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Abstract: Gear trains are a key element in the transmission of torque and rotational speed of rotating parts. Technological
progress, and five-axis machining in particular, is an interesting and still little-known alternative in the production of this type of
kinematic nodes in relation to traditional methods. This paper presents the issue and describes the kinematics of the tool operation
in an innovative method of shaping five-axis gears by means of the peripheral milling method. The influence of geometry and
material on the selection of the tool and its technological parameters was taken into account. A simulation analysis of the cut
layer cross-sections and surface topography was carried out. It was shown that the machining direction was of great importance
in the described method.
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Streszczenie: Przektadnie zebate w dalszym ciggu stanowig kluczowy element w przenoszeniu momentu oraz predkosci
obrotowej czesci wirujacych. Postep technologiczny, a w szczegdlnosci proces obrébki piecioosiowej na obrabiarkach CNC,
stanowi ciekawg i wcigz mato poznang alternatywe w wytwarzaniu tego typu weztéw kinematycznych w odniesieniu do
metod tradycyjnych. W niniejszej pracy przedstawiono problematyke zagadnienia oraz opisano kinematyke pracy narzedzia
w nowatorskiej metodzie ksztattowania wieloosiowego két zebatych metodg 5-osiowego odtaczania frezu palcowego po zarysie
zeba. Uwzgledniono wptyw geometrii oraz materiatu przedmiotu obrabianego, na dobér narzedzia oraz jego parametréw pracy.
Przeprowadzono badania symulacyjne i analize warstwy skrawanej oraz topografii powierzchni obrobionej w $rodowisku CAD/

CAM. Pokazano, iz w opisywanej metodzie duze znaczenie ma kierunek obrobki.
Stowa kluczowe: kota zebate, obrébka w stanie utwardzonym, odtaczanie piecioosiowe

Introduction

Five-axis milling technologies are gaining some in-
creased recognition in the production of elements with
advanced geometry, sometimes replacing the methods
used so far. The reason for this is the high flexibility of
machines and programming of the manufacturing pro-
cess. It results, among others, from a possibility of con-
trolling the position of the tool in the working space of
the machine through displacements in three linear axes,
and additionally in two rotary axes. Free positioning of the
tool allows reducing the amount of over-clamping of the
object, and enables to reduce the tool overhang. This has
a positive effect on the stiffness of the machining system,
thus increasing the dimensional and shape accuracy of
the workpiece after machining [1, 6].

One of the still developing issues in freeform milling
is a possibility of making toothing of gears. The techniqu-
es of classic gear machining used so far are based on
the use of specialized machine tools and dedicated tools.
The kinematics of the manufacturing process in this case
consists in rolling away the tool around the envelope in
order to shape the involute profile [6, 11, 14]. This process
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results in simultaneous processing of both the right and
left sides of the tooth, which ensures high efficiency of
the process, but does not allow individual shaping of each
of the surfaces machined. The detailed analysis of chip
formation in hobbing was performed by Bouzakis et al.
[4], and Krémer et al. [13] described the process in terms
of the obtained roughness Rth in the direction of the line
and the tooth profile. Additional analyzes in the case of
the innovative skiving method described by Davim [7]
were carried out by B6R et al. [3, 2] where they analyzed
cross-section values of the cutting layer depended on the
position of the tool cutting edge.

A completely different approach to the issue of gear
manufacturing is the use of five-axis machining methods
on multi-axis CNC machine tools. When shaping ele-
ments using this process, two basic technological va-
riants of tool guidance are distinguished: machining with
a point contact and machining of the cutter's side with a li-
near contact. In the works [10, 12, 15, 16, 19] the linear
contact was obtained by tangential positioning of the tool
surface at the point of its corner or transition to a spheri-
cal face, to the tooth side contour curve. A different ma-
chining kinematics was adopted by Talar et al.[18], who
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carried out an analysis of multi-axis cutting using a disc
head for machining, where the contact of the tool with
the machined tooth side surface was also unchanged,
and moreover based on the transition point of the linear
cutting edge of the insert into the corner radius.

