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Summary. The investigation of the parameters in screw surfaces whirling process is presented. The
equation of the trajectory of relative movement of the workpiece and the cutter in parametric form taking into
account the movement of the whirling ring along the workpiece is obtained. Appropriate graphs are plotted, which
allow to make the conclusion that increasing the rotational speed of the whirling ring results the decrease in the
thickness of the metal layer, which is cut during one period of contact between the workpiece and the cutter. It is
also show on the graphs that the ratio between the rotational speeds of the whirling ring and the workpiece is
decisive. The greater this ratio, the smaller the thickness of the cut layer. The obtained equations make it possible,
using the appropriate application software, to determine and predict the shape and thickness of the material cut
layers in the cylindrical workpiece by each cutter in whirling ring based on plotted graphs, visually observe the
change of trajectory movement when changing cutting conditions and machined surface parameters.
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Statement of the problem. Whirling cutting of screw surfaces is a high-performance
process providing high quality of the machined surface, which does not form burrs, as it occurs
in the milling process, and does not form folds, as it is observed in the rolling process. This
process is especially important for machining screw surfaces on long parts with low rigidity
and small diameter, in the formation of deep and multi-thread screws with variable pitch.
During screw surfaces whirling cutting, not perfect cylindrical surface on the inner diameter is
formed, but polygonal one like in milling, while during conventional turning cylindrical surface
is formed. However, the maximum distance between the points of the polygon and the
cylindrical surface of the inner diameter is up to 0.1 um, which is much less than with
conventional milling. Therefore, in order to predict and control the parameters of the accuracy
in such process there is a need to investigate the trajectory of mutual movement of cutters and
workpieces depending on the cutting modes for the determination of the material cut layers
thickness and protrusions of the formed polygon.

Analysis of available investigation results. The process of machining and
strengthening of screw surfaces on lathes using several cutting tools is widely discussed in
numerous scientific publications [1, 2, 3, 4], but such processes are different from the whirling
cutting of screw surfaces.

It is reasonable to use the process of whirling cutting of screw surfaces for medium-
scale production. In general, this process makes it possible to cut screw surfaces up to 10,000
mm long and from 4 mm to 200 mm in diameter and it is widely used in the medical equipment
manufacturing [5, 6].

The process of whirling cutting of screw surfaces can be performed on the conventional
equipment with special installation or on CNC machines. Quite often in the literature
this process is associated with milling, taking into account parameters of such process [7, 8].
The speed of workpiece rotation is from 3 rpm to 30 rpm, while the whirling head
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rotates at the speed from 1000 rpm to 10,000 rpm. The main processing time is
3—4 times less than during the usual milling method, and during long shafts processing can be
9 times less.

Due to the size of the formed chips, the heat released during cutting is dissipated mainly
through chips, thus reducing the need for cooling and lubrication of cutting tools, and the
specific energy of the cutting process is lower than in conventional turning [9, 10, 11, 12]. The
temperature of the workpiece remains low after the cutting process. It is also recommended to
coat the cutting inserts with titanium and aluminum nitride to prevent build-up on the cutting
edge and to remove heat quickly. The investigation is also aimed at establishing the qualitative
parameters of the formed screw surfaces [13, 14, 15].

The objective of the paper is to investigate the trajectory of mutual movement of the
cutters on the whirling head and workpiece with derivation of equations in parametric form,
which determine the dependence of geometric parameters of the machined screw surface on the
modes of whirling cutting for the determination of the thickness of the cut material layers of
and protrusions of the formed polygon.

Statement of the task. One of the progressive ways of forming screw surfaces is the
process of whirling cutting (Fig. 1), which provides the formation of screw surfaces on the outer
cylindrical surface in one pass on the lathe, using several cutters. During cutting, you can adjust
the thickness of the metal layer, cut with one cutter by changing the rotational velocity of the
workpiece and whirling head.

Figure 1. Scheme of the screw surface whirling process: 1 — workpiece; 2 — whirling head; 3 — cutter
In this case the thickness of the cut layer is a variable value, and the formed chips consist

of individual particles, which is important in the processing of plastic materials, where the
continuous chips are formed during conventional turning.
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The scheme of the process of screw surface whirling cutting is shown in Figure 1, where
four cutters 3 are evenly placed in a circle on the whirling head 2. They sequentially touch the
machine part and cut the material on workpiece 1.

