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Development of Micro Surface Topography Prediction Software for an End Mill
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Abstract: This study presents the development of software to predict the micro surface topography generated
by an end mill. The software was developed using Visual C++ language. Milling experiments and other previous
research results were used to validate the estimation capability of the software. A good agreement was found
between reference data and prediction results. Furthermore, discrepancies between experimental and prediction
results for the ball end mill were compensated by linear equations. Finally, the validated micro surface
topography software can be used to predict surface topography in the mold manufacturing industry. In the
future, the developed geometrical surface topography prediction software will be improved by considering the

cutting mechamnisms.
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INTRODUCTION

Milling is a fundamental machining operation. End
milling is the most common metal removal process. Tt is
used m a variety of 1ssued manufactiring mdustries
aerospace, automotive, precision molds and dies. In
industry, manual pelishing 1s replaced by a high-quality
milling process. Precision milling technology can be used
to create micro patterns or mirror surfaces. A well-milled
surface plays an important role in improving mechanical
properties such as fatigue strength and corrosion
resistance. Surface roughness affects several functional
properties of parts such as surface friction, wear, heat
transmission, light reflection, lubricating and distribution
ability, coating and fatigue resistance.

Surface quality 18 affected by milling conditions and
cutting mechanisms. Milling conditions consist of the
feed, spindle speed, step over, tool geometry and slope
angle. Static cutting mechanisms are tool wear, runout,
backlash and heat. Dynamic cutting mechanisms are
vibration, chatter, dynamic cutting force and machine
control.

Surface quality prediction techniques are required to
evaluate appropriate input parameters such as feed,
spindle speed, step over and tool angle. These can be
used to achieve the requied surface roughness or
topography m industry. It 13 also important that the
prediction technique be accurate, reliable, low-cost and
non-destructive. Prediction techniques are divided into
statistical or geometric models. Amran et al. (2014) used
the response surface method to estimate drill surface
roughness. Babur proposed the development of a
statistical model to estimate surface roughness in a

high-speed flat end milling process under wet cutting
conditions, using machining variables such as spindle
speed, feed rate, depth of cut and step over (Ozcelik and
Bayramoglhu, 2006). Brito et al. (2014) proposed the
normal boundary intersection method coupled with
mean-squared error functions. This i1s an improvement
over the statistical method. Corral et al. (2012) proposed
a method that predicts topography and surface roughness
in ball end milling processes, based on geometric
tool-workpiece  intersections.  This  allows  the
determination of surface topography as a function of feed
per tooth and revolution, radial depth of cut, axial depth
of cut, number of teeth, tool teeth radial, helix angle,
eccentricity and phase angle between teeth. Tae-sung
proposed a method to predict machined surface
roughness n ball end milling (Jung et al., 2004, 2005). This
was named the “Ridge method” and deals with
geometrical surface roughness in ball end milling. There
have been laboratory level studies carried out that predict
surface topography but this has not been achieved at an
industrial level.

Therefore, the purpose of this study is to
develop surface quality smmulation software that
predict surface roughness from the tool geometry
and cutting conditions of the manufacturing

industry.
MATERITALS AND METHODS

Prediction software

Development of prediction software: The tooth of an end
mill rotates and translates during the milling process as
shown in Fig. 1. The cutting speed of the centre of the
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Fig. 1: Updating the z-buffer using the facet element of the generalized end mill geometry
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Fig. 2: Micro surface topography prediction software

corner radius, R, affect micro surface topograph: end mill
1s zero and it increases as the radius increases. The
trajectory of the tooth near the centre tip of the end mill
18 trochoid. The trochoid trajectory of the tooth is shown
in Eq. 1. The first vector is the trochoid trajectory; the
second matrix is the rotation of the tool and the final

vector 1s which the translation motion of the tool:

f,
x reos(0-nm) | g 1)
Y= . +— ft,y
rsin(6-nm) | @
Z ft,z
Where:
X, ¥, 2= Trochoid trajectory
0 = Rotation angle of tool
r = Radius on tool coordinate
n = Number of teeth
z(r) = Tooth curve on tool coordinate
ft = Feed per tooth

The tooth curve of the generalized end mill is
expressed by Eq. 2. The bottom relief angle, b and tool

2 mm
d M

z(r) :{(w 7Rtan(0.5b)) fr}tan(b),ifr <w —Rsin

z(r) =R —4/R? —(r—w)2 ifw—-R sin(b) <1 <0.50D

(2)
Where:
D = Tool diameter
R = Tool corner radius
w = Tool flat bottom rad (= 0.5 D-R)
b = Tool bottom relief angle

The workpiece is expressed by a z-buffer. The
trochoid trajectory is divided into element facets. The
intersection of the element facet and the z-buffer is ¢
alculated. If the z height of the buffer 13 lugher than the
intersection point, it 18 changed to the z height of the
intersection point. The operation 1s repeated along the
feed direction and side step direction of the tool path to
obtain the machined surface topography.

