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THEORETICAL AND EXPERIMENTAL
RECOMMENDATIONS FOR THE ELIMINATION
OF GRINDING CRACKS DURING THE PROCESSING
OF PERMANENT MAGNETS

A. Yeos, M. Kyniyun, FO. 3aiiuux. TeopeTuKo-eKclepUMEHTAIbLHI pekoMeHJanii 1010 YCYHeHHs II1i(pyBaJbHUX TPILLMH NPHU
00pod6ui mocriiiHux marHuTiB. TexHomoriss BUPOOHHMITBA MOCTIHHMX MATHITIB HOCHTh TOYHHH XapakTep 1 3aCHOBaHa Ha KpalHIX
3aJIOKHOCTAX (DI3MKO-MEXaHIYHMX BJIACTUBOCTEH MArHITIB BiJ CKJIaay CIUIaBYy 1 TeMIEpaTypHO-CWIOBHX (akTopiB mpu ix oOpoOui.
lnidyBaHHs MardiTiB B CHJIHO KOSPLUTHBHOMY CTaHi IOB’s3aHa 3 HU3bKOIO MPOAYKTHBHICTIO 1 BITHOCHO BEJIMKUMH Je(heKTaMH TPILIHH i
BiJIKOJIB. AHali3 SKOCTI mepea- i miciasBUMIpHOI OOpOOKM MOCTIHHMX MATHITIB MOKAa3ye, IO OCHOBHI AE(EKTH MAarHiTiB 3’SBISAIOTHCS
MiKpOTPIilllMHY, TIOBEpXHEBi TPIilMHM, BiIKONM. IX yTBOpeHHs IpM IUTiQyBAaHHI MATHITiB € HACIJKOM BiITHOCHO HM3bKHX MEXAaHiYHHX
XapaKTEePUCTHK CaMUX CIUIABIB, HEMPAaBUIBHOTO BUOOPY HLTi(HYBaILHOTO KPyTa, IIOPYLICHHS PeXKUMIB LITiQyBaHHS, HASIBHOCTI Ae(EKTiB, 1110
YTBOPHJIMCS Ha TONEPEeNHIX eTamax TEeXHOJIOTIYHOTO IPOIEeCy BHUIOTOBJICHHS Jeraneid 3 MarHiTiB. lle po3poOka TeopeTHMyHHX i
EKCIIePUMEHTAJIbHUX PEKOMEHAALIH 1010 YCYHEHHs HUTi(yBaIbHUX TPILIMH IpH 00poOLi mocTiiiHuMK MarHitaMu. MexaHism GopMyBaHHS
TPIMIMH PO3TIISIAETECS 3 TO3MIIH BIUIMBY I'€OMETpii KOHCTPYKTHBHHUX KOMIIOHEHTIB i iX Opi€HTamii 1O BiJHONIEHHIO JO HAIMpSIMKY
nuUTipyBaHHS IMX MAarHiTiB B CHIIBHO KOCPUUTUBHOMY CTaHi. BupilleHO 3amady BHM3HAuYeHHS HAaNpyXeHO-IeGOpPMOBAHOTO CTaHY
MOBEPXHEBOT'0 LIAPY MOJIPOBAHMX MATHITIB y BUCOKO KOCPIIMTHBHOMY CTaHi, OCIa0JCHOMY CHCTEMOIO BKIIOYEHb. OTPUMAHO aHANITHYHI
YMOBH DIiBHOBAarm KOHCTPYKIIMfHMX He]eKTiB TBEpAMX MAarHITHHX CIUIABIB 3aJ€XHO Bif KoedillieHTa TpIIMHOCTIMKOCTI, a TaKOX BiJ
3HAYCHHS TEMIIEPaTypH KOHTAKTHOrO IUTi(QyBaHHS, SIKa BU3HAYA€THCS TCXHOIOTIYHHMHY TapaMETPaMU. HO3BOJISIE MIPUCTYIHTH 10 MOOYIOBH
AITOPUTMY Mig00PY TEXHOJIIOTIYHHUX MapaMeTpiB, 110 3a0e3MeUy0Th HEOOXIHY AKicTh 00pOOIIIOBaHUX MTOBEPXOHb. PO3po0iieHi TeXHOIOri4Hi
HEepeayMOBH KOHTPOIIIO SIKICHUX XapaKTepPUCTHK NITiQYBaJbHUX NETalei, 3a KPUTEPIIMH I'PaHHYHO JOIMYCTHMHX TEMIIEpaTyp NUTiQyBaHHS,
TEIJIOBOTO MOTOKY, PO3MipiB KOHCTPYKIIIHHUX MapaMeTpiB, CHJI pi3aHHs, KOeDIil[iEHTIB TPIIIMHOCTIHKOCTI.