Here the workpiece 1 rotates at low velocity in the opposite direction or in the direction
of high-speed rotation of whirling head 2. The whirling head 2 is inclined at angle vy relatively
to the workpiece axis corresponding to the angle of the cut screw surface and shifted relatively
to the center of workpiece rotation. In addition, the whirling head 2 is fed along the workpiece
axis with feed S equal to the pitch of the screw surface P.

The main geometric parameters of the screw surface whirling process are presented in
the calculation scheme in Figure 2.

o
D)

Figure 2. Calculation scheme of geometrical parameters in the screw surface whirling process: 1 - the layer of
metal cut during one period of contact between the workpiece and the cutter

From the calculation scheme shown in fig. 2 on the basis of the cosine theorem we
determine the contact angle B between the cutter and the workpiece

2 2 2
B = 2arccos Rire-R ) (1)
2Re

where R, is the radius of cutter trajectory, mm;

e is the displacement of whirling head rotation centre relatively to the centre of workpiece
rotation, mm;
R is the screw surface inner radius mm.

Results of the investigation

In the process of screw surface whirling cutting there is mutual movement of the
workpiece and the cutter, resulting in the formation of the machined surface, which is
determined by a certain geometric curve. The distance between successive turns of the curve
within the workpiece determines the thickness of the metal layer, cut during one period of
contact between the workpiece and the cutter. In order to find the trajectory of the mutual
movement of the workpiece and the cutter, let us consider the calculation scheme shown in
Figure 3.
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K

Figure 3. Calculation scheme for determining the trajectory of mutual movement of the workpiece and the
cutter in the screw surface whirling process

The relative motion is considered in the scheme shown in Fig. 3, thus the workpiece is
assumed to be stationary, and the whirling head rotates around its own axis and the workpiece
axis, while the speed of whirling head rotation velocity around the workpiece axis is equal to
the velocity of workpiece rotation.

Coordinate system y:O1x: is given the rotational motion around the center of the
workpiece O1. Coordinate system yfOsxs is assumed to be stationary and attached to the machine
frame on the axis between the front and rear center. Coordinate system ys02X3 rotates around
the center of the whirling head O, where coordinate system y.Ox> is shifted relatively to
coordinate system y:Osxs by value e of the whirling head rotation center relatively to the
workpiece rotation center and moves along axis z».

Vector pj of the cutter tip in coordinate system y.O2Xz is presented in parametric form:
p=[0 -R, 0 1]. )

The equation of the trajectory of mutual movement of the workpiece and the cutter in
coordinate system ysOsxs is determined by the formula:

B, (9) = p,-Mr3 - My, 3)

where Miss is the transition matrix determining the displacement of the center of whirling head
rotation relatively to the center of workpiece rotation along xr axis in coordinate system ysOsxs
from the origin of coordinate system O and the whirling head rotation around z; axis;
M, is the transition matrix determining the rotational motion of the whirling head relatively
to z¢ axis with the workpiece rotation velocity.

The transition matrix determining the rotational motion of the whirling head relatively
to zr axis.
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cose, —sing,
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where ¢, is the angle of coordinate system y1O1x; rotation relatively to zf axis.

Vector between the origin of the whirling head and fixed coordinate system ysOsxs on
the plane is as follows:

0,0,=[-e 0 0 1. (5)

Accordingly, the transition matrix determining the displacement of the center of the
whirling head rotation relatively to the center of the workpiece rotation along xf axis in
coordinate system yfOsxs from the origin Oz and the whirling head rotation around z, axis has
is (taking into account that the whirling head rotates in the opposite direction of the workpiece
rotation):

—-cos¢p, sing, 0 -—e
— —sin —C0s 0 O
Mirs = ?; ?; , ©6)
0 0 1
0 0 0 1
where ¢, is the angle of coordinate system y3O2xs relatively to z; axis.
We obtain the resulting matrix as the product of matrices (4) and (6):
K/isl = K/ifS 'K/ifl 1
—COS@, COS @, +Sin@,sing, Ccose,sing, +sing,cosp, 0 —ecosq,
— —sin @, cos g, —cos @, Sing, —COS¢,CoS, +sing,sinp, 0 —esing,
M3y = ) (7
0 0 1 0
0 0 0 1

Let us determine the trajectories of mutual motion of the workpiece and the cutter in
coordinate system ysO¢xs as the product of the resulting matrix (7) and vector p, of the cutter
tip in the coordinate system y>02x> (2)

—R, (cos ¢, sin g, +sin @, cos ¢, ) —ecos e,

— —R, (—cos @, cosg, +sin@, sing, )—esin @
pz((P): l( 1 2 0 1 2) 1. (8)

1

The angles of coordinate systems rotation are determined by the following formulas:

¢, =t 9
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¢, = m,t, (10)

where o, is the workpiece rotation velocity rad/s;
o, is the whirling head rotation velocity rad/s.