Depending on the method adopted, the cross-sectio-
nal area of the cutting layer changes, which has a signifi-
cant impact on the values of the cutting force components
in the milling process. In the case of the envelope machi-
ning, the method of determining the cross-sectional area
of the cut layer was shown by Bouzakis et al. [4] and BoR
et al. [2, 3]. In the process of five-axis milling in the variant
with point contact, the methodology of determining the
cross-sectional area of the cut layer was presented by
Boz et al. [5], and with the use of a toroidal milling cutter
by Gdula et al. [9]. For the linear contact, the problem of
the cut layer cross-section was discussed by Talar et al.
[18].

The last element influencing the correct collaboration
of the tooth active surfaces in the gear is the machined
surface texture. The basic types of machining marks ob-
tained in the envelope processes were presented by Sun
et al.[17]. In addition, Kromer et al. [13] and Piotrowski
et al. [14]. performed an analysis of the machined surfa-
ce after hobbing. The geometry of the tooth side surface
after five-axis shaping in the variant of point contact was
presented by Klocke et al. [12] and Staudt et al. [16].

This article presents an analysis of the cross-sections
of the cut layer in the new proposed method of machining
the toothing by the 5-axis roll away of the end mill along
the involute contour of the tooth side of a wheel with a cy-
lindrical geometry. The assumption is the continuous and
controlled movement of the contact point of the tool and
the workpiece along the outline of tool. (Fig. 1.) shows the
idea of the process, i.e. inscribing a monolithic tool into
the outline of a tool for envelope machining, which in the
analyzed case is represented by the MAAG rack cutter.

Endmill

MAAG Tool

1
1
1
1
i
|
|
|
|
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Fig. 1. The idea of a five-axis roll away process
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Materials and methods

The simulation of the machining of the gear tooth
flank was carried out for an involute contour, delimited by
the based circle and the addendum circle. The simulation
omits the transition curve at the root of teeth, whose pro-
cessing due to the geometry, requires the use of a ball
end mill end, and in the five-axis milling process it can be
performed in a separate operation.

The tool feed rate v; was adopted along the tooth pro-
file, as a result of which the involute curve was divided
into segments whose length corresponds to the adopted
tool feed per revolution f. Two machining cases were con-
sidered. In the first case, the tool runs from the root to
the tooth top (Fig. 2.), while in the second, the direction
of the feed rate speed v; and the rolling movement are
changed, so that the machining proceeds from the top to
the tooth root.

\;rooi wrap movement

Fig. 2. Tool work kinematics

In the simulation, the tool positions were determined
geometrically, as positions tangent to the involute at po-
ints determined by the value of the feed per revolution f.
In real machining, the tool path represented by the TCP
point will be based on the guide curve resulting from rol-
ling away the tool around the contour, and the tool feedra-
te will be converted from the speed on the involute profile
V; to the speed along the guide curve v .

The cross-section analysis of the cut layer in the new
five-axis turning method was carried out for the adopted
material and technological parameters. The hardened
40HM steel was used as the material, for which the hard-
ness was 60 HRC, and the mechanical properties are
presented in Tab. 1. The selection of the steel grade was
dictated by its susceptibility to mechanical and heat tre-
atment.

Table 1. 40 HM steel properties [8]

Young’s Tensile Yield

RS modulus strength strength ElongAation Hardness
o E Rm Ryo.2 HRC
g GPa MPa MPa %
7.82 205-210 1030 880 10 60
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Using material from the H group, i.e. the material with
increased strength, it became necessary to choose the
right tool for processing this type of material. In this case,
a Sandvik tool with the parameters shown in Tab. 2 was
selected.

Table 2. Tool geometry

—= ~-DCONpsg
]

R215.38-08030-AC19H 1610

DC
mm

APMX/LU
mm

19

LF
mm

63

DCONMS
mm

According to catalogue notes, for the selected tool,
the technological parameters of machining proposed by
the manufacturer and described in Tab. 3 were adopted.

