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Abstract This paper presents prediction and validation of
micro-milling cutting forces of AISI H13 steel at hardnesses
between 35 and 60 HRC. The cutting forces are predicted
based on an approach considering the full kinematics of the
cutting tool including the run-out effect, effects of the cut-
ting velocity and tool geometry, ploughing and chip forma-
tion phenomena and the hardness of the AISI H13 steel. A
plane strain dynamic thermo-mechanical finite element (FE)
model of orthogonal cutting is used to predict the cutting
forces where the geometry of the cutting tool edge is mod-
elled based on scanning electron microscope measurements.
A constitutive elastic–plastic isotropic material model
describing the relationship between stresses, strains, strain
rates and hardnesses is modelled and implemented into
ABAQUS/Explicit FE code by the user-defined subroutine
VUMAT. Finite element analyses (FEA) are employed to
obtain the relationship between cutting forces, uncut chip
thickness, cutting velocity and material hardness. Numerous
FEA are performed at different uncut chip thicknesses
(0–20 μm), cutting velocities (104.7–4,723 mm/s) and hard-
nesses (35–60 HRC) using the FE model of orthogonal
cutting. The full kinematics of the cutting tool including
the run-out effect and the FE-predicted cutting forces are
incorporated to predict the micro-milling cutting forces. The
predicted micro-milling cutting forces have been experi-
mentally validated at hardness of 43.2 HRC at different feed
rates and spindle speeds. The result showed that the cutting
forces and cutting temperatures increase by increasing the
hardness of the AISI H13 while the stability limits of the
process decrease by increasing the hardness.

Keywords Micro-milling . Cutting forces . Hardness . AISI
H13 steel . Finite element analyses

1 Introduction

The micro-milling process is widely used for manufacturing
miniature components with complex 3D shapes. The demand
for fabricating products and features at the micro-scale level
has pushed manufacturers to produce micro-milling cutting
tools with small diameters and sharp edge radii. Generally,
manufacturing cutting tools with micro-scale dimensions
increases their cost. Therefore, attention must be paid to
choosing suitable cutting conditions to avoid tool breakage,
quick tool wear, chatter and poor surface finish. Usually, tool
breakage occurs when the cutting forces are very high. High
run-out and chatter can also enhance the damage processes of
the cutting tool. Fast tool wear can be observed due to the
presence of high cutting forces, high temperatures, chatter and
adhesion. Poor surface finish is usually observed due to the
presence of chatter, worn edge radii, high run-out and plough-
ing dominant cutting (when there is no chip formation and the
material is mainly ploughed). Accurate prediction and proper
consideration of the cutting forces can significantly reduce the
negative effects caused in micro-milling.

Many researchers have worked on the development of
analytical and mechanistic models for predicting micro-
milling forces. Waldorf et al. [1] have developed a slip-
line field to model the ploughing components of the cutting
force. A series of experiments have been done on 6061-T6
aluminium using tools with different edge radii. Ko et al. [2]
have developed an approximate size effect model using
instantaneous cutting coefficients for an endmill with mul-
tiple flutes. The size effect is identified when the cutting
coefficient tends to become non-linear for small values of
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the uncut chip thickness. Vogler et al. [3] have developed a
mechanistic model for micro-endmilling that explicitly
accounts for the different phases while machining heteroge-
neous material. Kim et al. [4] have developed a static model of
chip formation in micro-milling processes describing the
intermittency of chip formation observed at low feed rates
for brass. Kang et al. [5] have developed an analytical mech-
anistic model of micro-endmilling for predicting the cutting
forces which considers the tool–workpiece contact at the flank
face for aluminium. Bissacco et al. [6] have developed a
theoretical model for cutting force prediction in micro-milling,
taking into account the cutting edge radius size effect, the run-
out and the deviation of the chip flow angle from the inclination
angle steel for (UHB11, 0.46%C) and an aluminium alloy
(6082T6). Malekian et al. [7] have investigated mechanistic
modelling of micro-milling forces, with consideration of the
effect of ploughing, elastic recovery, run-out and dynamics for
Al6061-T6 material. A ploughing force model that takes the
effect of elastic recovery into account has been developed based
on the interface volume between the tool and the workpiece.
Afazov et al. [8] have predict the cutting forces in micro-milling
of AISI 4340 steel considering the run-out effect, cutting veloc-
ity, tool edge radius, material behaviour, etc. Very good agree-
ment has been reported between predicted and experimentally
measured forces for wide range of feed rates and spindle speeds.

