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Analysis of the forces acting from the side of the
magneto-abrasive tool on parts being machined
during magneto-abrasive machining in conditions
of the annular bath with large working gaps
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Background. For effective magneto-abrasive machining (MAM) of complex-shaped parts, comprehensive information is needed on
the processes that occur when the magneto-abrasive tool (MAT) contacts with the surfaces being machined. Effective magneto-abrasive
machining occurs in the presence of sufficient values of the normal and tangential components of the interaction forces between the
MAT and the machined surfaces and the powder mixing during machining. Previously carried out analytical studies of dynamic pa-
rameters did not take into account the real conditions of the interaction of grains and their groups with machined surfaces.

Objective. Complex analysis of the processes that occur during magneto-abrasive machining of parts made from different types of
materials, based on the results of the study of the friction forces between the magneto-abrasive tool and the surface being machined
and the drag forces during the movement of parts in the working zone of the machine.

Methods. To achieve the set goal, the forces acting on the samples during their magneto-abrasive machining were measured with
subsequent analytical analysis.

Results. The complex analysis of the processes occurring during MAM in conditions of the annular working zone with large working
gaps of parts made of various materials was carried out based on the results of the study of the friction and drag forces that occur
when the part moves relative to the magneto-abrasive tool.

Conclusions. It has been determined that when machining non-magnetic samples at the constant value of the magnetic field in the
working zone, the specific drag forces are practically independent of the shape of the used powder. According to the analytical repre-
sentation of the friction and drag forces, their ratio between their specific values was calculated. By the nature of the change in this
ratio, it was found that it decreases with an increase in the velocity of samples movement along the working zone, and with an increase
in the angular velocity of rotation of the samples around its axis, this value increases in the studied velocity range. It has been deter-
mined that at the velocity of movement along the working zone of 2.2 m/s, there is a slight increase in the ratio between the specific
forces of friction and drag, which is associated with the action of ponderomotive forces that appear near the surface of the machined
parts and lead to an increase in local magnetic forces in these zones.
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Introduction

The implementation of a high-performance finishing
process of magneto-abrasive machining (MAM), espe-
cially parts of complex spatial configuration, such as an
end and axial cutting tools, carbide inserts, blades of gas
turbine engines is impossible without comprehensive in-
formation about the cutting magneto-abrasive tool (MAT),
which is formed in the working zones of machines during
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the MAM process. Herewith, an important aspect is com-
pliance with the three main conditions, the fulfillment of
which is necessary to ensure an effective MAM process
[1]. Due to this, the necessary information is data on the
normal and tangential forces that arise in the zones of direct
contact of the MAT with the surfaces being machined. An-
alytical analysis of these forces makes it possible to evalu-
ate them based on the kinematic and dynamic features of
the MAM process, but does not take into account the spe-
cifics of the MAT formation, which are largely determined
by such characteristics as the shape and size of particles of
ferroabrasive powders, magnetic properties, both of the
part itself and of MAT, factors associated with adhesive
interaction, which appears itself in the pair of MAT-mate-
rial of the workpiece, specific processes occurring during
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the structuring of MAT, its movement and reshaping oc-
curring in the process of MAM.

The aim of the work was the conducting a compre-
hensive analysis of the processes occurring during MAM
under conditions of large working gaps of the annular type
of parts made of various materials, carried out on the basis
of the results of the study of friction forces in a pair of
MAT-machined surfaces and drag forces of MAT on the
moving in the working zones of parts.

A large number of researches in these areas are pre-
sented in [2—4]. However, they allowed, to a certain extent,
to identify the main directions and tasks of further work.
Systematic studies on the study of the frictional interaction
of MAT formed from powders of different types and sizes
of particles with cylindrical samples with a diameter of
16 mm, made from various materials, such as ferromag-
netic steel X40Cr13, paramagnetic alloys VT8 and 2024,
diamagnetic alloy Bronze during MAM in the annular
working zone with working gap 35 mm wide, presented in
[5], made it possible to identify the MAM conditions under
which the formation of a quasi-stable MAT is ensured, and
wedging zones are formed in the MAT.

