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Foreword

[SO (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 procedures used to develop this document and those intended for 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 document should be noted. This document was drafted in accordance with the editorial rules of the
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Introduction

Nanocrystals are a main component in some advanced materials, especially nanomaterials, and also
appear in traditional materials, such as needle-shaped precipitates in steels and alloys. Controlling the
microstructure of these materials during fabrication is very important for quality control considerations.
To control the microstructure and thereby improve the service properties of the relevant materials, the
apparent growth direction, or the longest axis of the nanocrystals is one of the essential parameters. This
direction of nanocrystals is generally determined by transmission electron microscopy (TEM).

© IS0 2024 - All rights reserved
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Microbeam analysis — Analytical electron microscopy —
Method of determination for apparent growth direction of
nanocrystals by transmission electron microscopy

1 Scope

This docuinent gives a method for determination of the apparent growth direction of nare

transmissi
synthetize
second-phs
to be testq
the transm
folded, to d

2 Norm

The follow
the requir
references

[SO 15932,

ISO 25498
analysis us

3 Term

For the pui
ISO and IE
— IS0 On
IEC El4

31

nanocrystal

discrete pi
the three n

pn electron microscopy. This method is applicable to all kinds of wire-like crystallin
d by various methods. This document can also guide in determining an axis|direc
ise particles in steels, alloys, or other materials. The applicable diameter onwidth of t
d is in the range of tens to one hundred nanometres, depending on thefdccelerating
ission electron microscope (TEM) and the material itself. Position, whieh-is curved, tv
etermine the apparent growth direction, should not be used.

ative references

ng documents are referred to in the text in such a way that some or all of their content
ements of this document. For dated references, only. the edition cited applies. F
the latest edition of the referenced document (including any amendments) applies.

Microbeam analysis — Analytical electron microscopy — Vocabulary

2018, Microbeam analysis — Analytical ele¢tron microscopy — Selected area electron
ng a transmission electron microscope

s and definitions
poses of this document, the terms and definitions given in ISO 15932 and the followin

[ maintain terminology(databases for use in standardization at the following addresse

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

ctropedia: available at https://www.electropedia.org/

bce of erystalline material exhibiting a dimensional anisotropy with an axial elongatig
anocrystalline lattice direction in the nanoscale

rystals by
e materials
tion of the
he crystals
voltage of
visted, and

ronstitutes
r undated

diffraction

s apply.

2]

n in one of

3.2

apparent growth direction

crystalline

direction which is parallel to the longest dimension of a single crystal

Note 1 to entry: Apparent growth direction does not involve mechanisms of the phase interface migration.

3.3

Miller notation
indexing system for diffraction patterns, which describes a crystal lattice by three axes coordinate

© IS0 2024 - All rights reserved
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Miller-Bravais notation
indexing system for diffraction patterns of hexagonal crystal, which describes the lattice by four axes
coordinate

3.5

reciprocal vector

Ihki

coordinate vector of hkl lattice point in the reciprocal lattice

Note 1 to entry: Reciprocal vector g, is perpendicular to the plane (hkl) of crystal, its length is inversely proportional
to the interplanar spacing d;;.

[SOURCE: ]

3.6
R vector

Ry

coordinate

[SOURCE: I

3.7

reciprocal

imaginary

bU Z254Y06:2U10, 5.6, modified — Note 1 to entry has been modiiied. |

vector from the central spot 000 to the diffraction spot hkl in a diffractién pattern

SO 25498:2018, 3.9, modified — Note 1 to entry has been removed.]

space
space where planes of atoms are represented by reciprocal points and all lengths are

of their lenigth in real space

4 Speci

4.1 The/{
beam irrad

imens

ample crystals shall be clean, without contamiination or oxidation. They are stable und
iation during TEM analysis.

