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ABSTRACT KEYWORDS

An experimental test part, which was made up of flat, concave, Ball-end milling; freeform
and convex surfaces of variable curvatures, was designed to be surfaces; multiaxis )
fabricated in a four-axis machining center. Aluminum alloy 7075 machining; surface quality;

and titanium alloy Ti-6Al-4V were used for the fabrication. Within 00! orientation

the finishing process, smeared/adhered material was found in
some areas of the concave and convex surfaces of the titanium
alloy. On the other hand, smeared/adhered material was not
found in the aluminum alloy. To characterize the type of defects,
the 3D roughness parameters of the surfaces were measured
by confocal microscopy, and surface morphology was observed
using optical microscopy and scanning electron microscopy. The
kinematics of the ball-end milling process was modeled and it
was found that the lead and tilt angles between the tool axis and
surface normal vector vary continuously, producing transitions
between oblique-plunge-push-up milling and oblique-reverse-
push-up milling. This causes variation in the thickness behavior
during the chip formation process. It was found that the lead
angle has a moderate influence, while the tilt angle has a strong
effect on the quality of the surfaces of the titanium alloy, with neg-
ative tilt angles producing the worst surfaces when there was the
oblique-plunge-push-up milling process.

Introduction

Titanium alloys are used for the fabrication of a great variety of components in the
aerospace, chemical, and medical industries due to its excellent relation between
mechanical resistance and weight (Ezugwu and Wang, 1997), corrosion resistance
and good performance at high temperatures (Sun and Guo, 2009). The machin-
ing process is used in the production of titanium alloy parts. However, these
alloys are classified within the category of difficult-to-cut materials (Cheharon and
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Jawaid, 2005) due to their low thermal conductivity, high chemical reactivity, rela-
tively low modulus of elasticity (Guo et al., 2009), and their peculiar work-hardening
characteristics (Donachie, 2000). The CNC multiaxis machining process with a ball-
end tool is commonly used to obtain freeform surfaces, which are formed by zero,
positive, and negative curvature surfaces (Lin and Koren, 1996). In these conditions,
variables like the material of the part, the tool inclination angle with respect to the
surface normal vector, the change of the transversal section of the chip, and the
variation of the stress and strain tensors, have a direct influence on tool vibration
(Quinsat et al., 2011), which produces anisotropic changes in the superficial rough-
ness (Becze et al., 2000). The quality of the surface is critical for the performance
of components in mechanical, electronic, and biomedical systems. Therefore, most
of the fabricated parts with titanium alloys include machining in their production
process, particularly the milling process with ball-end milling tools (Ezugwu and
Wang, 1997).

Several studies have been published about surface defects produced by milling
machining on titanium alloys. Thomas et al. (2010) reported plastic deformation in
the form of intense slip bands in slab milling of Ti-6AI-4V and Ti-834. Ginting et al.
(2009) conducted toroidal end milling experiments on Ti-6242S high-temperature
titanium alloy. The defects reported were lay pattern and feed marks, a natural
defect because of effective cutting movement; tearing surface, probably produced
by built-up edge and attrition removal of work material; microchip or debris
deposited on the machined surface at high cutting condition; built-up layer or BUL,
as it has been denominated by the above-mentioned authors, which is a chip layer
formation caused by molten chip deposited on the machined surface. As noted by
these authors, further study is needed to understand the formation of the BUL.
Mhamdi et al. (2012) performed ball-end milling experiments in three-axis milling
of Ti-6Al-4V with finishing cutting conditions to generate a concave surface with a
single curvature. Said authors found a surface topography with heavy plastic defor-
mations, which are characterized by ridges caused by the kinematics of the process.
Li et al. (2011) did face-down milling tests on Ti-6Al-4V alloy. At lower cutting
speed, the machined surface was relatively smooth, while at higher cutting speed, the
3D surface topography of the machined surface showed a large number of aspirate
peaks. The temperature of the cutting zone increases as a consequence of the higher
cutting speed. Thus, the temperature had a significant and adverse effect on the
surface quality. Hood et al. (2014) conducted ball-end milling experiments on burn-
resistant titanium alloy. They machined flat surfaces with an inclination angle of 0°
and 45° in the feed direction. Workpiece surface/subsurface damage was observed
in all of the tests. This included carbide pullout or fracture, smeared/adhered
material, and microcracks. The severity of these features depended on
the operating parameters used with higher levels, generally yielding more
damage.

