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Flat surfaces machining by the magneto-abrasive

method with permanent magnet end-type heads

2. The influence of the design of the working

surfaces of the heads on the effectiveness of the magneto-
abrasive machining

V. S. Maiboroda' e D. Yu Dzhulii! e A.I. Zelinko?> e A. O. Burikov!

Received: 23 September 2020 / Accepted: 24 November 2020

Abstract. Investigation of the magneto-abrasive machining process of flat surfaces of parts made of ferromagnetic material steel 45
by the end heads based on high-power permanent magnets, which form the magneto-abrasive tool of the "brush" type, was carried out.
For ensuring the high efficiency of the magneto-abrasive machining process, an analysis of the machining by heads on the working
surfaces of which located protrusions of various shapes, sizes and configurations was carried out. Twelve types of working surfaces
were investigated. The control of magneto-abrasive machining process efficiency was curried for the changing of the parameter Ra,
the value of the relative roughness and the rate of its change, the size of the surface's relative reference profile length from the section
level of the formed microprofile and the parameter of geometric heredity obtained during the machining. It has been determined that
the most rational design of the working surface of the end head with the magneto-abrasive tool of the “brush” type was the surface
with 9—12 radial triangular protrusions located on it. Using of such heads provides a highly efficient form of the roughness of machined
surfaces with Ra < 0.03 um with an initial Ra of 0.8 um obtained after face milling. At the same time, microwaves had been formed
after milling was almost eliminated. The kinetics formation of the relative reference profile length from the section level was analyzed
by the nature of its size change. It was shown that at the initial stage, the predominant removal of micro peaks had occurred, and then
micro valleys were actively machined with further smoothing of the microprofile.

Keywords: Magneto-abrasive machining, end-type magnetic heads, working surfaces, efficiency, roughness.

Introduction

Recently, considerable attention has been paid to the
implementation of the method of magneto-abrasive ma-
chining (MAM) of parts of various shapes using heads with
the high-power permanent magnet. This is due to the fact
that such an approach to the method of magneto-abrasive
machining does not require the creation of complex and
bulky electromagnetic devices, and the heads themselves
are quite mobile and without special restrictions can be
used on standard metalworking equipment as a specialized
movably coordinated abrasive tool.
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In the scientific and technical literature, publications
are widely presented about the calculation and forecasting
of the capabilities of such devices [1, 2], but without further
analysis of the ways of their technical implementation in
the process of real machining. The work [3] describes in-
dividual results obtained during the machining of the inner
surfaces of carbide draw plates using cylindrical heads con-
sisting of a set of ring magnets fixed on a rod made of par-
amagnetic material. The presented results indicate that this
approach is promising for the implementation of the MAM
method. The machining of flat surfaces of parts made of
both ferromagnetic and paramagnetic materials is de-
scribed in [4, 5]. The real possibility of obtaining the sur-
face with a roughness Ra < 0.05 pm after finish MAM was
shown. However, the presented information is significantly
limited both by the specific technological machining con-
ditions and by the design features of the used heads. It
should be noted that the data available in the scientific and
technical literature related to the use of heads with the per-
manent magnet in the technological process were obtained
with a sufficiently long technological machining time — 5 —
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10 minutes or more. Which is not entirely consistent with
most works in the field of MAM, where the rational ma-
chining time does not exceed 60 — 240 s [6-9].

