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Abstract In micro-milling, cutting forces are driven by
many parameters, including feed per tooth, depth of cut,
rake angle and machined material. Because of size effects,
issues inherent in the micro-milling process, such as chat-
ter, edge radius or tool deflection, influence the cutting
forces making it difficult to understand the process. To
overcome this problem, the best solution is to perform
experiments independently on each parameter. With or-
thogonal and oblique micro-cutting experiments, chip for-
mation is investigated with fewer parameters. This study
aimed to model micro-cutting using the results obtained
from orthogonal and oblique micro-cutting experiments,
based on tube turning ignoring dynamic considerations.
It was experimentally observed that a jump in cutting
forces occurs when the uncut chip thickness decreases,
described as a transient regime between ploughing and
shearing dominant regimes. The ploughing regime for
low uncut chip thicknesses is characterised by a normal
force greater than the cutting force. At higher uncut chip
thicknesses, the cutting force is dominant. A phenomeno-
logical model was developed to take into account the di-
vergence in cutting forces at low uncut chip thicknesses.
The model was divided into two terms that model,

respectively, ploughing and shearing regimes with a con-
tinuous transient regime. The model reproduced the be-
haviour quite well and could be enriched with more
parameters.
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Notations
h Uncut chip thickness (μm)
w Cutting width (μm)
rβ Cutting edge radius (μm)
γ Rake angle (°)
λs, Inclination angle (°) (along cut surface normal)
Vc Cutting speed (m/min)
Fx Measured force along dynamometer’s X axis (N)
Fy Measured force along dynamometer’s Y axis (N)
Fx Measured force along dynamometer’s Z axis (N)
Fc Cutting force along cutting speed direction (N)
Ff Cutting force along cut surface normal (N)
Fp Cutting force orthogonal to Fc and Ff (N)
Ki1 Specific “cutting” force at the unit area

for Ff (i= c, f, p) in ploughing regime (N/μm2)
Ki2 Specific cutting force at the unit area

for Fi (i= c, f, p) in shearing regime (N/μm2)
Ki3 Specific cutting force at the unit length

for Fi (i= c, f, p) in shearing regime (N/μm)
α i1 Coefficient for ploughing regime (i= c, f, p)
α i2 Coefficient for shearing regime (i= c, f, p)
Ki Force per unit of area (i= c, f, p)
μ Friction coefficient
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1 Introduction

The increasing development of micro-cutting processes such
as micro-milling in recent times has led to a desire to under-
stand and model the mechanisms of chip formation at this
scale. Most of the research found in the literature identified a
model for micro-cutting directly from micro-milling results.
These models usually took into consideration some size ef-
fects such as cutting edge radius, tool dynamics and stiffness,
ploughing effects, run-out and material heterogeneity.

These main issues in micro-milling are indeed linked to
size effects as pointed out by Cheng and Huo [1]. The tools
used for micro-milling are clearly different from conventional
scale tools, with a greater length compared with diameter and
are relatively sharper compared with conventional tools [2].
Such a difference led to considering important influences on
cutting forces that are amplified at a micro-scale, such as spe-
cific cutting forces [3, 4], burr formation [5] or tool deflection
[6]. Other issues, such as vibrations [7–9] or material hetero-
geneity [10, 11], have been proven to influence cutting forces
in micro-milling. The difficulty in identifying parameters for
each size effect resulted in them being studied independently
but with some limitations.

Bissacco et al. [12] assumed that the cutting edge radius
size effect is the most influential parameter on cutting forces
and that the rake angle can be considered to be an effective
negative rake angle for an uncut chip thickness smaller than
the cutting edge radius. They included this effective angle in
the cutting coefficient for the Unified Mechanics of a Cutting
Model by Armarego [13]. To identify the different coeffi-
cients, they performed orthogonal cutting tests with different
uncut chip thickness to edge radius ratios and different nom-
inal rake angles. These tests showed that for a ratio lower than
0.5, the cutting forces were no longer influenced by the nom-
inal rake angle. They then verified the model for micro-
milling and found good agreement between predicted and
measured forces. They also stated that the small end mill
run-out had no effect because the tool deflection reduced the
imbalance between the cutting forces on the two flutes.
Altintas and Jin [14] proposed a model for specific cutting
force coefficients including the uncut chip thickness and the
cutting edge radius, with five coefficients that were identified
by a slip line model of orthogonal cutting and a Johnson-Cook
constitutive law. The cutting forces in micro-milling were then
obtained by integrating the elementary forces along the cutting
edge. The comparison with experimental results needed a
Kalman filter to compensate for the distortion resulting from
the dynamometer, but showed good agreement. In a similar
way, Jing et al. [15] proposed a prediction of cutting forces in
micro-milling by identifying specific cutting forces through
FEM simulation. These specific cutting forces were identified
as a function of the uncut chip thickness and cutting speed.
The uncut chip thickness was determined using numerical