In the present work, a finishing milling process was performed with a ball-
end tool to obtain freeform surfaces on titanium Ti-6Al-4V and aluminum 7075
alloys. The objective was to understand the cause of the smeared/adhered mate-
rial formation, which occurs in the machining of the titanium alloy by means of



MACHINING SCIENCE AND TECHNOLOGY 123

Concave
surface

Flat
surface

X axis

Convex
surface

(a)

(d) Feed movement 0

(e)

(2) Work piece rotation

Figure 1. Test workpiece (a). Dimensions of raw material (b). Setup on fourth axis machine (c). Setup
for the finishing process for the flat surfaces (d, e) and concave surface (f, g).

modeling of the kinematics behavior of the milling process and the process of chip
formation.

Materials and methods

Work material and workpiece setup

Figure 1a shows the part designed for the test. It is made up of flat, concave, and
convex surfaces of variable curvature, to study the process of the multiaxis milling
with a ball-end tool. A raw material with 70 mm diameter and 20 mm thickness
was chosen. A vertical machining center with a rotational fourth axis was chosen
for the manufacturing process. The assembly is shown in Figure 1c. The flat sur-
faces are parallel to the cylinder revolution axis that represents the raw material.
The concave and convex surfaces were generated through the partial revolution of
an elliptical section around the X-axis. The working materials used were Ti-6Al-
4V ELI (Grade 23) titanium alloy with a composition in weight percent of 6.05 Al,
3.93V,0.08 C,0.006 N, 0.019 H, 0.13 Fe, 0.12 O, and Ti completing the balance; and
the 7075 aluminum alloy with a composition in weight percent of 0.4 Si, 0.5 Fe, 1.3
Cu, 0.3 Mn, 2.4 Mg, 0.25 Cr, 5.5 Zn, 0.2 Ti, and Al completing the balance. Table 1
shows the main mechanical properties of these alloys.

Milling strategy

For all surfaces, a roughing process leaving 0.25 mm of stock allowance for the
finishing process was performed. For the finishing processes on the flat surfaces,
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Table 1. Mechanical properties of aluminum alloy 7075 and titanium alloy Ti-6A/-4V ELI.

Thermal
Ultimate tensile  Modulus of conductivity  Elongation at
Material strength (MPa) elasticity (GPa) Density (g/cm3) (W/m-K) break (%) Hardness (HV)
Ti-6Al-4V ELI 860 13 4.43 6.7 15 341
Aluminum alloy 572 72 281 130 n 175
7075
inclination lead angles f = —25° and —60°, in the feed direction, between the tool

axis and the surface normal vector np were considered, as shown in Figure 1d. The
feed movement was done from top to bottom, applying the push-up milling strat-
egy, according to the nomenclature proposed by Bouzakis et al. (2003) (Figure le),
with increments in the cross-feed direction (X+). Considering the 0.25 mm of stock
allowance, the inclination lead angles B were selected to avoid the plowing phe-
nomenon (there is no chip formation, but there is elastic and plastic deformation)
(Fagali de Souza et al., 2014).

For the finishing process on the concave and convex surfaces, a constant lead
angle between the tool axis and surface normal vector projection on the Y-Z plane
(B = —25° and —60°) (Figure 1f) was selected. The feed movement was obtained
by rotating the fourth axis in the direction shown in Figure 1g. The machining pro-
cess was performed in dry conditions and the cutting parameters recommended
by the ball-end mill manufacturer for titanium alloys were used 60 m/min cut-
ting speed, 0.03 mm feed per tooth, 0.50 mm cross-feed, and 0.25 mm axial depth
of cut.

