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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.

The preecedures—tsed—to—developth ment-and-these—ntendedfor-its—further-maintenance are
described in the ISO/IEC Directives, Part 1. In particular, the different approval criteria‘needed for the
different types of ISO documents should be noted. This document was drafted in acéordapce with the
editdrial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this documérnt may be the subject of
patent rights. ISO shall not be held responsible for identifying any or all such patent rights. Details of
any patent rights identified during the development of the document willbe in the Introdu¢tion and/or
on tHe ISO list of patent declarations received (see www.iso.org/patents);

Any trade name used in this document is information given for the'éonvenience of users gnd does not
consfitute an endorsement.

For an explanation of the voluntary nature of standards; the meaning of ISO specifi¢ terms and
exprgssions related to conformity assessment, as well ‘as’information about 1SO’s adhefence to the
World Trade Organization (WTO) principles in the Techinical Barriers to Trade (TBT) see wiww.iso.org/
iso/fpreword.html.

This[document was prepared by Technical Commiittee ISO/TC 229, Nanotechnologies.

Any feedback or questions on this documentshould be directed to the user’s national standpards body. A
complete listing of these bodies can be feund at www.iso.org/members.html.
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Introduction

Characterization procedures for nanoparticles often include, but are not limited to, size, shape, surface
structure (or texture), and surface chemistry. These measurements, combined with phase information,
such as crystalline phase, constitute the morphology of the material. This document focuses on two
attributes of morphology, size and shape distributions, for discrete, agglomerated and aggregated nano-
objects (materials with at least one dimension in the nanoscale, 1 nm < a length dimension < 100 nm).
Transmission electron microscopy, a standard tool for measurements on the nanoscale, provides
two-dimensional images of particle projections. This generic workflow for measuring and evaluating
particle size and shape distributions on the nanoscale includes sample preparation, instrument factors,
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bf primary crystallites (titania). Measurements methods are also preserted for low a
s and nanoparticles with specific crystal habits. Several of the case studies are supp

d Standards (VAMAS) for interlaboratory comparisons (ILCs)42l.
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Nanotechnologies — Measurements of particle size and
shape distributions by transmission electron microscopy

1 Scope

This document specifies how to capture, measure and analyse transmission electron microscopy
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maghnification by using reference materials with periodic structures
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3.1

Terms, definitions and symbols

ES o Optair particie size and strape distributions i the manoscate:

document broadly is applicable to nano-objects as well as to particles with Gizés
hm. The exact working range of the method depends on the required uncertainty
rmance of the transmission electron microscope. These elements can be evaluated

equirements described in this document.

following documents are referred to in the text in such a way'that some or all of t
Fitutes requirements of this document. For dated references, only the edition cited
ted references, the latest edition of the referenced documerit (including any amendme

D276-3, Representation of results of particle size andlysis — Part 3: Adjustment of an 4
P to a reference model

276-6:2008, Representation of results of particle size analysis — Part 6: Descriptive and
sentation of particle shape and morphology

9301, Microbeam analysis — Analytical electron microscopy — Methods for calibn

he purposes of this doctiment, the following terms and definitions apply.
nd IEC maintain terminological databases for use in standardization at the following g

SO Online browsing platform: available at https://www.iso.org/obp

EC Electrepedia: available at http://www.electropedia.org/

Core terms — Particles

larger than
and on the
iccording to

heir content
applies. For
hts) applies.
xperimental

quantitative

ating image

ddresses:

3.11

nano-object
discrete piece of material with one, two or three external dimensions in the nanoscale (3.1.2)

[SOU

RCE: ISO/TS 80004-2:2015, 2.2]

3.1.2
nanoscale
length range approximately from 1 nm to 100 nm

[SOU

© ISO

RCE: ISO/TS 80004-1:2015, 2.1, modified — Note 1 to entry has been deleted.]
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3.1.3
particle

:2020(E)

minute piece of matter with defined physical boundaries

[SOURCE: IS
3.14

0 26824:2013, 1.1, modified — Notes 1, 2 and 3 to entry have been deleted.]

constituent particle

identifiable,

[SOURCE: IS

integral component of a larger particle (3.1.3)

0/TS 80004-2:2015, 3.3, modified — Note 1 to entry has been deleted.]

3.1.5

agglomeratf
collection o
area is simil

Note 1 to ent
simple physid

Note 2 to ent
primary part

[SOURCE: IS

3.1.6
aggregate
particle (3.1]
may be sign

Note 1 to en
those resultil

Note 2 to enf
primary part

e
 weakly or medium strongly bound particles (3.1.3) where the resulting extefnal su
ar to the sum of the surface areas of the individual components

y: The forces holding an agglomerate together are weak forces, for example van'der Waals for
al entanglement.

ry: Agglomerates are also termed secondary particles and the original'source particles are te|
icles.

0/TS 80004-2:2015, 3.4]

3) comprising strongly bonded or fused particleswhere the resulting external surface
ficantly smaller than the sum of calculated suxrface areas of the individual component

g from sintering or complex physical entanglement.

ry: Aggregates are also termed secondary particles and the original source particles are te
icles.

Note 3 to entry: Entries 3.1.6 to 3.1.10 define elements of agglomerates and aggregates, some of whic

illustrated in
aggregate), W
under shear

Figure 1. Constituent particles in an aggregate are tightly fused into a discrete entity
fhile the constituent particles in an agglomerate are weakly bound and generally easily disp
r mechanical stress.

rface

fes or

rmed

area

3

(ry: The forces holding an aggregate togetherare strong forces (for example, covalent bondls) or

rmed

h are
(the
ersed
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repld

to ent
partic

[SOURCE: 1@80004—2:2015, 3.5, modified — In the definition, “may be significantly ¢

q/Q

3:2020(E)

Q
Primary particles in an b) Primary particlesinan c) Agglo%@!s}e of aggregates

agglomerate aggregate '\rb

W

d) Nano-object (if lﬁglan 100 nm) e) Agglomerate of both primary
icle

orp particles and aggregates

o

N\
Figur@— Schematic showing elements of agglomerates and aggregates

Q.

ced ‘issignificantly smaller” and “calculated” has been added before “surface areas

maller” has
”. In Note 1
her primary

rg, “fonic bonds” in the example and the final phrase “or otherwise combined forn
" have been deleted. Note 3 to entry and Figure 1 have been added.]

3.1.7

nanoparticle
nano-object (3.1.1) with all three external dimensions in the nanoscale (3.1.2) where the lengths of the
longest and shortest axes of the nano-object do not differ significantly

[SOURCE: ISO/TS 80004-2:2015, 4.4, modified — “three” has been added and Note 1 to entry has been
deleted.]

3.1.8

nanorod

solid

nanofibre (3.1.9)

[SOURCE: ISO/TS 80004-2:2015, 4.7]

© ISO
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3.19
nanofibre

:2020(E)

nano-object (3.1.1) with two similar external dimensions in the nanoscale (3.1.2) and the third

dimension s

ignificantly larger

[SOURCE: ISO/TS 80004-2:2015, 4.5, modified — “similar” has been added and Notes 1, 2 and 3 to entry
have been deleted.]

3.1.10
nanophase
physically o
kind in a ma

Note 1 to ent

3.1.11
nanodisper
material in
different col

[SOURCE: IS

3.1.12
particle siz
X
dimension (
measureme

Note 1 to enf
Independent
anareaora

Note 2 to ent
also widely u

[SOURCE: IS

3.1.13
particle siz
distribution|

[SOURCE: IS

3.1.14
particle shi
external ge(

rc

"y: Nano-objects (3.1.1) embedded in another phase constitute a nanophase.

sion
nposition

0/TS 80004-4:2011, 2.14]

e

f a particle (3.1.3) determined by a specified measubeément method and under spe
ht conditions

of the particle property actually measured, the particle size can be reported as a linear dime
olume.

ry: The symbol x is used denote linear ‘particle size. However, it is recognized that the symb
sed. Therefore, the symbol x may be replaced by d.

0 9276-1:1998, 4.2, modified.—-Converted into a term and definition entry.]

e distribution
of particles (3.1.3) as-a function of particle size (3.1.12)

0/TS 80004-6:2013, 3.1.2, modified — Note 1 to entry has been deleted.]

\pe
metricform of a particle (3.1.3)

Note 1 to ent

Fy+"Shape description requires two scalar descriptors, i.e. length and spread.

Which nano-objects (3.1.1) or a nanophase (3.1.10) are dispersed in a continuous phast

ry: Different methods of analysis are based on the measurement of different physical propd

b of a

¢ified

rties.
msion,

ldis

[SOURCE: IS
3.1.15

0/TS 80004-6:2013, 3.1.3, modified — Note 1 to entry has been added.]

particle shape distribution

distribution

of a specific particle shape (3.1.14) descriptor for a sample population

3.2 Core terms — Image capture and analysis

3.21

field of view
field that is viewed by the viewing device

[SOURCE: IS

4

0 13322-1:2014, 3.1.6, modified — Note 1 to entry has been deleted.]
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3.2.2

measurement frame
selected area from the field of view (3.2.1) in which particles (3.1.3) are sized and counted for image
analysis

[SOU

RCE: ISO 13322-1:2014, 3.1.10]

3.2.3

binary image
digitized image consisting of an array of pixels (3.2.4), 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

disti
[SOU
3.2.4

pixe
smal

and ¢ncoded with colour values

[SOURCE: ISO 12640-2:2004, 3.6, modified — Note 1 to entry has beendeleted.]
3.2.5

pixel-resolution

number of imaging pixels (3.2.4) per unit distance of the detector

[SOURCE: ISO 29301:2017, 3.24, modified — Note 1 to entry has been deleted.]
3.2.6

pixel count

totallnumber of pixels (3.2.4) per file, length, or-area depending on the unit used
[SOURCE: ISO 19262:2015, 3.191]

3.2.7%

micrjograph

record of an image formed by a-microscope

[SOURCE: ISO 10934-1:2002,.2.94]

3.2.8

artefact

artifact

unwanted distertion or added feature in measured data arising from lack of idealness of eq

[SOU

i 1
ICULCUIUUTL S

RCE: ISO 13322-1:2014, 3.1.2]

lest element of an image that can be uniquely processed, and is defined, by its spatial

RCE: 450 18115-2: 2013, 5.6]

3.3

Val £ Chaoliaols 1 Lal A dafiaazes
CGUTTICT IS JLALISUTAT S yIITUULS Al UTITIIIIUIUIIS

3.3.1
coefficient of variation

CV
ratio

Note

Note

© ISO

of the standard deviation to the arithmetic mean
1 to entry: It is commonly reported as a percentage.
2 to entry: For example, the coefficient of variation for a sample mean may be represented by:

_ 5100

X

v
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where X is the descriptor’s mean and s is the descriptor’s standard deviation for several datasets. These “grand
statistics” are used to evaluate descriptor data for interlaboratory comparisons.

[SOURCE: ISO 27448:2009, 3.11, modified — Notes 1 and 2 to entry have been added.]

3.3.2
standard error of estimation

Oest
measure of dispersion of the dependent variable (output) about the least-squares line obtained by curve

fitting or regression analysis

Note 1 to entry: The standard error of estimation may be determined by:

B, )

(e} =
est n—k
where
n isthe number of data points;
k  isthe number of coefficients in the equation.

Note 2 to entfy: The standard error of the mean may be determined by:

s s
est,x «/;

Note 3 to enfry: The standard error is the standard deviation, of the sampling distribution of a statistiq. The

example is for a sample mean. Standard error of the mean is @nestimate of how close the sample mean is {o the

population mean. This value decreases as the sample size increases.

[SOURCE: I§0 772:2011, 7.31, modified — The admitted term “residual standard deviation” has peen

deleted. Not

3.3.3
relative sta
RSE
standard er

Note 1 to ent

Note 2 to ent

es 1, 2 and 3 to entry have replaced(he original Notes 1 and 2 to entry.]

ndard error

Fror divided by its statistie
Fy: Itis expressed as.apercentage.

Fy: For example,'the relative standard error of the mean is:

100-oc
est,x
RSE_ =———
X
3.3.4
measurement bias

estimate of a systematic measurement error

Note 1 to entry: Bias is present when a statistic is systematically different than the population parameter it is

estimating.

Am=|c_ —c
m

: the absolute difference between the mean measured value and the certified value. Bias of the

crm

normal mean of this study would be the average of the individual absolute differences between a measured mean
and the certified reference material mean.

© IS0 2020 - All rights reserved
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n
E A
=1 mi

n

[SOURCE: ISO/IEC Guide 99:2007, 2.18, modified — Notes 1 and 2 to entry have been added.]

3.3.5

residual
difference between the observed value of the response variable and the estimated value of the response
variable

3.3.

residual standard deviation

description of the scatter of the information values about the calculated regression line
Note |l to entry: It is a figure of merit, describing the precision (3.5.5) of the calibration.
[SOURCE: ISO 8466-1:1990, 2.5]

3.3.7

quantile plot

graphical method of comparing two distributions where the guantiles of the emp
distrfibution are plotted on the y-axis while the quantiles of the théoretical (reference) distr
the spme mean and variance as the empirical distribution are plotted on the x-axis

3.4 | Core terms — Measurands

3.4.1

measurand

quarftity intended to be measured

[SOURCE: ISO/IEC Guide 99:2007, 2.3, madified — The notes have been deleted.]

3.4.2

image descriptor

descriptor extracted from one image

[SOURCE: ISO/IEC 15938-13:2015, 2.1]

3.4.3

Feref diameter

distance between two parallel tangents on opposite sides of the image of a particle (3.1.3)
Note [l to entrysThe maximum Feret diameter (3.4.4) is used in this document.

[SOURCE: ISO 13322-1:2014, 3.1.5, modified — Note 1 to entry has been added.]

