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Received 30 June 2004; received in revised form 12 January 2005; accepted 23 January 2005
Available online 8 March 2005

Abstract

Two wollastonites, polydisperse with respect to size and shape, are characterized by image analysis. Aspect ratios are calculated for individual
particles (1000–1500 objects) from the minimum and maximum Feret diameters measured. Although scatter is large (approximately 50%),
average aspect ratios are well reproducible and approximately size-invariant, approximately 5 and 16 for wollastonite WM 45 and HSV 45,
respectively. A transformation procedure is proposed and applied to transform the number-weighted size distributions obtained via image
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nalysis into volume-weighted size distributions that can be compared with laser diffraction. The laser diffraction medians (21�m and
9.1�m for WM 45 and HSV 45, respectively) are close to the medians of the minimum Feret diameter distributions (20.6�m and 29.9�m

or WM 45 and HSV 45, respectively). This is clear evidence of the fact that laser diffraction results need not at all correspond to
rea diameters determined by image analysis.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

The measurement of particle size distributions is a stan-
ard operation for the characterization of ceramic raw materi-
ls, natural or synthetic. Among the most important methods

or particle size analysis in the supermicron range today are
edimentation methods and laser diffraction methods, while
ieving has lost its significance as an analytical tool, although
t is still used by raw material producers for particle size clas-
ification. The reader can refer to a number of excellent refer-
nces, textbooks as well as monographs and review articles,

o get an overview on current methods and equipment, e.g.
efs.1–5. In contrast to the methods just mentioned, which
an be termed ensemble methods, because size distributions
re obtained without reference to size information for single
bjects, counting methods infer size distributions by evalu-
ting a large number of single measurements. Examples of
ounting methods are electrozone sensing (Coulter counter

∗ Corresponding author.
E-mail address: pabstw@vscht.cz (W. Pabst).

principle), SPOS (single-particle optical sensing) and, m
important of all, microscopic image analysis. Of these,
image analysis yields unbiased size information witho
priori assumptions on particle shape. All other method
particle size analysis assume, not only for reasons of
venience but mainly owing to the lack of a better alte
tive, spherical particle shape. Therefore, size is express
terms of equivalent diameters, i.e. diameters of hypothe
spheres (homogeneous and isotropic) which have a c
geometric characteristic (e.g. volume, surface), behavior
settling velocity) or property (e.g. the capability to evok
certain disturbance in an electrical or electromagnetical fi
in common with the particle in question. The fact that usu
only equivalent diameters are measured implies that on
spherical particles (and approximately for non-spherica
isometric ones) coincidence of particle size measurem
can be expected. In the case of anisometric particles, e.g
gated or flaky ones (say fibers/whiskers or platelets) the r
of the size measurement depends on the size measur
sen, i.e. the method applied, because the physical mea
principles are different and the mathematical evaluation a
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2005.01.053
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rithms assume spherical shape all the way. Indeed, “particle
size” is not even uniquely defined for anisometric particles.

For flaky particles (platelets) it has been shown that the
difference between sedimentation and laser diffraction results
can be exploited to quantify shape information to a certain
degree.6–10 However, this approach cannot be used for elon-
gated particles (fibers). Moreover, depending on the hydro-
dynamical situation, orientation effects of fibers in the flow-
through cells of laser instruments can lead to strongly non-
circular diffraction patterns, which can have a strong impact
on the result when the photodetector is not equivalent to a full
circle.11 Therefore, in this case microscopic image analysis
is an indispensible tool to obtain unbiased information on the
size and morphology of fiber systems. Indeed, it seems that,
in spite of all disadvantages and difficulties, image analysis
is so far the most reliable source of unbiased information on
particle size and shape in the case of fibers. At the moment at
least, where new combined size- and shape-characterization
equipment is beginning to conquer the market, image analy-
sis represents the best method with the capability to provide
benchmark results.

