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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 non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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st of patent declarations received (see www.iso.org/patents).
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related to conformity assessment, as well as information about ISO's adherence ta
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revised.

The main clhanges compared to thelprevious edition are as follows:

former

3.2 has

in 7.3.3

t

a)

ent was prepared by Technical CommitteedSO/TC 119, Powder metallurgy, Subcomm
ing and testing methods for hardmetals, in collaboration with the European Committe
ition (CEN) Technical Committee CEN/SS M11, Powder metallurgy, in accordance with
on technical cooperation between-ISO and CEN (Vienna Agreement).

edition cancels and replaces the first edition (ISO 4499-2:2008), which has been techni

3.1 has been remaved;
been expanded;

e 5, “Eleetron back scatter diffraction (EBSD)” has been added;

the listthas been revised;

Table 1, row “Electron back scatter diffraction” has been added and in the row “Scann
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pes of ISO documents should be noted. This document was drafted in accordanee with the
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electron microscope”, the value for the “Minimum visible intercept length” has been corrected from
200 nm into 400 nm.

Alist of all parts in the ISO 4499 series can be found on the ISO website.

Any feedback or questions on this document should be directed to the user’s national standards body. A
complete listing of these bodies can be found at www.iso.org/members.html.
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INTERNATIONAL STANDARD ISO 4499-

2:2020(E)

Hardmetals — Metallographic determination of
microstructure —

Part 2:

Measurement of WC grain size

1 Bcope

This| document gives guidelines for the measurement of hardmetal grain size| by metallographic

techpiques only using optical or electron microscopy. It is intended for WC/Co-hardmetals|(also called

cemented carbides or cermets) containing primarily tungsten carbide (WCH)as the hard|phase. It is

alsoljintended for measuring the grain size and distribution by the linear-intércept techniquile.

This|document essentially covers four main topics:

— ralibration of microscopes, to underpin the accuracy of measuréments;

— linear analysis techniques, to acquire sufficient statistically' meaningful data;

— hnalysis methods, to calculate representative averagewvalues;

— reporting, to comply with modern quality requitements.

This| document is supported by a measurementcase study to illustrate the recommended| techniques

(see]Annex A).

This|document is not intended for the following:

— measurements of size distribution;

— recommendations on shape‘measurements. Further research is needed before recommendations
for shape measurement(can be given.

Meapurements of coercivity are sometimes used for grain-size measurement, however, this document

is concerned only with.ametallographic measurement method. It is also written for hardmeltals and not

for dharacterizingpowders. However, the method can, in principle, be used for measuring the average

size pf powders.that are suitably mounted and sectioned.

2 Normative references

The folowing documents are referred toin the text in such a way that some or all of their content

constitutes requirements of this document. For dated references, only the edition cited applies. For

undated references, the latest edition of the referenced document (including any amendments) applies.

[SO 3369, Impermeable sintered metal materials and hardmetals — Determination of density

[SO 3738-1, Hardmetals — Rockwell hardness test (scale A) — Part 1: Test method

ISO 3738-2, Hardmetals — Rockwell hardness test (scale A) — Part 2: Preparation and calibration of

standard test blocks

[SO 4489:2019, Hardmetals — Sampling and testing

1) DE: Wolframcarbid, EN: tungsten carbide.
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[SO 6507-1,

Metallic materials — Vickers hardness test — Part 1: Test method

ISO 6507-2, Metallic materials — Vickers hardness test — Part 2: Verification and calibration of testing

machines

ISO 6507-3, Metallic materials — Vickers hardness test — Part 3: Calibration of reference blocks

[SO 6507-4, Metallic materials — Vickers hardness test — Part 4: Tables of hardness values

3 Terms, definitions, symbols and abbreviated terms

3.1 Tern
For the pur
[SO and IEC

)s and definitions

boses of this document, the following terms and definitions apply.

— ISO Onlline browsing platform: available at https://www.iso.org/obp

— IECEle

3.1.1
nano
with WC gr

Note 1 to enflry: Measured by the mean-linear-intercept method described in this document.

3.1.2
ultrafine
with WC gr

Note 1 to enffry: Measured by the mean-linear-interceptinethod described in this document.

3.1.3
submicron
with WC gr

Note 1 to enffry: Measured by the mean-linear-intercept method described in this document.