The surface topography prediction software was
developed using the Visual C++ language as shown in
Fig. 2. The tool diameter, comer radius and tooth number
are input to define the tool geometry. The feed, spindle
speed and sidestep are input as the cutting conditions.
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Fig. 4: Measured and simulated surface topography of inclined surfaces milled by a ball end mill

The pitch angle and roll angle are input to define
the surface inclination of the workpiece. The software
simulates micro machining of a 2x2-mm small workpiece.
It outputs the micro surface mn a standard STL file format
all CAD software can read. The STL file expresses the
surface 1n 10 um sized triangles. The computation time
was 9 sec. The complexity of the computation algorithm is
0O(n2). If the triangle size is decreased to 1 pm, the
computation time is 430 sec on a personal computer with
a 2.67 GHz CPU. The surface topography prediction
software 15 opened from the website http://ma.
gnu.ac.kr/roughness. All manufacturing industries are
able to use the free software to predict machined surface
topography and roughness.

Verification of the software: The developed software was
verified by comparing with previous research results as

shown in Fig. 3. The predicted surface of Tren is similar to
this research when the diameter of the ball end mill,
sidestep and feed per tooth are 6, 0.4 mm and 0.4 mm/
tooth, respectively (Corral ef al., 2012). The average areal
roughness of Tren is 4.59 um and that of this software is
4.87 um. The predicted surface of Jung et al. (2005) is the
same as this software when the diameter of the ball end
mill, side step and feed per tooth are 10, 0.5 mm and
0.5 mm/tooth, respectively. The maximum arial surface
roughness of Tung is 25.1 um and that of the developed
software 15 25.2 pum. The verification results show that the
developed software’s machined surface predictions are
similar to previous research.

The measured surface machined by a ball end mill is
compared with the predicted surface in Fig 4.
The diameter of the ball end mill 1s 3 mmand the
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Fig. 5: Measured and predicted surfaces of the ball end mill

workpiece 18 made from STAVAX (HRC50). The feed per
tooth, spindle speed and side step are 0.1 mm/tooth, 25000
rpm and 0.1 mm, respectively. The slope angle is changed
to 60°, 45°,30°,15° and 0°. The micro surface machined
by the side of the ball end mill 1s a pattern removed by a
sphere m the feed per tooth and side step mterval. The
pattern is different to the others when the centre of the
ball end mill cuts the work piece at 0°.

The surface topography of measured and simulated
surfaces 13 shown n Fig. 5. It can be seen that the spatial
wavelength of the measured and predicted surfaces is
100 pm. The height of the measwred swrface is
approximately 4 pm 1s slightly bigger than the predicted
height of 3.41 pm.

RESULTS AND DISCUSSION

Surface topography measurement: A stylus instrument is
used to measure the surface roughness in a machine
shop. A scanmng electron microscope which was used
to obtain images of the machined surface. Scanning
white light interferometry (coherence scanning
mterferometry) was used to measure the machined surface
topography in the laboratory. The full image section is
obtained at the camera frame rate and height data are
caleulat whiched from mterference information.

Surface topography of the ball end mill: The measured
and predicted surfaces machined by a ball end mill are
compared. The diameter of the coated carbide tool 1s
10mm. The workpiece 1s made from SMA45C carbon steel.
The spindle speed is 2900 rpm and side step is 0.2 mm.
The feed per tooth iz changed to 0.05, 0.1 and
0.2 mm/tooth. scanning white light interferometry and the
predicted surface are shown in Fig. 6. The average areal
roughness of the simulation micro surface is 69% less
than the measured one when feed per tooth is one fourth
of the side step as shown mn Fig. 6a. The difference

decreases to 27% when feed per tooth 13 increased to the
same level whichas the side comparisons between the
measured data using step as shown in Fig. 6¢. The peak
valley roughness when feed per tooth is one fourth of the
side step 18 too large because, it is affected by
measuremerit noise.

A photograph of whichthe machined worlcpiece is
shown in Fig. 7. The developed surface quality prediction
software considered geometrical milling conditions such
as feed rate, spindle speed, step over, tool geometry and
slope angle. However, it didn’t consider the cutting
mechanics that also affect surface quality. Static cutting
mechamisms are tool wear, runout, backlash and heat.
Dynamic cutting mechanisms are vibration, chatter,
dynamic cutting force and machime control. The
unconsidered cutting mechanics 1s the reason for big
differences in the areal swface roughness between
simulated and experimental results.