It was previously established that to ensure the ef-
fective MAM process, three conditions must be met [10].
Under these conditions, depending on the machining tasks
being set, the possibility of achieving the corresponding
values of the normal — V'n and tangential — 'z components
of the speed of the relative movement of particles of the
magneto-abrasive tool (MAT) and a surface of the part. If
the first of the tasks of creating the necessary conditions for
pressing the particles of the magnetic abrasive to the ma-
chined surface is largely determined by the characteristics
of permanent magnets, that are used in the magnetic heads
and the conditions for the concentration of the magnetic
field in the working gap, then to obtain the necessary
speeds of relative movement of the MAT particles and the
surface of the part, it is reasonable using of special designs
of magnetic heads. Special structural elements of magnetic
heads, made on their working surfaces, should have an ad-
ditional effect on the portions of magneto-abrasive powder
(MAP) in the working gaps, ensuring the fulfillment of the
conditions under which the speed of movement of MAP
particles along the working surfaces of the head will be
minimal, but sufficient for mixing powder during the entire
machining cycle, and the speed of movement of particles
relative to the machined surface will be minimally different
from the speed of the main working movement of the head
— rotation around its axis. One of the ways to fulfill these
conditions can be using protrusions of various shapes and
configurations, made on the working surface of the end
magnetic heads. The choice of the rational protrusion's
shape, size and nature of their location on the working sur-
face of the heads is undoubtedly an urgent task. Previously
carried out preliminary experimental studies [11, 12] made
it possible to determine the direction of further work.

The goal of the work was to determine the most
rational design of the working surface of the end-type mag-
netic heads, the use of which in the machining of ferromag-
netic parts will ensure an effective process of finish MAM.

Experimental researches

For MAM of flat surfaces, that were obtained after
face milling by cutters with a working diameter of 250 mm,
with Ra = 0.8 um on samples made of steel 45 were used
end heads in the shape of a "brush" made of high-power
neodymium magnets in the form of a cylinder with 40 mm
in diameter and 20 mm high located in a diamagnetic man-
drel [11]. The machining was carried out with Ferromap
powder with the particle size of 630 /400 um, which has
proven itself in previous studies, at the head rotation fre-
quency of 900 rpm, the working gap of 3 mm, and the var-
iable feed rate in the range of 10 — 35 mm/min. To assess
the effectiveness of the MAM process were analyzed the

nature of the change in the value of the parameter Ra and
its relative change

ARa = (Rinitial — Rfinal) / Rinitial,

where Riniiar s the value of the Ra parameter before MAM,
after milling and Ry is the value of the Ra parameter after
MAM. The specified parameters were determined both
along and across the direction of face milling. In order to
assess the features of the change in roughness along —
Ra“°"¢ and across — Ra“"* the direction of face milling,
were analyzed the value that makes it possible to roughly
estimate the anisotropy of the change in the parameter Ra
on the machined surfaces

A(Ra) — Raalong _ Raacross’

i.e. by the value of A(Ra) can be, to a certain extent, as-
sessed the decrease in the value of geometric heredity from
the previous machining.

For the creation of the various shaped protrusions
and configurations on the working surfaces of the end
heads, special replaceable cylindrical attachments with a
diameter of 50 mm were used, that were made of high-
strength plastic on a 3D printer. These attachments were
mounted on the working surface of the head. The appear-
ances of the investigated types of attachments with protru-
sions on the working parts are presented in table 1. The
height of the protrusions above the flat working surface
was 2 mm.

The nature of the change in the value of the relative
roughness 4Ra after MAM with heads with various attach-
ments and directly the value of the parameter Ra both along —
Ra“"¢ and across the direction of milling before MAM —
Ra“" are presented in table 2.

The analysis of the carried out studies showed that
the obtained dependences of the change in the value of the
relative roughness 4Ra on the cross-feed rate of the wor-
king head without a significant loss in accuracy can be
described in the above ranges by linear functions of the
form:

ARa=ky -s

where s is the speed of the cross-feed of the head, &y is the
proportionality coefficient, which shows the rate of change
of the parameter ARa depending on the feed of the working
head during MAM.

It was defined that the change in the &y value with an
increase in the feed rate of the head or, in other words, with
a decrease in the contact time of the working surfaces of
the heads, on which the MAT is formed, with the
machined surfaces has the negative character. The calcu-
lated ky values for the studied types of heads with attach-
ments are presented in table 3. The carried out the simulta-
neous analysis of the change in the roughness value from
the feed rate showed that the smallest roughness after
MAM with various heads Ra <0.1 um is formed at the
feed rate of 10 and 15 mm/min.
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Table 1. Types of working surfaces of cylindrical attachments on the magnetic end heads

