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a b s t r a c t

This paper presents a hybrid Smoothed Particle Hydrodynamics (SPH) – Finite Element Method (FEM) 
solver for metal cutting simulations on Graphics Processing Units (GPU). For the first time in chip formation 
simulation, the heat transfer between an SPH model of the workpiece, and a transient FEM temperature 
model for the cutting tool, is established. For validation, the performance of the modeled thermal contact 
between two numerical domains is compared with a commercial FEM software. The sensitivity of the 
implemented SPH-FEM contact parameters is investigated for the first time and further insights into the 
thermal modeling of cutting simulations are generated. Overall, the newly developed hybrid model saves 
the computational time on the cutting tool side in the pure SPH method and enables more efficient high- 
fidelity cutting simulations. By clearly defining the thermal contact at the tool-chip interface, the simulated 
tool surface temperature agrees well with the experimental measurements in the literature.

© 2022 The Author(s). This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).

Introduction

The complexities of metal cutting processes such as large de-
formations, high temperature and the extreme and closed tool-chip 
tribological system restrict the precise measurement of physical 
variables. Quantities such as the temperature around the contact 
interface are difficult to observe in experiments. To solve this pro-
blem and gain a deeper understanding of the process, various 
modeling techniques have been introduced. In particular, numerical 
simulation of machining has become essential for physical para-
meter prediction and process optimization. Comprehensive reviews 
of recent advances regarding the cutting process simulations and 
their applications have been provided by Arrazola et al. [1] and 
Melkote et al. [2]. Owing to the mature theory as well as the com-
mercial software, the Finite Element Method (FEM) is predominantly 
used for numerical modeling of machining processes [3]. However, 
the problem of mesh distortion in highly deformed workpieces and 
the subsequent remeshing consume a lot of computational time, 
which significantly limits the use of fine resolution and thus model 

accuracy. Consequently, the improvements in machining simulations 
are not only based on physical aspects such as advanced constitutive 
and friction models, but also the choice of alternative or more ap-
propriate numerical approaches.

In contrast to the mesh-based simulations, the meshless 
methods discretize the continua into particles without the problem 
of mesh distortion. Over the past decade, several meshless methods 
have attracted attention and been frequently applied to simulate 
the chip formation process. A review of the cutting simulation 
using meshless methods can be found in [4]. Among all meshless 
methods, SPH is one of the most popular methods with the great 
advantage of flexibility in representing large motions and de-
formations. In 1997, Heinstein and Segalman [5] first introduced 
the SPH method to simulate the orthogonal cutting process. Al-
though the promising future of the SPH cutting simulation was 
manifested in terms of representing large deformations of the 
workpiece, it was not until 2007 that Limido [6] approached this 
topic again and used commercial software to simulate the chip 
morphology. Since then, the SPH modeling of large deformation 
problems such as metallic [7–9] and brittle [10,11] material cutting, 
high velocity impact and penetration [12–14] and friction stir 
welding [15] have been widely studied. For the material cutting 
simulation specifically, it is worth mentioning that most of the 
referred models were developed in commercial software including 
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Abaqus© and LS-DYNA©, in which the workpieces were discretized 
into particles while cutting tools were treated as rigid bodies by the 
FEM mesh for only calculating the heat transfer due to the gener-
ated frictional heat. Without any mesh distortion problems, these 
models demonstrated their capability of efficiently dealing with the 
large strain and strain rate problems in the cutting process. How-
ever, the tool-workpiece/chip contacts were not fully connected, 
and the SPH and FEM domains worked in a semi-coupled manner 
in the referred papers. As the FEM domain mainly served as the 
contact boundary for particles, only the mechanical forces were 
considered in simulations, while the heat transfer between tool and 
workpiece/chip was not established. Since plastic deformation 
generates a large amount of heat inside the workpiece, which is 
then redistributed into the cutting tool during machining, simula-
tions that lack the heat transfer at the workpiece-tool interface 
cannot truly represent the real machining process. Thus, the 
aforementioned work largely restricts the further application of the 
SPH cutting simulations. It should be noted that the unavailability 
of the heat transfer between different bodies is a prevalent issue in 
the SPH method, regardless of whether the SPH-SPH or SPH-FEM 
contact is used in the numerical model. More examples can be 
found in the simulation of the Fluid-Structure Interaction (FSI) 
problem, where the SPH-FEM contact was used to establish the 
dynamic interactions between the fluids and solids [16–18]. 
Nevertheless, the thermal interaction between particle-based and 
mesh-based domains was ignored in these FSI models.

In addition to the commercial software and aforementioned SPH 
programs, several other multi-physics SPH solvers have been de-
veloped in recent years [21–24]. Particularly, a thermomechanical 
solver named mfree_iwf was developed by Röthlin et al. [25] at IWF 
of ETH Zürich and has been used to perform fine-resolution material 
separation simulations with the GPU acceleration [26–29,30]. In 
these models, the cutting tool was considered a rigid body and re-
presented by the SPH particles of similar size to that of the work-
piece. The tool boundary for the mechanical contact is defined by a 
rigid body description, while the thermal contact is inherently re-
solved by the particle interactions. As long as the tool particle is 
inside the support domain of the workpiece particle, the heat con-
duction is activated, and the thermal energy is transferred across the 
interface. In this case, the interface between two bodies is treated 
similarly to a perfect contact. A detailed discussion of SPH-solutions 
for thermal field problems is presented by Afrasiabi et al. [19]. 
Nonetheless, several limitations still exist in the current SPH-SPH 
thermal contact modeling. Physically, the perfect contact condition 
is highly questionable. Instead, the existence of thermal conductance 
impedance on the interface in the cutting process has been widely 
studied within the framework of finite element modeling [31–34]. 
Several researchers performed the calibration work of the related 
control parameters and further refuted the perfect contact condition 
[35,36]. Therefore, it is necessary to recheck the thermal contact in 
the current SPH cutting simulations. Numerically, using dense par-
ticles to represent the rigid cutting tool is rather cumbersome. Such 

Nomenclature

γ Rake angle of cutting tool
α Clearance angle of cutting tool
T0 Initial temperature
Tr Reference temperature in Johnson-Cook model
Tm Melting temperature in Johnson-Cook model
q Power source term
cp Specific heat
k Heat conductivity
¯pl Equivalent plastic strain in Johnson-Cook model

pl Equivalent plastic strain rate in Johnson-Cook model
A, B, C Material constants in Johnson-Cook model
n, m Material constants in Johnson-Cook model

