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Abstract

The influence of particle shape on abrasive processes is not well understood, but the angularity of the abrasive powders is assumed to be
an important parameter. For that purpose an automatic angularity determination program was developed, based on the curvature of a two-
dimensional projection of a particle. This paper describes the algorithm used and the preliminary measurements and results. Aspects still open
for improvement are: filtering of the pixel noise, reproducibility and the discriminative power of the algorithm. The most important question

to answer was: ‘“What is a corner?”’. In fairness it should be concluded that this question can only be answered

with a particular application.

fully in combination
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1. Introduction

Two-body abrasion, three-body abrasion and powder-
blasting (or erosion) are important finishing and material
removing processes in a wide range of industrial operations.
The description of these processes is rather complex since so
many factors are involved [1]. The shape of the abrasive
particles can have a significant influence on the mechanism
of material removal. Daubrée {2] found that the rate of grind-
ing wear of the workpiece is noticeably more rapid forangular
than for well-rounded particles. Fang et al. [3] concluded
that the morphology of the particle determines whether a
particle will roll or slide in three-body abrasion processes.
Sharp particles are assumed to leave a trace of indentations
and in that case the quasi-static indentation theory will gen-
craily be used in the medeslling of abrasive processes [4-6].
Worn particles will give a lower removal rate than as-received
particles. This is believed to be caused by changes in particle
shape and size due to chipping and fracturing of the grain
during abrasion. To what extent these changes in shape and
size will have an influence on the process is not well under-
stood and therefore a closer look at the particle shape of
abrasive powders and its influence on the process is
necessary.

Shape is taken to include every aspect of external mor-
phology, like form, roundness and surface texture. Charac-
teristic values for these properties should be size-independent
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[71. Known methods for shape characterization are the deter-
mination of shape factors from packing density {8] or the
Fourier shape analysis [9]. Other investigators used the term
‘‘angularity’’ as a basis for their shape analyses. Yuhdbirand
Abedinzadeh [ 10] quantified angularity in terms of the aver-
age number of tangents. Lees [ 11] calculated a value for the
degree of angularity of a single corner, measured in one plane
with the formula (180—a)x/r°, where a is the measured
angle of the corner, x is the distance of the tip of the corner
from the centre of the maximum inscribed circle and r is the
radius of the maximum inscribed circle. The magnitude of a
corner under consideration was determined as the angle
between the faces of the nearest possible reasonably simple
angular outline. He defines the tota! angularity as the sum of
all corners measured in three mutually perpendicular planes.
Lees showed that angularity is not just the absence of round-
ness, but a distinct concept. Barrett [7] argued that Lees’
method did not lead to an independent angularity value, and
that his resuits also included information about form and
roundness, certainly giving rise to difficulties in the analysis
and interpretation of the results. Comparable to Lees, Wadell
[12] defined a corner as “‘every such part of the perimeter
of an area (projection area) which has a radius of curvature
equal to or less than the radius of curvature of the maximum
inscribed circle of the same area’”. Theories as described
above are either laborious or not useable in image analysing
systems. Moreover, they all lead to the same key question in
angularity measurements: ‘‘What is a cornier?”’
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2. Automatic angularity determination
2.1. Definitions of corners and curvature

In the introduction given above, two key issues are
mentioned;

@ which aspects of shape are process related?
® what is a corner?

With respect to the first question, it is suppused that the
angularity of a particle is one of the important factors in
abrasive processes, since in many abrasive models the indent-
ing angle has to be determined or estimated, see, for example,
[4]. Therefore, an automatic determination program has been
developed for the determination of the mean particle angle,
as a measure of angularity. This program differs from the
methods described above, since it determines the mean angle
of an abrasive particle from curvature plots.

