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Abstract: Hardened steels have numerous applications in
the construction of molds and dies due, in particular, to
their outstanding thermo-mechanical characteristics, such
as wear resistance and high stiffness, but especially
dimensional stability at high temperatures. Machined
surfaces are conditioned to have important tribological
characteristics. Thus, a high quality of machined surfaces
is achieved by milling processes with high cutting speeds.
These types of processes even manage to replace grinding
or electro-erosion machining processes with a solid
electrode. The paper presents a review of experimental
studies in recent years from industry and scientific
research. Issues are outlined which justify the utility of
machining hard metals by machining processes, with a
focus on machining by milling processes. Starting from
input parameters, such as technological parameters, blank
material, cutting tool material and machining environment,
their influence is analysed on output parameters, such as
chip morphology, cutting tool wear and surface integrity.

machining operations and the use of tools with
appropriate geometries and carefully selected
materials, as well as the correct definition of cutting
parameters. All this supports the use of highly
efficient machining (HEM) systems. This concept
combines the advantages of high speed machining
(HSM), dry machining (DM) or hard machining
(HM), as shown in Figure 2. The need for research in
these directions is motivated by the elimination of
costs related to the use of expensive machining
environments, such as cooling- lubrication with
various emulsions. These increase the cost of
processing by up to 17%, but reduce the costs related
to the tools used by up to 4% (Grzesik, 2017). Thus,
there is a need to develop cutting tools and machining
processes that eliminate such technological problems.

Key words: hardened steels, hard milling, hard machining,
cutting parameters, tool wear, surface integrity.

1. INTRODUCTION
Machining of hardened steels with hardness greater
than 45 HRC by milling processes is predominantly
used for the manufacture of various tools in general,
but especially tools such as molds and dies with
complex shapes. These include molds for injection
molding of plastics, molds for injection molding of
metal materials, molds used in forging machining,
and dies used for stamping or powder forming.
For the machining of hard metals exceeding 45 HRC,
milling technology systems (TS) must meet certain
specific characteristics in order to be able to process
such materials. The accelerated increase in
productivity of milling technology numerical control
systems (TNCS) leads to machining possibilities with
complex kinematics, reducing the need for EDM or
grinding machining, as shown in Figure 1.
Thus, technological systems support optimised
machining processes with a significant reduction of

Fig. 1. Difference between technological processes: a)
grinding/ EDM machining with solid electrode after heat
treatment operations and b) hard metal milling directly
after heat treatment operations (Soshi et al., 2013)

In milling processes of hardened steels, both the
milling cutters and the blank material are subjected to
high stresses. Thus, deformation speeds are in the
order of 104 s-1, and temperatures can have values
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close to 1000°C.
In most of the literature, but also in the
recommendations of hard metal working tool
manufacturers, solutions are proposed for the
implementation of technologies for such materials
without cooling-lubrication or with heat supply.
Therefore, machining is carried out in dry
environments or at most with compressed air cooling,
with the purpose rather of removing chips generated
from the front of the tool. However, researchers are
trying to find multiple solutions to increase tool life,
in particular, but without significant negative effects
that could occur on the surfaces of machined parts.

- Shock-resistant tool steels. Their carbon content is
between 0.5 - 0.6% C, with alloying elements
predominantly
chromium,
tungsten
and
molybdenum based. This also includes steels with
alloying elements based on silicon and magnesium.
Tempering operations are carried out in oil bath or
water bath environments.
- Tool steels for cold working. They are used in
industrial applications not exceeding 200°C.
Depending on the cooling environment used in
tempering operations they are classified as: oil-bath
cooled (<1%C); open air cooled (≈1%C); and high
carbon and chromium (1.4-2.11%C and 12-14%Cr).
- Tempering water tool steels. These steels contain
between 0.9-1% C, but also alloying elements based
on chromium, tungsten and molybdenum.
- Tool steels for hot forming machining. These steels
are used for hot forming applications where
temperatures reach around 200-800°C. They are
divided into three main categories: chromiumbased (<3.25%Cr); tungsten- based (>9%W);
molybdenum- based (>8%Mo). This category
includes steels belonging to group H according to
ISO 513:2012, shown in Table 1.
- High-speed tool steels. The carbon content of these
steels is around 0.6%C, with chromium and cobalt
contents of 4% Cr and 5-12% Co. They fall into two
broad categories, depending on the predominant
alloying
element
in
their
composition:
molybdenum-based; tungsten-based.
Hardened steels with hardnesses above 45 HRC have
a number of important specific characteristics that
make their use in the construction of moulds and dies
extremely reliable. They have high hardness, very
good stiffness and toughness and very good fatigue
strength. They also maintain their integrity at high
temperatures, resulting in good resistance to
oxidation and corrosion, and their very good thermal
conductivity allows them to be used in pre-heated
forging dies.
Hard metals behave relatively different during
machining processes. For example, tool steel
X155CrVMo12-1 (AISI D2), which can have its
hardness increased by heat treatment operations up to
62 HRC, has a very high resistance to mechanical
shocks due to the presence of chromium in the
microstructure, and the behaviour during machining
operations for this type of alloy is similar to that of
alloys with even higher hardnesses than this
(Gaitonde et al., 2016). On the other hand, the alloy
type X20Cr13 (AISI 420), which is a stainless steel
but can be hardened up to 52 HRC, retains its
stainless properties and tends to adhere to the
clearance surface of cutting tools, generating the socalled Build-up edge (BUE).