3.4.4

maximum Feret diameter
maximum length of an object whatever its orientation

[SOU

RCE: ISO/TR 945-2:2011, 2.1, modified — Note 1 to entry has been deleted.]

3.4.5
minimum Feret diameter
minimum length of an object whatever its orientation

3.4.6
perimeter

total

[SOU

© ISO

length of the object contour

RCE: ISO/TR 945-2:2011, 2.3]

2020 - All rights reserved
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3.4.7
equivalent circular diameter
diameter of a circle having the same area as the projected image of the particle (3.1.3)

EXAMPLE The ecd is:

4.4
ecd=,|—
T

where A is the area of the particle.

[SOURCE: 1SO13322 1-7(\14., 31 1’ modified Note 1 to ahfry has heoen deleted and the nvamp]

been added

3.4.8
equivalent perimeter diameter

depd

diameter offa circle having the same perimeter (3.4.6) as the projected image of therparticle (3.1.3)

Note 1 to entfy: It may be calculated as follows:

P
depd :;

where P is the length of the perimeter.

3.49
convex hull
smallest conjvex set containing a given geometric object

[SOURCE: IS0 19123:2005, 4.1.2]

3.4.10
aspectratio
ratio of the minimum (3.4.5) to the maximum*Feret diameter (3.4.4)

Note 1 to entfy: It may be calculated, for gxkample, as follows:

: XFmin

aspect rgtio=————

X
Fmax

where

Xpmin 19 the minimum Feret diameter;

Xpmax 19 théumaximum Feret diameter.

o has

[SOURCE: ISO 26824:2013, 4.5, modified — Note 1 to entry has replaced the original Notes 1 and 2

to entry.]

3.4.11
ellipse ratio
ratio of the lengths of the axes of the Legendre ellipse of inertia

Note 1 to entry: For example, the ellipse ratio can be the ratio of the minor and major axes of the Legendre ellipse

fitted to the particle (3.1.3); elliptical shape factor, thus:

. . XLmin
ellipse ratio=——"—

XLmax

where

8 © IS0 2020 - All rights reserved
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X min 1S the length of the minor axis of Legendre ellipse of inertia;

X.max 1S the length of the major axis of Legendre ellipse of inertia.
[SOURCE: ISO 26824:2013, 4.4, modified — Note 1 to entry has been replaced.]
3.4.12
extent
bulkiness
ratio of particle area to the product of the Feret (3.4.3) and the minimum Feret diameters (3.4.6)
Note fte-entrFer-example-the-extentmaybe-caletlatedas:
dxtent=
XFmin 'XFmax
wherg
Xpmin IS the minimum Feret diameter;
Xrmax 1S the maximum Feret diameter.
[SOURCE: IS0 9276-6:2008, 8.1.3, modified — Converted into a term and definition entry. The definition
has heen added.]
3.4.13
compactness
degrge to which the projection area A of the particle (3.1.3) is similar to a circle, considering the overall
form| of the particle (3.1.3) with the maximum Feret\diameter (3.4.4)
Note|l to entry: For example, the compactness may be calculated as:
4-A
dompactness=——T1
Fmax
wherg
A is the area of'the particle;
Xrmax 1S the maximum Feret diameter.
[SOURCE: ISQ™9276-6:2008, 8.1.3, modified — Converted into a term and definition entry. In the
defirlition, “projection area A of the particle” has replaced “particle (or its projection area)” and “with
the maximum Feret diameter” has been added.]
3.4.14
convexity
ratio of the perimeter (3.4.6) of the convex hull (3.4.9) envelope bounding the particle (3.1.3) to its
perimeter
Note 1 to entry: For example, the convexity may be calculated as:
. PC
convexity =—
P
where
© IS0 2020 - All rights reserved 9
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P

. is the length of the perimeter of the convex hull (envelope) bounding the particle;

P isthelength of the perimeter.

[SOURCE: ISO 9276-6:2008, 8.2, modified — Converted into a term and definition entry. The definition
has been added.]

3.4.15

circularity

c

degree to which the projected area of the particle (3.1.3) is similar to a circle, based on its perimeter (3.4.6)

Note 1 to entfy: For example, the circularity may be calculated as:

C:X—a: 41'[214
X, P
where
x, Isthe area-equivalent diameter of a particle;

X, isthe perimeter-equivalent diameter of particle;

A isthe area of the particle;
P isthe length of the perimeter.

[SOURCE: IS0 26824:2013, 4.12, modified — “projected area of the particle” has replaced “projefrtion
area of the|particle A”, “based on its perimeter” hasgteplaced “considering the smoothness ¢f its
perimeter P[. The formula and Note 1 to entry have be&n replaced.]

3.4.16
roundness
square of the compactness (3.4.13)

3.4.17
solidity
ratio of the projected area A to the.area of the convex hull (3.4.9) A (envelope)

Note 1 to entfy: For example, the'selidity may be calculated as:

A
solidity —
A

[SOURCE: IS0 26824:2013, 4.13, modified — Note 1 to entry has been added.]

3.5 Core termrs— Metrology

3.5.1

repeatability condition of measurement

condition of measurement, out of a set of conditions that includes the same measurement procedure,
same operators, same measuring system, same operating conditions and same location, and replicate
measurements on the same or similar objects over a short period of time

[SOURCE: ISO/IEC Guide 99:2007, 2.20, modified — The admitted term “repeatability condition” and
the notes have been deleted.]
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3.5.2

intermediate precision condition of measurement
condition of measurement, out of a set of conditions that includes the same measurement procedure,
same location, and replicate measurements on the same or similar objects over an extended period of

time,

but may include other conditions involving changes

[SOURCE: ISO/IEC Guide 99:2007, 2.22, modified — The admitted term “intermediate precision

cond

ition” and the notes have been deleted.]

3.5.3

repr
cond
mea

Note
Note

[SOU
been

3.54
mea
closd
(3.4.]

Note
value

Note
“mea
thesd

Note
quan

[SOU
and
mea

3.5.5
prec
mea
close
mea

Note
stand

oducibility condition of measurement

uring systems, and replicate measurements on the same or similar

objects
1 to entry: The different measuring systems may use different measurement procedures:

P to entry: A specification should give the conditions changed and unchanged, torthe’extent pr

RCE: ISO/IEC Guide 99:2007, 2.24, modified — The admitted term “reproducibility co
deleted.]

surement accuracy
ness of agreement between a measured quantity value and’ a true quantity value of :

)

1 to entry: The concept “measurement accuracy” is net a quantity and is not given a nume
. A measurement is said to be more accurate when it gffers a smaller measurement uncertaint

2 to entry: The term “measurement accuracy”. should not be used for measurement trueness
surement precision” should not be used for <hteasurement accuracy”, which, however, is re
concepts.

B to entry: “Measurement accuracy” is. Sometimes understood as closeness of agreement betws
ity values that are being attributed tg'the measurand.

RCE: ISO/IEC Guide 99:200%,2.13, modified — The admitted terms “accuracy of me
“accuracy” have been deleted. In Note 1 to entry, “measurement uncertainty” h
urement error”.]

ision

urement pregision

ness of agreement between indications or measured quantity values obtained
urements,on the same or similar objects under specified conditions

1 toentry: Measurement precision is usually expressed numerically by measures of imprec

arddeviation, variance, or coefficient of variation (3.3.1) under the specified conditions of meg

1§, operators,

hctical.

ndition” has

W measurand

ical quantity
.

and the term
ated to both

en measured

asurement”
as replaced

by replicate

sion, such as
surement.

Note 2 to entry: The “specified conditions” can be, for example, repeatability conditions of measurement (3.5.1),
intermediate precision conditions of measurement (3.5.2), or reproducibility conditions of measurement (3.5.3) (see
ISO 5725-3:1994).

Note 3 to entry: Measurement precision is used to define measurement repeatability, intermediate measurement
precision, and measurement reproducibility.

Note 4 to entry: Sometimes “measurement precision” is erroneously used to mean measurement accuracy (3.5.4).

[SOURCE: ISO/IEC Guide 99:2007, 2.15, modified — “precision” has been made the preferred term and
“measurement precision” the admitted term.]
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3.5.6

combined standard measurement uncertainty

standard measurement uncertainty that is obtained using the individual standard measurement
uncertainties associated with the input quantities in a measurement model

Note 1 to entry: In cases of correlations of input quantities in a measurement model, covariances shall
be taken into account when calculating the combined standard measurement uncertainty; see also

ISO/IEC Guid
3.5.7

€98-3:2008, 2.3.4.

expanded measurement uncertainty

U

product of a

Note 1 to en
measuremen

Note 2 to ent

Note 3 to e
Recommendd

[SOURCE: If

combined standard measurement uncertainty (3.5.6) and a factor larger than the numbe

try: The factor depends upon the type of probability distribution of the output quantity
t model and on the selected coverage probability.

y: The term “factor” in this definition refers to a coverage factor.

htry: Expanded measurement uncertainty is termed “overall uncertainty” in paragraph
tion INC-1 (1980) (see the GUM) and simply “uncertainty” in IEC documents.

0O/IEC Guide 99:2007, 2.35, modified — The admitted term “expanded uncertainty|

been deletedl. The symbol “U” has been added.]

3.5.8
Type A eval
evaluation (

uation of measurement uncertainty

' one

in

5 of

has

f a component of measurement uncertainty by a-statistical analysis of measured quantity
values obtained under defined measurement conditions

[SOURCE: I§O/IEC Guide 99:2007, 2.28, modified — The admitted term “Type A evaluation” ang the
notes have heen deleted.]

3.5.9

Type B evaluation of measurement uncertainty

evaluation ¢f a component of measuremeént uncertainty determined by means other than a Type A
evaluation of measurement uncertainty-(3:5.8)

[SOURCE: I§O/IEC Guide 99:2007,.2:29, modified — The admitted term “Type B evaluation”, the|note
and the examples have been deleted.]

3.5.10

reference material

RM

material, sufficiently"homogeneous and stable with respect to one or more specified properties, which

has been established to be fit for its intended use in a measurement process

[SOURCE: ISO-Guide 30:2015, 2.1.1, modified — The notes to entry have been deleted.]

3.5.11

certified reference material

CRM

reference material (RM) (3.5.10) characterized by a metrologically valid procedure for one or more
specified properties, accompanied by an RM certificate that provides the value of the specified property,
its associated uncertainty, and a statement of metrological traceability

[SOURCE: ISO Guide 30:2015, 2.1.2, modified — The notes to entry have been deleted.]
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Core terms — Transmission electron microscopy

3.6.1
transmission electron microscopy

TEM

method that produces magnified images or diffraction patterns of the sample by an electron beam,
which passes through the sample and interacts with it

[SOU

RCE: ISO/TS 80004-6:2013, 3.5.6]

3.6.2

scan

STE]
meth
elect]

[soy

3.6.3
acce
pote
from|

[soy

3.6.4
brig
brig
TEM
the d
obje(

Note
appe
direc
highg
the tg

Note
prep4

[SOU

3.6.5
dark
darkK
TEM

T IO I T O TO I C e C Tt U IIITC T oo

/1
od that produces magnified images or diffraction patterns of the sample by a !fir
ron beam, scanned over the surface and which passes through the sample and interact

RCE: ISO/TS 80004-6:2013, 3.5.7, modified — The notes to entry have been-deleted.]

lerating voltage
ntial difference applied between the filament and anode in order to'accelerate the electy
the source

RCE: I1SO 22309:2011, 3.3, modified — Note 1 to entry hasbéen deleted.]

ht-field transmission electron microscopy

ht-field TEM

technique of electron illumination and imaging in which the direct electron beam pas
ample and the image is formed only by the' transmitted wave, by selecting the wa
tive aperture on the back focal plane

1 to entry: Generally, the portions of the sample that are thicker or that have a higher atomi
r darker against a brighter background. In this mode, the contrast, when considered classicq
tly by occlusion and absorption of el€ctrons in the sample. Thicker regions of the sample, or r
r atomic number, will appear dark, while regions with no sample in the beam path will appear
rm “bright-field”.

2 to entry: This willrbe-included in a vocabulary on analytical electron microscopy, w}
ration by ISO/TC 202/SC 1.

RCE: ISO/TS 10797:2012, 3.3]

-field transmission electron microscopy
-field - TEM
technique of electron illumination and imaging in which the direct electron beam pas

ely focused
s with it

ons emitted

ses through
ve using an

c number (Z)
lly, is formed
pgions with a
bright, hence

ich is under

ses through

the

amp]p and the imagn is formed nn]y ]’\y diffracted Wave, hy cn]ﬂrfing the wave ncing

aperture on the back focal plane

n objective

Note 1 to entry: Crystalline parts of the sample disperse the electrons of the direct beam into discrete locations
in the back focal plane. By the placement of apertures in the back focal plane, i.e. the objective aperture, desired
portions of the reflections can be selected, thus only those parts of the sample that are causing the electrons to
scatter to the selected reflections will be imaged. If the selected reflections do not include the unscattered beam,
then the image will appear dark wherever no sample scattering to the selected peak is present - hence the term
“dark-field”.

Note 2 to entry: Modern TEMs are often equipped with sample holders that allow the user to tilt the sample
to obtain specific diffraction conditions. The wave that caused scattering and reflection (for example, Bragg
reflection) in a crystalline sample will form a dark-field image by selecting a specific diffraction wave through
objective apertures placed on the back focal plane of objective lens.
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Note 3 to entry: High-angle annular dark-field imaging (HAADF) is highly sensitive to variations in the atomic
number of atoms in the sample and produces so-called Z-contrast images, which yield useful information on
the presence of metals on nanotubes and catalyst residues, even when these small metal particles (3.1.3) are
imbedded within amorphous carbon or catalyst support while otherwise invisible in bright-field imaging mode.

Note 4 to entry: This will be included in a vocabulary on analytical electron microscopy, which is under
preparation by ISO/TC 202/SC 1.

