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Abstract

An optical technique based on the optical Fourier transform with a lens system has
been developed to estimate the statistical characteristics of the grinding wheel surface
and can be applied to the in-process detection of grain wear.

The power spectrum patterns of the grinding wheel surface are observed directly
by this optical technique. The grinding wheel surface rotating at 3000 rev/min is
illuminated by parallel laser light (wavelength 632.8 nm). The light diffracted on the
rotating wheel surface produces an average power spectrum pattern on a plate located
at the principal focus of Fourier transform lens.

The relations between the average power spectrum patterns and the grain wear on
the working surface of a grinding wheel are obtained and discussed.

From the measurements of average power spectrum patterns, the average width
of grain wear flats can be estimated quantitatively on a rotating wheel surface and the
critical grinding time, namely, the life time of the grinding wheel can be also
determined.

1. Introduction

A common method of studying the grinding wheel surface is by taking microscopic
photographs and traversing a stylus across the surafce. However, it is impossible to
estimate gquantitatively and directly the statistical characteristics of a grinding wheel
surface by these methods.

The authors have been investigating the characteristics of the grinding wheel surface
by an optical technique based on the optical Fourier transform with a lens system. Miyoshi
and Saito (1) measured the power spectrum patterns of the grain distribution on a PVA
sponge wheel surface by the optical Fourier transform, although these patterns were
obtained from the film of the grain distribution transcribed on-to carbon paper.

The statistical data of the grain distribution, i. e, the orientation and periodicity of the
grain distribution, the mean diameter of agglomerates of grains and the mean distance
between the agglomerates were estimated in the power spectrum patterns.

This optical technique can also be applied to the in-process detection of the surface
roughness. Kamei (2) and Inari (3) observed the power spectrum pattern produced by
reflection from a rough surface without a lens system and suggested that this method could
be used for the in-process detection of the surface roughness.

In this paper, the power spectrum patterns of the grinding wheel surface are observed
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14 Takashi Mivosur and Katsumasa SAITo 2

directly by the optical Fourier transform with a lens system. The relation between the
power spectrum pattern of the stationary grinding wheel surface and the corresponding
distribution of worn grains is primarily obtained. Moreover, the average power spectrum
patterns around the different grinding wheel surfaces are obtained from the rotating wheel
surfaces.

From the measurements of these average power spectrum patterns, the average width
of grain wear flats can be estimated quantitatively on the grinding wheel surface rotating
at 3000 rev/min, and the critical grinding time, namely, the life time of the grinding wheel
can also be determined.

2. Measuring method and experimental procedure
2-1 Optical arrangement

The experimental arrangement for obtaining the average power spectrum pattern
around the grinding wheel surface is shown in Fig. 1. The working surface of grinding
wheel rotating at 3000 rev/min is illuminated by a parallel laser light (wavelength 632.8 nm)
through an aperture (¢ 10 mm). A cylindrical lens is located in front of the wheel to
convert the plane wave into a cylindrical wave.

The light diffracted on the rotating wheel surface produces an intensity pattern called
average power spectrum pattern on a plate located at the principal focus of lens L;. A
photograph of the average power spectrum pattern is taken on the plate. The intensity
curve of the pattern is also measured through a pinhole (¢ 1 mm) by a photomultiplier fixed
on the table which can move in the direction of x or y within a range of 50 mm and at a
traversing speed of 0.25 mm/sec.

Where x, y are two independent variables in rectangular coordinates on the plate. The
x-axis is parallel to the direction of the wheel circumference and y-axis to the direction
of the wheel axis. Frequency pair (x, v), which is called “spatial frequency”, is given by
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Fig.1 Experimental arrangement for obtaining the power spectrum pattern of grinding wheel surface
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where k= —(f; : focus length of the cylindrical lens, » : radius of curvature of the wheel),

A is wavelength of the laser light and f is focus length of the Fourier transform lens.

u=k

2-2  Experimental procedure

The state of the grinding wheel surface changes with radial wheel wear during
grinding. The wheel wear experiments are carried out under plunge grinding conditions to
obtain different grinding wheel surfaces. The wheel profile is periodically checked by
grinding a replica with an edge of a thin steel blade (S45C). The blade is examined on a
stylus measuring instrument (Talysurf-4) to estimate the radial wheel wear.

The experimental conditions used are summarized as follows :
work material : S45C
wheel speed : 1700 m/min
table speed: 16 m/min
wheel infeed : 10 gm/stroke
wheel specification: WA46K (V. : 46.5%, V,: 9.6%)
ground surface: 120 mm length 12 mm width
where dressing is carried out by using a single diamond in the order of the infeed of 30, 20,
10 and 5um.

