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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
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mental, in_fiaison with 150, also take part in the work. IS0 collaborates closely with
| Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

| Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part’2.
bsk of technical committees is to prepare International Standards. Draft Interfiational Stand
the technical committees are circulated to the member bodies for voting.,-Publication as

| Standard requires approval by at least 75 % of the member bodies casting'a.vote.

drawn to the possibility that some of the elements of this document miay be the subject of pd
shall not be held responsible for identifying any or all such patent rights.

1 was prepared by Technical Committee ISO/TC 24, Sieves; sieving and other sizing meth
ee SC 4, Sizing by methods other than sieving.
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The purpose of this part of ISO 13322 is to give guidance for a measurement description and its validation
when determining particle size by image analysis.

Image analysis is a technique used in very different applications on image material with variations in material

properties. Hence, 1t IS not relevant 10 describe an exact standard method Tor determination of pan
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e analysis. The aim of this part of ISO 13322 is limited to give a standardized description ofth
 and a standardized validation.

part of ISO 13322 includes methods of calibration verification using a certified standard gr
rence or by using certified standard particles. It is sensible to make some measuréments on
r reference objects, of known size so that the likely systematic uncertainties niroduced by thg
be calculated.

part of 1ISO 13322 gives a recommendation for a precise description’ of the distribution in
ber of analyzed particles and an analysis window to make sure thatthe obtained information is

surement of particle-size distributions by microscopy methods Jis apparently simple, but bec

ysis is representative of the bulk sample. This can be.demonstrated by splitting the original
ing measurements on three or more parts. Statistical analysis of the data, for example using th
t, will reveal whether the samples are truly representative of the whole.

rs introduced at all stages of the analysis fromZsub-division of the sample to generation of the

ause of the diverse range of equipment and sample preparation expertise available, it is not

a prescriptive procedure where use of individual methods does not jeopardize the validity
ever, essential operations are. identified to ensure that measurements made conform to
13322 and are traceable.

licle size by
e technique

hticule as a
particles, or
equipment

cluding the
valid.

huse only a

Il amount of sample is examined, considerable care has ‘fo be exercised in order to enslire that the

sample and
e Student's

final result

to the total uncertainty of measurement and-it' is important to obtain estimates for the uncertainty arising
fronmp each stage. Indications where this is required are given at the appropriate point in the method|.

intended to
of the data.
this part of
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Particle size analysis — Image analysis methods —

Part 1:
Static image analysis methods

1

This
dist
stag
mic

Scope

e such as glass slides, stubs, filters, etc. Image analysis can recoven particle images d
oscopes or from photomicrographs.

part of ISO 13322 is applicable to the analysis of images for the purpose-of)determining particle size
ibutions. The particles are appropriately dispersed and fixed on an optical or_electron microscope sample

irectly from

Even though automation of the analysis is possible, this technique’ is basically limited to mparrow size

dist

corresponds to a distribution of less than 10:1 in size. Such a/nhdrrow distribution requires that
parficles be measured in order to obtain a repeatable volume=mean diameter. If reliable values 3
bercentiles, e.g. Dgg or other percentiles, at least 61 000\particles must be measured. This is described in

for
Ann

2
The)
refe]
doc
ISO
ISO

size

3

3.1

ibutions of less than an order of magnitude. A standard deviation of 1,6 of a log-normal

ex A.

Normative references

following referenced documents are\iindispensable for the application of this document
rences, only the edition cited applies. For undated references, the latest edition of the
iment (including any amendments)-applies.

9276-1, Representation of fesults of particle size analysis — Part 1: Graphical representation

9276-2, Representation ‘of results of particle size analysis — Part 2: Calculations of aver.
s/diameters and maontents from particle size distributions

Terms, abbreviated terms, definitions and symbols

Terms, abbreviated terms and definitions

distribution
over 6 000
re required

For dated
referenced

hge particle

For

la £ oLl pu | o £o11 H alafiaits 1
Uic purpuotTo Ul U UULUUTTITTIL, UTC TUTTUWITTY UTTITITUUTNTS dpPpJly.

3.141
view field
field which is viewed by a viewing device, e.g. optical microscope or electron scanning microscope

3.1.2
measurement frame
field in a view field in which particles are counted for image analysis

NOTE The set of measurement frames composes the total measurement field.
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313
binary ima

ge

digitized image consisting of an array of pixels, each of which has a value of 0 or 1, whose values are
normally represented by dark and bright regions on the display screen or by the use of two distinct colours

314

edge finding

one of man

3.1.5

y edge detection methods used to detect transition between objects and background

Euler number

number of
region, not

NOTE
If a complex

Euler numbe

holes is one

together with

3.1.6
Feret diam

distance be

3.1.7
equivalent
ecd
diameter of
NOTE |

3.1.8

grey image
image in wh

319
image ana
processing

3.1.10
numerical
NA
product of

entering thg

3.1.1
pixel
picture ele

A

pbjects minus the number of holes inside the objects, which describes the connectedness
ts shape

connected region is one in which all pairs of points can be connected by a curve lying entirely_ in"the re
two-dimensional object is considered to be a set of connected regions, where each one can-+ave holes
I for such an object is defined as the number of connected regions minus the number of holes. The numb
ess than the connected regions in the set compliment of the object. It is important to report the Euler nur
the connectivity applied, i.e., 4-connectivity or 8-connectivity.

pter

fween two parallel tangents on opposite sides of the image of a particle
circular diameter

a circle having the same area as the projected image.6f the particle

is also known as the Haywood Diameter.

ich multiple grey level values are permitted for each pixel

ysis
and data reduction operation-which yields a numerical or logical result from an image
Aperture

the refractivéindex of the object space and the sine of the semi-aperture of the cone of
entrance-pupil of the objective lens from the object point

of a

jion.
| the
er of
nber

rays

ment

individual sample in a digital image that has been formed by uniform sampling in both the horizontal and

vertical dire

3.1.12
segmentat
(noun) part

3.1.13
segmentat
(verb) act o

ctions

ion
into which something can be divided; subdivision or section

ion
f dividing something into segments
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threshold
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grey level value which is set to discriminate objects of interest from background

bul factor)