[SOURCE: ISO/TS 10797:2012, 3.4]

3.7 Statistical symbols, measurands and descriptors

rmal

S are

ength

3.7.1 Statistical symbols

C, caefficient of variation

q(x) differential distribution (density distribution)

Q) cymulative distribution

p sthtistic returned from analysis of variance or bivariate analysis

RSE refative standard error

s standard deviation of the descriptor, x, or the descriptorparameter

52 vgriance of the descriptor or the descriptor parametér

Oest standard error of estimation

X value of the descriptor or descriptor parameter

X mean of the descriptor or descriptor parameter

X(x) transform of the descriptor (e.g."X(x) = x for a normal distribution, X(x) = Inx for a logng
distribution)

Y(Q) transform of @ plotted on‘the y-axis, i.e. Y = inverse of the distribution. Other transform
lidted in ISO 9276-3:2008, Table 1.

NOTE Quantity measures.and types of distributions are defined in ISO 9276-1:1998.

3.7.2 Megsurands-and descriptors

NOTE Mpasurands or descriptors for size and shape measurements can be directly proportional to 1

(Category 1) pr.preportional to length squared (Category 2).

3.7.2.1 Size descriptors and symbols — Category 1

p length of the perimeter

P, length of the perimeter of the convex hull (envelope) bounding the particle

X, area-equivalent diameter of a particle [also known as “equivalent circle diameter (ECD)”]

XFmax maximum Feret diameter; corresponds to the “length” of the particle

XFmin minimum Feret diameter; corresponds to the “breadth” of the particle
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XLmax length of the major axis of Legendre ellipse of inertia,
XLmin length of the minor axis of Legendre ellipse of inertia
Xp perimeter-equivalent diameter of particle
_P
Xp —;

3.7.2.2 Size descriptors and symbols — Category 2

A area of the particle

A, area of the convex hull (envelope) bounding the particle

L2 area computed by the multiplication of two lengths

NOTH Volume-equivalent diameter, x;, and surface-equivalent diameter, xg, afe not included as they are

thred-dimensional descriptors.

3.7.2.3 Shape descriptor symbols — Category 1

AR
ER

NOTE 1 ISO elongation shape descriptors for image analysis are defined such that their values sc

aspect ratio

ellipse ratio

ale from zero

to ong, rather than the inverse definition, which is quite common throughout the rest of the literafure. The ISO

definjtions limit the descriptor variable range, making probability and cumulative density plots mo

C

NOTHE 2  ISO elongation shape descriptors for image analysis are defined such that their values sc

circularity

re compact.

ale from zero

to ong, rather than the inverse definition, which is quite common throughout the rest of the literafure. The ISO

definftions limit the descriptor variable range, making probability and cumulative density plots mo

4

This|[document addresses the following needs of the user community for size and shape dis

$takeholder needs'for TEM measurement procedures

¢ommercially-available materials should be measured;
the capture, measurement and analysis of the data should be automated as much as pr3

yorkflows should facilitate decisions about image capture, particle measuremer

re compact.

tributions:

ctical;

it and data

analysIs;

case study examples should illustrate:

1) the identification of touching particles, unselected particles and artefacts;

2) the selection of size and shape descriptors with high repeatability and reproducibi
3) the estimation of measurement uncertainties for distribution parameters, i.e. mean
4) the differentiation between samples using size and shape descriptors;

5) the use of data visualization tools to augment measurement uncertainty results.

© IS0 2020 - All rights reserved
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Figure 2 illustrates the workflow for the measurement of particle size and shape distributions that
addresses stakeholder needs. It is important to identify any particles that are not targets of the
investigation. It may also be necessary or preferred to remove touching particles. Data repeatability,
intermediate precision or reproducibility should be quantitated, depending on the application. Fitting
distributions to data provides values for the mean and spread of reference distributions, for which
measurement uncertainties can be estimated. In some cases, the individual numerical results (mean,
spread and their uncertainties) alone cannot differentiate between models and/or data. Visualization
tools and correlations can provide additional information about the test sample.

( Start )
| Triaged dataset I

Repeatability and/or
Reproducibility (ANOVA)

Appropriate data
quality

Modify
protocol?

Reference model
mean and spread

! '

| Cyv Uy c || Visualization || Correlations |

End

Figure|2 — Workflow for measurement of particle size and shape distributions by TEM

5 Sample preparation

5.1 Genefal

The procedyiral'steps (sample preparation, instrument set-up and calibration and image capturd) are
highly inter]rlependent. All contribute to generating high quality datasets of size and shape descriptors.
Statistical tools, such as analysis of variance, fitting distribution models to the data and bivariate
analysis, can help the researcher tune the entire procedure to provide the accuracy or measurement
uncertainty needed for the specific sample.

Often, a large number of nanoparticles will need to be imaged and analysed to obtain a particle size
distribution. Particle analysis time can be reduced and data quality can be improved when image
analysis software is used. When procedures are developed for unknown samples, it can be useful to
go through the entire process to determine which factors are critical for the sample at hand. Analysis
will be facilitated when image analysis software is used. Both commercial and open source software
are available. The images shall be of sufficient quality such that individual particles can be resolved
and their dimensions measured. An important objective of sample preparation is to generate uniform
distributions of particles across mounting substrates.
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Sample sources

Samples will typically be supplied as powders or suspensions. Powder samples are often dispersed in
liquids prior to their deposition on a substrate for TEM evaluation. Suspensions often need to be diluted
in order to image discrete particles. Key sample preparation objectives are:

use a representative sample of the powder or liquid;
minimize agglomeration in the dispersion used for mounting the sample;

minimize particle-particle associations on the support;

q

Heal

dlistribute the sample uniformly across the support (see ISO 9276-3);

elect a support that enhances the contrast between particle and background.

th effect information of various nanoparticles is still being assembled.(Jt-is likely

y that some

nandparticles are hazardous to health while others may not be hazardous er tay not cduse adverse

healt
protg
etc. §

5.3

5.3.1

Duri
collo
can §
solid
dime

particles are often not recognizable in thelaggregate, the term “constituent particle” is usec

the p

5.3.2

Powdler samples need to be taken carefully, as material can redistribute under the vibration

of tr
and
how
the g
ofter
for T
subs

ify, fusing together at their surfaces prior-to-solidification, yielding aggregated produd

h effects following exposure. Sample preparation should be done weating appropris
bctive equipment, including disposable gloves, safety glasses, laboratory coats, filter
ample preparation should be carried out in a vented fume hood equipped with suitabl

Use a representative sample

General

hg manufacturing processes for engineered nanomdterials, the nanoparticles may exi
jdal states. For example, chemical vapour deposition or physical vapour depositio
renerate “seeds” that can become nanoparti€le aerosols. Rapidly cooling liquid nanog

nsions greater than one micrometre buteriginate from many particles. Since the origi

articles that can be discerned inside-an aggregate.

Powder samples

hnsportation. The samples also need to be handled carefully, particularly if they arg
Can fracture withsmechanical action. ISO 14887:2000 and ISO 14488:2007 provide
to take and handle'powder samples. Most powders and nanoparticles will be negativel
as phase, sodoading dry samples on substrate surfaces, which are also usually negativ
results jn\large agglomerates that are difficult to image. Powder samples are usua
EM imaging by dispersing them in a liquid phase, which is then deposited on the m
frateorgrid.

ite personal
respirators,

E air filters.

st in several

n processes

articles can
ts that have
nal primary
| to describe

s and forces
aggregated
buidance on
y charged in
ely charged,
ly prepared
easurement

Aol g3 ol iepelrciancin-licii

5.3.3

ad dc
1\|auupcu CIVIT unopcx SIUIIS 11X lllil—lluﬂ

In other manufacturing systems, the nanoparticle precursors are dispersed to colloidal dimensions first
in a liquid phase, followed by conversion to liquid sols. Stable colloidal dispersions in the liquid phase
usually require either electrostatic or steric stabilization methods in order to prevent agglomeration.
Concentrated nanoparticle dispersions shall be diluted in order to reduce touching nanoparticles on
the measurement substrate or grid. The stability of colloidal dispersions affects whether they remain
as discrete particles or agglomerate, aggregate or flocculate. Colloid stability depends on the particle
surface chemistry, coatings or adducts on the particles, solvent chemistry, and inorganic and organic
ligands in the fluid phase. Sonication can be effective in dispersing some nanoparticles in liquids, as
shown in the some of the case studies.
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5.4 Minimize particle agglomeration in the sample dispersion
Forces that affect the stability of colloidal systems include:

— excluded volume repulsion;
electrostatic interaction;

van der Waals forces;

entropic forces ;

steric ifteractions.

tion.
size,
5 can
loids
hese
come

Mutual repy
Electrical d

Ision of like electrical charges on nanoparticle colloids leads to electrostatic stdbilizz
ouble layers can form at the nanoparticle/liquid interface. Due to their small
nanoparticles can have very large surface areas per volume (mass), so repulsive surfaee force
overcome Huoyancy forces that might lead to particulate settling. Steric stabilization of col
occurs whel coatings, such as polymers or oligomers, are attached to the nanoparticle surfaces. T
coatings prgvent the nanoparticles from approaching close enough that attractive forces would be

effective, th

Many comn]

designed to
dispersions
forces betw

and Referen

or prevents
ratio betwe
surfaces an
nanoparticl

chosen with|

5.5 Selec

1s preventing agglomeration.

control their dispersion in specific media. Destabilization{of nanoparticle colloids in |
can occur via a variety of mechanisms. The common methods for controlling the interd
ben particles are selection of the dispersing liquid and\the dispersing agent (see ISO 1
ce [22]). Selection of the dispersing liquid is usually preferred if the chosen liquid rec
particle agglomeration, as dispersing agents coa€the nanoparticles. Depending on the
b1 the nanoparticle and the dispersing agent,the agent may affect the imaging of pa
l cross-sections. Also, dispersing aids can @esorb from the nanoparticles or may in
e agglomeration with changes in temperature and liquid phase composition; they shd
care.

tion of the mounting support

ercial nanoparticle products have surface coatings or surfacefunctionalizations that are

quid
ctive
1887
luces

size
rticle
duce
111 be

Several coni
Reference [4

mon methods for depositifigihanoparticles on measurement substrates are availablg
12]). A preferred supporthas most of the following characteristics:

(see

flat ove

" the field of view selected;

uniform

and low background intensity (bright field) across the field of view;

— good coptrast between particles and background.

Different types of samples often require different specimen preparation strategies, i.e. other comnponly
applied staridards’are based on grid-on-drop and on-grid centrifugation. Particle composition, pafticle
surface chellnistry, dispersing solvent, acidic or basic conditions, mounting support modification$ and
other factors contribute to the quality of the mounting support and mounting tecnnique. Therefore,
specimen preparation, including all consumables and chemicals, shall be described in great detail in the
analysis report.

6 Instrument factors

6.1 Instrument set-up

IS0 29301:2017, 6.3, provides guidance on the operating conditions for electron microscopes. The TEM
instrument parameters shall be selected[22] to provide high quality images with good contrast between
background and particle. To contribute to the TEM image contrast, the nanoparticles shall scatter
electrons, which depend on the sample composition and crystalline phase orientation.
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6.2 Calibration

6.2.1 General

ISO 13322-1:2014, Clause 10, has generic recommendations on calibration and metrological traceability.

6.2.2 Calibration standards

Since TEMs have a wide range of magnification and many operating modes, the actual magnification at
any set of instrument settings may differ from the indicated magnification by up to 10 %. Calibration

of th
analysis is preferred. Calibrants shall fulfil all the requirements of a certified reference niaf]
i.e. they shall be homogenous and stable, come with (a) certified value(s) and associated
and metrological traceability statement, come with a material certificate, etc. Standards sk
periddically to provide verification of correct instrument operation within manufacturer sy
and to validate measurement procedures. Typical examples are shown in Table 1. Be s
stanglard sample used has not passed its expiration date.

Table 1 — Typical calibration standards

se used for
erial (CRM),
uncertainty
jould be run
ecifications
ire that the

Standard size Material
nm
2160 lines/mm |Gratings; linear or cross-grating
2 to 100 Polystyrene, gold and silica nanoparticles
Crystals of catalase enzyme (bovine liverééatalase crystals have lattice spacings of 8,75 nm
>10 23
and 6,85 nml23])
When selecting a calibration technique for a TEM particle size analysis procedure, preference should

be gjven to particle-based CRMs rather thamthe more traditional line-width standards. K
calibjration against a lattice spacing may only be useful at a magnification that is used 4
partd{‘cles. These magnifications may not'be appropriate for a number of nanoparticles. The
validity should be checked on a regular basis. Such quality control should be done with
CRME that are different than the ene used for calibration. Furthermore, the verification ch
as the (routine) particle size apalyses shall be done under similar conditions (in terms of m

probg current, acceleration voltage, etc.) as used during calibration.

6.2.3 General calibration procedure

As the calibrationsstrongly depends on the electron optics condition, it shall be done und
lens fonditions using a suitable CRM. Then, the actual particle size measurement should be
the dame conditions of the calibration with a reference material (RM), e.g. objective lens

the gther lens'parameters and specimen height.

The pbjective lens shall be calibrated to the eucentric axis. The specimen shall be set to t

or example,
0 image the
b calibration
standards/
bcks, as well
hgnification,

er optimum
done under
current and

he eucentric

pOSithI’l using Z-axis movement. I'he "wobbler” runctions can be used as the rocus aid. VVhel

1 the sample

is positioned on the eucentric axis, the image at the first image plane will have the minimum error in
its length (see Figure 3). While the sample is positioned on the eucentric axis, tilting the sample around
this axis is the same of tilting on first image plane, so the sample image doesn’t move on the fluorescent
screen. If the sample position is not at the eucentric axis, there will be errorsin its measured dimensions.
Both RM calibrations and sample measurements shall be done with the specimens positioned on the
eucentric axis.
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1 onaxis
2  off axis
3  specime
4  eucentri

NOTE Ld

Figurd

TEM projec
range of a
magnificati
scaling will
lenses: scald
demonstrat
Calibration
the lines for

:2020(E)

5 backfocal plane
6 image
n 7  firstimage plané

C axis

ft hand side: proper alignment. Right hand side: sample displaced from the eucentric axis.