0 Reference strain rate in Johnson-Cook model
ρ Density
E Yong’s modulus
ν Poisson ratio
h Uncut chip thickness
hc Thermal contact conductance coefficient
βfri Frictional heat partition coefficient for the cutting tool 

on the contact
μ Coefficient of friction (COF)
T Temperature
n Normal vector on the tool-workpiece interface
χ Taylor-Quinney coefficient
η Proportion of frictional energy converted into heat
vs Relative sliding velocity on the contact
b Volumetric body force
f fri Frictional force
f cont Normal contact force
p Particle
vc Cutting speed
hs Smoothing length in SPH method
q Normalized distance in SPH method
nc Dimension dependent constant in SPH
v Velocity vector

x Position vector
= Cauchy stress tensor
κ Interface stiffness constant
mp Particle mass
Ω Whole computational domain
Ωtool Computational domain for tool
Ωwp Computational domain for workpiece
∂Ω Boundaries for computational domain
t Time
Δt Time step

x Particle spacing in SPH
W, Wc Smoothing kernel, cubic smoothing kernel in SPH 

method
u, φ Trial and test functions in FEM
gN Penetration depth of particle
vc Cutting speed
M Mass matrix in FEM
K Stiffness matrix in FEM
Φ Right-hand-side vector in FEM
i, j Particle index in SPH
T Temperature vector in FEM

y
JC Johnson-Cook flow stress

r Cutting edge radius
l, w Workpiece dimensions

cont Normal contact stress
fri Frictional or tangential contact stress

eij Unit vector between particle i and j
ϕ Arbitrary differentiable scalar
R Thermal conductance resistance
dS Integration over the workpiece-tool interface
n Increment number in numerical methods
f *p Trial force vector
Fc Specific cutting force in orthogonal cutting
Fp Specific passive force in orthogonal cutting
hch,max Maximum chip thickness
hch,min Minimum chip thickness
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a modeling approach does not exploit the nature of meshless 
methods, as they are more advantageous for solving large de-
formation problems. In addition, the inherent smoothing property of 
the SPH method blurs cutting tool boundaries. This limits the pos-
sibility to study tool-workpiece contact areas, such as tool wear. 
Under these circumstances, a better choice or combination of nu-
merical methods should be considered. Consequently, it is necessary 
to reintroduce the SPH-FEM contact in the machining simulation, 
but with the establishment of the thermal link between two nu-
merical domains. The graphical explanation of using a hybrid SPH- 
FEM method for machining simulation is provided in Fig. 1.

Two major objectives are considered in this work. First, based on 
the SPH cutting simulation, the FEM cutting tool, as well as the 
thermal contact between two numerical domains are introduced in 
the mfree_iwf SPH package for GPU accelerated computations. 
Second, the behaviors of the newly established thermal contact are 
investigated within the high-fidelity orthogonal metal cutting simu-
lations. The paper is organized as follows. In Physical modeling, the 
physical model for the metal cutting problem and the contact defi-
nition are introduced. Numerical formulation presents the numerical 
implementation in terms of the governing equations, boundary con-
ditions and thermal contact models. Subsequently, the scheme of GPU 
implementation for the SPH-FEM machining simulation is discussed 
in GPU implementation of FEM domain. Results of Ti6Al4V orthogonal 
cutting simulation discusses the results of high-fidelity metal cutting 
simulations in comparison with the experimental data and results 
from other numerical methods taken from the literature. Finally, 
summaries and further extensions are given in Conclusions.

Physical modeling

Problem statement of metal cutting

The configuration of the 2D orthogonal cutting model is pre-
sented in Fig. 2. In this figure, the geometrical definition of the tool, 
as well as cutting process parameters are illustrated. The detailed 
settings of these parameters are introduced for each model later in 
the paper. The titanium alloy Ti6Al4V is used as the workpiece 

material and uncoated tungsten carbide (WC) is selected as the 
cutting tool. Physical models for the mechanical and thermal pro-
blems of the metal cutting process are discussed in this section.

For the simplification purposes, some assumptions are in-
troduced in this work: 

1) The cutting tool is modeled as a mechanically rigid body in the 
simulation and only the heat transfer problem is solved in the 
tool domain.

2) The heat losses regarding the thermal convection and radiation to 
the environment are not considered. Compared to plastic heat 
generation and frictional heat, the energy exchange on the free 
boundaries of the tool-workpiece system with the environment 
is negligible during the simulated time. This assumption will be 
further discussed in the paper.

3) Physical properties such as density, heat conductivity, specific 
heat and Young’s modulus are treated as temperature-in-
dependent constants.

Governing equations

As for the mechanical problem, the governing equations include 
the equation of continuity, the momentum conservation equation 

Fig. 1. (a) Illustration of the SPH cutting simulation from the work of Afrasiabi et al. [19] and reconstructed here. (b) An example of the FEM modeling from the work of Arrazola 
et al. [20] Copyright (2022), with permission from Elsevier. (c) Conceptualization of the hybrid SPH-FEM metal cutting simulation.

Fig. 2. Configuration of an orthogonal cutting test. Ω stands for the whole compu-
tational domain.
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and the advection equation. In an updated Lagrangian framework, 
these equations can be written in the strong form as:

= ×

= = + ×

= ×

v t

b t

v t

_ in [0, ]

_ in [0, ]

_ in [0, ]

t wp

v
t wp

x
t wp

_ 1

_
(1) 

where ρ is the density, v the velocity vector, = the Cauchy stress 
tensor, b the volumetric body force vector and x the position vector. 
Specifically, the b vector denotes the contact forces between the 
workpiece and tool in the cutting simulation.

The Johnson-Cook (JC) hardening law is implemented to define 
the plastic behavior of the workpiece material. The flow stress is 
given as:

= + +A B C
T T
T T

[ (¯ ) ] 1 ln 1y
JC

pl
n pl r

m r

m

0 (2) 

where A, B, C, n, m are material constants, ¯pl, pl and 0 are the 
equivalent plastic strain, equivalent plastic strain rate and reference 
strain rate respectively. T is the temperature, Tr is the reference 
temperature and Tm is the melting temperature. The values of the JC 
model for Ti6Al4V are inversely calibrated by Klippel et al. [37]
through orthogonal cutting simulations and listed in Table 1.

Regarding the thermal problem, the strong formulation and 
corresponding initial and boundary conditions for workpiece and 
cutting tool are expressed as:

= + ×

= ×
= ×
= ×

= ×
= ×
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where cp is the specific heat, k the heat conductivity, q is the power 
source term, n is the normal vector on the tool-workpiece interface, 
T and T0 are the temperature and initial temperatures respectively. 
The involved domains and boundaries in governing equations are 
represented in Figs. 2 and 3. The heat sources consist of the dis-
sipated energy from plastic deformation qplast and friction qfri. The 
definitions of these two terms are expressed as follows:

=
=

q

q f v

¯plast y
JC

pl

fri fri s (4) 

where χ is the Taylor-Quinney coefficient [38] representing the 
fraction of plastic work converted into heat. This parameter is as-
sumed as 0.9, with the remaining of the plastic energy stored in 
structural changes. η is the proportion of frictional energy converted 
into heat and assumed as 1, which indicates that all the frictional 
energy is converted into the thermal energy. f fri is the frictional 
force and vs is the relative sliding velocity.

The mechanical and thermal properties of Ti6Al4V (Grade 5) and 
WC/Co tool materials are taken from the literature [37,39] and listed 
in Table 2.

Contact algorithm

The interface between workpiece and tool is treated as a sliding 
contact with the exchange of mechanical and thermal energy. The 
frictional stress on the contact is given by the Coulomb’s law in this 
paper:

µ=fri cont (5) 

where μ is the coefficient of friction (COF) and cont is the normal 
contact stress between the workpiece and cutting tool determined 
by the penalty method [40]. To distribute the frictional energy qfri
into the cutting tool and workpiece separately, a contact parameter 
βfri - the frictional heat partition coefficient for the cutting tool is 
introduced [32,35]. For the sake of distinguishing from the global 
heat partition effect in machining theory, “fri” is added in the no-
tation. Thus, the amount of frictional heat partitioned to the tool and 
workpiece are given respectively as:

=

=

q q

q q(1 )
fri tool fri fri

fri wp fri fri (6) 

With the given heat flow qwp tool, the thermal conductance re-
sistance R of the tool-workpiece/chip contact is expressed as a 
function of the existing temperature difference between two contact 
surfaces:

=R
q

T T
wp tool

wp tool (7) 

The associated conductivity on the interface is thus treated as the 
reciprocal of aforementioned thermal impedance [32]. Typically, a 
parameter called thermal contact conductance coefficient hc is used 
in the literature, and the local heat flow on the interface is calcu-
lated:

=q h T T( )wp tool c wp tool (8) 

It should be noted that the modeling of βfri and hc can be com-
plicated. Similar to the COF, thermal contact parameters usually 
depend on local conditions such as material hardening state, sliding 
velocities, surface roughness, temperature, contact pressure, mate-
rial thermal properties and so on [32,33]. For example, sliding ve-
locity dependent phenomenological models for βfri and hc have been 

Table 1 
Johnson-Cook parameters of the workpiece Ti6Al4V provided by Klippel et al. [37]. 