Table 3. Technological parameters

. Feed per . . .
Cutting speed revolution Cutting width  Cutting depth
VC f aemax apmax
m/min mm mm
mm/rev
80 0.8 0.05DC 1.5DC

The quantities having a significant impact on the se-
lection of the tool geometry, in addition to the material
used, were the geometrical parameters of the workpiece,
which is the gear wheel. First of all, the width of the spa-
ce s, which influences the maximum diameter DC of the
tool, as well as the length of the involute profile L, of the
tooth, which is important when selecting the maximum
useful depth of cut APMAX/LU of the tool, were taken into
account. The main parameters of the machined gear are
presented in Tab. 4.

Table 4. Gear parameters

Pressure Modulus Teeth Helix Involute Space
angle number  angle length width
n
g mm z [3 Liny s
- mm mm
20 10 14 0 15.7589 15.707

The values in the above table were determined as
follows. The length of the involute curve is described by
the equation (1),
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where the derivatives after the variable t refer to the func-
tions expressed by equation (2). In this case, the variable
t represents the involute angle.

x(t) = 52*1 (sin(t) — t cos(t))

i )
y(t) = ?(cos(t) + t sin(t))

In equations (2) there is a variable d,, which is the dia-
meter of the base circle and is expressed by equation (3).

dp = dy cos(a) = myz cos(a) ®3)

The value of the width of the space s was determined
using the equation (4).
s =1In (@)
2
The study of the cross-sections of the cut layers was
carried out in 4 separate cutting zones towards the tooth
line. The zones were determined on the basis of the tool
wrap angle analysis. One can distinguish: entrance zone
I, stable cutting zone I, output zone N-1, and the last cut
of the tool N (Fig. 3.). The analysis was carried out in
representative zones, while the total number of cutting
zones is determined by the parameter N, which is calcu-
lated from the formula (5)

N o=t (5)
by

where: b - gear width, b, - distance between next passes
of the tool. For the purposes of the study, the b, parame-
ter was assumed to be 1 mm.

Each zone is characterized by a different value of the
wrap angle of the tool. The determination of the wrap
angle in individual zones was important for the correct
division of the cutting zone in order to analyze the cross-
-section area of the cut layer A.

b

Fig. 3. Tool wrap angles in designated zones
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The values of the wrap angles, determined by equ-
ations (5-8), in the separate zones are described as sums
of partial angles.

Pr="901 (5)

O = @1+ @ ©)
PN-1= P2 T @3 @
On =92 @)

The partial angles that make up the wrap angles of
tool are described by equations (9-11)

s -1 R?2—(R-ap)*~br
o = tan! (FLET) @
br
— =] 2
P, = tan (R_Rth) (10)

s = sin™* (%) (1)
R

where: R - tool radius, a, - cutting width (machining al-

lowance), b, - width between next passes of the tool, Ry,

- theoretical roughness in the direction of the tooth line

expressed by the formula (12).

Ry, =R — |R% — (532-)2 (12)

In order to thoroughly analyze the cutting layers A, as
well as to determine the total cross-sectional area of the
cutting layers A,, the wrap angles were discretized with
a step Ag equal to 2 ° from the 0 ° position, i.e. the plane
normal to the machined surface, passing through the tool
axis. Due to the irrationality of the wrap angles value, the
last step was taken as the remainder from the division
+@r as shown in (Fig. 4.).

Ay

AN
\\\\\\Mf

Fig. 4. Cutting zone discretization

Results

Due to the complex geometry of the cutting layer,
the measurement of individual sections A was carried
out using the Measure Face tool, which is part of the
NX11 software. The accuracy of the measurement was
+ 0.0001 mm?2.