3.1.4
fine
with WC gr

Note 1 to enflry: Measuted by the mean-linear-intercept method described in this document.

3.1.5
medium

Ctropedia: available at http://www.electropedia.org/

hin size <0,2 um

hin size 0,2 um to 0,5 um

hin size 0,5 um to 0,8 um

hin size 0,8 uanto 1,3 um

with WC gr

IECCuE 3

maintain terminological databases for use in standardization at the following address¢s:

ha oo M 2L s
AT STZT™ T, T (T CU 25 9 (T

Note 1 to entry: Measured by the mean-linear-intercept method described in this document.

3.1.6
coarse

with WC grain size 2,5 pm to 6,0 pum

Note 1 to entry: Measured by the mean-linear-intercept method described in this document.

3.1.7

extra coarse
with WC grain size >6,0 pm

Note 1 to entry: Measured by the mean-linear-intercept method described in document.

2
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3.2 Symbols and abbreviated terms

For the purposes of this document, the following symbols, abbreviations and units apply.

is the area, in square millimetres (mm?2)
is the arithmetic mean linear intercept of WC grains, in micrometres (um)
is the equivalent circle diameter, in millimetres (mm)

is the line length, in millimetres (mm)

is the arithmetic mean-linear-intercept distance, in micrometres (pm)
is the measured length of individual intercepts, in micrometres (um)
is the sum of the measured length of each individual intercept

is the number of grain boundaries traversed

is the number of WC grains intercepted

is the magnification

is the maximum magnification

is the minimum magnification

is the measured size, in millimetres (mm)

is the actual size, in millimetres (mm)

is electron back scatter diffraction

is scanning electron microscopy

is field emission SEM

is transmission electron microscopy

is low magnification

4 [Generalinformation

This|document addresses the issue of good practice for the measurement of a mean value f
sizeflt fecommends the use of a linear-intercept technique for obtaining data. The measurg

br WC grain
ments shall

be made using good practice for the preparation of suitable microstructures for examinatjon outlined
in ISO 4499-1.

The properties and performance of hardmetals are directly dependent on the microstructure developed
during manufacture, which in turn is controlled by the character of the starting powder batch.
Understanding the microstructure is the key to controlling or improving properties, and therefore the
measurement of microstructural features, particularly grain size and size distribution, is of paramount

importance.

Methods of metallographic preparation and etching techniques are as important as the grain-size
measurement method (see References [1] to [6]), and are included in ISO 4499-1. The principal type of
hardmetal considered is WC with a Co binder. However, the procedure can be used for hardmetals that
contain cubic carbides or which are based on TiC or Ti(C, N).

© IS0 2020 - All rights reserved
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The most direct way to measure the WC grain size is to polish and etch a cross-section of the
microstructure and then to use quantitative metallographic techniques to measure a mean value for
the grain size, either by area counting or by linear-intercept techniques.

There are three ways by which the mean size by number of the WC grains can be defined:
— by length (of a line across a 2D section of a grain);
— by area (of 2D sections of grains);

— by volume (of individual grains).

A number aperage is obtained by counting each measurement of the parameter of interest (length, @rea
or volume) and dividing the total value of the parameter (length, area or volume) by the numbpeér of this
parameter ¢ounted.

The value 1host used to date has been a length parameter. This can be obtained in seyxeral waysg, for
example, by| parallel lines or circles as described in ASTM E112[14I:

— by linegdr intercept, called the Heyn method, from a straight line drawn acraoss the structure;

— by the pquivalent circle diameter: this is obtained by measuring grain areas and then taking the
diameter of a circle of equivalent area. It is possible, for equiaxed grains, to convert an equivalent
circle diameter (ECD) grain size to a linear intercept (LI) value using.Formula (1).

LI=vA=/r /4 ECD 1)

Thus E€D =1,13 LI
This expression is discussed in References [1] and [7].

An additional method is that established by Jefferiés, where the number of grains per unit area can be
counted. THis can, if required, be converted to an-equivalent circle diameter.

It shall be r;rted that
— point/drea counting provides no jrifermation on distribution, and
— the Jeffpries method is not intended for use on multiphase materials such as hardmetals.

The recommpended techniquefor measurement of hardmetal grain size is the linear-intercept method.

5 Apparatus

Grain-size theasurements are obtained from images of the microstructure. ISO 4499-1, ASTM B657[12]
and ASTM B665[35] should be consulted for best practice in the preparation of surfaces for imaging.

