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Abstract—In addition to the increase of the material removal rate
or surface rate, or the improvement of the surface quality, which are
the main aims of the development of manufacturing technology, a
growing number of other manufacturing requirements have appeared
in the machining of workpiece surfaces. Among these it is becoming
increasingly dominant to generate a surface topography in finishing
operations which meets more closely the needs of operational
requirements.

These include the examination of the surface periodicity and/or
ensuring that the twist-structure values are within the limits (or even
preventing its occurrence) in specified cases such as on the sealing
surfaces of rotating shafts or on the inside working surfaces of needle
roller bearings. In the view of the measurement the twist has different
parameters from surface roughness, which must be determined for the
machining procedures. Therefore in this paper the alteration of the
theoretical values of the parameters determining twist structure are
studied as a function of the kinematic properties.

Keywords—Kinematic parameters, rotational turning, surface
topography, twist structure.

I. INTRODUCTION

N the development of cutting the appearance of hard turning

in finishing operations was a remarkable step [1]. It became
possible to produce the same surface roughness and accuracy
with defined cutting edged tools as with grinding, though the
material removal rate is multiplied compared to abrasive
machining [2]. However, some finishing operations put
forward requirements which have not been raised in the field
of machining with defined cutting edges [3]. One of these
demands is to meet the proper operational requirements
specified for the machined surface [4].

Therefore, for example, the finishing of sealing surfaces is
done by grinding procedures. In these the degree of the twist
structure can be lowered or even prevented by the correct
selection of process and dressing parameters. By the in feed
variant of grinding and with the choice of sufficient spark-out
time the generated surface topography can be influenced in a
positive direction. Any disfunctionality due to the twist on the
surface, oil-leakage or the rapid bursting of sealings can be
avoided by the application of this grinding procedure in
industrial practice.

However, hard turning was become an alternative procedure
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to grinding in the view of accuracy and surface roughness [5].
It has spread very swiftly: it has been widely applied in the
very competitive automotive industry due to its productivity
and environmental friendly features. However the replacement
of grinding must be carried out with caution. If the operation
requirements demand the limitation or the elimination of twist
structure, then methods for this must be examined in hard
turning as well.

There are cases when the generated periodical (or twisted)
topography can act as a limit on application, because for
example shaft surfaces machined in this way are unsuitable for
dynamic seals [6]. When the prevention of the twist-structure
generation is the goal, grinding cannot be replaced, so in other
words hard turning is not an alternative to grinding in these
cases.

To maintain the advantages and avoid the disadvantages of
hard turning, novel variants of the procedure are developed.
One of these solutions is the application of a combined
procedure, where the workpiece must not be moved to the
grinding machine, because a machine tool suitable for
combined machining is able to perform both operations.
Hence the turning and grinding are done in one clamping of
the workpiece, so there is no clamping error in the grinding
operation. Therefore a smaller material layer must be removed
in grinding.

Another solution for the decrease in twist structure can be
rotational turning [7] carried out by a helical geometric cutting
edge, and this is the target of our studies. In this paper we
determine the calculation method for the theoretical values of
the twist parameters in machined surfaces of rotational turning
and furthermore we investigate the alteration effect of the
kinematic parameters on these attributes.

Il.STATE OF THE ART OF ROTATIONAL TURNING RESEARCH

There are few publications so far, which contains theoretical
and experimental examinations on rotational turning. The
work of Klocke et al. [8] presents rotational turning as a novel
cutting procedure by the combination of longitudinal turning
and peripheral turn-milling.

