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Abstract

In this paper, an analysis of various factors affecting machined surface texture is presented. The investigation
was focused on ball end mill inclination against the work piece (defined by surface inclination angle «. Surface
roughness was investigated in a 3D array, and measurements were conducted parallel to the feed motion
direction. The analysis of machined surface irregularities as a function of frequency (wavelength 1), on the
basis of the Power Density Spectrum — PDS was also carried out. This kind of analysis is aimed at valuation
of primary factors influencing surface roughness generation as well as its randomness. Subsequently, a surface
roughness model including cutter displacements was developed.

It was found that plain cutting with ball end mill (surface inclination angle « = 0°) is unfavorable from the point
of view of surface roughness, because in cutter’s axis the cutting speed v, = 0 m/min. This means that a cutting
process does not occur, whereas on the machined surface some characteristics marks can be found. These marks
do not appear in case of a # 0°, because the cutting speed v, # 0 on the full length of the active cutting edge and
as a result, the machined surface texture is more homogenous. Surface roughness parameters determined on the
basis of the model including cutter displacements are closer to experimental data for cases with inclination
angles a # 0°, in comparison with those determined for plain cutting (o = 0°). It is probably caused by higher
contribution in surface irregularities generation of plastic and elastic deformations cumulated near the cutter’s
free end than kinematic and geometric parameters, as well as cutter displacements.
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1. Introduction

Nowadays, high speed machining (HSM) of curvilinear surfaces using ball end mills is the
subject of a lot of research [1 — 3]. The HSM technology is being widely used in many fields
of industry, i.a. in production of drop forging dies and casting molds made from hardened
steel [4], or in aerospace industry in manufacturing of wing parts made from aluminium
alloys and composites [S]. From numerous investigations it results that in curvilinear milling,
alternation of ball end mill inclination against the work piece (defined by surface inclination
angle o) significantly affects cutting forces [6, 7], tool wear [8], as well as machined surface
roughness [9]. From the point of view of above mentioned effects, the most undesirable is
plain cutting with surface inclination angle « = 0°, because cutting speed near the cutter’s free
end is close to zero. Thereupon, work material is not being cut but is ploughed and exposed to
large elastic and plastic deformations [10]. This ploughing mechanism can induce excessive
mechanical load on the cutter, which can lead to chipping, as well as deterioration of surface
roughness. From a lot of research it can be seen that real surface roughness significantly
varies from the theoretical model, which results from kinematic-geometric projection of the
cutter into the work piece. These discrepancies are i.a. caused by the tool vibrations related to
cutter’s run out [11], as well as some phenomena related to the temperature in the cutting
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zone [12]. According to previous research related to cylindrical milling of hardened steel
[13-15], the application of a surface roughness model including cutter displacements
significantly increases the accuracy of the surface roughness parameters estimation, in
comparison with the theoretic basic model. Furthermore, in the range of finish milling
(especially, when f£. < 1 mm/tooth) plastic and elastic deformations of the work material
related to minimum uncut chip thickness, can significantly affect generated surface roughness
[16]. In addition, investigations conducted by [17] reveal that minimum uncut chip thickness
value increases with the cutting speed decline v., which consequently leads to surface
roughness deterioration. In spite of cutter’ run out and minimum uncut chip thickness
influence, surface roughness can be also affected by cutting edge notch [18].

Nevertheless, majority of research related to surface roughness generated in ball end
milling focuses only on a kinematic-geometric basic model [19, 20]. For that reason this paper
comprises the analysis of surface roughness generated in ball end milling including surface
inclination angle, cutter’s run out and minimum uncut chip thickness. The percentage
contribution of analyzed factors in real surface roughness generation was also investigated.

2. Surface roughness in the ball end milling process

Theoretic surface roughness height resulting from kinematic-geometric projection of the
cutter into the work piece, measured parallel to feed motion direction vy, generated after ball
end milling can be formulated by the following equation:

2 2 2
Ry =2 Pt L (1

~
~ >

4 4-D

where: Rt theoretical surface roughness, f- — feed per tooth, D — tool diameter.