Hardmetal structuratimages are usuatly generated by eitheroptical mmicroscopy, scanming etectron
microscopy (SEM) or electron back scatter diffraction (EBSD). For accurate measurements, it is better
to use scanning electron-microscopic images. Even in coarse-grained materials, the imaged surface
cuts through a substantial number of the corners of grains, giving a proportion of small intercepts that
can only be measured accurately using the scanning electron microscope.

Measurements of intercept lengths from the acquired images can be obtained manually or
semiautomatically using image analysis. Automatic image analysis can be used in some circumstances
when the images are fairly coarse and good contrast can be obtained, but for many materials, especially
those with very fine grain sizes, good images are difficult to acquire and are generally not amenable to
automatic analysis.

For the ultrafine and nano grades, good images are particularly difficult to acquire using conventional
scanning electron microscopes with tungsten-filament electron sources. For these materials, it is

4 © IS0 2020 - All rights reserved
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recommended that a field emission SEM (FESEM) be used. These systems give significantly higher
resolution images, sufficient to measure materials with mean intercept sizes of about 0,1 pm to 0,2 pm.
For materials with ever smaller grain sizes, it might be necessary to use transmission electron
microscopy (TEM). However, the problems of sampling and specimen preparation are particularly
severe (see Reference [9]). Careful specimen preparation for good images is vital for these materials,

and often a combination of etching methods is helpful (see ISO 4499-1).

6 Calibration

To give reliable quantitative measurements, images shall be calibrated against a stage micrometer or

scal¢ traceable to a national reference standard. T he most commonly uUsed stage MICromete
are the SIRA grids. These are ruled lines which form a grid and are available with 19,7 lings
2 16D lines per mm. However, these shall also be calibrated and certified as being trageable t
refefence standard.

For |mages obtained from an optical microscope, an image of the calibratipihgraticule s
obtained using the same objectives (and internal magnification step changers or zoom p
illunhinating technique. The microscope shall be set up for Koéhler illumination to obtain th
resolution (see Reference [10]).

For {mages obtained from a scanning electron microscope, images‘of the graticule should
undé¢r the same conditions (accelerating kV, working distance, iHtmination aperture) as th
the hardmetal.

7 [rain-size measurement by the linear-intercept method

7.1 | General

It is
grai
be u

recommended that the arithmetic mean+-linear-intercept be used as the parameter tg
h size. This is the simplest proceduréte use and has the added advantage of providing d
ced to quantify distribution widths

This|method requires a straight line to be drawn across a calibrated image. In a single-ph3
the llgngth of line (L), starting-at\a random position, traversing a number of grain boundar
ending at another random position, is measured. The mean-linear-intercept distance LI is

Formula (2):
.I=L/N

Asc
noi

hn be seen from the Formula (2), only the the mean-linear-intercept distance is calcula
formation’obtained on grain-size distribution.

For 4 nominally two-phase material such as a hardmetal («x and 3 phase), the linear-intercef

rs for SEMs
ber mm and
0 a national

hall also be
bsition) and
e maximum

be obtained
se used for

define WC
ata that can

se material
ies (N), and
specified in

(2)

ted, there is

t technique

is ldss_straightforward because each phase shall be measured independently, but it d

an provide

information on grain-size distribution. A line is drawn across a calibrated image of the microstructure
of a hardmetal. Where this line intercepts a grain of WC, the length of the line (/) is measured using a
calibrated rule (wherei=1, 2, 3, ..., n, for the 1st, 2nd, 3rd, ..., nth grain). It is advisable to count at least
100 grains, preferably at least 200 grains in order to reduce the uncertainty to below 10 %.

The mean-linear-intercept grain size is defined as Formula (3):
dye =D /n

Hardmetal grain sizes generally fall in the range 0,1 pm to 10 pm. Because of the uncertainties of
measurement, it is good practice to report the the mean-linear-intercept grain size to one decimal place
for values > 1,0 um and to two decimal places for values < 1,0 um, i.e. the results are reported to two
significant figures, such as 3,4 pm or 0,18 pm.

(3)
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A worked example is given in Annex A.
7.2 Sampling

7.2.1 Sampling of products

Sampling is the procedure whereby an item of hardmetal or a region within an item is chosen for testing.
Random sampling is defined such that, in selecting an individual from a population, each individual in
the population has the same chance of being chosen (see Reference [11]).