The aim of their study is to determine the achievable
surface roughness. They calculate the theoretical value of total
height of profile (R) by the well-known equation with axial
feed (/) and the nose radius (r,):

R ~ f?18r, (1)
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They state that neither the feed nor the nose radius can be
defined in the classical way for the helical geometric tool of
rotational turning. The axial feed comes from the rotational
movement of the tool, so several attributes must be taken into
consideration in its determination. For the calculations in (1)
they defined a virtual feed, which is calculated on a geometric
and kinematic basis, and this is substituted into the equation.
For the definition of the nose radius the same method was
applied: they calculated a virtual value which comes from the
cutting edge geometry. Then the calculated theoretical values
of the total height of profile were compared to measured
values on machined surfaces with given technological
parameters. Based on the 2D profiles they stated that
rotational turning generates a periodical topography. However,
at 0.3mm feed and below, this profile cannot be observed, as
the peak-valley height and the virtual radius are not
measurable. Furthermore they determined that the calculated
and measured values of the total height of profile (R) are in
good correlation, so they stated that the described method has
been verified in practice. However, actually the measured R,
values are significantly different from the calculated R, values.
The authors state that this is not surprising in hard turning but
a natural consequence of the plastic deformations in cutting
with small chip cross-sectional areas.

In another work of Klocke and his colleagues [9]
comparative experimental examinations can be seen between
rotational turning and traditional hard turning on some
parameters of surface quality. They compare the roughness
and the waviness of these procedures at different feeds. They
calculated that in case of rotational turning the virtual nose
radius is 61.16mm while the nose radius is 1.2mm in
traditional hard turning. Then they state that to achieve the
same R., a six-fold higher feed can be adjusted in rotational
turning than in traditional hard turning. However, at the same
feed the peak-to-valley height is almost ten-fold higher in
traditional hard turning than in rotational turning. They
investigated the alteration of the depth of grooves as well.
They also extended the study to the influence of the workpiece
diameter. They found that at higher diameters the depth of the
grooves is smaller than at lower diameters.

Schubert et al. [10] propose a new hard turning procedure
which can generate a twist-free structure on the surface. In the
frame of their experimental work they did experiments with
normal and wiper CBN inserts. They observed that with the
same feed the theoretical supply cross section (DF) of the
surface is lowered from 546pm? to 17.2umwith wiper inserts.
On the basis of this they manipulated the feed motion so that
the tool stops for one rotation of the workpiece, then moves
linearly with the value of one feed between the two standing
position. They give the procedure the name “Start-Stop-
Turning” (SST), and say that it is guaranteed to make twist-
free surfaces [10]. This procedure looks simpler in geometry
than the other procedures for machining of twist-free surfaces:
vibration processing method (1993) [11], tangential turning
(2001) [12], rotation turning (2005) [13], and twist-free
turning with suitable feed motion (2007) [14]. The authors
demonstrate the twist-free characteristics of the shafts

machined by SST with microscopic images.

From this short review it can be seen that scientists are still
searching for methods to fulfill more operational requirements
in surfaces machined with high-productivity. The target of our
research is to investigate by accurate mathematical
calculations the opportunities to lower the characteristics of
the twist structure with the alteration of the kinematic
parameters in rotational turning.

Ill. THE MICRO-GEOMETRY OF THE TWIST STRUCTURE AND
ITS STANDARD PARAMETERS

Twist structure is the name for a periodic-like mark on the
machined surface of the workpiece generated by the cutting
tool which establishes a conveying effect on the surface during
the rotation of the part. This topography is presented on the
whole perimeter without interruption, and it has a pitch angle
like threaded surfaces. Based on this attribute of the twist
structure, it is clear that the proper characterisation of this
topography has a crucial importance on sealing surfaces, and
can be carried out by standardised parameters [15]. The
parameters (whose interpretations can be seen on the sketch in
Fig. 1) are:

1. DP - period length [mm],

Dy —twistangle[®’ "],

Dt —twist depth[um],

DG - number of threads[—],

DF —theoretical supply cross section [um?].

A(2:1)

gk wn

Dt

Fig. 1 The parameters of twist measurement

The values of the twist parameters are in the domain of
roughness parameters in most cases. Hence the determination
of the profiles can be done in a similar manner as for
roughness. The connection between the twist and roughness
parameters is shown by the fact that in terms of their value the
period length of the twist (DP) is equal to the mean spacing of
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profile irregularities (R,,), and the twist depth (Ds) is equal to
the total height of the profile (R).