A[MPa] B[MPa] C m n Tr[K] Tm[K]

852 338 0.2754 0.5961 0.148 300 1836

Fig. 3. Illustration of the computational domain around the cutting edge, in which 
Ωtool and Ωwp represent the tool and workpiece respectively. Thermal contacts on the 
workpiece-tool interface ∂Ωwp−tool are treated as boundary conditions for the nu-
merical methods.

Table 2 
Mechanical and thermal properties of workpiece and tool materials in simula-
tion [37,39]. 

Property Unit Ti6Al4V WC/Co

Density ρ kg/m3 4430 15,250
Young’s modulus E GPa 110 –
Poisson ratio ν – 0.35 –
Specific heat cp J/(kg K) 526 292
Thermal conductivity k W/(m K) 6.8 88
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proposed and identified by various researchers in literature [33,41]. 
In this work, the βfri and hc parameters will be assumed as constants 
in order to better investigate their impacts on SPH-FEM cutting si-
mulations.

Numerical formulation

SPH

In the SPH method, the material is discretized into particles that 
do not have strong spatial connections to their neighbors. The cal-
culation of the physical domains depends only on the local particle 
clouds. A brief description of the SPH approximation theory is given 
in the following.

The SPH method is based on the integral interpolant of functions:

=f x f x W x x h dx( ) ( ) ( , )s (9) 

in which W x x h( , )s is the smoothing kernel, and hs is the 
smoothing length that controls the supporting domain of each par-
ticle. The kernel function must satisfy the positive, symmetric and 
normalization conditions in order to comply with the principle of 
partition of unity [42]. A popular choice for the smoothing kernel is 
the cubic spline kernel:

=
+ <

W x x h n

q q q

q q(_ _, )

1 0 1

(2 ) 1 2

0 otherwise

c s c

3
2

2 3
4

3

1
4

3

(10) 

with =q x x hs and nc is a dimension dependent constant. With 
a given spatially discretized domain, the integral form in Eq. (9) is 
replaced by summing up the contributions of each discrete neigh-
boring particle j, and thus the function value at particle i is ap-
proximated:

=f x f x W x x h x( ) ( ) ( , )i j j i j s j (11) 

in which 〈 ⋅ 〉 denotes an approximated quantity in the SPH method. 
For the simplicity, the term W x x h( , )i j s will be shortened to Wij in 
this paper.

For the first derivative of a scalar variable, the direct approx-
imating approach is given by simply deriving both sides of Eq. (11):

=f x f x W x( ) ( )i j j ij j (12) 

while two other formulations are generally preferred in terms of the 
conservation property in many research work [43]:

=f x f x f x W x( ) [ ( ) ( )]i j j i ij j (13a) 

= +f x f x f x W x( ) ( ) ( )i j

j

i
i

i

j
j ij j

(13b) 

where ϕ is any arbitrary differentiable scalar field variable attributed 
to the particle. These first derivative formulations for vectorial field 
variables are made component wise [43] and will not be re-
hearsed here.

For the Laplacian operator in Eq. (3), a widely accepted dis-
cretization is given by Brookshaw [44]:

=f x f x f x
e

x x
W x( ) 2 [ ( ) ( )]i j i j

ij

i j
ij j

2

(14) 

where a unit vector eij between two particles is introduced in the 
approximation.

The detailed mathematical and physical discussion, as well as the 
related continuity theory of SPH derivatives are given in [45,43,42]. 

As a result, the discretized governing equations for the workpiece 
domain are presented:

=

= + +

=

= +

= =
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j i p

2 2

(15) 

Note that stabilizers such as the artificial viscosity [46], the artificial 
stress [47] and the XSPH correction [48] are implemented in the 
mechanical domain in order to overcome the tensile instability 
problems such as the particle clustering and dispersing [49]. The 
details for implementing these stabilizers and the parameter set-
tings can be referred to [27,50].

FEM

As the rigid body assumption is applied to the tool, only the 
transient heat equation is solved in the FEM domain. The heat 
transfer on the workpiece-tool interface is implemented as a Robin 
boundary condition and imposed in the variational form of the 
governing equation in FEM. The finalized formulation for solving the 
temperature field of the cutting tool from Eq. (3) is given as follows:

Seek T ∈ H1(Ω):

+ +

= +

c
dT
dt

d k T d hT d

q d h T d H

S

S, ( )

p

c wp
1

(16) 

in which dS indicates the integration over the workpiece-tool in-
terface and φ is the test function in the FEM.2 Taking the forward 
Euler temporal scheme as an example, the linear system of equa-
tions after the Galerkin discretization of Eq. (16) at time t + Δt is 
expressed in the matrix form of:

+ =
+

t
M

T T
K T

n
n

n 1
n n n

(17) 

where Δt is the time step, n is the increment number, M and K are 
the capacity matrix (mass matrix) and conductivity matrix (or 
stiffness matrix) respectively, and Φ is the right-hand-side (RHS) 
vector in the weak formulation. Specifically, K consists of the sum of 
the Galerkin matrix for the conductive heat transfer as the bilinear 
form (u, φ) ↦ ∫ Ωk ∇ u ⋅ ∇ φdΩ, u, φ ∈ H1(Ω) and the Robin boundary 
at the workpiece-tool interface as (u, φ) ↦ ∫ ∂ΩhcuφdS, u, φ ∈ L2(Ω). 
The modified K matrix keeps the symmetric, positive and definite 
properties as the thermal contact conductance coefficient is always 
larger than zero.

Contact modeling as boundary conditions

The penalty contact algorithm is adopted for giving the boundary 
inputs for both SPH and FEM domains [40]. With the movement of 
the rigid tool boundaries, particles penetrate inside, and thus pen-
alty forces are required to push particles again outside of the tool 
domain. The overall process is established in the following 4 steps: 

1) Determine whether the particle penetrates the tool.
After moving the cutting tool at each time step, SPH particles that 
are located close to the cutting edge will be identified whether 

2 In general, v is used to represent the test function in the FEM. To avoid the de-
nomination conflict with the velocity, φ is used instead.
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they are inside the tool boundaries. As the tool is modeled with 
finite element meshes, judging the contact particle becomes a 
classic “point-in-polygon” problem. In this work, the ray casting 
algorithm [51] is adopted for simplicity. Starting from the par-
ticle, a ray going in any fixed direction will intersect the closed 
cutting tool boundaries for an odd number of times, if the particle 
is “inside” the tool. On the contrary, if the intersection is counted 
in an even number, the particle is judged as “outside” of the tool. 
Examples are given in Fig. 4, in which the rays starting from 
Particle 1 and 2 intersect with the tool boundary 2 and 0 times 
respectively. Thus, these two particles are identified outside the 
tool domain. On the contrary, the ray starting from Particle 3 
intersects with the tool boundary only once. Consequently, Par-
ticle 3 is identified inside the tool domain and will be considered 
in the following steps.