4.2 Powdler or extracted powder specimens'of the crystals may be analysed. The sample powd

well dispet]

NOTE

immersed i
supporting
are usually
adopted, de

4.3 The
treated as

4.4 Thin

ne of the techniques in comiinon use is ultrasonic dispersion. In this method, the sampl
h ethanol or pure water and-dispersed by ultrasonication for about 0,5 h to 1 h, then dropp

barallel to the suppoprting film plane. Other techniques to prepare individual crystal specimen;
bending on the physical characteristics of the sample.[]

precipitates“or second-phase particles in steels, alloys and the like should be extr{
powder specimens; see 4.2.

sed by a suitable technique so that individual crystals can be observed under the TEM|.

the inverse

er electron

ler shall be

b powder is
ed onto the

film surface of a microgrid/ Then, the microgrids are dried at room temperature. The wire-like crystals

can also be

icted, then

foikspecimens of various solid substances prepared by suitable methods (focused io

beam, ion

beam thinfing, etc.) are applicable. The specimen shall be thin enough to transmit the electron bpam.[2]

5 Analysis procedure

5.1 Setting the TEM operating condition

5.1.1 Preparation of the TEM

The TEM working condition shall comply with ISO 25498:2018, 8.1.

© IS0 2024 - All rights reserved
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5.1.2 Accelerating voltage

The applicable accelerating voltage of the TEM for the analysis mainly depends upon the thickness of the
specimen to be studied. Stability of the crystals under electron beam irradiation is also important for the
accelerating voltage setting. Aslong as the structure and/or morphology of the specimen is not altered during
the analysis, clear images and sharp diffraction patterns can be obtained on the TEM. The corresponding
accelerating voltage or higher may be suitable for the work.

5.1.3 Setting the specimen

Place the specimen to be tested firmly in the double-tilting or tilting-rotation specimen holder, then insert the
holder into the specimen chamber. It is recommended to use the cold finger of the TEM before conditioning.

514 Ca

As specifie
the corres
diffraction

libration of the rotation angle

d in ISO 25498:2018, 8.1.6, to be able to successfully correlate the axis of interest/in an
bonding diffraction pattern, the rotation angle between the micrograph and*‘its cor}
pattern may need to be calibrated. A molybdenum trioxide crystal specimen may b

reference for the rotation angle calibration. The analyst may refer to textbooks such as Referen

[4] for the

NOTE )i
In this case,

5.2 Dat4

5.2.1 Se

On the viey
low magnif
target. Und
crystal. Ad

5.2.2 Ob

5.2.2.1 (

Various eld
The select
however, f
through a s

5.2.2.2 K

The procec

experimental procedure for this calibration.

or some transmission electron microscopes, the rotation angle has been compensated by the m
step 5.1.4 can be ignored.

) acquisition

ect the target crystal

ving screen, TV monitor, or computer screen of-the TEM, get an overview image of the s
ication mode. Select an individual crystal which is clean and free from damage or disto
er bright-field imaging mode, adjust the magnification to get a clear magnified image o
ust the specimen height (Z axis) to the eticentric position. Adjust the focal length of thg

taining diffraction patterns

teneral

ctron diffraction techhiques may be applicable for the determination of the crystal axi
bd area electron diffraction (SAED) and microbeam diffraction techniques are in co
r the present purpose, the spot diffraction patterns or the patterns formed by the inc
mall angle aperture are preferred.

rocedure

uréfor taking diffraction patterns and micrographs of the target crystal is as follows.

mage with
'esponding
b used as a
ces [3] and

hnufacturer.

pecimen in
'tion as the

f the target

images.

5 direction.
mmon use;
dent beam

a) Select a suitable position of the target crystal in the specimen and select a diffraction mode (SAED,
microbeam diffraction, or other suitable mode). Switch to the diffraction mode to get a spot diffraction
pattern. Tilt the specimen slightly so that the brightness distribution on the diffraction pattern is
symmetrical and a zero-order Laue zone pattern is displayed. Therefore, the zone axis, Z; (with index
[uyv4w4]), of this diffraction pattern is nearly reverse parallel to the incident beam direction, B;. Record
this diffraction pattern, Z; and take note of the reading on the X and Y tilting angle of the double tilting
specimen stage as X; and Y; respectively.

NOTE

b)

Refer to the instruction manual provided by the microscope manufacturer for the operation procedure
for each diffraction mode.