Knrouosi cnosa: MarHiTHI CIuiaBy, 1LTI(QyBaHHS, TPILLIMHY, HAIIPY)KEHO-1eGOPMOBaHUIA CTaH, TPILMHOCTIHKICTB, Oe3nedexkTHa 00podka

A. Usov, M. Kunitsyn, Yu. Zaychyk. Theoretical and experimental recommendations for the elimination of grinding cracks
during the processing of permanent magnets. The manufacturing technology of permanent magnets has high precision characteristics and
is based on extreme dependencies of physical and mechanical properties of magnets from the contents of the alloy, crystalline structure and
temperature and force factors during their processing. Grinding of magnets in high-coercivity state relates to low productivity and relatively high
flaw regarding cracks and scratches. Quality analysis of the preliminary and terminal size processing of permanent magnets shows that the main
defects of the magnets are microcracks, surface cracks, chips. Their appearance during the grinding of the magnets is the consequence of
relatively low mechanical characteristics of the alloys, wrong choice of characteristics of the grinding wheel, breaking proper grinding modes,
presence of the defects that were formed during the previous technological stages of permanent magnets manufacturing. The objective of this
research is the development of theoretical and experimental recommendations for eliminating grinding cracks during permanent magnets
processing. The mechanism of grinding cracks appearance was considered regarding to the influence of geometry of structural components and
their orientation related to the direction of grinding of the magnets in high-coercivity state. The problem of defining stress-strain state of the
surface layer of the grinded magnets in high-coercivity state weakened by the system of foreign inclusions was solved. Analytical balance
conditions of the structural defects of hard magnet alloys depending on the coefficient of crack resistance and the value of the contact temperature
of grinding which is defined by the technological parameters were discovered. These technological parameters make possible the building of the
algorithm for choosing technological parameters that provide the required quality of the processed surfaces. Technological backgrounds for
controlling quality characteristics of the parts being grinded using the criteria of maximum allowable temperatures of grinding, heat flow, size of
structural parameters, cutting forces, crack resistance coefficients were developed.

Keywords: magnet alloys, grinding, cracks, stress-strain state, crack resistance, flawless processing

Introduction

Permanent magnets made of cast high-coercivity anisotropic alloys are widely used in modern in-
strument making, electrical engineering, machine tool industry, radio electronics. The application area
of these magnets continues growing rapidly due to the rise of space industry.
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The manufacturing technology of permanent magnets has high precision characteristics and is
based on extreme dependencies of physical and mechanical properties of magnets from the contents of
the alloy, crystalline structure and temperature and force factors during their processing. During the
production, taking in account large nomenclature of the magnets divided by weight and size character-
istics and the variety of manufacturing approaches, it is rather difficult to find optimal technological
modes required for the alloy of the compound.

That’s why for the specialists who work in production and development of permanent magnets con-
trol of the technological processes and their adjustment for different types of magnets are highly important.

Among others, the problem of finding optimal conditions for the high quality (flawless) and pro-
ductive processing of the magnets during finishing operations, in particular, during grinding.

Studying and analyzing of the quality of preliminary and terminal size processing of permanent
magnets from alloys Alnico and Tickonal in a number of industries shows that main defects of the
magnets are microcracks, surface cracks, chips.

The research of influence of technological heredity on the process of forming cracks during the
grinding of high-coercivity magnets shall be held based on such criteria which can serve as character-
istic of the material mechanical properties and reflect the influence of alloy morphology simultaneous-
ly. Such an approach let’s uncover the auxiliary reserves for increasing mechanical properties of the
magnets on each technological operation predeceasing grinding and define the influence of the abra-
sive processing on cracks appearance.

Analysis of the recent research and publications

Roughness, microhardness, magnitude, and sign of inner technological tensions are the main
properties and characteristics of the surface. The presence of foreign fractions and other structural im-
perfections depend on types and modes of thermal treatment and thermomagnetic treatment and me-
chanical processing and define the dependency of exploitational qualities of products made from mag-
nets from production technology [1, 2].

Changing of melting methods, modes of thermal treatment and thermomagnetic treatment and
draft grinding cause the corresponding change of the separate quality characteristics of the surface
which, in its turn, influence on intensity of crack appearance during finishing operations, during ter-
minal grinding, in particular.

In this sense we can say about the existence of the technological heredity of the magnet surface
quality and their exploitation properties from the
separate technological operations or the whole

‘ Methods of creating the blank

YNDTK35T5, YNJK35T5AA technological manufacturing process in general [3].
By technological heredity we shall consider the
_/ J \\ change of the properties of the parts being processed
‘ Open casting ‘ ‘ Vacuum ‘ Monocrystal influenced by manufacturing technology [4, 5].
method casting rotation For the proper usage of technological heredity
| - — ! phenomena during magnets production it is required
. ] firstly to set up direct connections between the quali-
Thermal treating for y- ty of the processed surface and the dominating pa-
phase (TC) rameters of the technological process [6, 7].

~ Physical and mechanical properties peculiari-
. ties of the hard magnet alloys like “UNDC35T5”
Draft grinding (high fragility, low durability, relatively low values
of thermal conductivity and thermal diffusivity)

| brings them to intractable materials.
Thermo L..,.g..e,ic That’s why structure analysis of the techno-
treatment for a-phase logical process of magnets manufacturing is an
(IMO) important part of increasing the output of valid
l magnets during the operations of final grinding
because the main defects (cracks and scratches)
Final grinding appear precisely during terminal processing of

these magnets.
Fig. 1. Structure of the technological process The Fig. 1 presents the structure of the tech-
of magnets UNDCT manufacturing nological process of magnets manufacturing.
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Permanent magnet blanks from Alnico and Tickonal alloys are produced mainly using casting.
Currently, open and vacuum casting methods are used. The most spread method of open casting is
melting in acid crucible. This method is widespread due to its relatively simplicity of technologies and
high thermal resistance of the crucibles. One of the disadvantages of acid casting is that the resulting
alloy is contaminated.