2) Identify the penetration depth gN of particles.
To determine the path particle being pushed outside the tool, the 
closest mesh edge is recognized, and the penetration depth is 
calculated in this step. The classic way is to find the shortest 
distance between the particle p and each boundary edge ∂Ωe, i.e.

= xg x xargminN e p (18) 

and the normal vector of the matched boundary edge is chosen as 
the escaping direction for the penetrated particle.

3) Compute the contact forces.
The normal contact force presented in [52] is used in this work:

=f
m g

t
ncont

p N
p2 (19) 

in which κ is a numerically defined parameter named interface 
stiffness constant, mp is the particle mass and np is the unit vector 
for the escaping path identified in step 2. Specially, the κ value is 
chosen small enough to avoid numerical stability issues and 
varied between 0.01 and 0.1 according to different particle re-
solutions in this work. With the established normal contact force, 
the most straightforward approach to calculate the friction force 
on each particle according to the Coulomb friction law in Eq. (5)
is:

µ=f f
p
fri

p
cont

(20) 

in which μ is the local friction coefficient. The calculated frictional 
force points in the negative direction of the relative sliding ve-
locity vp

s. However, such implementation could yield numerical 
noise and lead to highly oscillatory particles [27]. In order to 
avoid this issue on the tool-workpiece/chip interface, special 
measures need to be taken into account. In this work, the solution 
provided by the LS-DYNA manual [53] is adopted. To begin with, a 
trial force vector f *p is generated:

=f f v m t*p p
fri old

p
s

p
,

(21) 

where f
p
fri old, is the friction force vector computed from the 

previous time step. Afterwards, the local frictional force is fina-
lized by comparing the trial force in (21) and the nominal force in 
(20):

µ µ

µ
=

>
f

f f f

f

f f

f f
¯

*
¯

*

*

if *

if *p
fri p

cont
p p

p

p cont

p cont (22) 

in which the change of sliding direction is dampened by the 
second case in Eq. (22).

4) Share the information between the particle and the matched 
cutting edge.
To establish a “bridge” between two numerical domains, 
boundary edges in the meshed cutting tool are additionally set as 
a group of “segments” for saving and transmitting the thermal 
information on the interface. This approach is similar to the 
“Node-to-Surface” contact discretization in the FEM [54]. On the 
one hand, the temperature information can be shared between 
the established particle-edge pairs in step 2, and the thermal 
contact conductance in Eq. (8) on the interface can be quantified 
accordingly. On the other hand, the generated frictional heat is 
partitioned and distributed between particles and tool edges as it 
is expressed in Eq. (6). For the FEM domain, the shared in-
formation is imposed into Eq. (17), where the K matrix and RHS 
vector are modified for every time step. For the SPH domain, the 
heat flow is attributed to the source term in Eq. (15).

GPU implementation of FEM domain

The details of GPU implementation for the SPH domain can be 
found in [27]. In this paper, only the aspect regarding the FEM im-
plementation and its boundary adjustment will be discussed.

Generally, the GPU implementation of FEM has mainly two 
concerns: the assembly of matrices [55,56] and the matrix-vector 
multiplication [57,58]. Several summaries and practices can be found 
in [59–62]. As memory management is one of the most important 
focuses of scientific computing on GPU, it is necessary to highlight 
the storage format of the sparse FEM matrices at first. In order to 
obtain an optimized memory usage, the Compressed Sparse Row 
(CSR) format is adopted in this work. Taking the cutting tool model 
described in Fig. 2 as an example, there are 2731 nodes within 5240 
triangular elements in total, and 14,446 non-zeros exist in the sparse 
stiffness matrix. As a result, 0.18 MB is required for storing the 
matrix in the double-precision floating-point format. This small 
storage size guarantees the matrix to be called and stored com-
pletely in the L2-Cache of the GPU, which significantly facilitates the 
computational efficiency of the cutting simulation.

Assembly of matrices and adjustment of boundary conditions

In CPU-based computing, typically, the global matrices in FEM 
are sequentially assembled element by element. However, the one- 
thread-per-element approach encounters a race condition on the 
GPU computation, where two or more threads could reach the same 
memory location and update the value of matrices simultaneously. 
In the work of Cecka et al. [55], different methods to avoid the race 
condition, such as the use of the colored mesh or assembly by non- 
zeros have been discussed in detail. As no deformation is present in 
the rigid tool, the matrix assembly is only conducted at the begin-
ning of the simulation. Thus, the one-thread-per-element strategy is 
adopted in combination with the colored mesh for simplicity. In this 
manner, elements in the FEM mesh are randomly marked with 

Fig. 4. Example of the determination whether particles are penetrated inside the tool 
boundaries.
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different colors with the criterion that elements sharing the same 
node must have different colors. An example of a colored FEM mesh 
can be found in Fig. 5, in which ten different colors are used in this 
specific case. The matrix assembly can thus be executed within loops 
over ten different colors.

As discussed in Contact modeling as boundary conditions, the heat 
conductance over the tool-workpiece interface and the frictional 
heat are variables updated for the finite element domain at each 
time step. This adjustment is operated on the boundary elements 
shown in Fig. 5 and conducted color by color. Especially, to reduce 
the loop number of boundary adjustments, boundary elements are 
marked with only five different colors in Fig. 5.

Sparse matrix-vector multiplication (SpMV)

As the triangle mesh is used to discretize the tool, the number of 
non-zeros in each row of the FEM matrices is limited and no larger 
than eight in this specific 2D cutting problem. Thus, the one-thread- 
per-row strategy is used to conduct the SpMV in Eq. (17). Principles 
and examples of the SpMV operation with the CSR format matrix can 
be found in [57,63,58]. It should be recognized that there exist var-
ious parallel reduction methods, which could further reduce the 
runtime of SpVM [64], especially for the large matrix systems. 
However, for the cutting tool modeled in this work, the limited non- 
zero numbers in each matrix row do not indicate further time sav-
ings from parallel reductions.

Two validation tests are provided in Appendix A for the newly 
developed SPH-FEM contact algorithm. The performance of the 
proposed SPH-FEM thermal contact solver is compared with the 
FEM-FEM contact in commercial software. The improvement of the 
computational efficiency by GPU acceleration is also briefly de-
monstrated in the context of heat transfer problems in the solid.

Results of Ti6Al4V orthogonal cutting simulation

Model setups and runtime

For the convenience of comparison, the setups of orthogonal 
cutting simulations are chosen the same as the experimental work in 
[65], in which the cutting test with a speed of 241 m/min is achieved. 
The leapfrog time-stepping scheme is adopted for both the SPH and 
FEM domains in the cutting simulation, which is consistent with the 
previous SPH simulation work in the iwf_mfree [25]. The tool geo-
metries, cutting parameters, and the COF used in the simulation are 
listed in Table 3. The hc and βfri parameters are varied for the sen-
sitivity studies and results are discussed in Sensitivity studies on the 
thermal contact parameters. The experimental results taken from the 
work of Sima et al. [65] are listed in Table 4, and the chip form is 
represented in Fig. 7 in comparison with the simulation result. 
Specifically, the cutting forces are given in the specific form with the 
unit of N/mm, which indicates the forces required for orthogonal 
cutting of 1 mm width of the workpiece. To distinguish from the 
local forces acting on the contact particles in Contact modeling as 

boundary conditions, specific forces are denominated with capital 
letters.