Fig. 2. Modern machining processes (Grzesik, 2017)

This paper presents a review of recent studies in
which experimental research is carried out on the
machining of hardened steels, with hardnesses
exceeding 45 HRC, on technological milling systems.
Some of the steels studied in the literature, specific
aspects of the technological systems and processes
used, and characteristics of the tools used are
presented. The analysis starts from the parameters of
the cutting conditions, aspects of chip formation, but
also addresses elements of tool wear and durability or
surface integrity.
2. HARDENED STEELS
In the field of machining, according to ISO 513:2012,
materials that can be machined are classified into six
categories. Among these materials, group H includes
steels that can be delivered with hardnesses above 45
HRC directly from manufacturers. However, hard
steels are not clearly classified, but it can be
concluded that this category can include all metals
and alloys which can be intentionally hardened by
heat treatment operations of quenching and tempering
to change their mechanical properties. Depending on
their intended applications (Davis, 1989), hard
materials can be classified according to American
standards (AISI):
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3. MILLING PROCESSES AND TECHNOLOGICAL
SYSTEMS

on all conventional and numerically controlled
milling systems. For the best possible stability of the
machining process, it is important to use only 50- 80
% of the cutter diameter, the cutter axis should be

3.1 Milling processes
Face milling processes are the most commonly used,
being kinematically highly flexible and easy to apply

Table 1. Examples of steels which belong to group H materials according to ISO 513: 2012 (Die & Mold, 2020)
Examples of steels in the standards DIN/ AISI, SAE
ISO
Material group
Hardness
45-48
40CrMnMo7/-; 40CrMnMoS8-6/-; 48CrMoV6-7/-; X38CrMoV5-1/
H3.1
HRC
H11; X40CrMoV51/ H13; 54NiCrMoS6/-; 90MnCrV8/ O2.
Hardened
X210Cr12/ D3; 48CrMoV6-7/-; X40CrMoV5-1/ H13;
H3
steel
X100CrMoV51/ A2; 81MoCrV42-16/ 613; X155CrVMo12-1/ D2;
48-55
<55 HRC
H3.2
30WCrV17-2/-; 54NiCrMoS6/-; 55NiCrMoV6/ L6; 40CrMnNiMo8H
HRC
6-4/ 40CrMnNiMo8-6-4; X45NiCrMo4/-; 90MnCrV8/ O2; X20Cr13/
420.
H4.1
Hardened
55-(68)
X210Cr12/ D3; X100CrMoV5/ A2; 81MoCrV42-16/ 613;
H4
steel
HRC
X153CrMoV12/ D2; 45NiCrMo16/-; 90MnCrV8/ O2.
H4.2
>55 HRC

offset from half the width of the part to be machined
when it is smaller than the cutter diameter (to avoid
intermittent machining when the cutter exits the
machining process) and the cutter should be kept
constant in the machining process. On numerically
controlled milling systems it is preferable that
machining is carried out in the direction of the feed of
the milling tool.
There are a variety of studies (Denkena et al., 2015;
Dombovari and Stépán, 2015; Pimenov et al., 2019) that
analyse the forces involved in machining processes.
High material hardness, incorrectly selected cutting
parameters or tool geometry led to high values of
cutting forces (Käsemodel et al., 2020).
It is characteristic for milling machining that the
cutting forces change position during the process.
Thus, it is important to consider two coordinate
systems for its distribution: a fixed system (F x, Fy and
Fz), as in Figure 3, and the variable coordinate system
(Ft, Fr and Fa). These last forces are called tangential
force, radial force and axial force and are shown in
Figure 4.