IV. THE APPLIED KINEMATIC-MATHEMATIC MODEL

Hereinafter we examine the machined surfaces in the
perspective of twist generation in rotational turning. The
method of our study is a mathematical analysis based on a
manufacturing geometry model [16], by which we can exactly
describe and illustrate the shape and micro-geometry of the
surface machined by rotational turning. The essence of the
method is mathematic description of the relative movement of
the cutting edge and the workpiece by coordinate systems
moving along with them. After this the generated profile on
the workpiece surface by the cutting edge can be determined
with the mathematical equations and proper side-conditions.
For the description of the formula of the geometry and the
movement of both the workpiece and the tool, two standing
coordinate system are also needed. The four coordinate
systems and a kinematic sketch of rotational turning can be
seen in Fig. 2 [17].

The symbols used in the figure and the mathematical
description:

e K, —standing coordinate system of the tool,

e K, —moving coordinate system of the tool,

e K, —standing coordinate system of the workpiece,
e K., —moving coordinate system of the workpiece,

e |  —surface-generating point of the cutting edge,

e w, -—angularspeed of the workpiece,

e ®, —angularspeed of the tool,

e v, —additional axial feed rate of the tool,

e g, — axis distance (between the symmetry axes of the

tool and the workpiece),

e [, —initial distance between the standing and moving
coordinate systems,

e J, —inclination angle of the cutting edge.

munkacdaraby

Fig. 2 Kinematical-geometric model of rotational turning, from [17]

The equation of the cutting edge is given in the moving
coordinate system of the tool (K,,). However, the movement
of the tool can be given in the standing coordinate system of
the tool (K;), with the transformation of the former coordinate

system to the latter by the proper equation. The connection of
the two standing coordinate systems (K,, K,) is made by the
axis distance (a,). Lastly, the rotary movement of the
workpiece is given by the proper transformation between the
standing and moving coordinate systems of the workpiece (X,
K,»). In this way we can get the equation of the machined
surface in K,,,. The section in the base plane of the cutting
edge — defined by the symmetry axes of the workpiece and the
tool — of this surface will be the 2D roughness profile of the
workpiece. The equation is determined with the method - in
the layout presented in Fig. 3 — presented in our previous work
[17], [18].

With (2) and (3) the workpiece radius (&) of a particular
point of the cut surface can be given in function of the axial
displacement ({).

Q) =1, co{ A
r cota

t

+0(4)+ (a),t - a)wt)} —a,cos(u($)+w,t) 2

t

. +v it .
7, sin 47"+(a),—a)w)t —a,sinw,t
r,cote,

v(¢)=tan™ (3)

S+t
7, COS +(w,—w,)t |+a,cos0,1
r,cota,

For the upcoming determination of the twist parameters the
resultant axial feed in the rotational procedure is also needed.
This consists of two parts: axial feed derived from the rotation
of the tool and the inclination angle of the edge (f.,) and the
possible additional axial feed of the tool (f,). The latter is
needed if the length of the workpiece is higher than the axial
length of the tool. By the summarisation of these two
components the resultant axial feed can be determined [18]:

fo=foat S = 27&{#3—“} @)
o, tana, o
F Y &
I e 1> -
g
~ ol
ﬁn‘ \
\\’ V
”
Ny =

Fig. 3 Illustration of the cut surface equation

V. TwIST PARAMETERS IN ROTATIONAL TURNING

The calculation methods can be given by the previously
described method to determine the theoretical values of the
different parameters of the twist structure. In this paper we
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specify the period length (DP), the twist angle (Dy) and the
twist depth (Dr). After the determination of the theoretical
values we examine the alteration effect of the kinematic
parameters on these factors.

