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Abstract
In the present study, cutting conditions in face milling of AISI H13 hardened steel were optimized considering the performance of
cemented carbide tool material. The initial microscopic mechanical property of the cemented carbide tool material was analyzed
based on damage mechanics and boundary element method. Taking the initial microscopic mechanical property of the tool
material, the initial macroscopic mechanical property of the tool material and external loads in the cutting process into account,
a new tool life indicator was proposed. On the basis of the characteristics of tool life indicator and specific cutting energy, a
theoretical method was established for the optimization of cutting conditions. The optimum cutting conditions were distinguished
for different milling conditions. Feed per tooth fz with a value around 0.2 mm/tooth and cutting speed v ranging from 150 to 250m/
min should be used in symmetric milling to acquire a relatively long tool life and relatively low energy consumption. In down
milling, feed per tooth fz should be in the range of 0.15 to 0.2 mm/tooth and cutting speed v should be between 100 and 200m/min.
Feed per tooth fz close to 0.2 mm/tooth and cutting speed v between 200 and 300 m/min should be adopted in up milling.

Keywords Cutting conditions . Optimizationmethod . Hardmilling . Cemented carbide tool material

1 Introduction

Milling has been extensively used tomanufacture critical parts
in industry. Being a typical kind of milling method, face mill-
ing has been widely applied for the acquisition of surfaces
with high geometric accuracy. In face milling of hardened
steel, relatively severe mechanical and thermal impacts arise
due to the intermittence in the cutting process and high hard-
ness of the workpiece. Because of this, fracture tends to be the
main failure mechanism of cemented carbide tool. Therefore,
the cemented carbide tool life in hard milling has been a crit-
ical concern for many researchers. Taking into account envi-
ronmental problems, there is growing concern about energy
consumption in the manufacturing industry. Specific cutting
energy can be defined as the energy required in removing a

unit volume of workpiece material as reported by Shaw [1]. It
can be used to characterize the energy consumption in the
cutting process of face milling. Both tool life and specific
cutting energy can be used to evaluate the performance of
the cemented carbide tool material in face milling of hardened
steel. For the purpose of maximizing the utilization of the
cemented carbide tool material, tool life and specific cutting
energy should be considered at the same time in the optimi-
zation of cutting conditions.

A great amount of studies [2–5] have been conducted by
researchers to analyze tool lives and tool failure mechanisms
in hard milling. Much valuable information can be drawn
from these previous studies. However, relatively few re-
searches [6–8] were carried out in the field of face milling of
hardened steel. Ultra-high-speed face milling of hardened
steel was performed by Liu et al. [6], and it was found that
the main tool wear types varied as the combination of tool
material and workpiece changed. The influencing mecha-
nisms of chip formation on cutting tool edge wear were ana-
lyzed by Cui et al. [7]. Siller et al. [8] analyzed the cutting
performance of a carbide tool in high-speed face milling of
hardened steel. The analysis results indicated that acceptable
tool lives and surface roughness Ra ranging from 0.1 to
0.3 μm can be obtained at the same time.
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It can be found from the abovementioned studies that many
experimental analyses were performed to assess tool lives and
investigate tool failure mechanisms. Most of the investiga-
tions of tool failure mechanisms focused on the macroscopic
mechanical properties of the cutting tool material and the ef-
fects induced by external loads. The tool failure is mainly
dominated by the initial state of the tool material and the
external loads. The initial state of the tool material involves
the microscopic and macroscopic mechanical properties of the
initial tool material. Therefore, the microscopic mechanical
properties of the tool material, the macroscopic mechanical
properties of the tool material, and external loads should all
be considered in the researches relevant to tool life and tool
failure mechanisms.

There existed many valuable researches on energy con-
sumption [9–11] in milling. However, relatively few studies
[12] on specific cutting energy were carried out in the field of
face milling of hardened steel. Gao et al. [12] analyzed spe-
cific cutting energy and parameter optimization in
micromilling of steel. The analysis results can be used to pro-
long tool life and improve machining quality.

It can be concluded from the previous researches on tool
life and specific cutting energy that scant studies of hard mill-
ing were conducted with both tool life and specific cutting
energy considered. Tool life and specific cutting energy are
two important factors in evaluation of the performance of the
cemented carbide tool material. It is of great value for the
efficient use of the cemented carbide tool material to explore
the optimum cutting condition where relatively long tool life
and relatively low specific cutting energy appear
simultaneously.