In general, some steels are annealed to low material hard-
ness when supplied. A typical example is AISI H13 steel
which requires further heat treatments to achieve the required
hardness for the corresponding application. AISI H13 steel
has good abrasion resistance. It also resists softening at tem-
peratures up to 550°C. It is widely used in industry with
typical applications in hot work punches (44–48HRC), blank-
ing tools and bending dies (50–52HRC), swaging dies (53–55
HRC), forging and extrusion dies (46–49 HRC), die casting
(52–54 HRC), injection moulding and others on both macro-
and micro-scale levels [9]. Research for predicting the cutting
forces in conventional macro-scale machining has been
carried out for AISI H13 steel at different hardnesses
[10–12]. Surface finish investigations of AISI H13 have also
been the subject of research [13, 14]. Generally, AISI H13
material behaves differently at different hardnesses which can
influence the cutting forces in macro- and micro-scale
machining and process behaviour respectively. Aramcharoen
andMativenga [15] have experimentally investigated how the
uncut chip thickness and cutting edge radius affect the specific
cutting force, surface finish and burr formation in micro-scale
machining of AISI H13. Also, the effect of different micro-
endmill geometries on product quality has been explored.
Uriarte et al. [16] have presented some modifications to a
mechanistic model for predicting micro-milling cutting forces
and performed experimental validation by micro-milling AISI
H13 hardened up to 60 HRC using two-flute carbide micro-
endmills at feed rates of 0.25 and 0.75 μm per tooth.

Despite the conducted research, there are still knowledge
gaps in modelling, investigation and experimental validation
of micro-milling cutting forces of AISI H13 steel at wide
range of cutting conditions and material hardnesses. The
objective of this paper is to predict the micro-milling cutting
forces of AISI H13 steel at material hardnesses between
35and 60 HRC and experimentally validate the predicted
micro-milling cutting forces. The paper also focuses on
material modelling of AISI H13 steel considering high strain
rates at material hardnesses in the range 35–60 HRC. The
main contribution of the paper is to accurately predict the
micro-milling cutting forces for wide range of cutting
conditions (feed rates, spindle speeds and depth of cuts)
and material hardnesses of the AISI H13 steel which
can be used for tool wear and chatter calculations or be
directly used by practitioners for specific applications.

2 Overview of methodology

Figure 1 shows the methodology overview of this study.
First, features of the micro-milling cutting tool (edge radius,
rake angle, clearance angle) and the run-out parameters are
measured. The edge radius, rake angle and clearance angle
are used to model the cutting tool in FE model of orthogonal
cutting. Workpiece material model is implemented in the FE
model of orthogonal cutting to describe the AISI H13
behaviour at different strains, strain rates, temperatures and
hardnesses. The run-out parameters are used as an input into
the uncut chip thickness model which considers the full
kinematics of the cutting tool. The results from the FE
model of orthogonal cutting and the uncut chip thickness
model are incorporated to predict the micro-milling cutting
forces. An experimental programme is conducted to validate
the predicted micro-milling cutting forces. Heat treatment
procedure is employed to achieve certain hardness of the
AISI H13 workpiece used in the experimental programme.

3 FE modelling of orthogonal cutting

Orthogonal cutting is simulated in a dynamic thermo-
mechanical FEA using an explicit integration in ABAQUS/
Explicit [17]. The explicit dynamic FEA is based on the
implementation of an explicit integration rule together with
the use of diagonal element mass matrices. The equations of
motion for the body are integrated using the explicit central
difference integration rule. The micro-milling process can be
also simulated using FEA where the uncut chip thickness
varies from tool teeth engaging point to the exit point and
the transition state for the force prediction can be achieved.
Such models are computationally very expensive and predict
the cutting forces for specific cutting conditions. The
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orthogonal cutting is used to obtain the cutting forces at
constant uncut chip thickness. The transition state for the force
prediction for different cutting conditions is achieved by
describing the predicted cutting forces from the orthogonal
cutting FEAwith an analytical equation which can be used for
further predictions of tool wear and chatter.

