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a  b  s  t  r  a  c  t

Built-up  edge  (BUE)  is  generally  known  to  cause  surface  finish  problems  in the  micro  milling  process.
The  loose  particles  from  the  BUE may  be  deposited  on  the  machined  surface,  causing  surface  roughness
to  increase.  On  the  other  hand,  a stable  BUE  formation  may  protect  the  tool  from  rapid  tool  wear,  which
hinders  the  productivity  of  the micro  milling  process.  Despite  its  common  presence  in practice,  the  influ-
ence  of  BUE  on  the process  outputs  of  micro  milling  has  not  been  studied  in  detail.  This  paper  investigates
the  relationship  between  BUE  formation  and  process  outputs  in  micro  milling  of  titanium  alloy  Ti6Al4V
using  an  experimental  approach.  Micro  end  mills  used  in this  study  are  fabricated  to  have  a  single straight
edge  using  wire  electrical  discharge  machining.  An initial  experimental  effort  was  conducted  to  study  the
relationship  between  micro  cutting  tool  geometry,  surface  roughness,  and micro  milling  process  forces
itanium alloy and  hence  conditions  to  form  stable  BUE on  the  tool  tip have  been  identified.  The  influence  of  micro
milling  process  conditions  on  BUE size,  and  their  combined  effect  on forces,  surface  roughness,  and  burr
formation  is  investigated.  Long-term  micro  milling  experiment  was  performed  to  observe  the  protective
effect  of  BUE  on tool  life.  The  results  show  that  tailored  micro  cutting  tools  having  stable  BUE  can  be
designed  to  machine  titanium  alloys  with  long  tool  life  with  acceptable  surface  quality.

©  2017 Elsevier  Inc.  All  rights  reserved.
. Introduction

Micro milling offers high flexibility in terms of its ability to cre-
te three-dimensional surfaces made from a variety of engineering
aterials. For example, micro milling is a commonly used pro-

ess to produce micro molds, which are used in mass production
f micro components [1,2]. The material removal in micro milling
s realized by using micro end mills, which have defined cutting
eometries. The micro end mills have diameters less than 1 mm.
he influence of micro end mill diameter on the process outputs
ecomes significant as the tool diameter decreases. The cutting
dge geometry and surface quality of the micro tool, together with
he work material properties, have a direct influence on the qual-
ty of the manufactured parts [3]. Small diameters of micro end
ills limit the maximum cutting speed during the process. In addi-
ion, feed values lower than the cutting edge radius results in rapid
ounding of the cutting tool edge. When ductile materials such as

∗ Corresponding author at: Bilkent University, Department of Industrial Engineer-
ng, Bilkent, Ankara, Turkey.

E-mail address: ykarpat@bilkent.edu.tr (Y. Karpat).

ttp://dx.doi.org/10.1016/j.precisioneng.2017.02.019
141-6359/© 2017 Elsevier Inc. All rights reserved.
steel, aluminum, and titanium alloys are machined, built-up edge
(BUE) is observed on the cutting edges and it affects the process out-
puts and especially the surface roughness. An understanding of the
interplay between tool wear, built-up edge, and surface quality for
a given tool-work material pair is crucial for the successful applica-
tion of the micro milling process. The work material is selected as
titanium alloy Ti6Al4V due to its widespread use in practice [4–6].

The influence of BUE on machining has been considered mainly
for macro scale machining processes [7–9]. However, the influence
of BUE on the micro milling process has not been studied in detail.
Thepsonti and Özel [10] observed BUE formation in micro milling
of titanium alloy Ti6AL4V. Recently, Kovvuri et al. [11] and Wang et
al. [12] studied the influence of BUE while machining 316L stainless
steel and reported that BUE is mainly responsible for surface rough-
ness deterioration in the finish micro milling process. They showed
that when BUE is not present, theoretical surface roughness models
yield acceptable predictions. Ucun et al. [13] and Aslantas et al. [14]
both studied the finish micro milling operation and observed that

coated tools minimize BUE and help improve surface roughness.