Machine tool, cutting tool setup, and characterization equipment

The machine tool used was a Leadwell V-20 vertical machining center with
8,000/min~! maximum spindle speed and 5.5 kW power. This machine has the
stiffness, accuracy, and repeatability characteristics of a general-purpose machin-
ing center, in agreement with the test certificate supplied by the manufacturer. An
estimate of our technological setup (Figure 1) stiffness gives a value of 7.2 N/um
(Garcia-Barbosa et al., 2014). The machine was equipped with a fourth rotational
axis Golden Sun CNC-151R with 22/min~! maximum rotational speed, 225N max-
imum torque, and 0.001° positioning precision. The Fanuc OMD controls the four
available axes. In the finishing machining process, an 8 mm diameter ball-end
mill (reference Kennametal® F3AW0800AWL35E160) was used. It has a 35° edge
angle, 3 cutting edges, and KCPM15-grade material, coated carbide with a coat-
ing deposited by physical vapor deposition (PVD). The cantilever of the tool was
20 mm in a Kennametal® hydraulic tool holder. A run-out of 0.011 and 8.015 mm
effective diameter were measured in the ball-end mill using a Zoller-Smile-400 tool
presetting machine. After the finishing process, the surface microtopography was
observed using an FEI® Quanta 200 model scanning electron micoscope (SEM).



MACHINING SCIENCE AND TECHNOLOGY 125

7075 aluminum alloy

Zone 3

Cross Feed L

Smeared/adhered material Convex

Concave
surface surface

Ti-6Al-4V alloy

Figure 2. Samples of the machined surfaces (8 = —25°). Scanning electron microscope images of
three areas of the concave surface of 7075 alloy (200 x) and Ti-6Al-4V alloy (500 x ).

The surface roughness was evaluated with a Carl Zeiss® LSM700 confocal micro-

scope.

Experimental results

Figure 2 shows images of the machined surfaces with a § = —25° lead angle. A
homogeneous roughness is observed in the 7075 aluminum alloy on the flat, con-
cave, and convex surfaces, whereas the roughness observed on the flat surface in the
Ti-6Al-4V alloy is homogeneous, a nonhomogenous roughness is seen on the con-
cave and convex surfaces. They present a variation in roughness, from a similar state
to that observed on the flat surface, to a bad surface quality. This variation is char-
acterized by smeared/adhered material, as was reported by Hood et al. (2014). This
defect appears intensively on the concave surface (Zone 1) at the beginning of the
finishing process, while the defect is seen in the final passes of the finishing process
on the convex surface (Zone 3).
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Figure 3. Roughness parameters in Zones 1, 2, and 3 of the convex surface (8 = —25°) of Ti-6Al-4V
alloy.

The SEM images of the Ti-6Al-4V alloy convex surface (Figure 2) show feed marks
in Zone 1; a single smeared partially formed chip in Zone 2; and many partially
formed chips, smeared and overlapped in Zone 3. Some microchip or debris was
also observed, but other defects reported by Ginting et al. (2009), such as lay pat-
tern, tearing surface, or molten chip deposited on the machined surface, were not
observed. Smeared and adhered material also appeared, but with a lower intensity,
on the concave and convex surfaces machined with a 8 = —60° lead angle.

Figure 3 shows the roughness values on the convex surface. They were obtained
with confocal microscopy and according to the ISO 25178 norm. It can be observed
that S, and S amplitude parameters are approximately three times greater in Zones
2 and 3 in relation to Zone 1. Nevertheless, the topographic parameter of the dis-
tribution of heights in relation to the mid-plane (Ssx) shows a homogeneous rough-
ness behavior in Zones 1 and 2 (this is inferred because Sy = 0). It also shows the
presence of peaks or discontinuities in Zone 3 (S > 0). The value of the kurtosis
(Sku = 3) in Zones 1 and 2 corroborate its homogeneity, while the value in Zone 3
(Sku > 3) corroborates the high number of irregularities in this zone.