ISO 4489:2'\10’ Clause 4 states: “For confirmation of the graﬂn of harr]mnfn]’ it is ncnn”y sufficient

to take a t¢st sample of one unit”. The following tests shall be carried out in accordance wftH the
Internationpl Standardards given in [SO 4489:2019, 5.1:

— Determjination of coercivity no standard available;

— Deterntination of density ISO 3369;

— Determlination of Rockwell hardness HRA ISO 3738-1 and IS0 3738-2;
— Deterniination of Vickers hardness HV ISO 6507-1,ISO 6507-2,

ISO 650/7-3 and ISO 6507-4.

and tests which may be carried out in special cases:

— Deterntination of microstructure ISO 4499 (all parts);

— Deterntination of porosity and uncombined carbon [SO 4499-4.

7.2.2 Samppling of microstructure

Sampling f@r microstructural purposes should be carefully considered depending on the reasom for
undertaking the measurements.

a) Genera] check measurement of asectioned isolated object

— The images chosen for analysis should be representative of the whole section and should be
obtfained by random pgsjtioning. The number of images to be prepared is recommended to pe at
leaft four, which can-be intensively analysed so that in total, at least 200 grains are measufed.

b) Determjination of hémogeneity of grain size

— In this caseja systematic set of images from defined locations within the section shall be
obffained>and intensively analysed so that at least 200 grains are measured from each locaftion.
Th

each location) to be determined.
c¢) Inhomogeneous materials

— In cases where the microstructure is inhomogeneous from one field of view to the next, it is
good practice to increase the number of images evaluated, but to evaluate them less intensively,
while still achieving a total feature count of > 200.

The magnification of the image obtained should be such that there are between 10 WC and 20 WC grains
across the field of view, permitting individual intercepts to be measured to better than 10 % accuracy.
This will usually allow 3 or 4 linear-intercept lines to be drawn across the image without intercepting
any individual WC grain more than once. Most hardmetals have little or no anisotropy of structure, so
it is unimportant if more or less parallel lines are used. If anisotropy is suspected, then it is better to

6 © IS0 2020 - All rights reserved
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orientate the lines randomly and permit their intersection (see Reference [13]). Thus, from
about 50 linear grain-size intercepts may be obtained.

7.3 Measurement errors

7.3.1 Systematic and random errors
Measurement errors can have several sources:

— systematic, such as during calibration of the microscope;

2:2020(E)

each image,

experimental or accidental, such as during data transfer or calculation of actual interce)
Statistical, such as due to the random nature of the microstructure.

ssible cause of a systematic error is that of calibrating the image from which’measu
b made. In general, a single number is obtained for the magnification of ag-gptical micr
e calibration is over different lengths or by different operators, the results will vary,
h magnification and associated standard deviation. Errors are likely)to be larger wh
owing to magnifications not being fixed steps.

iflental or personal errors occurs when measuring individual linear intercepts of
rent operators measuring along the same intercept line willynot choose exactly the san
ifions or might not detect all boundaries, and this leads’to an uncertainty in the me
iflental or personal errors are more difficult to quantifythan systematic errors.

stical errors can arise if microstructures are‘dnadequately sampled, for examp
ographs are used, or too few grains are measured. A useful test of the adequacy of the
brform a running-average test. As measurements are made, the mean-linear-intercept g
meters are continually re-computed to give running averages which are plotted agair
ber of measurements made. The mean.tesult will be seen to fluctuate but to converge {
true| mean for the microstructure with‘ihcreasing numbers of measurements. Measurem
halt¢d when the residual fluctuationsin:the mean are adequately small.

7.3. Large WC grain sizes

Before deciding which magnijfication to use for grain-size measurement, a preliminary
etchpd surface is useful tO determine if there are large grains of WC present. If too high am
is used, these grains maynot fit into the field of view and this will thus affect the measuremei
Ideally, the magnifieation used should be such that the largest WC grain imaged is at most (
20 grains acrosscthe’view) a third of the field of view as a general guide. In practice, there
be large grains that intercept the edges of the field of view and thus are not measured.
sufficient fields of view are measured and the running-average technique (see Figure A.4)
affeqt of large grains is minimised.

pt lengths;

ements are
hscope. But,
broducing a
en using an

WC grains.
e intercept
asurement.

e, too few
statistics is
ize or other
1st the total
owards the
ents can be

scan of the
hgnification
ht statistics.
giving 10 to
will always
However, if
is used, the

At the time of publication, there are no standards available relating to the smallest intercept size
that can be measured by either optical or scanning electron microscopy. As a guide, the resolution of
the instrument used can be used to determine the smallest intercept which can be measured. For a
particular resolution, the lower limits to which linear intercepts can be measured are given in Table 1.