3.1 Geometry and mesh

Figure 2 shows a schematic of orthogonal cutting process with
cutting tool profile captured with SEM/FIB CrossBeam work-
station (NVision 40: Carl Zeiss SMT). In the FE model, the
tool is modelled as an isothermal rigid body represented by a
reference point (RP). The geometry of the tool is modelled
based on SEM measurements of the cutting tool teeth. The
edge shape of the tool is approximated as a radius (r) of 3.5 μm
and the rake angle (α) is estimated to be 8°. Plane strain
conditions are used within the FEA in this study. The work-
piece is modelled as a rectangular block and meshed with four
node bilinear temperature-displacement elements with reduced
integration and hourglass control. The workpiece has 12,000
elements. Element thickness (aorthp ) of 1 mm is applied to the

model which is used as a referencewhen different depths of cut
are investigated. Arbitrary Lagrangian–Eulerian adaptive
meshing is used to prevent distortion of elements.

Fig. 1 Methodology diagram

Fig. 2 Schematic of orthogonal cutting process
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3.2 Boundary conditions and loads

The nodes of surface A are constrained in x and y
directions while the nodes of surface B are constrained
in x direction. The rotation in the x–y plane and the
movement in the y direction of the tool are constrained
at the RP. This allows tool movement only in the
cutting direction. To decrease the effect of the boundary
conditions, the dimensions of the workpiece are kept
large enough to maintain a steady-state cutting condi-
tion. Different linear cutting velocities in the range
104.7–4,723 mm/s are applied at the RP in the cutting
direction.

Room temperature is applied to the workpiece as an
initial condition. Since the cutting velocity is very high
and the process is performed for a short period of time,
the orthogonal cutting can be assumed as adiabatic.
Therefore, only conduction is considered in the FE
model whilst convection and radiation are neglected.
Similar to other researchers, an inelastic heat fraction
of 90% is used in the model [18]. This means that 90%
of the plastic work will be converted into heat. Also,
the heat generation due to the contact between the
workpiece and the tool is implemented. The fraction of
dissipated energy converted into heat is assumed to be
100% and the heat is distributed equally between the
two surfaces in contact. The heat exchange between the
workpiece and the tool is achieved by applying a heat
transfer coefficient of 10,000 W/m2°C based on the
work carried out by Marbrouki et al. [19]. Coulomb
friction law is used in the current study where a friction
coefficient of 0.4 is applied between the workpiece and
the coated tool represented as a rigid body based on the
experimental work performed by Ozlu et al. [20].

3.3 Material model and properties

The material model used in the FE model of orthogonal
cutting is an isotropic thermal–elastic–plastic model using
the constitutive equation reported by Yan et al. [21]. The
constitutive equation considers the influence of the work-
piece hardness on the flow stresses as follows:

σy ¼ f σref "pleq;
�"pleq; T

� �
;Δσ HRCð Þ

� �
ð1Þ

where the reference flow stresses σref "pleq;
�"pleq; T

� �
and the

additional component of stress Δσ(HRC) can be given by:

σref ¼ Aþ B "pleq

� �n� �
1þ E ln �"pl�eq

� �
1� T�ð Þmð Þ ð2Þ

Δσ ¼ C ln "0 þ "pleq

� �
þ D ð3Þ

The reference flow stresses is described by the Johnson–
Cook (JC) constitutive equation which is strain rate and

Table 1 Johnson–Cook material constants for AISI H13 material [21]

A (MPa) B (MPa) E n m

908.54 321.39 0.028 0.278 1.18

Table 2 Constants for the addi-
tional component of stress
Δσ(HRC) [21]

Hardness
(HRC)

C D

35 −9.87 −544.76

40 −7.89 −395.76

46 0 0

50 5.92 221.8

55 19.74 489.49

60 32.89 774.26

Table 3 Mechanical and physical material properties for AISI H13 [27]