In the present work, the performance of cemented carbide
tool material is evaluated and predicted for the optimization of
cutting conditions in face milling of AISI H13 hardened steel.
Based on the analysis of the initial state of the cemented car-
bide tool material, a tool life indicator is proposed considering
the initial microscopic mechanical properties of the tool ma-
terial, the initial macroscopic mechanical properties of the tool
material, and external loads in the cutting process. The tool
life indicator and specific cutting energy are calculated, and
characteristics of them are distinguished for different milling
conditions. According to the characteristics of both tool life
indicator and specific cutting energy, a theoretical method is
put forward for optimizing the cutting conditions in face mill-
ing of hardened steel. The optimum cutting conditions are
identified for up milling, down milling, and symmetric
milling.

2 Experimental procedures and simulations

2.1 Experimental procedures

Face milling of hardened steel was conducted in the present
work. Uncoated cemented carbide tools were utilized as the
cutting inserts which were clamped into the face milling cutter
body. The diameter of the milling cutter was 63 mm. Major
cutting edge angle (κr) 75°, axial rake angle (γρ) − 6°, and
radial rake angle (γf) − 7° were provided by the milling cutter.
A block of AISI H13 steel with a hardness ranging from 45 to
47 HRC was used to be the workpiece in face milling.
Material properties of the cutting insert and workpiece are
shown in Tables 1 and 2, respectively. All the face milling
tests were performed on a CNC machining center in dry cut-
ting condition as shown in Fig. 1.

Symmetric milling, down milling, and up milling were
adopted in the milling tests. There are mainly four cutting
parameters such as cutting speed, feed per tooth, radial depth
of cut, and axial depth of cut. Radial depth of cut is greatly
influenced by the workpiece size. Axial depth of cut is
mainly dominated by technological requirements.
Considering these, two other parameters, namely, cutting
speed and feed per tooth, are concentrated on in this work.
Radial depth of cut (ae) and axial depth of cut (ap) were kept
the same for each kind of milling condition. ae and ap were
set to be 30 and 0.3 mm, respectively. Cutting speed v ap-
plied in the work was in the range of 100 to 300 m/min at
an interval of 50 m/min (100, 150, 200, 250, 300 m/min).
Feed per tooth fz ranging from 0.1 to 0.3 mm/z (0.1, 0.15,
0.2, 0.25, 0.3 mm/z) were utilized. It can be deduced that
there existed 25 different combinations of cutting parameters
for each milling condition.

In the milling experiments, each test was replicated three
times. During the cutting process, the cutting forces were
measured and recorded using a Kistler piezoelectric dyna-
mometer as shown in Fig. 1. The sampling frequency of the
cutting force was set as 10,000 Hz. The cutting tools in the
milling tests were examined periodically using a digital mi-
croscope. The tool life was recorded when the tool flank wear
reached or was larger than 0.3 mm.

2.2 Boundary element simulation and finite element
simulation

A boundary element method (BEM) was utilized in the
analysis of the initial state of the cemented carbide tool

Table 1 Material properties of the
cutting tool Density

(103 kg m−3)
Poisson ratio Thermal conductivity

(W m−1 K−1)
Thermal expansion
(10−6 K−1)

Cutting insert 14.37 0.22 74.35 4.46
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material. BEM is a boundary-type method, in which the
partial differential equations (PDE) are transformed into
integral equations called boundary integral equations
(BIEs). The problems are solved based on the discretized
BIEs, and the problem dimension is reduced by 1. Only
the surface elements are used to discretize the boundary of
model. Figure 2 shows the schematic of the three-
dimensional model that was studied using the multi-
domain BEM algorithm. In the present work, a represen-
tative volume element (RVE) was focused on in the anal-
ysis of the cemented carbide tool material. The grains and
gas cavities of the tool material were modeled as cubes
and spheres, respectively. The diameter of the sphere was
equal to the length of the cube. The sizes of grain WC,
binder phase Co, and gas cavity were calculated and de-
termined according to the scanning electron microscopy
(SEM) analysis of the tool material and the phase compo-
sitions of the tool material. Boundary conditions and
mesh of the three-dimensional model are shown in
Fig. 3. To determine Young’s modulus, the RVE was
stretched in the x-direction. The tensile force FT was im-
posed in the x-direction, and displacement constraint was
set on the RVE. In the multi-domain BEM, the domains of
the grain WC and binder phase Co were discretized with
the surface elements as shown in Fig. 3. Grain WC and
binder phase Co were considered to be elastic. Their ma-
terial properties were set on the basis of the work by
Sadowski and Nowicki [13]. The elastic moduli of WC
and Co were set to be 700 and 210 GPa, respectively.
Their Poisson ratios were 0.24 and 0.30, respectively.

