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Practical Application of the Sonic Testing to Determine
the Grade of Grinding Wheels

Introduction

A bonded abrasive is composed of abrasive grains and bonding
material. As it is mostly used in the shape of a disk, the name
"grinding wheel" has been uged in@a broad sense inclusive of 2
grinding stick. c : S S

Grade or hardness is one of the most important characteristics
of a grinding wheel, because it is closely related to the grinding
performance at work. Although numerous methods for testing grade
of a grinding wheel have been in use up to now, a conclusive me-
thod has not yet been agreed upon to the satisfaction of all.

Most of grinding wheel manufacturers employ their owm mechanic-
al graders such as scratching and sand-blasting testers. In re-
cent years the sonic method has gradually been in use, because
the measuring procedure is handy and nondestructivé. and the meas-
ured value has a real physical significance.

This investigation was carried out in order to handle the sonic
method properly from the view of a grinding wheel manufacturer.
The Sonic Testings
The E-modulus of a grinding wheel can be easily measured by sonic
testing devices which are now made by s few companies in the wor-
1d. These devices refer to measuring the dynamic E-modulus of a
grinding wheel in spite of their different corigins.

The Sonic Comparator and the Grindo-Sonic are based on detecting
the natural frequency of a grinding wheel within an audible range
and represent the overall characteristics of an entire test piece.

The Ultrasonic Grader is based on detecting the transmission
velocity of ultrasonic pulses and represent the local characteris-
tics in the test plece:
2-1) ' Somitc—Comparater—

This device has been developed by R.G.Roweiin'U.ST*1"1nh&—fs—exten=—
sively used in grinding wheel manufacturers.

A grinding wheel in any shape has. various natural frequencies

of vibration. A disk and a rectangular bar vibrate in many kinds
of modes as shown in Fig.l and 2, when they are excited freely,



. The Soniec Comparator makes it possible to calculate the E-modulus
of a grinding whecl from any natural frequency regardless of the mode
of vibration. Several physical constants except the E-modulus can be
evaluated by comparing the natural frequencies of vibration for vari-
cus modes. In tris case, a grinding wheel in the shape of either
disk or rectangular bar is supporited at the nodes of a treferred mode
of vibration and then excited with an exciting stylus, '

In production testing, however, a fundamental diameter mode for a

disk and a fundamental flexural mode for a rectangular tar are favor-

ably used, becausc these modes can be more easily detected.
The natural frequency of a disk for the fundamental two-nodal

diameter mode is given by the classical theory2 ag follows:
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where = natural frequency of two-nodal diameter mode
= thickness of the disk

diameter of the disk

E-mecdulus of the disk

= mass density of the disk

= Poisscn's ratio of the disk
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For a disk with an arbour hole, the natural frequency for the
fundamental two-nodal mode is given as follows:

Y\ 5.25 t B
f =41 - (d/D)“}——— - - (2)
m D2 39 (1 -4°)

where d = hole diameter of the perforated disk

Eq. 1 and 2 are valid for any selfconsistent set of units.

It is said that Bq. 2 is accurate for the diameter ratio (4/D)
below 1/3 and for the thickness-to-diameter ratio (t/D) below 0.15.

In case of conventional metric units, Eq. 2 can be expressed as:

(1 - p2) £2 D*e
{1 - (d/D)'?}‘2 ot

natural frequency of two-nodal diameter mode (sec-!)
thickness of the disk {mm)

E = 1.074 W gmtane  (5)

where §
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Grinding wheel manufacturers are not only desirous to inspect

outer diameter of the disk (mm)
hole diameter of the disk (mm)
mass density of the disk (g/cm?)

1}

the grade of their final products speedily but also to introduce an
appropriate in-process grade inspection in order to be able to re-
jeet. the off-praded wheels prior to expensive finishing and irispect-
ing processes. For these purposes, they do not always need tc know
the E-moduld-of their products, but it is fine to find the fluctuat-
ion of the quality in their routine processes. Therefore, the use
of the frequency reading on the display panel of the Sonic Comparator
offers an economic method of controlling the wheel guality. rurther-
more some grinding wheel manufacturers often use a following conve-
nient pafameter instead of the frequency reading ( f value ).

f - D4
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where w = weight of the disk . (g)

For a rectangular bar, the natural frequency for the fundamental
flexural mode is given by the classical theory3 as follows:
52 E-t
f = : {5
2LV 12 9
where f = natural frequency of two-nodal flexural mode
L = length of the bar
E = E-modulus of the bar

t = thickness of the bar
¥ = mass density of the bar

Egq. 5 is valid for any selfconsistent set of units.