Modulus of elasticity, E (GPa) T E

20 207

93 200

300 186

540 158

Poisson’s ratio, υ (–) 0.3

Density, ρ (kg/m3) 7,800

Specific heat capacity, cp (J/kg°C) T cp
20 430

100 470

200 521

300 571

400 621

500 673

600 722

Thermal conductivity, k (W/m°C) T k

27 17.6

204 23.4

427 25.2

649 26.8

Melting temperature, Tmelt (°C) 1,490

Linear coefficient of thermal
expansion, ζ (μm/m°C)

T ζ

93 10.4

204 11.3

316 12.4

427 13.1

538 13.5
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temperature-dependent viscoplastic material model. The final
stress flow constitutive equation can be given by:

σy ¼ Aþ B "pleq

� �n
þ C ln "0 þ "pleq

� �
þ D

� �

� 1þ E ln �"pl�eq

� �
1� T �ð Þmð Þ ð4Þ

where ε010−3 is the reference strain, �"pl�eq ¼ �"=�"0is the dimen-

sionless strain rate for �"0 ¼ 1:0s�1 , A is the initial yield
stress, B is the hardening modulus, n is the hardening
exponent, E is the strain rate dependency coefficient and
m is the thermal softening coefficient (see Table 1). The

homologous temperature can be given by T*0(T−Tr)/
(Tmelt−Tr), where T is the reference temperature, Tr is
the transition or room temperature, Tmelt is the melting
temperature. The constants C and D are the function of
the initial workpiece hardness. The constant values at different
material hardnesses are given in Table 2. Temperature-
dependent mechanical and physical properties are used in
the FE model, as shown in Table 3.

An important feature of the micro-milling process is the
presence of size effect or dependence of strength on the
scale of deformation as observed by a number of research-
ers. This is mainly due to the material behaviour at micro-
scale since the feed rates in micro-milling are comparable
with the material grain sizes. Generally, the size effect can

Fig. 3 Trajectory of the kth and
the (k-1)th tool edges in the x–y
Cartesian coordinate system
and cutting tool centre offset

Fig. 4 Experimental setup
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be described as non-linear increase of the specific cutting
energy at different micro-machining cutting conditions.
Karpat [22] reported four explanations that relate the size
effect to the material strengthening mechanisms due to: (1)
the decreasing number of defects in microstructure, (2) the
increasing strain rate at the primary shear zone, (3) the effect
of thermal softening and (4) the effect of strain gradient
plasticity at the deformation zones at low uncut chip thick-
ness. Also, the size effect is caused by the negative rake
angle generated by the edge radius. In a previous study for
prediction of micro-milling cutting forces of AISI 4340
steel, the authors modelled the material behaviour in
micro-cutting using the JC constitutive equations where
very good correlation between predicted and experimental
results have been achieved [8]. Also, Afazov et al. [23]
considered the size effect in determining the micro-milling
cutting forces of Ti6Al4V alloy by modelling the material
stress flow using the JC constitutive equation and the strain
gradient plasticity theory. It has been observed that the
material model using the strain gradient plasticity results
with better correlation with the experimentally obtained
micro-milling cutting forces for feed rates less or equal to
6 μm/tooth, while the JC material model predicts more
accurately the micro-milling cutting forces for feed rates of

12 μm/tooth. Inspired by the results for AISI 4340 steel
using the JC material model in [8], the material model from
Eq. 4 is considered suitable to account for the size effects in
this study.

3.4 Implementation of constitutive material model

The constitutive Eq. 4 is implemented into ABAQUS/
Explicit by the user-defined subroutine VUMAT written
in FORTRAN code. To implement Eq. 4 into the
VUMAT subroutine, the elasto-plastic material behav-
iour needs to be defined for each integration/material
point of the FE model. For elastic behaviour in time
incremental FEA, the constitutive law can be given in
vector/matrix form by:

σnewf g ¼ σold
� �þ D½ � Δ"f g ð5Þ

where {σnew} and {σold} are column vectors containing
the new and the old tensor stresses, {Δε} is a column
vector containing the incremental tensor strains and
[D] is a stress–strain stiffness matrix. For an isotropic
material, the stress–strain stiffness matrix consists of

Fig. 5 Chip formation and
temperature distribution for
uncut chip thickness of 2 μm
and velocity of 1,571 mm/s at: a
hardness of 40 HRC; b
hardness of 60 HRC

