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Abstract
Producing miniaturized components from a wide variety of engineering materials is one of the most important fields of interest in
manufacturing industry. Micro end milling is considered to be one of the efficient methods to produce complex 3D micro
components. In micro machining, undeformed chip thickness is comparable to the tool edge radius, which introduces a critical
undeformed chip thickness. Below the regime of critical undeformed chip thickness material is not removed but plowed. Ti-6Al-
4V is one of the most popular titanium alloy because of its superior properties such as resistance to heavy loads, corrosion
resistance, lightness, and bio-compatibility. This paper investigates micro end milling characteristics of the Ti-6Al-4V titanium
alloy through a series of cutting experiments. Here the size effect in micro end milling was observed by studying the effect of the
cutting edge radius on process performance. In order to understand the effect of the cutting edge radius on machining perfor-
mance, range of feed per tooth was selected in such a way that it includes both within and outside the size effect region. This paper
explores how cutting edge radius affects the cutting force, coefficient of friction, surface roughness, and chip formation during the
micro end milling process. A size effect region was obtained from the variation of cutting force with feed per tooth. It was found
that feed per tooth in the vicinity of 1-μm range is critical feed per tooth value, which is approximately one third of the cutting
edge radius. Below this value, the cutting edge radius effect is predominant which would result in more ploughing mechanism.
This was evident from the deviation of cutting force from the linear trend, increase in coefficient of friction, and surface roughness
value at lower feed per tooth. In addition, a cutting force model was proposed considering the cutting edge radius effect and has
been validated with experimental results.
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1 Introduction

The need for smaller and reliable engineering components has
given rise to more stringent requirements on micro fabrication
processes. Micro end milling process is one of the preferred
methods to manufacture the miniature components.
Advantages of the micro end milling process over other micro
manufacturing processes are low cost, high material removal

rate, material compatibility, and flexibility to produce com-
plex micro 3D parts such as micro dies and molds. Initially,
micro end milling was used in electronics and aerospace in-
dustry and later on it was introduced into biomedical industry.
The micro milling process utilizes end mills with diameter in
the range of 25 to 1000 μm having up to 20 μm cutting edge
radius [1]. Additionally, the micro milling process has several
salient features that differentiate it from the macro milling
process. In the micro end milling process, the feed per tooth
will be comparable to the cutting edge radius, which brings
size effect to the machining process. Therefore, many factors
which are insignificant in the conventional milling process
will become significant in the micro milling process.

Cutting force prediction at micro-scale machining is an
important research field in order to enable the correct choice
of cutting parameters, correct design of micro tools, and esti-
mation of machining tolerances. It is very important to study
the cutting forces during micro end milling process for proper
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planning and control of machining process and for optimizing
the cutting condition. Cutting force analysis plays an impor-
tant role in studying various characteristics of any machining
process, such as quality of the machined surface, positioning
accuracy, and tool life, as stated by Zaman et al. [2]. As men-
tioned in [3, 4], when machining within the size effect zone,
ploughing effect is predominant which results in increase in
cutting force and thereby increases surface roughness value.
Therefore, force modeling of micro end milling process is
very important to understand the process and to improve the
tool life as well as the part quality.

Like in any micro machining process, the cutting edge
radius of the micro end mill will be comparable with the size
of uncut chip thickness [5]. No chip is formed when the uncut
chip thickness is below the minimum uncut chip thickness
(MUCT) [6]. Under this condition, a part of workpiece mate-
rial will plastically deform and the remaining part elastically
recovers. This change in chip formation is known as the min-
imum chip thickness effect. This will result in an increase in
cutting force [3, 7] and surface roughness value as pro-
posed by Vogler et al. [8]. Since MUCT plays an impor-
tant role in the micro machining mechanism, a number of
studies have been concentrated on finding MUCT both
experimentally and numerically. Liu et al. [9] and
Malekian et al. [10] developed a model to predict the
MUCT during the micro machining process. Zhanqiang
et al. [11] determined MUCT numerically as well as ex-
perimentally. It was found that MUCT increases with cut-
ting edge radius and the minimum surface roughness val-
ue was achieved when machining at MUCT. de Oliveira
et al. [12] suggested that the minimum chip thickness for
micro milling varied from one fourth to one third of the
cutting edge radius, irrespective of workpiece material,
tool, and machining parameter.

