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Abstract: Ball nose end mills are highly used for33axes milling operations. The current paper présen
a package of experiments for ball nose end milloansidering two cases: machining with the tookin
vertical position and machining with the tool intiied position compared to the machined surface. |
comparison to the experiments presented so fdrarkhown literature, the tool is tilted on two ditiens
thus providing specific data. The results coverfae profile, texture and surface roughness measure
on two perpendicular directions. References withilsir data obtained by other researchers are also

made.
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1. INTRODUCTION

When it comes to ball nose end milling, there alat a
of aspects to cover. The cutting conditions cary vara
wide interval and a complete approach to 5 axebngil
by using such tools has not been identified. Theria-
tional Organization for Standardization has noeaskd
any material related to how these tools shoulddwmal wr

how one can assess the tool wear. The most complex

standard regarding milling is 1ISO 8688 which refeys
the assessment of tool’'s wear for face and ends tilt

not ball nose end mills. This could be explainedthy
fact that the geometry of the ball nose end mifi eary a
lot depending on the usage conditions and havimgjar

effect accordingly.

It is the geometry of these tools that enables i
age in a vertical position or in a tilted positiaiith re-
spect to the surface to be machined (Fig. 1).

The tilting of the tool or of the workpiece must &le
lowed by the technological capabilities of the maeh
tool. The tool can be tilted on feed directiénon pick

feed directiorf, or on an angle resulting from a combi-

nation of the previously mentioned two inclinations
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It is highly recommended to use the ball nose end Fig. 1. Tool tilting in one of the two directions (feed mick

mill in such a way as to avoid entering the workpie
material with the tip of the tool. The cutting sdea the
tip of the tool is 0 m/min and for this reason ndgting
takes place in that area.

Theoretically these tools can be tilted accordmthe
technological possibilities of the machine-tool ating
constraints imposed by the piece configuration.

In the known literature, only the study of one dire
tion tilting has been noticed (either tilting orettfeed
direction or on the pick feed direction).

" Corresponding author: Victor Babes 62 A, Baia M&emania.
Tel.: 0040 0362.401.265;

E-mail addressesticiuc@cunbm.utcluj.r¢V. Diciuc),
Mircea.Lobontiu@ubm.r¢M. Lobortiu).

feed direction) — adapted after [5].

Regardless of the modeling method used within these
studies [+4; 6-10; 12, 15, 16], it was noticed that most
of them present tool’s inclination values like 10%°,
30°, 45°, 60° and/or 75°. In one paper [5] theiivation
of 17° @,) has been considered, without a clear specifica-
tion as to why it has been chosen.

In most of the 5 axes milling cases, there areeob-t
nological capabilities for tool inclination with m®than
20°-30° with respect to the surface to be machined.tMos
of the time, these limitations are dictated by fiece
shape/configuration. For this reason, it can beirass
that an optimization for this tilting interval walibe of
great interest.
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The model used to obtain the undeformed chip @ig.
and Fig. 8) according to the cutting regime antintl
angles of the tool is a CAD parametric model deaVifes
5 axes milling.

The current paper contains a study of the millingr p
cess with this type of the tool in two differentea:

* in a vertical position;
* in atilted position.

The tests will be carried out on a plain surfacetas
aims at obtaining reference data which will be uleed
ther as a comparison base. Another reason for asflag
surface for the tests can be found in the fact wian it
comes to machining complex surfaces on 3 axes ma-
chines, where there is no possibility of maintajnia
constant inclination angle to the machined surftioere
are moments when the tool is in a vertical positmthe
machined surface so the tilting angle is 0°. Thigdthe-
sis was also met in another paper [3].

For the second case, the tool will be tilted on tiro
rections with different angles (=267 and 5°0,), so as to
avoid using the tip of the tool for machining amdhe : L
able to compare the two situations. maximum machining length X/Y/Z: 762/460/460

The results will also be compared with other stadie mm;_ . .
for which it was used the same modeling technidque [ * Maximum rotation on A/C axis: +20° to ~110°/360°%;
13, 14] and which presented practicallexperimedéah ¢ Maximum loading capacity: 300 kg;

Fig. 2. Hardness testing areas and points.

The machine tool on which the experiments were car-
ried out was MU-400VA 5 axes milling machine from
Okuma with the following characteristics, listed r&s
quested by the 1ISO 8688-2/1989:

for machined surface quality. * maximum spindle speed: 15 000 rev/min.;
« rapid feed movement XY: 40m/min, Z: 32m/min, A:
2. EXPERIMENTAL SETUP 14 400°/min, C: 18 000°/min;

engine power: 30 kW.