BUE affects the friction conditions at the tool-chip and tool-
workpiece interfaces by acting like a cutting edge so that the cutting
tool material is no longer in contact with the chip and the machined

dx.doi.org/10.1016/j.precisioneng.2017.02.019
http://www.sciencedirect.com/science/journal/01416359
http://www.elsevier.com/locate/precision
http://crossmark.crossref.org/dialog/?doi=10.1016/j.precisioneng.2017.02.019&domain=pdf
mailto:ykarpat@bilkent.edu.tr
dx.doi.org/10.1016/j.precisioneng.2017.02.019
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dge cutting tool, (b) Design parameters of the tool.
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Fig. 1. (a) Geometry of the designed single e

urface. Iwata and Ueda [15] studied machining of low carbon steel
nd observed that fracture behavior of the work material affects
UE formation and its adhesion to the tool. They reported that
ool rake temperature between 350 and 500 ◦C provided the nec-
ssary conditions for BUE to adhere to the cutting tool surface. The
nfluence of rake face temperature on the adherent layer was also
bserved by Mills et al. [16] while machining calcium dioxide low
ulphur content austenitic stainless steel. Kümmel et al. [17,18] cre-
ted dimples on the tool surface to promote BUE formation during
acro scale turning operation. The dimples on the cutting tool sur-

ace increase BUE adhesion on the cutting tool, hence improving
he tool life. Oliaei and Karpat [19] fabricated micro cutting tools
sing wire electrical discharge machining, which creates micro
cale craters on the surface of the tool, which was also shown to pro-
ote BUE adhesion during machining. The protective effect of BUE
as shown for micro turning process. In this study, this approach is

arried out during micro milling of titanium alloy Ti6Al4V by fabri-
ating micro cutting tools using wire electrical discharge machining
WEDM). The influence of BUE on the process outputs is investi-
ated. The research question is whether tool design parameters and
achining conditions can be adjusted to obtain a stable BUE that

rotects the cutting edge. This may  be especially useful to increase
aterial removal rate during micro milling operation.
Various techniques have been used to fabricate micro end mills

n the literature [20,21]. End mills fabricated via electrical discharge
achining (EDM) have been shown to work effectively on metal

lloys and polycrystalline diamond [22–24]. The surface integrity
nd cutting edge radius are two important issues. Studies have
hown that tailored micro end mills designed for specific machin-
ng cases yield comparable performance compared to conventional

icro end mills [25]. Compared to conventional micro end mills,
hich are produced through grinding process to have helical flute

eometry, these tools usually have straight edges, which improves
he stiffness but limits the chip evacuation. The use of straight edges
an be justified by considering the low depth of cut values in micro
illing.
In this study, a single cutting edge micro end mill has been fab-

icated using wire electrical discharge machining. The influence of
icro end mill surface quality and design parameters on the micro
illing process has been investigated. A tool design for stable BUE
ormation was selected. The effect of BUE on the micro milling pro-
ess outputs such as surface roughness and burr formation was
nvestigated for the set geometry.
Fig. 2. (a) WEDM setup used for micro end mills fabrication, (b) Schematic repre-
sentation of micro end mill fabrication process, (c) Fabricated single edge WC micro
end  mills.
2. Single edge micro end mill design and its fabrication

A novel single edge cutting tool geometry has been designed
by considering the problems associated with tool runout in micro
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Fig. 3. (a) SEM image of a WEDMed surface, (b) EDS analysis of WEDMed surface.
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Fig. 4. 3D topography and top view of the cutting

illing. In addition, a single-edge cutting tool provides a lower
ooth passing frequency, which helps conduct experiments under

 stable machining process. The solid model of the proposed cut-
ing tool geometry is depicted in Fig. 1a. Tool design parameters
an be seen in Fig. 1b. The length of cutting edge, bottom and side
learance angles, neck taper angle and transition radius are con-
idered as micro end mill design parameters. The cutting tool has

 straight cutting edge, where elimination of helical flutes can fur-
her strengthen the micro end mill. The low depth of cut values
sed in micro milling further justify having straight cutting edges

n the designed tools.