Some researchers [4, 13] have investigated the size
effect during the micro milling process by studying the
effect of the ratio of undeformed chip thickness to the
cutting edge radius on process performance such as spe-
cific cutting forces, surface roughness, and burr forma-
tion. It was found that the minimum surface roughness
value was observed when the undeformed chip thickness
is the same as the tool edge radius. Figure 1 shows the

basic mechanism of the micro machining process under
different conditions of undeformed chip thickness [4].

Lee and Lin [14] studied the plastic deformation and
fracture behavior of Ti-6Al-4V under constant strain rates
at temperature ranging from room temperature to 1000 °C.
Mamedov and Lazoglu [15] have developed a model for
predictions of the thermal fields in micro milling. The es-
timated temperatures were validated by the temperature
measurements with thermocouples at specific points. The
temperature distribution in the tool and the workpiece was
estimated using the heat generated in the primary and sec-
ondary deformation zones.

Study and modeling of forces in micro end milling have
been in the focus in recent time. Some of the researchers have
concentrated on empirical [16] and FEM-based approach [17]
for force modeling. There are few mechanistic force models
[18–22] developed for the micro endmilling process. Jun et al.
[18] have proposed a mechanistic force model considering
both shearing-dominant and ploughing-dominant regimes.
Jin and Altintas [1] predicted micro milling forces with the
orthogonal model. They have used a 2D finite element model
for the prediction of micro end milling forces while machining
brass. Series of finite element simulations were used to eval-
uate the cutting force coefficients which were then used to
obtain the cutting forces. Afazov et al. [23] predicted micro
milling cutting forces through 2D finite element simulation of
orthogonal cutting. The effect of uncut chip thickness, cutting
velocity, and edge radius was included.

Despite the large number of research being done in the
micro end milling process, there is still a significant gap in
understanding the micro milling process at different cutting
conditions. Basic understanding of cutting force, chip forma-
tion, surface finish, and coefficient of friction during micro
machining and deviation of these responses from the conven-
tional macro scale machining process are lacking. Apart from
this, there is a need to investigate micro machining of difficult
to cut materials such as titanium alloys as it finds applications
in various engineering fields. Since titanium alloys account for
approximately 30% of the material in aero engines, it is con-
sidered to be the most influential material in aerospace indus-
try. Nowadays, titanium alloys are finding applications in other
fields such as optics, electronics, and communications.

(a) h < MUCT (b) h ≈ MUCT (c) h > MUCT

Fig. 1 Basic mechanism of chip formation in micro-scale machining. a h < MUCT. b h ≈ MUCT. c h > MUCT [4]. © Elsevier. Reproduced by
permission of Elsevier. Permission to reuse must be obtained from the rights holder
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However, titanium alloys are known to be one of the difficult to
machine material due to following reasons: (a) low thermal
conductivity, (b) high chemical reactivity with many tool ma-
terials, and (c) rapid tool wear.

The objective of this paper is to explore the effect of the
cutting edge radius on various machining performance such as
cutting force, coefficient of friction, surface roughness, and
chip formation during the micro end milling process.
Experiments were conducted for wide range of feed per tooth
(0.2, 0.4, 0.6, 1, 2, 3, 4 μm) on Ti-6Al-4V with fresh tools for
each experimental condition so that the effect of tool wear can
be minimized. While selecting range of feed per tooth, care
has been taken such that it includes both within and outside
the size effect region to understand the influence of cutting
edge radius on the micro end milling process. Apart from this,
a cutting force model considering the cutting edge radius ef-
fect during the micro end milling process has been presented
and validated with the experimental results.