Melting of the “UNDCT” alloys in vacuum ovens finds more application in the magnets manu-
facturing technology. This is due to the fact that during the vacuum melting of the “UNDCT35T5”
alloy the quantity of the nonmetallic inclusions is 70% less and predisposition to cracks and chips for
these magnets during processing is significantly lower than in case with open melting in acid crucible.

The growing of the monocrystal is a more progressive method for creating blanks. Theoretically
this process is reduced to the creation of conditions in which atoms of the alloy are being “frosted” on
the monocrystalline seed building the crystal cell. The typical technology of this monocrystal produc-
tion method includes the following operations:

1. The monocrystalline seed is set on the bottom of the crucible with crystallographic orientation /100/
parallel to the axis of the crucible together with chemical contents corresponding to the required alloy;

2. The crucible with its contents, graphite heater and thermal insulation shield are set into the
vacuum chamber. The graphite crucible is being heated and moved. The resulting monocrystal is
cooled to room temperature. The seed and the top part of the ingot are removed.

The production of such magnets is connected with the development of anisotropic alloys like
“UNDCT?” for the products where high magnet properties with simple geometry are required.

For the further mechanical processing (draft grinding) blanks from the “UNDCT” alloys are heat
treated (hardening and tempering). The main purpose of this operation is to increase viscosity and duc-
tility of the alloy. Otherwise during draft grinding almost all of the blanks are prone to crack and chip
appearance due to the high fragility [8].

The main objection of the thermomagnetic treating of the UNDCT alloys is to obtain optimal
structure that defines the required level of the magnetic properties. Meantime, in addition to all types
of anisotropy external or aimed single axis anisotropy is formed due to the texture of the products
(a+a') — transformations. Here it is important to keep optimal temperature of high-coercivity trans-
formation. For the UNDCT alloys it lies in the range [860...800 °C]. In this range the conditional Curie
point is located. UNDCT alloys are sensitive to the influence of external magnetic field at the tempera-
ture just near the Curie point [9].

The purpose and objections of the research

Development of theoretic and experimental recommendations regarding technological methods
for reasonable decreasing of grinding cracks during processing of products made from materials and
alloys which surface layer has heredity defects of structural or technological origin.

Grinding of magnets in high-coercivity state relates to low productivity and relatively high flaw
from cracks and chips. The influence of the morphology and forming of the non-metallic inclusions is
significant for the appearance of grinding cracks during the processing of the magnets.

Morphology, sic mechanism of kinetics a—c+y[TT]—>a+a/[TMT] — transformation, significantly in-
fluences on the structure of the UNDCT alloys, hence defines technological conditions of the flawless
grinding of the products from magnets (TT — thermal treating, TMT — thermos magnetic treatment).

For achieving the objective, the following problems shall be solved:

1. Conduct the analysis of the reasons for crack appearance during grinding of the hard magnet
alloys depending on the manufacturing technology and the structural heterogeneity accompanying the
technological process on the mechanism of microcrack appearance and their transformation into mag-
istral cracks. Also, to define the influence of the morphology and non-metallic inclusions on the inten-
sity of grinding cracks appearance;

2. Obtain the dependencies together with experimental research that would theoretically deter-
mine the areas of combinations of technological parameters which provide the required quality of the
processed surfaces according to the condition of maximum efficiency of grinding.

Indeed, (a—a+y) — transformation corresponds to the growth of the new phase that differs from
a-matrix by contents (enriched with iron) and by the type of parameters of crustal cells (GCK). Mean-
time, y-phase has definite crystallographic connection with a-matrix. Moreover, y-phase gives the al-
loys higher ductility due to the fact that it has higher ductility than the base — o,-phase. The heteroge-
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neity of the alloy structure in the state of o,,-phase defines the alloy’s physical and mechanical charac-
teristics. Particles of the o,-phase of the UNDCT alloy vary by size from 1...4 microns (at an anneal-
ing temperature of 900 °C) to 25...30 microns (at 1200 °C). Existence of these particles in the condi-
tions of complex forced and thermal strain state of the surface layer on the stage of draft grinding can
be the reason of microcrack creation on the boundaries of y-phase with a-matrix. And the probability
of microcrack appearance will be as high as the size of the particles of the o,-phase and the magnitude
of the dynamic strains that are formed by thermal and mechanical processes accompanying the grind-
ing operation. The particles of the o’-phase after the thermal treating without magnetic field influence
the surface quality during the draft grinding insignificantly due to the small sizes (2 times less than
sizes of o, particle) and their multi-orientation in o-matrix.

During the thermo magnetic treating of the alloys the particles of o’-phase are oriented along the di-
rection which has the lowest angle with the direction of the magnetic field. As a result, induced single axis
magnetic anisotropy appears. The peculiarity of the structure of high-coercivity state of the given alloys is
periodic alternation of stem-like particles of o’-phase surrounded by the matrix of a-phase.

Magnetic anisotropy, which is common for high-coercivity state forms mechanical and thermo-
physical anisotropies for the given alloys.

This, in its turn, contributes to the quality of the surface layer depending on the direction of
grinding of magnets in this state. Definition of the relative processing direction on selected criteria
which characterize the quality of the grinded surfaces can decrease the flaw on the main defects like
cracks and burns and increase the output of good products.

