gradually and starts successively in the planes and di-
rections where the shear stress first reaches, i.e. the 
yield point in shearing. However, due to its anisot-
ropy, it can occur at lower shear stress values in the 
so-called easy slip systems. The effects of plastic de-
formation at the microstructure scale are visible in the 
form of slip bands, consisting of a series of slip lines, as 
shown in fig.  4.

Due to the presence of linear defects known as 
dislocations in the crystal lattice, slip occurs when 
the shear yield stress is several orders of magnitude 
lower. For example, for pure iron, the corresponding  

Fig. 4. Schematic of the shear phenomenon and shear band displa-
cement at the outer chip surface; symbols: a – atomic lattice con-
stant, d – displacement of the shear band, ∆s – width of the shear 
band [5]

Fig. 2. Comparison of material structure length/time scales [16]

a) microscopic image                                      b) synthetic image

Fig. 3. Examples of the DMR obtained based on the optical microscopy image of a two phase steel (a) and synthetic microstructures genera-
ted for WC/Co-10 Co wt % (b) [2, 6]
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shear stress values are 11,000 MPa and 29.0 MPa [5], 
respectively. There are edge, screw, and mixed dislo-
cations; however, in real crystals, real crystals, there 
are mixed dislocations with varying contributions of 
edge and screw components. Dislocation transitions 
through the crystal are the basic mechanism causing 
continuous deformations. Therefore, microstructure 
modelling should take into account the movement of 
dislocations, as in fig. 2.

From the slip band model presented in fig. 4, a di-
mensionless measure of the degree of plastic deforma-
tion–called the shear strain–is determined as γ = Δs/d.

The mechanism of slipping at the micro- and na-
noscale is explained based on molecular simula-
tions (MD) or by using a two-scale model (MD+FEM) 
that considers the effect of dislocations [4, 7, 8]. In 
the case of highly plastic metals, such as pure cop-
per and aluminium, a continuous and stable chip of 
a  few nanometres in thickness is removed, similar 
to conventional cutting, but the components of cut-
ting force, cutting temperature, vibrations, and wear 
of the diamond tool are three to four orders of mag-
nitude smaller [4]. Fig.  5 shows the distribution of  

dislocations in the atomic zone of the material sub-
jected to compression (fig.  5a) and after relaxation 
(fig.  5b) in two time intervals after the scratch test. 
The numbers 1–5 mark visible slip lines related to 
the path of dislocation movement in the atomic zone. 
The scratch depth was 2.0  nm, and the displacement 
of the stylus was 100  nm/s. The penetration of at 
least five dislocations into the material and the pene-
tration of dislocations numbered 1–3 into a continu-
ous area of continuum character are clearly visible. 
In turn, fig.  5b shows that with the progress of the 
tool movement, at least four out of five marked dislo-
cations experience reverse slip and disappear on the 
free surface. These observations indicate that the in-
ternal area of the material adjacent to the slip plane 
does not show a characteristic concentration of slip 
stresses but is subjected to almost constant and large 
compressive stresses. This confirms the role of high 
hydrostatic stresses in facilitating slipping, which is 
commonly observed in the cutting process [5]. Fig. 
5c shows the distribution of normal and tangential 
forces as a function of tool (indenter) speed obtained 
from data collected during grooving with a depth of 

Fig. 6. Scheme of the coupled FEM Eulerian- Lagrangian (ALE) model for orthogonal cutting (a) and generated thermal map in the cutting 
zone (b) [9] 

Fig. 5. Distribution of dislocations in the material under compression (a) and after relaxation (b) determined using multiscale modeling of 
(MD+FEM) type and forces distribution in the scratch test vs. tool speed (c) [4, 7]

a) b) c)

a) b)
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2.0  nm over a length of 100  nm. It is clear from fig.  5c 
that outside the range of plastic flow wave propaga-
tion, the force values decrease rapidly (approximate-
ly above 300 m/s), which corresponds well with the 
transition region from dislocation-induced plastic 
flow of the material to the amorphous crystal state.

Finite Element Method and Hybrid  
FEM-SPH/FEM-DM Simulation

In modelling the cutting process, the most common-
ly used FEM methods are the Lagrangian, Eulerian, 
or ALE (Arbitrary Lagrangian–Eulerian) approaches 
[4, 5], along with many commercial software packages, 
e.g. DEFORM, ABAQUS, ANSYS, and AdvantEdge. In or-
der to obtain reliable simulation results, appropriate 
input data must be provided, including the constitu-
tive equation and suitable finite element mesh fitting 
the specific research object. Fig.  6 shows a scheme of 
the combined FEM simulation of the cutting process, 
where the tool model is presented in the Lagrangian 
domain and the removed material layer in the Eule-
rian domain [9].