Finite element simulation of face milling was carried out to
acquire cutting forces and tool stresses. Lagrangian formula-
tion in the DEFORM-3D package was applied for the simu-
lation. For different milling conditions such as up milling,

down milling, and symmetric milling, simulation was per-
formed for each combination of cutting parameters. Figure 4
shows the schematic of the simulation of face milling. It can
be found from Fig. 4 that the geometry of the workpiece was
simplified for enhancing the efficiency of simulation. The
boundary conditions in the simulation were set according to
the experimental setup in the milling tests. Tetrahedron ele-
ments were utilized for the mesh of cutting tool and work-
piece. The contact area between the cutting tool and the work-
piece was refined for both of them. During the simulation
process, re-meshing technology was used for the mesh of
the workpiece. For the purpose of modeling the deformation
behavior of the steel under consideration, the Johnson-Cook
constitutive equation was utilized and it can be defined as

σ ¼ Aþ B ε
� �nh i

1þ Cln ε
⋅

= ε0

⋅ !" #
1−

T a−T r

Tm−T r

� �m� �
: ð1Þ

In Eq. (1), σ, ε, ε
⋅
, and Ta are employed to represent shear

stress, shear strain, shear strain rate, and absolute temperature,
respectively. Parameters such as yield strength (A), hardening
modulus (B), strain rate sensitivity (C), strain hardening expo-
nent (n), thermal softening coefficient (m), reference plastic
strain (ε0

⋅
), reference temperature (Tr), andmelting temperature

(Tm) have substantial influence on the material properties of
the steel. On the basis of the work by Chen et al. [14], the
crucial parameters were adopted as A = 715 MPa, B =
329 MPa, C = 0.03, n = 0.28, and m = 1.5. The average values
of resultant cutting forces in the cutting period obtained in
finite element simulation (Fas) and milling tests (Fat) were
compared to validate the simulation accuracy. Deviation De

was used to evaluate the difference between Fas and Fat. De

can be acquired using the following equation:

Table 2 Material properties
of the workpiece

Density
(103 kg m−3)

Elastic modulus
(GPa)

Poisson ratio Thermal conductivity
(W m−1 K−1)

Thermal expansion
(10−6 K−1)

Workpiece 7.78 208 0.27 28.40 10.40

Fig. 1 Experimental setup in the
milling tests
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De ¼ Fas−Fat

Fat
⋅100% ð2Þ

As an example, Fig. 5 shows the comparisons of the sim-
ulated and experimental cutting forces in symmetric milling. It
can be observed from Fig. 5 that the simulated and experimen-
tal values were fairly close to each other, which demonstrates
the simulation accuracy to some extent.

3 Results and discussion

3.1 Analysis of the initial microscopic mechanical
property of cemented carbide tool material

In the present work, the initial microscopic mechanical prop-
erty of the cemented carbide tool material was evaluated in
terms of the tool material damage. The tool material damage

Fig. 2 Schematic of the model
used in boundary element
simulation

Fig. 3 Boundary conditions and
mesh of the three-dimensional
model
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was considered to be a scalar. The degradation of the elastic
modulus of the tool material can be used to define the material
damage as stated by Lemaitre and Lippmann [15]. The corre-
lations between the stress σ and strain ε of the tool material
without damage can be expressed as

σ ¼ Eε ð3Þ
where E is the elastic modulus of the tool material with no
damage. For the tool material with certain initial damage, the
relationships between stress σd and strain εd can be defined as

σd ¼ Edεd ð4Þ
where Ed is the elastic modulus of the tool material with cer-
tain initial damage Di. The following equation can be utilized
to describe the relations between E, Ed, and Di:

Ed ¼ E 1−Dið Þ ð5Þ

Thus, the initial tool material damageDi can be deduced as

Di ¼ 1−
Ed

E
ð6Þ

It can be inferred from Eq. (6) that E and Ed should be
predetermined to acquire the value of Di.

The material porosity has substantial effects on the elastic
modulus and the initial damage of the tool material. In the

present study, boundary element simulations of tensile test
for the RVE shown in Fig. 2 were carried out to acquire elastic
moduli of the tool material with and without gas cavities. RVE
with no gas cavities was utilized in the analysis of E. Ed was
obtained based on RVE with a certain amount of gas cavities.