3 — Example of scale size error due to the'specimen plane not coinciding with
eucentric.axis

Lion lenses need to be switched to~make accurate measurements across the entirg
particle distribution. The lens ranges will depend on the TEM model, for example

be achieved. However, there.are discontinuities between calibration lines for diff
s such differences in scaling calibration lines for the case of three projection lens syst

pquations change between each lens system resulting in discontinuities (offsets) bet}
different lenses, Details of scale calibration are provided in ISO 29301.

size
low

n < 100 000 times and high magnification = 100 000 times. In each range, linearity of

brent

e calibration needs to be(done for each projection lens used to acquire images. Figiire 4

ems.
iween
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Key
1 projection lens system X magnification
2 lpw magnification Y scale/pixel
3 iddle magnification
4 ;[:gh magnification
Figure 4 — Linear scaling between magnification and-scale/pixel size for different projection

lens systenis

6.3 | Setting TEM operating conditions forcalibration

Use tlhe procedure of ISO 29301 to ensure, asfar as possible, the same TEM operating conditions.

a) The vacuum in the TEM column sheuld be lower than 10-4 Pa and stable.

b) Apply high voltage and allow it to Stabilize.
NOTE1  Oil-filled 100 kV(tanks take about 2,5 h. Gas-filled tanks take about 45 min. Hjgher voltage
instruments are normally_operated with the high voltage continually applied, therefore a|stabilization
period is not usually required.

c¢) Use an anti-contamination device, if needed.

d) $elect a specimen region of interest (ROI) for the calibration that is clean and free from damage.
insure the.gucentric height of the ROI and adjust the height of the ROI, if necessary.

e) In orderto minimize the effect of the magnetic hysteresis of the lenses, set the magnififation of the

f) Set the excitation of the objective lens to the desired reproducible value. The standard condition is
recommended.

g) Adjust the specimen height to focus the magnified image projected on the fluorescent screen, the
TV monitor or the personal computer (PC) screen.
NOTE 2  If the TEM in question is not equipped with a specimen-height control function, this procedure
can be omitted.

h) Correct astigmatism at a slightly higher magnification than the target value and adjust the

accelerating voltage centre. For example, if the target calibration is x 100k, set the mag
the range, 150k x to 200k x for alignment.
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i) Switch the observation mode of the TEM to the selected-area electron-diffraction (SAED) mode or
the convergent-beam electron-diffraction (CBED) mode from the image mode. Also, make sure that
the objective aperture is removed.

NOTE 3  For the SAED mode, it is necessary to insert a selected-area aperture over the area of interest of
the specimen in order to project a SAED pattern on the viewing device (fluorescent screen/TV monitor/PC
screen).

j)  Adjust the condenser lens system to provide nearly parallel illumination conditions.

k) Align a low-index zone axis of the crystal parallel to the optical axis, i.e. zone-axis illumination, if
the specimen is a single crystal.

NOTE 4| This procedure is for a high resolution observation of a specimen. For the size(ot-shape
measurgment of nanoparticles, this procedure can be omitted.

1) Insertthe objective aperture, centring it about the electron optical axis. Also, switch®he’observation
mode of the TEM back to the image mode.

m) Return [the magnification to the target value of calibration and set the exCitation current df the
objectivie lens to the standard exciting condition again.

n) Apply ajrelaxation function to relax the magnetic hysteresis of the objeetive lens, if the TEM has it.
0) Adjust the specimen height to focus the magnified image roughly,

NOTE 5| If the TEM in question is not equipped with a specimenzheight control function, this proc¢dure
can be omitted.

p) Adjust the fine focus by varying the exciting current ofithe objective lens.
NOTE 6 | Ifnecessary, the Image Wobbler function can be used to focus images.

q) Turn off the auto-focus correction functiontp the optimum under-focus condition linked with the
Image Wobbler function, if the TEM is equipped with this function.

r) Adjust the illumination condition of the condenser lens system (spot size and brightness) |with
referenge to the dynamic range offeach detector to obtain image contrast in the whole dynfamic
range. The condenser lens system should be operated under conditions that approach parallel
illumination. Alternatively, it should be operated under a condition where beam convergence
no longer affects the image-focus. Recording multiple images under varying degrees of heam

convergence can help find,such a condition.

7 Image|capture

7.1 Generfal

Distributions generated irom T EM images will be count- or number-based. Much prior work has tocused
on the number of particles to analyse for the determination of the mean (or average) particle size
based on normal size distributions. Theoretically, and in the absence of systematic errors and bias, the
uncertainty associated with the mean value of particle size is inversely proportional to the square root
of the number of particles analysed. ISO 13322-1:2014, Annex A, provides a measurement uncertainty
analysis specifically for lognormal distributions, which would be a common model for size descriptors
of nanoparticle systems. Other standards and guidelines[22] also address uncertainty analysis.

7.2 Setting a suitable operating magnification

TEM magnification should be set by considering the range of particle sizes to be analysed and the
image capture software to be used for analysis[24]. The field of view should be large enough to include
the largest particles while having sufficient resolution to distinguish the smallest particles from
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noise. Consider a square-shaped particle has a length dimension of 10 nm and an area of 100 nm? for
which the resolution is 0,5 nm/pixel. A one-pixel difference in measuring the length dimension of the
particle would give a 5 % error in a diameter. A 4-pixel difference in measuring the area would give a
1 % difference in the particle area. The ASTM standard for carbon black[24] provides a starting point
for setting the operating magnification. Table 2 shows the uncertainty in a diameter measurement,
as a per cent, for a one-pixel difference in reporting a particle length. Note that length measurement
errors can occur during image capture or particle analysis. Operators can determine the operating
magnification to achieve the needed measurement uncertainty for a descriptor by using the steps
provided in this document.

Table 2 — Suggested starting points for setting instrument magnification for different sized

nanoparticles[24]

rement for
Age

Resolution
nm/pixel

Uncertainty in diameter measy
1 pixel difference’in im
%

Particle size range
nm

Low
11

Low
1,5
2,0
2,5
3,0
4,0
5,0
6,0

12,0

Low ligh
14
22
27
38
50
63
101

200

High
21
26
37
49
62
100
199
400

High
2,0
2,5
3,0
4,0
5,0
6,0

12,0

20,0

[e) N e N ol lecll ool BNc i No)

7.3 | Minimum particle area

per particle
the number

per square
Certainty on

duce pixel count differences of a circle to less than 5 %, the necessary pixel numbers
shalljrange from 100 to 200 in accordance with ISO 9276-6. At a specific magnification level
of pikels per nanometer can be estimated, which allows estimates of the number of pixel:
nandgmeter. Thus, it is often possible to determine, during image capture, whether the un

To re

smal
is br
cases

ler particles is acceptable,.and adjust the magnification if needed. If the particle size
bad, it may be necessary-to adjust the resolution to provide accuracy for small partid
5, it may be necessary-to take images at two different magnifications to generate da]

distribution
les. In some
a with good

size accuracies for large.and small particles.

7.4 | Number:of particles to count for particle size and shape distributions

A major facter affecting the measurement uncertainty of particle size distributions is thg number of
particles_ that need to be imaged and measured to improve the degree of confidence in distribution
data)dnd any distribution model fitted to the data. When there is no prior experience with|a particular
sample, This document suggests a target of acquiring descriptor values for 500 particles in the first

dataset. This heuristic was used for some of the case studies reported in the annexes.

NOTE The statistical error between mean descriptor values of the population and of the sample has been
analysed by Masuda and Gotoh for lognormal particle diameter distributions[23], The number of analysed particles
required depends in the standard deviation of the sample’s descriptor, whether the descriptor distribution is count-
or mass-based, the relative error of the descriptor for the desired applications, and what probability level would
be acceptable for the descriptor mean based on the selected relative error. The first dataset can then be analysed
using the method of Masuda and Gotoh (see Equation 20 and/or Figure 6 of Reference [25]) or by determining the
measurement uncertainty using 9.5. The sizes of subsequent datasets could be based on the needed measurement
uncertainties or needed probability level for the selected relative error of the descriptor mean.
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7.5 Uniform background

Images should be acquired where the frame background is uniform in intensity, and there is good
contrast between the particles and the background. It may be necessary to perform the image capture
protocol on a few frames prior to analysing all the particles.

The following guidelines should be considered:
— select operating conditions to minimize drift;

— collect images at an appropriate accelerating voltage, e.g. 120 kV;

— set the [ratio of the image resolution to the average particle diameter to control measurement
uncertajinty;

EXAMPIE For a nominal particle diameter of 30 nm measured at a resolution of 0,5/sam//pixel|each
pixel would contribute 1,6 % to a particle diameter of the mean size. Smaller particles would have larger
sensitivities to measurement uncertainties.

— ensure reproducible calibration settings by performing lens normalization((intended to minimize
hysterefis) at the selected magnification for imaging;

— ensure that a scale bar is visible in each digital image;

— do not gxclude irregularly shaped particles or particles with sharp‘corners;

— decide yhether or not to reject touching particles;

— reject all particles that appear cut by the frame from the@easurement;

— count and report at least 500 particles in frames that,are well-spaced across the grid surface;
— report particle size information for all selected particles in each frame.

While many image analysis software programs' include methods for separating touching particles,
there can be¢ changes in the size and shape distributions when they are used. When such an algorfithm
was used fgr size distributions of gold nanospheresl26l, the reported mean of the equivalent cirfular
diameter (E[CD) distribution decreased,and the reported spread of this distribution decreased. Op the
other hand, pystematic removal of all teuching particles may also lead to a non-representative selegtion
of counted garticles.

The effects pf sample size on-th€ measurement uncertainty of mean particle diameter have been jwell-
studied[251[471(28](29][30], withtarger numbers of particles resulting in lower measurement uncertainties.
Measurement uncertaintyfor the distribution parameters, sample mean and standard deviation should
also be lower for larger iumber of particles. The suggested minimum number of particles for analyfpis of
size and shape distribations is 500, based on the experience from prior studies.

There are two ‘options for image analysis: performing individual particle analysis (e.g. pafticle
outlining) ora ated-image analysis—Automated image analysis is g ally preferred
possible. Individual particle analysis is described in ISO 13322-1 and is used in Annexes F, G and H.

om ed magae a A om ad magae a gone a ed ltis

7.6 Measurement procedure

7.6.1 General

The analysis should be representative of the sample. In general, it is recommended that each sample
is analysed in triplicate. Statistical analysis of the data should demonstrate whether the samples are
truly representative of the wholel31l. TEM records projected images of particles: particle composition,
internal structure and surface morphology may all contribute to the image appearance.
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7.6.2 Developing a test sample

A test sample is a portion taken directly from a laboratory sample (material received directly from the
applicant) or a sub-sample (representative portion taken from the laboratory sample and transferred
to a new vial without sample preparation). The test sample goes through a sample preparation process
to generate a test specimen, which is the test sample mounted on a TEM grid. Sample preparation steps
can include separations, such as filtration or centrifugation, dispersions in liquids using mechanical
energy, such as sonication, and solvent removal, such as drying. All of these steps can affect the
morphology of the particles on the TEM grid. While the data analysis techniques of this document
have been demonstrated on measurement uncertainty of size and shape descriptors for specified
sample preparation protocols, they can also be used to develop protocols that minimize measurement

unceftainty for specific samples.

7.6. Effects of magnification

A wadll-aligned, stable TEM should be operated at a magnification that allowsGmany pa
visiblle in the field of view and ensures that each particle is recorded with alarge number
exanpple, nanoparticle samples with d,,, = 50 nm, imaged at a magnificationy’of ~50,000 a
on a [CCD camera with pixel dimensions (square matrix) of 14 um, woudd have a diameter

. A CCD camera with 2 048 x 2 048 pixels would contain about 120 particles withiy
of a single micrograph(31],

difference of average grey level between particles and background to the noise 1
lard deviation of grey level, of the background is at least 5:1. Recording times also sh
(1 s to 2 s) to minimize contributions from'stage driftl31l, Drift observed during imag
[ly caused by the combined effect of stage and beam drift.

7.7 | Revision of image capture protocols

It can be useful to revisit image.capture protocols and particle analysis protocols (see Clg
the ipitial work on data analysis, i.e. raw data triage (see 9.1). Raw data triage is partict
when a sample is being analysed for the first time by a given laboratory. All the case stud

'ticles to be
f pixels. For
nd recorded
bf about 180
the field of

mum of two
hat the ratio
evel, i.e. the
buld be kept
e capture is

use 8) after
llarly useful
es reported

easurement
butions that

in the annexes went through raw data triage to identify protocol steps that reduced the m
unceftainties of fitted\parameters and improved understanding of the descriptor distri
repre¢sented particlesmorphologies.

8 Particlé analysis

8.1 | General

Since a large number of particles are needed for a high-quality particle size distribution, the work will
be facilitated when automated image analysis software is used. Both commercial and open source
software are available.