Therefore, it is the aim of the present paper to show, tak-
ing two types of wollastonite as paradigmatic examples, how
polydisperse short-fiber systems can be characterized by mi-
croscopic image analysis with respect to size and shape. From
the measured minimum and maximum Feret diameters aspect
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the preferred model shapes e.g. in the rheology of fiber and
platelet suspensions.12–17 Defining the aspect ratioR as the
ratio between the length of the rotational axis and the exten-
sion perpendicular to it (height-diameter ratio in the case of
cylinders) one can distinguish prolate (elongated) particles
with R > 1 and oblate (flaky) particles withR < 1.

Of course, for real particle systems (powders), which are
usually polydisperse with respect to size and shape, the de-
termination of “the” aspect ratio is not an easy task and need
not even be useful in all cases, since shape (quantified via the
aspect ratio) need not be (and in general is not) size-invariant.
In other words, similar to the size, also the shape (aspect ratio)
exhibits a distribution. In the case of oblate particles (discs)
certain shape information, related to the aspect ratio, can be
extracted from the comparison of sedimentation and laser
diffraction data,6–10 but the interpretation of these results is
principally complicated by the fact that, in addition to the size
distribution, there is a superimposed shape distribution in a
real particle system. Nevertheless, in certain cases (viz., when
the shape distribution is not correlated to the size distribution,
i.e. for each size class the shape distribution is approximately
the same), it can be useful to calculate an average aspect ratio
R̄ for the system as a whole. Such a unique “effective” value
for the whole system (replacing de facto the broad aspect
ratio distribution by a single Dirac distribution value) is for
example necessary as an input information to apply effective
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atios are calculated for each individual particle. Arithm
eans of the aspect ratios are calculated for the individua

lasses, together with the corresponding standard devia
he latter serve to assess the representativity of the
alues and to test the size-dependence of the mean
atios. A transformation procedure is proposed and ap
o transform the number-weighted size distributions obta
ia image analysis into volume-weighted size distribution
rder to enable a comparison with size distributions meas
y laser diffraction.

. Shape and size measures for short fibers

Isometric particles have approximately the same siz
ll directions. Apart from the ideal case of spheres, isom
re e.g. all regular polyhedra (tetrahedra, cubes, octah
odecahedra and icosahedra) and many other facette

rregular particles. Anisometric particles have at least
istinguished direction along which their size is significa

arger or smaller than perpendicular to it. The simplest m
hapes for approximating real anisometric particles are
ional ellipsoids (i.e. prolate and oblate spheroids) and
ular cylinders (i.e. rods and discs or fibers and plate
n both cases shape can be quantified via a single nu
he aspect ratio. It is evident that the first is the more na
rom a principal point of view, because it includes the sp
s a special case. Moreover, it is only for spheroids tha
ydrodynamic problem of particle motion in a viscous fl
an be solved exactly. This is the reason why spheroid
t

,

iscosity formulae to real systems.12–17 Unfortunately it is
ot a priori clear which kind of average should be take

he case of a real polydisperse particle system. In the ab
f a better alternative it seems reasonable to define th
rage aspect ratiōR as the arithmetic mean of the measu

ndividual aspect ratios.
Concerning size determination by microscopic im

nalysis, the projected area diameter (DP) is often invoked
s a size measure. It is the (2D equivalent) diameter
ircle whose area equals the area of the projected pa
utline. In fact, it appears to be the most obvious “ave
ize” measure for 2D objects. Anisometric particles, h
ver, in particular those of strongly elongated shape, sh
e characterized by two numbers at least. A useful cho

he minimum and maximum Feret diameter,1,4 i.e. the mini-
um extension of a (convex hull of a) particle outline and

xtension in the perpendicular direction. This correspon
acto to replacing the irregular particles (assumed to be
table position on the microscopic glass slide) by rota
lly symmetric model shapes in 3D (e.g. prolate spher
r cylindrical rods). Thus, in 2D the (convex hulls of th
article outlines can be approximately replaced by elli
r rectangles. The particle aspect ratioR can be expressed

he ratio between the maximum Feret diameterDmax and the
inimum Feret diameterDmin,