In the multi-domain BEM, the boundary integral equation
for each domain in RVE can be written in the following form
with the absence of body forces:

Ciju j Pð Þ þ ∫ST ij P;Qð Þuj Qð ÞdS Qð Þ ¼ ∫SUij P;Qð Þt j Qð ÞdS Qð Þ
i; j ¼ 1; 2; 3 P;Q∈S

ð7Þ

where uj(Q) and tj(Q) are the displacements and stress vectors
at points on the boundary and Uij(P,Q) and Tij(P,Q) are funda-
mental solutions and can be given as following, for the three-
dimensional case:

Fig. 5 Comparisons of the simulated and experimental cutting forces
(symmetric milling)

Fig. 4 Schematic of finite element simulation of face milling

Fig. 6 Typical values of the elastic moduli obtained by means of
simulation and tensile tests (tool material A: the volume fraction of
cobalt was 6.3%, the tool material porosity was 1.7%, and the grain
size was 1.9 μm; tool material B: the volume fraction of cobalt was
10.8%, the tool material porosity was 1.8%, and the grain size was
2 μm; tool material C: the volume fraction of cobalt was 12.2%, the
tool material porosity was 2.1%, and the grain size was 2.4 μm)

Fig. 7 Three kinds of spatial distributions of gas cavities with different
clustering degrees (the volume fraction of cobalt was 10.8%, the grain
size was 2 μm, and the tool material porosity was 1.2%)
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Uij P;Qð Þ ¼ 1

16πG 1−νð Þr 3−4νð Þδij þ r;ir; j
� 	 ð8Þ

Tij P;Qð Þ ¼ 1

8π 1−νð Þr2
∂r
∂n

1−2νð Þδij þ r;ir; j

 �þ 1−2νð Þ njr;i−nir; j


 �� �

ð9Þ
where G and ν are the elastic constants of the material, r
represents the positional vector with its origin at point P and

its end at pointQ, and n is the outward normal to the boundary.
Discretizing the boundary using the linear quadrilateral el-

ements, the discretized format of Eq. (7) can be obtained as

Ciju j Pð Þ þ ∑
Ne

k¼1
∑
M

l¼1
uk;lj ∫Sk T ij P;Q ξ; ηð Þð ÞNl ξ; ηð Þ J ξ; ηð Þj jdS ξ; ηð Þ

� 


¼ ∑
Ne

k¼1
∑
M

l¼1
tk;lj ∫SkU ij P;Q ξ; ηð Þð ÞNl ξ; ηð Þ J ξ; ηð Þj jdS ξ; ηð Þ

� 


ð10Þ
where Sk represents the kth boundary element, Ne represents
the total number of elements, M represents the number of

nodes per element, and uk;lj and tk;lj are the displacement and

traction components of the lth node of the kth element, respec-
tively. In Eq. (10), the near-singular integrals should be com-
puted accurately and efficiently when the source point P is
close to but not on the surface element of integration. For
modeling the composite materials, the near-singular integrals
arise due to the many thin regions, such as the binder phase Co
as shown in Fig. 2. The computing of the near-singular inte-
grals can be carried out according to the studies by Cruse and
Aithal [16].

With the collocation point P being placed at all nodes, the
set of equations can be written as

Hu¼Gt: ð11Þ

Considering the boundary nodes which are on the interface
or not, Eq. (11) can be partitioned into blocked matrix equa-
tions as

HBB HBI

HIB HII

� �
uB
uI

� 

¼ GBB GBI

GIB GII

� �
tB
tI

� 

ð12Þ

where the subscripts B and I denote that the prescribed quan-
tities are associated with the nodes on the boundary and the
interface, respectively. On the boundary, either displacements
or tractions (but not both) are known at every node. But the
displacements and tractions (uI and tI) are all unknown at

(a) Gradient distribution of gas cavities (type G1). 

(b) Gradient distribution of gas cavities (type G2).  

(c) Gradient distribution of gas cavities (type G3). 

Fig. 8 Three different types of gradient distributions of gas cavities (the
volume fraction of cobalt was 10.8%, the grain size was 2 μm, and the
tool material porosity was 1.2%). a Gradient distribution of gas cavities
(type G1). b Gradient distribution of gas cavities (type G2). c Gradient
distribution of gas cavities (type G3)

Fig. 9 The initial tool material damage Di obtained at five different tool
material porosities (the volume fraction of cobalt was 10.8%, the grain
size was 2 μm)
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every node on the interface. Therefore, the continuity condi-
tions should be imposed on the interface where the displace-
ments are identical and the tractions are equal and opposite in
direction between the domains of the grain WC and binder
phase Co.

