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1. Introduction

The recent advance in the design and comstruction of
automatic grinding machines and the inecreased requirements
for the precision of the grirnding process call for new and
more accurate methods of testing and grading respective
tools, particularly abrasive wheels. One of the most im-
portant characteristics of every abrasive wheel is its grade
of hardness which is a measure of the tenacity with which
the individual grinding grains are bonded together. The in-
ner structure of an abrasive wheel is schematically shown
in Fig.1. Many different methods have been hitherto used
for measuring the hardness of abrasive wheels being all, as
a rule, mechanical methods which consist, generally speak-
ing, in acting upon the surface of the wheel’s body with a
hardened tool or with a normslized sand blast and then in
megsuring the depth of the depression produced in the ab-
rasive material. All these methods, besides being destruct-
ive ones, are inaccurate, very laborious and depend to some
extent on the operator’s skill and judgment.

In this connection another methods for grading abrasive
wheels were proposed being non-destructive acoustical meth~
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ods based on resonance frequency measurements [1][2]. They
are founded upon the justified theoretically by Kirchhoff [3]
and verified experimentally by many other investigators
well-known relations which exist between the geometrical
and material parameters of definite mechanical structures,
especially circular plates, and their vibration properties.

Fige.1. Simplified sketch showing the inmer structure
of an abrasive wheel
A - gbrasive grains, B - bond, C - voids.

It was proved that the hardness of any abrasive wheel,
depending on its material constants and expressed convent-
ionally in several grades labelled according to the present
standards with letters in the range from A /very soft/ to
Z /very hard/, is closely related to the resonance frequen-
ey Fn,l which corresponds to a definite mode of vibration
defined by the occurrence of n diametric and 1 concentric
nodal lines on the surface of the vibrating body and is
given by the expression [5]
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- radius of the wheel /cnm/,

- thickness of the wheel /cn/,

Young’s modulus of the wheels material /dyn/cm? .
Poisson’s ratio of the wheel’s material,

§ - density of the wheel’s material /g cm™>/,

)‘J constant for a given (n,1),

n - number of diametric nodal lines,

1l - number of concentric nodal lines.

where:

~ BH o H
]

Theoretical distributions of diametric and concentric
podal lines on the surface of a freely vibrating circular
plate are shown in Fig.2. The numerical relations of reso-
nance frequencies at successive higher modes of vibration
rn,l of a free circular plate t¢c its fundamental frequency
1= F2,0 are given in Table 1.

Table 1. Frequency ratios of higher modes of vibration
n,1 to the fundamental frequency P = F2 0
of a free circular plate with Y = 0.25

n = number of diametric nodal lines,

; - number of concentric nodal lines.
._f; o] .0_ P 3 4
0 = » 1 2.3124 | 14,0485
1 1.61%1 3.7052 6.4033 | 9.6445 | 13,3937
2 | 6.9559 | 10.8380 55.3050 20.3249 | =

Many different methods for exciting self-vibrations of
circular plates such as abrasive wheels are possible, using
e.g. electrostatic, magnetic, acoustical or mechanical ac=-
tuators. The simplest and most practical method consists in
laing the wheel on four pointed supporting pins located
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Fig.2. Distributions of dismetric and concentric ncdal
lines of a freely vibreting circular plate
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symnmetrically on the nodal lines of the desired mode of vib-
ration and in driving it by means of an electromechanical
transducer in any antinodal point. The abrasive wheel is
thus excited to forced vibrations whose amplitude reaches a

henever the frequency of the driving force is equal.
to any resonance frequency Fn,l' This frequency may be meas=-
ured by an arbitrary method using a probe microphone which
recelves the sound wave radiated by the vibrating wheel.
Such a method, although used in practice [1][2][#], has me-
ny disadvantages being rather laborious and subjected to
noise., To avoid these inconveniences we have proposed a new
regenerative feedback method for measuring the resonance
frequencies of mechanical structures, especially abrasive
wheelsfﬁ].