The cutting tool used for the experiments was & bal
nose end mill from Seco Tools-Minimaster with 2 me-
chanically fixed carbide inserts:

The machining operation has been carried out on an
annealed ISO C45 workpiece material with the chamic
composition according to the manufacturer (Mitabebt

Galati S.A.). The chemical composition of the miales Shank code: MM12-20095.3-3027:
presented in Table 1 and its dimensions wer98245 Insert code: MM12-14014-B120PF-M03, F15M
mm according to ISO 8688-2/1989, chapter 3. with z= 2 teeth and = 14 mm:
It is specified that the workpiece should be a dwar Coating: multilayer TiC, TiN and Al203.
billet of rectangular cross-section with a minimwiath MM12 shank was chosen because it offers stability

of 2 times the cutter diameter and a minimum ler@th  5nq accessibility in difficult to machine areascading

10 times the cutter diameter but preferably withee- {5 Seco specifications. The insert was chosen derisig

ommended length of 20 times the cutter diametechSu pe type of the material to be machined and the typ

dimensions were chosen to use the workpiece also fomilling operation i.e. finishing.

tool wear studies, later on. _ _ The cutting data were chosen according to the ofpe
The hardness of the workpiece material has beemyijing process and of insert, to its diameteritte mate-

measured after annealing and roughing the partwon i3] to0 be machined, etc.

different testing areas (Fig. 2). The surface roughness level and the surface profile

Each area was tested in 5 equally distanced pointSyere monitored by means of a portable TR200 rousgine
reaching an average value of 170 HB which was withi {aster made by Micro Photonics Inc., having +10%

the deviation interval of the measurements (+5%XBP  measuring precision. The cutoff was set to 0.8 rma a
fied in the ISO standard. the number of cutoffs to 2, the pick-up sensor hgvi
thus a moving speed of 0.5 mm/s. The measuringerang
Table1 Wwas forR, between 0.0340 um and forR, between 0.02

Chemical composition of the workpiece material and 160um. .
The quality of the surface/surface texture was neco
ELEMENT VALUE ELEMENT VALUE ed by means of a digital camera as part of a Cvid8-
c 0.420 As 0.004 type Brinell hardness testing device s_up_plled by CV
Instruments Europe BV, having a magnifying power of
Si 0.240 Ti 0.003 30x.
Mn 0.640 Cu 0.010 The roughness and surface profile have been meas-
_ ured on two perpendicular directions: on pick-felec-
0.019 Ni 0.015 tion noted with OX and also on feed direction notéth
0.009 Cr 0.020 oY.

The geometrical precision of the machined surface

Al 0.002 Mo 0.009 was probed by using a dial indicator.
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Table 2 Table 3
The cutting regime used for the experiments The surfaceroughness values
ELEMENT VALUE 1 VALUE 2 OX oy OX oy
5076 and 5% Rough“tess VALUE VALUE VALUE VALUE
Tool tilting [°] 0° - rand 5%, parameter 0°0; and 0°9,, -20°6; and 5%,
i 3.299 2.308 0.544 0.500
%‘/trtr']ri‘r% speed 132 250 Ra
@ 6.82 Ry 4.072 2.708 0.694 0.649
Denlmm] @4.054 R, 17450 11430 3710  3.490
: 11675
n [rev/min] 10368 R 19050 12570 4579  4.079
a [mm] 0.3 03 Ro 6.940  6.119 1.830 1.640
ae [mm] 03 03 R, 10520 5309  1.880  1.850
f, [mm/tooth] 0.07 0.1 RS 0.100 0.073 0.084 0.038
RS, 0.178 0.178 0.145 0.059
The chosen cutting regime for these experiments is RS ~0671 0.353 0.171 ~0.330

presented in Table 2 and it was selected so aatigfysa
finishing operation.

In the first set of experiments a smaller cuttipged
and a smaller feed/tooth were used. The reasothier
was the difficulty of chip removal from the cuttirrgea
and the more harsh cutting conditions due to perigih
cutting speed equal to 0 m/min on the tip of tha.to

When machining different materials (X40CrMoV5 1,
St37-3 and C45), it was concluded that the besghrou
ness value of the machined surface is obtained when
applying the one way raster strategy and climbimngj!|
For this reason, within the tests described in gaper,
the same raster climb milling strategy was used.

For each of these toolpaths the CNC code was de-
vised using PowerMill 9 CAM software from Delcam.

Both experiments have been conducted in the follow-
ing temperature and humidity conditions (averagk va
ues): 21.4°C and 42% HR and have been repeated for
results confirmation. The values presented standhie
average of the measured values.

3. EXPERIMENTAL RESULTS

For the first set of experiments, the tool wasiset
vertical position to the workpiece material (Fig. 3he
resulting undeformed chip can be seen in Fig. 4thed
machined surface texture in Fig. 5.

The surface roughness recorded in both sets ofrexpe
iments after 15 minutes of machining is presented i
Table 3.

Different new tools were used in each set of experi
ments.