A. Parameter Determination

We begin the study of the twist structure in surfaces
machined by rotational turning with the theoretical
determination of each parameter. The period length of the
twist is the repetition frequency of the peaks; therefore it is
equal to the resultant axial feed. Thus its calculation can be
specified on the basis of (4):

DP= 27zﬂ{”—f+v—ﬂ} )

o, tand, o

t

The pitch angle of the twist can be calculated by the
perimeter of the workpiece and the period length of the twist.
Therefore it can be described by the following relation:

DP
Dy =arctan —arctan 2| i Y (6)
2rr ro, | tanl o

The depth of the twist can be determined with the equation
of the cut surface and the period length of the twist. The
former equation in the cutting edge base plane (the plane
defined by the ¢, and &, axes) is defined in our previous work
[17], [18] and is given in (2) and (3). The substitution value of
the &) function in the proper location (when the { value is
equal to f,/2 = DP/2) is the exact value of the depth of the
twist. With the above taken into consideration, the twist depth
can be written as:

{ [ r,sin(A4) H rAr
Dt =—r, cos| A—arctan + = -7,
r,cos(4)-r, -7, \/ ( 1 sin ) ]z
I+ — "
rcos(A)fr,fn
)
where:
7 (v, +rm,cot(A,))
fo  _ 7 (%) ®

A= -
2r.cot(1) o

w

r.cot(4,)

B. Influence of the Kinematic Parameters

With the determination of the three twist parameters we can
examine the alteration effect of the determinant parameters of
rotational turning on these characteristic parameters of the
machined surface. These factors are the geometrical attributes
of the tool and the workpiece and the kinematic properties of
the machining procedure.

In this paper we examine the alteration effect of the
kinematic parameters (revolution speed of the tool - n,
revolution speed of the workpiece - n,, additional axial feed
rate — v,) which influence the values of cutting speed and
resultant axial feed, the base parameters of process planning.

For the comparison a mean value for each determinant

process parameter was given (Table 1). From these the
kinematic parameters were changed in a +50% range where
their effect is examined.

First the pitch angle of the twist (Dy) is examined. Its
alteration can be seen in Fig. 4 as a function of the kinematic
parameters.

TABLE |
MEAN VALUES OF THE CALCULATIONS

parameter name symbol unit value
revolutions of the workpiece Ty 1/min 1000
revolutions of the tool n 1/min 4
additional axial feed rate Va mm/s 6
diameter of the workpiece d, mm 40
radius of the cutting edge 7 mm 60
inclination angle As ° 40

A
A}
\\
18 *
16
14
_12
=
E
)
0.8
0.6 e
0.4
—B—Revolutions per minute of the tool
0.2 =3~ Revolutions per minute of the workpiece | |
+@-- Additional axial feed rate
o : } }

[1/min] .00 3.00 4.00 5.00 6.00
n“: o | ! ! |
[1/min] .5, 750 1000 1250 1500
Ya o4 ! ! ! !
[mm/s] 5, 450 6.00 7.50 9.00

Fig. 4 Effect of the kinematic parameters on the twist angle (Dy)
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Fig. 5 Effect of the kinematic parameters on the period length of the
twist (DP)
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Fig. 6 Effect of the kinematic parameters on the depth of the twist
(Dn)

Of the studied parameters, we would like to note that the
revolution speed of the workpiece has the highest effect on Dy.
With the increase of this kinematic parameter a significant
decrease can be observed in the value of the angle: A three-
fold increase decreases the Dy value to one-third. The
alteration of the other two parameters (revolution speed of the
tool, additional axial feed rate) has a linear effect on Dy. With
the increase of these Dy will also increase because the
resultant axial feed rate will increase as well. The difference
between the effects of the two is the intensity of the alteration:
a three-fold increase in the rotation speed of the tool means a
2.5-fold increase in the angle, while three-fold increase of the
additional axial feed rate means only a 1.15-fold increase in
the value of Dy.