Switch back to the imaging mode without changing the specimen orientation to get a correlative

bright field image, M;, of the target crystal. Check the focus of this image and take a photo or save

© IS0 2024 - All rights reserved
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it in the computer system. This image, M, is formed under the incident beam direction, B, which is
approximately reversely parallel to the zone axis, Z;.

Return to the diffraction mode and tilt the specimen to produce a second diffraction pattern with zone

axis Z,. Record this diffraction pattern, Z,, and take note of the reading on the X and Y tilt angle of the
specimen holder as X, and Y5, respectively.

Repeat step b) to form the second bright field image, M,, of the target crystal. This image, M,, is formed

under the incident beam direction, B,, which is nearly reversely parallel to the zone axis, Z,, of the
specimen.

The angle, 1, between the two specimen holder positions (that is, the angle {* between the zone axis,

Z,, with index [u,v;w4] and Z,, with index [u,v,w;]) can be obtained from the differences between the

readin

5.2.3 De

To determi
in Formulal

LA:th

where

L
A

Rpki

dhkl

LA is the c3
central spd

When the

Form_ula_ll
and hkl)

In most caf

camera comstant calibration-is specified in ISO 25498:2018, 8.3.

Camera co
pure gold
reference

ring (hkI),

]

termining the interplanar spacing

ne the interplanar spacing, dy,;, of the plane (hkl) in crystals, the simplified*Bragg lay
(1), shall be followed.

* dpg

is the camera length;
is the wavelength of the incident electron beam;

is the distance between the central spot and the-diffracted spot of a crystalline plane
diffraction pattern;

is the interplanar spacing of the crystatline plane (hkI).

mera constant. Transmitted spot shiould be coincident with the optic axis. It is necess4
tis the transmitted spot of used diffraction pattern.

camera constant LA is knewn, the interplanar spacing dj,; can be found, in pring
) by measuring the distahce R;,;;. However, in practice, 2Ry, (the distance between th
shall be measured, then-divided by two to calculate the distance Ry,

es, the camera constant, LA, shall be calibrated for the present work. The practical pr

nstant, LA, calibration is usually performed by using a reference specimen such as poly
pr puresaliminium. At a given accelerating voltage, record the ring diffraction pat
specimen. Index the diffraction rings and measure the diameters 2Ry, of the cor}
respectively. Find the interplanar spacing d,, for a plane (hkl) of the reference speci

y as shown

€8

(hkI) in the

ry that the

iple, using
e spots hkl

cedure for

crystalline
fern of the
'esponding
men by the

crystallogt

aphic formulae. The camera constant, LA, can then be calculated using Formula (1).

n practice,

either the LA ~ D/2 plot or an average value of the camera constant may be used.

When the crystalline structure and the confident lattice parameters of the specimen are already known, the
diffraction constant, LA, may be calculated from its diffraction pattern directly. The approximate value of LA
can be found on a console readout display of a modern TEM.

5.2.4

Index diffraction patterns

For specimens comprised of crystals in the nanometre size regime, most of the time, only spot diffraction
patterns can be observed. Kikuchi patterns seldom appear owing to their small thickness. Therefore, only
the procedure for indexing spot diffraction patterns is specified in this document.

© IS0 2024 - All rights reserved
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The practical procedure for indexing diffraction patterns may refer to ISO 25498:2018, Clause 9. For the
convenience of applying this document, the indexing process is briefly summarized as follows:[31[41(3][€]

a)

Select two diffracted spots, hjkil; and hyk,l,, from the diffraction pattern such that these spots are

nearest and next-nearest to the central spot, 000, respectively. Measure the length of correlative vectors
Ry, k,1, and Ry, which are defined as the vector from the origin, 000, to the diffraction spot hyk; Iy

and the spot hyk,l,, respectively, in the diffraction pattern. Calculate the corresponding inter-planar
Then, assign tentative index values for each spot.

spacing dy, ), and dp,,

.