3.2 Symbols
) error
17 half-angle subtended by the particle at the objective lens
y) wavelength-expressed-in-micrometres
U refractive index of the surrounding medium
7 shape factor
A; projected area of particle i
d minimum feature length
H horizontal calibration factor
K constant numerically determined by the confidencedimit
N number of particles to be measured
n; numbers of particles of size X;
probability
P, probability that particle i exists.ifithe measurement frame (also called Miles-Lantuej
Vea vertical calibration factor
V; relative volume of particle i
X Al diameter of spherical particle i
X 4 area equivalent diameter of particle i
Xg horizontal Feret diameter of object
XFp vertical Feret diameter of object
X; dimension of particle i
X imax Tongest dimension of particle 7, also called maximum Feret diameter
X imin shortest dimension of particle i, also called minimum Feret diameter
XL lower limit of a class interval
X mean mean of X;
XuiL upper limit of a class interval
X1 horizontal dimension of object

© 1SO 2004 - All rights reserved
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horizontal dimension, expressed in micrometres
horizontal dimension, expressed in pixels
vertical dimension of object

vertical dimension, expressed in micrometres
vertical dimension, expressed in pixels

horizontal side length of the rectangular measurement frame

4 Samp

vertical side length of the rectangular measurement frame

le preparation demands for method description

4.1 Gene¢ral recommendations

411 Gen

The followin

NOTE §

eral
g recommendations provide a sampling of standard microscopy.practices.

ee References [4], [5] and [10] for additional suggestions.

4.1.2 Sanpple subdivision

As only a sinall amount is needed to prepare a sample, the-whole sample shall be subdivided in a manner

ensures thd

t the portion taken is representative of the whole.

The method used to subdivide the sample is likely(to"be dictated by the sample preparation method and

be decided

Provided th
the choice
particular m

by the laboratory performing the analysis.

bt the sample is well dispersed.by-the method and that there is no segregation of particles by §
bf method is left to the expertise of the laboratory, since any specialized equipment required
ethod might not be available-to all.

4.1.3 Touching particles

The numbe

It is a prime

I of particles toliching each other should be minimized.

requirement of the method that measurements shall be made on isolated particles. There sh

be as few particles:as possible touching each other. Touching particles measured as one particle witho

proper sep4d

rationwill introduce error.

that

will

ze,
by a

buld
ut a

4.1.4 Particle distribution

There should be an adequate distribution of particles on the sample support. The whole area of the
preparation should be examined to ascertain whether there is noticeable segregation of particles (by size).
Statistical comparison of the results on a frame-by-frame basis will test for uniform distribution of particles.
This procedure is detailed in Clause 7.

4.1.5 Sample preparation

Electron microscope samples should be coated with a thin layer of metal (e.g. Au, Au/Pd, Pt/Pd) to reduce
charging effects.
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Samples should be examined as soon as possible after preparation, and should contain an expiration date.

The sample preparation method used should be fully described in the final particle size analysis report by
giving quantitative details of the nominal masses, volumes and compositions of particles and products used at
each stage of the preparation procedure.

4.1.6 Number of particles to be counted

The number of particles measured should be determined based on the particle-size distribution and the
desired confidence limits. Assuming the particles are log-normally distributed, the required number (V) of

particles with a given error (A‘) and-agiven confidence limit is estimated in accordance with Equation (1)

logN=-2log 6§ +K (1)

re K is numerically determined by the confidence limit, particle distribution and-other parameters; see
brences [1] and [2].

whe
Ref
See Annex A for detailed information.

NOTE

4.2| Suggested preparation methods

eral methods can be investigated for preparing samples for measurement. The following meth
H. They are based on the assumption that a representative satmple be used to give an adequatg
e particles and a sharply contrasted image.

pds may be
e dispersion

SeV
use
of th

4.2.1 Camphor-naphthalene (C-N) method
thalene that
rticles to be
ture. When
| the plastic
sferred to a

-slip that is

This
mel
cou
the

bag
micl
afte

method uses a eutectic mixture of 60 % mass fraction camphor and 40 % mass fraction naph
s at 32 °C and sublimates rapidly in a vacuum.“To prepare the sample, a 1 g sample of the pa
hted is kneaded by hand inside a plastic bag with the requisite amount of the C-N eutectic mi
particles sample is fully disaggregated and well dispersed in the C-N by the heat of the hand
is cooled to solidify the resulting mixture. Small lumps of this solid mixture are then trang
oscope slide resting on a warm plate. The sample, when melted, is flattened under a cove
rwards removed to allow the C-N-eutectic to sublimate under vacuum.

Thig

part
age
stic

4.2.

As
coll

technique was found to give)good dispersion of irregular quartz particles and has the advanta
cles are viewed in air, which results in a good contrast in the refractive index, and that the s
However, tests with.glass beads have been unsuccessful, as the particles segregate on the s
well and tend to roll“eff, making the method unusable; see Reference [3].

P Paste-dilution method

hmple .of\about 1 g of particles is mixed with a viscous liquid (gelatine, sucrose or glycer
pdion \in-amyl acetate) on a watch glass with a spatula to give a thick paste, thus ensuring

ges that the
ides do not
lide, do not

ol in water,
mechanical

disz d diluted in
the e resulting
suspension, flattened under a cover-slip, will give the required number of particles on a microscope slide, that
is, about 20 particles per view frame. Depending on the choice of liquid, the slides can have only a temporary
life or might be able to be stored indefinitely. Using glycerol, this method has been successful for glass beads.
It gives a good uniform dispersion and a reasonably contrasted image. The use of a cover-slip aids resolution
with high-magnification objectives. However, the slides tend to dry out within an hour or so and repeat counts
with the same slide are not possible; see Reference [4].

ggregation and dispersion. A sample of the paste is then taken with the point of a spatula ar
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4.2.3 Filtration methods

4231 Powder or dry suspensions

A 1 g sample of particles is suspended in a suitable liquid and dispersed. A given volume of this suspension is
then filtered to dryness on a suitable membrane. The concentration of the suspension and the membrane area
of filtration are such that the particles are deposited in the required concentration for counting (about
20 particles per measurement frame). After air-drying, the membrane is cut into small sections which are
attached by their edges to a microscope slide using an acetone-resistant glue (e.g. cyanoacrylate or “super-
glue”). The gluing is to prevent the membrane from shrinking. The slide is then put in a closed container on a
support over a free surface of liquid acetone, whose vapour renders the membrane transparent for viewing

and particlg¢-counting. The method has the advantage that the particles are viewed in air giving a.d

contrast in

efractive index. Tests indicate that to avoid the membrane re-opacifying, it is preferable to(pert

the exposule to acetone very slowly over several hours; see Reference [5].