From equation (1) it can be clearly seen that an increase in feed per tooth 7. causes
surface roughness growth, whereas an increase in tool diameter D, causes a decline in
surface roughness. It is worth to indicate that during calculation of surface roughness
height in directions different from the feed motion v, direction, one should include also the
pick feed value [20]. Nevertheless, theoretic models describing alterations of surface
roughness parameters in the function of kinematic-geometric parameters often vary from the
real surface roughness value, especially for low feed values. One of reasons of these
discrepancies, are cutter displacements related to cutter’s run out. Thereupon the surface
roughness model including cutter’s run out in a ball end milling process (Fig. 1) was applied
in the conducted investigations. The e, parameter depicted in Fig. 1 denotes radial
displacement between the cutting edges, related to cutter’s run out measured at the
intersection of the cylindrical and spherical part of the tool. Cutter’s static run out can be due
to the tool itself (wear, asymmetry, insert setting, dynamic imbalance and thermal
deformation) but it is mainly due to the offset between the position of the tool rotation axis
and the spindle rotation axis.
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Fig. 1. Surface roughness height R, including cutter displacement e, in ball
end milling (number of teeth z = 2).

The consequence is a tool rotation around the spindle axis with an eccentricity, which
induces cutter displacements e,. These displacements relocate directly on the work piece
(along the closed trajectory in the X-Y plane), generating surface roughness (see Fig. 1).
Moreover, e, values can be also affected by cutting forces (generating tool deflections) and at
higher rotational speeds n, by centrifugal forces [14]. However, in order to simplify
deliberations presented in this paper, it was assumed that value e, is constant along the tool’s

rotational axis and induced by static radial run out. Furthermore, tool’s axial run out is equal
to zero.
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From Fig. la it results that radial displacement between the cutting edges e, has an
influence on the feed per tooth f. value, and at the same time on the generated surface
roughness height Rz,.. It can be also found that parameter e, affects cutter displacement in the
axial direction e, (despite the assumption that tool axial run out is equal to zero). The value
of displacement e, can be described by the following equation:

e,=l-R—-|/(I-R) -¢*, 2)

where: / —tool overhang, R— tool radius.

Nevertheless, in the majority of conventional machining processes, where displacement e, is
of the order of few microns and tool overhang is of the order of dozens of millimeters, the e,
displacement acquires very small values. For example: if e,= 10 um, and / = 60 mm, then
from equation (2) it results that e, is only 9.6:10”7 mm, which means that the influence of this
parameter can be neglected. Therefore, surface roughness height including cutter’s
displacement e,, in ball end milling of plain surfaces (= 0°) is expressed by:

l'\/4R2_f22_2er'fz_esz° (3)

Rt,=R-
2 4.-D

In ball end milling of inclined surfaces (& # 0° — Fig. 1b, ¢), cutter displacement in surface
irregularities generation zone ), varies from the e, parameter. Its value can be determined
using equation:

(Rcoso:Jrl—R)-\/(er2 +(l—R)Z)-cosaJr(R—l)-cosaJrer -sin o ()
Je+(-Ry
The geometrical interpretation of equation (4) for various surface inclination angles is

presented in Fig. 2. From this figure it follows that value y, is increasing monotonously with
the surface inclination angle growth and for &= 90° its value is equal to e,.
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Fig. 2. Cutter displacement y, in function of surface inclination angle ¢.

From Fig. 1b it follows also that during cutting, the cutter’s second tooth — displaced by the
value y,, generates an irregularity whose height is equal to parameter Rf;. However, this
irregularity is being removed by the consecutive position of the first tooth. Therefore surface
roughness height including cutter’s displacement e,, in ball end milling of inclined surfaces
(a # 0°) is dependent on the feed per revolution finstead of feed per tooth value f.. The Rz,
value can be calculated on the basis of the following equation:



www.czasopisma.pan.pl P N www journals.pan.pl
Y
S~

Metrol. Meas. Syst., Vol. XXI (2014), No. 1, pp. 145-156.

_f 5
Ri= (5)

The equation (5) is only valid in the range of small feed per tooth values, i.e., when the

following condition is fulfilled:
2
fz<\/R2-(R-2'yej : 6)
z

where: z — number of teeth.

In case, when condition (6) is not fulfilled, then surface roughness height can be calculated on
the basis of the equation presented in [14].

In order to include the plastic and elastic deformations of work material, related to
minimum uncut chip thickness, one should apply the Brammertz dependency [16]. The
modified Brammertz dependency, including cutter’s displacement e, is described by the
equation:

2
Riyy =Sy P |y R . (7)
8-R 2 f

where: A,,;, — minimum uncut chip thickness.

The parameter f; in equation (7) is equal to feed per revolution value £, for cutting with surface
inclination (& # 0°), and described by the equation (8) for plain cutting (= 0°):

fi=1 +e,. (8)
The minimum uncut chip thickness can be described by the following expression [17]:
h =k, ©)

where: k — a coefficient determined empirically, 7, - the radius of the tool arc cutting edge.