methods to consider the trochoidal tooth path as well as run-
out. In the works of Rodriguez and Labarga [16], a linear
model as a function of uncut chip thickness was used to pre-
dict cutting forces. The tool run-out, tool deflection and
ploughing effect were taking into account to determine the
effective uncut chip thickness whatever the location along
the cutting edge. A comparison between predicted and exper-
imental cutting forces showed a good degree of agreement,
but some vibrations from the process were still unpredicted.
Kang et al. [17, 18] as well as Friedrich and Kulkarni [19] took
into account elastic recovery in their models. The cutting
forces were related to shearing forces during chip formation
and sliding forces on the clearance face. These sliding forces
were proportional to Young’s modulus and the hardness of the
machined material. Wang et al. [20] proposed to study chip
formation in micro-milling for a half rotation of the tool using
FEM simulations. A segmented chip resulted, as was observed
during micro-milling experiments.

All these works approximated micro-milling cutting forces
with a fairly good agreement, but dynamic effects can hide
some chip formation mechanisms at low uncut chip thick-
nesses notably because of tool stiffness. Decoupling dynamic
considerations and chip formation improve the understanding
of each contribution. The aim of this work was to model
micro-cutting forces based on micro-cutting tests for small
uncut chip thicknesses. Thus, dynamic issues were not con-
sidered and the assumption of a rigid tool was consistent. This
paper presents a model taking into account both ploughing
and shearing mechanisms.

2 Experimental set-up

2.1 Elementary cutting set-up

To perform elementary cutting, three methods are often used:
disk turning, tube turning or planing. Planing is the closest
experimental procedure to performing elementary cutting but
is limited by dynamic considerations when reaching high cut-
ting speeds. This limitation can be overridden with turning
experimentation where the cutting speed is provided by spin-
dle rotation. Nevertheless, it is necessary to consider some
assumptions in elementary cutting. For the tube turning used
in this study, two assumptions were verified. The first was the
width of cut w (tube thickness) compared with uncut chip
thickness h to neglect boundary effects (Eq. (1)).

h≫w ð1Þ

The second was that the width of cut has to be limited to
minimise the difference between the cutting speed VCinn at the
inner radius Rinn and the cutting speed VCout at the outer radius
of the tube Rout. The targeted cutting speed VCmed was
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calculated to be in the median radius Rmed. The expression for
the relative error is given by Eq. (2).

ΔVC

VCmed
¼ VCout−VCinn

VCmed
¼ Rout−Rinn

Rmed
¼ w

Rmed
ð2Þ

To adopt these assumptions with the dynamic capabilities
of the CNC machine, the tube used in the experiments had an
inner radius of 3.024 mm and was 318-μm thick. These di-
mensions provided a relative error of 10 % for the cutting
speed and the thickness of an uncut chip of up to 30 μm.
Tube turning also has the advantage of easily performing
oblique cutting by moving the cutting edge in a radial direc-
tion. Thus, the experiment consisted of an axial displacement
of the tube and a machining distance of 0.5 mm. The desired
thickness of the uncut chip corresponding to feed per rotation
was driven by the axial feed rate. Thus, with measurement
occurring over several rotations, the machine stiffness was
stabilised after a few rotations and did not influence the ex-
periment. With a cutting speed of 40 m/min, a maximum ratio
of about 1:300 between feed rate and cutting speed validated
the assumption that the working tool angles during experiment
were equal to the nominal tool angles.

The experiments were carried out on a Röders RP600 CNC
which performed adequately to ensure minimal errors for the
cutting speed, feed rate and position. The chip conveyor was
switched off to minimise cutting force signal noise resulting
from vibrations.

As shown in Fig. 1, three tools were used as follows: two to
obtain the tube dimensions directly before beginning each test
from a larger tube to minimise tube run-out and the last to
perform the experiments.