= Dmax

Dmin
. (1)

n the case of an ellipse the minimum Feret diameter
esponds to the short axis, the maximum Feret diame
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the long axis. In the case of a rectangle the meaning of the
Feret diameters is trivial. Evidently, for fibers in 3D the min-
imum Feret diameterDmin is simply the fiber diameterD,
the maximum Feret diameterDmax the fiber lengthL and the
aspect ratio can be written asR = L/D. For more detailed in-
formation on image analysis and the definition of appropriate
size measures the reader may consult the references1,4,5,18.
When the minimum and maximum Feret diameter is mea-
sured for a selected particle, an approximate value of the
projected area diameterDP can be calculated (via the area
of the ellipse or rectangle) without performing an explicit
numerical evaluation of the pixels contained in the (possibly
locally non-convex) projected particle outline. The projected
area diameter calculated from the ellipse is

Dell
P =

√
DminDmax, (2)

while that calculated from the rectangle is

Drect
P =

√
4DminDmax

π
. (3)

Obviously DP ≈ Drect
P > Dell

P , i.e. for fibers the projected
area diameters calculated from the rectanglesDrect

P are
slightly larger than those calculated from ellipsesDell

P and
can usually be assumed to be closer to reality, i.e. closer to
the projected area diameterDP, which would be obtained by
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Q3), a transformation is necessary, termed here “q0 → Q3
transformation”. Let us explain the individual steps of this
transformation procedure with the data set given inTable 1.
The second column ofTable 1 lists absolute frequencies,
i.e. the number of objects whose projected area diameter
comes to lie in a certain size class of width 3�m around
the mean value of the projected area diameter (mean value
of the size class, given in the first column ofTable 1),
cf. Fig. 1. Obviously the few singular objects counted in
the large-size region >85.5�m are solely due to statistical
scatter (“noise”). Due to their large sizeDP these few objects
will have an extremely large volume (scaling withD3

P) and,
can therefore, have a considerable influence on the volume-
weighted size distribution, i.e. they would distort the whole
cumulative curve. This scatter is a consequence of the finite
(i.e. relatively small) number of objects counted. Although
less obvious, a more detailed inspection shows that similar
conclusions hold for all values in the region >58.5�m,
say. Of course, the exact value of this “cut-off size”DC
has to be fixed by inspection of each data set individually.
The existence ofDC in polydisperse systems is justified
on pragmatic grounds by the fact that multi-modal (more
complex than bimodal) particle size distributions are in
reality relatively rare and that the occurrence of single objects
need not be statistically significant. Since this step implies
a subjective decision of the operator it cannot be easily done
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erforming a numerical evaluation of pixels.
Apart from being more time-consuming and opera

ependent than other methods of particle size analysis
ajor difficulty remains with image analysis: the primary

ults (size distributions) are number-weighted. That m
hat a direct comparison of results from image analysis
hose from other methods yielding volume-weighted size
ributions, e.g. laser diffraction, is not possible. In orde
ompare image analysis and laser diffraction results
ecessary to transform the image analysis results (so-c
q0” frequency histograms/curves or “Q0” cumulative his-
ograms/curves) into volume-weighted distributions (“q3” or
Q3” histograms/curves). For real systems with anisom
articles this involves a tedious multi-step procedure. H
ver, in cases where the shape is approximately size-inv
i.e. where the same average value of the aspect ratio c
sed for all size classes) this “q0 → Q3 transformation” ca
e greatly simplified.

. Construction of volume-weighted cumulative
urves from image analysis data

Results obtained from image analysis cannot be dir
ompared with results obtained by other methods,
aser diffraction. In order to compare the size distribut
btained by image analysis (primary data in the form
umber-weighted frequency histograms, denotedq0) with

hose obtained from laser diffraction (computer outpu
he form of volume-weighted cumulative curves, deno
utomatically. As soon as the “cut-off size” is defined,
bsolute frequencies in the size range >DC are re-ordere
“first re-ordering”) by permutation from the highest to
owest, i.e. in decreasing order. Since in this step all
alues between positive frequencies are artificially shifte
he end, the re-ordered frequency histogram as a whole
t smaller sizes than the original one (“artificial dampin
f. the third column inTable 1andFig. 2.