This combined FEM model configuration ena-
bles discretisation of the tool with a  mesh size of  
0.005–0.1  mm and a smaller mesh size of 0.005–0.05   

mm in the region where material is transformed into 
a chip. The simulation was carried out as a 3D model 
using the ABAQUS/Explicit software package. An ex-
ample of the application of the FEM ALE method for 
determining the temperature distribution (thermal 

map) in the cutting zone when turning AISI 4340 steel 
with an uncoated carbide tool is shown in fig. 6b.

In practice, though on a smaller scale, FEM simulation 
is used with large spatial elements–so-called voxels–in-
stead of the classic finite element mesh, which allows 
for determining the deformation of the entire object 
during machining. Meshless modelling methods of the 
SPH type (Smooth Particle Hydrodynamics) and hybrid 
FEM-SPH methods [4, 8, 9, 10] are also employed.

An example of a hybrid 2D orthogonal cutting mod-
el, consisting of an SPH particle mesh (upper part) 
and an FEM mesh (lower part), which considers the 
convergence of these two approaches, is shown in 
fig.  7a. A  plane strain model was adopted, described 
by a  Johnson–Cook (JC) type constitutive equation 
and a cumulative damage (decohesion) model of the 
D type material [5]. This means the motion of the SPH 
particles and the FEM mesh elements is completely 
constrained in the Z-axis direction.

Fig.  7b shows the results of the 2D simulation of the 
segmented chip formation model in the orthogonal cut-
ting of the alloy aluminium A2024-351 with the imag-
ing of the distribution of the degree of strain (effective 
plastic strain) and the damage variable. The problem in 
2D modelling using the (SPH+FEM) method is the rela-
tively low efficiency of calculations and the accuracy of 
the prediction of cutting force components, of the or-
der of 50%. For this reason, in 3D models that require 
a very large number of SPH particles, the actual cutting 
speed is intentionally overestimated by a factor of 5, 10 
or 20-times in order to reduce the simulation time [4].

Fig. 8. An FPM model for orthogonal machining of Inconel 718 (a), FPM simulation (b), and experimental result of chip formation (metallogra-
phic image of the chip root) (c) [9]

Fig. 7. 2D simulation model of orthogonal cutting using the (SPH+FEM) method, showing model geometry and boundary conditions (a),  
and 2D simulation of segmented chip formation showing the distribution of effective plastic strain and damage variable (b) [9, 10] and  
method concept according to [20]

a) b)

a) b) c)
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Fig. 7c illustrates the concept of hybrid simulation 
of the cutting process based on the combination of the 
SPH technique for the workpiece and the FEM for the 
tool materials. To determine the temperature distri-
bution in the cutting zone of Ti6Al4V alloy with a WC-
Co tool, a new method of heat transfer between com-
ponent models was developed. By precisely defining 
thermal contact at the chip–tooth contact surface, good 
agreement was achieved with the results of commer-
cial FEM simulation and experimental measurements. 
The calculations were performed on a  GPU (Graph-
ics Processing Unit) to accelerate the computation. 
The Finite Pointset Method (FPM) shares some simi-
larities with the previously discussed SPH method. In 
the 2D FPM model shown in fig. 8a, free particles are 
clearly visible instead of a typical FEM mesh. Notably, 
the tool model is rigid (fixed), and there is no heat ex-
change with the environment, which differs from the  
classical FEM method (fig. 6a). The simulation result 
is illustrated in fig. 8b, showing the geometry of the 
chip formation zone compared to the actual chip root 
tool the quick-stop device.

Modelling of the micro and nano machining 
process

Research on the ultra-precision machining process 
belongs to the dynamically developing, largely new 
branch of machining called micro-cutting/nano-cut-
ting) [1, 5, 6]. In nano-cutting, typical values of the cut-
ting layer thickness are less than 1 µm, and sometimes 
even 1 nm, while the radius of the rounding of the 
edge of a single-crystal diamond tool is in the range of 
1.5–4.5 nm.