The comparison of the runtime between the hybrid SPH-FEM 
model and the pure SPH model can be found in Table 5. In this study, 
the mesh size for the finite element tool is set to 10 μm, while the 
particle resolution varies between 1.44 and 10.34 μm in the SPH 
models. When the particle size is close to the finite element mesh 
size, the hybrid solver performs slower than the SPH-SPH code. This 
situation may due to the newly implemented contact searching al-
gorithm. However, as the particle dimension decreases, the hybrid 
SPH-FEM solver outperformed the SPH solver, and the simulation 
time reduces by 8–12%. For a better understanding, the GPU kernels 
in the hybrid solver with the particle size as 2.52 μm is profiled by 
the NVIDIA® Nsight™ Systems, and the timeline of the computation 
is summarized in Table 6. It reveals that nearly 99% of the runtime is 
occupied by the SPH-related kernels, while the FEM solver and 
contact algorithms account for less than 1%. Thus, the reduced 
computational time of the hybrid solver is attributed to the elim-
ination of SPH particles in the cutting tool. It can be envisaged that 
the larger the modeled tool size, the more time the SPH-FEM solver 
can save for cutting simulations.

Fig. 6 compares the simulated chip formation at different particle 
resolutions. It can be seen that the serrated chip of Ti6Al4V being 
better captured with finer resolutions in the SPH-FEM solver. Such 
phenomenon has been reported in the pure SPH solver in the past 
[25,66]. Considering the necessity to use the fine resolution particles, 
the hybrid SPH-FEM modeling approach is beneficial for a more ef-
ficient cutting simulation. Since further increasing the particle re-
solution does not significantly affect the chip formation, all the 
cutting simulations in the following are modeled with a particle 
spacing of 1.44 μm, and conducted on the GPU NVIDIA® Quadro® GP 

Fig. 5. Coloring of the FEM tool. Boundary elements are specially marked with red 
color in the left sketch, while the colored tool is represented in the right sketch.

Table 3 
Setups of Ti6Al4V orthogonal cutting simulation. 

Cutting speed vc 

[m/min]
Uncut chip thickness 
h[mm]

Rake angle γ [°]

241 0.1 0

Clearance angle α [°] Cutting edge radius 
r [μm]

COF μ [μ]

11 5 0.35

Table 4 
Experimental results of Ti6Al4V orthogonal cutting test [65]. (The hardening state of 
Ti6Al4V is not mentioned in the reference.) The definitions of chip thickness values 
regarding are graphically presented in Fig. 7 (a). 

Specific cutting force Fc [N/mm] Maximum chip thickness 
hch,max [μm]

193.48 160

Specific passive force Fp [N/mm] Minimum chip thickness 
hch,min [μm]

122.47 87

Table 5 
Comparison of runtime per increment between SPH and SPH-FEM modeling of cutting 
simulation in different particles sizes. 

Particle 
size [μm]

SPH-FEM 
model [ms]

SPH 
model [ms]

Time saving per 
step [%]

10.34 2.3263 2.2285 -4.39
6.82 3.9913 3.9142 -1.9
5.09 5.7908 6.4063 9.61
3.37 11.2869 12.7421 11.42
2.52 20.4824 22.4589 8.80
2.01 31.9559 34.8351 8.27
1.44 52.1489 57.1233 8.71
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100 with a runtime of approximate 4 h. The comparison between the 
simulated and the experimental results of the cutting process can be 
found in Fig. 7.

At the end of this subsection, it should be noted that in order to 
achieve further concurrency on GPU, it is theoretically beneficial to 
introduce multi-streams to calculate the FEM and SPH domains 
concurrently on the GPU after executing the contact algorithm. As 

only the heat transfer problem is solved in the tool, the FEM domain 
occupies only a small part of the computational load of the hybrid 
solver listed in Table 6, the benefit of the multi-streams im-
plementation is very limited in this specific metal cutting simula-
tion. Nevertheless, such a concurrent computation strategy should 
not be overlooked in other potential applications when the com-
putational loads of SPH and FEM domains are comparable.

Sensitivity studies on the thermal contact parameters

Influence of thermal contact conductance coefficient hc

For the sensitivity study, the hc parameter in the cutting simu-
lation varies from 0 to 108 W/(m2K), which covers the available va-
lues in the literature. Temperature profiles with different hc 

parameters around the cutting edge are displayed in Fig. 8 for con-
trast, and two sets of detailed values on the rake face are plotted in 
Fig. 9. According to the temperature at the location 50 μm away from 
the cutting edge in Fig. 9 (a), a small hc value as 104 W/(m2K) leads to 
an almost ‘insulated’ contact, in which the tool is heated up very 
slowly and the input of thermal energy into the tool is pre-
dominantly from the friction. Similar behavior is captured for the 
temperature on the rake face in Fig. 9 (b). As the thermal conduction 
towards the tool is almost prohibited, the temperature on the chip 
side is much higher than that on the tool surface illustrated in Fig. 8. 
These outcomes agree with the observations from the FEM cutting 
simulation in [32]. As the hc value increases from 104 to 5 × 106 W/ 
(m2K), the heat-up of the tool is significantly accelerated, and the 
temperature on the tool surface rises remarkably. In contrast, the 
chip surface in Fig. 8 cools down and tends to reach a temperature 
like that of the tool surface. Further increasing hc has almost no 
influence on the marked nodal temperature value in Fig. 9 and the 
rake face temperature in Fig. 9 (b), as the temperature differences on 
the two sides of contact tend to be negligible in Fig. 8 and the tool- 
workpiece interface has become a nearly ‘perfect’ contact.

Fig. 10 reveals the average cutting and passive forces when dif-
ferent hc values are implemented in the simulation. The predicted 
forces largely differ from the experimental results listed in Table 4. 
Sources of error widely accepted in the machining simulation 
community include the constitutive model for different bunches of 
workpiece materials, friction modeling and the cutting edge geo-
metries [67,68]. Especially, as the passive force is an indicator of the 
quality of the friction model, the friction in the simulation may have 
been strongly underestimated. As the experimental results are taken 
from the literature, the tribological contact conditions are unknown. 
The friction may be particularly large in the experiment since the 
calculated apparent friction coefficient (Fp∕Fc) is about 0.63. Such a 
large apparent coefficient of friction deviates significantly from the 
results of other cutting experiments, which are around 0.3 [69,70], as 
well as the implemented μ = 0.35 in this work. Nevertheless, some 
qualitative remarks can be derived from the qualitative comparison. 
With the increase of hc, both cutting and passive forces exhibit a 
slightly increasing tendency. This trend can be owing to the thermal 
term in the Johnson-Cook constitutive model, where the higher 
temperature in the workpiece softens the material yield strength. 
However, the differences among forces when varying hc are less than 
5%. Such a small value implies that the heat conduction on the in-
terface cannot play a major role in correcting the mispredicted 
forces. On the one hand, the cutting force mainly depends on the 
material deformation in the primary shear zone, which is at least 
hundreds of micrometers away from the tool rake face. Since the 
Ti6Al4V material has a low thermal conductivity, the temperature 
change around the tool-chip contact can hardly affect the accumu-
lated amount of heat and thus the mechanical behavior in the shear 
band region. When simulating machining operations on materials 
with high thermal conductivity, the effect of hc on the cutting force 
may be changed. On the other hand, the passive force which is 

Table 6 
Composition of the run time of hybrid SPH-FEM cutting simulation solver. The particle 
size in SPH domain is 2.52 μm and the minimum mesh dimension in FEM domain is 
10 μm. 