Discussion

Cutting process kinematics

During the finishing process on the flat surface, the direction of the effective cutting
speed vector and the chip morphology are the same for every cross-feed pass. On
the other hand, in the finishing process on the concave and convex surfaces, these
two variables change in relation to the radii of curvature of the machined surface
and in relation to the tilt angle (¢) that varies in each cross-feed pass. Equation (1)
shows the parametric formulation of the revolution elliptical toroid (which gener-
ates the work surface) rp in function of the parameters (Up, Vp). In it, a and b are
semiaxes of the ellipse, and (h, k) is the geometric center of the ellipse on the X-
Y plane. The directions of the tangent vectors up and vp agree with the cross-feed
and the feed movement of the machining process, respectively. The cross product
of these two vectors defines the surface normal vector np [Equation (2)], on which
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Figure 4. Variation of the lead (8) and tilt (¢.) angles depending on the orientation of the tool axis in
reference to the normal vector to the surface.

the center of the ball-end tool is found. Defining a reference system with these three
vectors, the inclination angles between the tool axis and surface normal vector can
be determined, as shown in Figure 4.

Xp(Up, Vp) h + a cos cos Up
rp =1p (Up, Vo) = | Yp(Up, Vp) | = | (k+ bsinsinUp) cos cos Vp (1)
Zp(Up, Vp) (k + bsin sin Up) sin sin Vp
d 0 U A%
UP:ﬁ; P:£§ uPZ—P;sz—P;npzuvap (2)
aUp Ve |Up| [Vp|

The inclination angle in the feed direction is called lead angle () and it is positive
if the tool axis is tilted in the feed direction. The inclination angle in the cross-feed
direction is the tilt angle (¢) and it is positive if the tool axis is tilted in the cross-feed
direction. Figure 4a shows the tool in a position in which the directions of the tool
axis vector and the surface normal vector are aligned. In this case, the lead and tilt
inclination angles are zero. Due to the architecture of the machine and the curvature
variability of the surface, if the tool moves in the cross-feed direction, a tilt angle is
induced (Figure 4b). If the tool moves in the feed direction, a lead angle is induced
(Figure 4c). Figure 4d shows the tool in a position on the surface where there are
variations in both the lead (8) and tilt (¢) angles. To determine the tilt angle, the
tool axis is projected on the plane generated by the cross-feed vector and the surface



128 (&) J.A GARCIA-BARBOSA ET AL.

| Tool
rotation

o

|

Cross feed p
- ‘/

I

Tangent
plane

P AT & Ve
ccp PN
Y+
lll\\:\ M e
XT" 1:|\ < . 10
< 0
Y+
25 . .
Tilt angle (-) ==~ = Tool Axis | . g— Tilt angle (+)

A

Lead angle (-)

5 Cross feed Eiosefeed
Feed
0 o 0 Feed
Z -30
20 % ‘l Oblique plunge 20 ‘ Z Oblique reverse
4_-1‘ il Push up milling 10 X l Push up milling
0 Uy

0

Figure 5. Kinematic analysis of the concave surface machining process.

normal vector. To determine the lead angle, the tool axis is projected on the plane
generated by the feed speed vector and the surface normal vector.

The variation of the angle between the tool axis and surface normal vector
induced a change in the magnitude and direction of the effective cutting speed vec-
tor v, which defines the direction of the chip formation (Radzevich, 2008). The v,
vector is located on the tangent plane Tp to the surface, represented by Equation (3)
(Toponogov, 2006), at the cutter contact point (CCP) between the machined surface
and cutting surface of the tool, as illustrated in Figure 5.