b) Measure the included angle between the vectors Rp y,; and Ry, as well as the angle between
Ry, k,1, and Ry, h1 ky— k1 l,-1, respectively, where R, h1 ky—kq, I,—1; 1S defined as the R vector of the
i he angle is
ental value
c) Calculate the zone axis, Z, of the diffraction pattern [u v w] by the zone multiplicatioh law; see
uzviw =(kylp —kaly ):(Iyhy =lohy ):(hyky —hyly) (2)
If the ipdices u, v and w contain a common integral factor n, divide them'all by the common fdctor n.
d) Assign|consistentindices to the remaining spots on the diffraction-pattern by using the vector addition rule.
e) When puitable software is installed with the TEM, measurement of and calculations on the|diffraction
patterns can be carried out by the computer system.
5.2.5 Ngn-uniqueness of the indexing result
For a diffjaction pattern containing only two-dimensional information (i.e. a planar section of single-
crystal diffraction patterns), the indexing of this pattern is not unique. Causes for the non-uniqugness of the

indexing m

Firstly, the
variants of
may have 3
are located

Secondly,
described

obtain twq

ay be considered from two factors.

indexing non-uniqueness can result from a multiplicity of crystals with high symmetr

a diffracting plane may be_equally indexed. Accordingly, the zone axis of a diffracti
different index, i.e., variants of the zone axis, but on the stereogram, the poles of the
at different positions.

the 180° rotational-symmetry of the indices hkl of a diffracted spot allows the index

hs hk 1, similaidy) indices [uvw] of a direction can also be [V W ]. Therefore, it is ng
or more diffraction patterns, Z; and Z,, successively by tilting the specimen. Thg

between the zone axe§;Z; and Z, of the two patterns shall be coincident with the angle betwe|

specimen }

5.3 Detgd

older positions. Also, the indices for all of the patterns shall be consistent with each of

rmination of the crystalline direction

y. Different
on pattern
se variants

to also be
bcessary to
angle, ¥*
en the two
her.

5.3.1 Ge

neral approach

5.3.1.1 Define the projection direction

a) Specify the projection direction, A, of the crystal to be determined on its micrograph, M;. As an example,

schematic micrograph M; and corresponding diffraction pattern Z; of a nanoparticle are given in
Figure 1(a) and (b), respectively. Align the diffraction pattern Z; with the micrograph M, carefully, after
compensation of the rotation angle. Draw a line, N4, perpendicular to the projection direction A; of the
crystal on the diffraction pattern Z;. This line, N;, is the normal of the projection direction, A;. On
diffraction pattern Z,, identify the diffraction spot with index, h, k11,1, which is closest to the line N;.
The vector Ry 4 ., . from the central spot, 000, points toward diffraction spot hy;ky/4, is the normal

© IS0 2024 - All rights reserved
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of plane (hy;Kyly1). Measure the angle, ¢;, between the line N; and vector Ry, , ., .~ The projection

1
al'al
direction A; of the wire-like particle and its normal, N;, are delineated on the diffraction pattern. The

spotindexed as h,k,1l4 is the closest one to the line Ny The angle ¢; between theline Ny and Ry, ;.

is nearly zero in this case.

Carry out a similar operation as step a) on the second diffraction pattern, Z,, and the micrograph M,
Define the second projection direction, A,, of the crystal on the diffraction pattern Z,. Measure the

angle, ¢,, between the normal N, of projection direction A, and the closest direction of vector R, ;. ,
a2"a2'a2

namely the normal of plane (h,,k,,1,,) on the diffraction pattern Z,.

A similar operatlon as described in step a) may be performed on more dlffractlon patterns and their
correspong ll an ll ala alla alla a a
taken {inder the same 1nc1der1t beam direction B and the same TEM workmg condltlon

NOTE ffor hexagonal crystals, the Miller-Bravais notation can also be used to index the diffraction patterns. The
relations between the Miller and Miller-Bravais notation are given in Annex A.