Young’s modulus of the RVE is estimated according to
the average tensile stress and average tensile strain in the x-
direction. In Eq. (10), the boundary element matrices can be
obtained by computing the integrals with numerical quadra-
ture. However, the boundary element matrices are fully pop-
ulated. Computing and storing the matrices involve a numer-
ical cost of order O(N2) which scale quadratically with re-
spect to the degrees of freedom. Taking the computation
scale of the present problem into consideration, the fast mul-
tiple method (FMM) is used to accelerate the solution of
multi-domain BEM for the RVE of the cemented carbide
tool material. With the FMM, the solution time and the
memory requirement are reduced from order O(N2) to
O(N), if the iterative solver is used. The FMM for 3D
elastostatic problems under consideration is performed based
on previous researches by Yoshida [17].

On the basis of the multi-domain boundary element
method discussed above, elastic modulus (E) of the tool
material without gas cavities and elastic modulus (Ed) of
the tool material with certain amount of gas cavities can
be obtained. The simulated and experimental values of the
elastic moduli of the tool material were compared to val-
idate the accuracy of the simulation method. Figure 6
shows several typical values of the elastic moduli obtain-
ed by means of simulation and tensile tests. The simulated
elastic moduli were acquired based on a RVE with ran-
dom spatial distribution of gas cavities. Figure 6 indicates
that the simulated and experimental elastic moduli of the
tool material were fairly close to each other. The simulat-
ed values were slightly higher than the experimental
values, which can be attributed to the orderly arrangement
of grains and the regular shape of grains and gas cavities
in the RVE.

Based on the proposed theoretical method for the cal-
culation of material damage, the influences of tool mate-
rial porosity and spatial distributions of the gas cavities on
the initial damage of the cemented carbide tool material
were analyzed and identified. As for the cemented carbide
tool material under consideration, the volume fraction of

Fig. 10 The initial tool material damage Di obtained for three kinds of
spatial distributions of gas cavities with different clustering degrees (the
volume fraction of cobalt was 10.8%, the grain size was 2 μm, and the
tool material porosity was 1.2%)

Fig. 11 The initial tool material damage Di obtained for three different
types of gradient distributions of gas cavities (the volume fraction of
cobalt was 10.8%, the grain size was 2 μm, and the tool material
porosity was 1.2%)

Fig. 12 The typical evolutions of tool life indicator Tin in cutting period
(symmetric milling, v = 200 m/min, ap = 0.3 mm, ae = 30 mm, fz =
0.2 mm/z)

Fig. 13 The typical evolutions of specific cutting energy Es in the cutting
period (symmetric milling, v = 200 m/min, ap = 0.3 mm, ae = 30mm, fz =
0.2 mm/z)
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cobalt was 10.8% and the grain size was 2 μm. Five
different values of tool material porosity (0.6, 1.2, 1.8,
2.4, 3%) were studied in the analysis of the effects in-
duced by tool material porosity. In the study of tool ma-
terial porosity, the gas cavities follow random spatial dis-
tribution. Clustering and gradient spatial distribution of
the gas cavities were investigated when analyzing the in-
fluences caused by spatial distributions of gas cavities.
Figure 7 presents three kinds of spatial distributions of
gas cavities with different clustering degrees. Schematics
of three different types of gradient distributions of gas
cavities are shown in Fig. 8.

Figure 9 shows the initial tool material damageDi obtained
at different tool material porosities. It can be found from Fig. 9
that as tool material porosity increased from 0.6 to 3%, Di

became larger. It can also be observed that the increasing rate
of Di became lower as tool material porosity grew larger.
Figure 10 shows the initial tool material damage Di obtained
for three kinds of spatial distributions of gas cavities with
different clustering degrees. It can be seen from Fig. 10 that
the largest value of Di appeared when the gas cavities were of
relatively high clustering degree. Figure 11 exhibits the initial
tool material damage Di acquired for three different types of
gradient distributions of gas cavities. It can be observed from
Fig. 11 that a relatively larger gradient of the gas cavities
resulted in higher values of Di.