In case of conventional metriec units, kKg. 5 can be expressed as:
L £2¢

t

E = 0.9464 1012 kN /mm?2 (6)

where = natural frequency of two-nodal flexural mode (sec-l)

f

Z = length of the bar (mm)

t = thickness of the bar {(mm)

¥ = mass density of the bar (g/cm®)



2-2) Grindo-nonic

This device has been developed by J.Peters and his coworkers4 in
Belgium and is used in Burope. The Grindo-Sonic is charactetistic
of geasuring the gravest resonance frequency of the fundamental mode.

A grinding wheel is either placed horizontally on a plasfic cone
or on a very coft material so as to vibrate freely or left upright
on the floor, and then excited with a hammer. The frequency meas-
urement starte after a2 time delay, which is long eﬁougﬂ*rﬁ"hﬁvv‘tne

PPN py- PP gy o e

nd c-Sonic,
the R wvalue is directly'seen—inatead of the f value. The R value
corresponds to {2/f) 10 and has a dimension of the time.

A1l the calculations to obtain the E-modulug may be performed
just ag in case of the Sonic Comparator.

A.Decneut” proposed a more accurate equation for a thin disk
with an arbour hole as follows:

P. % D4
E = "*';"—'-—E-— kl‘i’/mmz (7)
2
t R
where P = constant depending upon Poigson's ratio and bhe disk

shape (d/D)
In case of d/D = 0, P comes to the value: 3.68.
‘Y = mass density of the disk (g/cm )
D = outer diameter of the disk (mm)
t = thickness of the disk (mm)
R = Grindo-Sonic reading
For a thicker perforated disk with the diameter-to-thickness
ratio (D/t) below 25, Eq. 8 igs given as follows:
F ¥ D
E = ————— ¥kN/mm® (8)
}2
where P = constant depending upon Peoisson's ratioc agd the disk
shape (D/t and 4/D)
Eq. 8 1is accurate for the diameter-to-thickness ratio between
3.30 and 25.0.

He proposcd a more accurate equation for a thin bar as follows:
2

A
E = 3.372 (1/1:)2 o2 kN/mm?2 (9)

where ¥ = mass density (g/cm3)
£ = length of the bar (mm)



t thickness of the bar (mm)
R = Grindo-Sonic reading
For a thicker bar with the length-to-thickness ratio {§%) below

I

24, Eg. 10 is given.
P Y £° 5
E =—————— kN/mm (1)
R2
where P = fenstent depending upon the length-to-thickness ratio
2-%3) Ultrasonic Grader .7
This device has been;developed by Y.Shinozaki and his coworkers in

Japan. This is quite different in principle from the said devices.
A beam of high frequency vibrations is transmitted into a .rinding

wheel, so that the evaluation of the wheel grade is accomplished at

a given location of the grinding wheel but not as a whole.

—— The Bltrasonie—Grader—is—based—omrmenrsuring—tire—trarsmittingtTne
in the following well-known equation:

(3 + ) (1~=24)

E = — P (¢/z )5 (11)
(1-v)

where E

dynamic E-modulus of the grinding wheel

¥ = Poisson's ratio of the grinding wheel

% = mass density of the grinding wheel

t = thickness of the grinding wheel _

T = transmission time through the grinding wheel distance
Eq. 11 is valid for any selfconsistent set of units. }
The grinding wheel is placed tightly between a transmitter and a

receiver to transmit the ultrasonic waves through the wheel bedy.
When such known constants as density, thickness and Poisson's ratio

of the wheel are brought in memory of the device, the measured value
on the panel is directly the E-modulus of the wheel. At present, the
grinding wheel of very soft grade, very coarse grit size, highly el-

asticity can not be measured.

Effect of the Dimensional Variation of Grinding Wheels con the Sonic

Reading ‘ .
Grinding wheels have more or less dimensional variaticns, even though
they belong to the same lot. ®Bhese variations may occur during such
processes as molding, firing (curing) and finishing. 1In order to
apply the sonic testing to the process inspection before finiihing,

it is necessary to use a handy parameter which is not sensitive to



4)

+he dimensicnal changes of grinding wheels. As regards the process
inspection, the most important thing is not to find out the dimen-
sional deviations, which can be corrected in the accompanying finish-
ing process, but to detect the half-manufactured articles of poor
gualities.

3.1) Variation in Thickness

it is evident from Eq. 1 that the resonance frequency of a grinding
wheel increases with increasing wheel thickness. If the k value is
adopted as a measure of the sonic hardness, we can evaluate the grade
of each wheel regardless of the thickness change. These are experi-
meﬁtally confirmed as shown in Fig. 3. '

3.2) Variation in Hole:Diameter:

It is obvious from Eq. 2 that the { value decreasges with increasing
hole diameter. However, the k value 18 not influenced by hole dia-
meter as shown in Fig. 4.