The experimental results obtained for the above-
mentioned materials, various MAM conditions and pow-
ders used made it possible to determine functional relation-
ships between the specific friction force and the velocity of
rotation of samples around the axis of the annular working
zone and around its axis at fixed values of magnetic induc-
tion in the working zone of installation with the large an-
nular working gap. Herewith, it was shown that the influ-
ence of the magnetic field and the frequency of rotation
around the axis of the annular working zone in the studied
ranges on the specific friction in the pair MAT- the surface
of the part is insignificant, while the type, shape and size
of the particles of the magneto-abrasive powder, as well as
the velocity of rotation of the parts around its axis, are de-
cisive, especially during MAM of ferromagnetic parts. The
experimentally obtained data, presented as functions of the
change in the specific value of the friction force on the ve-
locity of rotation around the axis of the annular working
zone and the velocity of rotation around its axis for various
MAM conditions and for used powders, were approxi-
mated by polynomial functions of the form:

Fp =4y + 40V +A02Vb2 + AoV, + AV,

aw

+A12V;sz02 + 4y Vazw +4, Va2on + 45 Vo2 Vazw > (1)

where F; — the value of the specific friction force, kPa,
Vy— the velocity of samples rotation around their axis, m/s,
Vaw— the velocity of samples movement along the annular
working zone, m/s,
A — the coefficients of the approximating polynomial
(Table 1).

The largest standard error of approximation did not
exceed 9%.

Studies of the specific drag forces exerted by the
MAT on samples moving in the annular working zone

showed that, at fixed values of the magnetic field in the
working zones for non-magnetic samples from various al-
loys, the drag forces are almost the same when using both
splintered and rounded powders [6]. Therefore, further
studies were carried out by comparing the results obtained
on non-magnetic titanium alloy VT8 and ferromagnetic
steel X40Crl13.

It was found that during the MAM of ferromagnetic
samples, the velocity of their movement in the working
zones does not affect the drag forces. A similar result was
also obtained with MAM of non-magnetic parts when us-
ing powders with a particle size more than 300 um for the
MAT formation. The machining samples made from non-
magnetic materials by powders with a particle size of
200/100 um shows a slight increase in drag forces (up to
10%) with an increase in the MAM velocity, which can be
attributed to an experimental error and requires additional,
more thorough studies.

Thus, it can be argued that the determining factor in-
fluencing the magnitude of the specific drag forces in the
studied ranges of conditions of the MAM process is the
magnitude of the magnetic induction in the working zones
of the setup, which significantly affects the coefficients of
internal friction in the MAT [2]. Similar determined regu-
larities, apparently, are associated with the peculiarities of
the movement of the MAT in the mode of flow around the
machined surfaces and the processes associated with the
structuring of the MAT in the working zones, the formation
of quasi-stable compacted formations on the frontal sur-
faces, which will largely affect on the drag forces exerted
by the powder MAT on the moving samples in it. Thus, the
drag forces obtained during MAM with the rounded Po-
limam-M powder are significantly higher than when ma-
chined with Ferromap powder, whose internal friction co-
efficient is 76.3—84.1 kPa/T, against 114.6—-120.9 kPa/T for
Polimam-M [2].

It was shown that in the case of MAM of non-mag-
netic materials, the specific drag forces are 1.2—1.45 times
lower than in the case of machining samples made from
ferromagnetic steel.

The experimental results obtained for various MAM
conditions were presented in the form of surface topograms
of changes in the specific drag forces depending on the
magnetic induction and the velocity of movement of the
samples along the annular working zone. Typical topograms
are shown in Fig. 1 for different MAM conditions of mag-
netic and non-magnetic samples by Ferromap and Polimam-
M powders with particle sizes of 200/100 and 400/315 pm.

The results obtained are approximated by polyno-
mial functions of the form:

2
Fdrag = COO + COIB+ COZB + CIO aw + CIIBVaw

+Co, B’ "'CzoVa2

w

+Cy V2B, )

W

where F,,, is the value of the specific drag force from the

side of the MAT to the samples moving in the annular work-
ing zone, kPa,
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B — the value of magnetic induction in the working gaps of
the machine, T,

Cj — the coefficients of the approximating polynomial
(Table 2).