3. Experimental details
3.1. Research range and method

The investigations have been carried out on a hardened hot-work tool steel plate
(55NiCrMoV6, hardness approx. 55 HRC). The monolithic ball end mill (z = 2, number
of teeth, D = diameter 16 mm, 4, = 30° tool major cutting edge inclination angle, r, = 9 pum
radius of tool arc cutting edge) was selected as a milling cutter (Fig. 3).
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Fig. 3. The description of the ball end milling process: a) geometric parameters;
b) the area of surface roughness measurement method.

The cutting edges were made from fine-grained sintered carbide (mean grain size approx.
0.4 um) in TiCN anti-wear resistance coating. Experiments were conducted on a 5-axe CNC
milling workstation (DECKEL MAHO Co., model DMU 60monoBLOCK). Surface
roughness parameters were measured in 3D (Sa, Sz) and 2D array (R, Rz), using an optical
surface profiler Veeco NT 1100. The measurements were made with 5x magnification.
The scanning area was equal to 0.9 mm x 1.2 mm and the distance of vertical points was
1.65 pum. The Power Density Spectrum — PDS of surface irregularities in function
of frequency (wavelength 1) was also determined. The PDS charts were obtained on the basis
of 3D surface topographies, which were measured by the stylus profile meter Hommelwerke
T8000. The area of surface roughness measurement is depicted in Fig. 3b. Cutting
parameters applied in the research are presented in Tab. 1.

Tab. 1. Cutting parameters applied in the research.

n [rev/min] | v/[mm/min] | a,[mm] | a.[mm] | a[°] | /2 [mm/tooth]
3000 600
0,
7500 1500 0.2 1.78 45 0.1
12000 2400

Cutter’s displacement related to radial run out e, was measured offline using a dial
indicator. The value of parameter e, was equal to 10 pm. It means that in the research carried
out the condition expressed by equation (6) was fulfilled, and hence surface roughness height
can be calculated on the basis of equations (5) and (7).

In order to calculate the minimum uncut chip thickness expressed by the equation (9), one
should assess the k coefficient value. Its value can be selected as 0.25 on the basis of work
[21] related to cutting of hardened bearing steel with hardness 61 HRC, in the range of cutting
speeds: v.= 40+120 m/min. Nevertheless, according to [17], in the range of very low cutting
speeds, the value of & coefficient is greater, which can reduce the accuracy of 4,,;, estimation
in ball end milling of plain surfaces — o = 0° (because the cutting speed near cutter’s free end
is close to zero).

The percentage contribution of analyzed factors in real surface roughness generation was
calculated on the basis of equation:
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100- Rt
C = L 10
! Rz (10)

where: Rt; — is the theoretical surface roughness affected only by the i-th factor (e.g.

kinematic — geometric projection or cutter’s run out), Rz — measured surface roughness
height.

3.2. Experimental results and analysis

Figure 4 depicts the influence of the surface inclination angle o and rotational speed » on
surface roughness parameters (Rz, Rf) after ball end milling.
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Fig. 4. Surface roughness parameters in function of surface inclination angle « and rotational speed 7.

From Fig. 4 it is seen that surface roughness parameters (Rz, Rf) have lower values for
surface inclination angle « = 45°, in the whole investigated range of rotational speed ». This
dependency confirms the fact that in case of plain milling, the cutting speed near cutter’s free
end is close to zero, and thus the appearance of the ploughing mechanism induces large elastic
and plastic deformations, which as a consequence influences surface irregularities. It was also
found, that independently of the value of the inclination angle ¢, cutting speed growth induces
a decrease of surface roughness parameters.