Table 4 Constants for the cutting forces from Eq. 13 for different material hardnesses

Constants 35 HRC 40 HRC 46 HRC 50 HRC 55 HRC 60 HRC

Fc Ft Fc Ft Fc Ft Fc Ft Fc Ft Fc Ft

p1×(10
3) 12 15 23.35 19.4 19.28 20.7 25.9 23.3 33.94 27 37.24 29.3

p2×(10
−2) 0 0 −6.6 0 −2.7 0 −4.49 0 −6.97 0 −6.48 0

p3×(10
−4) −1.6 −0.3 −1.6 −0.3 −1.6 −0.3 −1.6 −0.3 −1.6 −0.3 −1.6 −0.3

p4×(10
−4) 0 0 −1 0 −2 0 −3 0 −2 0 −5 0

p5 4.7 4.6 5.87 6.3 6.43 7.2 7.89 8 8.93 9.5 10.25 11

p6 −4 −9 −4.5 −10.5 −10 −12.5 −5 −9 −5 −7 −4.5 −6.5
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relationships between modulus of elasticity (E) and
Poisson’s ratio (v). The temperature-dependent modulus

of elasticity is introduced within the VUMAT subrou-
tine by using a linear interpolation technique for the

35 HRC 40 HRC 46 HRC

50 HRC 55 HRC 60 HRC

Fig. 6 FE-predicted cutting forces in cutting and tangential directions for hardnesses between 35 and 60 HRC
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corresponding temperature of the material/integration
point. It is possible to decompose the stress vector
{σnew} into a deviatoric stress vector {S} and a hydrostatic
vector {σm} so that

S11 S12 S13
S21 S22 S23
S31 S32 S33

2
4

3
5 ¼

σnew
11 σnew

12 σnew
13

σnew
21 σnew

22 σnew
23

σnew
31 σnew

32 σnew
33

2
4

3
5�

σm 0 0
0 σm 0
0 0 σm

2
4

3
5

ð6Þ

where the hydrostatic stress is given by:

σm ¼ 1

3
σnew
11 þ σnew

22 þ σnew
33

� � ð7Þ

The equivalent Von Mises stresses can be then given by:

σ� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

3
S11

2 þ S22
2 þ S33

2 þ 2 S12
2 þ S13

2 þ S23
2

� �� �r

ð8Þ
Plasticity occurs when

σ� � σy > 0 ð9Þ

The increment of equivalent plastic strain is obtained
explicitly through [24]

Δ"pleq ¼
σ� � σy

3Gþ H
ð10Þ

where H ¼ dσy=d"pleq is the plastic hardening at the

beginning of the increment and G0E/2(1+ν) is the
shear modulus. The equivalent plastic strain at time t+Δt,
after defining the incremental plastic strain from Eq. 10, is
updated by:

"pleqnew ¼ "pleqoldþΔ"pleq ð11Þ

The yield stress (σy
new) at time t+Δt is then updated using

Eq. 4. The stresses for the plain strain model are updated by:

σ11 ¼
S11σnew

y

σnew
y

þ 3GΔ"
pl
eq

þ σm

σ22 ¼
S22σnew

y

σnew
y

þ 3GΔ"pleq
þ σm

σ33 ¼
S33σnew

y

σnew
y

þ 3GΔ"pleq
þ σm

σ12 ¼
σ12σnew

y

σnew
y

þ 3GΔ"pleq

ð12Þ

Finally, the specific internal energy and the dissipated in-
elastic specific energy for the plain strain FEmodel are updated.

4 Modelling of micro-milling cutting forces

The authors described the relationship between cutting forces,
uncut chip thickness and cutting velocity obtained from FE
model of orthogonal cutting of AISI 4340 steel by [8]:

Fc;t ¼ p1v
p2ð Þ 1� exp p3hð Þ½ � þ p4vþ p5ð Þ 1� exp p6hð Þ½ �

ð13Þ
where the constants p1, p2, p3, p4, p5 and p6 are obtained after
curve fitting procedure.