3.2 Characteristics of the tool life indicator
and specific cutting energy under different milling
conditions

The failure of cemented carbide tool in hard milling is
mainly influenced by the initial microscopic mechanical
properties of the tool material, the initial macroscopic me-
chanical properties of the tool material, and external loads
in the cutting process. These three factors should all be
considered in the proposal of the tool life indicator. It has
been discussed that the initial microscopic mechanical
properties of the tool material were represented by the
initial damage of the tool material. The effects of external
loads on the cutting tool can be evaluated using tool stress
in the cutting process. In the present study, tool stress was
obtained by means of finite element simulation. The ini-
tial tool material damage and tool stress can be combined
on the basis of the concept of damage equivalent stress,
and damage equivalent stress can be used to identify the
fracture of the material as indicated by Lemaitre and
Desmorat [18]. Taking the initial tool material damage

(a) Tinm in symmetric millling 

(b) Tinm in down millling 

(c) Tinm in up millling 

�Fig. 14 The fitted contour maps for Tinm obtained under different milling
conditions. a Tinm in symmetric milling. b Tinm in down milling. c Tinm in
up milling
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Di and tool stress tensor σ into consideration, damage
equivalent stress σ* can be defined using the following
equation:

σ* ¼ 1þ νð Þ σh iþ : σh iþ−ν trσh i2

þ 1−Di

1−hDi
1þ νð Þ σh i− : σh i−−ν −trσh i2

h i

8>>>><
>>>>:

9>>>>=
>>>>;

1=2

ð13Þ

where ν is the Poisson ratio of the cemented carbide tool
material and h is usually on the order of 0.2. Compressive
strength is a critical macroscopic mechanical property of
brittle and quasi-brittle materials. Compressive strength
Scom can be used to assess the macroscopic mechanical
property of the cemented carbide tool material. When
the tool material was under pure compressive stress σc,
Eq. (13) for σ* will change to the following form:

σ* ¼ 1−Di

1−hDi

� �1=2

σcj j ð14Þ

Considering Eqs. (13) and (14), the value of the pure com-
pressive stress σc can be obtained as

σc ¼ 1þ νð Þ σh iþ : σh iþ−ν trσh i2

þ 1−Di

1−hDi
1þ νð Þ σh i− : σh i−−ν −trσh i2

h i

8>>>><
>>>>:

9>>>>=
>>>>;

1=2

1−Di

1−hDi

� �−1=2

ð15Þ

Based on Eqs. (14) and (15), a tool life indicator Tin can be
proposed as

T in ¼ σcl

Scom
¼

σ*
ml

1−Di
1−hDi

� �−1=2
Scom

ð16Þ

where σ*ml is the largest value of damage equivalent stress
σ* in each hard milling condition. It can be found that σcl
can be acquired on the basis of σ*ml and Di. It can be
inferred from the formula for tool life indicator Tin that a
lower value of Tin indicates longer life of the cemented
carbide tool. The value of tool life indicator Tin is closely
related to the initial tool material damage Di, compressive
strength Scom of the tool material, and tool stress σ.
Therefore, it can be deduced from Eq. (16) that the effects
of the initial microscopic mechanical properties of the tool
material, the initial macroscopic mechanical properties of the
tool material, and external loads in the cutting process on the

(a) Nt in symmetric millling 

(b) Nt in down millling 

(c) Nt in up millling 

�Fig. 15 Experimental tool lives Nt obtained under different milling
conditions. a Nt in symmetric milling. b Nt in down milling. c Nt in up
milling
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cutting tool are integrated in the formula for tool life indi-
cator Tin.

A specified cemented carbide tool material was used for
analyzing the characteristics of the tool life indicator and spe-
cific cutting energy. Porosity of the tool material was 1.2%.
The gas cavities were considered to follow random spatial
distribution in the RVE. The volume fraction of cobalt was
10.8%, and the grain size was 2 μm. The initial tool material
damageDi was acquired as 0.0051. The evolutions of tool life
indicator Tin in the cutting process can be obtained based on
Eq. (16). Being an intermittent cutting process, milling con-
tains cutting periods and non-cutting periods. The evolutions
of Tin in cutting periods are concentrated on in the present
work. It was found that when the milling condition (symmet-
ric milling, down milling, and up milling) changed, Tin exhib-
ited different evolving trends. As an example, Fig. 12 shows
the typical evolution process of tool life indicator Tin in cutting
period for symmetric milling. Figure 12 indicates that peak
values of Tin appeared as the cutting tool cut into (Tina) and
cut out (Tinb) of the workpiece during symmetric milling. In
down milling, it was found that the peak value of Tin arose
only when the tool cut into (Tina) the workpiece. Conversely,
the peak value of Tin emerged only when the tool cut out (Tinb)
of the workpiece in up milling. It was found that the value of
Tina was the largest in symmetric milling and down milling.
However, in up milling, Tinb had the largest value. In other
words, the maximum value Tinm of the tool life indicator was
Tina in symmetric milling and down milling. In up milling, the
maximum value Tinm became Tinb.