(ry — rc)

TP :> uP = 0 (3)

Vp

The cutting speed v, and feed speed v¢ vectors are also found on the tangent plane
and they are defined by Equation (4), where @oo1 and @y, correspond to the rota-
tional speed of the tool and to the rotational speed of the raw material, respectively.
The vector ryo01 represents the radius of the tool, and the vector r, represents the dis-
tance from the rotation center of the raw material to the CCP. The effective cutting
speed vector v of the movement of the tool edge in reference to the surface is deter-
mined by the vector sum of the cutting speed vector v with the feed speed vector
vg, but for this case v, >> vy, it is considered that v, = v.. At the top right-hand side
of Figure 5, it is seen that the direction of the effective cutting speed vector v, varies
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as it makes its cross-feed in the direction of the X+ axis.
Ve = @iool X Ttool; Vf = Wyp X Tp; Ve = VU + Vg (4)

According to the nomenclature proposed by Bouzakis et al. (2003), a push-up
milling occurred in the experimental setup with 8’ = —25° on the concave surface.
It shows a variation of the lead angle in the feed direction between g = —25° and
—30° and a variation in the tilt angle between ¢ = —37° and 37°, which produces a
transition from an oblique-plunge-push-up milling to an oblique-reverse-push-up
milling as it moves forward in the cross-feed direction (Figure 5). For the exper-
imental setup to the f/ = —60° angle, the § angle varies between g = —60° and
—65°, and the tilt angle varies betweeng = —37° and 37°.

Modeling of chip thickness

Figure 6 shows the experimental setup for the ball-end milling process of the flat
surface and the kinematic behavior associated with the discrete 3D geometry of the
nondeformed chip. It also shows the variation behavior of the nondeformed chip
thickness during the formation process for tilted surfaces to the lead angle g = —25°
and —60°. In both cases, it is observed that the chip formation process proceeds
from the greatest to smallest chip thickness (push-up milling) and there were no
relevant differences in the quality of the machined surfaces. This explains why there
was no smeared/adhered material on the flat surfaces either in the titanium alloy or

Concave . Non-deformed chip geometry
surface Cutting
< edge

Cutting
speed vector

direction (X+) Workpiec7
rotation
Feed rate =
i C i
direction SR Cross feed

e
=
i3

002 (i

Flat surface

B =-25° //:'

001

L

06 Eh 4‘!1 ﬁh

Chip thickness [mm]

Engagement Angle [Degrees)

Cutting speed vector

0.03

f

0.02 /'

Non-deformed [
chip geometry 0.01 |Il'

Flat surface

B = —60° Cross T )
\ 4— Feed Cutting ol H
marks  edge 0 3 6 10 15 20 25 03 10 20 30

Figure 6. Nondeformed chip and discrete model in the flat surface machining. Thickness variation of
the nondeformed chip 8 = —25° and —60°.
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Figure 7. Thickness variation of the nondeformed chip in the concave and convex surfaces.

in the aluminum alloy, as shown in Figure 2. The effective cutting speed is lower for
B = —25°(29.2 m/min) than for § = —60° (59.8 m/min). The engagement angle is
closer to 60° for f = —25°, approximately double than that for § = —60°.

Figure 7 shows the discrete nondeformed chip 3D models on the concave and
convex surfaces for 8’ = —25° and for 8’ = —60°. It also illustrates the position angle
of the tool edge and the geometric evolution of thickness of the nondeformed chip.
Figure 7a shows the top view of the nondeformed chip in the finishing process on
the concave machined surface with 8’ = —25° angle. In Zone 1 (negative tilt angle),
oblique-plunge-push-up milling is presented and it is observed that the maximum
thickness of the chip is seen when almost finishing the contact. The cut is therefore
characterized by high friction and by difficulty in the initial formation of the chip. A
smeared/adhered material was observed on the surface in this zone in the titanium
alloy but not in the aluminum alloy.