75

Types of
attachments on
the end heads

Appearance

Name

Design features

The value of the relative
filling density on the top
of the protrusions

Star with 6 straight radial beams

Protrusion width 4 mm

0,284

Star with 6 sickle-shaped radial
beams

Protrusion width 4 mm

0,316

Star with 12 straight radial beams

Protrusion width 4 mm

0,471

Radially located 60 equilateral
pyramids

Side length of the base of the pyr-
amid 5 mm

0,031

Radially located 60 equilateral
truncated pyramids

Side length of the base of the pyr-
amid 5 mm, top side length
2.7 mm

0,221

Radially located 60 equilateral
straight parallelepipeds

Side length of the base of the par-
allelepiped 2.7 mm

0,223
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Table continuation

Types of
attachments on
the end heads

Appearance

Name

Design features

The value of the relative
filling density on the top
of the protrusions

Radially located 60 cylinders

Cylinder diameter 3.5 mm

0,294

Radially located 6 corrugated pro-
trusions with rim

The width of the area at the top is
4 mm. Rim width 3 mm

0,418

Radially located 6 wing-shaped
protrusions with rim on the pe-

riphery

The width of the area at the top is
4 mm. Rim width 3 mm

0,413

10

Star with 9 straight radial beams
of a triangular shape

Base width 3 mm, top area width
I mm

0,092

11

Star with 12 straight radial beams
of a triangular shape

Base width 3 mm, top area width
1 mm

0,141

12

Star with 18 straight radial beams
of a triangular shape

Base width 3 mm, top area width
1 mm

0,183
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Table 2. Changes in 4Ra and Ra values after MAM by different heads

Dependences of the change in the value of the relative
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Table 3. ky values for different types of heads

Attachment type 1 2 3 4 5 6 7 8 9 10 11 12
on head

Ky value along [-0,0054|-0,0123| —0,012 |-0,0058 |-0,0096 |-0,0092|-0,0119 {-0,0163|-0,0085 | 0,005 |-0,0033|-0,0076

min/mm across |—0,0037|-0,0071(-0,0102 {-0,0047 |-0,0056|—0,0042 |-0,0077 |-0,0094 | -0,0044 |—0,0028 | -0,0019 [-0,0041

The best results - the smallest roughness was ensured
when using attachments on heads Nel, Ne4, No10, Nel1 and
Nel2. Common to these heads is the low value of the rela-
tive filling density on the tops of the protrusions. It should
be noted that the attachment with six radial beams — Nel falls
out of this trend. The number of radially located protru-
sions plays a positive role. It was shown that the presence
of 6 — 18 radially located protrusions made it possible to
achieve the parameter Ra < 0.15 um even at the feed rate
of 35 mm/min. This, to all appearances, occurs due to the
peculiarities of the formation of the MAT at the end of the
heads, when the radial protrusions provide the conditions
under which the speed of movement of particles relative to
the machined surface is minimally different from the speed
of the main working movement of the head — rotation around
its axis and at the same time the continuity of the contact
of the MAT with the machined surface does not disturb.
Also, to all appearances, a stably and quasi-stable zone of
compacted magneto-abrasive powder is formed in front of
each protrusion — a locking zone, which contributes to an
increase in the machining efficiency. Confirmation of the
formation of the relatively stable locking zone can be the
results, which were obtained on attachments with different
shapes of protrusions when only pyramidal protrusions
provide relatively high machining performance at a low
filling density on the tops of the protrusions. However, at
the same time the protrusions relatively stable hold com-
pacted portions of magneto-abrasive powder in the quasi-
stable state, which form locking zones. Also, to all appear-
ances, a stably and quasi-stable zone of compacted mag-
neto-abrasive powder is formed in front of each protrusion —
a locking zone, which contributes to an increase in the ma-
chining efficiency. Confirmation of the formation of the
relatively stable locking zone can be the results obtained
on attachments with different shapes of protrusions when
only pyramidal protrusions provide relatively high machin-
ing performance at a low filling density on the tops of the
protrusions, but at the same time relatively stably hold
compacted portions in a quasi-stable state magneto-abra-
sive powder, which form locking zones. It should be men-
tioned the results on the change in the parameters of the
microprofile of the workpiece's surface after MAM by the
head with attachment No2 — the star with 6 sickle-shaped
radial beams. The results obtained are significantly worse
than at machining by the head with straight beams — Nel,
which is associated with the peculiarities of the movement
of the magneto-abrasive powder in the machining zones

and requires additional research associated with different
configuration and sizes of radially located protrusions.