2. Description of the method

The block diagram of the me::uring egquipment is given in
Fige3. The abresive wheel ST under test, lying on four sup-
porting pins located symmetrically on the hypothetical nodal
lines of the desired mode of vibration, is mechanically coup—
led with two transducers PN and PO of the magnetoeleciric
type /see Fig. 5/ which are electrically connected to the in-
put and to the oytput of the brosd-band electronic amplifier
W with the gain k. The four-pole 1-2-5-4 whose voltage trans—
fer function according to Fig.3? is given by the expression

VA
ﬁ“Uaﬁ U1,2 i

constitutes an electromechanical feedback loop. The electro-

mechanical equivalent circuit of the feedback loop is shown

in Fig.4 in which the following symbols are useds:

E - e.n.f. of the voltage source, in the case being con~
sidered the open-circuit output voltage of the ampli-
fier W, '
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R, = source impedance, in the casgse being considered the
output resistance of the amplifier W,

Z‘..‘ = Re‘! + :](x)I.e.I - electrical blocked impedance of the

driving transducer EN,

Zgo = Rea + JuLg, = electrical blocked impedance of the

receiving transducer PO,

oy = ideal gyrator coupling the electrical and the mecha-

nical system of the driving transducer FN,

cC, - ideal gyrator coupling the mechanical and the elect-

rical system of the receiving transducer FO,

B = By + j@onm - mj;‘—]-) - mechanical open~circult im-
pedance of the driving trans-
ducer IN,

Zyo = Ryp + J(WHp, - '"U_') - mechanical open-circuit ime
pedance of the receiving trans-
ducer PO,

ST - the abrasive wheel under ftest,

R, « slectrical load impedance of the four-pole J=2-=3<4,

in the case being considered the input resistance of
the amplifier W.

The whole system of Fig.3 becomes regenerative provided
the well-imown condition

kB> 1 /3/

is fulfilled. The frequency of the excited self-oscillat-.
‘ions may be nédured by means of the electronic counter MC.

The transfer function characteristic ﬁ f(w) of the feed—
back loop depends both on the vibration properties of the
abrasive wheel ST and on the resonance properties of the
transducers PN and PQO. This problem should be discussed se-
parately in the low and in the high requency range.

In the low frequency range when f<<F2,0, where F,
stands for the first mode of vibration, the abrasive wheel
ST behaves like a stiff mechanical lever with the force




Pig.3. Echemetic diagrem of the eguipment for
peasuring the rescnance Frecuencies of
abrgeive wheels by the reginerative
elsctromechanical feedback method

Fig.4. Electromechanical equivalent circuit of the
four-pole 1-2-3-4 forming the feedback loop



Fig.5. Simplified scheme of the magnetoalectric
driving transducer /s/ and its equivalent
mechanical -circuit /b/
1 - permanent ragnet, 2 - pole nieces,
3 = moving coil, £4.- moving-coil sus-
pension, 5 = rivet shank coupling the
trensducer with the abrasive wheel.

ratio a = 1,/1, which transfers the vibrations of the driv-
ing transducer PN tc the recelving transducer FO. At the
same time, The abrasive wheel ST being coupled with both
transducers loads them with masses M‘I and M,, respectively,
and thus changes their own mechanical parameters. The simp-
1ified scheme of the abresive wheel treated in the low
frecuency range a&s a coupling lever is given in Fig.6-a.
Its electrical equivalent circult in the impesdance analogy
system is shown in Fig.6-b. The coupling lever is here re-
presented by the ideal transformer TI having the voltage
/force/ ratio 1 ¢ n. In this case the transformer TI coup-
les two mechanical serlies mesonsnce circults Zm =R, +

o (. -mj) and 7, = B, + J{uly, -R;'E)oomw-
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Fig.6. Mechanical /a/ and electrical /b/ equivalent
circuit of the abrasive wheel considered in
the low frequency range as a coupling lever

ponding to the driving and receiving transducer PN and PO,
respectively.

