Available online at www.sciencedirect.com

sclENcE@Dlnecra Egsas

ELSEVIE Journal of the European Ceramic Society 26 (2006) 1121-1130

i

www.elsevier.com/locate/jeurceramsoc

Size and shape characterization of polydisperse short-fiber systems

Willi Pabst?*, Christoph Berthol8, Eva Gregoro&?®

8 Department of Glass and Ceramics, Institute of Chemical Technology Prague, Technickd 5, 166 28 Prague 6, Czech Republic
b Institut fiir Geowissenschaften, Arbeitsbereich Mineralogie und Geodynamik (Angewandte Mineralogie),
Universitdt Tiibingen, Wilhelmstrasse 56, 72074 Tiibingen, Germany

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 respectto size and shape, are characterized by image analysis. Aspectratios 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
analysis into volume-weighted size distributions that can be compared with laser diffraction. The laser diffraction mediqum €116
29.1um for WM 45 and HSV 45, respectively) are close to the medians of the minimum Feret diameter distributiops(206 29.9.m
for WM 45 and HSV 45, respectively). This is clear evidence of the fact that laser diffraction results need not at all correspond to projected
area diameters determined by image analysis.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction principle), SPOS (single-particle optical sensing) and, most
important of all, microscopic image analysis. Of these, only
The measurement of particle size distributions is a stan- image analysis yields unbiased size information without a
dard operation for the characterization of ceramic raw materi- priori assumptions on particle shape. All other methods of
als, natural or synthetic. Among the most important methods particle size analysis assume, not only for reasons of con-
for particle size analysis in the supermicron range today arevenience but mainly owing to the lack of a better alterna-
sedimentation methods and laser diffraction methods, while tive, spherical particle shape. Therefore, size is expressed in
sieving has lost its significance as an analytical tool, although terms of equivalent diameters, i.e. diameters of hypothetical
itis still used by raw material producers for particle size clas- spheres (homogeneous and isotropic) which have a certain
sification. The reader can refer to a number of excellent refer- geometric characteristic (e.g. volume, surface), behavior (e.g.
ences, textbooks as well as monographs and review articlessettling velocity) or property (e.g. the capability to evoke a
to get an overview on current methods and equipment, e.g.certain disturbance in an electrical or electromagnetical field)
Refs1=®. In contrast to the methods just mentioned, which in common with the particle in question. The fact that usually
can be termed ensemble methods, because size distributionenly equivalent diameters are measured implies that only for
are obtained without reference to size information for single spherical particles (and approximately for non-spherical but
objects, counting methods infer size distributions by evalu- isometric ones) coincidence of particle size measurements
ating a large number of single measurements. Examples ofcan be expected. Inthe case of anisometric particles, e.g. elon-
counting methods are electrozone sensing (Coulter countergated or flaky ones (say fibers/whiskers or platelets) the result
of the size measurement depends on the size measure cho-
* Corresponding author. sen, i.e. the method applied, because the physical measuring
E-mail address: pabstw@vscht.cz (W. Pabst). principles are different and the mathematical evaluation algo-
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rithms assume spherical shape all the way. Indeed, “particlethe preferred model shapes e.g. in the rheology of fiber and
size” is not even uniquely defined for anisometric particles. platelet suspensiod$-1” Defining the aspect ratifl as the
For flaky particles (platelets) it has been shown that the ratio between the length of the rotational axis and the exten-
difference between sedimentation and laser diffraction resultssion perpendicular to it (height-diameter ratio in the case of
can be exploited to quantify shape information to a certain cylinders) one can distinguish prolate (elongated) particles
degre€~1%However, this approach cannot be used for elon- with R >1 and oblate (flaky) particles witR< 1.
gated particles (fibers). Moreover, depending on the hydro-  Of course, for real particle systems (powders), which are
dynamical situation, orientation effects of fibers in the flow- usually polydisperse with respect to size and shape, the de-
through cells of laser instruments can lead to strongly non- termination of “the” aspect ratio is not an easy task and need
circular diffraction patterns, which can have a strong impact not even be useful in all cases, since shape (quantified via the
on the result when the photodetector is not equivalent to a full aspect ratio) need not be (and in general is not) size-invariant.
circle! Therefore, in this case microscopic image analysis In other words, similar to the size, also the shape (aspect ratio)
is anindispensible tool to obtain unbiased information on the exhibits a distribution. In the case of oblate particles (discs)
size and morphology of fiber systems. Indeed, it seems that,certain shape information, related to the aspect ratio, can be