These figures represent the highest resolution which can be obtained under optimum co

nditions. In

practice, poorer resolution can be obtained, particularly when it is difficult to obtain high resolution
images because of problems with surface preparation. Thus the smallest intercept which can be
sensibly measured will increase. In practice, the smallest intercept measurable is twice the resolution

of the instrument and the uncertainty of the measurement is twice the resolution.
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Table 1 — Guide to feasible measurements

Dimensions in nanom

eters

Instrument Maximum resolution Minimum visible intercept length?
Optical microscope 230b 500b
350¢ 700¢
Scanning electron microscope 20b 40P
200¢ 400¢
Field emission scanning 1,5b 3b
electron microscope +6 2
Electron bagk scatter diffraction 10b 20b
20¢ 40¢

a At maxin|

b Theoreti

¢ Practicall

hum resolution of the microscope. This will increase at lower magnifications.
Cal resolution on a calibration sample.

resolution on typical hardmetal image.

Smaller in

measurements will increase rapidly. As a guide, the error of measuringithe start and finish d
intercept line is twice the resolution, thus to obtain an error less thand0 %, the intercept line sh
be at least 20 times the theoretical resolution. Thus, for an optical nficroscope working at the hig
numerical dperture, only intercept distances greater than about 5 [in can be measured with an ¢
of less thar] 10 %. If the microstructure has a large proportion.0f WC grains whose linear interd

are less th
distort the

The choice
smallest int
(LOM) havsg
magnificati
represent t
immersion

8 Repor

When repot
given to ens
following in

sample

etchant

ercept lengths than those recommended may be measured; but the error in t

5 um, the error in measuring these could effectthé measured mean linear intercept
brain-size distribution. In this case, scanning ele¢tron microscopes should be used.

of magnification to accommodate the largest ' WC grains present also has an effect of]
ercept length, which can be measured. Lower magnification objectives for low magnificd
, in general, lower numerical aperture-values and thus lower resolution. For SEM, |
bn means that the electron beam js-sampling with a larger step size. The values in Tal
he maximum resolution that may-be obtained. For a LOM, this would be for a x 10
bbjective with a numerical aperture of 1,3.

ting

ting the results of grain-size measurement, see Annex B, all relevant information shou
formation:

identification;

and etching time;

tracea

i]ify’ calibration grafi(‘n]p number and calibration (‘prﬁfi(‘:\fp;

hese
f an
ould
hest
rror
epts
and

| the
ition
wer
ple 1
D oil

d be

ure traceability@mthose measurements. A typical checklist should, for example, containp the

size dis

imaging technique: optical SEM or FESEM;
magnifications used: one or more;
number of fields of view measured;

total number of intercepts;

arithmetic the mean-linear-intercept size;

tribution; as recommended in this guide; if other, then state the method;

additional comments.

© IS0 2020 - All rights reserved


https://standardsiso.com/api/?name=ea5f2030e54dd0d020eb02f31882365e

ISO 4499-2:2020(E)

Additional information may also be necessary to fit in with a quality system. These might involve the

iden

tification of the image or photo micrograph(s) if archived, as well as information about the source

of the material and the customer requesting the measurement to be made.

It is also useful to consider the following additional points:

Fina|

largest intercept measured;
smallest intercept measured;

largest grains;

humerical aperture of objective for optical microscopy;
hccelerating voltage, working distance, illuminating aperture for SEMs.

[ly, it is recommended to add a comment on measurement uncertainties.”These pre usually

aboyt + 10 % when a population of 200 WC grains is measured to obtain a meanWalue of interjcept length.

© IS0 2020 - All rights reserved 9


https://standardsiso.com/api/?name=ea5f2030e54dd0d020eb02f31882365e

ISO 4499-2:2020(E)

Annex A
(informative)

Measurement case study

This annex describes the measurement of WC grain size using the arithmetic mean-linear-intercept
technique.

