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A B S T R A C T

This paper presents experimental investigations and finite element simulations on micro-milling of Ti–6Al–

4V alloy with fine grain uncoated and cBN coated micro-end mills. Micro-milling of Ti–6Al–4V using

uncoated and cBN coated tungsten carbide micro-end mills are conducted; surface roughness, burr

formation and tool wear are measured. Effects of machining parameters on surface roughness, burr

formation, and tool wear for uncoated and cBN coated micro-tools are investigated. Finite element

modelling is utilized to predict forces, temperatures, and wear rate for uncoated and cBN coated micro-

tools. Predicted temperature and tool wear contours for uncoated and cBN coated micro-tool edges reveal

advantages of cBN coatings. Optimization studies on the experimental results are also conducted to identify

the optimum process parameters which minimize both surface roughness and burr formation concurrently.

� 2011 CIRP.
1. Introduction

The micro-milling process possesses several advantages such as
ease of use, process flexibility, low set-up cost, variety in work
materials and high material removal rates and is one of the most
promising methods for rapid fabrication of parts with complex
three dimensional features in high relative accuracy and precision
[1,2]. Micro-milling is often defined as end-milling with micro-
tools in diameter 500 mm or less [3]. However, such process scaling
down results in encountering several problems related to size
effects, minimum chip thickness, poor surface quality, severe burr
formation, rapid tool wear and sudden tool breakage. In micro-
milling, tool edge radius (rb) is comparable to the undeformed chip
thickness (tu) known as size effect and resultant high effective rake
angle promotes elastic–plastic deformations on the work material
with increased difficulty in material separation and higher than
normal shear flow stress due to changing dislocation density [4]. A
minimum chip thickness is required often about 0.3–0.4 times of
the edge radius [5]. No chip is formed when the undeformed chip
thickness is below this minimum chip thickness during tool
rotation where the undeformed chip thickness, tu(f), varies from
zero to full feed per tooth value of ft in micro-milling. At a
particular cutter rotation angle, denoted as chip formation angle
(fCFA), a minimum chip thickness is achieved and a chip begins to
form as illustrated in Fig. 1. This phenomenon associated with
ploughing and elastic recovery causes higher forces, surface
roughness and tool wear at low feed rates [6].

Controlling the machined surface quality in micro-milling is a
major challenge, since surface topography of micro-features is in a
sub-micrometer order and affects functional performance of the
micro-product. Burr formation can occur when micromachining
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hard materials due to increased tool wear. Deburring micro-features
is expensive and can result in microstructural damage. Burr
formation is very difficult to avoid; however, selecting appropriate
process parameters and tool geometry can minimize this effect [7].
Consequently, obtaining the desired surface quality and process
performance in micro-milling is considered challenging.

The titanium alloy Ti–6Al–4V offers superb strength properties,
corrosion resistance and biocompatibility and is an ideal material for
micro-products. However, this alloy also possesses difficulty in
micromachining often related to high tool wear associated with the
reactivity of titanium (Ti) with tool materials and resultant burr
formation [7]. In micro-milling, fine grain carbide micro-tools
fabricated mostly in tungsten carbide in a cobalt matrix (WC/Co) are
used. In these micro-tools, sharp cutting edges cannot be fabricated
due to the limited edge strength; hence often an edge radius (1–
5 mm) is applied. On the other hand, influence of coatings to improve
machining of titanium alloys [8] and particularly advantages of
cubic boron nitrite (cBN) coatings in cutting of Ti–6Al–4V alloy in
reducing friction and increasing wear resistance are also reported
[9]. In this research, micro-tools with cBN coatings on WC/Co are
experimented for possible improvements in micromachining of Ti–
6Al–4V alloy. The process performance in using uncoated and cBN
coated micro-tools is compared in terms of surface finish, burr
formation and tool wear. In addition, two dimensional (2-D) finite
element (FE) simulations are conducted to predict chip formation,
forces, temperatures and wear rates to explore the advantages of
cBN coatings in micromachining of Ti–6Al–4V.

2. Experimental work

Uncoated and cBN coated tungsten carbide (WC/Co) tools in
micro-milling of Ti–6Al–4V alloy have been tested at the same dry
cutting conditions. In these tests, three different nominal diameter
(Ø635, 508, 381 mm) two-flute flat-bottom micro-tools in fine
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Fig. 1. Full-immersion micro-milling and minimum chip thickness.[()TD$FIG]

Fig. 2. The experimental set-up for micro-milling.
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Fig. 4. Effect of cutting speed on surface roughness and burr width.
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grain (grain size of 0.2–0.5 mm) tungsten carbide manufactured by
Richards Micro Tools Company have been used. Micro-tools are
coated with cBN by magnetron sputtering system at the Metal
Forming Center of Excellence, ATILIM University in Turkey at a
deposition pressure of 3 � 10�3 Torr, heater temperature of 100 8C,
fixed magnetron power of 900 W, argon to nitrogen gas ratio of 5/1,
and at the lowest bias voltage to obtain uniform cBN coatings. All
fresh micro-tools were inspected with digital microscopy and the
mean edge radii of 3 � 0.5 mm for uncoated WC/Co and 5 � 0.5 mm
for cBN coated micro-tools were measured.