4232 |
A known vg
of compatib
than the po
particles is
of suspensi
used. The

attached to

iquid suspensions

lume of suspension, typically 100 ml, is vacuum-filtered, as described below, through a memb
le material and known pore size, typically 0,8 um cellulose nitrate for mineral oils. Particles Id
e size should appear well scattered across the membrane with little ord@e-overlap. If the numbs
too great and overlapping is excessive, the test should be repeated.with a smaller known vol
pn. Conversely, if the number of particles is too few, a greater volume of known amount shoul
acuum arrangement, for example a Millipore!) filtration systemy, consists of a membrane ha
an open flask, with a vacuum pump attached below the filiérholder. A separate spray contg

ood
orm

ane
rger
pr of
ime
J be
Ider
iner

with an intg
of the open

gral filter attachment, typically 0,45 uym, is used with a compatible solvent to wash down the sjdes
flask to ensure that all particles are collected on the membrane for analysis, and to remove the
liquid from [the suspension, leaving a reasonably dry membraneZfor examination. The membrane should be
examined gs soon as possible; if there is a delay, it can be‘inserted between two pre-cleaned microsqope
slides. Appropriate glue for making the membrane transparent may be used; see Reference [6].

4.2.4 Dry|deposition method
rent
D as
tom
and
ting
may
that

Particles mpy be prepared for counting by dry déposition onto a slide covered with double-sided transp3
adhesive tdpe. Care shall be taken that all the_particles in a given sample effectively stick on the slide, s
to ensure that there is no selective capture of. particles by size. A microscope slide is positioned in the bo
of a vacuunmh chamber having a volume,ofiabout 1 I. A conical metal plug is fitted in the top of the chamber
the particle$ to be analyzed are placedin’ a groove all around the plug. When the vacuum is released by li
the plug, the particles are sucked as a’cloud into the chamber and fall on the slide. Adhesion on the slide
be enhancId by using doublessided tape or a film of grease. This method also has the advantage

particles ar¢ viewed in air, resulting in a good contrast in refractive index.

5 Image capture

5.1 General

Particle-size data can be influenced by specific parameters affecting the image formation process. It is
possible to distort the reported size, particularly of the smallest particles, by using inappropriate image-capture
conditions, e.g. magnification, illumination, etc. Distortion in the image might arise from a number of causes,
but its presence and effect on the image can be measured by selecting a recognizable object at a number of
points and orientations in a frame of view. It is important to note that the measurements made provide only
two-dimensional, X and Y, information. The imaging instrument should be set up and operated in accordance
with its manufacturer's recommendations considering the conditions given below.

1) Millipore is an example of a suitable product available commercially. This information is given for the convenience of
users of this part of ISO 13322 and does not constitute an endorsement by ISO of this product.
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5.2 Procedures

At each operating condition used for the analysis, carry out the following steps.

a)

b)

c)
d)

e)

f)

)

k)

Select a recognizable object in the image.

-1:2004(E)

Place the feature in the centre and at the corners of the field of view in turn and measure its horizontal

length (X1).

Rotate the sample stage 90 degrees and repeat the measurements (Xz) .

Record the values of X4 and X, with the final result.

Calibrate the imaging instrument prior to the examination of samples using a cértified
equivalent.

If possible, mount the traceable calibration graticule together with the specimenin‘the imaging

Select the magnification in accordance with Annex B or Annex C and set, the corresponding
and imaging conditions.

Place the calibration grating in the field of view, select a suitable,area and focus it.

Obtain the image to be analyzed and then capture it either digitally or by use of a suitable p
image.

Record a significant number of measurement framesfor each sample by scanning the samplg
pattern as indicated in Figure 1. Once this operation is started, no changes to the operating
should be made.

Figure 1 — Sample raster pattern

graticule or

instrument.

illumination

hotographic

b in a raster
) conditions

At the,.end of measurement, place the calibration graticule in the field of view and check the calibration

once 'more. The comparison of two calibration images taken at the beginning and the

end of the

examination will provide a measure of the variability in instrument magnification.

Report the calibration constants obtained before and after the analysis together with the precise details of

the microscope settings (working distance, spot size, electron microscope magnification, etc.).

5.3 Operating conditions for an image capture instrument

5.3.1 General

There are various imaging systems used for particle sizing. The setup for particle sizing using an electron or
optical microscope is briefly described in 5.3.2 and 5.3.3.

© 1SO 2004 - All rights reserved
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5.3.2 Operating conditions for an electron microscope

The following special conditions are required for measuring particle size using an electron microscope:

a) image contrast mode: used to adjust the desired peak signal level;

b) accelerating voltage: set according to the material to be measured;

C) specimen position: The sample working distance specified by the electron microscope
manufacturer for high resolution imaging should be selected. The
sample should be mounted flat on the specimen holder with the stage
tilt set to zero;

d) dynamj|c focus and tilt correction: both of these controls should be switched off.

e) Select the operating magnification after reference to Annex B. The total magnification_is) the produgt of

electroh microscope magnification and any image analyzer transfer magnification.