In order to transform the re-orderedq0 frequency his
ogram (number-weighted) into a volume-weightedq3 his-
ogram (relative partial volumes of the respective size cla
ith the volume of the whole system normalized to unity)
hould in principle use the aspect ratio measured for eac
ividual particle. Of course, as mentioned above, this ted
rocedure is greatly simplified when the aspect ratio is
umed to be size-invariant: in this case theq3 values simply
cale withD3

P, irrespective of the particular shape. The fou
olumn ofTable 1andFig. 3 show the relative partial vo
mes of the respective size classes under such an assum
here are peaks (so-called “modes”) in theq3 histogram (her
t 64.5�m, 79.5�m and 97.5�m) which are again obvious
consequence of the finite data set (i.e. the too small nu
f objects counted). Similar to the step before, a “secon
rdering” can be performed for all relative partial volum

n the size range >DC (here >58.5�m), cf. Fig. 4 and the
fth column inTable 1. After all these steps it is a trivial ta
o finally sum up the relative volumes (corresponding
umercial integration of theq3 curve), cf. the sixth colum

n Table 1, and to draw a cumulative histogram or a smo
umulative (Q3) curve.Figs. 5 and 6show the resultingQ3
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Table 1
Size distribution of wollastonite WM 45 in terms of projected area diameters; first column: projected area diameterDP (mean value of the size class chosen),
second and third column: absolute frequency (number of objects)q0, fourth and fifth column: relative volumeq3, sixth column: cumulative volumeQ3

Projected area
diameter (�m)

Absolute frequency
(before first re-ordering)

Absolute frequency
(after first re-ordering)

Relative volume (%)
(before second re-ordering)

Relative volume (%)
(after second re-ordering)

Cumulative
volume (%)

10.5 15 15 0.04 0.04 0.0
13.5 112 112 0.63 0.63 0.7
16.5 197 197 2.02 2.02 2.7
19.5 197 197 3.33 3.33 6.0
22.5 189 189 4.91 4.91 10.9
25.5 151 151 5.71 5.71 16.7
28.5 108 108 5.71 5.71 22.4
31.5 76 76 5.42 5.42 27.8
34.5 48 48 4.50 4.50 32.3
37.5 42 42 5.06 5.06 37.3
40.5 41 41 6.22 6.22 43.5
43.5 26 26 4.88 4.88 48.4
46.5 21 21 4.82 4.82 53.3
49.5 22 22 6.09 6.09 59.3
52.5 14 14 4.62 4.62 64.0
55.5 11 11 4.29 4.29 68.3
58.5 6 6 2.74 3.67 71.9
61.5 5 6 3.19 3.51 75.4
64.5 6 6 3.67 3.19 78.6
67.5 3 5 3.51 2.74 81.4
70.5 2 3 2.40 2.40 83.8
73.5 2 2 1.81 2.29 86.1
76.5 6 2 2.04 2.12 88.2
79.5 2 2 2.29 2.04 90.2
82.5 0 1 1.28 1.93 92.1
85.5 0 1 1.43 1.81 94.0
88.5 1 1 1.58 1.75 95.7
91.5 1 1 1.75 1.58 97.3
94.5 1 1 1.93 1.43 98.7
97.5 0 1 2.12 1.28 100.0

100.5 1 0 0.00 0.00 100.0
103.5 0 0 0.00 0.00 100.0
106.5 1 0 0.00 0.00 100.0
109.5 0 0 0.00 0.00 100.0
112.5 1 0 0.00 0.00 100.0

Total 1308 100

curves with linear and logarithmic abscissa, respectively. For
reasons of comparison,Figs. 7 and 8show also the resulting
cumulative curves based on the original values (without re-
ordering) and the values after first re-ordering only (without

Fig. 1. Size distribution of wollastonite WM 45 in terms of projected area di-
ameters; number-weighted frequency (q0) histogram before first re-ordering.