3-3) Variation in Outside Diameter

AS expected from Eq. 1, the f value decreases with increasing cut-
side diameter. This is also confirmed experimentally as shown in
Fig. 5. However, the diameter ratio (d/D) must not be neglected,
because it influences both the f and k values.

3-4) Sonic Hardness Before and After Finishing

According to conventional mechanical grade testers, the grade of
finished wheel usually differs from that of the unfinished one.
Probably superficial layer of the wheel suffers scme special treat-

ment during firing {(or curing) and becomes of something like a crust.
Two types of grinding wheels were tested on the Sonic Comparator

before and after finishing. The analysis of variance reveals that

there is no significant difference between before and after finishing,

as far as the % value is concerned. This proves that the sonic me-

thod is useful for the process inspection as well.

bEffect of the Measurdng Environment on the Sonic Hardness
Vitrified bonded grinding wheels are little influenced by temperature
in the open air. However, resinoid bonded wheels are so affected by
both temperature and humidity in the open air, that it would be ne-
cessary to measure the sonic hardness in a constant atmosphere.

In the ordinary room condition, the k value of vitrified bonded

of the type of bond, whereas that of resinoid ones decreases appro-
¥imately 0.013 for 2 harder one.
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Fig. 5 illustrates the test result performed in an artificially
controlled chamber. As seen from this figure, both temperature and
humidity greatly influence the sonie hardness.

For the purpose of finding the effect of aging, the testin the
open air has been extended over years. The test result is shown in
rig. 7. A conventional resinoid bonded wheel is subjected to the
deterioration year by year. While the siiicon carbide wheel is sus-
ceptible to only temperature, the aluminum oxide one is more affected
by humidity as well. ' -

Sonic Hardness of Yrinding Wheels

Aside from the fact that the final soluticn must be to know the re-
lation of the sonic hardness to the grinding performance at work, 1t
is desirable to begin with the comparison between the soniec hardness

and other conventional mechanical hardness.

In Japan a kind of scratching hardness, called Okoshi hardness,
is nationally authorized and it is related to the international hard-
ness letter. A chisel tipped with cemented carbide is screwed down
into the grinding wheel by 120 degrees under such pressure as 50 kgs
for vitrified bonded wheels and 80 kgs for resinoid ones. The depth
of the indentation is then measured in mm, and converted to the hard-
ness letter from the conversion table or the graph as shown in Fig. 8.
5-1) Sonic Hardness of Vitrified RBonded Wheels
R. Snoeys and his t:,wcmorlxrersa’9 measured the sonic hardness of vitri-
fied bonded wheels on the Grindo-Sonic and concluded that tkhe E-mod-

ulus is a good measure for evaluating the wheel hardness. They in-

veatigated fthe relation between the E-modulus and other hardness stan-
dards, and further the influence of varions wheel characteriastics an
the E-modulus. Their test results have an universal validity, as far

as vitrified bonded wheels are concerned. _
Fig. 9 shows the practical conversion grapk of the k¥ value to the
hardness letter., The curves on this figure are available for most of
the vitrified bonded wheels. '
5-2) Effect of the Structure
The effect of the structure on the sonic values and thé hardness lett-
er are shown in Fig. 10. 1In a2ddition to Okoshi rardness, the hand
grade (driver hardness) by an inspector of experience is adopted.
It might be concluded from the figure that the f value would be
a preferable measure of the wheel hardness, if the wheel sizes do not

fluctuate, because it is not affected by the structure and comports



itself just like the driver hardness.
5-%)} Sonic Hardness of Resinoid Bonded Wheels

Resinoid bonded wheels vibrate with pocrer resonance amplitudes.

Apart from the effect of the measuring enviromment, these wheels are-
placed at a disadvantage. The grade of grinding wheels are mainly
determined by both the amount ¢f bond and the moulding density in
pressing operation. The grade of vitrified bonded wheels is compara-
tively orderly arranged under the above recipe. 1In case of resinecid
tonded wheels, however; the grade is determined by other compiex mat-
erials such as the filler or the wetting agent too. As these consti-
tuents exist without spoiling their own properties even after curing,
the sonic hardness of resinoid wheels is supposed to be more affected
by veiled factors than that of vitrified ones. -

-If the grit sizes are plotted in the lump, there seems to show.
some correlation between the kX value and the scratching hardness. Da-
ta for two types of pkeparatioms are shown in Fig. 11.

In order to obtain more detailed informatioms, bar-shaped speci-
mens were macde according to such conditions as shown in Tab. 1. The
influence of various manufacturing conditions on the f value, E-modul-
us, bending strength and the Okoshi hardness were summerized in Tab. 2.