The material adhered on the machined surfaces of the titanium alloy when the
tilt angle is negative can be explained by the interaction of three phenomena. First,
there is a fact of the kinematic geometry that produces an initial nondeformed chip
thickness with almost zero value. Second, the titanium’s work-hardening character-
istics are such that during machining a high shearing angle is formed. This causes
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a thin chip to contact a relatively small area on the cutting tool face and results in
high bearing loads per unit area. The high bearing force, combined with the friction
developed by the chip as it rushes over the bearing area, results in a great increase in
heat (Donachie, 2000). Third, in the machining titanium alloys, the occurrence of
thermoplastic instability (also called adiabatic shear) within the primary shear zone
is generally accepted, which occurs when the rate of thermal softening exceeds the
rate of strain hardening (Barry et al., 2001).

Unlike the titanium alloy, in the case of the aluminum alloy, no material adhered
under any condition of the ball-end milling process was observed. This is mainly
attributed to the higher machinability of aluminum alloy as compared with that of
the titanium alloy. The titanium alloy has twice the hardness, a 60% higher ultimate
tensile strength, a higher percentage of elastic elongation, and thermal conductivity
20 times lower than that of the aluminum alloy (Table 1). Moreover, zinc, cooper, and
magnesium as alloying elements of the aluminum alloy, facilitate the chip formation
process during the machining of this material. There was no adhered material on
the machined surface in Zone 3 (positive tilt angle), where oblique-reverse-push-up
milling was presented either in the titanium alloy or in the aluminum alloy, where
greatest chip thickness occurred almost at the initial contact.

Figure 7b shows the top view of the nondeformed chip on the machined con-
cave surface with a 8/ = —60° angle (greater cutting speed). In Zone 1 (oblique-
plunge-push-up milling), it is seen that the highest chip thickness was reached
in an intermediate position of the engagement angle that the one shown in Zone
1 for the machined surface with B’ = —25° angle. It is remarkable that a lesser
quantity of adhered chips was observed on this surface in the titanium alloy. An
oblique-reverse-push-up milling cut was seen mainly in Zone 3 (positive tilt angle),
but no chips were observed adhered to the machined surfaces in either of the

alloys.
Figure 7c shows the top view of the nondeformed chip on the convex machined
surface with a 8’ = —25° angle. In Zone 1 (positive tilt angle—oblique-reverse-push-

up milling), no chips were found adhered to the surfaces (Figures 2 and 3). Zone 3
(negative tilt angle—oblique-plunge-push-up milling) shows the beginning of the
chip formation from the least to the greatest thickness that explains partially both
the large amount of chip fragments that adhered to the machined surface and high
roughness value in the titanium alloy (Figures 2 and 3).

Figure 7d shows the top view of the chip formation process on the convex
machined surface with a 8/ = —60° angle (greater cutting speed). No chips adhered
to the surface in Zone 1 (positive tilt angle—oblique-reverse-push-up milling).
Chips were found adhered to the surface in Zone 3 (negative tilt angle—oblique-
plunge-push-up milling) in the titanium alloy, but with a lower intensity than where
the machining was done with a g’ = —25° angle. The lesser occurrence of defects
can be attributed partially to the chip formation process, which is minimum at the
beginning and reaches the maximum height at an intermediate contact angle (10°).
Compared with Figure 7c, it can be observed that for 8’ = —25°, the maximum chip
height is reached at the end of the contact.
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Figure 8. Scanning electron microscope images of different zones of Ti-6Al-4V alloy (200 x).

Figure 8 summarizes the appearance of the defect smeared/adhered material
depending on the angles of inclination of the tool in different zones of the concave
and convex surfaces.

Conclusion

In the machining of freeform surfaces, kinematics of the process and the surface
curvature directly influence the angle between the tool axis and surface normal vec-
tor. This induces changes in the lead and tilt angles, so it modifies the chip geom-
etry, chip formation process, and magnitude and direction of the cutting speed
vector.