2 Experimental setup

2.1 Workpiece material

Ti-6Al-4V is one of the most popular titanium alloys, which is
widely being used inmany fields such as fabrication of aircraft
structures, turbine blades, and medical implants, because of its
superior properties such as resistance to heavy loads, great
resistance to corrosion, lightness, high specific ultimate tensile
strength, bio-compatibility, low thermal and electrical

conductivity, and good thermal stability because of its moder-
ately high melting point. Since titanium-base alloys are diffi-
cult to machine materials, its use is limited due to high pro-
duction cost involved. In this study, Ti- 6Al-4V has been se-
lected as the workpiece material.

2.2 Cutting tool

In this study, a tungsten carbide micro end mill tool with
1000 μm diameter and 0° rake angle (MAKE: UNION
TOOLS – UT DRY C-CHES 2010-0400) was used as shown
in Fig. 2. In micro machining, the cutting edge radius plays an
important role on various machining parameters such as cut-
ting force, surface finish, chip formation, and power consump-
tion. Therefore, even though micro end mill with sharp edge
has been selected for this study, it is necessary to measure the
actual cutting edge radius of the tool. A scanning electron
microscope (SEM) was used for measuring the cutting edge
radius of the tool. Figure 2 shows the (a) micro end mill cutter
and (b) SEM image of cutter edge. The cutting edge radius
was measured in the range of 3–4 μm. This was done by
fitting a circle to the SEM image of the cutter edge and the
radius of the circle was taken as the cutting edge radius of the
tool as shown in Fig. 2. Figure 3 shows the tool specification
used in the experiments.

2.3 Experimental setup

Experiments were conducted using a micro machining center
(DT110, Mikrotools, Singapore). Micro slots of 20 mm length

Fig. 2 SEM images of a new (a)
micro end mill cutter and (b)
cutter edge radius

Dimensions in mm No. 

of 

flutes 

Helix 

angleD1 D Ap1

max
L 

1.0 4 4 45 2 300

Fig. 3 Tool specifications
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were machined on the Ti-6Al-4V workpiece to study the ef-
fect of feed per tooth on cutting force, coefficient of friction,
surface roughness, and chip geometry.

Mini Dyn multicomponent Dynamometer (KISTLER
Type 9256C2) interfaced to multichannel charge amplifier
5070A was used to measure cutting force during the micro
end milling process. Workpiece was mounted directly on
to the dynamometer. The configuration of experimental
setup for measuring the cutting force during the micro
end milling process is shown in Fig. 4. Surface roughness
was measured by using Surftest SJ – 410 (Mitutoyo) with
5 μm stylus tip diameter.

Table 1 shows the experimental conditions to analyze
the effect of feed per tooth on cutting force, coefficient of
friction, surface roughness, and chip geometry during mi-
cro end milling of Ti-6Al-4V. Since the machining center
used has maximum spindle speed limited to 5000 rpm, the
cutting speed has been restricted to 15.7 m/min. Also, as
the main objective of this paper is to understand the effect
of feed per tooth on the machining process, more emphasis
has been given in selecting feed per tooth both within and
outside the size effect region.

3 Cutting force model for micro end milling

Figure 5 shows the basic difference between macro cutting
and micro cutting. From this figure, it is evident that the cut-
ting edge radius has a significant effect on the cutting mech-
anism during micro machining. In the micro machining

process, cutting is achieved through ploughing and shearing
of material when the undeformed chip thickness is below and
above minimum uncut chip thickness.

Two assumptions were made in this study to simplify
micro-scale milling as follows:

(a) The first assumption is made to simplify the complicated
3D milling process (Fig. 6a) to a 2D process as shown in
Fig. 6b. Since in micro milling, the depth of cut (DOC)
used is small, effect of helix angle can be ignored.

(b) The second assumption is made to build a relationship
between the simplified 2D milling process and orthogo-
nal machining process. As in Fig. 6b, the deformation
area is much smaller compared to the tool and workpiece
since the diameter of the tool is much bigger than the
machining zone. Therefore, the deformed area can be
considered as the orthogonal machining process as
shown in Fig. 6c, d.

In micro machining, there is a possibility of elastic recov-
ery of the workpiece material, so tool work piece contact
length can be obtained as in Eq. (1) [19].