Content Percentage [%]

SPH domain 98.959%
FEM domain 0.088%
Contact algorithm 0.614%
Others (CUDA API, Memory copy, …) 0.340%
Total 100%

Fig. 6. Simulated chip forms with different particle resolutions. Particle sizes are (a) 
10.34 μm, (b) 5.09 μm, (c) 2.52 μm and (d) 1.44 μm respectively. hc is set as 108 W/ 
(m2K), while βfri is set as 0.5 in this particle resolution study. For a better visualization, 
the meshes in the FEM tool are not presented.

Fig. 7. Comparison of simulated and experimental results. (a) Example of simulated 
chip forms with temperature profile. Particle size is 1.44 μm. (b) Serrated chips from 
experiments [65] Copyright (2022), with permission from Elsevier.
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largely influenced by friction cannot show significant variations 
given the different temperature profiles on the contact, as the con-
stant Coulomb friction model is implemented in this work. When a 
temperature-dependent friction model is used in the simulation, 
force values can be remarkably different in the comparison.

As for the chip thickness, quantitatively, the simulated results 
present roughly 12.5% of deviation compared with the reported 
measurement in Table 4. Qualitatively, subtle influences on the 
serrated chip forms are detected in the simulation. The results are 
exhibited in Fig. 11. As the thermal resistance is reduced at the in-
terface, there is a slight increase in the hch,max value, while hch,min 

experiences a minor decrease. Interestingly, the averaged thickness 
remains constant, which seems to agree with the results targeted for 
the continuous chip [32]. Nevertheless, considering that the serra-
tion of the chip in cutting titanium alloys is mainly dependent on the 
constitutive model [66,65,71], the limited influences of hc on chip 
geometries can nearly be ignored in the Ti6Al4V machining 
simulation.

Influence of frictional heat partition coefficient βfri

Five different βfri values (0, 0.25, 0.5, 0.75, 1.0) have been selected 
for the sensitivity study. The temperature evolution of two selected 
nodes is illustrated in Fig. 12, in which three different hc values are 
used to represent different contact conditions. When the thermal 
contact is nearly ‘perfect’ (hc = 108 W/(m2K)), the differences in 
temperature in the tool become very small by varying the βfri para-
meter, as the unevenly distributed frictional heat can be largely 
balanced in a short time. Nevertheless, with weaker thermal con-
ductance on the contact (hc = 105 or 106 W/(m2K)), the βfri parameter 
has a larger effect on the tool temperature, as the frictional energy 
becomes more dominant as a heat source.

Cutting and passive forces are compared for different βfri as well, 
and the results are presented in Fig. 13. The correlation between the 
forces and βfri does not appear to be present in this study, regardless 
of different hc values implemented at the contact. The explanation 
can be given similar to that of the hc sensitivity studies, as the in-
terface is away from the shear plane, and the Ti6Al4V material has a 

Fig. 8. Comparison of temperature profiles in different hc parameters after 1 mm cutting distance. βfri is set as 0.5. To better illustrate the temperature profile in the tool, the finite 
element mesh is not displayed here.

Fig. 9. Comparison of temperature profiles for different hc parameters. βfri is 0.5. (a) Temperature evolution at the location 50 μm away from the cutting edge on the rake face. 
1 mm cutting distance corresponds to 0.248 ms cutting time in this chart. (b) Temperature along the rake face and the location of maximum temperature after 1 mm cutting 
distance.
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very low thermal conductivity. Compared to the limited influences of 
hc, the effect of βfri on process forces can be neglected.

Fig. 14 reports the chip thickness values with different βfri para-
meters. There is no clear evidence that the frictional heat partition 
can influence the shape of serrated Ti6Al4V chips in the SPH-FEM 
simulation, at least during the short cutting time in this study.

Cutting simulations with warm cutting tools
It should be noticed that none of the simulations above has 

reached steady state temperature when the cutting distance is only 
limited to 1 mm. Although the tool temperature depends mainly on 
the thermal diffusion property of the tool material, it cannot be 
determined whether the hc parameter could change the temperature 
profile in the steady state as well in the numerical results. Thus, 
simulations with longer cutting distances are required. Instead of 
modeling the workpiece material with large dimensions, which 
significantly intensifies the computational load, simulations using 
the tool with a warm temperature profile are investigated in this 
paper. The strategy is firstly applied by Guediche et al. [72] and 
explained as follows. After simulating the 1 mm cutting length, the 
acquired tool temperature profile is used as the initial condition for 
the tool to cut the fresh workpiece again. This procedure is repeated 

until the temperature on the rake face does not change notably 
anymore. For simplicity, βfri is set to 0.5 in the simulation. Once 
again, the temperature growths of a rake-face node and an internal 
node, as well as the rake face temperature are exported and shown 
in Fig. 15, where three hc values (2 × 105, 106 and 108 W/(m2K)) are 
used for comparison. Temperature values at these two nodes nearly 
reach the steady state cutting a 16 mm length of material (corre-
sponding to 3.98 ms cutting time), as the increasing trends are 
hardly visible. Evidently, three distinct hc values lead to distinct 
nodal temperature results, and the differences remain nearly un-
changed even before reaching the “plateau” in Fig. 15 (a). In Fig. 15
(b), the locations of the maximum temperature point on the rake 
face are compared. When hc = 108 W/(m2K), the hottest spot moves 
away from the cutting edge towards the middle of the rake face after 
16 mm cutting distance, while this location remains the same when 
hc = 2 × 105 or 106 W/(m2K). Nevertheless, with three different hc 

values, the highest temperature reports at different locations on the 
rake face after 16 mm cutting lengths, which can be attributed to the 
relative dominance of the frictional heat.

Temperature fields after 1 mm and 16 mm cutting lengths are 
given in Fig. 16. With increasing hc, the heated zone in the tool in-
creases evidently. As the thermal energy has reached the Dirichlet 
boundary of modeled tool, the intervention of the heat sink on the 
constant temperature boundary results in a loss of energy 
throughout the model. It can thus be deduced that in the steady 
state, the heat loss through the modeled tool boundary is counter-
balanced by the heat conduction over the tool-workpiece interface 
and the friction. Given the stably generated frictional heat, the 
product of the remaining temperature gap and the hc parameter in 
Eq. (8) should also be approximately constant in the steady state in 
the simulation. Therefore, increasing the hc results in reduced tem-
perature differences between the tool and the chip. To confirm this 
assumption, the temperature step over the tool-chip interface is 
shown in Fig. 17. When hc is set to 108 W/(m2K), the heat gap is much 
smaller than when hc is set to 2 × 105 or 106 W/(m2K). Considering 
that the temperature values of the chip bottom does not vary sig-
nificantly when different hc are used, it can be expected the differ-
ences in tool surface temperature in the three simulations will be 
maintained even at longer cutting distances.

Compared to the results at the cutting length of 1 mm, there are 
small changes in the simulated process forces at the cutting length of 
16 mm as well. With longer cutting lengths, the specific cutting force 
Fc decreases by 1.5%, while the specific passive force Fp drops by 4.8% 
on average when different hc values are implemented. It appears that 
the temperature evolution due to the increased cutting length has a 
relatively greater effect on the passive force than the cutting force. 
As the temperature grows higher in the tool, less amount of heat can 
be dissipated from the deformation zones of the workpiece. As a 
result, the hotter temperature fields lead to more thermal softening 
effects in the Ti6Al4V workpiece and thus reduced process forces. As 
for the chip thickness values, the simulated differences between the 
results at 1 and 16 mm cutting lengths are less than 1%, which are 
insignificant and will not be discussed further in this paper.