8.2 Individual particle analysis

ISO 13322-1 provides guidance on counting procedures, particle edges, particles cut by the edge of the
measurement frame, touching particles, measurements, calibration and traceability, and distortion for
individual (manual) particle analysis.
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8.3 Automated particle analysis

Most of the data reported in the case studies have been analysed using Image], which is freeware
from the National Institutes of Health (NIH)[321(33], A number of commercial software packages are
also available. A first objective for measuring particle size distributions is to transform the digital
micrograph from a grey-scale image into a binary image consisting of discrete particles and background.
Each pixel value shall be classified by thresholding the image and tabulating the number pixels for each
particle. Imaging threshold operations are subject to user bias and automation is preferred. When the
background values are not uniform across the image, automated methods may fail. The user would
need to manually select threshold values for different regions of the imagel31l.

binary valug
pixels, whic
functions. A
on the pixel
appropriate
that are bel
Some speci
Institute of
NCL) (PCC-1
Scientific (N
Physical Lalj

8.4 Exam

This docum
open source

NOTE Thd
Create ¥

Set the
the orig

Crop th

analysig.

s pixels that meet the thresholding criteria. There may be some background pixels
s that exceed the thresholding criteria. These will usually be singular or smalliiumbé
n should be eliminated from analysis. In Image], there are “despeckle”, “erode’ and “d
pplying this combination of steps usually removes artefacts created by the Software a
s. A visual comparison of the original image and the treated image should confirm|

pw the threshold limit. These holes would be “filled” by the software to permit ana
fic examples on automated analysis are provided by the collabetration of the Nat]
Standards and Technology with the Nanotechnology Charactepization Laboratory (]
5[341), the National Institute of Occupational Safety and Health in collaboration with
IOSH/DUNE, see pp. 5-10 of Reference [35]), and a Good)Practice Guide from the Nat
oratory (see pp. 36-40 of Reference [22]).

ple — Automated particle analysis proceduré

ent assumes that all images were taken in digital format. The procedure steps for a sp
software are as follows.

open source software is Image], available from https://imagej.nih.gov/ij/download.h{]

artefacts were removed. Similarly, there may be some pixels within the nanoparticle set

lysis.
ional
NIST-
Dune
jonal

beific

ml,

vorking copies of all images/frames’(preserve the original unmodified images).

Open Inpage] and open the frame file.

measurement scale using)the scale bar or another measurement of pixel size, returni
inal scale prior to cofitinuing.

e image to remove-scale bars and other image artefacts that might affect contrast or pa

Check 4
wide e

The thre
e.g. rough
case of the former, appl

nd correct\brightness and contrast to ensure that all images have histograms centreg
ough te-eover at least 80 % of the possible grey levels.

sholding operation may resultin frame files with single pixel artefacts or poorimage qu|

hg to

“ticle

y the despeckle and erode/dilate processes to remove these artefact

s and
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save the changes. In the case of poor image quality, the operator could clean up the edges of particles
or correct for uneven background by applying special filters. Assess the image transformation and
save changes.

Touching particles should not be addressed by using automated separation algorithms without
determining whether the means and spreads of the resulting descriptor distributions are altered
beyond acceptable measurement uncertainties. Touching particles may be separable from the raw
dataset by applying appropriate shape or size factors to the raw data.

Set the list of measurands desired (such as area, shape descriptors, Feret’s diameter and fit ellipse).
The available list of size and shape descriptors will vary by software. It is generally useful to select
more descriptors than might be needed as the most repeatable descriptors may not be the one that
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are conventionally reported for the specific particles. Multiple size and shape descriptors can be
used to identify imaging and measurement problems as well as assist with the characterization of
the particle sample under study.

— Analyse the particles (Image] specific settings should include: show outlines, display results, include
holes, and exclude on edges).

— Save each image file that shows particle outlines and their number sequence (filename.tif) and the
spreadsheet (Results.xls, with all descriptor values for all particles plus particle number and frame
number).

NOTE Additional gnid;mr‘p can bhe prnvidpd bhased on findingq from the case studies Several case studies
show|intra- and interlaboratory data assessment procedures [e.g. analysis of variance (ANOVA)] thqt can be used
to tume protocols for low measurement uncertainty values.

9 Data analysis

9.1 | General

There are several major applications for statistical analysis of particle size data, including analysis
of pprticle size data, assessment of data variation under repeatability, intermediatg precision,
reprpducibility conditions of measurement, fitting reference/models to the size distribhutions, and
assegsment of grand statistics for the entire study. Table 8/ summarizes the methods yised in this
document. Measurement uncertainties are computed from ceefficients of variation determifed from the
fitteT;)arameters of each dataset in the ILC. Seven case studies of particle size and shape distributions
by TEM are given in Annexes B to H. Key findings of these studies are summarized in Annex A.

Table 3 — Statistical analysis methods

Statistical method Reported statistics

ANOVA p-values: there is no difference between the mean value of the descriptor for|a specific
dataset and the grand mean value of the descriptor for all datasets.

Pairqwise ANOVA p-values: there is.no difference between the mean values of the descriptor fdr the data-
set pair.

Bivafiate analysis  |p-values)enérgy values: pair-wise comparison of descriptor cumulative distifibutions;
theresis no difference between the descriptor distributions of the dataset pailr; pair-wise
coniparison of size-shape distributions: there is no difference between the d¢scriptor
distributions of the dataset pair.

Fitting reference Maximum likelihood and non-linear regression methods: fitted mean and sptead

models to size parameter estimates plus their standard errors.

distyjibutions

Kolmogorey- D, , values: non-parametric differences between cumulative distributions; distribution

Sminnov’ pairs with differences greater in absolute value from the supremum are deerped to be
different.

9.2 Raw data triage — Detecting touching particles, unselected particles, artefacts and
contaminants

It can be useful to perform data screening, or “triage”, prior to full analysis of datasets. For example,
touching particles and unselected particles should be removed from the dataset, artefacts should be
identified and removed, and contaminants should be identified and analysed separately. Raw data
triage workflows can be developed at the inception of a particle size and shape distribution project.
An example of the raw data triage workflow is shown in Figure 5. The starting point is the raw data
generated using Image] and the endpoint is a reduced dataset of only nanorod data conforming to the
minimum area (> 200 pixels) constraint. The raw data contained the target nanoparticles (nanorods)
plus nanocubes and some additional unselected particles. In this case study, touching particles were
deemed to be undesirable. A heuristic was developed to identify touching particles using a defined
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range of values for a specific descriptor. Particles within this range were extracted from the dataset and
discarded. A second heuristic was developed to detect non-nanorods and other unselected particles.
The nanocube dataset was retained for further analysis. Finally, the remaining nanorod data was
sorted to remove particles with areas less than 200 pixels. The final product of this workflow can be
taken through the rest of the data analysis pathway.

{ Start )

Touching particles

No I Unused data I
Yes
Non-nanorods
Nanocubes No
>200 pixels No
Yes
End

Figure 5 — Example of raw data triagéfor gold nanorod sample (see Annex D)
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artefacts, and/or foreign particles from captured particle datasets.

9.3 Data quality assessment — Repeatability, intermediate precision and
reproducibility

Akey objective of ANOVA s toidentify particles, frames or datasets to review, usually by visual inspection
of the image and its thresholded data. ANOVA can be used to assess the intralaboratory repeatability,
intermediate precision and interlaboratory reproducibility. At typical specified resolutions, there are
usually a small number of nanoparticles in any given view frame; 20 to 100 particles might be common.
For this number of points, average descriptor values can be computed for each frame. However, it is
not likely that reasonable estimates for size distribution parameters, i.e. the mean and spread of the
distribution, can be computed for one frame. Table 4 summarizes the null hypotheses and metrics
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for each of these assessment types. The p-value statistic is used as the metric for each, and, for this
document, freeware was used for the ANOVA method (see https://shiny.as.uky.edu/anova-app/).

Table 4 — Data quality assessment by ANOVA

Data quality assessment Null hypothesis

Metric

Intralaboratory repeatability — same
operator, same day

Do all images have the same descriptor
mean as its grand mean?

if p< 0,05, the null
hypothesis is rejected

Intermediate precision - different
operator or different day

Do all datasets have the same descriptor
mean as its grand mean?

if p< 0,05, the null
hypothesis is rejected
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Figure 6 — ANOVA workflow for repeatabilityand reproducibility analysis
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pference models for the descriptors of samples may not be known. Non-linear regre
h provide estimates for the reference distribution parameters and their standard ef
bd reference model for a specific dataset would generally have parameter estimates wit]
ve standard errors. The methods of this document can be used to select the best refef
or to identify descriptorgthat have low relative standard errors.

tors report the dimensSions of the particles while shape descriptors report the shapes ¢
ch descriptor is fitted to a reference model with two parameters: a mean parameter
aracteristic valte)for the size/shape descriptor and a spread parameter that report|
e fitted distribution model.

ence models are commonly fitted to cumulative particle size distribution data: no

black
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d Weibull. Note that, for each of these reference models, the computation of the mean and
spread parajmeters are distinct and different. For convenience, the characteristic value of the descr

iptor

is called th¢ “mean”, and the characteristic breadth of the distribution is called the “spread”. Fitting
reference models to cumulative distributions 1s usually preferred. Difierential probability distributions
lose information when the data are binned, often obscuring the details near the tails of the distributions.
In general, parameter values from cumulative distribution fits have lower relative standard errors than
those for binned differential distributions.

Three non-linear regression methods (in accordance with ISO 9276-3) shall be used to fit data to the
cumulative distribution and to optimize the values of fitted parameters:

30

minimizing the variance between the data and reference model;
setting the residual deviations between the data and reference model to zero;

transforming the three reference models into linear functions (quasilinear regression).
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Commercial statistical software can provide the R2 value for the preferred fit, the parameter estimate
[e.g. mean (X ) and standard deviation (s)], and the standard error of the parameter estimate (uy and

Ug ). The relative standard error (RSE, the standard error divided by its statistic) is a measure of the
quality of the parameter, with smaller values being better.

Free software (see https://shiny.as.uky.edu/curve-fitting-app/) was used to fit distributions to data.
This method provided a consistent analysis approach for all datasets. Figure 7 shows the model fitting
workflow used for the case studies of this document (see Annexes B to H).

( Start )
| Triaged dataset I

Fitting to reference

models
[
Visualizations: | Scale, spread estimates |
residuals, Q- ¢
plots,
distributions " Relative standard-errtor "

End

Fighire 7 — Workflow for fitting particle size and shape distribution models to measured data

The flataset used for estimating mean and.spread parameters can be from a single laboratory or test
day, pr assembled by combining all datasets in the study, across different test days and/or laboratories.
Using the freeware tool, the user can-select one of three different reference models, and ¢stimate the
best|fitted parameters by one of twe methods: non-linear regression or maximum lik¢lihood. The
relatjive standard error of the nmiean and spread parameters can be calculated for each estimation
metHod and each model. When ore reference model has a significantly lower relative standard error for
both|descriptors, it may be the preferred choice.

9.5 | Assessing measurement uncertainty for samples under repeatability, intarmediate
predision or reproducibility conditions

9.5.1 Grand statistics for fitted parameters — Three or more datasets

Estirhates'of the fitted parameters for each descriptor can be generated for each dataset by the method
given im9.3. Assuming that the fitted parameter values are normally distributed, the “grand statistics”
for all'datasets are computed: the mean, standard deviation and coeliicient oi variation for each fitted
parameter of a descriptor. The grand coefficient of variation for each fitted parameter should relate to its
relative measurement uncertainty. This approach does not differentiate between material homogeneity
(sample-to-sample) and method precision (repeatability, intermediate precision or reproducibility).

9.5.2 Measurement uncertainty of fitted parameters

There are different approaches to the evaluation of the uncertainty of measurementl361[37][38] and
of the precision and bias of methods. The ISO/IEC Guide 98-3 approach to measurement uncertainty
is to define the measurands, identify all relevant sources of uncertainties in the test, quantify each
significant source of uncertainty with a probability distribution, calculate the combined (pooled)
standard uncertainty, and estimate the expanded uncertainty at a specified confidence level. Some
references provide great detail on measurement uncertainty for measurement of particle size alonel2]
[27](28][29][30], Here, the GUM-compliant approach of Braun et al.[32] is followed.
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Type A uncertainty components include those that are evaluated by statistical methods, such as of
repeated tests or tests on CRMs. Type B uncertainty components are evaluated by other means, such as
calibration errors or effects of temperature variations. The Type A components are:

— the degree of closeness of measurement to the reference value;

— the precision (the degree to which different measurements show the same result).

Precision is usually separated into two components: repeatability (the variability observed for the same
operator and same instrument) and reproducibility (the variability observed for the same process being
performed by different operators on different instruments), as in the case studies in the annexes. When

an RM is be,

ing invpcfigqud for its certified dpcrripfnr the trueness can he r‘nmpnfpd [fhp difference

between thd

9.5.3 Exa

For a size

reproducibi
Type A unce
uncertainty

Formula (1)

LlC (X)Zw

certified value and the average descriptor value (bias)].

mple — Measurement uncertainty for a size descriptor

lescriptor, the pooled measurement uncertainty, u.(x), is based on theZinterlabor
ity u(ir), the trueness, u(t), and the instrument calibration error, u(é)), U(ir) and u({
rtainty components while u(c) is a Type B uncertainty component. The pooled measure
is the square of the sum of the squares of its individual cemponents, as show

u(ir 2 +u(e)? +u(c)?

9.6 Bivarjiate analysis

Bivariate aif
model but d
measures o
annexes inc

alysis can be used to compare two-dimensignal datasets independent from an assy
bes not lead to calculations of measurementunicertainty. However, it does provide stati
[ distribution similarity; it may be useful in some cases. Several of the case studies i
ude particles with both size and shape variations. Considering both types of descri

is important to the characterization of such.faterials. Figure 8 shows the workflow for biva

analysis[40],
the composi
of two vari
cumulative

The bivariat
that can be {

This method is a nonparamettic test for equal distributions in high dimension, te
te hypothesis of equal distributions when the distributions are unspecified. Several t
hble comparisons can be-ahalysed by this method: empirical distributions (descrij
distribution data) and deseriptor-descriptor data (size-size, size-shape, or shape-sh
e method is very useful for statistical comparison of datasets but does not provide me
1sed to compute méasurement uncertainty of descriptors.

itory

are
ment
n by

M

imed
tical
h the
btors
riate
sting
ypes
btor-
ape).
trics
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Dataset A; Dataset A,

Select two variables
for comparison

Bivariata analucic

NOTH
samp

aspectR
020 025 030 035 040 045 050

020 025 030 035 040 045 050

End

This bivariate analysis compares the aspect ratio yersus Feret diameter for two different
les (p < 0,001 for this pair of samples).