Figures 5-8 show the change in the value of the
cross-sectional area of the cutting layer A depending on
the wrap angle @ for the strategy in which the tool works
from the top to the tooth root. The analysis of the graphs
shows that the highest value of the cross-sectional area
was obtained in zone |, as shown in (Fig. 5.). In this case,
it can be clearly observed that the largest cross-sectional
area of the cutting layer A = 1.5148 mm? occurs at the
first position of the tool, i.e. at the tooth top for the angular
position of 0°.
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The smallest values of the cross-sectional area
A were observed for the zone N-1 (Fig. 8.), where the
maximum value was A = 0.2807 mm?. The waveforms
for the zones Il and N-1 are characterized by the same
maximum values of A = 1.0613 mm?, but with a variable
slope of the left side of the plot (Figures 6-7). Three areas
can be noticed on all the waveforms showing the change
in the cross-section of the cut layer depending on the
considered tool position on the involute curve. The area
of the tool entry into the material in the range 1-2, where
there is the largest cross-sectional area A, the stable cut-
ting zone, which for zone | is within the limits of 2-16, for
zone Il and zone N-1 within the border 2-17 , and for zone
N within the limits 2-18. In addition, the cutting area with
the face cutting of the tool was separated, where the va-
lue of the cross-sectional area of the cut layer decreases.
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Number of cutting layer

Cross-section position [°]
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Fig. 5. The cross-sectional areas of the cut layer in zone |
Number of cutting layer Cross-section position [°]
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Fig. 6. The cross-sectional areas of the cut layer in zone Il
Number of cutting layer Cross-section position [°]
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Fig. 7. The cross-sectional areas of the cut layer in zone N-1

Number of cutting layer
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Number of cutting layer Cross-section position [°]
E——— 2 3 4 5 6 0 1 2 3 4
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0 2 4 6 8 0 12 14 16 18 20 22
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Fig. 8. The cross-sectional areas of the cut layer in zone N

The analysis of the milling strategy from the root to
the top of the tooth showed some differences as seen in
(Figures 9.-11.). A similar distribution of maximum valu-
es for individual zones was observed, as in the previous
strategy. In this case, for zone |, the highest maximum

Number of cutting layer

value of the cross-sectional area A = 0.6652 mm? (Fig.
9.) was recorded, and the smallest for zone N, which was
A = 0.174 mm? Fig 12. In the case of zones Il and N-1
of (Figures 10.-11.), the same maximum values of A =

Number of cutting layer Cross-section position [°]
— 2 3 4 5 6 -25.84 -24 =22 =20 -18
7 8 9 10 11 12 -16 -14 -12 -10 -8
13 14 15 16 17 18 -6 -4 -2 0
19 20 21
— dl | ! |
E | ! ! | |
E — ——
S i /\ :
< ] /t_' : :
/‘--_ N
025 20 -15 ~10 -5 0 2 4 6 8 10 12 14 16 18 20 22
@ [°] Number of cutting layer
Fig. 9. The cross-sectional areas of the cut layer in zone |
Number of cutting layer Cross-section position [°]
— 2 3 4 5 6 -25.84 -24 22 -20 -18
7 8 9 10 1 12 -16 -14 -12 -10 - -8
13 14 15 16 17 18 -6 -4 3 0 2
0.4~
€ 0.3—
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g 0.2F
< | |
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1

-10 -5

@[]

-15

Fig. 10. The cross-sectional areas of the cut layer in zone Il
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Fig. 11. The cross-sectional areas of the cut layer in zone N-1
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Fig. 12. The cross-sectional areas of the cut layer in zone N

0.4981 mm? and a similar change in the slope of the left
side of the plot were observed.

The main difference was observed in the changes of
the cross-sectional area depending on the position of the
tool. The area of the tool entry into the material covers the
positions 1-3, where the maximum value was noted for
the position 2. The stable cutting area for zone | ranges
from 2-13, for zones Il and N-1 it ranges from 2-14, and
forNz-——-"*-

LA AN~ T . _ _fa_ 1__1

Number of cutting layer

from the material, in which the cross-section of the cut-
ting layer decreases in the case under consideration, has
a wider range than in the previous strategy.