3. Experimental results and discussions
3-1 Power spectrum pattern of a diffraction grating

A number of parallel equidistant strips are sculptured on the aluminum disk wheel
surface finished by a diamond tool, with its long dimension perpendicular to the direction
of the wheel circumference. The resultant wheel surface has a number of small rectangular
reflection surfaces of the same width, which is called a diffraction grating of reflection
type.

Assuming the width (b) of each reflection surface to be an average width of grain wear
flats and the distance (d) between the reflection surfaces to be an average distance between
the worn grains, the grating surface of aluminum disk wheel is considered to be a model
of grinding wheel surface.

Fig.2 Photograph of the grating surafce of aluminum disk wheel
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Fig. 2 shows a photograph of a grating disk wheel and the wheel surface is seen to be
finished like a mirror. The width (b) of each reflection surface is 0.2 mm and the distance
(d) between these centers is 0.64 mm.

The power spectrum pattern of this model surface produced by the optical Fourier
transform with a lens system is basically equal to the Fraunhofer pattern of an ideal
grating for N slits. The intensity (I) in this pattern is generally expressed as
sin’f3 . sin® Ny

At sinty
where = —7%)-}-(-— y= zdx and A, is constant. The factor (sin? 8/3% posseses minimum
values 0 for x=#nldf/b and the other factor (sin®N y/sin’y) posseses maximum values 1 for

[=AF (2)

x=mMf/d. The values of a » and m are both integers.
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Fig.3 Power spectrum of ideal grating for N=2

Fig. 3 shows the power spectrum for a double slit (N=2) where ¢/b=3. The power
spectrum has several maxima except for the principal maximum in the center which
corresponds to the point representing infinite wavelength, i. e., direct current.

Since the positions (| x, | ) representing the secodary maxima correspond to | Af/d

|, the distance (d) between the centers of the slits can be estimated by measuring the
positions of the secondary maxima. The dotted curve which expresses (sin®4/4%) falls to
zero at x= | Af/b| and the intensity is considered to be nearly zero for x = | A{/b|.
Therefore, the slit width (b) can be estimated by measuring the positions where the
intensity curve begins to attain constant at nearly zero.

Fig. 4 shows the power spectrum vs.the wavelength # in x direction, which are
obtained by the optical Fourier transform of the grating surface (¢/b6=23.16) of the alminum
disk wheel. The wavelength « is a reciprocal of the spacial freqnency u« expressed in Eq.
1.

The spectrum is similar to that of the ideal grating shown in Fig. 3. The wavelength
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Fig.4 Power spectrum obtained from the grating wheel surface
p

(u, = 1{/kx,) which represents the secondary maxima is 0.64 mm and the wavelength (u, =
A/kx,) where the power spectrum falls to nearly zero is 0.19 mm. These values #, and #,
are in good agrrement with the distance (d=10.64 mm) between the centers of the surfaces
and the width (6=0.2 mm) of eacth reflection surface respectively.

From the theoretical and experimental results, it is found that the proposed optical
arrangement produces the correct power spectrum pattern, in which the characteristics of
the grinding wheel surface can be estimated quantitatively.

3-2 Power spectrum pattern of a grinding wheel surface

Fig. 5 shows the relation between the grinding times and the radial wheel wear. Phase
A is a short period of non-linear rapid wear, which is much influenced by the dressing
technique. Phase B is a long period of 1000-4000 strokes in which the wheel wear occurs
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Fig.5 Relations between grinding times and radial wheel wear
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Fig.6 Photographs of power spectrum patterns obtained from the grinding wheel surface

at a constant and relatively slow rate. Phase C is characterized by a rapid increase in wear
rate and is generally found in poor grinding conditions.

Fig. 6 shows the power spectrum pattern at grinding times of 3000 strokes. Fig. 6 (a) is.
an average pattern obtained from the rotating wheel surface. While (b) and (c) of Fig. 7 are
the strongest intensity pattern (maximum pattern)and the weakest intensity pattern
(minimum pattern) obtained from a certain area on the surface of the stationary grinding
wheel. The average pattern is clear compared with the stationary patterns in which
numerous speckles can be seen.

The power spectrum pattern in each case is found to be short in x direction and long
in y direction because the reflection is scattered toward y by many scratches existing in x
direction, on the surface of the worn grains (Fig. 8).

The power spectra vs. the wavelength # in x direction are shown in Fig. 7 (a), (b) and
(c), which correspond to the patterns shown above respectively. The curve of average
spectrum is smooth and in approximately normal distribution, in comparison with the other
curves. The power spectrum in each case has it maximum intensity in the center of
spectrum pattern, namely, specular reflection from the grinding wheel surface is focused at
the center of power spectrum pattern to produce maximum intensity. The intensity in the
center is considered to be in proportion to the number of worn grains when the smear
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Fig.7 Power spectra in u direction obtained from the grinding wheel surface
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(a) Max. intensity (b) Min. intensity

Fig.8 Photographs of worn grains on the grindng wheel surface

around the grinding wheel surface is uniform.