second re-ordering), cf. the fourth column ofTable 1. Inter-
estingly, although by mere visual inspection (Figs. 3 and 4)
the “second re-ordering” appears to be a more severe manip-
ulation with the results, it can be seen (Figs. 7 and 8) that

Fig. 2. Size distribution of wollastonite WM 45 in terms of projected area
diameters; number-weighted frequency (q0) histogram after first re-ordering.
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Fig. 3. Size distribution of wollastonite WM 45 in terms of projected area
diameters; volume-weighted frequency (q3) histogram before second re-
ordering.

this is not the case and that, on the contrary, the “first re-
ordering”, although apparently less severe (Figs. 1 and 2) is
the more decisive step. For approximate results, the second
re-ordering step could be omitted, the first not. We empha-
size that the necessity to chose a “cut-off size”DC and to
perform (at least first) “re-ordering” arises from the fact that
the number of objects counted is finite (i.e. too small in prac-
tice). The more objects are counted, the largerDC. No cut-off
should be necessary in the asymptotic case of infinitely many
objects. Summarizing, for usual data sets occurring in prac-
tice, the “q0 → Q3 transformation” proposed consists of the
following steps:

• Choosing a “cut-off size”DC,
• “First re-ordering”, corresponding to “artificial damping”

(q0 histogram),
• Calculation of relative volumes (q0 → q3, possibly sim-

plified by the assumption of a unique and size-invariant
aspect ratio),

• “Second re-ordering” (q3 histogram),
• Summing up the relative volumes (q3 → Q3, “numerical

integration”).

Note that for data sets with an extremely large number of ob-
jects only the two stepsq0 → q3 andq3 → Q3 are necessary.

F ted
a e-
o

Fig. 5. Size distribution of wollastonite WM 45 in terms of projected area
diameters; volume-weighted cumulative (Q3) curve after re-ordering.

Fig. 6. Size distribution of wollastonite WM 45 in terms of projected area
diameters; volume-weighted cumulative (Q3) curve after re-ordering in log
scale.

4. Experimental details

Two types of wollastonite (CaSiO3) have been investi-
gated: WM 45 (Franz Mandt GmbH, Wunsiedel/Germany)
and HSV 45 (H. Osthoff-Petrasch GmbH, Norderst-
edt/Germany). According to the suppliers both types have
a sieve size <45�m. Figs. 9 and 10show optical (Jenapol,
Zeiss, Jena/Germany) and SEM (LEO Model 1450 VP, Elec-
tron Microscopy Ltd., Cambridge, UK) micrographs of types

Fig. 7. Comparison of size distributions of wollastonite WM 45; finalQ3

curve after first and second re-ordering (bold full line) compared to theQ3

curves without re-ordering (thin full line), and after first re-ordering only
(thin dashed line).
ig. 4. Size distribution of wollastonite WM 45 in terms of projec
rea diameters; volume-weighted frequency (q3) histogram after second r
rdering.
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Fig. 8. Comparison of size distributions of wollastonite WM 45 in log scale
(description see Fig. 6).

WM 45 and HSV 45, respectively. At first sight one may rec-
ognize that particles of WM 45 are on the average less elon-
gated than particles of HSV 45. To quantify this statement
image analysis was performed using a commercial image
analysis software package (LUCIA G—version 4.81, Labo-
ratory Imaging s.r.o., Prague/Czech Republic). For this pur-
pose each particle that was visible in its full outline on the
micrograph (24 and 13 micographs for WM 45 and HSV
45, respectively) was marked manually by circumscribing a
rectangle. The total number of particles counted was 1308
and 1027 for WM 45 and HSV 45, respectively.19 Length
and width of the rectangle were considered as maximum and
minimum Feret diameterDmax andDmin of the particle, re-
spectively.Dmax andDmin were used to calculate the particle
aspect ratioR according to Eq.(1), while the area of the
rectangle served to calculate the projected area diameterDP
according to Eq.(3). Additional investigations performed by
other operators20–22are available that can be used to test the

reproducibility and to assess the operator-dependence of the
results. In Ref. 20 image analysis of the same micrographs
has been performed with 1493 and 1003 counted objects for
WM 45 and HSV 45, respectively. For type WM 45 the sec-
ond operator used an inscribed five-point ellipse to mark the
individual objects, type HSV 45 was marked by rectangles
as in Ref. 19. Apart from microscopic image analysis, both
types of wollastonite were measured (in dilute aqueous sus-
pension) by laser diffraction using the particle sizer Analy-
sette 22 (Fritsch GmbH, Idar-Oberstein/Germany).