The cutting velocity from the orthogonal cutting model is
represented as a tangential velocity of the cutting tool and
can be given by:

v ¼ w R� 0:5h� 10�3
� � ð14Þ

The unit of the uncut chip thickness (h) in Eqs. 13 and 14
is micrometer (μm). Considering the full kinematics of

Fig. 7 Comparison between
the FE-predicted forces at
40 and 46 HRC and the
approximated forces at 43.2
HRC at velocity of 1,500 mm/s
in the: a cutting direction;
b tangential direction
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the cutting tool including the run-out effect (see Fig. 3),
the uncut chip thickness h (in millimetre) can be given
by [8]:

h ¼ Rþ L sin wt � 2pk=K þ aoð Þ
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � L2cos2 wt � 2pk=K þ aoð Þ

p
ð15Þ

where R is the radius of the tool (in millimetre), w is
the spindle angular velocity (radian per second), k is the
flute number and K is the number of flutes. The dis-
tance L (in millimetre) and the angle αo (radian) can be
given by:

L ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xo � xo0ð Þ2 þ yo � yo0ð Þ2

q
ð16Þ

ao ¼ arctan
yo � yo0

xo � xo0

	 

ð17Þ

The coordinates of nodes O and O′ can be given by:

xðOÞ ¼ ftþ Ro sin wtþ goð Þ
yðOÞ ¼ Ro cos wtþ goð Þ

ð18Þ

x O0ð Þ ¼ ft0 þ Ro sin wt0 þ goð Þ
y O0ð Þ ¼ Ro cos wt0 þ goð Þ ð19Þ

where f is the feed rate (millimetre per second), Ro is the
run-out length (in millimetre), γ0 is the run-out angle (radian)
and t′ is the time of the previous cutting edge. The time t′ can
be defined by solving Eq. 20 numerically using the Newton–
Raphson method.

R tan wt� 2pk=Kð Þ cosðwt0 � 2p k � 1Þ=Kð Þ

þRo tan wt� 2pk=Kð Þ cos wt0 þ goð Þ
�Ro tan wt� 2pk=Kð Þ cos wtþ goð Þ
�ft0 þ ft� R sin wt0 � 2p k � 1ð Þ=Kð Þ
�Ro sin wt0 þ goð Þ þ Ro sin wtþgoÞ ¼ 0ð

ð20Þ

The micro-milling cutting forces in the cutting and tangen-
tial directions for given angle of rotation or time are obtained

by substituting Eqs. 14 and 15 into Eq. 13. The forces in the x
and y directions can be given by:

Fx

Fy

� �
¼ ap

aorthp

sin θ cos θ
� cos θ sin θ

� �
Ft

Fc

� �
ð21Þ

where ap is the depth of cut (0.1 mm in the current study), aorthp

is the element thickness from the orthogonal FE model (1 mm
at the current study) and θ is the angle of rotation. In Eq. 21,
the effect of the helix angle is not considered based on the
assumption that the helix angle does not significantly affect
the cutting forces in the cutting and tangential directions for
small depth of cut.

5 Experimental programme

The supplied AISI H13 steel with hardness of 8 HRC is first
heat-treated in order to achieve an adequate material hard-
ness. The following processes are carried out: (1) The
material is pre-heated to 750°C and then raised quickly to
1,035°C; (2) The material is cooled in air down to room
temperature; (3) heated to 610°C and kept in the furnace for
30 min and air-cooled down to room temperature after-
wards; (4) heated again to 610°C and kept for 30 min in
the furnace and finally cooled down to room temperature in
air. The achieved material hardness measured on a hardness
test machine on Rockwell C scale is 43.2 HRC after grinding
the layers of oxidised material.

An ultra precision five-axis milling machine KERN Evo
with computer numerical control (CNC) is utilised to perform
the experimental programme. Figure 4 shows the experimen-
tal setup. A Kistler dynamometer (9256C2) is mounted on the
five-axis KERNmachine to measure the micro-milling cutting
forces. The sensitivity of the dynamometer is 26 pC/N in the x
and y directions.