Force measurements were carried out using a Kistler
Minidyn 9256C2 dynamometer associated with a Kislter am-
plifier 9017. Data were saved using a National CompactDaq
9174 with NI9215 cards and a dedicated Labview pro-
gramme. The cutting tools were micro-turning tools
IFANGERMTNY 41015-R-TiAlN, which had a cutting edge
1-mm long and a TiAlN coating. The nominal rake angle was
investigated using rake angles of 8° and −8°. The cutting edge

radius of each tool was measured using an Alicona Infinite
Focus 3D microscope and was close to 1.3 μm. Both the
orthogonal and oblique cutting configurations were performed
with an inclination angle λs of 0° and 30°, respectively.

Because the tool was fixed on the dynamometer, the
measured forces were the forces of the material acting
directly on the tool on the dynamometer axes, namely
Fx, Fy and Fz (Fig. 2). These forces had the shape of a
plateau as shown on Fig. 3. The collected data were then
treated to compensate for the possible offset and drift of
the signal. In the case of the oblique cutting experiments,
a geometrical transformation was performed to obtain cut-
ting forces in the desired directions, namely Fc, Fp and Ff

(Fig. 2). An automatic detection of cutting force curves
was implemented to ensure the same procedure for every
experiment. As the entrance and exit of the tool in the
material can lead to a peak force, the centre of three quar-
ters of the plateau was used to calculate the average value
and standard deviation of the force signal. The experimen-
tal device was supported by a digital microscope placed
near the cutting zone to ensure the monitoring of tool
integrity and to observe, qualitatively, chip formation.

2.2 Workpiece material

The workpiece was 40NiCrMo16 tool steel with heat treat-
ment for hardness up to 54HRC (Fig. 4). Because of the
heat treatment, the microstructure showed martensite
needles and was considered homogeneous, with a grain
thickness of about 100 nm. This material is often used in
injection tooling manufacture (injection moulding). All the
experiments were carried out on the same tube, and the
material behaviour was assumed to be the same all along
the tube.

3 Elementary cutting force modelling

The cutting forces model developed in this study consisted of
a phenomenological model divided into two terms and pre-
dicted the cutting forces Fi (Fc, Ff or Fp) as a function of the
uncut chip thickness h, cutting width w and cutting edge radi-
us rβ This depended on cutting constantsKij andαijThemodel
is given by Eq. (3).

Fi ¼ Ki1:h:w e
−αi1h

rβ

� �
þ Ki2:hþ Ki3ð Þ:w: 1−e−

αi2h
rβ

� �
ð3Þ

The first term is a linear function proportional to the
thickness of the uncut chip and weighted by an exponen-
tial function which tends to zero when the thickness of the
uncut chip increases. In this way, the cutting force for the
uncut chip with the lowest thickness was essentiallyFig. 1 Experimental set-up for tube turning
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influenced by the first term and represented ploughing
regime. Thus, if Kf1 was greater than Kc1, the thrust force
was greater than the cutting force for the uncut chip with
the lowest thickness because of this first term (Eq. (4)).
This term is equal to zero when there is no tool engage-
ment.

Fi ¼ Ki1 � h � w ð4Þ

The second term is also a linear function weighted by an
exponential function, which tends to one when the thickness

of the uncut chip increases to represent shearing regime. For
higher values of uncut chip thickness, the cutting forces can be
greater than the thrust forces and tend to the well-known mod-
el given in Eq. (5).

Fi ¼ Ki2 � hþ Ki3ð Þ � w ð5Þ

Figure 5 shows this decomposition. The exponents are di-
vided by the cutting edge radius to obtain the α coefficients
that are unit-less. Moreover, if the cutting edge radius in-
creases, saturation will be observed for the uncut chip with
higher thicknesses, increasing the zone of the dominant
ploughing regime.

These stages were in good agreement with the dominant
ploughing stage and the dominant shearing stage. Moreover,
the cutting edge radius appeared exponentially constant: the
greater the cutting edge radius, the greater the influence of the
ploughing regime on the higher thickness values of the uncut
chip. Depending on the two constant values α1 and α2, a

Fig. 2 From turning to oblique
cutting

Fig. 3 Experimental cutting forces measured with the dynamometer Fig. 4 40NiCrMo16 microstructure
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transient stage where the two terms were quite equivalent was
introduced as shown in Fig. 5.

4 Results and discussion

4.1 Elementary cutting experiment results

Measured cutting forces as a function of the thickness of the
uncut chip are presented in Fig. 6. For every cutting configura-
tion, it was noticed that a steep increase up to a local maximum
value of forces occurred for thicknesses lower than 1 μm.