The second question is more difficnlt to answer. In this
paper, we define a corner as a part of an vutline with a certain
(high) curvature. The first step in the development of an
independent angularity measurement is thus the determina-
tion of the curvature of a particle contour. Here we use the
contour of a two-dimensional projection of an abrasive par-
ticle. The curvature k(s) of the contour is defined as the
second derivative of the position vector (s), with the arc
length s as parameter:

d%r(s)
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2.2. Filtering pixel noise

Automatic digitalization of the particle contour introduces
pixel noise. Taking the second derivative of the position
r(s), will intensify the pixel noise considerably. Aneffective
filter is required, which is not easy to find as will be shown
later. Filtering has been performed by linear mean filtering
(LMF) and by least-squares fitting (LSF). LM is probably
the most simple method of filtering and is given by:
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where x is the old vector, x ' is the new vector and n defines
the number of points taken leit and right of the observed
point. By taking too many points into account (n large), the
shape will be changed with respect to the angularity. For a
few particles a 9-point and a 21-point filter has been tried,
but neither was effective enough. After filtering a consider-
able amount of noise remained in the curvature plot. LSF,
with a second order polynomial in s calculated from a defined
number of x and y coordinates of the particle outline (from
i—ntoi+n), has been used as a filtering method:

r(s) = (A +Bs+C,)i+ (A s +Bs+C,)j 3)

where A, B and C are the polynomial constants and  and j

are the unit base vectors o the coordinate system. The cur-
vature of this locally fitted shape is easy to calculate. The
absolute value of the second derivative of the polynomial
(see Eq. (3)) yields the curvature in every point of the
outline:
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LSF gives a better result than LMF. Fig. 1(a) gives the (dig-
itized) outline of an abrasive particle. Fig. 1(b) gives the
curvature plot of this particle obtained with LSF.

Starting at the origin and walking along the outline counter-
clockwise, it is easy to correlate the corners in Fig. 1(a) with
the peaks in Fig. 1(b). Although LSF is a more successful
filter than LMF, the pixel noise problem is still not solved
satisfactorily. Further improvement will be necessary.

2.3. Angularity determination from the curvature plot

From the curvature plots (see Fig. 1(b) ), the corners must
be determined. Some criteria can be drawn up to make this
possible.

1. A corner is a part of the contour with a high curvature.
This means that the curvature has to exceed acertain level:
k>level 1.

2. The corners must be distinct. Between successive comners,
the curvature must lie within a certain noise band around

(@)

_'A ___A Q'—TM[\"" " Aﬁa I:::"z

AW T LOAIY 1 L
[V U/S~L] WY AT A | 1 Levei2
v

curvature K
EEEE _SEER=

curvelength s
Fig. 1. Algorithm used for the asigle determination. (a) Digitized outline of
an abrasive particle. An arbitrary origin O is indicated. (b) Curvature plot
of the particle shown in (a), obtained by least-squares fitting. Indicated is
the level to be exceeded for a comer (level 1), Also indicated are the noise
band ( +level 2) and the associated distance D.
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zero ( +level 2 in Fig. 1(b)) and must remain so over a
certain distance D. This distance is inversely related to the
area under the peak.

The various levels are schematically shown in Fig. 1(b).
Note that re-entrant angles give negative values for the cur-
vature. These angles will not be taken into account, because
they will not have any contribution in the abrasive process.

Finally, the angles (or the angularity) can be calculated
from the begin and end points of the corner peaks. There are
various possibilities for the determination of these begin and
end points. In this work the points where the curvature is zero
or passes a positive minimum are taken as begin and end
points. Next, the tangents through a begin and end point are
calculated. The angle of the corner is calculated as the angle
between the two tangents.

3. Experiments, results and discussion
3.1. Experimental work

Two types of abrasive alumina powder were used: Al,O,
F320 and A1,0; F240. The particle size was determined by
sedimentation using a Sedigraph 5100 (Micromeritics),
yielding a mass modal diameter of the powder, here denoted
by d. The automatic angularity program was tested using
these powders. Images were obtained using loose particles
distributed on a transparent holder. For each powder 70-80
particles, equal to 425-500 corners, were measured. These
images show the maximum projected areas of the abrasive
particles. For non-isometric particles a preferred orientation
is thus present which is an obvious disadvantage of this sam-
pling method.