According to the general themoxry of inductivenl:y coupled
circuits, the transfer function characteristiclﬁl-‘—@(f)in this
frequency range has two maxima closely related to resonance
frequencies f1"¢’f2 of both transducers PN and PO loaded
with the partial masses M1 and M2 of the abrasive wheel and
equal to

' _ 1 ”
T = iy + W) Oy 2 " Bl + B O <t /Y

The complete electrical equivelent circuit of the feedback
loop is shown in Fig.7-a and its transfer function charac-
teristic in Fig.7-b. At the frequencies £’ and f£” the
self-oscillations in the feedback circult may easily be ex-
cited. As, however, these frequencies depend mainly on the
resonance properties of the transducers themselves and are
not correlated to the resonance frequency of the abrasive
wheel under test, this effect should be treated as undesir-
ed one and must be eliminated by the suitable deemphasis of
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the amplifier’s gain characteristic |ﬁ|= f(w) in this frequen-
¢y range.
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Fig.7. Equivalent circult of the electromechanical
feedback loop in the low frequency range /a/
and its transfer function characteristic /b/

In the high frequency range, on the other hand, where
£ Fe’o, the abrasive wheel treated again as a coupling ele-
ment behaves like a mechanical vibrating system with dist-
ributed constants and may be representesd by an equivalent
wave gulde in which standing waves occur corresponding to
the individual modes of vibration rn’l.' As ean example, the
schematic representation of standing wave’s patterns corres-




ponding to the fundamental resonance frequency F1 = F2 0 -
of an abrasive wheel being supported in the points a,b,c,d
located symmetrically on the nodal lines and coupled with
the transducers EN and PO in the antinodal points A and B
is shown in Fig.8-a. When considering this scheme it must be
kept in mind that in fact the deformstions of the abrasive
wheel occur.in the g.irection perpendicular to the plane of
the drawing. In Fig.8-b the same standing wave’s patterns
are shown in the cross-section perp&icular to the wheel’s
plane along the unfolded circle g=b-c-d on which the support-
ing points are located.

Fig.8. Schematic representation of standing wave's
patterns at the frequency F1 = 1?2’0 on the
gurface of the abrasive wheel /a/ and in the
cross-section perpendicular to its plane /b/

According to the general theory of wave guides it may be
stated that in the vicinity of each resonance frequency Fn, 1
the abrasive wheel may be considered as a mechanical series
resonance circult with the lumped constants ’ y C
representing its equivalent loss resistance,ﬁnmgs E&lcomf'l
Plience, respectively, and with the factor of merit Q'n,l i
the following relations being walid:
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1

F = :
n,1 29'\!%,1 n,1 /5/

2T F_ . M
Bl

The electrical equivalent circuit of the feedback loop in
the frequency range of interest, that is for f:>F2 0 is
shown in Fig.9—a end the respective transfer function cha-
racteristicLﬁ —@G in Fig.9-b., It may be observed that at
any resonance frequency Fn 1 the mechanical impedance of the
abrasive wheel decreases to a minimum value equal to Rn 1
and the modulus of the voltage transfer function U3|reachaa
a meximum thus creating the best conditlions for the excitat-
ion of self-oscillations at these frequencies. The choice of
the most convenient frequency of oscillations, which as a
rule is 1 = F2 0! depends on the suitable dislocation of
the supporting points as well as of the driving point on the
surface of the wheel.

The simplified electrical equivalent circuit of the ab-
rasive wheel labelled in Figs.3 and 4 with letters ST and
valid in the whole frequency range is given in Fig.10. When
considering this scheme it must be kept in mind that the in-
dividual series resonance circuits shunting the transformer
TI in the high frequency range are active successively ac-
cording to the increase of frequency and that their rdle as
coupling elements appears exclusively in the vicinity of
their resonance frequencies.
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Fig.9. Equivalent circuit of the electromechanical
feedback loop in the high frequency range /a/
and its transfer function characteristic /b/
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Fig.10, Simplified equivalent circuit of the abrasive
wheel considered as the mechanical coupling
element in the low frequency range /f< Fz,.o /
and in the vicinity of resonance frequencies

3. Instrumentation

Aecording to the above given considerations proved by ex-
perimerits made with vsrious assortments of abrasive wheels,
the laboratory model of the equipment for measuring their
resonance frequencies was designed and constructed. The ge-
neral view of the measuring eguipment is given in Fig.11
where two fundamental parvs may be distinguished, viz., the
measuring table and the electronic device.