Figure 8 — Workflow for bivariate analysis of dataset pairs

gold nanorod

10 Reporting
Tabl¢ 5 is an example reportingitemplate based on the workflow and decision tree gyides of this
dOCLInent. Template sections include: frontpiece, sample preparation, instrument fadtors, image
captlire and particle analysis, and data analysis. Inserts in light grey are example responsesjor comment
pronppts. The actual repofting template shall be tailored to the sample and its application.
Table 5 ~ Example reporting template (example entries are shaded in grey)
Frontpiece
Proj¢ct elemént Response
Study title
Studj ‘ebjective
Laboratory
Author
Date submitted

Sample preparation

Item

Comments

Sample ID

Date

received

Subs

trate

Sample type Powder, dispersion

© ISO

2020 - All rights reserved
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Table 5 (continued)

Sample condition

Optically clear dispersion, turbid dispersion, ...

Sample treatment

Sample
division/splitting

Grid pretreatment

Particle deposition

Incubation

Washing

Staining AQ
Drying nG v
Substrate Type of substrate, substrate pretreatment, ... ’o; v

Placement method

Drying method

Instrument factors

Item

Comments

Organization

Operator

Analysis datps

TEM instrument manu-
facturer

Instrument nodel

Operating vqgltage

Beam current settings

Objective ler]

s excitation

Diffraction dperture

Calibration {

tandards

Calibration j

rocedure

Most recent falibration O :
date AN

N’
Image captufe and parti nalysis

Item

\Q‘ | Comments

Image captufe V?.
Software/m @jgh‘ )

Software/manual or automated acquisition

Measurement conditions

Magnification, nm/pixel, frame size, signal-to-noise ratio

Descriptors retained

Itemize all measurands analysed, number of particles reported, number of frames

Particle analysis

Thresholding conditions

Minimum particle area
(> 200 pixels)

Number of frames,
particles

34
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Table 5 (continued)
Data analysis
Item Comments
Raw data triage
Software/method

Detection of touching particles

Report descriptors, ranges for detection and differentiation

Detection of artefacts

Report descriptors, ranges for detection and differentiation

Retained particles

Report descriptors, ranges for detection and differentiation

Aver')gn y|'o|r" (2/\[

Renortthae 04 of narticlac raotqainad
L3 i L3

Other triage steps

Repeatability, intermediate precision or reproducibility

Softyare/method

el

Software/ANOVA; bivariate analysis; other

Repgatability, intermediate

prec

sion or reproducibility

Report p-value for grand mean analysis; % simil
analysis a,

&7 q g
values for pairwise

Desgriptor selection

Report method for description selection, if,a‘@icable

Fitting distributions to data

Softyare/method Software/non-linear regression; m@n@lm likelihood; other
Prefe¢rred reference model Report normal, lognormal, Weib:.@?r other distribution
Parameter values Report estimates and standagd:érrors, C,%

Measurement unceftainty

Desgriptor residual standard

Report descriptor par@ger residual standard error if compute

errof KN
Upc pr U, Report interlabo&@‘ory measurement uncertainty if computed
Residualdeviations; correlations
Softyare/method
Resiglual standard deviation Repq@f}&gomputed
Plotg: residual deviations, epq?(residual deviation plot, quantile plot, ... showing range oyer which
quarntile, other model fits the data
Corrglations A{eport correlations developed between descriptors
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Annex A
(informative)

Case studies overview

A.1 General

Detailed prqcedures were validated with round robin studies (see Annexes B, D, E and F) conformilng to
VAMAS guidelines for ILCs [41][42] and ISO 5725-1.

Key findings reported in each case study annex are given in Table A.1.

Table A.1 — Key findings reported in each case study annex

Anhex Key findings
Annex B, Discrete Data quality is assessed for automated image capture; measurement uncertaintips
spheroidal are reported for distribution means and spreads
nanoparticlgs

Annex C, Siz¢ mixture Criteria are demonstrated for separating bimpdal data into clusters and evaluating
the intermediate precision of separated clusters

Annex D, Criteria are demonstrated for identifyingtouching nanorods and quantifying

Shape mixture differences in size and shape distributions

Annex E, Amorphous The measurement uncertainties ofldggregate descriptor distribution means are in the

aggregates order: elongational shape < size <‘ruggedness. Spheroidal, ellipsoidal, branched apd
linear aggregates are non-uniformly distributed, leading to multimodal distributjons

Annex F, Manual outlining of nanoctystallites is reported. Calibration method and imaginlg

Nanocrystallite software did not affeet Some size and shape descriptor quality. Size descriptors 3re

aggregates often better represented by lognormal distributions. Bimodal modelling of a sizg
distribution is an example of visualization techniques used for improved under-
standing.

Annex G, Nanofibres with| Three manual/measurement methods are compared with data for elemental fibrjls of
irregular crdss-sections |cellulose'nanocrystals, which are low aspect ratio particles.

Annex H, Nahoparticles |Reprodiicibilities for two-dimensional images of three-dimensional particles are
with specifig crystal campared by ANOVA for three instrument types, multiple analyses of one grid, ahd
habits analysis of the same particle images by six laboratories.

A.2 Discrete spheroidal nanoparticles (see Annex B)

RM8012 is dn RM of spheroidal gold nanoparticles that is often used for TEM calibrations![331[38],

A.3 Size mixture (see Annex C)

Colloidal silica is used for polishing slurries, as an additive to cosmetics and as a component in
nanocomposites. The sample was a CRM (ERM-FD102), a bimodal mixture of commercial colloidal
silicas[3el[37],

A.4 Shape mixture (see Annex D)

The tunable, longitudinal plasmon resonance of gold nanorods has been linked to their morphology!43l.

Two mixtures of gold nanorods plus gold nanocubes were thought to have different performance
properties[44], The samples were similar to a National Certified Standard Material in China.
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A.5 Amorphous aggregates (see Annex E)

Carbon black aggregates have aciniform morphology, in which nodules (constituent features that have
been called “primary particles”) are aggregated into “grape-like” clusters. Cabot Corporation supplied
a carbon black reference sample, SRB8, for which an existing protocol (ASTM D3849-14al241[42]) was
available.

A.6 Nanocrystallite aggregates (see Annex F)
Nanocrystalline metal oxides are in common use and are almost always aggregated when manufactured

PO T atro a © 7Sta OTagg ated titania
powdlers are essential to product performance. Tayco Corporation supplied a commercial.sample.

A.7 | Low aspect ratio particles (see Annex G)

Size [and shape distributions of low aspect ratio nanoparticles are critical to a numper of their
applications. Measurement methods are reported for the elementary fibrils of a cellulose anocrystals
CRM]|supplied by National Research Council, Canada (CNCD-1[4¢l),

A.8 | Nanoparticles with specific crystal habits (see-Annex H)

Bipyramidal titania nanoparticles have well-defined three-dimensional crystallite morphologies(4Z]
and are being considered as a potential RM for both size and shape distributions.
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Annex B
(informative)

Discrete spheroidal nanoparticle

B.1 Reference

S

A complete

report of the method and results is given by Rice et al.[26],

B.2 Background and design objectives

RM8012 (3(
gold nanop4
profiles are

nm nominal size) is an RM prepared by NIST. Figure B.1 shows a typ

rticles. A number of particles are touching. As the gold nanopar
round. The protocol included automated image capture, autom

statistical analysis of the raw data and distribution fitted parameters,

measuring

38

article size distributions.

v
P

)

Q
N

'}TEM frame

; s are faceted, n

partlcle analysig
v1d1ng a framewor

Figure B.1 — A TEM image of RM8012
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B.3 Highlights

Intralaboratory repeatability of ECDs, Feret diameters and aspect ratios was satisfactory as assessed

using ANOVA of frame data.

Table B.1 shows the measurement uncertainties (U, ¢) of fitted model parameter for both the lognormal
and normal distributions for an ILC[2¢l. The mean parameters of lognormal models fitted to the
distributions have the lower measurement uncertainties than those for normal model: U - = 1,6 % and
5,5 %, respectively. The spread parameters (width of the distribution) for each distribution model have
similar coefficients of variation and measurement uncertainties. The measurement uncertainty of the
arithmetic means (averages) is even higher than that for the fitted normal distribution values.

Table B.1 — Measurement uncertainties of fitted model parameters for ECD des¢riptor
Statistic Mean parameter Spread paramgpter
Lognormal distribution X, In(nm) S, In(nm)
C,in% 0,76 % 6,0 %
UpLelin % 1,6 % 12,6 %
Norrhal distribution X, in nm S, in nm
C,in% 2,6 % 58%

mea

An Ilﬁ'nage] subroutine for separation of touching particles gave size distributions with smaller
parameters and narrower spread parameters:(Figure B.2 shows the maximum Feiet diameter

distrfibution for non-touching particles alone (black squares) and non-touching and touching particles

separated by Watershed algorithm (red open:civcles). The mean value for the non-touc

hing data is

several per cent higher than that of the separated data. In addition, the spread of the non-touching
particle distribution is wider than that of*the touching data. In this case, the use of th¢ Watershed

algorithm to separate touching particlesdeads to quantitatively different distributions.
4

s

3_
2_

_4 1 1 1
2,7 3 33 3,6 39

X

Key

m non-touching particles X =In(ECD particle size x)

o touching particles Yle—ln *50,r
N N

Figure B.2 — Quantile plot of maximum Feret diameter distributions of non-touching particles
and touching particles distributions (separated with a software algorithm)
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Size descriptors had similar measurement uncertainties. Either the ECD and Feret diameter would
provide similar representations of the test sample’s size distribution. Lognormal models provided lower
measurement uncertainty values for the mean and spread parameters of size distributions than normal
reference models. While the sample is certified for its average equivalent diameter (which assumes
a normal distribution), the measurement uncertainty is lower for the mean value of a lognormal
distribution.
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Annex C
(informative)

Size mixture

Purpose

Nand
resu
This
matd
a pay

C.2

The
Joint

cominercial colloidal silicas with different nominal sizes,

in th
certi
micr
diffe

repré

in th

particles in each dataset.

The
83,3
size |
was

AFM
betw
takel
%401
laboj
was

mini
are

t of the nanoparticle processing method, or as the result of mixing different nanepartic
Aannex provides examples of how to treat electron microscopy size and shape data obta
rials. It may, for example, be important to separate different fractions (or Aiodes” or
ticulate material before performing an analysis of the individual fractions.

Background and design objectives

Research Centre (JRC) of the European Commission. ERM*FD102 was prepared by
%20 nm and 80 nm. For both
e CRM’s particle size distribution, the CRM certificatel3¢] provides several met
fied particle sizes for both main modes of the CRM’s "particle size distribution, includ
pscopy analysis (see Figure C.1). Since the sizes‘of the main modes differ by a ratio
Fent magnifications were used in the electronimicroscopy characterization of the CR
psentative size distributions for both modes? Each electron microscopy laboratory g
e CRM characterization study obtained six'datasets over a three-day period, with lea

median ECD by electron microscopy, certified for the larger of the two modes in ER
nm with an expanded measurement uncertainty of 2,3 nm. This value is the median v4
range of 60 nm to 120 nml3&l.\The width of the corresponding peak in the particle size
hot certified.

images of the samé material (ERM-FD102)[37] also show the presence of mid-siz
een the large particles (nominally 80 nm) and the small particles (nominally 20 nm).
I to measure theZlarge particle cluster also show the “mid-sized” silica particles in

1m. Figure C£2 shows a histogram and a cumulative distribution from the TEM data of o
atory (“Lab~1”): the total number of large particles reported in the range from 35 nr
D 801, with 761 of them having ECD sizes less than 60 nm; this value corresponds to {
mumsbetween the two peaks of the histogram. All size descriptor distributions for

mini

imodal. Three types of descriptors were reported: 51ze (mcludlng area, perlmeter Fer

ruggedness/ boundary 1rregular1ty (1nclud1ng form factor and sohdlty)
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particle materials can have a multimodal size and/or shape distribution, either as alL immediate

le materials.
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“clusters”) in

material chosen to illustrate the possible approaches is ERM-FD102[3¢], a CRM produced by the

mixing two
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| <
NOTE Uged with permission of the Joint Research Centre oftﬁ@\iuropean Commission (JRC).

Figure C.1 — TEM image of a mixture& colloidal silica nanoparticles

xO
&
,05 I~
M
bos. BN
,03- C)
Y1
,02+
,01+
D I' [isvenerffH "I N i
&% 60 80 100 120 40 60 80 100 120
7o) X X
a) Density distribution b) Cumulative distribution
Key
X ECD, in nm
Y1 density distribution
Y2 cumulative distribution
NOTE Histogram (left hand side; density distribution as continuous black curve) and cumulative

distributions (right hand side; points as solid circles, cumulative distribution as continuous black curve).

Figure C.2 — Density and cumulative distributions from analysis of
large particle images, ECD (Lab 1)
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Table C.1 shows the sample IDs, the number of particles counted between 35 nm and 125 nm, the number
of the particles with an ECD larger than 60 nm, and the fraction of particles with ECD < 60 nm. All
datasets reported more than 300 large particles analysed (an objective of the protocol) except for D351,
which reported 271 of the large particles. The average fraction of the mid-sized particles was 27,2 %.