This observed jump was the result of the combined action
of a change in material composition and local hardening.
Indeed, under the action of the ploughing effect at small thick-
nesses, a layer of the specimen was hardened during the pre-
vious path of the tool and the cutting forces increased when
the tool attempted to cut into this layer. As the test is cyclical
(several rotations in an experiment), the phenomenon
compounded with each rotation and was more pronounced
when the thickness of the uncut chip was smaller than the
hardened layer. Conversely, if the thickness of the uncut chip
was greater, the hardened surface from the previous rotation
was removed by the formation of the chip, a new hardened
surface appeared, and the compounding did not take place.

An SEM observation of the machined surface after the last
experiment on the tube presented an affected layer of about
850 nm (Fig. 7). This phenomenon was observed in AISI 1045
by Fleischer et al. [21] for a ratio of the cutting edge radius to the
thickness of the uncut chip close to 1. Over a thickness of the
uncut chip of 1 μm, cutting forces seem to have a linear

behaviour.Reasons for thisbehaviourareanuncutchip thickness
larger than cutting edge radius, erasing cutting edge radius con-
tributiononcutting forces andanuncut chip thickness larger than
affected layer thickness, erasing affected layer contribution.

4.2 Parameter identification

Based on these experimental results, model coefficients were
identified using MIC2M software. MIC2M [22] is software
developed onMATLAB for parameter identification using the
Levenberg Marquardt algorithm [23, 24]. The cutting force
coefficients in the cutting speed direction Fc, orthogonal to
the machined surface Ff and orthogonal to the two previous
directionsFp (see Fig. 3), are given, respectively, in Tables 1, 2
and 3. Because Ff and Fp have negative values, absolute

Fig. 5 Force model decomposition as a function of uncut chip thickness
h Fig. 6 Experimental results for a rake angle of 8° in oblique cutting

(λs= 30°)

Fig. 7 Microstructure modification under micro-cutting
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values were considered for identification to enable compari-
son with other force components.

As shown in Fig. 8, the identification provides a model that
fits experimental results with good agreement. Kf1 is more than
two times greater than Kc1 in three configurations over four and
is explained by the ploughing effect. For the lowest thickness of
the uncut chip, the friction on the cutting edge and on the
clearance face was more important than the shearing action
and led to a higher normal force than the cutting force like a
cylinder sliding on a surface. The fact that Kf3 was higher than
Kc3, which were the values of the second term of the model
when the thickness of the uncut chip decreased, was also an
indication of the ploughing effect. A dominant shearing regime
was reached when the thickness of the uncut chip increased,
leading to Kf2 being lower than Kc2. Nevertheless, it was no-
ticed that for a tool presenting a negative rake angle, coefficients
Kf were close to coefficients Kc, which underlined the limited
efficiency of shearing localisation compared with a tool with a
positive rake angle. The inclination angle λs was expected to
decrease cutting forces but here, the coefficients increased with
the inclination angle. This was caused by a larger contact area
between the chip and tool, leading to higher friction forces.

Another observation concerns the coefficients α: for a nega-
tive rake angle, the values of these coefficients were greater than
those for a positive rake angle and the higher the value, the
quicker the exponential factors converged. Therefore, a high val-
ue for a coefficient α implied a transient regime for the lower
thicknesses of the uncut chip. The second term of the proposed
force model influenced the lower thickness of the uncut chip
when comparing a negative rake angle with a positive rake angle
situation. This is in good agreement with the fact that for the
same cutting edge radius, the uncut chip thickness limit was
lower for a negative rake angle than for a positive rake angle as
stated in other work [12, 18].

Cutting forcesperunitof areaor specific cutting forces (Eq. 6)
are larger thanyieldstrengthdue toplasticdeformationoccurring
during chip formation and especially in micro-cutting.

Ki ¼ Fi

h � w ð6Þ

In this model, specific cutting force Kc tends to Kc1 when
uncut chip thickness decreases leading to the ploughing
regime and tends to Kc2 when uncut chip thickness in-
creases leading to the shearing regime. Kc limits in
ploughing regime are, respectively, over 170 GPa for a
positive rake angle and over 360 GPa for a negative
rake angle. These limits decrease, respectively, to 3
and 4.7 GPa in shearing regime. These limits exceed
largely yield strength and specific cutting force in con-
ventional cutting which is about 2 GPa. The high limit
for ploughing regime is also due to cutting edge radius
leading to a larger contact area than h·w. This discus-
sion is also available for Kf.