WEDM process is used to fabricate micro end mills using Sodick

P250L high precision WEDM machine with a brass wire of 0.1 mm
iameter and oil as dielectric fluid. Ultra-fine grain tungsten carbide
ods (grain size <0.7 �m)  of 4 mm diameter are used for micro end
 (a) rough WEDMed tool, (b) finish WEDMed tool.

mill fabrication. Tungsten carbide rods are mounted on the indexer
of the WEDM machine as shown in Fig. 2a with a runout of less than
1 �m.  The tools are fabricated in two steps. Firstly, open contour
machining was  performed with bottom clearance angle included,
then the tool is rotated based on the designed side clearance angle,
and another open contour machining was performed. Depending
on the required surface finish, multi-pass WEDM was  performed
with different rough, semi-finish, and finish WEDM passes. A care-
ful selection of WEDM parameters made it possible to have a full
control on the surface roughness, dimensional accuracy and edge
radius of the fabricated micro end mills. Fig. 2b schematically illus-

trates the process of micro end mill fabrication steps. Fig. 2c shows
the fabricated micro end mills with a length of cut of 800 �m,  tran-
sition radius of 1.8 mm,  neck taper angle of 90◦ and bottom and side
clearance angle of 7◦.
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Fig. 5. (a) Experimental setup, (b) Microstructure of the titanium workpie

EDM surface is obtained as a result of craters induced by a series
f successive random sparks on the workpiece. The size and depth
f each individual crater together with the overlap between differ-
nt craters determine the final morphology of the EDMed surface.
sing high spark energies result in large and deep craters, and con-

equently a rough surface is obtained. Sparks with lower energies
esult in small craters and as a result a better surface finish can be
chieved. Fig. 3(a) illustrates the SEM image of the surface obtained
fter WEDM process. Energy-dispersive X-ray spectroscopy (EDS)
nalysis of the surface is shown in Fig. 3(b). The composition of
he surface is measured to be the same as bulk tungsten carbide

aterial.
The surface roughness is known to have a significant influence

n the performance of micro end mills and micromachining process
utputs. In order to analyze the effect of surface roughness obtained
uring WEDM process on the machining performance of the micro
nd mills, tools with different surface roughness were fabricated.

fter a design of experiments approach on WEDM process param-
ters, the best surface roughness value was obtained as 0.15 �m.
y applying a different set of process parameters, a surface rough-
d in this study, (c) Schematic representation of micromilling experiments.

ness value of 0.6 �m was also obtained. These micro tools were
fabricated with two different clearance angles at 7◦ and 14◦. Differ-
ent clearance angle and surface roughness values result in different
cutting edge radii on the fabricated micro end mill. Another pur-
pose of varying clearance angle is to change the cutting mechanics
(strains, stresses, and temperatures) at the tool-workpiece inter-
face as mentioned in the previous section. Fig. 4 illustrates 3D
topography and top view of micro end mills where the difference
in surface roughness and edge quality of micro end mills are visi-
ble. Table 1 summarizes the specifications of fabricated micro end
mills.

3. Preliminary micro milling experiments and observations

In order to analyze the effect of tool conditions (surface quality,
clearance angle and edge radius) on the performance of micro end

mills, a series of full immersion micro milling experiments (slot
micro milling) was conducted on Ti6Al4V work material using a
DMG  HSC 55 milling machine equipped with a high speed spindle
NSK HES 510 (Fig. 5a). The work material has a lamellar microstruc-
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Table  1
Specifications of the fabricated tailored single edge micro end mills.