Figure 5 depicts an image of the machined surface and 3D views of surface irregularities
for two investigated surface inclination angles «. In case of plain milling with & = 0°, some
characteristic marks on the machined surface can be seen (Fig. 5a). Their presence is caused
by the ploughing mechanism, which induces excessive elastic and plastic deformations of the
work material. These marks do not appear in case of a = 45° (Fig. 5b), because the cutting
speed v. # 0 on the full length of the active cutting edge and as a result, the machined surface
texture is more homogenous. This phenomenon is also confirmed by the 3D views of the
machined surface, which reveal that during milling with o = 45°, surface irregularities are
more homogenous, and their texture is highly related to the kinematic — geometric projection
of the cutter into the work piece. Circumstantial analysis of the surface irregularity form was
carried out in the frequency domain (wavelength A1), on the basis of so-called Power Density
Spectrum — PDS (Fig. 6). The PDS analysis reveals that in case of plain milling « = 0°, no
occurrence of a peak with wavelength corresponding to the feed per tooth £. value is found.
Its presence is usually related to the kinematic — geometric projection of the cutter into the
work piece. On the other hand, occurrence of peaks with wavelengths 4 > 0.2 mm can be
found. Their presence is attested to a ploughing mechanism, as well as some random
phenomena. In case of surface inclination milling with o = 45°, the peak related to the
A= 0.2 mm is dominant, which corresponds to the feed per revolution f value, instead of feed
per tooth f.. It means that in surface texture generation, cutter’s run out has a crucial
contribution.
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Figure 7 depicts the comparison of measured (Rz) and calculated (Rf.p) surface roughness.
Surface roughness parameters calculated on the basis of the model including cutter’s run out
and minimum uncut chip thickness Rtz (see — equation 7) are in good agreement with
measured ones, independently of the surface inclination angle o. Some differences between
measured and calculated values result from simplifications enclosed in the model i.e.
assumption that the milling process is only affected by the static radial run out or the
assumption that minimum uncut chip thickness is independent of the cutting speed value.

Sa=0.323 um
Sa=0.368 pm Sz=2.57 um
Sz=3.83 um

Fig. 5. Images of machined surfaces and 3D views of surface texture after ball end milling with
n = 12000 rev/min and surface inclination: a) o= 0°, b) o= 45°.

a)
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Fig. 6. PDS function for milling with » = 12000 rev/min and: a) &= 0°, b) oz = 45°.

The discrepancies mentioned above are also caused by the other phenomena not included
in the model. On the basis of surface roughness models presented in chapter 2, equation (10),
as well as measured values, the percentage contribution of analyzed factors in real surface
roughness generation was developed (Fig. 8). The analysis revealed that a dominant
contribution, in case of plain milling (« = 0°) has the minimum uncut chip thickness, and thus
deformation of the work material. The influence of the kinematic — geometric projection of
cutter into the work piece and cutter’s run out is in this case negligible and totally amounts to
5%.

In inclined surface milling with & = 45°, the greatest contribution has again the minimum
uncut chip thickness (but less than for & = 0°). Nevertheless, in this case, cutter’s run out has
also a significant influence. Its percentage contribution to surface texture generation is
approximately 20%. From Fig. 8 it can be seen that surface texture is also affected by some
phenomena not included in the investigations. These remaining phenomena include i.a. plastic
fash of the work material, cutting edge notch, high frequency vibrations and some random
factors. However the total influence of the remaining phenomena, in the range of carried out
research did not exceed 15%.
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Fig. 7. Measured and calculated surface roughness for different inclination angles c.
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Fig. 8. The percentage contribution C; of analyzed factors in real surface roughness generation.
4. Conclusions

This paper investigated the surface texture generated during the ball end milling of
hardened steel including surface inclination angle, cutter’s run out and minimum uncut chip
thickness. A surface roughness height model including the above-mentioned factors was
developed. The percentage contribution of analyzed factors in real surface roughness
generation was also investigated.

The research revealed that surface roughness parameters, generated in ball end milling of
hardened steel have lower values (in the investigated range of rotational speed ») for surface
inclination angle o = 45°, in comparison with those obtained for plain milling (e = 0°).
During plain milling with « = 0°, the ploughing mechanism has a dominant contribution to
surface texture generation. The influence of the kinematic — geometric projection of the cutter
into the work piece and cutter’s run out is in this case insignificant and totally amounts to 5%.
In inclined surface milling with o = 45° surface irregularities are also generated by the
ploughing mechanism and minimum uncut chip thickness. Nevertheless, in this case, cutter’s
run out has also significant influence. Its percentage contribution to surface texture generation
is approximately 20%.

The carried-out analysis reveals that surface inclination has significant influence on the
generated surface texture. Therefore, the appropriate selection of the surface inclination angle
related to the specified machining strategy can improve the surface quality by the reduction of
surface roughness.



www.czasopisma.pan.pl P N www.journals.pan.pl
P
\,

Metrol. Meas. Syst., Vol. XXI (2014), No. 1, pp. 145-156.

References

[1] Becze, C.E., Clayton, P., Chen, L., EI-Wardany, T.I., Elbestawi, M.A. (2000). High-speed five-
axis milling of hardened tool steel. International Journal of Machine Tools & Manufacture 40,
869-885.