At the next stage of the analysis of the obtained re-
sults, will be considered the data obtained on the heads that
provide the lowest roughness and the highest intensity of
its achievement at MAM. The estimation of the anisotropy
of the change in the parameter Ra on the machined surfaces
by the change in the value of 4(Ra) was carried out, which
makes it possible to estimate the decrease in the value of
geometric heredity from the previous machining — face
milling.

The obtained results of calculations are presented in
the form of dependencies of the change in the value A(Ra)
on the feed rate at MAM in Fig. 1. It was shown that the
best results in reducing the value of geometric heredity
from the previous machining were obtained for head Nell
— the star with 12 straight radial beams of a triangular
shape. Quite good results were obtained for head Ne10 with
9 straight radial beams of a triangular shape, especially at
low feed rates — 10 — 20 mm/min, when the process of
dead-stop grinding of the machined surface is realized, and
the machining time for each elementary section of the
workpiece surface was 2 — 4 min.

0,10

—+—Typel —m-Typed

0,08 4 —*—Type 1l

—¥=Type 10

A(Ra)

/* I —i
i /

A

0,00 &
10 15 20 25 30 35
Feed rate mm/min

Fig. 1. Dependences of the change in the
A(Ra) value on the feed rate with MAM by
heads of various types

Removal of the results of geometric heredity - mi-
crowaves, which were obtained during milling, is con-
firmed by surface profilograms (Fig. 2).

The increased efficiency of MAM by the above
heads with attachments Nel, Ne4, Ne10, Nell and Nel2 is
also confirmed by the values of the surface roughness after
machining at the feed rate of 35 mm/min, which does not
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Fig. 2. Profilograms of the workpiece surface a) — after milling and b) — after MAM by the head with the attachment
Nell and the feed rate of 15 mm/min, horizontal magnification 500, vertical magnification 100000

exceed the Ra value of 0.18 pm and by the smallest values
of the decrease rate of the parameter 4Ra — ky depending
on the feed of the working head.

Let us analyze the kinetics of the formation of the
surface micro-profile by the nature of the change in the
support surface depending on the feed rate. The change of
the #p from the profile section level is shown in Fig. 3.
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Fig. 3. Change of the size of the supporting
surface of the microprofile from the profile
section level after MAM by the end head
No.11 at different feed rates — s

It was shown that at the head feed rate of 35 mm/min —
the shortest time of MAT contact with each section of the
machined surface, the predominant removal of the tops of
microroughness of the milled surface occurs. In this case,
an average roughness with Ra = 0.1 pm is formed. The de-
crease in the feed rate to 25 mm/min provides the decrease
in the Ra value to 0.07 pm. With the indicated feed — re-
spectively longer time of contact of the MAT with the sur-
face, more uniform machining of micro peaks and micro

valleys is realized. The increase in the contact time of the
MAT with the machined surface, which occurs when the
head feeds equal 15 and 10 mm/min, leads to the uniform
removal of micro peaks and the polishing of micro valleys
with almost complete elimination of waviness obtained af-
ter face milling. That is, as noted above, occurs process
similar to sparking-out during grinding. In this case, the
roughness with Ra < (0.03 —0.035) pm is formed. This is
confirmed by tridimensional images of the surface profile
after milling and after MAM at the feed rate of 10 mm/min
(Fig. 4) on the square area with a side of 2 mm, obtained
with the NanoFocus microscope.

b

Fig. 4. 3D images of the surface microprofile af-
ter milling with the face mill — (@) and after the
technological cycle milling + MAM with the end
head — (b)
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Conclusions