in spite of all disadvantages and difficulties, image analysis extracted from the comparison of sedimentation and laser
is so far the most reliable source of unbiased information on diffraction datef~19 but the interpretation of these results is
particle size and shape in the case of fibers. At the moment atprincipally complicated by the fact that, in addition to the size
least, where new combined size- and shape-characterizatiordistribution, there is a superimposed shape distribution in a
equipment is beginning to conquer the market, image analy-real particle system. Nevertheless, in certain cases (viz., when
sis represents the best method with the capability to provide the shape distribution is not correlated to the size distribution,
benchmark results. i.e. for each size class the shape distribution is approximately
Therefore, it is the aim of the present paper to show, tak- the same), it can be useful to calculate an average aspect ratio
ing two types of wollastonite as paradigmatic examples, how R for the system as a whole. Such a unique “effective” value
polydisperse short-fiber systems can be characterized by mifor the whole system (replacing de facto the broad aspect
croscopicimage analysis with respect to size and shape. Fronratio distribution by a single Dirac distribution value) is for
the measured minimum and maximum Feret diameters aspecexample necessary as an input information to apply effective
ratios are calculated for each individual particle. Arithmetic viscosity formulae to real system$:17 Unfortunately it is
means of the aspectratios are calculated for the individual sizenot a priori clear which kind of average should be taken in
classes, together with the corresponding standard deviationsthe case of a real polydisperse particle system. In the absence
The latter serve to assess the representativity of the mearof a better alternative it seems reasonable to define the av-
values and to test the size-dependence of the mean aspedrage aspect rati® as the arithmetic mean of the measured
ratios. A transformation procedure is proposed and applied individual aspect ratios.
to transform the number-weighted size distributions obtained  Concerning size determination by microscopic image
viaimage analysis into volume-weighted size distributionsin analysis, the projected area diametBp) is often invoked
orderto enable a comparison with size distributions measuredas a size measure. It is the (2D equivalent) diameter of a
by laser diffraction. circle whose area equals the area of the projected particle
outline. In fact, it appears to be the most obvious “average
size” measure for 2D objects. Anisometric particles, how-
2. Shape and size measures for short fibers ever, in particular those of strongly elongated shape, should
be characterized by two numbers at least. A useful choice is
Isometric particles have approximately the same size in the minimum and maximum Feret diametérj.e. the mini-
all directions. Apart from the ideal case of spheres, isometric mum extension of a (convex hull of a) particle outline and the
are e.g. all regular polyhedra (tetrahedra, cubes, octahedragxtension in the perpendicular direction. This corresponds de
dodecahedra and icosahedra) and many other facetted anéhcto to replacing the irregular particles (assumed to be in a
irregular particles. Anisometric particles have at least one stable position on the microscopic glass slide) by rotation-
distinguished direction along which their size is significantly ally symmetric model shapes in 3D (e.g. prolate spheroids
larger or smaller than perpendicular to it. The simplest model or cylindrical rods). Thus, in 2D the (convex hulls of the)
shapes for approximating real anisometric particles are rota-particle outlines can be approximately replaced by ellipses
tional ellipsoids (i.e. prolate and oblate spheroids) and cir- or rectangles. The particle aspect ratioan be expressed as
cular cylinders (i.e. rods and discs or fibers and platelets). the ratio between the maximum Feret diamélggx and the
In both cases shape can be quantified via a single numberminimum Feret diametadin,
the aspect ratio. It is evident that the first is the more natural
from a principal point of view, because it includes the sphere R = —= (1)
as a special case. Moreover, it is only for spheroids that the min
hydrodynamic problem of particle motion in a viscous fluid In the case of an ellipse the minimum Feret diameter cor-
can be solved exactly. This is the reason why spheroids areresponds to the short axis, the maximum Feret diameter to
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the long axis. In the case of a rectangle the meaning of the 03), a transformation is necessary, termed herg— O3

Feret diameters is trivial. Evidently, for fibers in 3D the min-
imum Feret diameteDp, is simply the fiber diameteb,

the maximum Feret diamet®iyax the fiber lengthl. and the
aspect ratio can be written &-=L/D. For more detailed in-
formation on image analysis and the definition of appropriate
size measures the reader may consult the referefcé$
When the minimum and maximum Feret diameter is mea-

transformation”. Let us explain the individual steps of this
transformation procedure with the data set givefiable 1