The measuripz table is in fact a heavy iron plate weith-
ing about 140 kG, on which four supporting pins and two
electromechanical transducers may be suitably fixed to fit
the chosen distribution of the arbitrary mode of vibration
on the surface of any abrasive wheel with the dismeter rang-
ing from 150 to 600 mm. The measuring table with the abrasive
wheel under test lying on supporting pins is shown in Fig.12.
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Fig.12. The measuring table with the abrasive wheel
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The electronic device consists of the voltage amplifier,
compressor, power amplifier and digital frequency counter
and is so designed as to fulfil the condition /3/ of generat-
ing electrical oscillations in the case of various types of.
abrasive wheels to be investigated. The compressor is neces-
sary to keep the amplitude of the excited self-oscillations
within the range of linearity. The time necessary to measure
the resonance frequency of an individusl object does not ex-
ceed 1 second, the accuracy is better than 1072 * 1 Hz, the
distribution of results in iterative measurements is less
then 0.2% and the long-time stability better than 0.01% per
hour.

4, Results and conclusions

Using the above described method and equipmsnt, labora-
tory tests were carried out aiming at empirical prove of re-
lations which exist between the hardness of various types of
abrasive wheels measured by conventional methods and their
resonance frequency F1 = FE,O' Two examples of nodal lines
visible on the surface of an sbrasive wheel, viz. the dias-
metric nodal lines at the first mode of vibration F1 = FE,O
and the concentric nodal line at the second mode of vibrat-
ion F2 = FO q are shown in Figs.1? and 14, respectively.

The investigated inventory contained more than 500 wheels
of the type NSAa /according to Polish Standards PN-62/I -
59119/ with different characteristics, viz. three kinds of
abrasive grains /corundum EA, corundum EB, silicon carbide
52/, three grain sizes / 25/60, 32/46, 40/36 /, five struc-
tures /from 5 to 9/ and several hardness grades ranging from
F to Q. An example of the obtained results is given in Fig.15.
The curves are valid for NSAa abrasive wheels of the size
150 mn*20 mm~20 mm, structure 6, grain size number 40/36,
with grains made of corundum EA, corundum EB and silicon
carbide SZ, respectively, all on ceramic bond. The ordinate
scale i1s given both in hardness grades expressed in letters
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Fig.14. Concentric nmodal line at F2 = Fy 4
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Fig.15. Curves represahting empirical relations between the resonance
frequency F1 = F2 o and the hardness of NSAa abrasive wheels

of the size 150x20x20 mm, structure 6, grain size number 40/36,
with grains made of corundum EA, corundum EB and silicon
carbide SZ on ceramic bond.
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of the alphabet code and in depths h of the depression in
the wheel’s body produced by the sand blast when grading it
by means of Mc Kensen’s apparatus,

It follows that the electroacoustic regenerative feed-
back method proposed for grading abrasive wheels according
to their hardness is a non-destructive comparative method.
Wheel grading by resonance frequency measurement is based
on the formerly found empirical.relation being repres\ékza-
tive for a given type of wheels. It is worth while saying
that the results obtained for wheels of a given diameter D1
and thickmess t,1 may be directly translated to wheels of
another diameter D, and another thickness %, when using
simple arythmetical relations.