The image in Figure A.1 was chosen for clarity in describing the method for measuring grain(siz¢g and
size distribution using the linear-intercept technique. Smaller grains have been removed ‘fromn] the
image so as|not to confuse the technique. In practice, all grain intercepts should be measurted.

Figure A.1 — Idealised WC/Co hardmetal structure

Step 1

Obtain an image of the microstfucture; this should be representative of the material and free from
polishing afftefacts. The image‘may be obtained from an SEM or optical microscope.

The choice pf magnification will depend upon the grain size, but typically should contain about 10 to
20 grains agross the field.of view, as shown in Figure A.1.

Step 2

Obtain an irhage'of a scale or stage micrometer traceable to national standards. This should be at the Jame

magnificatibpandesndibonsasusedtoobtain the imaoe ol the hardmetal microstructure as in stepl]

Step 3

From the calibration image obtained in Step 2, determine the magnification of the image using a Steel
Rule (traceable to national standards). Measure the distance between set features on the image of the
calibration stage micrometer, to the nearest 0,5 mm. Calculate the distance between the set features
on the stage micrometer. In the case of the graticule shown in Figure A.2, the distance between lines is
10 um, so if the distance between the centres of lines 1 and 81 is measured, the actual size measured is
800 um. The magnification obtained will depend upon the subsequent technique used to print the image.
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Formula (A.1) shall be used to determine the magnification:

S
m=_m
Sa

2:2020(E)

(A1)

An estimate of the error of magnification may be made by measuring over different lengths of the
calibration graticule and obtaining a mean and standard deviation of the magnification. Alternatively, a
maximum and minimum error of the magnification may be obtained by assuming that the visual error
of measurement is + 0,5 mm.

Formula (A.2) shall be used to determine the maximum magnification:

S, +0,5
m . =——— (A.2)
S
a
Forrhula (A.3) shall be used to determine the minimum magnification:
s —-0,5
m . =1 (A.3)
s
a
For this particular example, Figure A.2 was reproduced from Figure A.1 and enlarged. The image of
the ¢alibration graticule was also enlarged by the same amountidnd the final mean magnification was
calcyilated as x 5 750.
Step 4
A serries of parallel lines are drawn across the image of the hardmetal microstructure gs shown in

Figure A.2. These lines should be placed a sufficientidistance apart, such that only one line ¢

any

Step

Mea

lined
touc

mea

reco

Step

For
mea

shoy

particular grain. The number of lines placedn an image therefore depends upon the gi
5

sure the length of line overlaying.each carbide grain. These are the linear-intercept 1
r-intercept lengths are shown in.the image measurement mask shown in Figure A.3. G
h the border of the image should not be measured as the intercepts lengths are inco
sured intercept lengths areientered into a table as shown in Table A.1. The use of a spj
Immended.

6

pach of the measured intercept lengths, the true intercept length is obtained by divi
h magnification. From these, the mean intercept length and standard deviation can be c
n in Table A.1. Atleast 200 intercepts should be measured, see 7.1.

hn intercept
ain size.

bngths. The
rains which
mplete. The
eadsheet is

ding by the
nlculated as
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Figure A.2 — Linear-intercept lines drawn across Figure A.1

The lines inf Figure A.2 have been placed far enough apart such that no carbide’grain is intercepted by
more than ¢ne line. More or fewer lines may be drawn on the image, depending upon the grain size|

Figure A.3(="Linear intercepts for measurement from Figure A.2

Intercepts touching the’edge of the image should not be measured.
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It cap be useful to plot the running-average meéan intercept against the number of intercept
as ajguide to how many intercepts need to be'measured. In the example shown in Figure A

1,1

09

0 8 Iv 1 I 1 I 1 I 1 I 1 I 1
' 0 100 200 300 400 500 X

average intercept, pm

Figure A.4 — Convergence of average mean-linear-intercept

valup converges after about 250 measurements.

Table A.1 — Results of measurements made on image shown in Figure A.1
(for example with 50 grains only)

s measured
4, the mean

Line Measured intercept length Calculated intercept length
mm pm
10 1,74
12 2,09
13 2,26
6,5 1,13
1 18 3,13
30 |:’7')
23,5 4,09
18 3,13
8,5 1,48
5 0,87
Mean intercept length: 2,33 pm.
Number of intercepts: 50.
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