In the work was carried out the study of the process
of magneto-abrasive machining of flat surfaces of parts
made of ferromagnetic material steel 45 by the end heads
based on high-power permanent magnets, which form the
magneto-abrasive tool of the "brush" type. For the for-
mation of a magneto-abrasive brush with the rational
shape, which makes it possible to ensure high efficiency of
the MAM process, the analysis of the machining by heads
on the working surfaces of which located protrusions of
various shapes, sizes and configurations was carried out.
Twelve types of working surfaces were investigated. The
control of MAM process efficiency was curried for the
changing of the parameter Ra, the value of the relative
roughness and the rate of its change, the size of the sur-
face's relative reference profile length from the section
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O0padoTka MI0OCKNX MOBEPXHOCTENl MATHUTHO-A0pPa3UBHBIM METO0M TOpIIle-
BbIMH I'0JIOBKAMH HA MOCTOSTHHBIX MATHUTAX

2. BausiHue KOHCTPYKUIMH PA00YHMX MOBEPXHOCTEH ro10BOK HA 3P PeKTUBHOCTD
MarHMTHO-a0pa3uBHOM 00padOTKHU

B. C. Maii6opoaa, 1. 0. Txxymamii, A. U. 3eaunnko, A. O. Bypuxos

Annomayusa. Beinonnenvt ucciedoganus npoyecca MasHUmMHO-abpasusHoti 06pabomku nioCKux nogepxnocmeti oemaneil us geppo-
MAZHUMHO20 Mamepuana cmans 45 mopyesvimu 20106Kamu Ha Oaze 8bICOKOMOWHBIX NOCMOSHHBIX MAZHUMOS, QOPMUPYIOWUX Mae-
HUMHO-AOPA3UEHBIL UHCIPYMEHm muna «ujemxay. [usa obecneyenus 8blcOKoU dghpexmusnocmu npoyecca MacHUMHO-abPa3UHOU
006pabomKu 6bINOIHEHO AHAU3 0OPAOOMKY 20I08KAMU HA PAOOYUX NOBEPXHOCMAX KOMOPLIX BbINOIHEHbL bICHYNbL PASHOU OPMb,
pasmepos u kongueypayuu. Hccredosano 0éenaoyams munog padouux nosepxuocmeii. Konmpons sgppexmusrnocmu npoyecca mae-
HUMHO-abpazueHnol 06pabomxu GeINONHANU NO U3MEHEeHUIO napamempa Ra, eenuuunsr omnocumensHoll epoxo8amocmu u CKOpOCHU
ee UsMEeHeHUsl, BeUUHbL ONOPHOU NOBEPXHOCIIU (YOPMUPYEMO20 MUKDPONPODUILA U NAPAMEMPA 2EOMEMPULECKOU HACTeOCMBEHHOCIU,
noxyuenHol npu obpabomke. Ycmanosnero, umo nauboaee payuoHaIbHOU KOHCMpYKyuell pabouell No8epXHOCMU MOPYesoti 20106KU
€ MA2HUMHO-A0PAZUBHBIM UHCIPYMEHIMOM MUNA «WemKay 6yoem no8epxHocms, ¢ HaneceHHviMu Ha Hee 9 - 12 nyueobpasnvimu 6bl-
cmynamu mpeyeonvHotl popmol. Mcnonvzosanue maxux 201060k obecneuugaem svlcokodghpexmusnoe popmuposane wepoxoeamo-
cmu obpabomannvix nosepxnocmeti ¢ Ra < 0,03 mxm npu ucxoonoii Ra na yposne 0,8 mxm, nonyuennoii nocie mopyegozo ¢pesepo-
sanus. TIpu smom npakmuuecku NOIHOCMbIO YCMPAHAEMCS MUKPOBOIHUCOCMb, hopmupyiowancs npu peseposanuu. Ilo xapax-
mepy usMeHeHUs eNUUUHbl OMHOCUMENbHO ONOPHOU NOBEPXHOCMU MUKPONDODUIIA NPOAHATUZUPOSAHA KUHEMUKA €20 hopMUposa-
nus. Ilokazano, 4umo Ha HAYANLHOM dmane NPOUCXOOUm npeumyujecmeenHoe yoaeHue MUKpoGbiCHynos, 8 nocaieoyoujem aKmueHo
06pabamui8arOmcs: MUKPOBRAOUHbL ¢ OAIbHEUUUM 8bIAANCUBAHUEM MUKPONPODUTIS

Kniouesvie cnosa: macnumno-abpasugnas obpabomra, MacHumusle 20108KU MOPYEEO20 Mund, paboyue noeepxHocmu, pghexmus-
HOCMb, WUEpoxX08amocms.