Equations (1) - (3) define the magnitudes of the
above-mentioned forces (Lakić et al., 2014):
Ft = Fx cosφ + Fysinφ [N]

(1)

Fr = Fxsinφ - Fycosφ [N]

(2)

Fa = - Fz [N]

(3)

Complex surface milling processes refer to those
processes in which the milling tool is machining with
both the face side, such as face milling, and the
cylindrical side of the milling tool. This generates a
minimum
of
two
plan-frontal
surfaces
simultaneously, possibly functional. From the
multitude of milling processes, as a result of which
complex surfaces can be produced, a number of
kinematic possibilities can be distinguished, as
follows (Koromat, 2010):
1. Complex milling processes of contour surfaces.
2. Complex milling processes of slot surfaces.

Fig. 3. Components of cutting forces in the cutting-edge area
(Shnfir et al., 2019)
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Fig. 4. Components of cutting forces when machining flat
surfaces (Burek et al., 2019; Wang et al., 2014)

Three functional surfaces are obtained by these
machining processes.
3. Dedicated milling processes for complex surfaces.
Among these, Figure 5 shows:
I. Linear ramp feed milling process;
II. The process of milling the slots inside the
workpiece. It is carried out with axial plunge feed
speeds and radial feed speeds;
III, IV and V. Milling process with circular
kinematics in internal or external ramp;
VI, VII and X. Milling process with predefined paths
for pocket machining;
VIII. Milling process with troncoidal kinematics. It is a
kinematic often used for machining hard metal blanks,
due to the constant tool engagement in the milling
process;
IX. Plunge milling. The way the forces are positioned
is different, having an axial layout instead of a
tangential-radial layout, similar to drilling processes.

Due to the high cutting speeds, which produce high
resultant forces, it is imperative that the orientationfixture devices of the tools have a maximum radial
runout of 0.01 mm in order to achieve the longest
possible tool life, which is a key requirement for
milling hard metals. In HM and HSM machining,
hydraulic or shrink fit holders, as well as mechanohydraulic holders, are mainly used.
The main disadvantage in machining hard metals by
milling processes is that the tools wear out quite
quickly, leading to low surface quality and less
favourable machinability. This aspect can be fairly
well controlled by the appropriate choice, depending
on the blank material, the cutting tool material and a
suitable geometry, the toolholder that has the capacity
to meet the stresses generated in machining, as well
as the selection of optimal technological parameters.
From a geometrical point of view, milling tools used
for hard metal machining need to have a maximum

Fig. 5. Dedicated milling processes for complex or circular surfaces (Koromat, 2010)

number of teeth to facilitate chip formation and
reduce machining temperatures. In the paper (Shnfir
et al., 2019) experiments are carried out using
ceramic inserts with different cutting-edge geometries
for face milling of C45 blanks with a hardness of 48
HRC. It is found that the presence of radius on the
cutting edges have a more favourable impact in terms
of machinability than other types of defined
geometries, as in Figure 6.

3.2 Technological systems
The machines-tools used in hard metal milling must
have specific characteristics to meet the processing
conditions. Thus, the machines must have increased
rigidity, especially for milling operations with high
depth of cut, in the case of rough machining. This is
why machines with high stability are used, with a
vibration resistant cast iron frame. Milling technology
systems must be able to move on at least three axes,
with 3+2 or 5-axis machines being preferable, due to
the complexity of the moulds or dies from which the
hard materials are made. Polyarticulated robots can
also be used, with obvious machining flexibility, but
these are more suitable for finishing or semi-finishing
machining. Similarly, other polyarticulated systems
are favourable for these types of machining, such as
hexapod machine-tools with high flexibility and
rigidity. For all these types of machines it is
mandatory to use CNC systems, due to the kinematic
complexity required to produce complex surfaces.
In hard machining (HM), tools are subjected to
buckling, bending and torsional stresses, unlike
turning where only bending stresses occur. For these,
toolholders that withstand such stresses must be used.

Fig. 6. Micro-geometries of cutting edges (Shnfir et al.,
2019)

In particular, carbide tools with various coatings are
used in the research, as shown in Table 2. Ceramic
tools are also used, which only have to be applied
under certain machining conditions, as well as boron
cubic nitride (CBN) milling tools (Smith, 2008).
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removable insert and solid milling tools coatings;
type of machining process), the technological
parameters used (cutting speed and rpm; feed per
tooth and feed speed; cutting depth and width) and
some process parameters (maximum force and
temperature values), based on a literature review, is
presented in Table 2.