5.3.3 Opgrating conditions for an optical microscope

For bright-f
feature leng
Jo 0
S

where
A s
6 is
u s
The theoref

eld images in the light microscope which are commonly used fofparticle sizing, the minin
th, d, expressed in micrometres, distinguishable in monochromatic light is given by Equation (2

S
in@

he wavelength, expressed in micrometres;
he half angle, expressed in degrees, subtended by the particle at the objective lens;
he refractive index of the surrounding'medium.

ical lower limit is approximately~0,2 um, but the diffraction halo around the particle gives a g

overestimafe of size. Special attention(should be given to range of particle size to be measured, then tg

measuremse
feature leng
to be meas

6 Micro

6.1

nt in order to obtain the required accuracy. Annex C gives the resolutions and smallest resolv
ths for some typical objectives. As a rule of thumb, the smallest dimension of the smallest par
ired should be at least 10 times larger than this resolution limit.

scopy and-image analysis

General

num

~

0SS
the
able
ticle

Modern im

ge ahdlyzZers usudally nave algoritnms avallable Tor ennancing the quallty or the Iimage pri

r to

analysis and for separating touching particles. Enhancement algorithms may be used, provided that the
measurements can be unambiguously associated with the particles in the original image. Irregularly shaped
particles or particles with sharp corners should not be separated since this would distort the shape of the
particles. All touching particles of this kind should be rejected from the measurement and a note should be
made of the proportion of particles rejected from each measurement frame; see 6.3.4. Touching spherical
particles may be separated, as this will give minor distortion of the area of particles. A flow-chart showing
typical procedures used in carrying out measurements by image analysis is given in Annex D.
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6.2 Size classes and magnification

The theoretical limit for resolution of objects by size using image analysis is one pixel and counts should be
stored particle-by-particle with a maximum resolution of one pixel. Note that any compression of images might
reduce the resolution. However, it is necessary to define the size classes for the final reporting of results; the
desire for maximum resolution should be tempered by the necessity for precision, which is a function of the
total number of particles counted, the dynamic range and the number of pixels included in the smallest objects
to be considered. It is, therefore, recommended that pixels be converted to real-world dimensions prior to any
reporting of size for quantitative analysis.

The magnification used should be such that the smallest particles counted have a projected area sufficient to

meq
The)
dist

groliping may be based on a logarithmic progression. The intervals for these progressions,should |

the
that

upp|

Col
diarn

6.3

6.3.

The)
ther

6.3.

As
the

Ah
pixg
the

few
valy

As
the

Wh

t the accuracy required. All particles measured should be sized and stored with a resolution_d
final results are to be reported by grouping the particles into size classes. For samples withya
ibution, the grouping may be based on a linear progression and for samples with a wide-dist
dynamic range and total number of particles counted. The particles assigned to@ given clas
er limit, X, , as specified in Equation (3):

XL <X <Xy

nts are to be checked on a frame-by-frame basis for significange,"using Student’s t-test o
heter and the F test on the variances. Counts not meeting the requirements should be rejected

Counting procedure

1 General
particle-size distributions should be determined by counting all particles in each measuremen
summing over all frames.

P Particle edges

litable grey-level threshold setting 'should define the particle edges. Techniques for doing this
sophistication of the image analysis equipment.

hIf-amplitude method can\bé done manually, if necessary. A small region of the background |0}
Is away from the boundary of a typical particle is selected. The threshold level at which approX
pixels in the selectedregion are detected is recorded. This procedure is repeated for an are
pixels inside the'particle boundary. The threshold level should be set at a value midway bet
es; see Reference [7].

pcond option is to “auto-threshold” the image, and then perform a manual check before proc
measurement

bnever the threshold level is changed, the threshold image should be superimposed on the ori

f one pixel.
narrow size
ribution, the
e based on
s are those

have a diameter that is equal to or greater than the lower limit of the class interval; X}, and Igss than the

©)

n the mean

t frame and

depend on

cated a few
imately half
a located a
ween these

eeding with

ginal image

and a visual check made to determine whether all of the particles have been "thresholded” correctly. If not, the
reason should be investigated and corrected before proceeding with the measurement.

6.3.3 Particles cut by the edge of the measurement frame

6.3.3.1

If all the objects that appear in the image frame are accepted for measurement, the

accuracy of

the final distribution will be impaired because some of the objects will be cut by the edge of the image frame.
To overcome this, a measurement frame is defined within the image frame. The measurement frame can be
used in the following two ways.

a) All the objects are allocated one pixel (e.g. the centroid) as the feature count point. Objects are accepted
only when their feature count point lies within the measurement frame; see Figure 2 a). The measurement
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frame can be of any shape provided that there is enough space between the edges of the two frames so
that no accepted particle is cut by the edge of the image frame.

b) A rectangular frame is used with the bottom and right edges defined as reject sides. Objects lying partially
or wholly within the measurement frame and not touching the reject sides are accepted; see Figure 2 b).
There has to be sufficient space between the top and left edges of the two frames so that no accepted
object is cut by the edge of the image frame. This covers all eventualities except for particles intersecting
the two opposite sides of the frame; these would either be too large to be measured at the magnification
or would be so acicular as to be unsuitable for classification by area anyway. Image analysis systems that
reject all particles intersecting a frame edge use an effective frame size that is different for each size
class and also different for each particle shape.

®

o e
e £ O
U a 4 J

a)

. o

@ ' °

Q ’ &
QO
b)
NOTE $haded particles are incldded in count; unshaded particles are excluded from count.

(=X

Figure 2— Treatment of particles cut by the edge of the measurement frame — Counting isolate
measurement frame (a); counting strip (b)

6.3.3.2 All particles entirely inside the measurement frame are accepted for counting. All particles outgide,
or cut by the@dge, are neglected This creates the situation where the probablllty for a partlcle to be inclyded
|n the mea\. UIUIIIUIIL ||a|||c lelcb |||vc|oC|_y VVII.II I.I 1< DILU UI I.I 1c pdlllblc IIIID, I.I IUIUIUIC IIILIUuube d waa lllat
is greater the larger the size of the particle considered. The probability, P., of particle i having a horizontal
Feret, Xr¢, and a vertical Feret, Xf,, in a rectangular measurement frame of size Z4 by Z, is given by
Equation (4):

(Z1—=Xpa)(Zo - XE2)
Z4Zy

P =

1

(4)

For spherical particles of diameter X , this reduces to Equation (5):

(Z1=XANZo=Xnp)
Z4Zy

P =

1

10 © 1SO 2004 — All rights reserved


https://standardsiso.com/api/?name=6f25aee1be760ee455753fdcfe168a03

ISO 13322-

1:2004(E)

The population of particles in the measurement frame should, therefore, be divided by the probability, P; .