In micro-/nano-cutting, the possibility of stock re-
moval results from the scale effect, which can be in-
terpreted in three ways, i.e. as an effect of the cutting 
edge radius scale, the material microstructure scale 
and the material properties [4, 8]. The first case con-
cerns a very small value of the h/rn ratio , the second 
when the grain size is comparable to the radius of the 

cutting edge rounding/the thickness of the cutting 
layer, and the third when the ratio of the size of the 
machined part fragment to the grain size is close to 
1 or the ratio of its surface area to volume increases. 
The effect of these limitations is a strong dependence 
of plastic deformations on the mobility of dislocations 
and there is a need to include dislocations in the defor-
mation mechanism, as in Fig. 4 [4, 5, 6].

The modelling and simulation of the micro-/ nano-
cutting process is performed using the finite element 
method (FEM/MES), especially the ALE (Arbitrary La-
grange-Euler), molecular dynamics (MD ) and multi-
scale simulation (MS) [4, 9]. FEM simulation, e.g. of the 
micro-milling process, is performed in a similar way 
to the traditional process, except that much attention 
is paid to the formation of micro-burrs, component 
forces and heat generation. In the studies of the mi-
cro-/nano-cutting process, special attention is paid to 
the influence of the rounding (sharpness) of the cut-
ting edge on the formation of chips and the formation 
of surface roughness. Experimental studies and com-
puter simulation using the molecular dynamics (MD) 
method are carried out, together with 3D graphic 
visualization software (VMD – visual molecular dy-
namics) [4, 9]. The MD method is basically limited to 
structures composed of a few million atoms and time 
scales down to picoseconds and for this reason it is 
the dominant tool in nanoscale simulations [5, 8, 12]. 
In the experimental phase, the course of plastic defor-
mations is observed on a scanning microscope, which 
is mounted on ultra-precision, miniature lathe with in 
situ measurement of tool setting, coupled. Computer 
simulation includes analysis of stresses, strains, mate-
rial flow and generated heat.

Fig. 9a shows the model of cutting a  single copper 
crystal with a single diamond tool for the dimensions 
of the workpiece with the multiple of the atomic lat-
tice constant (a), which is built of edge, thermostatic 
and Newtonian atoms. Thermostatic atoms conduct 
and remove the generated heat. The entire model of 
the workpiece in fig. 8a contains 43,240 copper atoms 

Fig. 9. MD simulation of machining performance of single copper crystal (a) and atomic scale cutting model of pure copper/aluminium and 
monocrystal SIC using diamond monocrystal tool (b) [4, 5, 12]. PBC – Periodic Boundary Conditions

a) b)



with an fcc crystal lattice, and the tool model contains 
10,992 carbon atoms with a  diamond structure. In 
turn, fig. 9b shows an analogous model used for nano-
cutting of single-crystal SiC. Based on the MD simula-
tion carried out for three values of the cutting edge 
radius (0.5, 1.5 and 5 nm), it was determined that 
the minimum thickness of the cutting layer measured 
with technically achievable accuracy was about 1 nm, 
i.e. 1/20-1/10  of the radius of the cutting edge rounding, 

while the process itself is more energy-intensive be-
cause about 50% of the energy is used for deforming 
the material under the tool, which is much more than 
on a macro scale [4, 5].

A  significant reduction in simulation time (even 
threefold) is achieved using the ARMD (area-restrict-
ed molecular dynamics) based on limiting the area of 
molecular dynamics simulation. The simulation was 
based on the model of dislocation movement in the 

Fig. 10. Grinded workpiece and machined surface generation using (MD+MPM) multiscale modeling system [16] 

b1) b2)

Fig. 11. Multiscale model geometry and a close-up of the atomistic/continuum interface which shows continuum elements, atoms, pad atoms 
and interface atoms (a) and close-up of chip profile for two different tool speed: (b1) 200 m/s; (b2) 800 m/s [7]. Symbols in Fig. 9a: 1 – the 
atom/nodes created the actual interface between the two regions, 2 – mesh elements that lie inside the continuum region created a “pad’’ 
of atoms to couple the atoms to the continuum region, 3 – detection elements, 4 – atoms located in damping band region. The depth of 
scratching is equal to 2.0 nm
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slip zone assuming the existence of zig-zag dislocation 
movement, which consists in their transition from the 
area of contact of the material with the tool, through 
the slip zone, to the free surface. Based on the simula-
tion of the displacement trajectories of working atoms 
and instantaneous values of the temperature of each 
of the atoms in a  cycle of 60,000 steps (correspond-
ing to a  tool displacement of approx. 12 nm), it was 
established that the chip formation at the nanoscale is 
similar to that observed during micro-cutting.