Then we obtain the equation of the trajectory of mutual motion of the workpiece and the
cutter in coordinate system ytOsxs in parametric form

X; (t) = =R, (cos (w;t)sin (,t)+sin (m,t)cos (w,t))—ecos(wt); (11)
Y (t) = =Ry (—cos(wt)cos(w,t)+sin (w;t)sin (o,t))—esin (o).
In this case the inner radius of the screw surface is determined by equation
R=R —e. (12)

Based on equation (11), graphs of the trajectory of mutual movement of the workpiece
and the cutter (Figures 4 and 5) for different speeds of rotation of the workpiece and the whirling
head are constructed. Figures 4 and 5 show that the increase of the rotation velocity of whirling
head results in the decrease of the thickness of metal layer, cut during one period of contact
between the workpiece and the cutter. The graphs also show that the ratio between the rotational
velocity of the whirling head and the workpiece is decisive. The greater this ratio, the smaller
the thickness of the cut layer. In Figure 4, the thickness of the cut layer is 0.4 mm at ®, =50

rad/s, and in Fig. 5 it is 0.2mm at », =100 rad / s.

Figure 4. Graphs of the trajectory of relative movement of the workpiece and the cutter R, =7 mm,
e=2mm, o, =2radls, ®, =50 rad/s, t=2 s.: 1 — the circle of screw surface inner radius;
2 — the circle of screw surface outer radius; 3 — the cutter trajectory
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Figure 5. Graphs of the trajectory of relative movement of the workpiece and the cutter R, =7 mm,
e=2mm, o, = 2rad/s, o, =100rad/s, t = 2 s.: 1 — the circle of the screw surface inner radius;
2 — the circle of the screw surface outer radius; 3 — the cutter rajectory

If we take into account the movement of the whirling head along the workpiece, then
the vector between the origin of the whirling head and fixed coordinate system yfOsxs on the
plane is written as follows:

P T
ofozz[—e 0 2—‘21 1} . (13)

Performing transformations similar to the previous ones, we obtain the equation of the
trajectory of mutual movement of the workpiece and the cutter in the coordinate system ysOsxs
in parametric form, taking into account the movement of the whirling head along the workpiece

X; (t) = =R, (cos (@t )sin (w,t)+sin (colt)cos(mzt))—ecos(oolt) ;

Y (£) = =R, (—cos (o) cos(w,t)+sin(m,t)sin (o,t))—esin(ot); (14)
z¢(t) = P;)_clt :

Based on the parametric equation (14), the graph of the trajectory of mutual
movement of the workpiece and the cutter is constructed, taking into account the movement
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of the whirling head along the workpiece (Fig. 6). The graph shows that during the mutual
movements of the whirling head and the workpiece is formed by cutting the screw surface.

Figure 6. Graph of the trajectory of relative movement of the workpiece
and the cutter taking into account the movement of the whirling hrad along the workpiece

Conclusions. The investigation of the parameters of the process of screw surface
whirling cutting is presented. The equation of the trajectory of mutual motion of the
workpiece and the cutter in parametric form taking into account the movement of the whirling
head along the workpiece, using multiplication of the vector of the cutter tip on the transition
matrix, determining the displacement of the vortex is obtained. Appropriate graphs are
constructed, making it possible to come to the conclusion that the increase
of the speed of the whirling head results in the decrease of the thickness of the metal
layer, cut during one period of contact between the workpiece and the cutter. The graphs also
shows that the ratio between the rotational velocity of the whorling head and the workpiece
is decisive. The greater this ratio, the smaller is the cut layer thickness. The obtained equations
make it possible, using the appropriate application software, to determine and predict the
shape and thickness of the material cut layers of the cylindrical workpiece with each whirling
head cutter based on the constructed graphs, visually observe the change of trajectory while
changing cutting modes and surface parameters of the machined surface.
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JOCJIIKEHHA TEOMETPUYHUX TAPAMETPIB ITPOLHECY
BUXPOBOI'O HAPI3AHHA I'BUHTOBUX ITOBEPXOHb

Anapiit Isuyn; Bacunb Bacuabkis; Ouier KopoJib; Booaumup
Muxaiisawok; IBan I'onoBaTuii; Auapii Kypacs