EXAMPLE

A square frame of size 100 units x 100 units is used for counting a population of particles of sizes ranging

from 2 units to 10 units. The count of the particles wholly in the measuring frame and the correction factors are shown in

Table 1:
Table 1 — Example of a corrected count
Diameter Raw count Probability Corrected count
/Yi n; Pi ”i/Pi
arbitrary units

2 81 0,96 84

4 64 0,92 70

6 49 0,88 56

8 36 0,85 42

10 25 0,81 31
6.3.4 Touching particles
The| slide-preparation method should be chosen to give a minimum number of touching particles.
Nevertheless, it is inevitable that there will be touching particles)in each measurement framg and some
method of dealing with them is necessary.
However, the first requirement is to have an automatic method of identifying touching particles. This can be
dong (a) by following the number of particles “created™by numerical separation procedures, (b) by some
critgrion, such as the shape factor or the Euler number (the number of holes in an object) or pven (c) by
manual intervention. The statistical procedure for-evaluating slides might also give some indications.
Numerical separation procedures are not recommended for separating particle aggregates intp individual
particles as they can change the size of thetparticles in the image and, in any case, make it difficylt to ensure
tracgability. Such procedures for identifying aggregates can be investigated by comparing the restilts with the

size

Iden
con
whsg

agg
6.3.
The)

Acc
long

counting performed on the originauntreated image, but this would seem to be very laborious.

tification of touching particles' on the basis of shape or Euler number is not foolproof, in p
pact overlapping agglomerates, and will not distinguish real out-of-shape or oversized particl
re touching particles ¢annot be avoided, careful use of various techniques, e.g. fractal analys
regates or model-baseéd separation techniques, may be used to separate the particles.

b Measurements

measurement of the perimeter of particles depends strongly on the image-analysis sy
brdingly; the primary measurement is the projected area of each particle, expressed in pixe
est'dimension of each particle, X;n,,x , €xpressed in pixels.

articular for
es. In cases
s to identify

stem used.
Is, then the

These two determine the shortest dimension of each particle, X ;i , thus allowing the definition of a shape

facto

a)
b)

c)

r with the greatest discrimination. It is, therefore, recommended that the primary values be

area of each object, 4;;
longest dimension of each particle, maximum Feret diameter, X ax;

shortest dimension of each particle, minimum Feret diameter, X ;nin -

These are used to calculate the area-equivalent diameter, X ,;, in accordance with Equation (6), and the

sha

©IS

pe factor, ¢, in accordance with Equation (7).

O 2004 - All rights reserved
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Xy = — (6)
X

(0 — 1max (7)
Ximin

Appropriate correction shall obviously be made if the equipment used is not based on square pixels. To aid
comparison with the corresponding volumetric or mass certification method, the relative volume, 7;, of each
particle i can be calculated from the projected area-equivalent diameter, X 4;, of the particle weighted by the
Miles-Lantoujoul factor, P;, (see Table 1) for the contribution of the particle i to the whole population, in

accordance

with Equation (8):

s 3
4i)
P

1

6.3.6 Calibration and traceability

6.3.6.1 ((
The equipn
millimetres,
field of view
back to the
standard st

EXAMPLE
of Standards

6.3.6.2 H

6.3.6.2.1
Each objec

and minimy
of touching

6.3.6.2.2
Distortion ig

Select
the avq

a)

beneral

nent is first calibrated to convert pixels into Sl length unitsy/ e'g., nanometres, microme
etc., for the final results. The calibration procedure shall include\verification of the uniformity o
. An essential requirement of the calibration procedure is that all measurements shall be trace
standard metre. This can be done by calibrating the imiage analysis equipment with a cert
hge micrometer.

The National Physical Laboratory certified chrome-onglass reference stage graticule, National Ins
Technology SRM 475 and SRM 484 or with certified_spherical particles.

Recommendations and requirements

Touching particles

in an image frame should be ceunted and reported in the results, together with its area, maxin
m Feret diameter, Euler number or a manual recognition mark indicating that the objectis a g

Distortion
identified asdollows.

A square.en a multiple-square grid feature from a reference stage graticule, e.g. the same siz
rage particle. Place it at the centre and measure its width, X, and its height, X,.

b) Place i

(8)

res,
the
able
fied

itute

hum
oup

particles. These data will(allow the testing of criteria for detecting and rejecting touching particlés.

P as

t at’each of the four corners and measure its width. X4 . and its height, X, . at each of the

four

additional positions.

c¢) Report

6.3.6.2.3

the five values of Xqand X, with the final results.

Calibration

Each setting of the microscope is calibrated as follows.

a)

multiple-square grid feature on the reference stage graticule.

12

Determine the correspondence between image size in pixels and the size in micrometres using the
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b) Report the results as H, , calculated in accordance with Equation (9), and V., , calculated in
accordance with Equation (10):
X4
H g = — 9)
1’p

where

Xim s the horizontal dimension, expressed in micrometres;

Xip IS the horizontar dimension, expressed I pixers.
X2

Veal = (10)
Xo p

whgre
Xom is the vertical dimension, expressed in micrometres;

Xop is the vertical dimension, expressed in pixels.

When using a matrix camera, either X, or X, and either H_, or V4 may be reported.

7 |Calculation of the particle size results

Thel mean particle size, Xpeqa, and the variance,.s2, for a given number of particles, n;, egch with an

asspciated diameter, X}, are calculated in accordarce with Equations (11) and (12), respectively:

X 2K )
mean zi’l[
2
n(X;,-X
S2 _ Z 1( i mean) (12)
Zi’l[ - 1

In drder to ensure the homogeneity of the measurements, the mean diameter and the variance |obtained in

each measurement~frame should to be tested by the analysis-of-variance and multiple-comparison tests

(Annex E).

8 |[Testreport

Th iUbt IUPUIT. bild“ bUIIidill do d IIIiIIiIIIuIII ﬁ Ic fU“UWiIIg illfUllIIatiUll.

a) identification of the test specimen;

b) reference to this part of ISO 13322 (ISO 13322-1:2004);

c) complete description of the method used for sub-sample preparation, with full quantitative details of the
nominal weights, volumes and compositions of particles and products used at each stage of the sub-
sample preparation procedure;

d) mean particle size, X,,qan:

e) variance, s2;
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f)
— o0
— frg
— Eu
N X1
N X2
— rel
— an
Usable resy
A microgra
microscope
14

full particle-by-particle results, with all dimensions in pixels, including the following:

— reference number of the particle;

— reference number of the sample;

— reference number of the sub-sample;

— reference number of the view field;

active used:
H

— are¢a of particle;

— maximum and/or minimum Feret diameter;

me size;

ler number;

calibration factor;

calibration factor;

ative volume of particle;

y other useful information.