5.3.1.2 Determining crystallographic direction by stereography

a)

b)

20.nm

a) Bright field micrograph ofla nanoparticle b) Diffraction pattern [u,v,w,]

Figurre 1 — Schematicnricrograph and corresponding diffraction pattern of a nanoparticle

Get a §tandard stereographic projection which corresponds to the crystal structure of the specimen,

which [can be obtained through crystallography software. On the standard stereographic projection, the
pOleS f r¥haozonn avnc 7 7  and othaorcic vraunalad (bhara can bha ymorn donanding vinan +h Specimen)

Tt CZOTIC oA TS0, Ay, ot Ot e T o 1o T oV Cor e U e e C C o o T o S e pe ot S o p ot e

(see Figure 2).

Draw the great circle, C; corresponding to the zone axis Z;. On this great circle, C;, mark the pole of the
plane (h,k,;1,;). Then mark the pole of the normal N; of projection direction A, on the great circle C,
by the angle, ¢; between the normal N; and the normal of plane (h,;k,;1,;), which is obtained from the
procedure in 5.3.1.1.

On the same standard stereographic projection, draw the great circle, C,, corresponding to the zone
axis Z,. On this great circle, C,, mark the pole of plane (h,,k,,l,,), which is the normal direction of plane
(h,k,ol,0). The pole of the normal N, of projection direction A, is also marked on the great circle C,
by the angle, ¢,, between the normal N, and the normal of plane (h,,k,,l,,). When more diffraction

© IS0 2024 - All rights reserved
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patterns and micrographs are acquired, repeat this operation to mark the correlative poles of the
normal such as N; on the stereographic projection.

d) Draw a great circle, Cy, through the poles N;, N, (and/or more poles of normal N, of the projection
directions obtained from other diffraction patterns and micrographs). The pole of this great circle, C,
is then the apparent growth direction, A, with index (H K L), which is in terms of the plane normal. So
far, all of the normal vectors are indexed in terms of the plane normal and have not been indexed as
directions.

e) Convert the index of the plane normal (H K L) to the crystalline direction index [u v w] by using the
crystallographic relation; see Formula (3).

120

Figure 2 — Standardstereographic projection of the crystal in Miller notation

5.3.2 Copvert the crystallographic index

Convert the index [HKE] of the apparent growth direction 4, in other words, from the reciprocal space into
direction index [uvw}of the real space by crystallographic formulae according to its crystallograghic system
(see Annex B). This.conversion is not required only for cubic system crystals; the direction index [uvw] is
equal to the index[HKL].

The normdlef a p]nnp (F”(I) may be converted intg the r‘rych]]inn direction [u\nu] H‘\rnngh a alculation

using Formula (3):

u H
v =Gl K (3)
w L

Conversely, a crystalline direction index [uvw] can also be converted into the normal plane (HKL) in
reciprocal space by Formula (4):

© IS0 2024 - All rights reserved
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H u
K |=G|v
L w
where matrices G and G for the seven crystal systems are given in Annex B.[7]

(4)

For cubic system crystals, the index (hkI) of a reciprocal vector gy, possesses the same value as its

corresponding crystalline direction [uvw]; that is, h = u, k = v, I = w. For non-cubic system crystals, it is
necessary to convert the index (hkl) into the indices [uvw] of the crystalline direction or zone axis.

5.3.3 Re

Owing to {
coincide wj|
that are th

5.3.4 Re|
Select anot
This cycle

The examp

6 Unce

Uncertaint
acquisition

The uncer
factors:
012
OR
Oy

According
(U and Ug

In practice]
reversely p

uitof themuttipticity factor

he multiplicity factor, the poles of the growth direction determined from sevetal“cr
ith two or more points on the same stereogram. These may be considered as growth|
b equivalent direction of a family {HKL}; the indexes of the direction are <uyw.

petition
her target crystal and repeat the procedure described in 5.2 and 5.3
may be repeated several times depending on the required stdtistics of the analysis.

le for determination of long-axis direction from Au nanderystal is given in Annex D.

tainty estimation

y of the crystalline direction determinationi*is affected mainly by two processe
and measurement results by image analysis:

ainty u; caused by process of acquiritig micrographs and diffraction patterns inv

is the uncertainty of the camera constant;

is the uncertainty of conmpensation of the rotation angle between image and corresp|
fraction pattern;

is the uncertaifity of measurement results of the angle between the two zone axes.