The largest standard error of approximation did
not exceed 18%.

Having the analytical representation of the functions
of changes in the values of the specific friction forces in the
pair MAT-surface of the part and the drag forces exerted by
the MAT on the moving parts, it is possible to calculate the
ratio between the specific forces of friction and drag —
Fy / Fj4g=M . The value of m is an analog to the coeffi-

Table 1. Values of coefficients 4; in equation (1)

cient of friction between the machined surface and the
magnetic abrasive tool formed during the MAM process.
The parameter 1 will depend on the physical characteris-

tics of the machined surfaces and the material of the mag-
neto-abrasive powder, the shape and size of the particles,
their tribotechnical characteristics and, to a large extent, the
conditions of movement and the features of the contact in-
teraction of the MAT particles with the machined surfaces,
which are associated with the specifics of the formation
and movement of individual groups of particles — repre-
sentative volumes formed in the MAT during MAM, espe-
cially near the machined surfaces. According to the nature

2l & o €
| 2| B5d @ .
= 5 29 o E Coefficients
g ke} =y k31 © =
5l 2|22 | &
A~ - o ~ Aoo Aoi Aoz Ao A A A20 Azi A2
2‘ N, 200/100 | 210.5 1356.2 -34.1 -204.7 | -160.6 | —609.6 54.4 —43.2 227.7
g = 400/315 | 319.4 | 3133.1 | —4095.8 | -304.5 | —1009.4 | 2090.7 73.1 120.9 —347.1
o % S 200/100 69.7 2409.1 | 13493 | 474 | -1381.9 | 1252.5 11.7 274.1 -303.5
5 A~ = 400/315 | 218.5 | 4929.3 | —6760.1 | —187.5 | —2375.9 | 4266.0 40.8 390.7 —782.3
§ = N 200/100 78.8 1753.3 | -226.9 —77.0 | —14542 | 705.1 19.7 365.0 -252.1
g < 400/315 14.6 1033.0 49.6 —-18.7 —634.2 330.2 10.5 157.9 -118.6
E g 200/100 9.2 1208.7 904.2 4.0 -766.5 | —417.8 -1.9 171.4 32.6
< 400/315 | -20.5 1162.3 -96.1 31.0 —654.0 497.1 -2.6 145.8 —-150.8
E‘ I 200/100 61.5 1111.1 | -1719.5 | —64.2 —120.6 492.5 14.3 23.0 —72.4
g < 400/315 | 173.0 1052.2 | —1811.0 | —126.8 451.6 -199.4 26.5 —140.3 154.8
E s 200/100 73.5 1386.6 | 24712 | -67.4 —86.2 921.2 13.4 -20.6 -124.8
& & S 400/315 | 188.2 901.8 | —1637.2 | —143.6 942.7 —837.7 30.1 -276.2 334.7
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§ & S 400/315 | 188.7 | 2243.1 | -3860.4 | —118.3 —65.6 1013.4 21.5 -71.9 —42.9
§ = g 200/100 | 124.9 1355.3 | —1965.5 | —101.8 | —633.8 1100.6 21.7 124.8 -201.1
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2‘ N 200/100 | 141.1 2019.4 | -2975.3 | —-129.2 | —-669.6 | 1381.0 29.0 95.5 -194.6
g < 400/315 | 142.7 1275.1 | —1821.6 | —1349 | -222.3 584.2 30.5 32.9 —82.1
E S 200/100 97.8 2289.4 | -35943 | -73.5 —755.0 | 1848.8 13.9 103.6 -285.9
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% < 400/315 | 136.0 1310.3 | —1863.7 | —104.4 56.1 206.9 27.9 -94.2 113.5
E g 200/100 76.8 1601.3 | —2417.1 | —72.5 —700.6 | 1395.1 18.0 116.3 —233.6
< 400/315 94.1 2171.4 | -3352.8 | —-56.3 -739.9 | 1706.0 15.3 117.5 -281.3
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Fig. 1. Change in the specific drag force depending on the magnetic induction in the working gaps and the velocity
of samples movement along the annular working zone during MAM using Ferromap powder (400/315 um) —
a, b and Polimam—M powder (200/100 um) — ¢, d samples from non—magnetic materials — a, ¢ and ferromagnetic
materials — b, d
Table 2. Values of coefficients Cj; in equation (2)
= .
= Coefficients
= Powder Particle
E type size, pm
& C00 Co1 C02 C10 Cl1 C12 C20 C21
g2« 200/100 | 1310.2 | —10924.8 | 28566.0 | —42.9 338.6 —524.7 3.5 -26.2
25 Plimam-M
R 400/315 | 2287.4 | —20796.3 | 544889 | -173.5 | 2659.4 —8138.5 | —55.8 | 228.7
g 5 200/100 | 643.6 —4668.2 13216.5 152.3 | —1436.3 3243.8 -6.8 31.8
= o
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.2 200/100 | 1162.4 | —10051.9 | 25962.6 -3.0 30.3 73.1 -1.3 0.9
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=
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z 400/315 | 7913 —6667.1 19085.5 | 2024 | —-1401.4 2551.6 —26.2 94.4
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of the change in the value of m, it was found that with an