The second column ofable 1lists absolute frequencies,
i.e. the number of objects whose projected area diameter
comes to lie in a certain size class of widtiw® around

the mean value of the projected area diameter (mean value
of the size class, given in the first column ®&ble J),

sured for a selected particle, an approximate value of thecf. Fig. 1L Obviously the few singular objects counted in

projected area diameté¥p 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

DS" =V DminDmax, (2)
while that calculated from the rectangle is

[4DpinD
Drpect: mljr; max' (3)

Obviously Dp ~ D > D!, i.e. for fibers the projected
area diameters calculated from the rectangl¥§® are
slightly larger than those calculated from eIIips@S' and

the large-size region >858m are solely due to statistical
scatter (“noise”). Due to their large siZ® these few objects
will have an extremely large volume (scaling wmf,) 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 >58.8,

say. Of course, the exact value of this “cut-off sizB¢

has to be fixed by inspection of each data set individually.
The existence oD¢ 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

can usually be assumed to be closer to reality, i.e. closer toneed not be statistically significant. Since this step implies

the projected area diamet@p, which would be obtained by
performing a numerical evaluation of pixels.
Apart from being more time-consuming and operator-

a subjective decision of the operator it cannot be easily done
automatically. As soon as the “cut-off size” is defined, the
absolute frequencies in the size rangec>are re-ordered

dependent than other methods of particle size analysis, ong“first re-ordering”) by permutation from the highest to the

major difficulty remains with image analysis: the primary re-

lowest, i.e. in decreasing order. Since in this step all zero

sults (size distributions) are number-weighted. That meansvalues between positive frequencies are artificially shifted to

that a direct comparison of results from image analysis with
those from other methods yielding volume-weighted size dis-
tributions, e.g. laser diffraction, is not possible. In order to
compare image analysis and laser diffraction results it is

the end, the re-ordered frequency histogram as a whole ends
at smaller sizes than the original one (“artificial damping”),
cf. the third column infable landFig. 2

In order to transform the re-ordereg frequency his-

necessary to transform the image analysis results (so-calledogram (number-weighted) into a volume-weightggdhis-

“go” frequency histograms/curves oQp” cumulative his-
tograms/curves) into volume-weighted distributiong(“or

togram (relative partial volumes of the respective size classes,
with the volume of the whole system normalized to unity) one

“(03" histograms/curves). For real systems with anisometric should in principle use the aspect ratio measured for each in-
particles this involves a tedious multi-step procedure. How- dividual particle. Of course, as mentioned above, this tedious
ever, in cases where the shape is approximately size-invarianprocedure is greatly simplified when the aspect ratio is as-
(i.e. where the same average value of the aspect ratio can b&umed to be size-invariant: in this case ¢hevalues simply
used for all size classes) thigg'— Q3 transformation” can  scale withD2, irrespective of the particular shape. The fourth
be greatly simplified. column of Table 1andFig. 3 show the relative partial vol-
umes of the respective size classes under such an assumption.
There are peaks (so-called “modes”) inghadistogram (here
at64.5um, 79.50m and 97.5.m) which are again obviously
a consequence of the finite data set (i.e. the too small number
of objects counted). Similar to the step before, a “second re-
Results obtained from image analysis cannot be directly ordering” can be performed for all relative partial volumes
compared with results obtained by other methods, e.g.in the size range B¢ (here >58.5um), cf. Fig. 4 and the
laser diffraction. In order to compare the size distributions fifth column inTable 1 After all these steps it is a trivial task
obtained by image analysis (primary data in the form of to finally sum up the relative volumes (corresponding to a
number-weighted frequency histograms, denajgdwith numercial integration of thes curve), cf. the sixth column
those obtained from laser diffraction (computer output in in Table 1 and to draw a cumulative histogram or a smooth
the form of volume-weighted cumulative curves, denoted cumulative Q3) curve.Figs. 5 and &how the resulting)s

3. Construction of volume-weighted cumulative
curves from image analysis data
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Table 1
Size distribution of wollastonite WM 45 in terms of projected area diameters; first column: projected area dizn{etean value of the size class chosen),
second and third column: absolute frequency (number of objegtéurth and fifth column: relative volumgs, sixth column: cumulative volum@s