Fo Guide 98-3(GUM:1995),[8] uncertainty is classified into the category of type A and B
. The uncertainty o, and oy are classified into Ug.

the zone axis of diffraction patterns is basically determined by tilting the specimen
arallel to the incident beam direction B approximately. Therefore, the uncertainty Oy i

ystals may
directions

b of image

blves three

onding dif-

ncertainty

holder and
s classified

into U, anca

shall be calculated from the results by n times repeated measurements.

The uncertainty u, is represented as follows in Formula (5):

Uy =\/GMZ +0R2 +(GW /\/;)2

where

© IS0 2024 - All rights reserved
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n
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is the uncertainty of the camera constant;

is the uncertainty of compensation of the rotation angle between image and corresponding dif-

fraction pattern;

is the uncertainty of measurement results of the angle between the two zone axes;

is total number of measurements of the uncertainty o, .

The uncertainty u, caused by measurement results on analysing micrographs contains three factors as

follows:

Gy

GW(p

O-W
The uncert
by m times

The uncert

: 4] Ao rands. £l 1 1 4= 4] o 4= 4= D 1 4] 14l
IS5 HIIT UIILTT UAITIT y UT' LT dITgICT [ UTLVWETIT UIT COUTUINIAIT VEUL LU IV dIIU LT TTUT AT TIT

direction of the crystal measured on the diffraction pattern;
is the uncertainty of the angle measured by Wulff net on the stereographic projectio
is the uncertainty of the Wulff net as a measuring tool.

ainty o, and o, are classified into U,. These uncertainties shall be-calculated from

wo

ainty u, is represented by Formula (6):

-

where

Oo

The comb
Formula (7

u=\¢u12

The expan

Gp /M)’ +(0p /NT) +0,7

is the uncertainty of the angle ¢ between thie/coordinate vector R and the normal the |
direction of the crystal measured on the diffraction pattern;

is total number of measurements ofthe uncertainty Ogp;

is the uncertainty of the angle measured by Wulff net on the stereographic projection
is total number of measurements of the uncertainty o,,,;

is the uncertainty ofthe Wulff net as a measuring tool.

ned standard uncertainty u of the crystalline direction determination is reprg

):

+ UZZ

Hed uncertainty U for the determination of crystalline direction is given by Formula (8]).

projection

=]

-

the results

and / times repeated measurements, respectively. The uncertaintyZ&,, is classified into Ug.

(6)

pbrojection

sented by

(7)

U=kx

u

where k is the coverage factor.

NOTE
kis setto 3.

(8)

For a confidence limit of approximately 95 %, k is set to 2 and for a confidence limit of approximately 99 %,

The poles of the apparent growth direction experimentally determined from several specimens may be
distributed around the pole of (H K L).
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7 Testreport

An example of a test report is given in Annex C. The test report shall require information to be given on at
least the following aspects of the test:

— type of the sample;

— typical image of the specimen morphology and diffraction patterns with scale bar;
— operating voltage of TEM;

— name of the software;

— crystalline direction determined.

© IS0 2024 - All rights reserved
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Annex A
(informative)

Relationships of Miller notation and Miller-Bravais notation for
hexagonal crystals

Diffraction patterns of a hexagonal crystal may be indexed either by Miller notation or equivalently by Miller-
Bravais notation. For the Miller notation, three axes coordinate system are used, i.e. indices (hkl) for a plane,
[uvw] for { direction. However, in the Miller-Bravals notation, the hexagonal system 1s descrijed by four
axes. The indices are (hkil) for a plane and are [UVTW] for a direction. The two notations may, bg converted
to each otHer. The relations between the Miller and Miller-Bravais notation are given by Fermulde (A.1) and

(A.2):[7]
For indiceq of a plane (hkl) and (hkil):
i=—(htk) (A1)

For indiceq of a direction [uvw] and [UVTW]:
2u-v)
2v—u)

(A.2)

T=—§(u+v):—(U+V)

W=w

© IS0 2024 - All rights reserved
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Annex B
(informative)

Matrix G and G! for the crystal systems

The symbols a, b, and ¢ denote vectors of the lattice parameters of a crystal; the length of each vector is a, b,

and c respectively. The angle between b and c is «, the angle between a and c is f, and the angle between a
and b is y. See Table B.1.