In the case of grinding a  workpiece made of na-
nocrystalline carbon steel with a  content of 1.7 wt  
% C, in the first phase, the microstructure model with 
the initial polycrystalline ferritic structure was sup-
plemented with cementite (Fe3 C) grains as the second 
phase using the MD method, approaching the mac-
roscopic level, as in Fig. 10. The initial 3D-periodic 
system of dimensions 85 × 85 × 85 nm3  containing 
about 200 randomly oriented grains generated in 
the Dream.3D microstructure program was import-
ed to the Matlab simulation package. Then, using the 
MD method on a  larger scale, the grinding process 
was simulated with micro-grains of aluminium oxide  

a-Al2O3, which were placed above the workpiece sur-
face. The particle system was visualized in the OVITO 
program. In the next step, a model of the formation of 
surface microtopography in the mesoscale (fig. 9a) 
was generated using the meshless MPM (material 
point method). In this case, the chip formation and 
process efficiency were observed to be correctly re-
produced on a  large scale. This approach allows the 
process to be optimized with respect to the efficiency 
and surface quality criteria.

In turn, the micro-scale model, and often even nano- 
scale model , is used to study changes occurring in the 
material during the process, e.g. changes in micro-
structure, hardness or dislocation movement, the so-
called multi-scale modelling (MD+FEM) is used, which 
consists in combining the molecular dynamics method 
(MD-molecular dynamics ) with the classical finite ele-
ment method (FEM- finite element method ). Fig. 11a 
shows the geometry of the hybrid multi-scale model 
(MD+FEM) with the atomistic boundary and continu-
um containing continuous elements of the FEM mesh, 
atoms, substrate/pad atoms and atoms on the inter-
face of submodels. Fig. 11b shows the formation of 

a) b)

Fig. 12. A scheme of multiscale model of nanomachining of samples made of pure copper (a) and sample layer structure (b) [4, 15]

Fig. 13. Methodology of multiscale modeling of tungsten carbide grinding with PCD wheel (a) and temperature distribution in the mesoscale 
determined by means of CM and DM modeling techniques (b) [19]

a) b)



a chip at a speed of 200 m/s and 800 m/s and a depth 
of 2.0 nm. Plastic deformations caused by the pres-
ence of slip lines are visible. The chips created have 
a  polycrystalline (b1) or amorphous (b2) structure, 
depending on the cutting speed.

Fig. 12 shows a  scheme of the multiscale model of 
nano-cutting of a pure copper sample, which combines 
FEM and MD modelling [4, 7, 13, 14]. It can be easily 
observed that the contact zone between the tip and 
the sample is modelled as an atomic region (MD re-
gion), while the remaining zone is covered by the FEM 
model. In this way, the initial multiscale model was 
reduced to the 500Å × 500Å × 4a (a  is the Cu atomic 
lattice constant in the fcc structure equal to 3.62 ) with 
about 510 atoms instead of 250,000 atoms in the clas-
sical MD model. The diamond tool is a rigid body mov-
ing with a velocity of 1 /ps [13].

Fig. 13a shows the thermal simulation methodology 
of the grinding process of porous carbide blade inserts 
with a PCD grinding wheel (vc = 10 m/s, vf = 1486 mm/
min) in the presence of a cooling-lubricating liquid and 
the generated thermal maps (fig. 13b), when the CM 
(continuous model of temperature field ) and DM (dis-
continuous model of temperature field) methods were 
used for the micro/ meso-scale simulation [19]. The 
active surface of the grinding wheel was created from 
diamond styluses used in scratch tests with a maximum 
diamond grain size of 180 μm surrounded by a Cr-Cu 
bonding coating. It can be seen that the continuous mod-
el (CM) taking into account all abrasive grains leads to 
the determination of a lower energy expenditure than 
the discrete model (DM). The problem is to determine 
the appropriate parameters describing the flow and 
heat exchange in the porous material-abrasive grain 
system. It is possible to determine appropriate thermal 
maps in the micro scale for a single abrasive grain [19]. 
A similar modelling methodology (based on the Reyn-
olds flow equation) was used to assess the penetration 
of CCS into the chip-tooth contact zone [21].

The presented directions of development and ap-
plication of large-scale modelling and hybrid simula-
tion techniques of the microstructure of the processed 
material and the course of the process developed on 
this basis seem to be future solutions due to their 
practically unlimited possibilities in the selection of 
the scale of description of physical phenomena - from 
atomic to macroscale. Additionally, they enable simu-
lation in time acceptable in engineering research and 
analysis [23, 24].

More information on the usefulness of large-scale 
modelling in plastic, additive and hybrid processing 
can be found in review articles and books [3, 17, 22].
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