Tool Clearance Angle
(◦)

Surface Roughness
Sa (�m)

Edge Radius
(�m)

Tool Diameter
(�m)

Length of cut
(�m)

Neck angle
(◦)

1 7 0.15 2–3 390 200 90
2  7 0.6 4–5
3  14 0.15 1.5–2.5
4  14 0.6 4–5

ish W

t
l
p
s
3
t
t
m
m

Fig. 6. RMS  of the resultant force: (a) Conventional micro end mill, (b) Fin

ure that has been shown to be favorable for micro milling in the
iterature [26] (Fig. 5b). The experiments were performed at feed
er tooth values of 0.6, 0.8, 1, 2, and 4 �m/tooth, while spindle
peed and depth of cut were kept constant at 28,000 rpm and
0 �m,  respectively. The depth of cut is between 5 and 10% of

he tool diameter as used in practice. No coolant was  used during
he experiments. Fig. 5a shows the experimental setup for micro

illing tests. For comparison purposes, a commercial micro end
ill with helical geometry and 0.4 mm diameter was also used in
EDMed-CA = 14◦ , (c) Finish WEDMed-CA = 7◦ , (d) Rough WEDMed-CA = 7◦ .

the experiments. The up-sharp tool has a cutting edge radius of
2 �m.  Machining forces were measured using Kistler mini force
dynamometer (9256C1, max  250 N).

During micro milling experiments, a methodology was followed
which allows for long term testing of micro end mills. Experiments

start with slot milling operation at different feed values and follow-
ing completion of the slot milling tests, tools were used in circular
pocket milling operation as summarized in Table 2. After complet-
ing the circular pocket operations, tools were used in slot milling
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Fig. 7. (a) Edge condition after micromilling, (b) Measurement of average BUE height by 3D laser scanning microscope, (c) SEM image of the BUE formed in a finish
WEDMed-CA = 7◦ .

Table 2
Experimental Conditions.
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Cutting Tools Cutting Spee

Conventional Micro End Mill, Tools 1, 2, 3, 4 28,000 

peration as before and machining forces were measured again.
he purpose of circular milling operation is to extend the machin-
ng time so that issues like tool wear and built-up edge formation
an be observed. Fig. 5b explains the experimental methodology
ollowed in this study.

Fig. 6 shows the root mean square (RMS) of the resultant
orce for each milling case. The resultant force is calculated as

Fx
2 + Fy

2 + Fz
2. Micro end mill fabricated to have large surface

oughness and clearance angle of 14◦ was observed to break at the
eginning of the test, so no results are reported for that tool. This
remature breakage may  be attributed to the weakening effect of
oth large clearance angle and larger craters due to higher spark
nergies applied in tool fabrication. As expected, the RMS  value of
he resultant force increase between first and third experiments.
he magnitude of resultant forces for conventional end mill and
abricated end mills having low surface roughness with 7◦ and 14◦

learance angles are close to each other. While there is a signifi-
ant increase in resultant forces between first and third slot milling
perations for the conventional micro end mill, the amount of
orce increase in fabricated micro end mills are smaller. Fabricated

icro end mill with 7◦ clearance angle seems to be the most favor-

ble considering largest feed value of 4 �m/tooth. Larger forces are
irectly related to cutting edge radius as seen in Fig. 6d.

Investigation of the cutting edges after micro milling experi-
ents shows edge rounding and built-up edge (BUE) formation.
Axial Depth of Cut Feed rate (um/tooth

30 0.6, 0.8, 1, 2, 4

Fig. 7a shows the optical and 3D laser scanning microscope image
of the cutting edge of the conventional tool after micro milling tests.
The edge radius of the micro end mill has been increased to 6 �m
from an initial radius of 2 �m and a built-up edge formation took
place. Fig. 7b shows the BUE formation on the cutting edge with
a fabricated tool of low surface roughness and 7◦ clearance angle.
Having a straight cutting edge leads to a larger stable BUE formation
in front of the tool compared to a conventional tool which serves the
purpose of this study where the influence of BUE on micro milling
is investigated. The micro end mill with 7◦ clearance angle is used
in the remainder of the study.

4. Investigation of micro milling process outputs in the
presence of BUE

This section aims to further investigate the effect of BUE on
micro milling process outputs such as micro milling forces, sur-
face quality, dimensional accuracy and burr formation. The same
experimental setup used in the previous section was  also used.
Single edge micro end mills with a nominal diameter of 0.4 mm

diameter with 200 �m length of cut were used in the experiments.
Slot micromilling experiments were performed under the condi-
tions summarized in Table 3, while feed rate is kept constant at
4 �m/tooth.