TepHoninbcokuul HAYiOHATLHUU MeXHIYHUU YHigepcumem imeni leana [lynos,
Tepnonins, Ykpaina

Pe3ztome Po3kpumo, wo 0OHUM i3 npozpecusnux cnocobie hopmoymeopents 28UHMOBUX NOBEPXOHb €
npoyec 8UXpP0B020 HAPI3Y8AHHA, WO 00380IE POPMYBAMU 2BUHMOB] NOBEPXHI HA 306HIWUHIN YUNTHOPUYUHIL
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Investigation of geometrical parameters in screw surfaces whirling process

NnOGepXHI 3a OOUH NPOXIO HA MOKAPHOMY 6epCmami, UKOPUCMOGYIOYU KilbKa pizyie. 11i0 uac pisanns modcHa
peayniogamu MOGWUHY WaApy Memany, wo 3pi3yemvcs 0OHUM pisyeM 34 PAXyHOK 3MiHU wacmom obepmanHa
3a20MO6KU Ma BUXPOBOI 207106KU. B npoyeci 6uxpoeozo napizysants 26unmogoi nogepxui 6i00y6acmucs 63aEMHUL
PYX 3a20MmO06KU ma pizys, wjo npu3eooumsv 00 Qopmyeanns 06pobIeHoi no8epxHi, AKA BUZHAYAEMbCS NEGHOIO
2e0MempUIHOI0 Kpueoio. Biocmans midic nocnioogHumMu 6UMKAMU KPUBOT 8 MedHCax 3a20MOGKU GUSHAYAE MOGUJUHY
wapy memany, wo 3pi3yemvbCa 3a 00UH Nepiod KOHMAKmMy Midc 3a20moekolo ma pizyem. IIpeocmasneno
00CiOJNHCEHHs. napamempie npoyecy GUXpo6o20 HAPI3YEAHHS 2GUHMOBUX NOo6epXOHb. OMmMpuUMAHO DIiGHAHMS
MpAcKmMopii 834EMHO20 PYXYy 3A20MOGKU MaA pi3ys y Napamempuyniu Qopmi 3 ypaxyeanHam nepemiujenis
BUXPOBOT  20106KU  63008JC  3A20MOBKU, GUKOPUCMOBYIOUU MHOJICEHHS 6EKMOpPA GePUWUHU  Pi3ys HA
mampuyi  nepexooy, WO 6USHAUAIOMb 3MiWeHHA YeHmpy O00epmaHHsA 6UXposoi 20106Ku  8IOHOCHO
yenmpy 00epmanHs 3a20MO6KuU, 00epmMo8020 PYyXy 6UXPOBOI 20N06KU MA NepemijeHHs GUXPOBOI 207106KU
630060ic 3aeomosku. [106y006ano 6i0no6ioHi epaghiku, sKi 00360/1810Mb 3POOUMU BUCHOBOK, WO RIOBUUJECHHS
yacmomu 00epmanHs BUXPOBOI 20106KU NPU3EOOUNb 00 3MEHUIeHH MOSWUHY Wapy Memany, wo 3pi3yemvcs
3a 00UH nepio0 KOHMAKmMY Midc 3a20mogkoro ma pisyem. Taxooic epagiku noxasanu, wo GUSHAYATLHUM
€ CRigBIOHOWEeHHSL MidiC yacmomamu o0Oepmans BUXposoi 2onoeku ma 3acomosku. Hum Oinbuie make
CNiBGIOHOWIEHHS, MUM MEHWOIO € MOBWUHA 3pi3an020 wiapy. Ompumani pieHAHHS 003601A10Mb, GUKOPUCTOBYIOUU
8I0N0GIOHE NPUKIAOHE NPOSPAMHeE 3a0e3neueHHs, BUSHAYAMU U NPOSHO3Y8amu QOopmy i MOGUJUHY 3DI3AHUX WIAPIE
mamepiany YUmrHOPUYHOT 3A20MOBKU KOJNCHUM pIi3yeM UXPOBOI 20/106KU HA OCHO8I N06OYO008aHUX 2paghikis,
8I3YAIHO CoCmepieamu 3MIiHY MPAEKMopii pyxy pizys npu 3miHi pedcumie pi3anHs ma napamempie 06podieHol
NOGEpPXHI.
Knwouoei cnoea: 26unmosa nogepxus, mpackmopis, npoyec 8UXpo8020 HAPI3yE8anHs, GUXPO8A 20106KA.
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