Lf ¼ S
sinθ f

ð1Þ

where S is the spring back which is equal to k1reH/E, k1 is a
constant, re is the tool cutting edge radius, H is the Vickers
hardness, E is the material elastic modulus, and θf is the relief
angle of tool.

Fig. 4 Experimental setup

Table 1 Experimental conditions
Machine tool Micro machining center (DT 110, Singapore)

Cutting speed (m/min) 15.7

Depth of cut (mm) 0.1

Feed per tooth (μm) 0.2, 0.4, 0.6, 1, 2, 3, 4

Cutting tool WC micro end mill cutter with 1000 μm cutter diameter (0° rake angle)

Workpiece material Ti-6Al-4V

Dynamometer KISTLER (9256C2)
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When only the shear plane shear occurs, shear plane force
(Fs) and shear plane normal force (Ns) can be expressed as

Fs ¼
σ=

ffiffiffi

3
p

� �

b t
sinϕ

ð2Þ

Ns ¼ σ b t
sinϕ

ð3Þ

where b is the width of cut, t is the uncut chip thickness in
orthogonal cutting,ϕ is the shear angle, and σ is the flow stress
of the workpiece material.

In order to consider the spring back effect of workpiece
material duringmicro machining, an additional frictional force
owing to increase in work piece–tool contact length has been
included in the force model as flank face contact force (Ffc)
and flank face normal force (Fft). This can be obtained as
given in Eq. (4) and Eq. (5) [19].

Ffc ¼ C Y
ffiffiffi

3
p Lf b ð4Þ

Fft ¼ C Y Lf b ð5Þ

Combining above friction force components, the prin-
cipal cutting force and thrust cutting force obtained
from Merchant’s circle diagram can be modified as in
Eq. (6) and Eq. (7).

Fc ¼ Fscosϕþ Nssinϕþ Ffc ð6Þ

Ft ¼ −Fssinϕþ Nscosϕþ Fft ð7Þ

For the micro end milling/end milling process, chip
thickness varies with tool rotation angle, so chip thickness
(t) can be written as a function of tool rotation angle as
given in Eq. (8).

t ¼ f tsinθ ð8Þ

where ft is the feed per tooth and θ is the tool rotation angle. By
incorporating t in Eq. (2) and Eq. (3) and using Eq. (4) and Eq.
(5), the final expression for principal cutting force and thrust

force can be obtained. An expression for Fx and Fy was de-
rived [19] as given below:

Fx ¼ ½C1 sin2θe−sin2θs
� �þ C2 sin2θe− sin2θsð Þ

−C4 sinθe−sinθsð Þ þ C5 cosθe−cosθsð Þ þ C3 θe−θsð �
ð9Þ

Fy ¼ ½C3 sin2θe−sin2θs
� �þ 0:5C1 sin2θe−sin2θsð Þ

−C5 sinθe−sinθsð Þ−C4 cosθe−cosθsð Þ−C1 θe−θsð �
ð10Þ

where

C1 ¼ −
σ f t rcosϕ

2
ffiffiffi

3
p

sinϕtanψ
−
σ f t r
2tanψ

C2 ¼ −
σ f t r

4
ffiffiffi

3
p

tanψ
þ σ f t rcosϕ

4sinϕtanψ

C3 ¼ σ f t r

2
ffiffiffi

3
p

tanψ
−
σ f t rcosϕ
2sinϕtanψ

C4 ¼ YLf r
ffiffiffi

3
p

tanψ
; C5 ¼

ffiffiffi

3
p

C4

θs and θe are the tool start angle and tool end angle,
respectively.ψ is the helix angle of the tool, r is the tool radius
and shear angle (ϕ) can be obtained fromMerchant’s equation
as given in Eq. (11). Based on the assumptions stated before,
the effect of the helix angle can be ignored in the micro end
milling process. Also, from the second assumption, it is rea-
sonable to assume the micro end milling process as an orthog-
onal process. Therefore, by using Eq. 12, the coefficient of
friction, μ, can be found out and then friction angle, λ, can be
obtained from μ.