[2] Zhu, R., Kapoor, S.G., DeVor, R.E. (2001). Mechanistic Modeling of the Ball End Milling
Process for Multi-Axis Machining of Free-Form Surfaces. Journal of Manufacturing Science and
Engineering, 123, 369 —379.

[3] Dewes, R.C., Aspinwall, D.K. (1997). A review of ultrahigh speed milling of hardened steels.
Journal of Materials Processing Technology, 69, 1-17.

[4] Urbanski, J.P., Koshy, P., Dewes, R.C., Aspinwall, D.K. (2000). High speed machining of
moulds and dies for net shape manufacture. Materials and design, 21, 395 — 402.

[5] Nieminen, I., Paro, J., Kaupinnen, V. (1993). High-speed milling of advanced materials. In Proc.
of the International Conference on Advances in Materials and Processing Technologies, Dublin,
Ireland, 21-32.

[6] Fontaine, M., Devillez, A., Moufki, A., Dudzinski, D. (2006). Predictive force model for ball-end
milling and experimental validation with a wavelike form machining test. International Journal
of Machine Tools & Manufacture, 46, 367-380.

[7] Lamikiz, A., Lopez de Lacalle, L.N., Sanchez, J.A., Salgado, M.A. (2004). Cutting force
estimation in sculptured surface milling. International Journal of Machine Tools & Manufacture,
44, 1511-1526.

[8] Toh, C.K. (2004). A study of the effects of cutter path strategies and orientations in milling.
Journal of Materials Processing Technology, 152, 346-356.

[9] Lopez de Lacalle, L.N., Lamikiz, A., Sanchez, J.A., Arana, J.L.. (2002). Improving the surface
finish in high speed milling of stamping dies. Journal of Materials Processing Technology, 123,
292-302.

[10] Ko, T., Kim, J.H.S., Lee, S.S. (2001). Selection of the Machining Inclination Angle in High-
Speed Ball End Milling. Int J Adv Manuf Technol., 17, 163—170.

[11] Schmitz, T.L., Couey, J., Marsh, E., Mauntler, N., Hughes, D. (2007). Runout effects in milling:
Surface finish, surface location error, and stability. International Journal of Machine Tools &
Manufacture, 47, 841-851.

[12] Przestacki, D, Jankowiak, M. (2011). Investigation of temperature gradient during surface
heating by laser beam. Archives of Mechanical Technology and Automation, 31(2), 135 — 142.

[13] Wojciechowski, S., Twardowski, P. (2011). Machined surface roughness in the aspect of milling
process dynamics. In Proc. of the 13th International Conference on Metrology and Properties of
Engineering Surfaces, 12 — 15 April, Twickenham Stadium, Great Britain, 87 — 91.

[14] Wojciechowski, S. (2011). Machined surface roughness including cutter displacements in milling
of hardened steel. Metrol. Meas. Syst., 18(3), 429-440.

[15] Twardowski, P., Wojciechowski, S., Wieczorowski, M., Mathia, T. G. (2011). Selected Aspects
of High Speed Milling Process Dynamics Affecting Machined Surface Roughness of Hardened
Steel, Scanning, 33, 386-395.

[16] Brammertz, P. H. (1961) Die entstehung der oberflachenrauheit beim feindrehen. Industrie
Anzeiger, 2,5 —32.

[17] Jankowiak, M. (1990). Estimation of minimum thickness of undeformed chip during
microcutting of hardened steel. Archiwum Technologii Budowy Maszyn, 8, 387 — 393.

[18] Kawalec, M. (1990). Cutting of hardened steel and cast iron using tools with defined geometry.
Rozprawa nr 234, Politechnika Poznanska, Poznan.



www.czasopisma.pan.pl P N www.journals.pan.pl
=

S. Wojciechowski, P. Twardowski, M. Wieczorowski: SURFACE TEXTURE ANALYSIS AFTER BALL END MILLING ..

[19] Baptista, R., Antune Simoes, J. F. (2000). Three and five axes milling of sculptured surfaces.
Journal of Materials Processing Technology, 103, 398 — 403.

[20] Antoniadis, A., Savakis, C., Bilalis, N., Balouktsis, A. (2003). Prediction of surface topomorphy
and roughness in ball-end milling. International Journal of Advanced Manufacturing
Technology, 21, 965-971.

[21] Jankowiak, M., Kawalec, M., Krdl, G. (1993). Analytical determination of the minimal thickness
of the machined layer for various models of the cutting force components. Archives
of Mechanical Technology and Automation, 11, 153 — 160.