3.2. Reproducibility

For Al,O; F240 a reproducibility test was executed by
measuring the angularity of the original powder three times.
The results of these tests are given in Table 1. The average
standard deviation in the mean angle is about 1.5°, The dif-
ferences in the repeated measurements of the same powder
are in the order of two standard deviations and hence within
expectation. For detection of small changes in angle it is,
however, necessary to improve the reproducibility. Apart
from iie obvious increase in number of measurements, hope-
fully, the reproducibility can be improved in future by
improving the pixel noise filtering and the sampling method.

3.3. Angularity changes in abrasive processing

Investigaticn of the angularity changes during abrasive
processes has been performed by angularity measurements
on:

1. the original powder

2. the powder used for erosior of glass at low speed
3. the powder used for erosion of glass at high speed
4. the powder used for three-body abrasion of glass

Theoretically two extreme fracture processes can be distin-
guished for the abrasive particles. The particles can either
break into a few large pieces or become blunt by chipping
off small pieces. These mechanisms will result respectively
in a decrease and an increase of the mean angle. It is assumed
that angularity measurements can give information about the
mechanism of particle failure during abrasion.

Table 2 gives the results of the angularity measurements
and the corresponding size measurements. Conforming to
expectations, it can be seen that generally the particle size
decreases during abrasive processing. It is not clear why the
mean particle diameter of Al,0, F240 powder eroded at high
speed is larger than the powder eroded at low speed. The
average of the mean angles for the three abrasive processes
also decreases. The differences for the individual processes
are, however, so small that it is impossible to discriminate
between the various processes. For Al,0; F240 the decrease
in the average seems more clear than for Al,0; F320. This
could mean that the F240 particles are breaking mainly into
a few large fragments while during use of the F320 powder
chipping is growing in importance. The small differences in
angularity can be either real or due to a changed preferred
orientation in the sample of the powder used in the abrasive
process. The validity of these considerations should be inves-
tigated and supported with more measurements.

4. Conclusions and recommendations

Since the indenting angle is an important parameter in
abrasive processes, an automatic angularity determination
program has been developed. In this paper a new method for
the determination of the mean angle of a powder has been
introduced. In the algorithm a corner is defined as a part of
the contour with a high curvature. Curvature plots have been
determined after automatic digitalization of abrasive parti-
cles, which introduced a considerable amount of pixel noise.

Table 1

Results of the reproducibility test for the original A0, F240 powder

Measurement Mean angle Sample standard deviation o Number of angles measured n
i 1193 321 496

2 1222 333 578

3 1174 325 482
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Table 2
Angularity results for Al,O, F320 and F240
Alumina Specification Mean angle Sample standard Number of angles Mass modal diameter, d
deviation, o measured, n (pm)

F320 original 1135 364 491 284

erosion (low speed) 108.0 383 423 255

erosion (high speed) 1124 36.8 499 247

three-body abrasion 130 36.2 464 257
F240 original 1193 321 496 442

erosion (low speed) 1136 36.1 47 384

erosion (high speed) 111.8 37.1 514 399

three-body abrasion 109.1 36.7 450 350

Although least-squares fitting gave better results than linear
mean filtering, further improvements are desired.

In order to determine the angularity from the curvature
plots, (subjective) corner criteria had to be defined. What
shouid be regarded as a corner on the scale of the particle
depends on the process. It is clear that abrasive processing
decreases the particle size and angularity, although the indi-
vidual differences are small.

Consequently, for the investigation of angularity changes
during abrasive processes, the angularit* letermination pro-
gram should be improved further. This can probably be real-
ised by improvements of the filtering method. Furthermore,
achievement of better corner criteria could be attempted, or
other algorithms could be tried, e.g. Fourier analyses or meth-
ods without derivatives, apart from or in combination with
the algorithm discussed in this paper. In the near future the
possibilities of other filters, criteria and algorithms will be
investigated for their applicability in shape studies of abrasive
materials.