Based on FE frequency analyses, the workpiece is
designed with dimensions of 36 mm width, 40 mm height,
7 mm thickness and eight holes each of 3-mm diameter and
clamped with eight bolts. A two-flute TiN-coated tungsten
tool with diameter of 500 μm and flute length of 1 mm is
used. The static run-out is measured at the tool tip before
performing each of the cutting trials using a dial indicator
attached to the CNC machine. A run-out length (Ro) in the
range 0.1–0.5 μm and a run-out angle (γo) of 45° are
determined. The zero point in the z direction is found by
moving the cutting tool down to the workpiece very slowly
until a jump of the acoustic emission signal is detected.
Numerous dry cutting trials are performed at spindle angular
velocities of 25,000 and 50,000 rpm, feed rates between 0.5
and 10 mm/s and depth of cut of 100 μm on the heat-treated
workpiece with hardness of 43.2 HRC.
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Fig. 10 Forces at w0
50,000 rpm and f02 mm/s;
hmax01.34 μm

Fig. 11 Forces at w0
50,000 rpm and f05 mm/s;
hmax03.14 μm

Fig. 12 Forces at w0
50,000 rpm and f010 mm/s;
hmax06.14 μm

Fig. 9 Forces at w0
25,000 rpm and f05 mm/s;
hmax06.7 μm

Fig. 8 Forces at w0
25,000 rpm and f00.5 mm/s;
hmax00.81 μm
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6 Results and discussion

The results presented in this section are mainly focused on
the predicted and experimentally measured cutting forces,
but also, results related to temperature introduced during
cutting and chatter are discussed. Figure 5 shows the chip
formation and the temperature distribution for uncut chip
thickness of 2 μm and cutting velocity of 1,571 mm/s at
material hardnesses of 40 and 60 HRC. It can be seen for
both hardnesses that the maximum temperature is located at
the contacting area between the cutting tool edge and the
workpiece. The maximum temperature at hardness of 60
HRC is 434°C, while at of 40 HRC, the temperature is
280°C. This shows that the temperature during cutting
increases by increasing the material hardness. It is also
observed that the temperature increases by increasing the
uncut chip thickness. For example, temperature of 602°C is
predicted for uncut chip thickness of 14 μm and cutting
velocity of 1,571 mm/s at material hardnesses of 60 HRC.
The predicted temperatures during cutting can be considered
in defining the cutting conditions in order to avoid fast wear
of the cutting tool at higher temperatures.

Three hundred sixty FEAs are run to describe the rela-
tionship between cutting forces (in tangential and cutting
directions), uncut chip thickness, cutting velocity and mate-
rial hardness. In terms of computational time for cutting
length of 68 μm of the tool, the FE models with cutting
velocity of 4,723 mm/s run for about 25–30 min depending
on the magnitude of the uncut chip thickness, while the FE
models with cutting velocity of 104.7 mm/s run for about
1 day. The FEA have been submitted to high-performance
computer with multi-CPUs where each analysis is computed
on single CPU. The relationship between FE-predicted cut-
ting forces, uncut chip thickness and cutting velocity for
each material hardness is defined with Eq. 13 which
describes the ploughing and shear dominant forces. The
ploughing dominant phenomenon is observed until the point
when the ratio between the uncut chip thickness and the
edge radius of the cutting tool, known as cutting edge ratio,

has reached certain value. The cutting edge ratio can vary in
the range 0.09–0.4 for different materials, cutting conditions
and tool–workpiece interactions as reviewed in [15]. It is
characterised by pushing the material without forming a
chip which causes both plastic deformation and elastic recov-
ery or springback effect [1]. Ploughing also results with poor
surface finish and burr formation [25]. The shear dominant
phenomenon is characterised by forming chips during cutting.
Both ploughing and shear dominant phenomena exist in
micro-milling since the uncut chip thickness varies at different
angles of rotation. The six constants in Eq. 13 are defined by a
fitting technique described in [8]. The constants are obtained
for material hardnesses of 35, 40, 46, 50, 55 and 60 HRC and
given in Table 4. The FE-predicted cutting forces and the
fitted curves are shown in Fig. 6. The unit (Newton
millimetre) represent the cutting forces obtained for 1-mm
element thickness of the plain strain FE model of orthogonal
cutting. Also, the cutting forces are predicted for uncut chip
thicknesses for up to 20 μm. It should be mentioned that feed
rates of 20 μm/tooth can cause brakeage of the cutting
tools. On the other hand, the predicted forces at higher
uncut chip thicknesses can be used for tools with larger
diameters (e.g. 1–2 mm).