Discussion
According to the sensitivity studies presented above, the hc and 

βfri parameters majorly influence the temperature profiles rather 
than process forces or chip geometries in the Ti6Al4V machining 
simulation. Critical roles of the thermal contact conductance coef-
ficient hc in cutting simulations are concluded as follows. On the one 
hand, the hc parameter controls the amount and direction of heat 
flow to the tool surface, thus the heating rate of the tool body. On the 
other hand, the hc parameter also manipulates the temperature on 
the tool surface and the size of the temperature gap at the contact 
when the thermal steady state is reached. Regarding the βfri para-
meter, it redistributes the frictional energy and thus changes the 

Fig. 10. Comparison of cutting and passive forces in different hc parameters. βfri = 0.5. 
The horizontal axis is plotted in logarithmic scale.

Fig. 11. Comparison of chip forms in different hc parameters. βfri = 0.5. The horizontal 
axis is plotted in logarithmic scale.
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temperature profile across the interface. With a strong interface heat 
conduction, the effect of βfri parameter becomes less influential in 
the simulation.

On the contrary, boundary conditions, such as the heat dissipa-
tion to the environment and the tool dimension impact the tem-
perature profiles in the cutting process. Firstly, the omission of 

thermal convection and radiation proposed in Problem statement of 
metal cutting should be examined. It has been reported that the heat 
convection coefficient of the free surface of the tool to the en-
vironment in the dry machining test is below 100 W/(m2K) [73]. This 
leads to the estimation that the heat convection flow per unit area 
would be about hundredths of the transferred energy at the tool- 

Fig. 12. Comparison of temperature evolution of a surface node and an internal node in different βfri parameters. Three hc values (a) 105, (b) 106 and (c) 108 W/(m2K) are selected 
for representing the nearly ‘insulated’, intermediate and ‘perfect’ contact respectively.

Fig. 13. Comparison of cutting and passive forces in different βfri parameters. Three hc values (a) 105, (b) 106 and (c) 108 W/(m2K) are selected as the same in Fig. 12. 
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chip interface, where only an 1 K temperature gap and a small hc as 
105 W/(m2K) are assumed. A similar magnitude can be acquired for 
the thermal radiation as well. As a result, if the convection and ra-
diation boundary conditions are introduced in the cutting simula-
tion, the modeled tool size needs to be much larger compared to the 
one used in Fig. 2. In this case, the heat conduction over the tool-chip 
interface can be counterbalanced, and a thermal steady state in the 
tool can be reached theoretically. Secondly, when the heat is further 
transferred and diffused to a larger area, the temperature rise en-
counters more resistance, and the temperature increasing rate tends 
to be very slow. Considering these two aspects, the long-time si-
mulation with an extremely large tool is practically unfeasible and 
not worthwhile. Instead, using a proper-size tool with reinforced 
heat loss on constant Dirichlet boundaries is more practicable to 
obtain the approximative temperature results.

As it is nearly impossible to accurately determine the boundary 
conditions, it should be admitted that the real hc and βfri values can 
hardly be identified or calibrated by simulations. By tuning the hc 

and βfri values, the approximative temperature profile on the tool 
surface can be undoubtedly produced. Nevertheless, the functions of 
these two parameters in the simulation are hence mainly numeri-
cally oriented instead of representing their real physical properties. 
From a practical perspective, it is suggested that the βfri value can be 
set to 0.5, and the hc parameter is going to be adjusted to fit the 
temperature profile that measured in experiments, provided that the 
measurements are reliable. In order to comply with the thermal 
contact resistance theory [32], the effective hc value in the cutting 
simulation should be in the range of 104 to 5 × 106 W/(m2K). Some 
calibration examples can be found in [36,74], in which thermal 
couples are used to measure the temperature inside the tool body, 
and thereby the hc values are determined in simulation. 

Fig. 14. Comparison of chip forms in different βfri parameters. Additionally, the in-
fluences of three hc values on chip thicknesses, especially for the hch,max value are 
consistent with the result in Fig. 11.

Fig. 15. Simulated temperature results with three hc values (2 × 105, 106 and 108 W/(m2K)) using warm cutting tools. (a) Temperature evolution of a surface node and an internal 
node for 16 mm cutting length(corresponding to 3.98 ms in the line chart), the warm tool strategy is used in this simulation. βfri is 0.5. (b) Temperature along the rake face after 
1 mm and 16 mm cutting distances.

Fig. 16. Temperature profile in the tool with 1 mm and 16 mm cutting length. Results 
with three hc values (2 × 105, 106 and 108 W/(m2K)) are compared.
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Nevertheless, the question arises again whether the boundary con-
ditions in the simulation truly represent the realistic boundary 
conditions.

Some remarks should be made on the results of process forces 
and chip forms. In this study, the simulated force and chip geometry 
values do not vary significantly with the change in thermal contact 
parameters. In the case of simulating materials with high thermal 
conductivity, such as aluminum or copper alloys, or when a 

temperature-dependent friction model is implemented in the ma-
chining simulation, the results of sensitivity studies may change 
accordingly.

Verification by comparison with other numerical models

To further support the explanations above, the Ti6Al4V cutting 
simulation is performed at a typical machining speed, and the SPH- 
FEM modeling results are compared with those of FEM-FEM and 
SPH-SPH simulations, as well as the experimental measurements 
reported in the work of Afrasiabi et al. [28]. The simulation setups, as 
well as material properties are chosen the same as they are listed in 
[28], and important contact and process parameters are provided 
together with the simulated temperature profile in Fig. 18. In parti-
cular, tool dimensions are modeled larger than the one used in Fig. 2. 
Table 7 summarizes the temperature errors obtained from different 
numerical solvers, in which the FEM-FEM model uses the constant 
heat flow towards the cutting tool surface for the time-saving 
reason, while the SPH-SPH model enforces a perfect thermal contact 
on the tool-chip interface. As the pyrometer with a diameter of 330 
μm is used to measure the temperature in [28], the reported tem-
perature values from the SPH-FEM simulation in Table 7 are ap-
proximated using values in a range of 330 μ m around the measured 
target according to the measurement principles explained in [75]. 
Compared to the FEM-FEM and SPH-SPH models, the newly devel-
oped SPH-FEM model reduces the rake face temperature error to a 
large extent. Specifically, the simulation with hc as 5 × 105 W/(m2K) 
nearly reproduces the rake face temperature from the measure-
ments. It is evident that a proper definition of thermal contact can 
promote a better prediction of the interface temperature. This dis-
covery again demonstrates that machining simulation requires a 
tool-chip contact with certain thermal resistances rather than a 
“perfect” contact. However, the predicted chip temperature from the 

Fig. 17. Temperature difference over the tool-chip interface at a cutting length of 16 mm, where the thermal steady states are approximately reached. Temperature values are 
plotted along the bold arrow line across the tool-chip interface.

Fig. 18. Example of verification test of Ti6Al4V machining simulation using hybrid 
SPH-FEM method. The setup of test is kept the same as the one in [28].

Table 7 
Comparison of simulated temperature values in different numerical solvers. 