Cutting speed v has a much greater value than feed rate f
does in the hard milling process. Considering this, specific
cutting energy Es can be described using the following formu-
la:

Es ¼ ΔEc

ΔV
¼ Fc⋅v⋅Δt

Ac⋅v⋅Δt
¼ Fc

Ac
¼ Fc

ac⋅aw
J=mm3

 � ð17Þ

where Ec is the energy consumed in removing the workpiece
material, V is the volume of the removed workpiece, Fc is the
tangential cutting force, Ac is the area of the cutting zone, v is
the cutting speed, t is the cutting time, ac is the uncut chip
thickness, and aw is the cutting width. It can be deduced from
Eq. (17) that the specific cutting energy Es is dominated by
tangential cutting force Fc, uncut chip thickness ac, and cut-
ting width aw. In the present work, Fc was calculated from the
simulated cutting forces. It should be noted that Fc and ac
change with the increase of cutting time t. Subsequently, spe-
cific cutting energy Es evolves as cutting time t grows larger. It
was found that the evolving trend of Es varied as the milling

(a) Eas in symmetric millling 

(b) Eas in down millling 

(c) Eas in up millling 

�Fig. 16 The fitted contour maps for Eas obtained under different milling
conditions. a Eas in symmetric milling. b Eas in down milling. c Eas in up
milling
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condition changed. As an example, Fig. 13 presents the typical
evolutions of specific cutting energy Es in the cutting period
for symmetric milling. In symmetric milling, relatively large
values of Es arose when the cutting tool cut into and cut out of
the workpiece. The value of Es is relatively large as the cutting
tool cut out of the workpiece in down milling. In contrast, the
largest value of Es appeared when the cutting tool was cutting
into the workpiece during up milling. In the present work, the
average value Eas of specific cutting energy Es was calculated
for different milling conditions.

3.3 Optimization of the cutting conditions in face
milling

Based on the studies of the performance of cemented carbide
tool material in face milling of hardened steel, a theoretical
method can be put forward to compare and optimize the cut-
ting conditions. First, the initial microscopic mechanical prop-
erty of the cemented carbide tool material can be analyzed to
determine the initial tool material damage. Then, for different
milling conditions and different combinations of cutting pa-
rameters, the values of the tool life indicator can be calculated
on the basis of the initial tool material damage, compressive
strength of the tool material, and tool stress. The specific cut-
ting energy can also be obtained for these milling conditions
and cutting parameter combinations. The cross-cutting param-
eter area where relatively low values of tool life indicator and
specific cutting energy emerge at the same time can be distin-
guished. Finally, this cross-cutting parameter area can be con-
sidered as the optimum cutting condition where relatively long
tool life and relatively low energy consumption can be ac-
quired at the same time.

Figure 14 shows the fitted contour maps for Tinm (the max-
imum tool life indicator in the cutting period) obtained under
different milling conditions. It can be seen from Fig. 14 that
when the milling condition varied, relatively low values of
Tinm can be acquired in different cutting parameter areas
(ZTS, ZTD, and ZTU). Feed per tooth fz which is between 0.1
and 0.2 mm/tooth should be adopted to obtain a lower value of
Tinm. For the purpose of acquiring relatively low Tinm, cutting
speed v ranging from 150 to 250 m/min should be used in
symmetric milling. In down milling, cutting speed v should
be in the range of 100 to 200 m/min. In up milling, cutting
speed v should be between 200 and 300 m/min.

The experimental tool lives were represented by cutting
cycles Nt in the present work. The experimental tool lives Nt

obtained in milling tests were compared to the values of Tinm
for different milling conditions as shown in Fig. 15. The

(a) Ease in symmetric millling 

(b) Ease in down millling 

(c) Ease in up millling 

�Fig. 17 The fitted contour maps for Ease obtained under different milling
conditions. a Ease in symmetric milling. b Ease in down milling. c Ease in
up milling
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values of Tinm were relatively low in cutting parameter areas
ZTS, ZTD, and ZTU. It can be found from Fig. 15 that relatively
longer tool lives arose in these areas. This validated the cor-
rectness of the use of Tinm as a tool life indicator.