This study suggests a linear compensation method
whichfor the predicted geometrical surface to the real
surface that 13 affected by cutting mechanics. The linear
compensation equation that minimizes the difference
between measured and predicted data 1s written as
follows:

S, =0.558,, +0.64 (3)

The peak to valley areal roughness i1s derived by
multiplying the compensation constants of the average
a real roughness by Eq. 4:

S, =4{0.558, +0.64) (4)

Figure 8 and Table 1, compare the differences
between the experimental, simulated and compensated
areal roughness. The average areal roughness error
decreased from 69-1.1% after compensation. The peak to
valley areal roughness error decreased from 75-11% after
compensation.
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Fig. 6; Experimental and simulated surfaces of the ball end mill: &) Feed of 0.05 mm/tooth; b) Feed of 0.1 mm/tooth; ¢)

Feed of 0.2 mm/tooth
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Fig. 7: Surface machined with a ball end mill
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Fig. 8: Comparison of the experimental, simulated and compensated areal roughness of the ball end mill

Fig. 9: Experimental and simulated surfaces of the flat end mill: a) Experimental; b) Sunulated

Table 1: Comparison of experimental, simulated and compensated areal roughness

Variables Feed (mmt™") Exp. (Mm) Sim. (Mm) Comp. (um)* Er_Sim. (%) Er_Comp. (%)

S 0.05 0.78 0.24 0.77 69.2 1.1
0.10 0.80 0.30 0.81 62.5 0.6
0.20 1.07 0.78 1.07 271 0.1

S, 0.05 (7.55) 1.07 4.91 (858) (34.9)
0.10 5.13 1.28 5.38 75.0 4.8
0.20 10.48 4.13 11.65 60.6 11.1

() is affected by large measurement noise

Surface topography of the flat end mill: A comparison of
the experimental results with the simulation data is shown
i Fig. 9. The diameter of the tool 15 10 mm and the corner
radius is 1.0 mm. The tool is made from TiAlN-coated
carbide produced by YG1 and the workpiece is made from
SM45C carben steel. The cutting feed is 300 mm min ™
(0.086 mm/tooth) and spindle speed 15 2900 rpm. The arc

pattern, with a radius of 5 mm, is shown in the top view of
the experimental and simulated surfaces. The spatial
wavelength of the experimental surface 1s 81 pm and the
simulation result is 8 pm. The predicted height of the
simulated surface is much smaller than the experimental
surface measured by scanning white light mterferometry.
However, the surface roughness of the flat end mill was
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Fig. 10: Comparison of the micro surface of the real mold and simulated surface: a) Mold Ra 0.32 pm, Simulated Ra 0.44
pm; b) Mold Ra 0.64 pm, simulated Ra 0.78 um; ¢) Mold Ra 0.93 pm, simulated Ra 0.58 pm d) Mold Ra 0.50 pm,

sinulated Ra 0.68 pm

too large because of dynamic tool deflection which could
not be compensated by the linear compensation method
suggested for the ball end mill.

Application software for the mold industry: The validated
micro surface simulation software can be applied in the
mold manufacturing industry. The image of the mold
surface taken by the zoom lens of a camera is compared to
the simulated swrface as shown in Fig. 10. The surface
patterns machined by the flat end mill and face cutter are
shown in Fig. 10a-d. The arc patterns of the rotation tooth
are shown in the real mold and simulation results. The
surface patterns created by the ball end mill are shown in
Fig. 10c. The average roughness measured by the stylus
mstrument is compared to the roughness calculated from
the simulated swface. In the mold manufacturing industry,
the difference between the measured roughness and
simulation result has a maximum allowable value of 38%.
The developed software is limited to geometrical surface
topography i terms of the cutting mechamism which will
be studied in future research. Tool wear (Safari and Tzman,
2014), runout { Schmitz et ., 2007), tool deflection and
chatter (Siebrecht er al., 2015) will be considered to
improve the precision of the simulation results.

CONCLUSION

This study presents the development of software to
predict the micro surface topography generated by an end
mill. The software was developed using the Visual C++
language. Milling experiments and other previous
research results were used to validate the estumation
capability of the software.

The SM45C carbon steel was machined with a
TiAIN-coated carbide end mill. The measured results were
compared to the simulated results. A good agreement was
found between reference data and prediction results.
Furthermore, discrepancies between experimental and
prediction results were compensated by linear equations
and were assumed to be a consequence of different
cutting mechamsms.

Fmally, the validated micro surface topography
software can be used to predict surface topography in the
mold manufacturing industry. The real surface pattern of
the mold was similar to which the simulated surface
topography.

This research contributed to improving the laboratory
level surface topography research to an industrial level by
developing software and comparing results with real
molds from industry.

In the future, the developed geometrical surface
topography prediction software will be improved by
considering the cutting mechanisms.
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