Its should be reported in tables and graphs in.accordance with ISO 9276-1 and ISO 9276-2.

ph should be provided of a typical field.for each of the samples and for each setting of| the
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Annex A
(normative)

Study on the sample size required for the estimation of mean particle
diameter

A.1 General

Thepretical equations had previously been developed to estimate statistical error caused by sample size (e.g.
the humber of sample particles). The theory gave general analytical solutions for the distribution off the sample
mean diameter and the number of particles required to achieve a measurement within a certair] error for a
givgn confidential level. Computer simulation studies were carried out using a log-fiefmal size distfibution and
the [simulated results compared with the theoretical equation. The computer simulation results cdnfirmed the
thegry. Therefore, the error caused by an inadequate number of sampleparticles or number |of particles
required in a measurement can be analytically estimated.

It wlas also found that the number of particles required can be rediiced somewhat both by changing the

evaluation basis and by increasing the assigned admissible error,-However, a fairly large number| of particles
is rgquired for a precise measurement that will be transformed info the mass basis.

A.2 Symbols and abbreviated terms

For [the purpose of this document, the following symbols and abbreviated terms are used.

a constant

NOTE Used in Equation (A.37).

b initial value of b for the linear congruent method
b;, first initial valug of b

c constanteéqual to g+« /2

NOTE Used\in Equation (A.5).

D¢y, count median diameter

Dy mass median diameter

Dy mTean voture diameter

Dy particle diameter

D5 median diameter of particles

Dpga particle diameter which gives a cumulative undersize distribution of 84,13%
Bp sample-mean diameter

5; population-mean diameter

d period of repeat of generated number

© 1SO 2004 — Al rights reserved 15
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NOTE From Equations (A.36) to (A.38).

e relative error

NOTE As defined by Equation (A.26).

Sink sampling distribution of Ink

0GsD geometric standard deviation

K constant

NOTE See Equation (A.1).

k constant

NOTE See Equation (A.37).

N number of sample particles per experiment

n number of sample particles

n* number of particles required in a measurement to attain a cerfain level of confidence
P probability

P(|e| <9) probability that the experimental data will lie within the range of relative error —-6to +5
R number of repeat of the random number generation

s sample standard deviation

n random number having normal probability

u parameter of Equation (A.31)defined by Equation (A.32)
X; number calculated by Equation (A.37)

X remainder duringthe’calculation of random numbers

Y experimental.value

Y* Y(,u (O), o 2 )

y process variables

y mean of y

Vi uniform random number generated by computer

Vi logarithmic mean diameter for a random sample of size n
z function

NOTE Defined in Equation (A.24).

a constant
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NOTE From Equation (A.1).

B basis number

o relative error

K dimensionless mean particle diameter
A Y/ Y*

Ho fogarithmic meamn dfameterfor the number distribution of poputation
v degrees of freedom

o population standard deviation

og population geometric standard deviation
oGED geometric standard deviation

D(4) error function

oy ,s2) joint probability distribution of y, and s

) function

NOTE Defined in Equation (A.23).

0] parameter

NOTE Equation (A.34) defined by Equation (A.35).

A.3 Introduction

In general, the data obtained for a powder process scatter more widely than for other processes. Complicated
phehomena, such as”aggregation or adhesion, may account for some of the scatter. More fundamentally,
however, the scatter can be attributed to the size distribution of the particles. Therefore,|during the
measurement of '\nean diameter of particles, the statistical error of the measured value caused |by the size
distribution should be included.

Ong of the'most interesting problems relating to the error is how many particles should be sampled to achieve
sati$factory results. Masuda and linoya [12] studied the problem theoretically and presented an ¢quation for
'-”i’ O oa ”’ - ’i-’i i;"’v’ a—measuretet .v"; C€ S ’;’ atagiven
confidential level. By use of this equation, the minimum number of measurements required under certain given
conditions can be calculated from the particle size distribution, process variables and the basis number for the
measurement.

cl V O

The relationship, however, had not previously been confirmed by any experiments. We have now carried out
the simulation experiments so as to examine the validity of the theoretical equation of Masuda and linoya [12].
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A.4 Theoretical analysis for log-normal distribution

The main tenets of Masuda and linoya [12] are summarized here in order to define the relationships which are
under examination. It is assumed that the process can be described by Equation (A.1);

y =KDy (A1)
where
y is the particle property with respect to particle diameter;
Kand px are constants not equal to zero;
Dy is the particle diameter.
Equation (A.1) describes one of the simplest but most important processes of particles, (for example| the
sedimentatipn velocity as defined by Stokes’ law. In this process, it is assumed that particle=size distributign is
log-normal.
If the sample-mean particle diameter, 5p , is known, the distribution of experimental data can be calculated
from Equatipn (A.2);
Y = KIbg (A.2)
where
Y is the particle property with respect to sample-mean diameter;
5p is the sample-mean particle diameter;
Kand p are constants not equal to zero.
For this prgcess, the population-mean particle/diameter, l_);, adjusted by the basis number, g (=0 fpr a
count basis| and g = 3 for a mass basis), iS\given by Equations (A.3) to (A.5); see Reference [13]:
Dp =11y (.3)
where
5; is the population-mean particle diameter;
y is thexmean of y;
1a
= _ i’ﬁf”f”ff('” D pg-aZ)dln np—| )
Tl K J.Dpﬂf(InDp,yo,o-z)dlnDp '
where
c equals f+a /2 (A.5)
Ho is the logarithmic mean diameter for the number distribution of the population, calculated in

18

accordance with Equation (A.6):
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o0
Lo = IInDpf(InDp,,u(o),az)dlnDp =InDys0