Appearance of macro and micro cracks on the grinded surfaces of magnets is the consequence of
the concentration of thermomechanical strains in the points of accumulation of different non-metallic
inclusions like sulfides, nitrides, carbides and pores and micro pits. The coefficient of strain intensity
reflects the technological heredity for hard magnet alloys.

The research of authors [8, 9] proves that mechanical properties of magnets like UNDC, UNDCT
are influenced by various factors from casting methods, quantity of non-metallic inclusions, modes of
thermal treating, modes and methods of draft grinding. The influence of most of them on such indica-
tors of mechanical durability like tension durability limits [c],, or bending durability limits which
were chosen as criteria for technological heredity was insignificant when, at the same time, magnet
was prone for crack appearance. This is explained by the fact that rather rude criteria were chosen as
initial, and they reflect only integral properties of magnets during the technological process and re-
spond to changes in the surface layer to a lesser extent.

Materials and methods of the research

To estimate the technological heredity which appears not only by the changes in physical and
mechanical properties of the material on the whole cut but also on the surface, more sensitive criteria
that reflect changes with the material in differential form which appear during product manufacturing.
Taking into account the fact that for heredity quality estimation for hard magnet alloys one shall con-
sider the variable fragility of magnets from operation to operation, then it becomes obvious that more
acceptable is crack resistance criteria. Moreover, the methods for estimating these criteria are more
advanced and this criterion is more “fine-tuned” for determining the properties of magnet surface. The
main advantage of this criterion is the fact that it is sensitive to various defects in the material which
appear during each operation and its value depends on geometry of these defects.

Let’s consider the construction of the theoretical value of this criterion — the coefficient of strain
intensity [10]:

K,(P.,a,l)= IsmgJ 2718(5y (x,y,1),

where, S — normal distance to the defect’s contour in its plane Z=0; (X, y, 0) — normal strains in the
plane of defect’s location Z=0.

As mentioned, the coefficient is a function of external load P, size of defect | and geometry pa-
rameters of the product a; which origins from solving thermomechanical problem. Condition of the
local destruction on the defect contour makes possible to define the spreading of this defect and par-
ticularly find the combination of external loads which from one side is determined by the technologi-
cal process parameters and from the other side divides the stability and instability areas of the prod-
uct’s state with crack-like defects. In other words, if magnet has gone through the whole cycle of tech-
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nological process till the operation of final grinding and on the way acquired some structure defects
like non-metallic inclusions on the melting stage, microcracks (during thermal treating and draft grind-
ing), anisotropy and heterogeneity (during TMT), then crack appearance intensity during final grind-
ing of magnet will be determined by defects size 2I, value of the thermomechanical strains which ap-
pear during grinding and value of crack resistance coefficient K¢ of this magnet. The value of crack
resistance characteristics K, reflects all the accumulated defectivity of the structure [11].

For the quantity analysis of crack resistance of UNDCT alloys in dependency from blanks crea-
tion methods and further thermal treating at y-phase, thermomagnetic treating at a+o’ phase the fol-
lowing work was done.

Prismatic examples from monocrystals UNDCT 35T5AA and polycrystals UNDCT35T5 derived
from open melting in acid crucible were exposed to thermal treating at y-phase, thermomagnetic treat-
ing at a+a’ while varying the modes of TT and TMO, modes of tempering and cooling speed, also
were exposed to mechanical testing for magnetic properties.

The controlled parameters during this were crack resistance coefficient values Kic, bending
strains openg, teNsion strains o, and magnet properties characteristics (coercivity force of the material
by magnetization Hc and the remaining induction By).

Experimental data given in [12] shows that values of the crack resistance coefficient are different
for mono and polycrystals UNDCT in stage of blank product. This is explained by the fact that per-
cental contents of non-metallic inclusions in the alloy varies in rather wide range in dependency on the
material production method.

Research results

The phase contents of the given alloys change the value of the crack resistance coefficient in

wide range. For polycrystals in the initial state K;-=30 MPax+/m while the existence of y-phase in-

creases the crack resistance coefficient up to K;=97 MPax Jm . This can be explained by the fact that
y-phase while being more ductile than main matrix of this alloy promotes the slowdown of mi-
crocracks. But the presence of this phase in UNDCT alloy decreases the coercivity force by 40%, the
remaining magnet induction by 15...20% and maximum magnet energy more than 60%. That’s why
the presence of the y-phase in finished magnet products is not allowed.

Due to this magnet were exposed to thermomagnetic treatment (TMT) in permanent magnet field.

The impact of the thermomagnetic fields significantly influences the mechanical properties of
studied magnets. Thus, the main parameter of crack resistance K, varies relative to K;c of magnets at
y-phase in 2...3 times. Polycrystals in dependency on the modes of thermomagnetic treatment (time of
aging during heating t, and during tempering t' and type of cooling on the air) have values of the

crack resistance coefficient from 35 MPax+/m to 65 MPax~/m . Their magnet properties during this
vary in lesser range. Other mechanical characteristics have rather small dispersion of values (o, —
20%, Gheng — 35%).

The favorable influence of repetitive TMT on mechanical properties of magnets shall be high-
lighted. But in the same time the magnet properties of given alloys are decreasing and their production
prime cost is increasing.