S.N.B. Oliaei, Y. Karpat / Precision Engineering 49 (2017) 305–315 311

(a)

0

4

8

12

16

20

30 40 50

)
mµ(

thgie
H

egarevA
E

U
B

Depth of Cut (µm)

28000 RPM

36400 RPM

(b)

0

30

60

90

120

150

30 40 50

)
m

m/
N(

ecroF
dezila

mro
N

Depth of  Cut (µm)

Normalized Fres (RMS) 28000 RPM

36400 RPM

Fig. 8. (a) Average BUE height, (b)

Table 3
Experimental conditions used for BUE studies.

Exp # Spindle Speed (rpm) Depth of cut (�m)

1 28,000 30
2  40
3  50

4  36,400 30
5  40
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affects the width and depth of the microchannel. When conven-
6  50

The feed selection corresponds to rough micro machining cases
here maximizing material removal rate is the goal. The protective

ffect of BUE in this case would be the most useful. For each exper-
ment the average BUE height (as defined in Fig. 7b), micro milling
orces, surface roughness, and burr parameters were measured.
he average BUE length is measured by laser scanning microscope
Keyence VX-110) as shown in Fig. 8a. BUE height increases with
ncreasing depth of cut from 30 �m to 40 �m,  but decreases with
ncreasing depth of cut from 40 �m to 50 �m.  It must be noted that
he measurements are quite close to each other by considering the
eometry of BUE in Fig. 7b. The influence of increasing speed on
verage BUE height is also not significant. However, the influence
f cutting speed and depth of cut on the resultant forces are sig-
ificant. In order to remove the effect of depth of cut variations
ue to BUE formation, RMS  of the resultant forces are normalized
ith respect to depth of cut measurements after the experiments

sing 3D laser scanning microscope. There seems to be a correlation
etween BUE height and resultant forces, but it must be noted that
utting forces also reflect the material response. The titanium alloy
 Normalized resultant force.

Ti6Al4V used in the experiments has a laminar micro structure with
10 and 20 �m grain size.

Fig. 9 shows the areal surface roughness (arithmetic mean
height, Sa) measurements corresponding to each experimental
case. 3D laser topography of the microchannels are shown in Fig. 9a
for experiments 4, 5 and 6. Analysis of the surface roughness of
the experiments revealed that a better surface roughness has been
achieved corresponding to the largest BUE height which also cor-
responds to largest machining forces. This can be mainly because
of the burnishing effect of the BUE on the surface. Similar results
were also observed in Oliaei and Karpat [19] in micro turning
experiments. Our experimental results are comparable to surface
roughness values reported in Wang et al. [12] where the focus was
finish micro milling experiments. It means that comparable results
can be obtained in terms of surface roughness with the tailored
tools. As the BUE size gets larger, it is likely that some loose bits
will be smeared to the bottom surface of the microchannel which
is expected to hinder the surface quality.

The final issue considered is the burr formation. Fig. 10a
illustrates SEM images of the burrs formed under experimental
conditions of Table 3. SEM is used to measure burr width and a
laser microscope is used to measure burr height. The measured
burr height and width for each cutting tool are shown in Fig. 10b.
Depth of cut is the most influential factor in burr formation. The
burr height and width increase with increasing depth of cut.

It is important to note that BUE formation at the cutting edge
tional micro end mills are used, which comes in standardized
diameters, BUE formation hinders dimensional control during
machining. However, when tailored tools are used, tool diameter
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Fig. 9. (a) 3D surface topography of the machined microchannels, (b) Arithmetic mean height (Sa).

Table 4
Measured depth and width of microchannels.

Experiment # Desired Microchannel Depth (�m) Measured Microchannel Depth(�m) Measured MicrochannelWidth (�m)

1 30 31 394
2  40 39 392
3  50 52 389
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4  30 

5  40 

6  50 

an be adjusted based on the BUE formation to control dimensional
olerances. Therefore, it is important to have predictive ability on
UE size as a function of process parameters. Table 4 shows the
easured microchannel width and depth values for each experi-
ent (Fig. 11).