5. Results and discussion

As a result of the internal structure (i.e. single-chain sil-
icate structure) and preferred cleavage along the directions
[1 0 0] and [0 0 1], the usual external shape of wollastonite
particles, whether in their natural environment or after raw
material processing, is that of irregular elongated needles
(short fibers), cf.Figs. 9 and 10. In a first approximation,
cylindrical rods can therefore be used as model shapes to
model these particles.

Tables 2 and 3list the arithmetic means, standard devia-
tions and relative standard deviations of aspect ratios deter-
mined for wollastonites WM 45 and HSV 45, respectively,
f ean).
T rages
a
4 the
i , viz.
R ly.
T n for
a dard

graph o
Fig. 9. Optical micro
or each projected area diameter size class (arithmetic m
he total averages calculated from the partial class ave
reR̄ = 4.9 ± 1.2 andR̄ = 15.8 ± 4.2 for WM 45 and HSV
5, respectively. When the total average is calculated from

ndividual objects, the results are essentially the same
¯ = 4.7 andR̄ = 16.2 for WM 45 and HSV 45, respective
he fact that the aspect ratio is not a unique value, eve
given size class, is reflected by the high relative stan

f wollastonite WM 45.
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Fig. 10. SEM micrograph of wollastonite HSV 45.

Table 2
Aspect ratios (arithmetic means) for the various size classes of wollastonite WM 45

Projected area
diameter (�m)

Aspect ratioR
(arithmetic mean)

Absolute standard
deviation

Relative standard
deviation (%)

10.5 3.2 0.9 28.1
13.5 3.8 1.5 39.5
16.5 4.0 1.7 42.5
19.5 4.6 2.5 54.3
22.5 5.0 2.3 46.0
25.5 5.1 2.5 49.0
28.5 4.3 1.6 37.2
31.5 5.0 2.6 52.0
34.5 5.5 2.6 47.3
37.5 5.5 2.9 52.7
40.5 5.6 3.5 62.5
43.5 5.6 3.4 60.7
46.5 6.2 3.3 53.2
49.5 4.4 2.1 47.7
52.5 5.1 2.7 52.9
55.5 7.0 4.3 61.4
58.5 7.0 5.7 81.4
61.5 3.9 1.4 35.9
64.5 3.5 1.3 37.1
67.5 7.3 5.3 72.6
70.5 5.2 1.0 19.2
73.5 3.0 1.1 36.7
76.5 5.4 3.2 59.3
79.5 3.3 1.2 36.4

Total average from individual objects 4.7
Total average from partial class averages 4.9 ±49%
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Table 3
Aspect ratios (arithmetic means) for the various size classes of wollastonite HSV 45

Projected area
diameter (�m)

Aspect ratioR
(arithmetic mean)

Absolute standard
deviation

Relative standard
deviation (%)

20.25 18.1 12.8 70.7
28.75 15.8 9.2 58.2
37.25 16.5 10.1 61.2
45.75 16.6 10.4 62.7
54.25 16.6 12.2 73.5
62.75 15.6 10.9 69.9
71.25 16.2 10.5 64.8
79.75 13.7 6.7 48.9
88.25 13.2 6.4 48.5
96.75 13.0 6.4 49.2

105.25 17.7 10.9 61.6
113.75 23.2 15.4 66.4
122.25 10.9 5.6 51.4
130.75 6.1 2.5 41.0
139.25 14.4 5.2 36.1
147.75 13.6 7.7 56.6
156.25 15.3 9.4 61.4
164.75 16.2 3.2 19.8
173.25 15.0 6.0 40.0
181.75 28.0 8.3 29.6