Analyzing the experimental research results for defining the influence of direction of thermo-
magnetic treatment on crack resistance of magnets, it is required to mention the tangible differences in
values of K;¢ depending on the direction of magnetic field. Thus, in case of examples testing in lateral

direction of TMT, coefficient K, took the following values: for polycrystals 53 MPax~/m , and
monocrystals 145 MPax+/m . While in the same time transverse direction of TMT decreases Kic for

the alloys to 37 MPax+/m and 100 MPax~/m correspondingly. This is explained by the fact that di-
rection of the domains in base Fe matrix in sum creates anisotropy of mechanical properties of these
alloys. During the grinding of these magnets the direction of TMT shall be considered, and the direc-
tion of the processing shall be coordinated with the direction that creates the maximum resistance to
destruction of magnets.

For detecting grinding direction when magnets have the maximum crack resistance let’s consider
the influence of thermomagnetic treatment on destruction resistance after TMT.

During the thermal treating without magnetic field particles of o’ phase, are oriented by long axis
along the crystallographic directions of type <100> which creates the lowest angle with magnet field
direction. As a result, the single axis induced magnet anisotropy appears.
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7 A One of the peculiarities of the structure of high-
\ \ \\ \ \\ \ coercivity state in the given alloys is periodic shifting of el-
lipse-like particles of o phase, surrounded by the matrix of

2/ a-phase.
= =) Further grinding of the given alloys leads to forming

7 7 7 7w crack-like defects in surface layer [12]. Intensity of crack
appearance is connected with the modes of thermal treating
d d d which, in their turn, influence the size of particles of o’ phase

P and the direction of TMT relative to the lateral supply during

R

Let’s consider the mechanism of grinding crack appear-

Fig. 2. Calculation scheme for analyzing ~ ance from the point of influence of o phase geometry and its

the influence of TMT and its direction ~ orientation relative to the direction of grinding of magnets in
on grinding cracks appearance high-coercivity state.

To do this, we formalize the process of grinding mag-
nets, considering them as fragile solid objects with a periodic system of defects with sharp edges of the
same length and angle to the X axis, which passes through the centers of these defects (Fig. 2).

The distance between neighboring defects is constant and equals to d[d.e"™™=(n—-K)d]. Taking in
assumption that to all defects self-balanced load is applied (PK(xK)=P(xK)) and conjugation break func-
tion <Uy(x)>=U(xK). To define them it is enough to consider only one integral equation of type [10]:

j [(u'k(t)> K (t=x) +<m> L(t— x)}dt — P (x),|x <1, 1)

where

24\ x+kde® X+ kde ™

1& 1 X + kde ™ @)
L(X)=— — — - .
) 2;(x+kde'°‘ (x+kde'°‘)2]

Let’s use the well-known relations [12]'

w-tr 5L L)

K(x)_l is ( 1, 1.}

i\ z—nk
| - 1 ®3)
cosec(z) == —
2 7? ;D (z — k)?
Symbol X’ means that when k=0, then the addend equals to zero.
After the simple transformations we will get:
mxe'” mxe
K(x)= e'“ct +ect :
=5 d[ 9= 9—, J
(4)

T, e 3ia mxe™*  mxe ™ . mxe™
K(x) > (e e )[ctg r r cosec ( r D
Thus, the problem of providing a quantum-deformed state of the surface layer of polished mag-
nets in a high-coercive state is reduced to measuring the quantum-deformed state of an elastic plane
weakened by a periodic inclusion system. The solution of the latter is reduced to finding the function
<U’k(x)> that determines the shape of the emerging crack from the singular integral equation (1), the
kernels of which are determined by formulas (4).
In the equation (1) let’s pass to unidimensional variables &=t/l and n=x/I:

_j[(UL(é»K(Ié—lr)+<m>u(g—r)}dgmp(r). 5)
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For the kernels K(I&), L(1&€) when A=2l/d<1 the foIIowing assumptions are true:
IK(18) _€+ m(&);
. ; (6)
m(&) =2 a, (A&)*7; IL(1§) =AY b (1E)*,
k=1 k=1
where:
2k 2k (1 _ p—2ioyq-2iko
akz—n Bkc:052koc; k=_kn 1-e")e Bk’ )
(2k)! (2k)!
B — Bernoulli numbers [13].
Then the equation (5) takes the following form:
U (é) g T ey
e = ) p(r)- | [(U@)mE-n+1{UE) LI |de. (®)
-1 -1

The resulting Fredholm equation of second kind after rearranging the order of integration takes
the form:

<U (r) J‘P(F;Nl gxde 1

[[V@MEn-TEINED]oE.  ©

N r \/1—r2 )
where:
M(& )__J'\/l rm(é ’E)
(10)
N(E 1) = Jw/l T L(I —|1:)d

Solution of the equation (9) let’s find in a form of series [10]:
(U()) =Y U, (N2 (11)
k=0

Putting expressions (6), (11) in (9) and equating the expressions for similar powers of A we obtain
the system of equations for defining functions U'k(n)'

n\/l r?
Ui =—2 L (©+bU, , (&)]de (13)
I 1_ n=1_1
where:
Hn(E.!!r) :l 1 1_:2 _T)2n71 fr. (14)
Tc J—

-1
Integrals (14) can be easily calculated [10].