4. CUTTING PARAMETERS AND PROCESS
PARAMETERS AND CHARACTERISTICS OF
THE CHIPS GENERATED
4.1 Cutting parameters and process parameters
A summary of the machining characteristics (blank
material and material hardness; tool material,

Table 2. Examples of the parameters used in milling hardened steels studies
Machining characteristics
Source

Workpiece
material

(Shnfir et
al., 2019)

C45U/ 1045
(48 HRC)

(Shnfir et
al., 2019)

C45U / 1045
(53 HRC)

Technological parameters
Process parameters
vc
vf
fz
ae Maximum Maximum
Machining
n
ap
Tool type
[m/
[mm/ [mm/
temperature
process
[rpm]
[mm] [mm] force [N]
min]
min] tooth]
[°C]
Ceramic
400 3200 2176 0.17
720
Al2O3+
Face
2
25.4
SiCW
milling
500
4000
1440
0.05
220
(Ø40; z=4)
Ceramic
Al2O3+
SiCW
(Ø40; z=4)

Face
milling

Cemented
(X. B. Cui X40CrMoV5-1/ carbide
et al., 2015)
H13
Ti (C, N)(48 HRC)
Al2O3
(Ø125; z=8)

Face
milling

X40CrMoV5-1/
CBN
H13
(Ø125; z=8)
(47 HRC)

Face
milling

(X. Cui et
al., 2015)

Cemented
(Cui and
X40CrMoV5-1/ carbide
Zhao, 2015)
H13
Ti (C, N)(47 HRC)
Al2O3
(Ø125; z=8)

Face
milling

(Riza and X40CrMoV5-1/
CBN
Adesta,
H13
(Ø20; z=4)
2016)
(48 HRC)

Pocket
milling

(Ravi and 40CrMnMo7/
Gurusamy,
P20
2020)
(48 HRC)

Contour
milling

Uncoated
carbide
(Ø16; z=2)
Cemented
(Li, Zhang, X40CrMoV5-1/ carbide
Wang, et
H13
Ti (N, C)al., 2019)
(50 HRC)
Al2O3
(Ø20; z=3)
Cemented
X40CrMoV5-1/ carbide
(Zhang et
H13
Ti (C, N)al., 2019)
Al2O3
(50 HRC)
(Ø20; z=2)

Contour
milling

Contour
milling

400 3200 2176 0.17

740
2

25.4

-

500 4000 1440 0.05

235

200
1000
1400
1800
2000
2400

-

820
930
1010

510
2550
3600
4600
5100
6120

164
816
1152 0.04
1472
1632
1960

1200 3060 1960 0.08
400
1200
2400
400
1200
2400
150
150
200
250
250
250
75
100
125
250
300
350

1020
3060
6115
1020
3060
6115
2400
2400
3200
4000
4000
4000
1500
2000
2500
4000
5000
5600
5000
300
5000
200 3200
300 4800

490
1470
2940
490
1470
2940
2400
2400
1280
480
480
2400
60
90
100
2400
3000
3360
2250
3750
1280
1920

0.2

75

85
155
115
120
125
135

0.2

15
45
75

63

10
0.06

0.4
25

0.15
0.15
0.1
0.05
0.05
0.15

0.1
0.2
0.15
0.1
0.2
0.1

20
20
20
20
20
20

0.02

0.5

10

2

2

2

2

0.2
0.15
0.25

0.2
400 6400 2560

* vc = cutting speed; vf = feed speed; fz = feed per tooth; ap = axial depth of cut; ae = radial depth of cut.
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180
155
140
155
125
120
225
75
215
160
85
70
260
235
220
1624.5
1239.5
1157.8
1140.3
1372.5

-

700
590
720
120
140
100
240
360
370
839.7 (sim.)
984.5 (sim.)
1080 (sim.)
873.2 (sim.)
1152 (sim.)
395
480

520

chip obtained when machining an X40CrMoV5-1
(H13) blank with a hardness of 50 HRC (Li, Zhang,
Yan, and Zhang, 2018). In area A, there is a tendency
for the microhardness to increase towards point 3 due
to the compression of the chip in that area, while in
area B the microhardness tends to increase towards
point 5. This is due to the formation of a hard white
layer (WL), which is caused by the appearance of
austenite phases.