Total average from individual objects 16.2
Total average from partial class averages 15.8 ±54%

deviations (±49% and±54% for WM 45 and HSV 45, re-
spectively). This shows that for the materials investigated—as
is true for most real polydisperse systems—the aspect ratio is
not a precisely defined number but exhibits a relatively broad
distribution, even within a selected size class. Another inves-
tigation of the same samples by a second operator20 resulted
in average aspect ratios of̄R = 4.4 andR̄ = 16.1 and rela-
tive standard deviations of±51% and±55% for WM 45 and
HSV 45, respectively, and in an earlier investigation a third
operator21,22 found an average aspect ratio ofR̄ = 4.75 for
WM 45. This excellent agreement increases our confidence in
the reproducibility and reliability of the results. All findings
clearly indicate that the average aspect ratio is significantly
different for the two types of wollastonite. Although the as-
pect ratio is not given by a unique number, but by the average
value (arithmetic mean) of a rather broad distribution (with
a standard deviation of order 50%), there is no indication of
any trend with size (the scatter of the mean values referring
to the partial size classes is approximately 25%).

Figs. 11 through 14 show the volume-weighted size
distributions (cumulative and frequency curves) of wol-
lastonites WM 45 and HSV 45, respectively, as measured
by laser diffraction. According to the results of laser
diffraction, only 77 vol.% (WM 45) and 60 vol.% (HSV 45)
are <45�m, although according to the suppliers both types
of wollastonite have a sieve size below 45�m. The reason of
t rtain
e tical
s the
d hods
b d by

Fig. 11. Volume-weighted size distributions (cumulative curvesQ3) of wol-
lastonite WM 45; bold line: laser diffraction size (LALLS equivalent diam-
eter), thin lines (full, this work and Ref. 19 and dashed, second operator and
Ref. 20): minimum Feret diameter (left), projected area diameter (center),
maximum Feret diameter (right).

Fig. 12. Laser diffraction frequency curveq3 of wollastonite WM 45.
his discrepancy is that laser diffraction measures a ce
quivalent diameter, i.e. the diameter of a hypothe
phere. Clearly, with growing degree of anisometry
ifferences between results obtained by different met
ecome more significant. The subsieve size (determine
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Fig. 13. Volume-weighted size distributions (cumulative curvesQ3) of wol-
lastonite HSV 45; bold line: laser diffraction size (LALLS equivalent diam-
eter), thin lines (full, this work and Ref. 19 and dashed, second operator and
Ref. 20): minimum Feret diameter (left), projected area diameter (center),
maximum Feret diameter (right).

the mesh size and shape of the sieve used for raw material
classification) represents more or less the dimensions
perpendicular to the length of the wollastonite needles.

In order to compare the results of image analysis and
laser diffraction, the “q0 → Q3 transformation” procedure de-
scribed above has been applied to the image analysis data. In
addition to the projected area diameters, the “q0 → Q3 trans-
formation” has been performed for maximum and minimum
Feret diameters. The latter two results may cum grano salis
be considered as representing the upper and lower bound, re
spectively, of all possible size distributions. Apart from the
projected area diameter (a popular and convenient size mea-
sure), any other reasonable average size measure obtainabl
via image analysis, defined in whatever way, has to yield
distributions that should lie between these bounds.

At first sight it is evident fromFigs. 11 and 13that the dif-
ference between the three transformed image analysis parti-
cle size distributions (PSDs) with respect toDmin (two curves
on the left),DP (two central curves) andDmax (two curves
on the right) is more significant for the wollastonite with the
higher aspect ratio (HSV 45). A more detailed inspection of
the transformed image analysis PSDs reveals that there is
rather satisfactory agreement between the measurements o
the present paper (full lines) and earlier results obtained by

F

the second operator (dashed lines), cf. Ref. 20. The slightly
larger discrepancy of the results forDP andDmax of WM 45
(Fig. 11) has to be assigned to the aforementioned fact that
in this case inscribed five-point ellipses were used instead of
circumscribed rectangles to mark the objects. This explains
the smallerDP values (smaller area of ellipse than of rectan-
gle with the same aspect ratio) and the underestimatedDmax
values (due to irregularities at the fiber tip).