Finding the solution <Uy(n)>, sic define the functions Uy(n), for example with the precision
till O(A°%) :

U0 =—— \/——r [ Hn[au (@) +b0;@ |de
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1 Hy (&) U, (©) +BU, (@) |+
ML= | H, (6 U5 (8 +B,U, @) |

U,(r)= dg;

Hy (60| aU, (€)+bU, (©) |+ (15)
Ui = x [ En[au, @+ U@ |+
T™il— -
+H, (60| U, (©)+bU,©) |

Using the values of the integrals from (12) and (16) we can obtain sequentially, U'i(n), U's(1)

and U';(n).
Having solutions of the integral equation (9) in form of (11) with the algorithm for calculating

functions U’i(n), complex potentials ®(Z) and W(Z) can be found using formulas [14]:

o |

D(z) = ;—dj ctgg(te“‘ - 7)U (t)dt;
o 1 ctgZ(te™ — 2) + (16)
\y(z)=z—d [{u '(t)e’z“"ctgg(te“’ _2) d U bdt.

+ge’i‘* (t —te' + ze")cosec’ g(te‘“ -2)
Formulas for calculating strain intensity coefficient for given case can be written in form:
K —iK: =71 jLngl[Jl—Tu '(r)] . 17)
Putting here the value U’(n) from (11) considering (15) we can find:

N gy T : c
. j o aP(é)dm (&G, +b,G,) +

ik =711 (6, (28, - o - 0B |+ G20, ~a)+
+1*

+0(1%) (18)

+a,G, + bZG_zJ_rg(azGl +h,G,)

6, -~ [ei-gPEde

This relationship defines strain intensity coefficients for arbitrary load P(xc) on the banks of
crack-like defects.

For the analysis of the conditions for grinding cracks occurrence during magnet processing, we
can assume in first approximation that to the banks of o’-phase in the points x,=& concentrated tangen-
tial Pz and shear Py forces and thermoelastic tensile stresses balancing them are applied. Considering

this, we have the following:
P —iP
G,=—— I YerJ1-¢2. (19)
T

When surface layer is subject to prevailing loads Pz and balancing txy(y) perpendicular to o'-
phase lines we have:

P(y)=-S=—(c-it)= —§(1_ g2t-);

G _—S. G O. GZ _—S-
0 2 , ! ’ 8 '
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Kf—iKﬁ:\/_{S——( S+ QS)—L4|:S(9a _2b1b2)+]}+0(x6). (21)
+S(9b, —4ab)

Putting the coefficients a, by from (7) in (21) and separating the real and imaginary parts we con-
clude to the formulas convenient for the calculation:
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K, \f{c— —(oU, +1V,) - 47‘4[c(u W)+rv]}+0(x6)

(22)

2 44 4

K, :\ﬁ{wgk oV, +rW)+ m A ~ [V, +1(W, -U )]}+0(x6
where:
. . . . . 4 ., 28 )
U, =2cos2a —4cosda; V, =sin2a —sinda; W, =cos4a; U, :53|n oc+E(cos4oc—c036a),

Vv, =—Esin 2a+§(sin 4o —sinba); W, =§—£0052a+ﬁcos4oc.
9 45 9 9

There the dependency P+/P, from the orientation angle a of crack-like defects with different val-
ues of the parameter A on the Figure 3(a). When A<1 the interaction of the neighboring defects tilted to
the axis x under the angle a<n/3 leads to surface layer durability decrease. The minimum of the de-
struction load is achieved with different a.. Collinear defects become more dangerous only with A—1.
When the values of a are close to n/3 the ultimate load is the same as in case of single crack-like de-
fect (for 0<A<I1). For A>1 all curves with increasing of o ascend from zero to some maximum value
with o=n/2. For the angles a close to /2 with all values A>0 the interaction of the defects leads to
strengthening of surface layer and besides the maximum strengthening is observed with a<m/2.

P.
F AN AL g /W
Y
A7 4 Ay 2
1.0
0.8 /

0.3

1
0 /b /3 oL, rad T /3 o, rad
a b

Fig. 3. Influence of the geometry and orientation angle a of crack-like defects on the condition of their evolving
into main cracks: a — dependancy P-/Pq from angle o of crack-like defects on parameter lambda; b — dependancy
of the critical load on o angle for different values of A

On the Figure 3(b) is presented the dependency of critical load from angle d for the different val-
ues of A with uniaxial tension (in case when we ignore the action of the shear load Py) is perpendicular
to x axis. Decrease of the distance between the centers of the defects leads to durability decrease for all
values of o.. The minimum which is present on the curve A=0 (Fig. 3) for a single defect with a=11
7/90 with decrease of distance between the defects is shifted to the direction of the value a=0. For A>1
the most dangerous defects are those which are close to collinear defects.

The mechanism of technological cracks occurrence can also be studied from the position of the
hypothesis about the most “weak link” by which the structural parameter shall be considered. Its size
is chosen as the criterion of the flawless processing using the formula [15]:
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KZ
l, < B >
n[GT, 1+ V)a,]

Formula (23) gives simple sufficient criterion. When it is achieved the crack-like defect won’t be
transformed to main crack.

If the inclusions are in form of ellipse, then because of immediate local heating of the surface
layer of the magnet in contact zone the disk-like crack can appear. Indeed, when grinding under the
influence of thermoelastic strains and cutting forces, on the banks of disk-like defect of radius R, the
forces along the defect axis appear:

P=G(+v)oT, [[(n,,ds) = G(1+V)aT,S,, (24)
(8
where S, — square of the projection of the defect border on crack plane.
Strain intensity coefficient for this case is determined in the following way:
KI ZLM .
(nR)

Using viscosity, destructions of magnet the radius of disk-like defect can be determined. If the

following conditions are met:

(23)

(25)

2/3
RSE[G(1+v)octTkSO} | 26)
b Kic
then the defect won’t evolve to main crack. And in case of ellipsoidal form we have:
2/3
S _4ab, R 21[46(1+ v)oclaka} | @
b Kic

Here a and b are main axes of the ellipse in the cut of ellipsoid of disk-like crack.