4.2 Characteristics of the chips generated
In order to obtain technological surfaces, it is
necessary to remove a volume of material, and this
process is carried out in the form of chips, as a result
of predominantly shearing phenomena. In hard steel
machining, the chips are continuous and have a
structure of adiabatic shear bands (ASB). The
adiabatic aspect refers to the fact that it is a process
that occurs faster than the heat exchange takes place
and therefore oxidation occurs in the chips rather than
phase transformation when the technological
parameters are optimised. Of course, chip
morphology also depends on the mechanical, thermal
and thermo-mechanical properties of the metal to be
machined.
The appearance of a chip observed by electron
microscopy is shown in Figure 7, obtained by face
milling under the following conditions: cutting speed
200 m/min, feed speed 600 mm/min, cutting width
31.5 mm and cutting depth 0.3 mm, using a 63 mm
diameter milling cutter with 6 removable CBN
inserts. Chips formed in adiabatic shear bands were
obtained, and the pitch size of the shear bands is
approximately 100 µm (Cui et al., 2013).

Fig. 8. Microhardness measurement points on chip formed
in adiabatic shear bands (Li, Zhang, Yan, and Zhang,
2018)

5. TOOL WEAR AND TOOL LIFE
Tool wear is caused by deformation or damage to the
edges of the cutting tool during machining due to
interactions between the tool and the workpiece. The
durability of the cutting tool directly affects the cost
of machining and is an important issue in production
process efficiency studies.
Most of the research in the field of hard machining
focuses on improving tool life. This can be defined as
the volume of material removed or the time the tool
has been engaged in cutting the material before it
achieves certain catastrophic or crater wear criteria.
The tool can no longer be used once such destructive
wear has formed.
In the study presented by (Shnfir et al., 2019) it is
shown that fine cutting tool wear is obtained when
machining at lower feed speeds up to 1000 mm/min
for machining a C45U blank with a hardness of 53
HRC. For feed speeds higher than 1000 mm/min,
correlated with cutting speeds, more significant wear
is obtained, reaching crater-type wear sizes.
A steady evolution of Ti (N, C) and Al2O3 coated
carbide tool wear when machining an X40CrMoV5-1
(H13) blank is observed in Figure 9. Up to a removed
material volume of about 8500 mm3 by chips
formation, wear values up to 105 µm are observed,
hence the appearance of fine chipping on the cutting
edges. Exceeding this value of the volume of material
removed, a sudden evolution of the curve is observed,
with the presence of critical crater cracks with values

Fig. 7. Pitch size at chip formation in adiabatic shear bands
(Cui et al., 2013)

Large chip lengths are obtained when milling an
X40CrMoV5-1 (H13) blank with hardness of 47
HRC with carbide inserts when cutting speeds are
low and the chip width is large, while very small chip
lengths are obtained at high cutting speeds (Cui and
Zhao, 2015).
When machining X40CrMoV5-1 (AISI H13) blanks
with a hardness of 50 HRC at a speed of 250 m/min
and a feed per tooth of 0.2 mm/tooth at a depth and
cutting width of 2 mm, oxidation effects are found to
be observed: blue, black and red colours are
associated with FeO, Fe3O4 and Fe2O3 compounds (Li
et al., 2019).
Figure 8 shows the evolution of microhardness
between points 1-5 in zones A and B in a section of a
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of 204.3 µm. The durability of the tool is thus
determined by the volume of material removed until
destructive wear occurs (Li, Zhang, and Zhang,
2018).

Fig. 10. Factors that characterise the surface machined
layers (Grzesik, 2017)

In the following, some aspects related to the
geometrical and macrostructural characteristics of the
surfaces, as well as the microstructural and physicalmechanical characteristics of the substrates are
detailed. Other relevant aspects of studies identified
in the literature are summarised in Table 3.

Fig. 9. Tool wear evolution as a function of the removed
material volume Q (Li, Zhang, and Zhang, 2018)

6.1 Geometrical features and macrostructural
characteristics
Elements of surface texture related to geometrical and
macrostructural aspects are mainly characterised by the
roughness of the generated surfaces. The quality of
surfaces plays a defining role in the performance and
functioning of the component parts of an assembly.
In the study conducted by (Cui et al., 2015) when
machining an X40CrMoV5-1 (H13) blank with a
hardness of 47 HRC, it is shown that with increasing
chipping speeds, the average roughness values increase
from values not exceeding 0.1 µm to values of 0.4 µm,
Figure 11. For all cutting speeds studied, processes were
carried out at the same feed speed of 0.04 mm/tooth.