Projected area Absolute frequency Absolute frequency Relative volume (%) Relative volume (%) Cumulative
diameter (um) (before first re-ordering) (after first re-ordering)  (before second re-ordering) (after second re-ordering) volume (%)
105 15 15 004 004 00
135 112 112 63 063 a7
16.5 197 197 202 202 27
195 197 197 B33 333 6.0
225 189 189 401 491 109
255 151 151 571 571 167
285 108 108 571 571 224
315 76 76 542 542 278
345 48 48 450 450 323
375 42 42 506 506 373
405 41 41 622 622 435
435 26 26 488 488 484
46.5 21 21 482 482 533
495 22 22 609 6.09 593
525 14 14 462 462 640
55.5 11 11 429 429 683
585 6 6 274 367 719
615 5 6 319 351 754
64.5 6 6 367 319 786
67.5 3 5 351 274 814
70.5 2 3 240 240 838
735 2 2 181 229 861
76.5 6 2 204 212 882
795 2 2 229 204 902
825 0 1 128 193 921
85.5 0 1 143 181 940
885 1 1 158 175 957
915 1 1 175 158 973
945 1 1 193 143 987
975 0 1 212 128 1000
1005 1 0 Q00 000 1000
1035 0 0 Q00 000 1000
1065 1 0 Q00 000 1000
1095 0 0 Q00 000 1000
1125 1 0 Q00 000 1000
Total 1308 100

curves with linear and logarithmic abscissa, respectively. For second re-ordering), cf. the fourth columnTable 1 Inter-
reasons of comparisoRjgs. 7 and &how also the resulting  estingly, although by mere visual inspectidfigs. 3 and %
cumulative curves based on the original values (without re- the “second re-ordering” appears to be a more severe manip-
ordering) and the values after first re-ordering only (without ulation with the results, it can be sedfids. 7 and Bthat

Absolute frequencies (q0 histogram) before first re-ordering Absolute frequencies (q0 histogram) after first re-ordering

250

2004 200 4

1504 150 4

1004 100 4

Number of objects [1]
Number of objects [1]

504 50+

ol 1 “h”luulm .. , ol 1l M‘“lluum“
40 60 40 60

80 100 120 0 20 80 100 120
Projected area diameter [microns] Projected area diameter [microns]

Fig. 1. Size distribution of wollastonite WM 45 in terms of projected area di- Fig. 2. Size distribution of wollastonite WM 45 in terms of projected area
ameters; number-weighted frequengy)(histogram before first re-ordering. diameters; number-weighted frequengy)histogram after first re-ordering.
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Relative volumes (g3 histogram) before second re-ordering Cumulative volumes (Q3 curve) after re-ordering (smoothing)
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Fig. 3. Size distribution of wollastonite WM 45 in terms of projected area Fig. 5. Size distribution of wollastonite WM 45 in terms of projected area
diameters; volume-weighted frequengy) histogram before second re-  diameters; volume-weighted cumulativ@s] curve after re-ordering.
ordering.
Cumulative volumes (Q3 curve) in log scale
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this is not the case and that, on the contrary, the “first re-
ordering”, although apparently less sevef@gé. 1 and 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 sizg? 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 laf@erNo cut-off
should be necessary in the asymptotic case of infinitely many o ] 1o 160 66
objects. Summarizing, for usual data sets occurring in prac- Projected area diameter [microns]
tice, the ‘go — Q3 transformation” proposed consists of the
following steps: Fig. 6. Size distribution of wollastonite WM 45 in terms of projected area
diameters; volume-weighted cumulativ@s) curve after re-ordering in log

e Choosing a “cut-off sizeDc, scale.
e “First re-ordering”, corresponding to “artificial damping”

(g0 histogram), 4. Experimental details
e Calculation of relative volumesg§ — g3, possibly sim-

plified by the assumption of a unique and size-invariant ~ Two types of wollastonite (CaS§) have been investi-

Cumulative volume [vol.%]

aspect ratio), gated: WM 45 (Franz Mandt GmbH, Wunsiedel/Germany)
e “Second re-ordering’qs histogram), and HSV 45 (H. Osthoff-Petrasch GmbH, Norderst-
e Summing up the relative volumess(— Q3, “numerical edt/Germany). According to the suppliers both types have

integration”). a sieve size <4pm. Figs. 9 and 1Ghow optical (Jenapol,

_ Zeiss, Jena/Germany) and SEM (LEO Model 1450 VP, Elec-
Note that for data sets with an extremely large number of 0b- tron Microscopy Ltd., Cambridge, UK) micrographs of types
jects only the two stepg — ¢3 andgz — Q3 are necessary.