Obtained analytical conditions (23), (26), (27) of the structural defect balance with size 21 (in
case of most “weak link”) depend on the coefficient of crack resistance Ky, coefficients v, G, o, and
the value of contact temperature Tk which is determined by mode part.

The dominating factor in forming of contact temperature is grinding depth. This factor is decisive
in the choice of flawless conditions of grinding. The correlation between crack resistance coefficient
and grinding depth was studied on the examples of polycrystals and monocrystals in high-coercive
state (POG 121A, MG121A) was defined. Experimental data is given in Table 1. Research results
comparison shows that crack resistance of magnet alloys falls with increase of the depth. Decrease
intensity depends on the characteristics of grinding wheels.

Thus, in case of grinding using diamond wheels, the intensity of crack resistance is insignificant,
because these wheels have high thermal conductivity and grinding contact temperature Ty is lower
than using wheels 24A25CM18K5. The insignificant decrease of crack resistance coefficient using
wheels on 10...20% indicates their serial usage for grinding operations.

The grit of the wheels in the range from r=12 microns to r=400 microns influences crack re-
sistance of the given alloys insignificantly. While the hardness of grinding wheels significantly affects
the intensity of crack resistance and the value of K;. In the work [15] during the research of kinetics of
strain formation in the surface layer of grinded products was mentioned the ability to reduce temporal
tangential strains by choosing grinding wheels which have minimal friction coefficient p in the contact
with the material being processed. Since the values tangential strains txy aids to the evolving of the
defects to main cracks, one of the available ways for reducing flaw by grinding cracks are the ways of
reducing the component of cutting force — P friction force.

On the Figure 4 are presented theoretical and experimental studies of crack appearance phenom-
ena during the grinding of magnets UNDCT35T5 with various cutting depths. To develop the techno-
logical criteria for controlling the process of flawless grinding it was considered that this is a multifac-
tor process. Physical and mechanical properties of the processed metal, its structure, grinding modes
and grinding wheels characteristics, conditions of the preliminary processing cutting fluids and charac-
teristics of the instruments influence the quality of the surface layer during grinding.
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Table 1

Correlation of the crack resistance coefficient with grinding parameters on the examples with monocrystals and
polycrystals in high-coercivity state (POG 121A, MG121A)

Example sizes P Grinding parameters K
L t b I "™ 1Exam. | Vo | Vie | Tar . ‘
No Cutting YT
state . Wheel MPa
mm mm mm mm H m/s | m/s | m/s fluid
NV
11 28 7.5 15.1 7.0 1440 M - - - - - 83
22 28 7.5 15.1 7.4 940 PO - - - - - 59
33 28 7.6 15.1 7.5 2340 MG - - - - - 146
LO 20
44 28 7.5 15.1 7.1 1110 | POG | 0.17 | 35 | 0.04 - 100% 65
* 24A25
55 28 7.5 155 7.1 790 MG 0.17 | 35 | 0.04 HLC CM18K5 46
No cool- | 24A25
66 | 28 7.8 15.5 8.0 320 MG | 0.17 | 35 | 0.03 ant CMI18KS 20
771 28 | 76 | 155 | 73 | 850 | POG | 017 | 35 | 0.03 | HLC® | 2442 | 33
' ) ' ' ) CM18K5
No cool- | 24A25
88 | 28 7.6 15.5 7.6 340 | POG | 0.17 | 35 | 0.03 ant CM18KS 20

"HLC - hard lubrication coolant from polyamide group having high heat capacity. Is used for decreasing
grinding temperature when applied to cutting edge of the wheel;

L, t", b, I'- geometry sizes of the sample;
M — monocrystal magnets;

MG — monocrystals exposed to thermal treating at y-phase;
PO - polycrystal magnets obtained by open melting;
POG - polycrystals exposed to thermal treating at y-phase.

That’s why to provide the quality of the
processed surfaces it is required to select the
processing modes, cutting fluids and instru-
ment characteristics by functional connections
between physical and mechanical properties
of the materials and grinding process parame-
ters in a way when current values of grinding
temperature T(X, Y, t) and heating flux q(y, 1)
of the strains o, max and forces Py, Pz, intensity
coefficient Ky(S, o, 6, max) do not exceed their
limit values which guarantee the required
quality of the surface layer.

Let’s consider the following system of
limiting inequalities that let us build the algo-
rithm for selecting technological parameters
which provide the required quality of the pro-
cessed surfaces.

When studying the kinetics of the tem-

K,

kgfmm

50

45

40

35

30

/

Vk=35m/z
Vd =15 m/min

1-Wheel

yd

Q00

24A25CM1BKS
2-Wheel LO20100%

Alloy: YNDKISTEAR

pd

800

Grinding without
cutting fluid

AX

N

700

/

600

500

0.07 0.015

0.02

0.0285 0.03

Fig. 4. Influence of grinding depth onthe intensity of crack
occurance during YNDK magnets processing in the state of
a-phase (final grinding)

perature field of the product considering the peculiarities of cutting the single grains it was found that
the grain consists of regular (constant) and instant (impulse) components. Impulse component — Ty,
describes the temperature state of the metal just under the grain. Constant component Ty characterizes
heating of the metal in the processing zone as a result of aggregate affect by multiple grains of the in-

strument.