When machining an X40CrMoV5-1 (H13) blank with
a hardness of 47 HRC in face milling, it is found that
increased tool durability is obtained when the cutting
speed is low, around 400 m/min, with large cutting
widths. When cutting speeds are relatively high,
around 2400 m/min, tool durability is found to be
increased only for smaller chip widths. Moreover, it
is found that adhesion wear is present on the cutting
edges with increasing cutting speeds (Cui and Zhao,
2015).
6. SURFACE INTEGRITY
Surface integrity refers to the condition and
properties of a surface resulting from machining or
any other operation and the relationships they form in
functionality. There are two main aspects that
describe the characteristics of surface integrity. The
first is related to surface quality or surface
topography and the second refers to characteristics of
the machined substrate such as microstructure,
mechanical properties and residual stresses (Davim,
2010).
The most commonly used parameter for
characterizing surface quality is the arithmetic
average roughness, Ra, expressed in µm (Liao et al.,
2021). Figure 10 shows most of the characteristics of
the layers that form on the machined surface. Thus, g
represents the thickness of the surface layer, s
represents the overall structure of the surface layer, u
is the thermally influenced area with changes in
hardness, σ represents the residual stresses
throughout the surface layer structure, Sf are defects
occurring in the surface layers. Defects that can occur
are: 1 - microcracks, 2 - macrocracks, 3 microcondensation of the base material, 4 porosities, 5 - voids, 6 - inclusions (Grzesik, 2017).

Fig. 11. Roughness evolution as a function of cutting speed
when face machining of H13 workpieces with hardness of
47 HRC (Cui et al., 2015)

When machining 36CrNiMo4 (AISI 4340) blanks and
45 HRC hardness with a TiAlN coated tungsten
carbide end mill (Hassanpour et al., 2016), milling
machining with a feed per tooth of 0.04 mm/ tooth and
cutting speeds of 50 m/ min and 150 m/ min, was
performed. It was found that for higher cutting speeds
the roughness obtained, so the depths and peaks of the
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traces left by the tool teeth on the milled surface, as
well as other defects, are less pronounced compared to
milling operations with lower cutting speeds.

increase in hardness of the surface layers.
In the study presented by (Čilliková et al, 2021), face
milling of a 61 HRC blank from a material 110Cr6,
used for bearings is carried out using the
technological parameters given in Table 3.
Metallographic analysis revealed a thin hard white
layer (WL) influenced by tool wear, as well as heataffected zone (HAZ) that appear microscopically
darkened, disposed below the white layer. The hard
white layer is due to the increase in temperature
during processing, which reaches the austenitizing
zone, leading to hardening of the surface layer, while
the darkened heat affected zones show a decrease in

6.2 Microstructural characteristics of surface layers
After machining hardened steels with hardnesses
exceeding 45 HRC, hard white layers often appear
near the machined surfaces, for several reasons: the
interaction of the heated surfaces with atmosphere
elements and from the removable inserts coatings,
thus forming oxides, nitrides or other compounds;
grain refining due to thermo-plastic deformations at
the surfaces; and the development of phase
transformations, which are also the main cause of the

Table 3. Examples of some machinability characteristics in milling processes in hardened steel machining studies
Machining characteristics
Technological parameters
Machinability characteristics
Q
vc
vf
Workpiece
ap
ae
VB
Ra
σRS
[cm3/
Source
Tool type
[m/ [mm/
material
[mm] [mm] [mm] [µm] [MPa] min]
min] min]
Cemented
(Čilliková et
carbide
100Cr6
78.5
112
0.25
30
0.05
4.2
al., 2021)
(61 HRC)
Ti (N, C) + TiN
(Ø50; z=2)
0.05
100
Cemented
0.2
330
(Stupakov et
carbide
100Cr6
78
112
0.25
40
0.4
410
al., 2016)
(50 HRC)
Ti (N, C) + TiN
0.6
440
(Ø50; z=2)
0.8
380
0.05
470
Cemented
0.2
850
(Neslušan et
carbide Ti (N,
100Cr6
78.5
110
0.25
30
0.4
320
al., 2019)
(61 HRC)
C) +TiN
0.6
540
(Ø50; z=2)
0.8
420
Ceramic
300 1250
0.056
(Shnfir et al.,
C45U/ 1045
Al2O3+ SiCW
2
25.4
2019)
(48 HRC)
500 2720
0.023
(Ø40; z=4)
Ceramic
300 1250
0.06
(Shnfir et al.,
C45U / 1045
Al2O3+ SiCW
2
25.4
2019)
(53 HRC)
500 2720
0.025
(Ø40; z=4)
200
164
0.02
0.07
Cemented
800
656
0.038 0.06
X40CrMoV5(Cui et al.,
carbide
1400 1152
0.041 0.08
1/ H13
0.2
75
2015)
Ti (C, N)- Al2O3 1800 1472
0.06
0.24
(48 HRC)
(Ø125; z=8)
2000 1632
0.075
0.2
2400 1960
0.1
0.33
113 2750
20.67
40CrMnMo7/
126 2500
0.22
19.66
(Viswanathan
CBN
P20 HH
10
et al., 2021)
(Ø10)
2250
16.88
(34 HRC)
138
2750
0.2
19.5
75
60
3
(Ravi and
40CrMnMo7/
Uncoated
Gurusamy,
P20
carbide
0.5
10
100
80
2.5
2020)
(48 HRC)
(Ø16; z = 2)
125
100
2.3
0.05
2.3
Cemented
(Li, Zhang,
X40CrMoV50.075
6
carbide
and Zhang,
1/ H13
200 1280
2
2.5
0.1
7.5
Ti (N, C)- Al2O3
2018)
(50 HRC)
(Ø20; z=2)
0.24
9