The measured surface profile, on which the roughnes
values have been calculated are presented in Fig. 6

These experiments have been conducted in an indus-
trial environment so as to get a closer grasp tdsvauch
machining processes and to better assess the lgossib
issues coming from this environment.

For the second set of experiments, the tool wamset
a tilted position to the workpiece material (Fig. 7

The resulting undeformed chip can be seen in Fig. 8
and the surface texture in Fig. 9.

Fig. 3. Experimental setup for the first set of experirsent

Maximum chip thickness

Successive position

Cutting ed
uting eqge of the cutting edge

engagement
angle

Location of the tip of the tool Minimum chip thickness

Fig. 4. Undeformed chip for the first set of experiments.

Fig. 5. Surface texture for the first set of experiments.
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a. OX direction for 0° tilting angle;

T N A N 2 O
WL )

&) pwi)

b. OY direction for 0° tilting angle;

c¢. OX direction for -209f and 5°0n tilting angle;

i~

d. QY direction for -20%f and 5°0n tilting angle

Fig. 6. Machined surface profile.

Fig. 7. Experimental setup for the second set of tests.

Maximum chip thickness

Cutting edge engagement angle " Minimum chip thickness

Fig. 8. Undeformed chip for the second set of tests.

TR

Fig. 9. Surface texture for the second setests

Successive position
of the cutting edge

4. COMPARATIVE STUDY. DISCUSSIONS

a) The first comparison is made between the case
when the cutting tool is in a vertical position wiespect
to the surface to be machined and the case when it’
tilted with the angle composed of —2@°and 5°60,. One
may notice based on the undeformed chip that iritsie
case. The tip of the tool is present in the cutangg. i.e.
it meets the chip during its rotation. This asgednflu-
encing the quality of the machined surface in aatigg
way. These details have been discussed in thequ®vi
chapters.

By further analyzing the undeformed chip it can be
seen that the cutting edge of the tool enters aitd the
chip in the area of minimum thickness. This happene
even though the milling strategy used was climUingl
Moreover, the entry of the cutting edge into th@ak
being done on a small contact length. The cuttidgee
engagement angle is 180°, which equals to a |ainmod
spent by the cutting edge in the worpiece mateliging
one revolution of the tool. Due to a longer timerspin
the workpiece material, the cutting edge could heat
and when exiting the chip it would meet the cuttiluid,
resulting in thermal shock and thermal fatigue \whic
could seriously alter the tool life span.

The machined surface texture shows small traces in
the shape of a comma, which most probably havdtresu
ed due to the presence of the tip of the tool endhtting
area or to the process of chip formation. Theseksnar
have led to a surface roughndégds= 3.299um on pick-
feed direction an®,= 2.308um on feed direction.

The resulting surface profile is not a uniform @mel
no rule or repeatability/pattern can be noticedegther
direction. This aspect points to an unstable ogtpno-
cess which must be avoided by all means.

By evaluating the undeformed chip for the second
case, when the tool is tilted with respect to thateamal to
be machined, it can be seen that the tip of theisono
longer present in the cutting area. Also, the ngtedge
of the tool enters the chip at almost maximum chip
thickness. This comes as a big help in the chimifiog
process for finishing operations. Moreover, thetaon
length on which the tool enters and exits the dhig
medium one and of almost equal size. This suppgsed|
contributes to the reduction of vibrations durihg tcut-
ting process.

The cutting edge engagement angle is approximately
55° (the traces left by the cutting edge in theafodned
chip have been generated with a 5° incrementlant e
seen that the cutting edge engagement angle idesmal
compared to the first case, resulting in much kese
spent by the cutting edge in the workpiece mateatal
one revolution of the tool.

All these details contribute to a surface roughriess
equal to 0.544:m on pick-feed direction and 0.5Q6n
on feed direction. Similar values have been obthine
when machining Inconel 718 [2], with a tilting aaghf
45°. It can be concluded that the cutting process i
stable and uniform one. This is also confirmed bg t
texture of the machined surface which is much bette
than in the first case.

By analyzing the machined surface profile, it can b
noticed that it presents certain repeatabilitytenfeed
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direction, indicating, one more time, the good iogtt
conditions of the process with this setup.
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is reached than in the case of no tool tilting.sTaspect
presents two major advantages: it can be usedctedre

One may notice that although the spindle speed haproductivity or to decrease the spindle speed sacgdo

been increased with only 12.6%, at the same axidl a
radial depths of cut, the cutting speed was alrdosi-
bled which underlines the major impact the todint

obtain a certain cutting speed (the effective ngttliam-
eter increases).
By tilting the tool, the way the cutting edge ester

has over the machining parameters of the procegs. Band exits the chip is modified in a controlled mamn

having different parameters of the cutting proceswse
may get different outcomes of the process, i.dedifit
surface roughness, different surface profile, aifferént
surface texture. All of these contribute to thédtogical
behavior of that part during its life cycle.