—00

where
D5 is the mean diameter of the particles;
o is the population standard deviation, calculated in accordance with Equation (A.7):

c=Inac —-InD o, _InD -
g p8%

(A.6)

(A7)

whdg

The)

whsg

On

whsg

If it
the

poU

re
Dpga is mean particle diameter which gives a cumulative undersize distribution of 83.13%;
Ty is the population geometric standard deviation.

refore,

*

Dp =exp(ug +co?)
re o is the variance of the logarithmic mean diameter for the' number distribution of the popul

he other hand, the mean diameter, y, , of the random samiple of size » is calculated from Equat

Dp =exp(y, +cs2)

re
B Zln Dy
Ym ="
n
2
S2 _ Z(InDp _ym)
n
is assumed that the~number of sample particles, n, is sufficiently large, then the distribution

combined probabilities y,, and s2 can be calculated from Equation (A.12):

2
N__n n om0
¢(ym’s )_03@ z(n_,l)exp{ 20_2 (ym /uO) 4(}’1—1){025‘ (}’l 1):| }

(A.8)
htion.

ion (A.9);

(A.9)

(A.10)

(A11)

zﬁ(ym,s2) of

(A12)

Equ

ation (A.13) can then be derived from Equation (A.8):

dlnl_)p =dy,, +cd(s2)

Therefore,

d(s?)dy,, =d(s®)Ady,, = d(s2)AdInDp — cd(s2)Ad(s?)

© 1SO 2004 - All rights reserved
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where
d(s®)dy,, =d(s?)AdInDp (A.15)
Equation (A.15) can be rearranged in the form of Equation (A.17), the combined probability distribution:
1= [ [#(rs2)ls )y, (A-16)
—0 0
- j[j #(InDp —cs?,52)d(s?) dInDp (N.17)
-0l O
If a certain function f(lnﬁp) is defined by Equation (A.18):
f(InDp)= j¢(|n5p —es2,52)d(s2) (A.18)
0
it is evident|that the function f(lnﬁp) satisfies the condition defined in Equation (A.19):
jf(me)dlan =1 (4.19)
Therefore, Fquation (A.19) represents the distribution of InD, . The distribution of In5p can be obtained by
carrying ou{ the integration of Equation (A.18) using Equation (A.12).

Then, if the
rewritten as

dimensionless quantity « = Ep /5; is introduced for the sake of simplicity, Equation (A.19) ca
Equation (A.20):

h be

j f(hx+InDp)dink =1 (A4.20)
The distribytion Inx is denoted by \f}, . , as shown in Equation (A.21):

fine =lf(nk+InDp) (A.21)
The distribytion f|,%.,) as shown in Equation (A.22), can be obtained by carrying out the integratiop of
Equation (A.18):

S 2 oy
Sink = e 2 (A.22)
0'\/27r\/2c20'2 +1
where
2
o= Jn(ink +co? In) (A.23)
0'\/2020'2 +1
z= " (2cInk +2c%52 +1) (A.24)

20

2(2¢%52 +1)
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(A.25)

The distribution f,, is the theoretical distribution of the sample mean diameter. Thus, the probability density
distribution of mean diameters obtained from simulation experiments must coincide with the distribution fi, .
if the theoretical equation is correct.

When studying the problem of “how many particles should be sampled to get a satisfactory results”, it is
necessary to determine the probability, P, that the experimental data will lie within —6 to +¢ of the relative

errg

—he-relative-erroreis-definred-by-Equation{A-26):

o=t _ ;4 (A.26)
Y
whgre
2
Y* denotes Y(yo,a )
A=YIY =(Dp/Dp)* =x* (A.27)
Then, the probability, P, can be evaluated in accordance with Eqéation (A.28):
In(1+5)
a
P(e| < 5) = j fineding (A.28)
In(1-5)
(24
Thel| probability P(|e| <), which is the probability that the mean diameter obtained for the numbgr of sample
particles, n, will be within the relative,'error £ §x 100 %, is calculated from the distribution [, . If the
distribution of Inx obtained by simulation experiments coincides with the theoretical distribution|of Inx, the
probability, P, calculated from thessimulation results can be expressed by Equation (A.28).
By gubstituting the approximation @(z) =1, Equation (A.28) can be simplified as follows:
\/; 1 ola 7&
P= e 2dink (A.29)
ov2c2at 12 5'[/0(
1 «© _ﬁ _‘u‘ 9 o @
=/_je 2d¢-je 2d¢-je 2 4o (A.30)
M = —o0 ]
=1-20(—|u|) (A.31)
where
yoAns (A.32)
aoN2c%62 +1
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Equation (A.31) can be rearranged as Equation (A.33):

o=

(A.33)

If P, which is equal to the confidence limit, is known, u can be obtained from Equation (A.33) and the number
of particles, n, from Equation (A.32). The number of particles, n, thus obtained is defined as “the number of
particles required” and denoted by »*. Equation (A.32) can then be written as Equation (A.34):

Iogn* =-2logs +logw (A.34)
where
o=udp?62(2c%62 +1) (A.35)

Typical reslilts calculated from Equation (A.33) are listed in Table A.1.

The numerigal vale of parameter » can be determined if the probability, P, is assigned and the variance, 2 ,
of the partjcle population, the exponent, «, of the process variable and theCbasis number, g, of|the
measuremegnt are known. Then, the number of particles, n*, can be calculated from Equation (A.34).
Table A.1 — Parameter u calculated from Equation (A.33)

P (%) 50 75 80 90 95 97,5 99 99,5 99,8 99,08

u(-) 0,67 1,15 1,28 1,64 1,96 2,24 2,58 2,81 3,09 3,20
A.5 Simuylation experiment
A.5.1 Generation of random numbers
In the simufation, 103 sets each containing 2 x 104 random numbers having a normal probability distribytion

are generafed. A flowchart of the process is shown in Figure A.1. In order to generate a set of ran

numbers th
from 0 to 1

bt has a normal distribution probability, it is necessary to generate random numbers having a v
with a uniform probapility (step 1). To generate the random numbers, y;,¢, the linear congr

Hom
alue
lent

method, based on the value of‘the remainder as determined from Equations (A.36) to (A.38), is emplgyed
(step 2):

X0 =H (A.36)

X4 = px; + k_(mod d) (A.37)

Vit =kild (A.38)
where

Xii1 is equal to the remainder of ax; + & divided by d;

d is equal to the repeat period of the generated numbers;

a, k are constants selected so that the repeat period is longer than the total number of generated

numbers.