91

Machining characteristics
Source

Workpiece
material

Tool type

(Li, Zhang,
Yan, et al.,
2018)

X40CrMoV51/ H13
(50 HRC)

Cemented
carbide
Ti (N, C)- Al2O3
(Ø20; z=2)

Technological parameters
vc
[m/
min]

250

vf
[mm/
min]

1600

ap
[mm]

2

ae
[mm]

2

Machinability characteristics
Q
VB
Ra
σRS
[cm3/
[mm] [µm] [MPa] min]

-

1.3
1.4
1.9
2
2.5

245
255
295
380
410

-

* vc = cutting speed; vf = feed speed; ap = axial depth of cut; ae = radial depth of cut; VB = tool wear; σRS = residual stresses; Q =
volume of chips removed.

hardness (Neslušan et al., 2015). Martensite phases
have significantly lower hardness values, which
means that the white layer is predominantly formed
by austenite phases (Neslušan et al., 2019).
Stupakov showed that (Stupakov et al., 2016) when
machining with the parameters mentioned in Table 3,
a 100Cr6 bearing steel having a hardness of 50 HRC,
the optimal wear of changing removable inserts is
when VB reaches a value close to 0.4 mm. Visible
differences in the hard white layer for a tool wear VB
of 0.4 mm and VB of 0.8 mm, respectively, are
shown in Figure 12.

cutting tool have a significant influence on the
presence of oxidation effects.
6.3 Physico-mechanical characteristics of surface layers
A frequently used parameter for analysing the quality
of surfaces and surface layers machined is the
residual stresses. In milling processes these occur in
the layers neighbouring the machined surface and are
caused by the following phenomena:
- Mechanical Affected-Zone (MAZ);
- Heat Affected-Zone (HAZ);
- Phase transformations in the microstructure of the
machined material.

a)
b)
c)
Fig. 12. Metallographic analysis. a) White layer (WL) under which small darkened zones (HAZ) are located when
machining 110Cr6 blanks with hardness of 61 HRC (Čilliková et al., 2021); White layer (WL) is observed when machining
110Cr6 blanks with hardness of 50 HRC for: b) critical tool wear of VB = 0.4 mm (Stupakov et al., 2016), respectively c)
wear of VB = 0.8 mm (Stupakov et al., 2016)

In the research (Hassanpour et al., 2016) a hard white
layer thickness with austenite phases of about 14.5
µm was obtained when machining a blank of type
36CrNiMo4 (AISI 4340) and hardness of 45 HRC at
a cutting speed of 150 m/ min and feed per tooth of
0.04 mm/ tooth.
Oxidation reactions are observed on the machined
surface when iron interacts with oxygen (Li et al.,
2018) and, depending on the degree of oxidation,
different colours appear on the machined surface.
These correspond to oxidic compounds of FeO, Fe3O4
and Fe2O3, with the association of light blue, black
and red colours. It is found that the machining
temperature and the machining exposure period of the