Despite the short-time action of the instant temperature on the metal and its rapid attenuation
along the depth it takes part in forming of structurally strained state of thin surface layer of the prod-
uct. That’s why the bounding inequalities by the values of the temperature and its spreading depth will

correspondingly be equal to:
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T(x,y,r):zi—k;H(r—\l;—lJH[L\jwkle f(rt)de <[T],, ; 28)
T([h]oa:—zH[ j'} (“k']jw(m)dwmg, (29)
where:
o VK -VT) VAT (K=Yt HInE .
W(T’T)_EXF{ 2a 4a da(t—1') } (30)

[T]st — acceptable temperature of structural transformations of given metal;

[h] — ultimately acceptable depth of structural transformations.

In some cases the quality loss of the surface layer becomes significant only with spreading of
structural transformations at certain depth which value is determined by the product’s operating condi-
tions and additionally by technical conditions. Limit values of such depth are determined by deep heat-
ing zone, sic by constant component of the temperature field. The bounding inequalities in this case
have the following form:

(y-r)?

B x(r,t)e 4 1 v (e-t) — .
T,(0,y,7) = — JV j jl o) \/n(t_r)-i-ye [1+CD(yx/r t)}}drdt, (31)
Pl Yoy’
T, ([h],0) = :/\/v_ [ Iy +y2ex Kl,z(%\/y'z+[h]2)dy‘s['l']L; (32)

d

T.™ (L, O) V. a\/gll—exp[—vd— “:L’r}]sﬂ]ﬂ. (33)
s

In the last inequality the ultimate temperature on a surface (X=0) was used as bounding factor.

The occurrence of grinding cracks depends on the values of temporary strains which are formed
in the surface layer under the effect of thermomechanical phenomena guiding this process. Maximum
strains appear in the zone of intensive cooling. That’s why the structure of controlling inequality in
this case will be the following:

(x1)= ZGi o T™e rf[ (34)

<[o]
2\/;} - [G]IC '
Phenomenological approach in estimation of crack appearance in the surface layer of the metals
during grinding doesn’t take into account many technological factors, in particular the influence of
thermal treating modes of this metals and defectivity of their structure connected with previous me-
chanical processing. That’s why more “sensitive” bounding criterion is required. Its structure shall
contain functional connections of technological parameters of diamond abrasive processing and tech-
nological heredity shall be considered. In this role we can use the limitation of intensity strains coeffi-
cient with established relations to technological parameters and main criterion of metal crack re-

sistance — coefficient Kc:
/I +1
xx' ! (35)
l TE\/VJ‘ 1C

where 2| — typical linear size of structural defect.

Flawless grinding of the materials having low mechanical characteristics is possible if we limit
the cutting forces, in particular, the tangential component P, and decrease the friction coefficient of
abrasive with processed metal —

Thus, from the research about the influence of cutting forces on strained state of the surface layer
we can build another one auxiliary condition for flawless grinding:

TC\[ Dtgr Ep\/ﬁ
* = KPsinm0 {[TL 20—V VR } ' (%9
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where [1] — limit value of the shear stress;
0= larctg i ;
T 2p(1-v)
p — minimal acceptable value of the friction coefficient between the abrasive and processed metal
which is provided by using of the cutting fluid with impregnating compound;

K — relation coefficient Py/PZ .

If we know the value of the crack resistance coefficient K¢, sizes of the most “weak link” of
structural I, we can define the range of the technological parameters which provide the limit of heating
flux during which structural defects balance is saved:

PV, _ V3K
JDt,  HIml&"

The conditions of the flawless grinding can be implemented using reliable information about the
processed metal’s structure. Thus in case of prevailing character of the structural imperfections with
length 21 their regular location relative to the contact zones of the instrument with the product we can
use the condition of defect’s balance as criterial relationship in the following form:

KZ
I, < R 5
n[GT, 1+ V)a,]

In this formula the technological part lies in in the connection of contact temperature value TK
with grinding modes and instrument characteristics.

The obtained inequalities give the connection between the limit characteristics of temperature and
force fields with the controlling technological parameters. They set up the area of combinations of
technological parameters (modes, cutting fluids, grinding wheel characteristics) which provide the re-
quired quality of working surfaces of the products from hard-to-cut materials.

Conclusions

1. The elimination of grinding cracks during magnets processing which have low mechanical
properties and anisotropy depends on the right choice of grinding wheel characteristics, following the
modes which provide flawless processing considering the technological process of their manufacturing
and morphology.

2. Technological criteria, proposed in a form of bounding inequalities by the limit values of
grinding temperatures, burn depth, cutting forces, heating flux, strain intensity let us find the area of
combinations of technological parameters — modes, cutting fluids, grinding wheel characteristics
which provide the required quality of the products.

3. Technological background for controlling quality characteristics of the grinded details by the ulti-
mately acceptable grinding temperature values, heating flux, heredity defects, cutting forces, crack re-
sistance coefficients which provide the choice of optimal technological conditions for flawless processing.

4. We obtained the methodology for reasonable selection of technological parameters for flawless
grinding of the materials and metals especially prone for crack occurrence.

q (37)

(38)
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