The flat surfaces were machined using the push-up milling strategy with a
¢ = 0° tilt angle and B = —25° and —60° lead angles. The chip formation mod-
eling showed maximum thickness of the chip when beginning the contact and the
surfaces obtained did not show defects. The concave and convex surfaces were also
machined using the push-up milling strategy with 8’ = —25° and —60° lead angles.
The surface geometry caused a variation in the tilt angle between ¢ = —37° and 37°
for the convex surfaces and between ¢ = 37° and —37° for the concave surfaces.

The modeling of the chip formation shows that the machining process presents a
gradual variation from the oblique-plunge-push-up milling to the oblique-reverse-
push-up milling for each new cross-feed pass, on the concave surface as well as on
the convex surface. In the oblique-plunge-push-up milling on the concave surface,
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when the tilt angle is negative, mainly smeared/adhered material was seen mainly in
the Ti-6Al-4V alloy. In the aluminum alloy, no defects due to oblique-plunge-push-
up milling were observed.

The intensity of the defects, in the titanium alloy increases with the negative
increment of the tilt angle (oblique-plunge-push-up milling). With the positive tilt
angles, no defects were observed on the surfaces. The surfaces with the best qual-
ity were obtained with the greatest positive tilt angles (oblique-reverse-push-up
milling). The increment of lead angle in a negative direction (8 = —60°) decreased
the presence of smeared/adhered material on the machined curved surfaces in the
titanium alloy. Despite the fact that the cutting speed increases with a greater neg-
ative lead angle, the least occurrence of defects happened when the maximum chip
thickness tends to occur at the beginning of the chip formation.

It was observed that smeared/adhered material does not appear in 7075 alu-
minum alloy during the oblique-plunge-push-up milling; this is explained because
this aluminum alloy has greater machinability than that of the Ti-6AI-4V titanium
alloy. On the other hand, the smeared/adhered material on the machined surfaces
of titanium alloy can be explained by the interaction of several factors: the high
friction and difficulty of the initial formation of the chip in oblique-plunge-push-
up milling; the high tensile strength of this titanium alloy along with its low elastic
modulus; and its work-hardening characteristics plus its thermoplastic instability
during machining processing.

The geometric modeling of the evolution of thickness of nondeformed chips
made it possible to conclude that in the finishing milling process with a ball-end
tool on surfaces with radii of curvature different from zero, maximum chip thickness
occurred in intermediate positions that do not correspond to either the beginning
or the end of the chip formation process.
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Nomenclature

a Semiaxis of the ellipse, mm
b Semiaxis of the ellipse, mm

B Lead angle, °

B’ Angle between the tool axis and the surface normal vector projection on the

Y-Z plane, °
CCP  Cutter contact point
h  Geometric center of the ellipse (X coordinate), mm
k  Geometric center of the ellipse (Y coordinate), mm
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np Unit normal vector to the surface P at CCP
P Surface
rp  Position vector of a point of the surface P, mm
Twol Position vector of the surface of the tool at CCP, mm
rep  Position vector of a point of the tangent plane to the surface P at CCP, mm
rp Position vector of the point CCP on the surface P, mm
Sa  Surface roughness, um
Sq Root mean squared roughness, um
Sk Skewness
Ska Kurtosis
Tr Tangent plane
up  Unit tangent vector of the surface with respect to parameter Up
Up Tangent vector of the surface with respect to parameter Up
Up Parameter of the surface equation
v, Cutting speed vector, m/min
ve Effective cutting speed vector, m/min
ve Feed speed vector, m/min
vp Unit tangent vector of the surface with respect to parameter Up
vp Tangent vector of the surface with respect to parameter, Vp
Vp  Parameter of the surface equation
ol Rotational speed of the tool, rad/s

wwp Rotational speed of the workpiece, rad/s
X Cartesian coordinate, mm
Y Cartesian coordinate, mm
¢ Tiltangle, °
Z  Cartesian coordinate, mm
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