Table B.1 — Matrix G and G of the seven crystal systemsl[”]
Crystal-
line G G1
system
iz 0 0
a2 0 0 a
. 2 1
Cubic 0 a 0 0 ) 0
a
0 0 o 1
0 0 -
a
2
29 42
2 3d 3d
2
Hexaig- _C 2 ) 22 42 0
ona 2 3a 3a
2
1
0 0 c 0 0 =
c
1
- 0 0
@ 0 0 a
Tetrag- 0 & 0 0 i 0
onal a>
0 0c¢? 1
0 0 -
c
1
- 0 0
a0 0 a
Ortho- 1
rhom- 0 b* 0 0 — 0
bic 5 b~
0 0 c 1
0 0 -
c
2 2 ) sin” o cos? o —cosa cos® o —cosar
a a“-cosa  a“-cosa
Rhom- 2 ) 2 cos®oi—cosa  sina cos® o — cosa
bo- a“-coso a a“-coso a B
hedral 2 2 2 cos® ot —cosa cos® ot —cosa sin® ot
a“-cosoe  a“-cosx a
B =sin® o — 2cos® ot + 2cos’ o

© IS0 2024 - All rights reserved
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Table B.1 (continued)

Crystal-
line G G1
system
1 —cosf
2 2 .2
o 0 a-c-cosP a® -sin” a-c-sin” B
Mono-
! 0 b? 0 0 = 0
clinic B2
a-c-cosp 0 ?
—cosf 0 1
4-c-sin? :R 2 .sin? ’R
sin o coso -cosfB—cosy  coscf Jcogy—cosf
a? ab ar
2
a a-b-cosy a-c-cos .
o 4 B 1| cosa - cosfB—cosy sin? B cosf3 -cogy—cosa
Trlicclln- 1-b-cosy b? b-c-cosa A ab b2 be
.c- b-c- 2 12
p-c-cosfi b-c-cosa 4 cosa -cosy—cosfB  cosf-cosy~cosax sin“y
ac be P
— 2 2 2
A=1-cos” ot —cosS —cos” y+2cosa - cos B - cosy
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Annex C
(informative)

Example test report

General information

Name of tife Testing laboratory: N
Name of the client: (\(],W
Address of the client: N.‘])’
Telephone|number of the client: n,\\)‘

Name of the TEM manufacturer and model: y\O)V

TEM working condition

Operating

voltage: (kV)

Image formation mode

Magnificat

ion of the micrograph field width

Diffractiof mode:

Name and

identification of the software:

Internatio

hal Standard reference:

Testing rq

bsults

Name and

serial number of the specimen:

Type of th

b specimen:

xO

gy
(with scalg

P bar):

Typical micrograph of the specimen morph@

Diffraction patterns:

t\\’ .
(\S

Crystallin

. . . ~
b direction determmggl:()

Authority

B

Operator 1

lame:

Testing date:

%\J
)V

Erson(s) gu‘%rizing:

Signature

ofpe@g) authorizing:

B
e

© IS0 2024 - All rights reserved
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Annex D
(informative)

Example for determination of long-axis direction from Au nanocrystal

D.1 Gen

eral

The following example is given for the convenience of users to understand correctly the processing

procedure

D.2 Acq

Bright-field
along thre|
digital cam
respective

indicated in this method.
nisition of micrographs and diffraction patterns from target crystal

e directions of the incident electron beam, respectively, are recorded digitized in
era and the photographic film by an image scanner. They are shown'in Figure D.1 and

| micrographs of an Au nanocrystal (target crystal) and corresponding” diffraction patterns

hages by a
Figure D.2,

y. Information on Figures D.1 and D.2 is as follows.

— Speci:|:en: Au nanocrystals, length 60 nm, width 17 nm.