ϕ ¼ π
4
þ α

2
−
λ
2

ð11Þ

μ ¼ Ft þ Fctanα
Fc−Fttanα

ð12Þ

λ¼tan−1μ ð13Þ

where α is the tool rake angle. In this study, the nominal rake
angle of the tool used is 00. But during the micro end milling
process, the cutting edge radius plays an important role in

Fig. 5 Difference between a
conventional macro and b micro
cutting
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defining the effective rake angle. The effective rake angle
becomes negative when the undeformed chip thickness is less
than the minimum uncut chip thickness. Kang et al. [19] did
not consider the cutting edge radius effect into their model. In
this paper, the effect of the cutting edge radius of the tool has
been accommodated into the model so that the proposed mod-
el can be used for predicting cutting forces at lower feed per
tooth where the size effect due to the cutting edge radius plays
a major role. For feed per tooth up to the size effect region, the
effective rake angle was used and above that nominal tool rake
angle was taken. Effective rake angle is defined as the angle
between the vertical axis and tangent to the contact point be-
tween the cutting tool and the undeformed chip thickness [24]
as shown in Fig. 7. The expression for calculating the

effective rake angle is given in Eq. (14). Even though
the effect of cutting edge radius on cutting force has been
reported in literature [18, 25–27], the influence of the
spring back effect on cutting force has not been consid-
ered. In this study, the Ti-6Al-4V titanium alloy was used
as workpiece material, which got high spring back effect
because of its high elasticity and small plastic deformation
[28]. This bouncing action of Ti-6Al-4V during machin-
ing results in contact of workpiece on the flank face of the
tool. In this study, the influence of spring back effect on
cutting force has been considered.

α ¼ sin−1
re−tð Þ
re

ð14Þ

Fig. 6 Simplification for micro
milling process (a) 3D milling
process, (b) 2D representation of
milling process, (c) Enlarged
view of cutting zone, (d)
Orthogonal machining
representation [6]. © Elsevier.
Reproduced by permission of
Elsevier. Permission to reuse must
be obtained from the rights holder

α : Effective rake angle 

re : Cutting edge radius 

t : Undeformed chip thickness

Fig. 7 Effective rake angle
calculation (Ng et al. [24]). ©
Elsevier. Reproduced by
permission of Elsevier.
Permission to reuse must be
obtained from the rights holder
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4 Results and discussions

4.1 Cutting force

Figure 4 shows the experimental setup for acquiring force
signal during the micro end milling process. The KISTLER
9256C2 dynamometer was attached to the machine in such a
way that force components Fx, Fy, and Fz are measured as
indicated in Fig. 8.

Since micro end mill tools with two flutes were used in this
study, cutting force signals were analyzed for 180° rotation of
the tool to understand the contribution of a single flute.

For the end milling process, the orthogonal thrust force (Ft)
will be radial force (Frad) and orthogonal cutting force (Fc)
will have two components, longitudinal force Flon and tangen-
tial force Ftan, as given in Eq. (15) and Eq. (16) [5].

F lon ¼ Fcsinψ ð15Þ
F tan ¼ Fccosψ ð16Þ

In order to relate these forces to the force acquired from the
dynamometer, Ft (or Frad), Flon, and Ftan need to be trans-
formed to the Cartesian coordinate system. For any angular
position θ of the cutting tool (Fig. 9), the end milling forces
can be resolved into the Cartesian coordinate as given below:

Fx ¼ Frsinθþ Fccosψcosθ ð17Þ
Fy ¼ Frcosθ−Fccosψsinθ ð18Þ

Figure 10 shows variation of cutting force with feed per
tooth for 0.10 mm depth of cut. It is clear from Fig. 10 that
cutting force increases almost linearly with feed per tooth
above 1 μm. However, for feed per tooth less than 1 μm
cutting force deviates from the linear trend and gives a non-
linear behavior. The reason for this could be due to the fact
that 1 μm falls in the range of minimum uncut chip thickness
for the tool used in this study (cutting edge radius of the tool
was approximately 3 μm). This result agrees with the findings
of de Oliveira et al. [12], where the minimum uncut chip
thickness was defined to be in the range of one fourth to one

third of the cutting edge radius. When feed per tooth becomes
less than the minimum uncut chip thickness, the cutting pro-
cess is dominated by the ploughing process. This resulted in an
increase in cutting force at lower undeformed chip thickness.