An experimental set-up as shown in Fig. 2 has been prepared. A
rectangular block of Ti–6Al–4V titanium alloy workpiece (36 HRC
in hardness) was clamped on the fixture mounted on the table of
the in-house developed micro-milling machine. The workpiece
surfaces were precisely ground to insure flatness and alignment.
The flat end-mill tools were mounted directly to the ceramic-
bearing-electrically driven precision spindle (NSK ASTRO-E 800)
with the tool overhang of 18 mm. Full-immersion (slotting) micro-
milling of 12 mm straight channels were conducted with various
levels of cutting parameters.

3. Influence of cutting speed, feed and depth of cut

In order to observe the quality of the channels machined and
performance of coatings micro-milling tests were run at the
cutting speeds (vc) of 25, 42, 50, 62, 75 and 82 m/min, nominal
axial depth of cut (ap) of 40, 70 and 100 mm, and feed per tooth (ft)
of 0.5, 2.5, and 4.5 mm/tooth. An orthogonal array of L18
experimental design was utilized for statistical analysis. A total
number of 18 channels were machined with each fresh/unused
micro-tool. The burr width was measured using digital microscopy
and surface roughness is measured along the bottom of the
channels using Mitutoyo SJ-400 digital surface analyzer. Each
experimental test (L18) was repeated until the micro-tools in
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Fig. 3. Measured change in the tool diameter due to tool wear.
Ø508 mm are worn. Tool diameter is measured after each set and
given in Fig. 3. It can bee seen that cBN coated micro-tool
(Ø508 mm) has outperformed uncoated WC/Co micro-tool in terms
of tool wear. Test results showing the effects of cutting speed, feed,
and axial depth of cut are summarized in Figs. 4–6.

In these figures, each cutting condition tested is represented with
a marker and the trend lines are fitted to these test conditions for
each micro-tool (WC/Co-Ø381 mm, cBNcoated-Ø381 mm, WC/Co-
Ø508 mm, cBNcoated-Ø508 mm and WC/Co-Ø635 mm). For micro-
tools in diameter of 635 and 508 mm, increasing cutting speed
reduced surface roughness where as micro-tools in Ø381 mm
showed opposite trend (see Fig. 4). Increased cutting speed also
increased burr formation. Better average surface roughness values
and lower burr width were obtained with cBN micro-tools.

The effect of feed is significant on the burr formation but less on
the average surface roughness. Increased feed reduces burr width
but of course feed is limited due to increasing chip load on the
micro-tool and more likely tool breakage (Fig. 5). Effects of depth of
cut on surface roughness and burr width indicate that a medium
level of depth of cut is more favourable (Fig. 6).

4. Finite element simulations

FE simulations for micro-milling processes are developed using
updated Lagrangian (DEFORM-2D) software. A plane-strain
coupled thermo-mechanical analysis was performed. The chip
[()TD$FIG]
Fig. 5. Effect of feed on surface roughness and burr width.
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Fig. 6. Effect of depth of cut on surface roughness and burr width.
[()TD$FIG]

Fig. 7. FE model for uncoated WC/Co and cBN coated micro-tools.

Table 1
Properties of work and tool materials used in FE simulations.

Ti–6Al–4V WC/Co cBN

E(T) 0.7412�T + 113,375 5.6�105 6.52�105

a(T) 3.10�9� T + 7.10�6 4.7�10�6 5.2�10�6

l(T) 7.039� e0.0011�T 55 100

cp(T) 2.24� e 0.0007�T 0.0005�T + 2.07 3.26
[()TD$FIG]

Fig. 9. Comparison of predicted wear rate distributions.

T. Özel et al. / CIRP Annals - Manufacturing Technology 60 (2011) 85–88 87
formation process is simulated from the incipient to the steady-
state by using flow softening elasto-viscoplastic work material
assumption. A modified material model including softening effects
at elevated temperatures as given in Eq. (1) is utilized in FE
simulations.

s ¼ Aþ Ben 1

expðeaÞ

� �� �
1þ C ln

ė
ė0

� �
1� T � T0

Tm � T0

� �m� �

Dþ ð1� DÞ tanh
1

ðeþ pÞr
� �� �s� �

(1)

where D = 1 � (T/Tm)d, p = (T/Tm)b, s is flow stress, e is true strain, ė
is true strain rate, ė0 is reference true strain rate, and T, Tm, T0 are
work, material melting and ambient temperatures, respectively. In
this model, the influence of strain, strain rate, temperature and
temperature-dependent strain softening on the flow stress is
defined by four multiplicative terms. The model parameters are
A = 782.7 MPa, B = 498.4 MPa, n = 0.28, C = 0.028, m = 1.0, a = 2,
s = 0.05, r = 2, d = 1, b = 5 (see Özel et al. [9]).