— Cryst

— lattice
— Obsery
— Accele
— Typeo
— Camer
— Inform

— Ti
Xl

— Ti
X,

— Ti
X3

structure: fcc
parameter: a= 0,408 nm
ration apparatus: TEM equipped with a CCD camera (1kx1k pixels)
Fating voltages: 200 kV
f electron sources: lanthanum hexaboride gun (LaBg)
a length: L=40 cm
ation on diffraction pattern:

ting indicator provided” by the goniometer to record the diffraction p
=6,1, Y;=10,7;

ting indicator ¢ provided by the goniometer to record the diffraction p
=-19,0, Y,=15,4;

ting indicator provided by the goniometer to record the diffraction p
=-6,0, Y3=-11,0.

httern  Z;:

ittern  Z,:

httern  Zs:

© IS0 2024 - All rights reserved
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-~

50 nm 50 nm

Figure D.1

D.3 Indgq

Z, and Z;, respectively

pxing the diffraction patterns

— Bright field micrographs of Au nanocrystal along incident electron beamdir¢ctions Z,,

The practical procedure for indexing diffraction patterns may refer to 180,-25498:2018, Clause 9. The

indexing r
obtained a
with the th
[310] and
between [
Therefore,
the diffrac

the experimental values are consistent with the theoretical values within error. The
[ion patterns has been confirmed.

Figure D,

D.4 Defi

2 — Indexed diffraction patterns from the Au nanocrystal corresponding microg

M, and M3, respectively, in Figure D.1

ning the projection direction

psult of the diffraction patterns Z;, Z, and Z; are also shownin*Figure D.2, resped
ngle between two incident electron beam directions by tilting'the specimen holder if
eoretical value to check the angular relationship betweenctlie two zone axes. The ang
21117 is 25,52°. The angle between [211] and [110] is 28,80°. The theoretical value d
10] and [211] is 25,35° and the angle between [211 }xand [110] is 30° for cubic syste

tively. The
compared
le between
f the angle
m crystals.
ndexing of

graph M,

After calibration of the rotation angle between the bright field micrograph and its corresponding diffraction
pattern, align the diffraction pattern with its bright field micrograph carefully. Draw the projection direction
A;, A, and A; on the diffraction patterns and their bright field micrographs, respectively. Then draw the
normal line of the projection direction Nj, Nz, and N; on the diffraction patterns, respectively, as shown in

Figure D.3.

Mark the indices of the diffracted spot, which is closest to the normal N; (that is 260) on the diffraction
pattern Z,. Measure the angle ¢, (that is 0) between the normal N; and the coordinate vector of diffraction
spot Ry, (equivalent to Ry,), in the present case angle ¢, is nearly zero. A similar operation as described

in previous step, mark the indices of diffracted spot, which is closest to the normal N, (thatis 240, equivalent
to 120) on the diffraction pattern Z,. Mark the indices of diffracted spot, which is closest to the normal N;

© IS0 2024 - All rights reserved
16


https://standardsiso.com/api/?name=915335206b9bf49199a4fefafe86646b

	Foreword 
	Introduction 
	1 Scope 
	2 Normative references 
	3 Terms and definitions 
	4 Specimens 
	5 Analysis procedure 
	5.1 Setting the TEM operating condition 
	5.1.1 Preparation of the TEM 
	5.1.2 Accelerating voltage 
	5.1.3 Setting the specimen 
	5.1.4 Calibration of the rotation angle 

	5.2 Data acquisition 
	5.2.1 Select the target crystal 
	5.2.2 Obtaining diffraction patterns 
	5.2.3 Determining the interplanar spacing 
	5.2.4 Index diffraction patterns 
	5.2.5 Non-uniqueness of the indexing result 

	5.3 Determination of the crystalline direction 
	5.3.1 General approach 
	5.3.2 Convert the crystallographic index 
	5.3.3 Result of the multiplicity factor 
	5.3.4 Repetition 


	6 Uncertainty estimation 
	7 Test report 
	Annex A (informative)  Relationships of Miller notation and Miller-Bravais notation for hexagonal crystals 
	Annex B (informative)  Matrix G and G-1 for the crystal systems 
	Annex C (informative)  Example test report 
	Annex D (informative)  Example for determination of long-axis direction from Au nanocrystal 
	Bibliography 