O0po61eHHS JIOCKUX MOBEPXOHb MATHITHO-A0Pa3MBHUM METOI0M TOPUEBUMHU
roJIOBKaMH Ha MOCTIHHMX Mar”irax

2. BiiimB KOHCTPYKUil pO00YMX MOBEPXOHb I'0JIOBOK HA e(peKTUBHICTH Mar-
HITHO-20pa3uBHOI0 00PO0JICHHS

Maii6opona Bikrop CraniciaBouy, Jlkyniii /imurpo IOpiiioBuy, 3eninko Anapiii Iroposny, Bypikos OJiekciii Oneropny

Anomauia. Buxonano docniodcenns npoyecy mazHimmo-adpasusHo2o 0opobrentHs nioCKuUx no8epxoHb oemarneii 3 pepomasHimmo2o
mamepiany cmane 45 mopyesumu 2on108kamu Ha OA31 BUCOKONOMYAICHUX NOCMITIHUX MACHIMIB, AKI PopMYIOmb MAcHIMHO-aOPA3UBHUL
incmpymenm muny «wimkay. s 3abesneuents 8ucokoi epeKmueHocmi npoyecy MacHimHo-abpasueHoco 00pobnenHs BUKOHAHO
aHaniz 06poOAEHHs 20JI06KAMU HA POOOUUX NOBEPXHSIX AKUX GUKOHAHI ducmynu piznol gopmu, posmipie i kongieypayii. /locriosiceno
0sanadyams munie pobouux nosepxonv. Konmpons egpexmusnocmi npoyecy macHimHo-abpasusHoco 06podiieHHs 6UKOHY8aNlU 3a
3minol0 napamempa Ra, éenuuunu 6i0HOCHOT wiopcmrxocmi i wieUOKOCMI it 3MIHU, 8eIUYUNHU ONOPHOI NOBEPXHI (hOPMYIOU020CH MIKPO-
npogino ma napamempa 2eomMempuyHoi cnaokosocmi, Ompumanoi npu o6podaenni. Bemanoeneno, wo Hatibinbus payionaibHo0 KoH-
cmpyKyielo pobouoi nogepxni mopyegoi 20106Ku 3 MASHIMHO-AOPAZUSHUM THCIPYMEHIMOM MUNY «Wimkay 6yoe nogepxms, 3 HaHece-
Humu Ha Hei 9 - 12 npomenenodionuMu sucmynamu mpukymuoi gpopmu. Buxopucmanns maxux 2010680k 3a6e3neyye ucokoepexmusHe
@opmyeanns wopcmrocmi 06pobnenux nogepxoms 3 Ra <0,03 mxm npu nouamkosiii Ra na pisni 0,8 mxm, ompumaniii nicis mopyegozo
@pesepysanns. IIpu ybomy npakmuyHo nOGHICMIO YCYBAEMbCs MIKDOXBUNACMICIb, Wo PopMmyembes npu gpesepysanni. 3a xapakme-
POM 3MIHU 8eIUYUHU BIOHOCHOI ONOPHOI NOGEPXHI MIKDORPOQINIO NPOAHANI306aHA KiHemuka 1io2o gopmysanns. I[lokaszano, wo Ha
noyamxoeomy emani 6i06y6acmucsl nepegaiche UOANeHHs MIKPOBUCTYNIG, 8 NOOANLULOMY AKMUBHO 0OPOONIAIOMbCS MIKPOBNAOUHU 3
NOOANBUUM BULTAONCYEAHHAM MIKPONPOGLTIO.

Knruesvie cnosa: macnimno-abpasusne 006poONeHHs, MASHIMHI 20106KU MOPYe8o20 muny, podoui No8epxHi, egheKxmugHicmo,
wopcmKicme.