Experiment [28] SPH-FEM model FEM-FEM model [28] SPH-SPH model [28]

h = 5 × 105 W/ (m2K) h = 108 W/ (m2K)

T [K] T [K] Error [%] T [K] Error [%] Error [%] Error [%]

Rake Face 918 929 1.20 999 8.82 67.73 60.25
Free Chip Surface 692 885 27.89 878 26.88 6.58 10.66

N. Zhang, H. Klippel, M. Afrasiabi et al. CIRP Journal of Manufacturing Science and Technology 41 (2023) 311–327

323



SPH-FEM simulation is much higher than the measured value in 
experiments, which results in a larger error than that of other nu-
merical models. The main reason is that the heat losses on the free 
surface of the generated chip are ignored in this study, while they 
are considered in the FEM-FEM and SPH-SPH models in [28]. Overall, 
this verification test demonstrates the necessity of introducing an 
appropriate thermal contact on the tool-chip interface and the ef-
fectiveness of the newly developed SPH-FEM cutting simulation 
model.

Conclusions

This paper introduces the thermal contact between the SPH and 
FEM domains in the machining simulation for the first time. With 
GPU computing, the SPH-FEM model has proven capable of short-
ening the runtime of high-fidelity machining simulations and de-
cently predicting the physical variables, such as process forces, chip 
geometries and temperature field. To investigate the behavior of the 
contact parameters, a series of cutting simulations are performed for 
the sensitivity studies. Compared with other numerical methods, the 
results of the hybrid SPH-FEM model show better agreement with 
the experimental ones in terms of the tool surface temperature 
prediction. In summary, the main results of this work are given 
below: 

1. Depending on the characteristics of the modeling targets, the 
right choice of favorable numerical methods can be beneficial. By 
replacing the SPH-based cutting tool with an FEM-based one, the 
machining simulation solver has achieved a speedup of about 8%. 
This number roughly corresponds to the workload of computing 
the heat transfer problem of tool particles in the pure SPH 
method. Further time savings can be expected when the tool with 
larger dimensions is used in simulation, or the particle resolution 
is set higher in the SPH domain. In addition, the defined 
boundary in the FEM tool allows further investigation of tool- 
chip contact issues, such as tool wear prediction.

2. The thermal contact conductance coefficient hc and the frictional 
heat partition coefficient βfri on the tool-chip interface mainly 
influence the thermal results in the simulation, such as the heat- 
up rate, the temperature field and the temperature gap on the 
tool-chip contact. This statement is valid regardless of whether 
the steady state is reached or not. The simulated process forces 
and chip geometries can hardly be influenced by these two 
contact parameters. However, the accurate modeling of the hc 

and βfri parameters can be tedious. The simulated steady-state 
temperature field depends on the modeled tool size and the heat 

losses on the surface, such as thermal convection and radiation. 
The complexity of determining the boundary conditions leads to 
difficulties in correctly calibrating the contact parameters in the 
simulation, particularly when the fluids are used in the ma-
chining or contacting thermal sensors are involved in the process 
[76]. As a result, with the given specific tool dimensions and 
boundary conditions, the thermal contact parameters serve pri-
marily as control factors for adjusting the temperature field in the 
system. Nevertheless, even though the original physical meaning 
of these contact parameters cannot be fully reflected in the ma-
chining simulation, their importance should not be disregarded 
in practice. The feasibility of using a large thermal contact con-
ductance coefficient hc to quickly reach the steady thermal state 
may be skeptical.

Several improvements should be considered for the future work. 
First, measurement methods capable of recording the temperature 
at the tool-chip interface, especially around the cutting edge should 
be developed. Reliable data will certainly give a better insight into 
the thermal contact behaviors and allow a more accurate modeling 
of cutting processes. In addition, the analytical approach of modeling 
contact parameters including hc and βfri should be investigated. 
Physical conditions such as the surface roughness, hardening state, 
contact pressure, as well as thermal properties of the contact pair 
should be used as the input to develop advanced thermal contact 
models. What’s more, attention should be paid not only to the 
thermal domain but also to the tribological behavior of the contact 
in the newly developed SPH-FEM cutting simulation algorithm.

CRediT authorship contribution statement

Nanyuan Zhang: Conceptualization, Methodology, Investigation, 
Software, Writing – original draft. Hagen Klippel: Methodology, 
Software, Writing – review & editing. Mohamadreza Afrasiabi: 
Methodology, Software, Writing – review & editing. 
Matthias Röthlin: Methodology, Software. Michal Kuffa: 
Supervison, Writing – review & editing. Markus Bambach: 
Supervison, Writing – review & editing. Konrad Wegener: 
Supervison, Writing – review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing fi-
nancial interests or personal relationships that could have appeared 
to influence the work reported in this paper.

Appendix A. Verification of FEM algorithm on GPU

Validation test for the FEM solver on GPU: heat conduction problem with Dirichlet boundary condition

As illustrated in Fig. 19, a heat transfer bench test for an initial boundary value problem (IBVP) using the forward Euler temporal dis-
cretization is performed to verify the performance of the FEM algorithm on the GPU. The computational intensity of this test is designed to be 
similar to that of the heat transfer problem in the cutting tool such that the related matrices and vectors can be stored in the L2-cache during 
the computing. The in-house GPU code is compared with its CPU version and the commercial software Abaqus/Explicit©. The CPU used for 
testing is AMD® Ryzen 7 3700x, and the GPU is NVIDIA® GeForce® RTX 2060 SUPER™. Details of the boundary values can be found in Fig. 19. 
Tool material (WC) properties from Table 2 are chosen for this test. The time step is set as 1 ms, and the total increment number is 10 million in 
this transient problem test. The temperature evolution of node A at the top left corner shown in Fig. 19 from different numerical solvers is 
compared for the accuracy validation. Three solvers nearly give the identical results for the same triangular mesh and time step size. The 
differences are in the order of 10−5 K and cannot be distinguished in the line charts. Furthermore, the runtime of three algorithms for this IBVP 
test is also compared, and the result is displayed in Fig. 20. On the one hand, two in-house solvers outperform the commercial software as they 
are specially designed for the heat transfer problem. On the other hand, the GPU algorithm achieves a speed-up in the order of 10 when the 
finer resolution is adopted. This speed-up can be further increased, since the performance of the GPU solver is not fully exploited with the 
given computational load.
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Validation test for the SPH-FEM thermal contact modeling: two-body heat transfer problem

In order to validate the thermal contact modeling between the SPH and FEM domains, a two-body heat transfer test using the forward Euler 
method has been performed in this work. As shown in Fig. 21, two contacting square patches are modeled by the FEM and SPH methods 
respectively. The initial temperature for the FEM domain is set as 20 K, while the temperature for the SPH domain is kept at 1000 K constantly. 
Three different hc parameters are introduced, i.e. 106, 107 and 108 W/(m2K) in the test. Tool material properties in Table 2 are selected for the 
FEM domain. The particle size from the SPH domain is set to one-third of the finite element mesh size. The temperature values at node A on 
the interface, as well as the one at an interior node B are computed and validated by the FEM-FEM thermal contact simulation performed in 
Abaqus/Explicit©. It can be discovered from Fig. 21 that two nodal temperature values from the in-house solver are nearly identical to the 
commercial software results, only with minor differences in the order of 10−2 K.

Fig. 19. Bench test of an IBVP heat transfer problem for verifying the GPU computing performance. Material properties are kept the same as the tool material in Table 2. With the 
same mesh resolution, the calculated temperature differences among three solvers are below 10−5 K and cannot be represented in the figure.

Fig. 20. Runtime of three different solvers for the thermal IBVP test. Note that the potential of the present GPU solver has not been fully exploited, as the tangent for the blue line 
is close to zero.
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