It can be seen that by increasing the velocity, the forces in
the cutting direction decrease. This is caused mainly by the
higher induced temperatures which soften the material and
the inertia effect at higher velocities (Fig. 6). The forces in
the tangential direction and the cutting direction at 35 HRC
are velocity-independent. It can be also seen that the forces
in both cutting and tangential directions increase by increas-
ing the material hardness. The material hardness can be
incorporated in Eq. 13 by describing the relationship be-
tween each constant from Table 4 as function of the material
hardness. In this study, the constants p1,p2,…,p6 from Eq. 13
at hardness of 43.2 HRC are defined using a linear interpo-
lation. As an example, Fig. 7 shows the predicted cutting
forces for material hardnesses of 40 and 46 HRC and the
approximated cutting forces at 43.2 HRC using a linear
interpolation between the constants from Eq. 13 obtained

Fig. 13 Stability lobes for AISI
H13 at feed rate of 4 μm/flute
and different material
hardnesses
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at 40 and 46 HRC. It can be seen that the approximated
curve describing the forces in the cutting and tangential
direction as function of the uncut chip thickness for 43.2
HRC is located between the curves representing the hard-
nesses of 40 and 46 HRC.

The approximated constants from Eq. 13 for 43.2 HRC are
used for prediction of the micro-milling cutting forces in order
to compare the results with the measured micro-milling cut-
ting forces of the heat-treated workpiece with hardness of 43.2
HRC. Figures 8, 9, 10, 11 and 12 show comparison between
the predicted and experimentally measured micro-milling cut-
ting forces for five cutting conditions. It can be seen that the
predicted and measured cutting forces arrived at good agree-
ment. The effect of the run-out phenomenon on the cutting
forces can also be seen, especially in Figs. 8 and 9.

Furthermore, the micro-milling cutting force model and
results in this study are used to investigate the process
stability at different material hardnesses. Stable micro-
milling is observed with no presence of self-excited vibra-
tion between the cutting tool and the workpiece, known as
chatter. Chatter is characterised by poor surface quality and
fast tool wear. The chatter model in time domain solution
developed by the authors is used to predict the stability
lobes at different hardnesses of the AISI H13 steel [26].
The micro-milling force model with the validated force con-
stants for AISI H13 material using Eq. 13 and the dynamics of
the tool-holder-spindle assembly at the tool tip [26] for the
tool used in this study are incorporated into the chatter
model. Figure 13 shows the predicted chatter stability lobes
at feed rate of 4 μm/flute and material hardnesses of 35, 40, 50
and 60 HRC. It can be seen that the stability limits decrease by
increasing the material hardness. This can be explained with
the increase of the cutting forces at high material hardnesses.
The predicted stability limits can be directly used for selection
of stable cutting conditions.

7 Conclusions

Material model considering the stress flow as a function of
the stain, strain rate, temperature and the hardness of AISI
H13 steel has been modelled and implemented into ABA-
QUS/Explicit FE code using the VUMAT user-defined sub-
routine using the elasto-plastic constitutive equations and
algorithms.

FE model of orthogonal cutting has been successfully
developed to predict the relationship between cutting
forces, uncut chip thickness and cutting velocity at
material hardnesses of 35, 40, 46, 50, 55 and 60
HRC. The micro-milling cutting forces have been determined
based on the FE-predicted forces and the calculated uncut chip
thickness considering the full kinematics of the micro-
milling tool including the run-out effect. It has been

observed that the cutting forces increase by increasing
the material hardnesses.

The predicted micro-milling cutting forces have been
validated with experimentally measured results at different
spindle speeds and feed rates. The results showed very good
agreement between predicted and experimentally measured
micro-milling cutting forces.

Chip formation and workpiece temperature distribution
have been predicted using the FE model of orthogonal
cutting. It has been observed that the maximum temperature
is located at the contact area of the cutting tool edge and the
workpiece material. It has been also observed that by
increasing the material hardness, the micro-milling-induced
temperature increases while the stability limits decrease.
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