increase in the velocity of samples movement along the an-
nular working zone, basically, its monotonous decrease
takes place. An increase in the velocity of samples’ rotation
around their axis leads in the range under study to the al-
most proportional increase in the value of 1. It was deter-

mined that when the velocity of samples movement along
the annular working zone is more than 2.2 m/s, there is a
slight increase in the ratio between the specific forces of
friction and drag, which, apparently, is associated with
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the action of ponderomotive forces [2], which occurs near
the surface of the machined parts and leading to an in-
crease in local magnetic forces in these areas. Nature of
dependences of the change in the parameter 1 during

MAM of samples from various materials depending on
the velocity of their rotation around the axis of the an-
nular working zone by powders of different types and
with different particle sizes at velocities of parts rotation
around their axis varying from 0.1 to 0.3 m/s are pre-
sented in fig. 2.
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Fig. 2. Change of the parameter | depending on the rotation velocity around the axis of the annular working zone
and the rotation velocity around its axis during MAM by Polimam-M powder: a, c, e, g, Ferromap powder: b, d,
£, h with particle sizes of 200/100 pm: b, d, e, f, g and 400/315 pm: a, ¢, h
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The analysis of the obtained results showed that the
highest values of the ratio between the specific forces of
friction and drag take place at MAM by powders with a
particle size of 200/100 pm for both splintered and rounded
particles, which confirms the previously obtained results.

Conclusions

The complex analysis of the processes occurring
during MAM under conditions of large working gaps of the
annular type of parts made of various materials was carried
out, based on the results of the study of friction forces in a
pair of MAT and machined surfaces and drag forces ex-
erted by MAT on parts moving in working areas. It was
shown that at fixed values of the magnetic field in the
working zone for non-magnetic samples from various al-
loys, the specific drag force was practically the same when
using both splintered and rounded powders of various
types. According to the results of the analytical representa-
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AHaJI3 CWI, 10 AiKOTH 3i CTOPOHM MATHITHO—a0pPa3uMBHOI0 IHCTPYMEHTY HA
00po0./II0BaHi JeTaJti NpU MarHiTHO—a0pa3uBHOMY 00p00JIeHHI B yMOBax
KiJIbIIeBOI BAHHHU 3 BEJIUKHUMH POOOYHUMHM 3230PaMu

B.C. Maii6opona!, JI.IO. xyaiii!, K.O. 3acraBebkuii!
VKT im. Izops Cikopcokozo, Kuis, Ykpaina

Ilpoonemamuxa. [{na edhexmugrnozo macHimuo-abpazusnozo obpobnenns (MAO) oemaneii cknadnoi popmu HeobXiOHa euuepnHa ix-
Gopmayia npo npoyecu, AKi 8i00ysarOmMvbCs Npu KOKMAKmi MacHimno-abpaszueno2o incmpymenmy (MAIL) 3 06pobrosanumu nosepx-
namu. Egpexmuene macnimno-abpasusne obpodnens 6iobysacmocs npu HAsI8HOCMI 00CMAMHIX 8eIUYUH HOPMATLHOL A maH2eHYili-
Hol' cknadosux cun 63aemoodii MAI ma 06pobniosanux nosepxonb ma nepemiuysanis NOPOuKy 6 npoyeci 06pobnenns. Buxkonani pa-
Hiwe aHATIMUYHE O0CTIONCEHHSA OUHAMIYHUX NAPAMEmPI8 He 8PAX08YIOMb PealbHUX YMO8 63AEMOOIL 3epeH ma ix epyn 3 00poo0ea-
HUMU NOGEPXHAMU.