Cumulative (Q3) curves, comparison

Relative volumes (g3 histogram) after second re-ordering

Cumulative volume [vol.%]
wm
o

Relative volume [a.u.]

10
0 r T T T
0 20 40 60 80 100 120

0 20 40 60 80 100 120 Projected area diameter [microns]
Projected area diameter [microns]

Fig. 7. Comparison of size distributions of wollastonite WM 45; figal
Fig. 4. Size distribution of wollastonite WM 45 in terms of projected curve after first and second re-ordering (bold full line) compared t@the
area diameters; volume-weighted frequengy) bistogram after second re- curves without re-ordering (thin full line), and after first re-ordering only
ordering. (thin dashed line).
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Cumulative (Q3) curves (log scale), comparison reproducibility and to assess the operator-dependence of the
' 7 results. In Ref. 20 image analysis of the same micrographs
% - 1 has been performed with 1493 and 1003 counted objects for
= 20 WM 45 and HSV 45, respectively. For type WM 45 the sec-
§ 60 : ond operator used an inscribed five-point ellipse to mark the
= zg individual objects, type HSV 45 was marked by rectangles
§ 56 ’ as in Ref. 19. Apart from microscopic image analysis, both
§ 20 7 types of wollastonite were measured (in dilute agueous sus-
S 10 pension) by laser diffraction using the particle sizer Analy-

5 : 1o 00 {600 sette 22 (Fritsch GmbH, Idar-Oberstein/Germany).

Projected area diameter [microns]

Fig. 8. Comparison of size distributions of wollastonite WM 45 in log scale . .
(description see Fig. 6). 5. Results and discussion

As a result of the internal structure (i.e. single-chain sil-
WM 45 and HSV 45, respectively. At first sight one may rec- icate structure) and preferred cleavage along the directions
ognize that particles of WM 45 are on the average less elon-[100] and [00 1], the usual external shape of wollastonite
gated than particles of HSV 45. To quantify this statement particles, whether in their natural environment or after raw
image analysis was performed using a commercial image material processing, is that of irregular elongated needles
analysis software package (LUCIA G—version 4.81, Labo- (short fibers), cfFigs. 9 and 10In a first approximation,
ratory Imaging s.r.o., Prague/Czech Republic). For this pur- cylindrical rods can therefore be used as model shapes to
pose each patrticle that was visible in its full outline on the model these particles.
micrograph (24 and 13 micographs for WM 45 and HSV Tables 2 and 3ist the arithmetic means, standard devia-
45, respectively) was marked manually by circumscribing a tions and relative standard deviations of aspect ratios deter-
rectangle. The total number of particles counted was 1308 mined for wollastonites WM 45 and HSV 45, respectively,
and 1027 for WM 45 and HSV 45, respectivéfyLength for each projected area diameter size class (arithmetic mean).
and width of the rectangle were considered as maximum andThe total averages calculated from the partial class averages
minimum Feret diametePmax and D, of the patrticle, re- areR =494 1.2 andR = 15.8 + 4.2 for WM 45 and HSV
spectively.Dmax andDmin were used to calculate the particle 45, respectively. When the total average is calculated from the
aspect ratiaR according to Eq(1), while the area of the individual objects, the results are essentially the same, viz.
rectangle served to calculate the projected area diabgter R = 4.7 andR = 16.2 for WM 45 and HSV 45, respectively.
according to Eq(3). Additional investigations performed by  The fact that the aspect ratio is not a unique value, even for
other operato®-22are available that can be used to test the a given size class, is reflected by the high relative standard

Fig. 9. Optical micrograph of wollastonite WM 45.
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Pholo No. = 6236

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 Aspect ratiaR Absolute standard Relative standard
diameter (um) (arithmetic mean) deviation deviation (%)
105 32 09 281
135 38 15 395
165 4.0 17 425
195 46 25 543
225 50 23 460
255 51 25 490
285 43 16 372
315 50 26 520
345 55 26 473
375 55 29 527
405 56 35 625
435 56 34 607
46.5 6.2 33 532
495 4.4 21 477
525 51 27 529
555 7.0 43 614
585 7.0 57 814
615 39 14 359
64.5 35 13 371
67.5 7.3 53 726
705 52 10 192
735 30 11 367
76.5 54 32 593
795 33 12 364
Total average from individual objects A