Tilting the cutting tool with respect to the maahih
surface increases the effective cutting diametdachvin
turn allows for the usage of the same effectiveimgt
speed at lower tool speed or for higher effectiuticg
speed at the same speed as when the tool is irtieale
position. It is possible this way to overcome sdegh-
nological limitations imposed by the machine tool.

This fundamentally influences the cutting condiiqthe
cutting force. contact length on the cutting edgel a
surface quality). The presented solution modifiesai
controlled manner the cutting edge engagement angle

The presented research model implies that the tool
tilting angle along with the cutting regime to bensid-
ered as input parameters for the cutting proceasing
this new input, together with the data resultingnirthe
parametric 3D CAD model of the undeformed chip, a
multi-criteria optimization of the cutting processim-
posed.

The objective function of this multi-criteria optira-

b) When comparing the experimental results with thetion can be summarized as follows:

results from other similar studies, the followingpacts
emerge:

roughnessR, equal to 0.78m and 0.86um were
obtained [17] when machining a complex surface
with such tools (the workpiece material, the titin
angle (tilting interval) of the machined surfacecat-
ting regime are not specified);

a roughnesg, equal to 3.7um on pick-feed direction
and 2.8um on feed direction has been obtained [18]
when machining workpiece material 1.7131 with ver-
tical tool position, using the following cuttinggiene:
f,= 0.1765 mm/tootha, = 0.1765 mma, = 0.3 mm,

d =10 mm,v. = 210 m/min. In the same study [18],
the roughnesR, values equal to 3.pm on pick-feed
direction and 4.4um on feed direction were obtained

when machining the same workpiece material with a

tool inclination of 20° on pick-feed directiof,;
also, when machining special alloys like Incones,71

F(X) = F(x1, X, X, X4 X6), (1)

where:

Xy — parameter that considers the area where the cut-
ting edge enters the undeformed chip;

X, — parameter that considers the presence of the
cutting tool’s tip in the cutting area;

X3 — parameter that considers the modulus of the max-
imum cross sectional area of the chip.{);

X4 — parameter that considers the modulus of the max-
imum contact length between the cutting edge aed th
undeformed chipl(,ay;

xs — parameter that considers the cutting edge en-
gagement angle.

The results of the above optimization are thentjti
angle on both feed and pick-feed directions. Tinidina-

tion angle assures the conditions that have bewvulai-

it was noticed that the resulting surface roughnessed-

was better when the tool was used in a tilted osit
that in the case when the tool had no tilting angle

Thus the results will become technological instruc-
tions for CAM operators aiming at global procest- ef

The roughness values obtained in this study for thefiency.

situation when the tool was tilted on two direciomere

In order to maintain the inclination angle along th

compared with roughness values obtained by other recutting path, especially when machining complex €om

searchers who inclined the tool only in one dikattilt
can be seen that the cutting process can be imgproye
adding a second direction inclination and the same
better surface quality can be obtained at loweamngl
angles if combined on two directions. This is atem-
firmed [18] by the fact that when increasing thénty
angle on one direction, the surface quality hashsan
improved.

5. CONCLUSIONSAND FURTHER WORK

By using the ball nose end mill in a tilted pogiti@n
improvement of the cutting conditions is noticecheT
machined surface texture, profile and roughnessbean
enhanced this way, the tip of the tool not beirngspnt in
the cutting area.

When using the tool in a tilted position, for thearse
cutting regime (axial and radial depths of cut,dfgeer
tooth and spindle speed), a bigger effective cgtspeed

ponents, powerful CAM software is required to manag
the NC data. Such a CAM software is NX V9 from
SIEMENS. Due to its ability to control the tool axposi-
tion on the surface, it is recommended to be usealich
complex situations. Multiple options are available
through the control points (Fig. 10) that NX CAMnge-
ates all over the surfaces that will be machined.

Fig. 10. Tool axis control points over the surface to be ma
chined (NX CAM) [19].
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Fig. 11. Tool axis variation along the tool path
(NX CAM) [19].

One may choose to maintain the same inclination an-

gle towards the surface being machined or it mayosh
the variation of the inclination based on a verylwe-
fined variation law. For example, along the feetech
tion, the tool can start in a tilted position of0%2; and
5° 0,. By the time it reaches the middle of the cutting
length, the inclination can change to about -8:@fnd 8°
0, and in the end could be for example +Bpand -5°
0, This variation can be done regardless of theaserf
profile, as long as the workpiece and machine tad-
metrical limitations allow it (Fig. 11).

Having such powerful tools at CAM engineer’s dis-
posal, the tool path can be generated howevesitdusts
the cutting preferences/requirements.
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