In Fig. 5 the alteration effect of the kinematic parameters on
the period length of the twist can be seen. The nature of the
alterations is the same as that experienced in the changes of
the twist angle. This is caused by the close correlation between
the two as presented in (7). Although there are differences in
the values, the intensity remains the same.

The influence of the kinematic parameters on the depth of
the twist can be observed in Fig. 6. Although the slope
direction of each curve is the same, the intensities of the
alterations are very different. A three-fold increase in the
revolution speed of the workpiece decreases the depth of the
twist to one-tenth of its original value. The increase of the
revolution speed of the tool will increase the depth: a three-
fold increase means a 5.5-fold increase in Dt. Furthermore a
three-fold increase of the additional axial feed rate will
increase the value of Dt by 1.5-fold.

From the above we can state that the twist depth can be
influenced the most intensively in the examined domain by the
change of the kinematic parameters. Furthermore, we
determine that if the twist angle or depth must be decreased
the determinant parameters of the tool’s movement must be
decreased, and the rotational speed of the workpiece must be
increased. However if the target is the increase of the period
length then the inverse change of the kinematic parameters is
necessary. Therefore in the calculation of the optimal process
parameters the production engineer must consider which twist
parameter effect must be lowered.

VI. SUMMARY

Hard turning has spread very rapidly in the industrial
environment due to its technical, economic and environmental
advantages. In many cases it is able to replace the expensive
and environmental polluting grinding in finishing operations,
because with it the accuracy and quality requirements of the
workpieces can be fulfilled. However, the generated surface
topography does not always meet the operational
requirements, for example these surfaces are not efficient for
the operations of dynamic seals. To avoid the periodic
topography generated during turning a combined procedure
has been developed, where the abrasive (mostly grinding)
machining can be done after the turning in one machine, one
clamping. Thus the advantageous productivity of turning can
be maintained while the topography becomes random.
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Another development in the decrease in the periodic
character has come to the forefront as an upgraded variant of
hard turning. In this, rotational turning is done by a helical
geometric cutting edge. Although the patent of rotation was
filed in 2005, the first scientifically significant papers were
published from 2010. In the papers which are presented and
cited here [8], [9] the authors determine the total height of
profile on a geometrical basis with mathematical equations. It
is stated that the rotational turning generates a periodic
topography. During the mathematic analysis some simplifying
assumptions and approximation was necessary (and applied).
The definition and the examination of the twist structure also
appeared in this procedure to characterize the machined
surface mostly in rotational turning.

In this study, however, we did not apply approximations, so
we describe the machined surface with exact mathematical
methods. With the generation of the plane section (which
crosses both the workpiece and tool symmetrical axes) of the
cut surface, the punctual determination of the twist parameters
was given. From our original mathematical analysis we found
that the twist parameters in rotational turning were affected by
more parameters than in traditional longitudinal hard turning.
The specifying factors can be used to adjust the twist
parameters: the twist characteristic can be lowered. After this
the theoretical values were calculated for different settings of
the determinant parameters of the material removal and
kinematic relations. We found that of the examined parameters
the revolution speed of the workpiece has the most significant
effect, while additional axial feed rate has the least effect. The
mathematic analysis that has been worked out permits the
display of the generated micro-geometrical profile and the fast
calculation of the characteristic parameters.

We determined that in the examined range the twist angle
changes from 2° to 0.65°, the period length changes from 4.35
mm to 1.5mm and the depth of the twist changes from 109um
to 12um with a three-fold increase of the rotational speed of
the workpiece. The three-fold increase of the rotational speed
of the tool comes with the following effect: the pitch angle
changes from 0.6° to 1.4; the period length increases from
1.25 to 3mm,; the depth of the twist alters from 10um to 55
pm. The additional axial feed rate has only a slight effect on
these parameters theoretical values. We found that beside the
kinematic parameters, the rotational speed of the workpiece
has the most significant effect on the theoretical values of the
machined surface twist parameters.
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