Total average from partial class averages 94 +49%
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Table 3
Aspect ratios (arithmetic means) for the various size classes of wollastonite HSV 45
Projected area Aspect ratiaR Absolute standard Relative standard
diameter um) (arithmetic mean) deviation deviation (%)
20.25 181 128 707
2875 158 9.2 582
37.25 165 101 612
4575 166 104 627
54.25 166 122 735
62.75 156 109 699
7125 162 105 648
7975 137 6.7 489
88.25 132 6.4 485
96.75 130 6.4 492
10525 177 109 616
11375 232 154 664
12225 109 56 514
13075 61 25 410
13925 144 5.2 361
14775 136 7.7 566
15625 153 94 614
16475 162 32 198
17325 150 6.0 400
18175 280 83 296
Total average from individual objects 6
Total average from partial class averages .815 +54%
deviations £49% and+54% for WM 45 and HSV 45, re- Wollastonite WM 45 (cumulative curves in log scale)
spectively). This shows that for the materials investigated—as __ 123 T
is true for most real polydisperse systems—the aspect ratio is g % T 7
not a precisely defined number but exhibits a relatively broad = 7 / g f
distribution, even within a selected size class. Another inves- § so / T
tigation of the same samples by a second opefatesulted g =0 T
. . ey > 40
in average aspect ratios & = 4.4 andR = 16.1 and rela- £ o A1 1]
tive standard deviations ef51% and+55% for WM 45 and 2 a0 /»’ ALy
. . . . . . . =3 1 / /|
HSV 45, respectively, and in an earlier investigation a third & 10 = ] =
operatof?? found an average aspect ratio Bf= 4.75 for 0 = el

. . . . 0.1 1 10 100 1000
WM 45. This excellentagreementincreases our confidence in

the reproducibility and reliability of the results. All findings
clearly indicate that the average aspect ratio is significantly rig. 11. volume-weighted size distributions (cumulative cur@g)sof wol-
different for the two types of wollastonite. Although the as- Ilastonite WM 45; bold line: laser diffraction size (LALLS equivalent diam-
pect ratio is not given by a unique number, but by the a\/erageeter), thin lines (full, this work and Ref. 19 and dashed, second operator and
value (arithmetic mean) of a rather broad distribution (with Ref._20): minimum Feret di_ameter (left), projected area diameter (center),
a standard deviation of order 50%), there is no indication of maximum Feret diameter (right).

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 10
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 60vol.% (HSV 45)
are <45.m, although according to the suppliers both types
of wollastonite have a sieve size belowd®. The reason of
this discrepancy is that laser diffraction measures a certain
equivalent diameter, i.e. the diameter of a hypothetical
sphere. Clearly, with growing degree of anisometry the
differences between results obtained by different methods
become more significant. The subsieve size (determined byrig. 12. Laser diffraction frequency curye of wollastonite WM 45,

Size [microns]

Wollastonite WM 45 (frequency curve in log scale)

Relative volume [a.u.]

I

1 10 100 1000
LALLS equivalent diameter [microns]

o = N W s OO N @D ©

=
5
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- Wollastonite HSV 45 (cumulative curves in log scale) the second operator (dashed lines), cf. Ref. 20. The slightly
— e / el Il larger discrepancy of the results Bp andDpax of WM 45
:O 80 : /f J (Fig. 11) has to be assigned to the aforementioned fact that
= 70 A A in this case inscribed five-point ellipses were used instead of
§: €0 i g circumscribed rectangles to mark the objects. This explains
s = T 4 the smalleDp values (smaller area of ellipse than of rectan-
£ 3 Ausly’ / gle with the same aspect ratio) and the underestimages
2 20 4/, /"’ y/ values (due to irregularities at the fiber tip).
3 1 gl L1117 - The laser diffraction PSDs are in both cases smaller than
o Y - T 45 000 the PSDs in terms abp. For both types of wollastonite a
Size [microns] considerable part of the laser diffraction PSD even violates
the lower bound of image analysis results (PSD in terms of
Fig. 13. Volume-weighted size distributions (cumulative cu@ggof wol- Dnin) and the median sizBs of the laser diffraction PSDs