The laser diffraction PSDs are in both cases smaller than
the PSDs in terms ofDP. For both types of wollastonite a
considerable part of the laser diffraction PSD even violates
the lower bound of image analysis results (PSD in terms of
Dmin) and the median sizeD50 of the laser diffraction PSDs
(21.6�m and 29.1�m for WM 45 and HSV 45, respectively)
is in both cases close to the median of the PSDs in terms of
Dmin (20.6�m and 29.9�m for WM 45 and HSV 45, respec-
tively). This is clear evidence of the fact that laser diffraction
results need not at all correspond to projected area diame-
ters measured by image analysis for fibers lying in a stable
position on a glass slide. The reason is that, due to the pos-
sible random orientation of the fibers in the flow-through
cell of the laser diffractometer, the shortest fiber dimension
can be largely over-represented in the laser diffraction re-
sults. Note, however, that the situation may change when
preferential orientation (fiber alignment in flow direction)
can be achieved during measurement, cf. Ref. 11. Above the
m bit a
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ig. 14. Laser diffraction frequency curveq3 of wollastonite HSV 45.
-

e

f

edian size the cumulative laser diffraction PSDs exhi
kink” (and the frequency curves a maximum, a so-ca
mode”), which could be indicative of the fact that precis
his value (smallest-size mode of the laser diffraction
uency curve) corresponds to the thickness of the fibers
ently, the laser diffraction PSD is broader for the high-as
atio wollastonite HSV 45 than for the low-aspect ratio w
astonite WM 45. It can be conjectured, therefore, tha
rinciple shape information should be contained in the s

ure of the laser diffraction frequency curves. Unfortuna
owever, it is not possible to correlate the remainder of
tructure of the laser diffraction frequency curves, e.g
econd mode at 50–60�m for WM 45 (Fig. 12), the secon
ode at 40–80�m and the broad plateau between 120�m
nd 150�m for HSV 45 (Fig. 14) with the shape informatio
btained from image analysis.

. Conclusion and outlook

Two wollastonite systems, both polydisperse with res
o size and shape, have been characterized by micros
mage analysis. Aspect ratios have been calculated for
ndividual particle (1000–1500 objects) from the minim
nd maximum Feret diameters measured. Although the

er is large (relative standard deviation within a particular
lass approximately 50%, relative scatter of the mean v
mong different size classes approximately 25%), the
ge aspect ratios are well reproducible and approxim
ize-invariant, approximately 5 for wollastonite WM 45 a
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approximately 16 for wollastonite HSV 45. A transformation
procedure (“q0 → Q3 transformation”) has been proposed
and applied to transform the number-weighted size distribu-
tions obtained via image analysis into volume-weighted size
distributions that can be compared with the results of laser
diffraction.

The medians of the laser diffraction size distributions
(21.6�m and 29.1�m for WM 45 and HSV 45, respectively)
are in both cases close to the medians of the size distribu-
tions in terms of the minimum Feret diameter (20.6�m and
29.9�m for WM 45 and HSV 45, respectively). This is clear
evidence of the fact that, in the case of fibers, laser diffraction
results need not at all correspond to projected area diameters
determined by image analysis.

The method proposed and applied in this work should
be useful for size and shape characterization of all types of
short-fiber systems. Although wollastonite fibers have been
chosen here as a paradigmatic example, the key items of this
paper, in particular the “q0 → Q3 transformation” proposed,
should be of general value for the characterization of fibers
and whiskers used in ceramic and composite technology. The
special results obtained (average aspect ratio and information
about the size distribution) have been used as an input infor-
mation in a recent investigation23 on the influence of particle
shape (and size) on suspension rheology (effective viscosity).
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