Here, the values used are a=48828 125 (=511) and k=0. In this case, the repeat period d is

231 (=2,15

22

Lr?

x 109). The initial value of b, designated as b

is not a function of the repeat period, but is
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selected from the range 0 to ~d. In this calculation, the first initial value b;, of b is set equal to
a (=48 828 125). The ;( -test shows that the uniformity of the generated random numbers can be
guaranteed at the 99 % confidence interval, i.e., the value ;( for the generated numbers is 8,89, while the
theoretical ;( value at the 99 % confidence interval is 21,7 because the degrees of freedom v =9 (= number
of possibilities minus 1).

The first initial number, b5;, , for the calculation of y, is generated using the initial value
b = 48 828 125 (step 1). This first initial value, b;, ,is used as the initial value b for the generation of the b, , 4
in the next set (» + 1).

The random numbers, ¢,, which have a normal probability distribution, can be generated from the uniform
rangiom numbers, y;, using Equation (A.39); see Reference [14]:

12
n=> -6 (A.39)

b, =48828125

r=r+1
n=1
n=n+1
o =1
i=i+1
Generation of random numbers
Vi
using b
by=y;*xd
=
Yes

Calculation of random numbers f,
having a normal distribution

1

No

No

Figure A.1 — Flowchart of the generation of random numbers having a Gaussian distribution
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Therefore,

12 calculations are required for y; using the linear congruent method; see step 2 above.

In order to generate 2 x 104 random numbers, ¢,,, having a normal probability distribution, step 2 is repeated
24 x 104 times (step 3). Then, these 24 x 104 random numbers are used to generate the N = 2 x 104 random

numbers, t

n-

In this calculation, in order to generate the 103 sets each containing 2 x 104 random numbers, ¢,, each
having a normal probability distribution, steps 1 to 3 are repeated R = 103 times. As a result, R = 103 sets of

N =2 x 104 random numbers, t,,, are generated using 24 x 107 random numbers, y; .
A.5.2 Calculation of error introduced by sample size
By using the random numbers, ¢, , having a normal distribution, the statistical error introduced by sample [size
(= number ¢f sample particles) was studied. In order to transform the values ¢, of the normal distribution|into
the values P, of the log-normal distribution, following equation was used:

InDp E tnlnaGSD +InDCM (A40)
where

0GsD is the geometric standard deviation;

Depm is the count median diameter.
Figure A.2 shows one of the distributions of D for the case where\w = 104. It is matter of course that| the
distribution plmost fits the log-normal distribution curve calculated from Equation (A.41):

2
1 (InD —InDCM)
(D) exp| ———"— A41)
V2zInogsp 2In“ogsp

The mean diameter Bp of N sample particles is_Calculated from Equations (A.4), (A.6) and (A.8). Then, i is
set equal tq 2 so as to compare the results with,theoretical values presented in Reference [1]. The theoretical
value (for [N= oo ) of median diameter, ‘D, , is defined by Equation (A.3), which can be writtenj as
Equation (A.42):

Bp :exp(InDCM +C|nzGGSD) (A42)
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re A.3 shows the probability density-distributions f|,, of the dimensionless mean particle

distribution is broad. And when N =3, x at the peak of distribution is smaller than unity. This r
mean value obtained by small\numbers of sample particles may include large errors and ha
e than the true mean diameten:

n diameter calctlated from the number, N, of sample particles will be within the relative error
be calculated’by the same equation as Equation (A.28). Calculated results for oggp = 1,6 a
re A.4. Theoretical curves calculated from Equations (A.25) and (A.28) are also shown in this
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probability P(le| < &) is unity for the number of sample particles, N, greater than 3 x 103.
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Figure A.3 — Distribution of «
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Y probability density "% [1/Inx ]
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values from computer simulation
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v N =100 v N =100
© N =500

Conflitions: oggp = 1,6, R =103 and o = 2.

Figure A.3 (continued)
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Conditions: oggp = 1,6, R =103 and o = 2.

Figure A.4 — Probability P(e| < 0,05)versus sample size
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Figure A.5 a) shows the calculated results for the probability P(|e| < 0) for count basis, while Figure A.5b)
shows the results for the mass basis. The results obtained by the computer simulation are well represented by
the theoretical lines, especially for the larger oggps. The observed deviation for the smaller values of » is
largely due to the fact that the joint probability distribution ¢(m,s ) assumes that is the number of sample
particles # is sufficiently large.

For any P(|e| < 6), the number of particles required for the measurement can be correlated to the relative
error of experimental data, o, by using parameter o, as shown in Figure A.6. Parameter w for the simulation
experiment is calculated by substituting o =Inoggp into Equation (A.35). All of the calculated data coincide
with the theoretical line calculated by Equation (A.34).

This result ghows that parameter w can be calculated, if the probability, P, is assigned and the oggp0ff the
population-particles, and if the exponent, «, of the process variable (in this study « = 2) and the basis(humber,
B, are known. Therefore, it is confirmed that the number of particles, »*, required for a measurement can be
obtained nymerically by using Equation (A.34).

Y
1 -
0,8
0,6
04|
0,2+
0 I I T L1l Ll I L
1 10 100 1000 10 000 100 000
X

a) Count basis

Figure A.5 — Probability P(¢| < 0,05)versus sample size, N
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Figure A.5 (continued)

© 1SO 2004 - All rights reserved

29


https://standardsiso.com/api/?name=6f25aee1be760ee455753fdcfe168a03

ISO 13322-1:2004(E)

106

10°

I INT TTTTT

L1111

10"

10° =

102 Lol

0,1 +] 10 X
Key
X relative error of experimental data, 8, x_100, ‘percent
Y number of particles required, n*
— theoretical curve
values from ¢omputer simulation
o o ={1, count basis
® ={1, mass basis
a o ={10,Count basis
A o =110“mass basis
o o = 100, count basis
. o = 100, count basis
Figure A.6 — Number of particles required, »*, versus relative error, §
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