The method proved to be.very useful for many research
and practical epplications. It makes it possible not only
to measure quickly and accurately the hardness of all exemp-
lars of abrasive wheels being produced, but also to find out
within a given inventory of wheels with similar characterig-
tics those exemplars which are identical from the point of
view of their hardness. This fact is very important in view
of the increasing demands for the uniformity and repreduci-
bility of tools in the grinding process by automatic machin-
es when the abrasive wheels are periodically consumed and
have to be replaced without any readjustment of the machine,

At the moment the model of the measuring equipment is
subjected to detalled exploitation tests under normal pro-
duction conditions in the menmufactory and is used in tech-
nological research work in the abrasive industry.
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Pracownlia Elektroakustyki
Zgklad Badania Drgah
IPPT - PAR

ELEKTROAKUSTYCZNA METODA GENERACYJNA
BADANTA SCIERNIC TARCZOWYCH
PRZEZ POMIAR CZESTOTLIWOSCI REZONANSOWYCH

Streszczenie

W oparciu o uzasadnione teoretycznie przez Kirchhoffa i
potwierdzone wielu badeniami do$wiadczalnymi ogblnie znane
zwigzki miedzy paremetraml materiatowymi bry: o okre$lonych
ksztattach geometrycznych, w szczegdlnodci za$ piyt kolowych,
a ich wtaSciwosciami drganiowymi, opracowano oryginalng ge-
neracyjng metode elektroakustyczng wyznaczania twardodci
Sclernic tarczowych ptaskich. Metoda polega na wykryciu
zwiazkéw, Jjakie istniejg miedzy twardoscig Aciernicy okred-
lonego typu, wyrazang w konwencjonalny sposéb w stopniach
twardosScl wedlug kodu literowego od A do Z, a czestotliwos-
cla rezonansowg Fn,l odpowiadajacg okreSlonemu rozkladowl
drgats wtasnych na jej powlerzchni, ktéry charakteryzuje sie
w ogdlnym przypadku wystepowaniem n. érednic wezlowych 1
1l koncentrycznych okregdw wezlowych.

Pomlar czestotliwoéci rezonansowej badanej Sciernicy tar-
czowej polega na jej sprzegnieciu mechanicznym z dwoma przet-
wornikami elektromechanicznymi typu mametoelekbrycmegb i
utworzenin w ten sposéb petli sprzezenia zwrotnego w ukile-
dzie elektronicznego wzmnacniacza szerokopasmowego. W pow-
stalynm ukladzie generacyjnym nastepuje wzbudzenie sie drgat
elektryeznych o czestotliwodci Fn,l odpowiadajacej okres-.
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lonemu rogzkladowi drgaf #ciernicy, ¢ ktérego wyborze decy-
duje rozmieszczenie punktéw.jej podparcia oraz jej sprzeg-
‘niecia z obu przetwornikami, Pomiaru czestotliwofcli regonan-
sowe] l'n q dokonmuje sie czestotliwoécionierzenm liczgcoym.

Opraoonana metoda elektroakustyczna wyznaczania twardoé-
¢l fciernic tarczowych wykezuje szereg salet w pordwnaniu
se stosowenymi dotychczas metodami konwencjonalnymi /np. me-
tody wciskows, metoda piaskowa %a pomocq aparatu Mc Kensena
itp./, a ponadto przewyisza je pod wzgledem dokladnofeci,
prostoty stosowania oraz czasu zufytego na pomiar, Naleiy
podkreslié, ie w odrdéimieniu od wszystkich dotychczas sto-
sowanych metod jest to metoda nieniszczgca, pozwelajgca na-
badanie na blezgco wezystkich egzemplarzy éciernic produko-

wanego lub uiytkowanego asortymentu bez zmiany ich wl:a.éci-

woci eksploatacyjnych.

¥ pracy przeprowadzono szczegdlowg analize metody ze
szozegdlnym uwzglednieniem warunkéw wzbudzania sie drgah w
ukiadzie generacyjnym o elektromechanicznym sprzezeniu zwrot-
nym. Podano krétii opis opracowanej modelowe]j aparatury pow
riarows] oraz przytoczono przykladows wyniki badsi eksperye
mentalnych, obejmujacych pomiary czestotliwosci drgah wias-
- nych okreélonych asortymentédw cisrnic tarczowych pod katem
wysnaczania ich twardoSci.