An interesting comparison between coefficients Kc and
Kf provides information about friction. Except for
oblique cutting with a negative rake angle, the ratio
Kc1/Kf1 is close to 0.45. This value can be considered
as the friction coefficient when no chip formation oc-
curred, in other words, it was close to the friction coef-
ficient of a tool sliding on the material. The ratio Kc2/Kf2

depended largely on the rake angle: for a rake angle of
8° the ratio was close to 2 (1.9 and 2.2) whereas for a
rake angle of −8° the ratio equalled 1. Nevertheless, this
coefficient was related to the friction coefficient between
the chip and rake face. Based on Merchant modelling
[25], this friction coefficient can be expressed as
Eq. (7) in orthogonal cutting.

μ ¼ tan γ þ arctan
F f

Fc

� �
ð7Þ

Table 1 Fc cutting force coefficients from identification

γ (°) 8 −8

λs (°) 0 30 0 30

Kc1 (N/μm
2) 1.817e-1 1.767e-1 9.343e-1 3.682e-1

αc1 6.785 7.452 2.014e1 1.415e1

Kc2 (N/μm
2) 3.055e-3 3.410e-3 4.725e-3 4.897e-3

Kc3 (N/μm) 1.738e-2 1.684e-2 2.211e-2 2.437e-2

αc2 1.804 2.299 3.029 3.725

Table 2 Ff cutting force coefficients from identification

γ (°) 8 −8

λs (°) 0 30 0 30

Kf1 (N/μm
2) 3.964e-1 3.931e-1 2.080 2.127e-1

αf1 6.929 7.405 2.035e1 8.880

Kf2 (N/μm
2) 1.369e-3 1.786e-3 4.468e-3 4.835e-3

Kf3 (N/μm) 2.045e-2 1.860e-2 2.266e-2 2.471e-2

αf2 1.747 3.490 5.451 3.508e1

Table 3 Fp cutting force coefficients from identification

γ (°) 8 −8

λs (°) 0 30 0 30
Kp1 (N/μm

2) In orthogonal
cutting
Fp = 0 N

−1.155e-2 In orthogonal
cutting
Fp= 0 N

−2.730e-2

αp1 8.154 1.567e1
Kp2 (N/μm

2) 9.237e-4 1.268e-3
Kp3 (N/μm) 3.596e-4 9.146e-4
αp2 8.156 2.127e-1
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When the thickness of the uncut chip increases, in orthog-
onal cutting, the Ff/Fc ratio tends to Kf2/Kc2. Thus, Eq. (7) is
close to Eq. (8).

μ ¼ tan γ þ arctan
K f 2

Kc2

� �
ð8Þ

Based on the results obtained in orthogonal cutting, the fric-
tion coefficient equals to 0.7. This coefficient was higher than

the ratio Kc1/Kf1 and proved that sliding was more difficult for
the chip on a rake face, and that sticking phenomena occurred.

RatioKc3/Kf3 was less influenced by the rake angle and was
close to 0.9 for the positive rake angle and 0.95 for the nega-
tive rake angle. Because the Kc3 and Kf3 coefficients provided
the second-term values of the model when the thickness of the
uncut chip tended to zero, no influence from the rake angle
was expected. Because Fp forces were generally smaller than
the other two components, the ploughing regime was more
difficult to identify for Fp forces.

Fig. 8 Comparison between results obtained from the experiments andmodel (±5%). aRake angle γ= 8°, inclination angle λs= 0°. bRake angle γ= 8°,
inclination angle λs= 30°. c Rake angle γ=−8°, inclination angle λs= 0°. d Rake angle γ=−8°, inclination angle λs= 30°
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5 Conclusions

This study presents a phenomenological modelling of cutting
forces that canbeused topredictmicro-cutting forces.Themod-
el takes intoaccount theploughingregimefor lowthicknessesof
the uncut chip. For higher thicknesses of the uncut chip, the
model tends to thewell-known linearmodel. Based on elemen-
tarycuttingexperiments, theparameters of themodelwere iden-
tified. Because the tools used can be considered as rigid bodies,
these experiments avoid the dynamic considerations inherent in
micro-milling.Apeak or jump in cutting forceswasobserved in
the experiments and was identified as the dominant ploughing
regime in a hardened layer. The identified parameters of the
proposed model presented satisfactory agreement with the ex-
perimental results.The influence of the cutting edge radius, rake
angle and frictionwas clearly observed.

An implementation of this model in micro-milling force
prediction will provide essential information on the dynamic
issues occurring in micro-milling. The numerical approach to
elementary cutting using a meshless method, and a quick stop
device will also assist the comparison of dominant composi-
tions during chip formation and improve the modelling with
thermomechanical considerations.
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