Fig. 13. Evolution of residual stresses in relation to wear of
cutting inserts in face milling of 100Cr6 material with
hardness of 50 HRC (Stupakov et al., 2016)
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In research conducted by (Stupakov et al., 2016) on
face milling of a 100Cr6 blank with hardness of 50
HRC, the evolution of residual stresses in the
substrates neighbouring the machined surface was
analysed when using cutting inserts with different
degrees of wear. The determination of residual
stresses was carried out by the electrolytic erosion
layer removal method for a 10 mm x 40 mm sample
of the workpiece. A sinusoidal evolution of these
stresses was shown in Figure 13, starting from
compressive residual stresses near the machined
surface, followed by a sharp decrease towards tensile
values (positive - about 200 MPa), followed by an
increase, up to compressive values of -400 MPa,
followed by their stability. This sinusoidal behaviour
is more pronounced with increasing wear of the
cutting inserts.
Another parameter to characterize the mechanical
properties of the processed layer is the
microhardness. For example, in the study (Li et al.,
2018), the microhardness evolution of the surface
layer was analyzed when machining an X40CrMoV51 (H13) blank with a hardness of 50 HRC by face
milling. The microhardness was determined by nanoidentation at various points of an electroerosion cut
sample, on three columns at 25 µm spacing, as shown
in Figure 14. The evolution of microhardness from
the machined surface to a depth of 35 µm was
established and it was concluded that, due to plastic
deformation at the interface between the tool and the
workpiece, microhardness tends to have high values
towards the machined surface.

grinding operations.
The following conclusions have been summarized
from the study carried out, in relation to the machinetools used for these processes, the forces and
temperatures in the processes, chip formation and the
integrity of the machined surfaces.
Machine-tools used for milling hard materials must
have a very rigid configuration, especially for rough
machining, due to the high forces involved in the
technological system. Machine-tools are often made
of large, heavy blocks of cast iron that absorb any
vibrations during machining processes. The main
spindle of the machine tool has to be very well
centred due to machining at high cutting speeds and
the tool orientation-fixing systems have to be of high
precision to keep the tool axis coaxial with the main
spindle axis.
Cutting forces can be reduced by increasing the
cutting speed or decreasing the feed speed.
Temperatures in the cutting process are an important
parameter for optimizing the milling process because
of their influence on the durability of the cutting tool
and the integrity of the surfaces.
The formation of chips in adibate shear bands is
specific, in particular, to the machining of hard metal
parts. This chip formation mechanism is due to
thermoplastic instabilities, and cyclic cracks facilitate
these breakage mechanisms by forming adiabatic
shear bands. The pitch size of the shear bands formed
in the milling process, for the case of chip formation
in shear bands, progressively decreases with
increasing cutting speed and feed speed.
The austenite phases present in the chip structure
resulting from machining increase with rising cutting
speed and feed speed, leading to a significant
decrease in austenite phases on machined surfaces,
thus reducing the hard white layers that normally
form with wear on the cutting tool edges. The colour
variations in the chips formed are due to oxidation,
where blue, black and red colours correspond in order
for FeO, Fe3O4 and Fe2O3.
To achieve proper surface quality when milling hard
metals, it is recommended that machining should be
carried out at high cutting speeds but relatively low
feed speeds. This will have an obvious benefit in
levelling out the plastic deformations that are found
on the machined surface.
Low roughness values on the machined surfaces are
obtained by using low values of the rays on the
cutting edges of the cutting tools. It is found that the
tools used in hard metal machining should have as
small rays as possible in the area of the cutting edges
so that no hard white layers form on the machined
surface. This condition is beneficial in order to avoid
high process temperatures, which lead to the
development of austenite phases.
Microhardnesses of surface layers have higher values

Fig. 14. Indentation points when measuring microhardness
on the machined surface (Li et al., 2018)

7. CONCLUSIONS
The main argument and advantage of machining hard
metals by milling technologies is that after using a die
or other parts with complex surfaces, they can be
machined by this method. Thus, it is possible to
return surfaces to their original shape without
additional costs resulting from heat treatment and
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towards the machined surface. This is caused by
thermal and mechanical impacts resulting from the
removal of material by shearing phenomena, which is
the main mechanism exerted in cutting processes.
It is concluded that the main benefits of hard
machining processes are:
- reduction of manufacturing time by reducing the
number of operations required to obtain the parts;
- elimination of some operations, such as: finishing
operations by grinding; hole boring operations;
electro-erosion machining;
- machining is carried out from a single orientationfixing of the blank, with an advantage on machining
accuracy;
- easier to produce blanks are used, such as
rectangular or cylindrical blanks;
- obtaining surfaces of higher quality and
dimensional accuracy, with roughnesses of less than
1.6 µm and good mechanical properties of the surface
layers.
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