Fig. 8 shows the microscopic photographs on the wheel surfaces corresponding to the
maximum and minimum patterns. From these photographs, it is found that there exists
many worn grains on the wheel surface where the maximum pattern is produced, but only
a few worn grains on that where the minimum pattern is produced.

Therefore, the variations of the number of worn grains around the grinding wheel
surface can be observed from the center intensity of pattern which is continuously obtained
by rotating the grinding wheel.

The grain wear flats appear to be complex features having many different widths as
shown in Fig. 8, therefore, the grinding wheel surface is considered to be composed of a
number of small rectangular reflection surfaces of many different widths.

By assuming the form of the sequential rectangular wave with a constant amplitude,
as indicated schimatically in Fig. 9, the power spectrum in respect to the different widths
of grain wear flats may be expressed as

7Z'bj

—A2S o 5.2 @il
I,:—AOEIFi b;* sin " /(

by, (3)

u

where F; is relative frequency distribution of grain wear flat widths (4) and « is Af/x.
The histogram in Fig. 10 shows the relative frequency distribution of the grain wear

flat widths obtained from microscopic photographs on the grinding wheel surface and the
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Fig.9 Optical form of grain wear flat widths on the grindng wheel surafce
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Fig. 10 Relative frequency distribution of the grain wear flat widths

average width is about 60 gm.

The intensity curve (Fig. 11) calculated by inserting the measured values of b, and I
into Eq. (3) is similar to the average power spectrum measured by the optical arrangement.
The intensity indicating the average width (60 zm) is nearly zero, strictly speaking, the
wavelength where the average spectrum falls to 49§ of its maximum intensity corresponds
to the average width.

I(u)

Power spectrum

Average width bg; 60pm

200100 60 40
Wavelength u  um

Fig. 11 Power spectrum obtained by calculating
the intensity in Fraunhofer diffraction
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Fig. 12 Average power spectra in u direction obtained from the rotating wheel surface

Fig. 12 (a), (b) and (¢) show the average power spectra obtained from the rotating wheel
surface, at grinding times of 2000, 4000 and 5000 strokes respectively. The power spectrum
at grinding times of 2000 strokes extends to the short wavelength region, while the power
spectrum at 4000 strokes falls in the long wavelength region and intensity in the center of
the spectrum at 4000 strokes becomes stronger than that at 2000 strokes.

This means that the grain wear rate on the working surface increases with the increase
of grinding times until 4000 strokes. The power spectrum at 5000 strokes extends again
and is similar to that at 2000 strokes, although the center intensity becomes stronger. This
means that the worn grains begin to fall off and the new undressed grains appear on the
working surface, namely, that the wheel wear rate increases rapidly beyond 4000 strokes as
shown in Fig.5 Terefore, re-dressing is necessary beyond 4000th stroke, which is
considered to be the critical grinding time.

There is no remarkable peak for the average power spectra, in other words, each

70
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Fig. 13 Relations between grinding times and wavelengths u,

where the average power spectrum falls to 4 %
of its maximum intensity
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spectrum is composed of many different wavelengths. This suggests that the worn grains
are distributed at random on the working surface.

The position of nearly zero intensity which corresponds to the average width of grain
wear flats can be seen clearly in these spectra.

Fig. 13 shows the relation between the grinding times and the wavelength u, where the
average power spectrum falls to 49 of its maximum intensity. It is found that the curve
of u, has a relatively sharp peak at 4000 strokes and decreases rapidly at 5000 strokes.
Since the curve of u, varies remarkably at the critical grinding time of 4000th stroke, the
opportunity of re-dressing can be determined by observing the curve of #,. The average
width of grain wear flats can be estimated to be 68gxm (maximum value) at 4000 strokes
and 44 ym at 5000 strokes by measuring the value of u,.
width of grain wear flats can be estimated to be 68um (maximum value) at 4000 strokes
and 44 gm at 5000 strokes by measuring the value of u,.

4. Conclusion

The average power spectrum patterns around the different grinding wheel surfaces are
observed directly by the optical Fourier transfrom with a lens system.

From the wavelength where the average power spectrum falls to 4% of its maximum
intensity,the average width of grain wear flats can be estimated quantitatively on the
grinding wheel surface rotating at 3000 rev/min and the critical grinding time, namely, the
life time of grinding wheel can be determined.

From the center intensity of pattern continuously obtained by rotating the grinding
wheel, the variations of the number of worn grains around the grinding wheel surface can
be detected.
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