Table C.1 — Six datasets for intermediate precision comparisons

Dataset particle counts
Day | Sample ID All | ECD>60nm | ECD <60 nm, %
1 1 D1S1 | 472 341 27,8 %
1 Z DISZ 411 350 19,7%
2 1 D2S1 | 509 367 279 %
2 2 D2S1 | 510 369 27,6 %
3 1 D3S1 | 418 271 35,2 %
3 2 D3S2 | 481 362 24,7 %
totals | 2801 761

C.3 | Highlights

C.3.1 General
Thisfanalysis addresses three questions:
a) Yhat methods can determine similarities or differences between bimodal size distribuftions?

b) yhat methods might best differentiate betiveen the large particles (nominally 80 pm) and the
mid-sized particles (nominally 40 nm)?

c) What are the intermediate precisions (see Table 4) of the size, elongation and |ruggedness
istributions?

Answers to the first question wiltestablish steps for raw data triage. Answers to the secqnd question
can be automated to separate the data into large and mid-sized particle clusters. The iptermediate
precision answers for large (particles can be compared to the measurement uncertainty vyalues of the
CRM|3¢el[37],

C.3.2 Raw data triage

In the ERM-FD102 characterization study, laboratories reported six datasets taken over|a three-day
periqd (two ger day). The comparison of sample means by an overall ANOVA is not particuldrly relevant
if on¢ wants\fo judge the equivalence or comparability of two measured bimodal distributipns. Instead,
pairyise\ ANOVAs were done for each of the 15 possible pairs for six datasets D;S; (e.g. as in Table C.1).
ANOVApairwise comparisons of ECD (size), aspect ratio (elongational shape), and solidity [ruggedness
shape) gave p > 0,05 for 11 of 15, 15 of 15, and 9 of 15 pairs, evaluated as very good (ECD), excellent
(aspect ratio), and good (solidity) intermediate precision. Since the dataset means are intermediate
between the nominal diameters of the mid-sized and large particles, these mean values are sensitive to
the number fractions of each category reported in Table C.1.

Methods that compare distributions directly would be more appropriate for comparing these datasets,
such as bivariate analysis and Kolmogorov-Smirnov (K-S) analysis. The K-S test is designed to determine
directly whether two cumulative distributions are dissimilar, without reference to any particular
model that might describe the data. The cumulative distribution for each dataset was binned using
100 equal steps over the total data range for each descriptor. Differences between two curves at each
step, Dy, ,, were compared to the supremum statistic (see Table 3[441[48]), If the difference exceeds the
supremum, the cumulative distributions are judged to be different. Figure C.3 a) shows the cumulative
distributions for three datasets: A, B and C.
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The supremum values for these three pairs were similar, 0,09, so only one set of supremum values
(both + and -) were plotted in Figure C.3 b). By the K-S test, all three of these datasets have areas that
exceed the supremum and are judged to be different. This is due, in part, to the differences between
the number of mid-sized particles in the various datasets, which varied from =20 % to =35 %. It is
likely that such differences could be reduced if the number of data points were increased. The K-S test
would be preferred to the ANOVA test for these bimodal distributions as it provides better information
about differences between distributions (D, ;) and, specifically, how these differences vary along the
descriptor range.

1 0,15¢
0’8 i 9,1 Qo %000, S 00, nm:ll:‘l-h
05000 00,59900000000¢7 T : . L]
06} 00T .
Y1 0 NEE——— sosons
0,4} Y2 30 «%6 50 60 70 '8 10p
-0,05¢f K
012 i I _.________‘_ _______
-0,1
030" 40 50 60 70 80 90 100 0,15t X
X
a) Cumulative ECD distributions b) K-S cumulative curve pairwise differences
Key
2 sample 4 X ECD{in nm
o sample H Y1 _ecumulative distribution
o sample ( Y24 Dy

NOTE1 Cymulative ECD distributions of three different samples, A (green open triangles), B (purple|open
squares) and|C (red open circles), suggests that samples A and C are similar.

NOTE 2  K¢lmogorov-Smirnov analysis shews.that all three pairs have differences greater than the suprethums
and are stati§tically different.

Figure C.3 — Repeatability analysis of three ECD bimodal datasets

Similar plots for the elongational shape distributions (aspect ratio) are shown in Figures C.4 a) aid b).
The aspect fatio distributions for all imaged particles are multimodal. The aspect ratio distribution has
considerablg variability for values up to 0,9, see Figure C.4 a). This is caused by two factors: differg¢nces
in the aspedt ratiosdistribution for the two clusters, and differences in the fractions of each cluster in
the overall distribtition from sample to sample. The two datasets with similar fractions of the mid-ized

cluster, A and’g (with 27,8 % and 27,9 %, respectively), have Din values well within the suprempums
over all valwmfdmmmrgemdmmmjvdgedvmsﬂ;ilar

aspect ratio distributions.
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1 g 0,15
0,91
0,8} 0,1
0,71
0,6} 0,05}
Y]. 015 i
0,4} Y2 0
0,31
’ -0,05¢
0,21
0,1¢ 35 T -
U6 0,7 U8 U9 T 0151 X
X
a) Cumulative aspect ratio distributions b) K-S cumulative curve pairwise differences
Key
» $ample A
o $ample B
o $ample C
NOTE 1 Cumulative ECD distributions of three different sample$\(A (green open triangles), B [purple open
squares) and C (red open circles) suggests that samples A and C are'Similar.
NOTE 2  Kolmogorov-Smirnov analysis shows that all the pair; A-C (green triangles) have differgnces greater
than fhe supremums and are statistically different.

C.3.3

C.3.3
The 1

in the ECD distribution, which is the range of 60 nm. Alternate approaches would consic

size
shap
here
varis
as th
desc

Size

Figure C.4 — Repeatability analysis of three aspect ratio datasets

b Differentiating between largeand mid-sized particle clusters

.1 General

wo data clusters shown+inFigure C.2 can be separated in several ways, including a miy

hnd shape of the collpidal silica particles. Colloidal silica particles are known for thei
es. Nonetheless,cthiee methods for considering particle size and shape correlation;
The first considérs a size-size correlation with the maximum Feret diameter as the
ble and the minimum Feret diameter as the dependent variable. The others use the E

fiptor as'the dependent variable.

size‘correlation: Figure C.5 shows a plot of the minimum Feret diameter as a function

imum value
ler both the
I spheroidal

are shown
ndependent
CD diameter

e independent variable with either an elongational (aspect ratio) or ruggedness (solidity) shape

of the Feret

dia

atayr Tha twvwrn cluctare havun hoan canavatad avanirically pcing tha dachad Tima 0 A

hitomate the
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sorting process. In this case, a number of lines could be used to do the separation, from vertical to
horizontal. Linear models (minFeret = a x Feret + b) for each of the clusters give different slopes, but
the correlations have R? values of 0,76 and 0,66; their equations are not reported here as they do not
provide a convincing method for differentiating the two particle clusters.
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Figure C.5 — Size-size cluster analysis

hngation-size correlation

r ECD < 35 nm; this issue is disctussed more fully in C.3.4.

ve method is to correlate the aspect ratio to ,thé’ECD diameter. The result is shown in
). This plot shows morphology differences hetween the two clusters. The large pafticle
smaller aspect ratio range, 0,77 to 0,98. The mid-sized particle cluster has an aspect|ratio
61 to 0,96. Therefore, more particles of the mid-sized cluster are elongated than thdgse of
ster. However, the clusters cannot be separated using just their aspect ratio distribufions,
ignificant overlapping of the ranges.The overlapping ranges contribute to the broad rjange
tio distributions seen in Figure-€4 a). In addition, the mid-sized cluster appears to be
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C.3.3.

Figu
a md

fairly high, however, there is-still a difference in the ruggedness descriptors. The cluste
distipguished using solidity alone however, paired with ECD, there is a convincing distinct
the two. Choices for the boundaries between clusters in any of these correlations can be q
automated separations.

C.3.4 Laboratory intermediate precision

Inter

‘e C.6 b) shows the correlation between solidity and ECD for these two clusters|
asure of surface ruggedness, or boundary irregularity. Solidity values for both flusters are
s cannot be

Figure C.6 — Correlations between ECD and two shape descriptors
(elongational and ruggedness)

3 Ruggedness-size correlation

medigte precision values can be computed for the parameters of reference models

lative distributions of the large and mid-sized clusters separated by the method 0

Solidity is

on between

hantified for

Fitted to the

Figure C.5.
e large and

mid-sized clusters respect1vely The average Value for the large cluster ECD Value is 84 1 nm and the
spread of the data is 4,0 nm. The mean value has good correspondence to the median value reported
for the large size particles (83,3 nm). There is no certified value for the spread of this distribution, or
for the aspect ratio and solidity fitted parameters. The uncertainty of the ECD mean is 2,3 % and the
uncertainties of the aspect ratio and solidity means are lower than this. The uncertainties associated

with

© ISO

the spread of the data are much larger.
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Table C.2 — Separated large particles — Fitted parameters for the mean and spread for ECD,
aspect ratio and solidity distributions (2 040 images) — Normal reference model

Sample Elﬁ? Aspect ratio

mean spread mean spread mean spread
D1S1 83,9 4,01 0,935 0,021 7 0,963 0,0035
D1S2 82,9 4,25 0,932 0,020 7 0,963 0,003 4
D2S1 84,9 4,05 0,935 0,022 6 0,963 0,003 6
D2S2 85,3 3,61 0,930 0,024 4 0,963 0,0039
D3S1 83,6 4,08 0,932 0,021 7 0,964 0,003,
D3S2 83,6 4,12 0,932 0,0211 0,963 0,003 B
average 84,1 4,02 0,932 0,022 0 0,963 0,003 p
stdev 0,909 0,217 0,002 0 0,0013 0,0001 0,000
C,in% 1,08 5,39 0,22 6,02 0,01 5,84
U,in % 2,34 11, 0,47 13,0 0,02 12,6
U, value 1,96 0,47 0,004 4 0,0029 0,000 2 0,000 #
Figures C.7 §) to c) show smoothed density distributions of the combined‘datasets of the fraction of Jarge

particles in
maximum li

well-represeg

of the distri

and model zlc

data are als

48

ERM-FD102, along with models with parameters fitted using’either non-linear regressipn or
kelihood estimations. All fits are based on normal reference models. The ECD data are fairly
nted by a normal distribution, with slight differences.inrthe peak value plus the leadingledge
bution. The aspect ratio data are multimodal; thererare significant deviations between|data
the leading edge, the maximum and the trailing.edge of the descriptor range. The solidity
multimodal but there is slightly better correspondence between the data and the modgls.
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Figure C.7 — Large cluster descriptor distributions fitted to normal reference model
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Table C.3 shows the uncertainties associated with the three selected descriptor parameters for the
separated mid-sized cluster data. Figures C.8 a) to c) show the fitted distributions with the associated
data. The ECD distribution has an uncertainty of =5 %, and the data are significantly skewed to
the left of the unimodal model curves. This is due to the fact that the data for the mid-size peak are
truncated, as shown in Figures C.7 and C.8. As indicated earlier, the JRC requested the participating
laboratories to report data about the large and small particle fractions only. The aspect ratio mean of
the mid-sized cluster is statistically lower than that of the large cluster, i.e. the means are much more
than two standard deviations distant from each other. The solidity mean of the mid-sized cluster is also
statistically lower than that of the large cluster data.

Table C.3 — - — d of
ECD, pspect ratio and solidity distributions (761 images) — Normal reference model
Sample ECD Aspect ratio
nm

mean spread mean spread mean spreagd
D1S1 39,3 4,67 0,831 0,086 3 0,940 0,009 p
D1S2 40,4 5,83 0,837 0,096 9 0,939 0,010 8
D2S1 38,4 3,45 0,827 0,082 5 0,936 0,009 b
D252 38,4 3,35 0,839 0,068 8 0,937 0,009 p
D3S1 38,4 3,19 0,845 0,077 6 0,934 0,012
D3S2 40,0 532 0,815 0,089.5 0,938 0,011 4
average 39,2 4,30 0,832 0,083 6 0,938 0,010 4
stdev 0,896 1,13 0,010 7 0,009 7 0,002 2 0,001 p
C,in% 2,29 26,3 1,28 11,7 0,23 11,5
U, in% 4,95 56,8 2,77 25,2 0,50 24,7
U, value 1,94 2,44 0,0230 0,0211 0,004 7 0,002 p
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Figure C.8 — Mid-sized cluster descriptor distributions fitted to normal reference model
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C.4 Conclusions

The Kolmogorov-Smirnov statistic is effective in determining pair-wise differences between bimodal
cumulative distributions, indicating whether the two datasets are different and identifying the ranges
of the data in which the highest differences occur. This method can assist investigators triaging the raw
data to identify potential improvements in the protocol, i.e. elements that can lead to more repeatability,
intermediate precision and/or reproducibility.

The electron microscopy data obtained on the large fraction of the ERM-FD102 mixture of colloidal silica
particles can be separated into large and mid-sized clusters using a size descriptor (ECD). Bivariate
plots can help visualize dlfferences in size, elongatlon and ruggedness descrlptors These can enhance
differentiatjor i rent,
between th¢ pair. In this case, visualizations also confirm that some of the mid- Slzed partlcles have
been truncdted from the data or not considered. Investigators can make decisions regarding'whether
additional data are needed.

The aspect ratio and solidity distributions are significantly different between these two clusters and
could serve|as methods for differentiation. It is interesting to note that the lower point of the agpect
ratio range ffor the mid-sized cluster, 0,61, is significantly lower than the similar point for the |arge
cluster, =0,7[7. This morphology difference could be investigated further.
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Annex D
(informative)

Shape mixture

Reference

samples evaluated for this annex were provided by the National Center for Nano
hology, Beijing, China and are similar to GSB 02-2994-2013, a National Certified-Stand
ina. An ILC was used to develop a workflow for differentiating the samples[44l.