Mema. Komnnexchui ananis npoyecie, sKi 6UHUKAIOMb NPU MASHIMHO—A0pA3UeHOMY 00poOaeHHi Oemanell 8U20MOBIEHUX 3 PIZHUX
Munie Mamepianis, 3a pe3yrbmamami. O0CIIONCEHHS CUTL MEPML MIdHC MASHIMHO—AOPA3USHUM IHCIPYMEHMOM ma 0OpoObII08aHOI0 NO-
6epxneio ma 3a cunamu 10606020 onopy npu pyci demaneti 8 pooouiil 301i epcmamy.

Memoouka peanizauyii. [{1a 0ocacrents nocmagienoi memu UKOHY8AL0C, BUMIDIOBAHHS CUT, WO Oll0Mb HA 3pA3KU NIO Yac ix macHi-
MHO—abpa3ueHo20 0OPOOIEHHS 3 HACMYRHUM IX AHATTMUYHUM AHATIZ0M.

Pesynomamu. Buxonano komniekcHuil ananis npoyecie, saxi 6iooysaromocs npu MAO 6 ymosax eenuxux pobouux 3a30pie Kilbyeso2o
muny oemaneii, 6USOMOBIEHUX 3 DISHUX MAMEPIANi6 3a pe3yIomamami O0CIIOHCEHH CUL mepms ma 10606020 ONOPY, AKI BUHUKAIONb
npu pyci 0emai 8i0HOCHO MACHIMHO—AOPA3UBHO20 THCMPYMEHM)Y.

Bucnoeku. Bcmanosneno, wjo npu 00pobienti nemacHimHux 3pasKkie npu NOCMIUHIN 6eUYURI MACHIMHO20 NOSL 8 POOOYIL 301 CUTU
nUMOMO020 10606020 ONOPY NPAKMUYHO He 3aNeHCamb i0 PopMU GUKOPUCHIOBYBAHO20 NOPOWIKY. 3a AHANIMUYHUM NPEOCMABIeHHAM
Cu mepms ma onopy po3paxoeano ix CiegiOHOUEeH A MIdIC RUMOMUMU X eenudUHAMU. 30 XApaAKMepoM 3MIHU YbO20 CNIBGIOHOWEHHS
6CMAHOBACHO, WO BOHO 3MEHULYEMbCA 31 30IMbUEHHAM WBUOKOCHI PYXY 3PA3Ki8 630080ic po60oU0i 30HU, a 31 30IIbUWEHHAM KYMOBoi
weuoKocmi 0Oepmants 3pasKie HABKOI0 61ACHOT OCI YA GeTUUUHA 30ITbULYEMBCA 8 OOCTIONCYBAHOMY Jlana3oHui weuokocmel. Bema-
HOBNIEHO, W0 NPU WEUOKOCE PYXY 630069 po6ouoi 30Hu 2.2 M/c Mae Micye HEe3HAUHE 3POCMAHHS GeNUYUHU CNIGEIOHOULCHHS MIdIC
NUMOMUMU CUTAMU MEPIA MA ONOPY, W0 NO6'A3aHO 3 JI€I0 NOHOEPOMOMOPHUX CUT, WO NPOAENAIOMbCA NOOIUZY NOBePXHI 06POOIO-
sanux demarneil i NPU3BOOAMb 00 30LNbUIEHHS TOKANLHUX MASHIMHUX CUT 8 YUX 30HAX.

Kniouosi cnosa: maznimno—abpaszugne o0pobients, cuia mepmsl, cuid 10606020 OROPY, MASHIMHO—AOPAZUGHULL IHCIPYMEHM, Ma2e-
HIMHA [HOYKYISL.
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