Based on the above data, graphs of the total cross-
-sectional area of the cutting layers Az in individual zones
were prepared for the milling strategy from the top to the
root of the tooth (Fig. 13.), and from the root to the top of
the tooth (Fig. 14.).

| | I N-1 N

20 : -
_15-
£
E.10
qN

5 1 = |

oL —— | | | _ , \

0 2 4 6 8 10 12 14 16 18 20 22

Number of cutting layer

Fig. 13. The total cross-sectional area of the cutting layers for the direction from top to tooth root

33

TECHNOLOGIA | AUTOMATYZACJA MONTAZU nr 2/2021



| [ \ \ I \
10 /\ | Il N-1 N |
€ 86— : ‘
et |
N 4 ~s
< —
| | -
0 2 4 6 8 10 12 14 16 18 20 22

Number of cutting layer

Fig. 14. The total cross-sectional area of the cutting layers for the direction from root to tooth top

For all four zones (I, Il, N-1, N), the total cross-sec-
tional area Az was calculated as the sum of the cross-
-sections A(@) at individual positions of the tool, which is
expressed by the general formula (13)

Ay = 2i=1 A(@); (1)

where: n — number of cross-section position.

It was observed, that in the case of the root to tooth
top strategy, the obtained values of the total A, cross-sec-
tional areas were about half lower than those obtained
in the top to tooth root strategy. Moreover, the highest

a)

-0.005

0.04 —

0.03 —

0.02

FEth deviation [mm]

0 “7\.‘_\\
g 02 ==

. 04
Length in Jine directio?is[mm] =

values occurred for the zone |, and the lowest for the
zone N. The nature of the change in the total values of
the cross-section areas A, for individual zones and stra-
tegies coincides with the previously discussed results for
the cross-section areas A.

The last element of the analysis was the presentation
of a map of surface deviations depending on the adop-
ted machining direction (Figures 15a, b.) The maximum
deviation in both cases coincided with the theoretical ro-
ughness towards the tooth line expressed by the formula
(12) and amounted to 0.0314 mm. It was observed that
the machining marks arranged up along the tooth profile,
while the deviation for individual marks took the saddle,
biconcave character (Fig. 15c.).

o] 0.003 0.005
[mm]

0.035
0.03
0.025
0.02
0.015
0.01

08

06 ml
04 _sionl 0,003

02 jrech
== r(,ﬂhad
1 Lengm |ﬂp

Fig. 15. Map of surface deviations for: a) root-top strategy, b) top-root strategy, c) deviation distribution for one cut layer
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Summary

The analyzed milling method in the technological va-
riant of 5-axis roll away of the end mill cutter is a com-
pletely new look at the issue of five-axis gear machining.
Simulation tests and the analysis of the cross-sections
of the cut layers showed a different distribution of values
along the tooth profile depending on the adopted machi-
ning direction.

The values of the cross-sectional areas of the cut lay-
ers have a particular impact on the values of the compo-
nents of the cutting forces generated during machining,
and thus on the deformation of the machining system.

On the basis of the results obtained, it should be
concluded that:

* The machining from the root to the tooth's top will
be a more advantageous strategy due to the smaller
values of the cross-sections of the cut layers. In this
case, the greatest value of the cross-sectional area is
noted at the root of the tooth.

* In the case of the top to tooth root strategy, the cross-
-sectional area values are more than twice as high.
Moreover, in this case, the largest cross-sectional
area is recorded in the first position, i.e. at the top of
the tooth. Such a distribution of values can result in
the application of the greatest resultant cutting force
to the area of the tooth top, thus deforming both the
tool and the workpiece.

The results and conclusions obtained from the conduc-
ted analyzes provide the basis for further research on
the five-axis roll away process. In the next steps, one
should focus on:

» Developing the control program by replacing the feed
along the involute curve vf with the feed along the
guide curve vf prog.

* The values of the cross-sectional areas A should be
made dependent on the parameters: feed per revolu-
tion f, cutting width ae and the distance between tool
paths br.

* In the case of the adopted method of finishing the
material in the hardened state, it will be necessary to
precisely determine the maximum cross-sections for
individual cut layers Amax and to analyze the compo-
nents of the cutting force.
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