. Investigating the protective effect of BUE during micro
illing

In order to analyze the protective effect of built-up edge for-
ation on tool life of the fabricated micro end mills, long term
icro milling experiments have been done. For this purpose 80
icrochannels with a length of 50 mm have been machined at a

pindle speed of 28000 rpm, feed rate of 4 �m/tooth and a depth of
ut of 50 �m.  It corresponds to Exp #3 in Table 3. The machining
rocess has been interrupted after machining each 20 microchan-
els, and tool condition is monitored using 3D laser scanning

icroscope. Fig. 12 illustrates the SEM image of the BUE formed

t the 80th microchannel.
For each microchannel cutting forces are also recorded.

ig. 13(a–d) illustrates the measured cutting forces for the first,
383
386
391

second, 40th and 80th microchannel, respectively. Between the
first and second microchannels, there is a significant increase in
y- direction forces while the forces in x and z directions are sta-
ble. This increase is believed to be related to edge rounding of the
cutting edge, which affects the mechanics of the cutting process.
Increasing the edge radius created suitable conditions of material
accumulation in front of the tool. With the stable BUE formation in
place, the cutting forces almost remain at the same value through
80th microchannels.

At the end of long term experiments, to gain an understand-
ing about the possibility of chemical reaction between tool and
work, BUE has been removed from the cutting tool using a clean-
ing process. An EDS analysis was performed in a location exactly
underneath the removed BUE. The EDS analysis results are shown in
Fig. 14. EDS analysis of the bulk tool material is shown in Fig. 14(a).
The cobalt content of the tool material underneath BUE has been
decreased from 11.6 wt\% to about 8 wt\% and the tungsten con-
tent has been decreased from 88% to 86%. This decrease has been

explained by Hartung and Kramer [27] as the formation of TiC
layer at the tool chip interface which was  replenished by the car-
bon atoms removed from the WC grains on the tool. The results
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Fig. 10. (a) SEM image of the burrs formed under experimental conditions of Table 2, (b) Average burr height, (c) Average burr width.
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Fig. 11. Microchannel of Exp. #6. (a) 3D image, (b) Microchannel Profile. A height
m

o
a
e
o

agnification of 200% is used.

btained in this section are in agreements with the results of Oli-
ei and Karpat [19]. A stable BUE was shown to protect the cutting

dge in micro turning process. The same protective effect is also
btained in micro milling process using tailored micro end mills.

Fig. 13. Measured cutting forces for: (a) First microchannel, (b) Secon
Fig. 12. SEM image of BUE after machining 80 microchannels.

6. Conclusions

The influence of BUE on the process outputs in micro milling
has been studied using a tailored single edge micro end mill. The
results can be summarized as follows:
• The surface roughness of the micro end mill fabricated with wire
EDM is an important factor on the success of the process.

d microchannel, (c) 40th microchannel, (d) 80th microchannel.
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[26] Attanasio A, Marcello GM,  Pola A, Ceretti E, Giardini C. Influence of material
microstructures in micromilling of Ti6Al4 V Alloy. Materials 2013;6:4268–83,
http://dx.doi.org/10.3390/ma6094268.

[27] Hartung PD, Kramer BM.  Tool wear in Titanium machining. Ann CIRP
1982;32:75–80.
Fig. 14. EDS analysis of (a) bulk to

A micro end mill with low clearance angle yielded the most sta-
ble condition in BUE formation. The performance of the tailored
micro end mill is observed to be acceptable.
It has been observed that, larger BUE sizes resulted in larger resul-
tant forces. Surface roughness improved with increased BUE size.
It must be noted that a large unstable BUE would deteriorate the
surface finish. The selection of feed and depth of cut for a given
work material is an important consideration.
Increasing cutting speed did not improve surface roughness
under the experimental conditions considered in this study.
There is no correlation between BUE and burr parameters. Large
forces yielded larger burrs.
Obtaining a stable BUE during machining helps increase the tool
life, which is an important issue in roughing operations especially
in micro mold making.
The ability to predict and control BUE size, together with tailored
tool design, may  be beneficial in micro milling practice.
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