Although in Euclidean geometry an angle is a well-defined
concept, an automatic determination of the mean angle of a
contour of a real particle turned out to be rather difficult. In
image analyses investigators have to define their own criteria
for the automatic determination of the mean angle of a con-
tour. These subjective criteria result in an algorithm in which
the question ‘‘what is a corner?”” can only be answered in
combination with a particular application.

References

{1] M.A. Moore, Abrasive wear, in D.A. Rigney (ed.), Fundamentals of
Friction and Wear of Materials, ASM Materials Science Seminar,
1981, pp. 73-118.

[2] A. Daubrée, Erudes synihéti de géologie experi) le. 2 vols,
Dante, Paris, 1879.

{31 L. Fang, X.L. Kong, J.Y. S and Q.D. Zhou, Movement pattemns of
abrasive particles ivi three-body abrasion, Wear, 162-164 (1993) 782~
789.

[4] M. Buijs and K. Korpel-van Houten, Three-body abrasion of brittle
muaterials as studied by lapping. Wear. 166 (1993) 237-245.

[5] M.A. Verspui, G. de With, M. Buijs and P. van der Varst, Bed thickness
and particle size distribuiions in three-body abrasion, Wear, 188
(1995) 102-107.

[6] K. Phillips, G.M. Crimes and T.R. Wilshaw, On the mechanisms of
material | by free abrasive grinding of glass and fused silica,
Wear, 41 (1977) 327-350.

{71 PJ. Barrett, The shape of ruck particles, a critical review,
Sedimentology, 27 (1980) 291-303.

(8] J.K. Beddow, Particle Characierization in Technology, Yolume I,
Morphological Analysis. CRC, Boca Raton, FL, 1984, chap. 2, pp. 15~
22.

[91 P.A. Swanson and A F. Vetter, The of abrasive particl
shape and its effect on wear, ASLE Trans., 28 (2) (1984) 225-
230.

[10] Yuhdbir and R. Abedinzadeh, Quantification of particle shape and
angularity using the image analyzer. Geotechnical Test. J., 14 (1991)
296-308.

[11] G. Lees, A new method for d ini gularity of particl
Sedimentology, 3 (1964) 2-21.

[12] H. Wadel}, Sphericity and roundness of rock pasticles, J. Geol., 4/
(1933) 310-331.

Biographies

Ir. M.A. Verspui: graduated as chemical engineer frum
the Eindhoven University of Technology. Since May 1994
she has been working as a Ph.D. student on the abrasive
processing of brittle materials in cooperation with Eindhoven
University of Technology and Philips Research Laboratories.

Ir. P. van der Velden: after his studies at the Institute for
Higher Professional Education in Dordrecht, he graduated as
a chemical engineer from the Eindhoven University of Tech-
nology in 1995, having worked on the angularity determi-
nation of abrasive powders. Since April 1996 he has been
working at the Philips Research Laboratories in Eindhoven
on chemical mechanical polishing. )

Prof. Dr. G. de With: is full professor in materials science.
He graduated from Utrecht State University and received his
Ph.D in 1977 from the University of Twente on the ‘Structure
and charge distribution of molecular crystals’. In the same



126 M.A. Verspui et al. / Wear 199 (1996) 122-126

year he joined Philips Research Laboratories, Eindhoven. In
1985 he was appointed part-time professor. He became a full
professor in 1995. His research interests include the chemical
and mechanical processing as well as the mechanical behav-
iour of inorganic materials and metal-ceramic joints. He is a
member of the advisory board of J. Eur. Ceram. Soc.

Ir. P.J. Slikkerveer: graduated as a mechanical engineer from
Delft University of Technology in 1987. He joined the Philips
Research Laboratories in Eindhoven in that year. Here he
worked on a number of research subjects concerning rheol-
ogy, glasses and thermosetting materials. Since 1994 he has
been concerned with abrasive machining.