4.2 Validation of cutting force model

In order to validate the force model developed in Section 3 to
predict the micro end milling force, experiments were con-
ducted for a wide range of feed/tooth on Ti-6Al-4V work
piece material. Each experimental condition was repeated for
three times and the average value is reported. Fresh tool data
were used in all condition. Cutting forces Fx and Fy were
calculated using Eq. (9) and Eq. (10). Flow stress of the work
piece material was used based on the work by Lee et al. [14].

Figure 11 shows predicted and measured forces during mi-
cro end milling of Ti-6Al-4V. Forces were computed only for
180° rotation of the tool to study the contribution of single
tooth. Predicted and measured forces Fx and Fy for 0.2, 0.4,
and 0.6 μm feed/tooth are shown in Fig. 11. It can be noticed
that force trend predicated by the model matches with the
experimental results. Also, the predicted value is close to the

Fig. 9 Transformation of end milling forces to Cartesian coordinate
system

Fig. 8 Cutting force direction
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Fig. 10 Effect of undeformed chip thickness on cutting force
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experimental results. Deviation from the experimental result
may be due to tool wear, which was not taken into account
in this study. Figure 12 shows a comparison between the
new tool and condition of tool after cutting 20 mm length.
It can be clearly observed that the cutting edge radius of the

tool has increased due to tool wear when compared with
the new tool. This would result in change in the minimum
uncut chip thickness and thereby affects the effective rake
angle. This could be the reason for deviation of experimen-
tal results from the model.

(a) Fx for feed/tooth: 0.2 μ μm 

(c) Fx for feed/tooth: 0.4 μ μm 

(e) Fx for feed/tooth: 0.6 μ

m (b) Fy for feed/tooth: 0.2 

m (d) Fy for feed/tooth: 0.4 

m (f) Fy for feed/tooth: 0.6 μm 
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Fig. 11 Experimental and
predicted micro end milling
forces for feed rates of 0.2, 0.4,
and 0.6 μm/tooth at cutting speed
of 15.7 m/min and depth of cut of
0.1 mm. a Fx for feed/tooth,
0.2 μm. b Fy for feed/tooth,
0.2 μm. c Fx for feed/tooth,
0.4 μm. d Fy for feed/tooth,
0.4 μm. e Fx for feed/tooth,
0.6 μm. f Fy for feed/tooth,
0.6 μm

(a) New tool  

(cutting edge diameter – 6.5 μm) 

(b) Worn tool after 20 mm length of cut 

(cutting edge diameter – 12 μm) 

Fig. 12 Comparison between
cutting edge radius of a new tool
and b worn tool after 20 mm
length of cut
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However, at low feed per tooth values, it was observed that
prediction error is more. This could be due to the following
reasons as given below:

(a) At low feed per tooth, there is a possibility of fre-
quent change over between ploughing- to shearing-
dominant regimes during the micro end milling pro-
cess [18] as shown in Fig. 13. This would result in
vibration due to sudden change in the forces. This
may be one of the reasons for the deviation between
the experimental and predicted results at low feed per
tooth values. It is reported in literature that during
ploughing, the material flows three dimensionally
which may result in tool deflection [18]. This effect
will be predominant at low feed per tooth. This as-
pect is also not considered in this study and resulted
in deviation between experimental and predicted
values at low feed per tooth.

(b) Another important aspect of the micro end milling
process which would result in increased cutting
force at low feed per tooth is the dependence of
strength on the scale of deformation [17, 29].
Various explanations have been reported that re-
late the size effect to the material strengthening
mechanism such as (i) decreasing number of de-
fects in micro structure [30], (ii) increase in the
strain rate in the primary shear zone [31], (iii)
increase in the shear strength of the workpiece
material due to decrease in the tool-chip interface
temperature [32]. In the micro end milling process
when feed per tooth is within the size effect re-
gion, these effects will influence the cutting force
and its effect will be predominant at low feed per
tooth. This could be another reason for higher de-
viation between experimental and predicted results
at lower feed per tooth.