As to the type of abrasive grain, the white aluminum oxide wheel
shows greater sonic hardness but lower scratching one. This is because
the white aluminum oxide grain is more friable and has less bulk den-
sity as compared with the regular aluminum oxide one. -

1t is interesting that the type of bond as well as the kind of
filler can be detected only by the f wvalue.

The amount of bond, which is the sum of the powdered nmovolak resin
and the nonvolatile part of the wetting resol resin, has a poor corre-
lation to the sonic value, whereas it has a stromg carrelation to the
Okoshi hardness and to the bending strength. As to the wetting agent,

both the f value and the E-modulus can detect its type, whereas other
scale can not. ' '

£-4) Sonic Hardness of Other Grinding Wheels

The sonic hardness of rubber bonded wheels can be similarly measured,

so far as the rubber is vulecanized into an ebonite. In case of the

grinding wheels composed of thermo-plagtic resins, the sonic method

is not available practically.
The sonic hardness of oxychloride bonded wheels can be also measu-

red, so far. as the cement is completely hardened. The kX value of a
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conventional oxychloride grinding wheel is very similar to that of
resinoid bonded wheels as shown in Fig. 11. o

The sonic hardness of sueh grinding wheels consisted of very fine
grains as honing and superfinishing stones is performed very well.

Y. Tanaka and his coworkers' obtained the dynamic E-modulus of honing
stones by measuring the resonance frequency of ultrasonic vibration
system (hone-abrasive stick). This‘method is interesting theoretica-
11y to study the mechanical properties of grinding ﬁheels but suppos-
ed to have the difficulties of practical use.

Conglusion

This paper is written concerning practical applications of the sonic
methori to evaluate the grinding wheel hardness and not the thcoreti-
cal on<s. After the comparative descriptions of the measuring devi-
ces, several test results experienced'in my factory-aré shown with
the matters to be attended to apply the sonic methad.- ‘

As to the possibility thHat the sonic hardness becomes the main
current, I do not always have an affirmative conclusion, bacause its
relevancy to the grinding performénce is not clear. I am sure, how-
evef,'that the handiness and the rapidiness of fhe sonic method will
please grinding wheel manufacturers from now on.

Further investigations are at present being carried out. It is
very important to supply the efficient and strong grinding wheels to
the customers, so that the measurement of the E-modulus, Poisson's
ratioc and other mechanical constants must become more and more import-
ant. These are easily measured and confirmed by using different son-
ic devices comparatively.
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Fig. 1. Examples of vibrational modes of a thin unsupported circular
disk
(a) fundamental diameter mode of vibration
(b) fundamental radial mode of vibration
{c) fundamental annular mode of vibration

(d) three-diameter mode of vibration (higher-order overtone)
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Fig. 2.
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" Examples of vibrational modes of an unsupported rectan-
gular bar

(a)
(v)
(c)
(d)

fundamental flexural mode of vibration
fundamental longitudinal mode of vibration
fundamental torsional mode of vibration

three-nodal flexural mode of vibration (higher-order
overtone)
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Table I. Experimental Layout for Resincid heel to Determine the
Correlation between llanufacturing Pactors and “heel Propertlies

Hamufacturing ' ' level

factor : o1 o 2 .3

Abragive grain = Regular A White A  HMHonecrystalline A
Grit sige (mesh) 24 . 46 .10
Type of bond KB-104 PR-359 __Yaroum=3337
Amount of bond (%) 12 ' 14 : 16

Type cf filler Cryolite Wollastonite none

Type of wetter Purfural - GP=324 MR-201

Density (g/em’ ) ~ 2.10 © 2,20 2.30

Rote: ‘ .

The amount of bond is based on the weight of bond per hundred
grain. ' . '
EB-104 represents conventional phenolic novolak reain whose maltiy
temperature is about 90°C. FR-359 represents heat reaistant novo-
lak resin for snagging wheel and has melting temperature of appro-
ximately 96°C. Varoum-3337 represents water resistant novolak
resin and has melting temperature of approximately 82°C. GP-324
represents phenolic resol resin for smagging wheel. MR-201 repre-
sents phenolic resol resin for preocision grinding wheel.

2
Table If. Correlation Analysis bdetween Manufacturing Pactors and
Various Wheel Properties for Resinocid Wheel

Hanufasturing Sonie value Young's Bending Okoshl hard-

factor f modulus bstrength ness (depth)
Abrasive grain ++ + - : 4
Grit sige + - et +
~Type of bond + - — — = B
Amount of bond - ++ ++ R
Type of filler + - - =
Type of wetter + ++ = =
+ ++ 4 ++

Denslty
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