FE simulations for full immersion (slotting) micro-milling process
included a workpiece with the undeformed chip geometry as elasto-
viscoplastic with a mesh containing 25,000 quadrilateral elements[()TD$FIG]
Fig. 8. Comparison of predicted tem
and element size ranging from 0.1 mm to 3 mm and a micro-tool
modelled as rigid with a mesh containing 2500 elements with
minimum element size of 0.1 mm. 2-D micro-end mill CAD geometry
obtained from the tool manufacturer was employed. A tool edge
radius of rb = 3 mm for uncoated WC/Co is used and a layer of cBN
coating (2 mm thickness) is applied to the coated micro-tool (see
Fig. 7). Therefore an edge radius of rb = 5 mm for cBN coated micro-
tool is obtained since added layer of coating increased the edge
radius. A rotational speed of V = 48,000 rev/min (corresponding to
vc = 75 m/min) and a feed of ft = 4.5 mm/tooth is applied to the tool. A
very fine mesh density is defined around the tool tip following tool
rotation during cutting to obtain fine process output distributions.
Thermal boundary conditions are defined accordingly in order to
allow heat transfer from workpiece to the cutting tool. The heat
conduction coefficient (h) is taken as 107 kW m�2 K�1 to allow rapid
temperature rise in the tool. Temperature-dependent (T in 8C)
mechanical and thermo-physical properties of titanium Ti–6Al–4V
alloy such as modulus of elasticity (E in MPa), thermal expansion (a in
mm mm�1 8C�1), thermal conductivity (l in W m�1 8C�1), and heat
capacity (cp in N mm�2 8C�1) are used as inputs as given in Table 1.

In the FE model, two contact regions around the round edge of the
tool with the workpiece are considered: (i) a sticking contact around
the round edge curvature (tf = k or m = tf/k = 1 where k is the work
material shear flow stress), (ii) along the rake face; a shear friction
contact (m = 0.9) and a sliding friction contact (m = 0.7 for WC/Co
and m = 0.4 for cBN coating) along the rest of the tool-chip interface.
Along the rake face, shear friction and sliding friction regions are
employed by using the hybrid friction capability in DEFORM-2D
software. Micro-milling FE simulations are also utilized to predict
tool wear by employing a wear rate model based on the adhesive
wear proposed from Usui et al. [10]. This tool wear rate model
calculates the rate of volume loss on the tool per unit area per unit
time and uses interface temperature (T in 8C), normal stress (sn) and
perature distributions (T in 8C).



Table 2
Summary of FE simulation predictions.

Tool type Fx max [N/mm] Fy max [N/mm] Ttool [8C] Tchip [8C] dW/dt [mm/s]

WC/C0 12.4 (w= 508) 14.1 (w= 1338) 420 416 0.00061

WC/C0 + cBN 19.4 (w= 488) 21.3 (w= 1308) 355 348 0.00038[()TD$FIG]

Fig. 10. Optimal micro-milling parameters represented in objective function space (on the left) and solution space (on the right).
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sliding velocity (vs) at the tool surfaces as inputs and yields a wear
rate (dW/dt) distribution in the tool as shown in Eq. (2). The
constants of this equation are set to c1 = 7.8� 10�9 and
c2 = 2.5� 103 [9] and are kept same in the FE simulations.

dW

dt
¼ c1snnse

�c2=T (2)

Simulations were run at the same experimental micro-milling
condition (Ø508 mm, vc = 75 m/min, ft = 4.5 mm/tooth,
ap = 100 mm) using both uncoated WC/Co and cBN coated WC/
Co micro-tools. The maximum of the predicted forces (Fx, feed
direction, Fy, normal to feed), maximum temperatures at the tool
(Ttool) and the chip (Tchip) and predicted wear rates are given in
Table 2. Predicted forces are higher in cBN coated WC/Co micro-
tool due to larger edge radius and lower predicted temperatures
(less softening in material flow stress).

Predicted temperature distributions around the tool tip for
uncoated and cBN coated micro-tools shown in Fig. 8 depict that
the lowest temperature rise is observed in the cBN coated WC/Co
tool due to a lower friction coefficient and higher effective thermal
conductivity. Predicted wear rate distributions shown in Fig. 9
indicate that cBN coating reduces wear development.

5. Process optimization

In order to improve the surface quality, both surface roughness
and burr formation should be considered simultaneously. Since both
are process parameter-dependent, optimality of one may result in an
unacceptable outcome of another. Therefore, another objective of
this work is to optimize the process parameters in order to improve
the surface quality in terms of surface roughness and burr formation.
Hence, optimization of micro-milling parameters using regression
models and particle swarm optimization is also conducted. The
Pareto frontier of the non-dominated solutions for two objective
functions minimizing surface roughness, min(Ra), and minimizing
burr width, min(Burr), are presented in Fig. 10.

6. Conclusions

In this research, micro-tools with cBN coatings are experi-
mented on tungsten carbide (WC/Co) for possible improvements in
micromachining of Ti–6Al–4V alloy. The performance of the
process using uncoated and cBN coated micro-tools is compared in
terms of surface finish, burr formation and tool wear. FE
simulations are utilized in predicting temperatures and wear
development. The experimental results reveal improved process
performance in cBN coated micro-end mills in micromachining of
Ti–6Al–4V. The results from FE simulations support experimental
observations and show lower temperatures and tool wear rate in
the cBN coated micro-tool.
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