4.3 Coefficient of friction

To investigate frictional size effect during the micro end mill-
ing process, a study on variation of coefficient of friction with
feed per tooth has been carried out. Coefficient of friction
between the tool rake face and chip can be calculated based
on Eq. (12). In this study, the effective rake angle was used to
calculate friction coefficient in order to incorporate size effect
due to cutting edge radius.

From Fig. 14, it can be observed that friction coefficient
increases with decrease in the feed per tooth. Similar trendwas
observed in Ng et al. [24] during the micro machining process.

Frictional size effect observed in this study can be visu-
alized from Fig. 14. As feed per tooth decreases beyond the
minimum uncut chip thickness, the friction coefficient was
found to be increasing. In this study, the minimum chip
thickness was found to be in the vicinity of 1 μm range
from the cutting force analysis (Fig. 10). From Fig. 14, it
can be noted that the coefficient of friction increases as
feed per tooth falls below 1 μm. As feed per tooth reduces
below the size effect zone, there is a variation in cutting
force, as shown in Fig. 10; this gives rise to increase in
coefficient of friction. Also, as feed per tooth decreases, the
cutting temperature at tool-chip interface reduces, resulting
in an increase of shear yield strength of workpiece material
at tool-chip interface. This increase in shear yield strength

Fig. 13 Change over between the ploughing- to shearing-dominant
regimes during the micro end milling process
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of workpiece material at tool-chip interface contributes to
increase of coefficient of friction [24].

4.4 Surface roughness

In order to study the effect of the cutting edge radius on the
quality of the machined surface during the micro end milling

process, an investigation on variation of surface roughness
with feed per tooth was carried out. Surface roughness of the
machined slot surface was characterized by using Surftest SJ –
410 (Mitutoyo) in terms of Ra value. Variation of surface
roughness with feed/tooth is shown in Fig. 15. It can be ob-
served that initially as feed per tooth increases, surface rough-
ness decreases and reaches a minimum value and then

Fig. 16 Illustration of surface
generation during micro
machining considering minimum
chip thickness effect. a Ploughing
region. b Shearing region

(a) feed per tooth 0.2 μm (f/re = 0.06) (b) feed per tooth 0.6 μm (f/re = 0.20)

(c) feed per tooth 1 μm (f/re = 0.33) (d) feed per tooth 2 μm (f/re = 0.67)

(e) feed per tooth 3 μm (f/re = 1) (f) feed per tooth 4 μm (f/re = 1.34)

Fig. 17 Chip formation at
selected feed per tooth during
micro end milling process at
cutting speed of 15.7 m/min and
depth of cut 0.1 mm. a Feed per
tooth 0.2 μm (f/re = 0.06). b Feed
per tooth 0.6 μm (f/re = 0.20). c
Feed per tooth 1 μm (f/re = 0.33).
d Feed per tooth 2 μm (f/re =
0.67). e Feed per tooth 3 μm
(f/re = 1). f Feed per tooth 4 μm
(f/re = 1.34)
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increases as feed per tooth increases. A similar trend was
observed in Aramcharoen and Mativenga [4]. Figure 16
shows how minimum uncut chip thickness affects surface
generation in the micro machining process. Surface 1-2-3
(Fig. 16a) represents machined surface after the previous tool
path. Then, during the current tool pass, the cutting edge starts
to engage the workpiece at 1 with uncut chip thickness equal
to zero. As the tool moves along the path 1-4-5, uncut chip
thickness gradually increases and reaches minimum uncut
chip thickness at point 5 and the chip starts to generate. The
workpiece material in the shaded area 1-2-3-5-4 (Fig. 16a)
experiences ploughing and will not be removed since the un-
cut chip thickness is less than the minimum uncut chip thick-
ness. As the tool moves as shown in Fig. 16b, the plowed
material will be recovered to the original position 1-3 and
generated surface after point 5 follows the tool path 5-6 be-
cause workpiece material is removed as chips. As a result, for
feed per tooth is less than the minimum uncut chip thick-
ness, surface roughness increases as feed per tooth re-
duces. For feed per tooth above the minimum chip thick-
ness range, surface roughness increases as in the case of
the macro end milling process.