Figure 16 presents the fitted contour maps for Eas (the av-
erage specific cutting energy in the cutting period) obtained
under different milling conditions. When milling condition
changed, relatively low values of Eas appeared in different
cutting parameter areas (ZSS, ZSD, and ZSU). It can be found
from Fig. 16 that when feed per tooth fz was in the range of 0.2
to 0.3 mm/tooth and cutting speed v adopted was between 150
and 250 m/min, relatively low Eas appeared in symmetric
milling. When feed per tooth fz stays in the range of 0.15 to
0.25 mm/tooth and cutting speed v was between 100 and
200 m/min, relatively low Eas arose in down milling. In order
to acquire relatively low Eas in up milling, feed per tooth fz
should be in the range of 0.2 and 0.3 mm/tooth and cutting
speed v should be between 200 and 300 m/min.

It can be seen from Eq. (17) that specific cutting energy is
mainly determined by cutting force when the cutting parame-
ters are specified. It has been shown in Fig. 5 that the simu-
lated cutting forces which were used for the calculation of Eas
were close to the experimental values. Therefore, the values of
specific cutting energy Eas acquired based on simulation
should be reliable. For the purpose of further demonstrating
the accuracy of Eas, specific cutting energy Ease were obtained
on the basis of experiments as shown in Fig. 17. The values of
Eas were relatively low in cutting parameter areas such as ZSS,
ZSD, and ZSU. It can be found from Fig. 17 that relatively low
Ease also appeared in these areas. This demonstrated the accu-
racy of the values of Eas.

Figure 18 shows the cross-cutting parameter areas where
relatively low values of tool life indicator and specific cut-
ting energy emerged for different milling conditions.
Relatively long tool life and relatively low energy consump-
tion are expected to be obtained at the same time in these
cross-cutting parameter areas. The optimum cutting parame-
ter areas for symmetric milling, down milling, and up mill-
ing were represented by ZS, ZD, and ZU, respectively. When
symmetric milling was applied, feed per tooth fz with a
value around 0.2 mm/tooth and cutting speed v in the range
of 150 to 250 m/min should be adopted. In down milling,
feed per tooth fz should be between 0.15 and 0.2 mm/tooth
and cutting speed v ranging from 100 to 200 m/min should
be used. Feed per tooth fz close to 0.2 mm/tooth and cutting
speed v which is in the range of 200 to 300 m/min should be
applied in up milling.

(a) The optimum cutting parameter area Z  in symmetric millling S

(b) The optimum cutting parameter area Z  in down millling D

(c) The optimum cutting parameter area Z  in up millling U

�Fig. 18 The cutting parameter area where relatively low values of tool
life indicator and specific cutting energy arose. a The optimum cutting
parameter area ZS in symmetric milling. b The optimum cutting
parameter area ZD in down milling. c The optimum cutting parameter
area ZU in up milling
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4 Conclusions

Taking the performance of cemented carbide tool material into
consideration, studies of the optimization of cutting conditions
in hard milling were conducted in the present work. The fol-
lowing conclusions can be drawn based on the present work:

1. The initial damage of the cemented carbide tool material
was obtained based on damage mechanics and the multi-
domain boundary element method. The initial tool mate-
rial damage increased with the tool material porosity.
When the tool material porosity grew larger, the increas-
ing rate of the initial tool material damage became lower.
Larger values of the initial tool material damage arose
when the gas cavities were of relatively high clustering
degree. Relatively larger gradient of the gas cavities led to
higher values of the initial tool material damage.

2. In symmetric milling, peak values of the tool life indicator
appeared when the cutting tool cut into and cut out of the
workpiece. The peak value of the tool life indicator arose
as the tool cut into the workpiece during down milling. In
contrast, the peak value of the tool life indicator emerged
when the tool cut out of the workpiece in up milling. The
maximum value of the tool life indicator appeared when
the tool cut into the workpiece in symmetric milling and
down milling. In up milling, the maximum value arose as
the tool cut out of the workpiece. In symmetric milling,
relatively large specific cutting energy emerged when the
tool cut into and cut out of the workpiece. The value of
specific cutting energy is relatively large as the tool cut out
of the workpiece in down milling. Conversely, the largest
value of specific cutting energy appeared when the cutting
tool was cutting into the workpiece during up milling.

3. For the purpose of acquiring relatively long tool life and
relatively low energy consumption, feed per tooth fz with
a value close to 0.2 mm/tooth and cutting speed v ranging
from 150 to 250 m/min should be applied in symmetric
milling. In down milling, feed per tooth fz between 0.15
and 0.2 mm/tooth and cutting speed v in the range of 100
to 200 m/min should be applied. Feed per tooth fz about
0.2 mm/tooth and cutting speed v which is in the range of
200 to 300 m/min should be adopted in up milling.
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