Background and design objectives

samples were made using a seed-mediated synthesis process; nahoparticle product
bsses often contain small quantities of seed particles that do-hot grow according t
‘e D.1 shows an example STEM frame that shows nanorods and other shapes that
bcubes” for this document. Typically, gold nanorod sample morphologies affect their
ce plasmon residences, so it might be desirable to remoye “non-nanorods” from the final
dition, a number of particles in this frame are touchihg. Including touching particles
Isis can distort descriptor distributions comparegd to datasets from which such conj
removed[26]. Users often desire automated methods for identifying, analysing and/
farget particles from datasets.

key findings of the study summarized here-are:

the method for identifying and separating touching particles (termed “complexes”), seg

the method for differentiating between sample morphologies, which was used to
Ibetween two samples with different performance attributes (Sample 1 and Sample 2),

science and
hrd Material

s from such
b theoryl49],
are termed
longitudinal
productl29],
during data
plexes have
br removing

D.3.1;

lifferentiate
see D.3.2.

© IS0 2020 - All rights reserved

53


https://standardsiso.com/api/?name=59c6c819ae9ba5b9f55837faa5b0f6ce

IS0 21363:2020(E)

NOTE Cqurtesy of Physikalisch-Technische Bundesanstalt.

Figure D.1 — A STEM image at high density of colloidal gold nanorods

D.3 Highlights

D.3.1 Method for identifying and-separating touching particle complexes

A heuristic nethod was developed-toidentify descriptors and descriptor ranges that would differertiate
between toyching and discreteparticles, and nanorods and nanocubes. Figure D.2 shows the outlines
of particles|from a particular, frame. The 142 particles in this image were categorized with regpect
to being complex, discreté nanorods and discrete nanocubes. ANOVA of solidity data suggested that
this descripgor could differentiate between complex and discrete particles. ANOVA of aspect ratio|data
suggested that this déscriptor could differentiate between nanorods and nanocubes. Figure D.3 shows
the bivariate plot of-solidity as a function of aspect ratio for the data of Figure D.2.
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liscrete nanorod

liscrete nanocube

Figure D.2 — Imagej outline drawing of gold nanoparticles on a TEM support
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Figure D.3 — Bivariate plot of solidity versus aspect ratio
Discrete nﬁlgorods and nanocubes have solidities greater than 0,9, i.e. few surface irregular
However, theeir aspect ratios are distinctly different. The aspect ratios of non-nanorod particles 1
from 0,75 t¢ 0,95, while the nanorodsthemselves have aspect ratios less than 0,5. Complex, tou
particles had aspect ratios ranging fyom 0,2 to 0,85, but their solidities were less than 0,90. Con
particles were removed from the(datasets by sorting the solidity descriptors and retaining only dis
particles for analysis. NanocubleS were separated from nanorods by sorting the aspect ratio value
retaining only the nanorod.data. Since nanocube levels varied from 1 % to 4 % across the datasg
was not pragtical, in thiscase, to develop statistics on their morphology. More nanocubes would ne
be imaged for meaningful measurement uncertainties for these shapes.

D.3.2 Di

lable D.1 f:E
Table D.1 s

rentiating between nanorod samples

ities.
ange
thing
plex
Crete
5 and
ts, it
ed to

ws an ANOVA comparison of interlaboratory data for several size and elongational §

hape

descriptors. It is clear that no size or shape means seem likely to differentiate between the samples.
However, differences might be found if the spreads of distributions are considered. The distributions
have different spreads, as demonstrated either by the Kolmogorov-Smirnov method, by quantile plots,
or by measurement uncertainties. The grand average values of the aspect ratio spreads of Samples 1
and 2 are 0,064 9 and 0,040 6, respectively. The measurement uncertainties of these values are 5,7 %
and 3,0 %, respectively, so even considering two standard deviations above and below the averages, the

aspect ratio

56

spreads are statistically different from each other.
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Table D.1 — p-values of ANOVA comparison of descriptors for Samples 1 and 2[44]

Descriptor p-values
Mean Spread
Feret 0,786 <0,001
minFeret 0,384 0,018 8
Aspect ratio 0,096 <0,001
Compactness 0,776 <0,001
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(informative)

Amorphous aggregates

E.1 Reference

Carbon blagk is an industrial material consisting of aciniform aggregates (grape-like cl rs of

aggregated |particles). Aggregate size distribution and morphology are often used to s cdrbon
blacks for specific applications. Cabot Corporation supplied a sample of SRB8 (see ﬂgmc%l ,an ASTM
reference cqrbon black, for an ILC of carbon black aggregates[4>l, (bQ')

NOTE Supplied by Cabot Corporation.

Figure E.1 — Aciniform carbon black sample, SRB8
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Background and design objectives

As shown in Figure E.1, there are a variety of aggregate shapes for this carbon black, which have been
categorized as spheroidal, ellipsoidal, branched and linear[>11(52], An ASTM standard (ASTM D3849-
14al24]) uses two aggregate descriptors, aggregate perimeter and aggregate area, for its analysis. These
descriptors provide the measurement basis for six derived parameters:

In

E.3 | Highlights
E.3.1 Measurement uncertainties of carbon black aggregate descriptors
Meagurement uncertainties were computed for the mean and spread parameters of refer

fitted to distribution data. Table E.1 provides measurement uncertainty estimates for d

size
can

meas
mea
have
unce
blach

The

desc
prov

Py
resu
aggr
darea

the area-equivalent aggregate diameter;
the aggregation factor;

the average particle (nadule) size for a single aggregate;

the aggregate volume;

the particle volume;

the number of particles in the aggregate.

evious round-robin tests, this protocol was found to give inconsistent results, whig
ted from descriptors associated with the aggregate perimeter. DUe to the fractal n
boates, perimeter measurements are much more sensitive tolimage resolution thg
5. Therefore, some key questions for the carbon black commuhnity include:

yhatare the repeatabilities/reproducibilities of aggregatésize and shape descriptor me3

lhow do the different aggregate shapes impact descripter distributions?

and shape descriptors, plusythe descriptors derived using ASTM D3849-14a (these
be used for projected areazbased fractal scaling). Lognormal distribution models
urement uncertainties™ for size descriptors while normal distribution models
urement uncertainties for elongational and ruggedness shape descriptors. Size paran
measurement uncértainties of 5 % or less (except for perimeter). ECD has the lowest m
rtainty estimatefamong the size mean, which confirms it as a common choice for descr
L aggregate size) Elongational parameter means have measurement uncertainties leg
bolidity meanf\parameter has a measurement uncertainty less than 7 %. ASTM D3849
[iptor mé€ans have measurement uncertainties of 13 % and greater; these descriptoi
de a solid foundation for descriptor correlations, such as fractal analysis.

h may have
ature of the
n projected

Isurements?

bnce models
onventional
descriptors
gave lower
gave lower
heter means
easurement
bing carbon
s than 4 %.
14a derived
's might not
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Table E.1 — Grand means and grand spreads table for carbon black aggregate descriptors[45]

Descriptor Reference Model Model Upc UpLc

model mean spread mean spread

Size

Area, in nm?2 LN 7,75 (2 310) 1,04 4,46 % 8,77 %

Perimeter, in nm LN 5,52 (249) 0,696 9,09 % 28,7 %

Feret, in nm LN 4,39 (80,9) 0,586 3,55 % 6,49 %

minFeret, in nm LN 3,94 (51,5) 0,570 4,41 % 6,18 %

ECD, in nm LN 397 (52.9) 0.552 1.60% 8.79 %

Elongation

Aspect ratio N 0,642 0,133 2,64 % 7,14|%

Compactnesp N 0,673 0,009 8 3,24 % 14,7|%

Ruggedness

Circularity N 0,485 0,212 22,9 % 17,11%

Solidity N 0,766 0,112 6,37 % 17,81%

ASTM D3849-14a

d, innm LN 2,89 (18,1) 0,465 129 % 27,31%

V, in nm3 LN 8,03 (3077) 1,37 14,0 % 27,31%

N LN 2,87 (17,6) 1,70 30,5 % 9,301 %

Key

LN =lognormpl distribution model (value in brackets is exp(mean value))

N = normal diftribution model

d,, = average farticle size for a single aggregate

V,, = particle yolume

N =number of particles (nodules) in the aggregate

E.3.2 Descriptor distributions re-assembled using four aggregate shape populations

Aggregate dlatasets can be deconyeluted by shape using a defined workflow([431[51]l, Once all |data
has been cdtegorized as spheroidal;-ellipsoidal, branched and linear, descriptor distributions cgn be
reconstructed from the contributions of their various aggregate shape components. Figures E.4 and
E.3 show the reconstructionrofithe Feret diameter and aspect ratio distributions from aggregate shape
populations| The main peak of the Feret diameter distribution is linked to its ellipsoidal aggregates.
The aspect [ratio distribytion is multimodal. Linear aggregates contribute the most to low values of
aggregate appect ratios, while ellipsoidal aggregates contribute the most to higher aspect ratios| The
deconvolutipn of distributions by shape might provide valuable information about the specific carbon
black under|studyx
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Figure E.2 — Contribution of aggregate categories to the Feret distribution
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Figure E.3 — Contribution of spheroidal, ellipsoidal, branched and linear aggregates to the
aspect ratio distribution
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Nanocrystalline aggregates

F.1 Reference

D
!
—

A sample of a commercial titania powder (MT-500BW, rutile) was supplied by Taycal>3], Figui
shows typicpl aggregates and a closer image of aggregated primary crystallites.

-~ ,
i((é\\"?
QO

I %s\'o
QS
O\\ - - -
& (00 A

Figure F.1 — A water dispersion of titania dried on a TEM support
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Background and design objectives

A number of recently proposed titania applications are linked to primary crystallite sizes within
the aggregates. In this case, manual outlining of nanocrystallites is used to determine their size
distribution. While the term “primary particle”[>4] has been used to describe the individual elements
fused together in titania aggregates, “primary crystallite” is a more precise term as there are grain
boundaries between these featuresl>2l. Details on manual outlining are provided elsewherel23],

E3

Highlights

E3.

Seve
type
per 1
calib,
affec
affed
valug
were

F.3.2
distj

F.3.2

Size
than

the H

unce

lognormal distribution have measuremént uncertainties of 9,5 % and 22 %, respectively. Th

Elfects of protocol ractors on crystallite data quality

h protocol factors were evaluated to determine their effects on data quality: laboratoryj

im) and image analysis software. For the size descriptors, ECD and Feret,didmeter, g
ration methods gave a p-value greater than 0,05, suggesting that the calibration met
t data quality across the ILC for these descriptors. Similarly, the softwarne used for img
t the Feret, minFeret, ECD and aspect ratio variables (p > 0,05). Eer-all size descriptq
s were greater than the STEM values (differences ranged from 4 %-to 7 %). The remai
dependent on specific laboratories and their individual effectsicould not be discrimin

Primary crystallite size descriptors are best modelled using lognormal
ributions

1 General

descriptors of titania nanocrystallites arechbest modelled using lognormal distribu
normal distributions. Table F.1 shows the-mean and spread values for each distributid
CD data. The fitted mean and spread parameters for the normal distribution have m
rtainties of 22 % and 31 %, respectively. However, the fitted mean and spread param

instrument

number of particles reported, number of frames reported, calibration methed,'fesoliition (pixels

n ANOVA of
hod did not
ging did not
rs, the TEM
ning factors
hted.

tions rather
n applied to
easurement
bters for the
e lognormal

referfence model would be preferred as’its Uy, ¢ is less than half that of the normal model.
Table F.1 — Measurement uncertainties of ECD fitted parameters, normal and lognormal
distributions
Descriptor ECD (normal) Ln(ECD), (lognormal)
nm In(nm)
mean spread mean ispread
Grand average; HiC 39,8 12,9 3,58 0,318
Grand st. dew,, ILC 4,12 1,88 0,161 0,033
C,in% 10,3 14,6 4,49 10,5
Uy in% — S 95 22

F.3.2.2 Data visualizations complement measurement uncertainty values

The normal distribution or the Weibull distribution can be used to fit aspect ratio data. Figure F.2 shows

that

the aspect ratio distribution for Lab 1 data is multimodal.
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Figure F.2 — Density and cumulative.distributions of aspect ratio (Lab 1)

A bimodal model can be fitted to these datat this requires five fitted parameters. Figure F.3 show]s the
residual deyiation plots for the unimodal normal fit, the unimodal Weibull fit and a bimodal Wgibull
fit to the aspect ratio data. For the data of this laboratory, the residual deviation plot suggests thgt the
Weibull distribution should be preferred over the normal distribution, and that the Weibull binpodal

distribution| fits the data over a much larger range of aspect ratios. The mean value of the aspect
is shown as|a red vertical lineFlie unimodal and bimodal Weibull models are closer to the data
its average yalue, and the bifmgdal Weibull fit is closer to the data over a wider range than either g

other models.

ratio
near
f the

64

© IS0 2020 - All rights reserved


https://standardsiso.com/api/?name=59c6c819ae9ba5b9f55837faa5b0f6ce

IS0 21363:2020(E)

80% r

60 %

40%

20%

0%

-20%

-40 % - © ©

-60 %
0,2 0,4 0,6 0,8 1

X
Key

A normal distribution X  aspectratio

< Weibull distribution Y relative residual deviation, in %
O bimodal Weibull

gspect ratio mean

Figure F.3 — Normal, Weibull and bimodal Weibull fits to an aspect ratio distributign (Lab 1)
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Annex G
(informative)

Nanofibres with irregular cross-sections
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ing the definition of nanofibres (see 3.1.9).‘@like gold nanorods (see Annex D), which
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Courtesy of NRC Canada.

Figure G.1 — Cellulose nanocrystal particles
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