4.5 Chip geometry

In micro machining, there exists a minimum uncut chip thick-
ness (MUCT) which largely depends on the cutting edge ra-
dius of the tool, determining whether a chip is formed or not.
For the undeformed chip thickness below MUCT, the cutting
process is dominated by ploughing and above which shearing
is dominated. In this study, an investigation on chips produced
at various feed per tooth was carried out to understand the
effect of the edge radius on machining mechanisms such as
ploughing and shearing also on chip formation during the
micro end milling process. In each test, machined chips were
collected and imaged in SEM. In the micro end milling pro-
cess, the size effect is mainly dependent on relationship be-
tween feed per tooth and tool edge radius. Therefore, by
knowing the value of the cutting edge radius of the tool, it is
possible to predict at which point chips will be generated
during the machining process. Figure 17 shows a chip chart
depicting various types of chips generated during the micro
end milling process for a range of feed per tooth as 0.2, 0.6, 1,
2, 3, and 4 μm. Corresponding feed per tooth to cutting edge
ratio is 0.06, 0.20, 0.33, 0.67, 1, and 1.34.

From Fig. 17a, b, it can be observed that particles collected
from the workpiece during the micro end milling process can-
not be classified as chip-like, as they possess various forms
due to crushing and extruding processes caused by the pre-
dominant ploughing action present at lower feed per tooth.

From Fig. 17c–f, it can be observed that the material re-
moved from the workpiece by the micro end milling process
can be classified as chips. From this chip chart, it can be noted

that feed per tooth of 1 μm can be considered to be an approx-
imate range of minimum uncut chip thickness above which
chips may be completely generated. For higher feed per
tooth values (Fig. 17e–f), it can be observed that helical
chips are generated. This is due to the fact that as feed per
tooth value increases beyond the minimum uncut chip
thickness value, the machining mechanism becomes sim-
ilar to the macro end milling process.

5 Conclusion

In this study, an investigation on the effect of the cutting edge
radius of the tool on cutting force, coefficient of friction, sur-
face roughness, and chip formation during micro end milling
of Ti-6Al-4V was carried out for a wide range of feed per
tooth. Also, a force model considering the effect of cutting
edge radius of the tool was presented and validated with the
experimental results. Major conclusions made in this study are
as follows:

& Cutting force was found to be increasing almost linearly
with feed per tooth when machining at feed per tooth
greater than the size effect zone.

& When feed per tooth is smaller than the size effect zone,
cutting force is found deviate from the linear trend and
gives an irregular force pattern.

& From cutting force versus feed per tooth graph (Fig. 10),
the size effect zone was found to be in the range of 1 μm
which is approximately one third of the cutting edge
radius.

& Coefficient of friction, μ, was also found to be influenced
by the size effect. For feed per tooth less than the size
effect zone μ increases.

& While machining within the size effect region, surface
roughness decreases with feed per tooth. Whereas above
the size effect zone, surface roughness increases with feed
per tooth as in the case of macro machining.

& The cutting force model proposed by Kang et al. [19]
was modified by including the cutting edge radius
effect, which is predominant in micro machining, dur-
ing the micro end milling process, and has been ex-
perimentally validated.

& At very low feed per tooth, it was noticed that prediction
error is more. This could be due to the fact that at low feed
per tooth, the material strengthening effect and possibility
of frequent change over between ploughing- to shearing-
dominant regimes, have significant influence on cutting
force which were not considered in this study.

& Chip chart has been prepared. It was observed that chips
started forming at feed per tooth of 1 μm indicating tran-
sition from ploughing to shearing mechanism.
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& Effect of tool wear during the micro end milling studies
has been considered for future scope of work.
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