Iastonitg HSV 45; bold_ line: laser diffraction size (LALLS equivalent diam- (21.6].Lm and 29.3um for WM 45 and HSV 45, respectively)
eter), thin lines (full, this work and Ref. 19 and dashed, second operator and. . . .
Ref. 20): minimum Feret diameter (left), projected area diameter (center), is in both cases close to the median of the PSDs in terms of
maximum Feret diameter (right). Dnin (20.6pum and 29.9um 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-
the mesh size and shape of the sieve used for raw materiaters measured by image analysis for fibers lying in a stable
classification) represents more or less the dimensionsposition on a glass slide. The reason is that, due to the pos-
perpendicular to the length of the wollastonite needles. sible random orientation of the fibers in the flow-through
In order to compare the results of image analysis and ce|| of the laser diffractometer, the shortest fiber dimension
laser diffraction, thego — Qs transformation”procedurede-  can be largely over-represented in the laser diffraction re-
scribed above has been applied to the image analysis data. Igy|ts. Note, however, that the situation may change when
addition to the projected area diameters, the-> Qztrans-  preferential orientation (fiber alignment in flow direction)
formation” has been performed for maximum and minimum  can be achieved during measurement, cf. Ref. 11. Above the
Feret diameters. The latter two results may cum grano salismedian size the cumulative laser diffraction PSDs exhibit a
be considered as representing the upper and lower bound, re«kink” (and the frequency curves a maximum, a so-called
spectively, of all possible size distributions. Apart from the «mode”), which could be indicative of the fact that precisely
projected area diameter (a popular and convenient size meathjs value (smallest-size mode of the laser diffraction fre-
sure), any other reasonable average size measure obtainablg,ency curve) corresponds to the thickness of the fibers. Evi-
via image analysis, defined in whatever way, has to yield dently, the laser diffraction PSD is broader for the high-aspect
distributions that should lie between these bounds. ratio wollastonite HSV 45 than for the low-aspect ratio wol-
Atfirstsightitis evident fronfigs. 11 and 1&hatthe dif-  |astonite WM 45. It can be conjectured, therefore, that in
ference between the three transformed image analysis partiprinciple shape information should be contained in the struc-
cle size distributions (PSDs) with respectigin (two curves  tyre of the laser diffraction frequency curves. Unfortunately,
on the left),Dp (two central curves) anfdmax (two curves  however, it is not possible to correlate the remainder of this
on the right) is more significant for the wollastonite with the  structure of the laser diffraction frequency curves, e.g. the
higher aspect ratio (HSV 45). A more detailed inspection of second mode at 50— for WM 45 (Fig. 12), the second
the transformed image analysis PSDs reveals that there ispode at 40-8pum and the broad plateau between 20

rather satisfactory agreement between the measurements ofnd 15qum for HSV 45 Eig. 14) with the shape information
the present paper (full lines) and earlier results obtained by gptained from image analysis.

Wollastonite HSV 45 (frequency curve in log scale)

=

6. Conclusion and outlook

Two wollastonite systems, both polydisperse with respect
to size and shape, have been characterized by microscopic
image analysis. Aspect ratios have been calculated for each
individual particle (1000-1500 objects) from the minimum
and maximum Feret diameters measured. Although the scat-
T teris large (relative standard deviation within a particular size
class approximately 50%, relative scatter of the mean values
among different size classes approximately 25%), the aver-
age aspect ratios are well reproducible and approximately
Fig. 14. Laser diffraction frequency curyg of wollastonite HSV 45. size-invariant, approximately 5 for wollastonite WM 45 and

Relative volume [a.u.]
o = N W s N OO o

L

1 10 100 1000
LALLS equivalent diameter [microns]

o
by
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approximately 16 for wollastonite HSV 45. A transformation 3.
procedure (§o — 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
(21.6pm and 29.Jum 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 (2@ré and
29.9um for WM 45 and HSV 45, respectively). This is clear
evidence of the fact that, in the case of fibers, laser diffraction 8.
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

5.

6.

short-fiber systems. Although wollastonite fibers have been 10.

chosen here as a paradigmatic example, the key items of this
paper, in particular thegy — Q3 transformation” proposed,

should be of general value for the characterization of fibers 11

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-12:

mation in a recent investigatiéhon the influence of particle
shape (and size) on suspension rheology (effective viscosity).

14.
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