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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.

GG“:-‘ tS€6 O—GEVE16P A Frehtc—aho v e G106 v 2
described in the ISO/IEC Directives, Part 1. In particular, the different approval criteria ‘nege

..... i her—matntenance are
ded 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 document'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
constitute an endorsement.

For

frade name used in this document is information given for the-éonvenience of users gnd does not

in explanation of the voluntary nature of standards;, the meaning of ISO specifi¢ terms and

exprgssions related to conformity assessment, as well ‘as’information about ISO'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®Committee ISO/TC 135, Non-destructive testing,

Subcpmmittee SC 5, Radiographic Testing.

This|first edition cancels and replaces.ISQ/TS 21432:2005, which has been technically revised. It also
incoiporates the Technical Corrigendum ISO/TS 21432:2005/Cor 1:2008. Furthermore th]s document

replgces ISO/TTA3:2001.

The main changes compared to ISO/TS 21432 are as follows:

Figures 1 and 5 wer€ replaced with updated, more suitable versions. The keys for seyeral figures
vere updated in ordér to better reflect and explain the content of the figures.

_

5.4 was rearrahged to emphasize the distinction between monochromatic instruments pnd time-of-
flight instruments.

The former Clause 7 became Clause 6 and vice versa. The new order reflects better the eal order of
§teps taken in the preparation of a measurement.

"C)'\

Aacyndatrad o i do S d i a1 d
vao MHMML\'M U }Il UvideU auuIitiviIiiaru

eereference value.

Clause 10 was slightly modified and the references to the ISO/IEC Guides relevant to uncertainty
determination were updated.

11.7 was added in order to include uncertainties and errors in the reporting.

A.5.4wasrevised and amended to provide more information on grain size effects and the possibilities
to mitigate these.

A9 was added to explain the calculation of stresses in the case of macroscopically anisotropic
material.

The Bibliography was updated by including a few new references.
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— Throughout the document minor revisions of the text were implemented in order to correct small
errors and to improve the clarity.

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

Neutron diffraction is a non-destructive method that can be employed for determining residual
stresses in crystalline materials. It can also be used to determine internal stresses in samples subjected
to applied stresses. The procedure can be employed for determining stresses within the interior of
materials and adjacent to surfaces. It requires specimens or engineering components to be transported
to a neutron source. Elastic strains are derived from the measurements, which in turn are converted
into stresses. The purpose of this document is to provide an International Standard for reliably
determining stresses that are relevant to engineering applications.
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Non-destructive testing — Standard test method for
determining residual stresses by neutron diffraction

WARNING — This document does not purport to address the safety concerns, if any, associated
with its use. It is the responsibility of the user of this document to establish appropriate safety
and health practices and determine the applicability of regulatory limitations prior to use.

1

Thisdocument describes the test method for determining residual stresses in polycrystalli
by neutron diffraction. It is applicable to both homogeneous and inhomogeneousimaterig
thosé¢ containing distinct phases.

The principles of the neutron diffraction technique are outlined. Suggestionsare provided
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bdures are described for accurately positioning.and aligning test pieces in a neutron b
sely defining the volume of material sampled for the individual measurements.

brecautions needed for calibrating neutron diffraction instruments are described. Te
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Ce is provided on how to determine reliable estimates of residual stresses from the str
w to estimate the uncertainty in the results.
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3 Terms and definitions

For the purposes of this document, the following terms and definitions apply.

ISO and IEC maintain terminological databases for use in standardization at the following addresses:

I
I
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neutron absorption
neutron capture by an atomic nucleus

Note 1 to entry: A table of nuclear capture cross-sections can be found in Reference [1].

3.2
alignment

adjustment of the specimen position and orientation and also of all the components of the instrument
such that measurements can be performed precisely at the desired location in the specimen

3.3

anisotropy
dependence

3.4
attenuation
reduction of

Note 1 to er
comprises nd

distance within the material for which the primary neutron beam intensity is reduced by 1/e.

3.5
backgroun
intensity co

Note 1 to ent
have an influ

3.6
beam-defin
arrangemern
intensity dif

Note 1 to ent

3.7

Bragg edge
sharp chang
correspondi
material un

3.8
Bragg peak
intensity dif

of material properties on the direction with respect to the sample

]
the neutron beam intensity

try: Attenuation can be calculated by using the so-called “total neutron cross-section”, ¥
utron absorption (3.1) and different nuclear scattering processes. The dattenuation length

il
hsidered not belonging to the diffraction (3.13) signal

y: Background dependence on the scattering angle owtime-of-flight (3.34) is not uncommon anj
bnce on the peak position (3.11) resulting from data analysis.

ling optics
t of devices used to define the properties of a neutron beam such as the wavelengt}
tributions, divergence and shape

'y: These include devices such as apertures, slits, collimators, monochromators and mirrors.

e in the neutron intensity as a function of the wavelength or monochromator take-off §
ng to the condition? = 2dy,, where hkl indicates an (hkl) diffracting lattice plane g
ler investigation

tribution of the neutron beam diffracted by a specific (hkl) lattice plane

vhich
s the

d can

and

ingle
f the

3.9

peak height
maximum number of neutron counts of the Bragg peak (3.8) above the background (3.5)

3.10

peak function
analytical expression to describe the shape of the Bragg peak (3.8)

3.11
peak positi
single value

on
describing the position of a Bragg peak (3.8)

Note 1 to entry: The peak position is the determining quantity to calculate the strain.
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3.12

peak intensity

integrated intensity

area under the diffraction (3.13) peak above the background (3.5), normally calculated from the
associated fitted parameters of a selected peak function (3.10) and a background function

3.13
diffraction
scattering arising from coherent interference phenomena

3.14

d'ff ' 1 43 'S r's
l AU LIUII CIdoliv CUILIISLAIItS

Epk

Vhki
elastic constants associated with diffraction (3.13) from individual (hkl) lattice planes for a

poly¢rystalline material

3.15
diffraction pattern
interjsity distribution of neutrons diffracted from a crystalline material’over the available wavelength,
timeqof-flight (3.34) and/or diffraction (3.13) angle ranges

3.16
full width at half maximum

FWHM

width of the Bragg peak (3.8) at half the peak height (3.9) above the background (3.5)

3.17
full pattern analysis
determination of the crystallographic structuré,and/or strain from a measured (multi-peal) diffraction
pattgrn (3.15) of a polycrystalline material

Note [l to entry: In general, the full pattern ‘analysis is termed after the method used (e.g. Rietveld refinement).
See also single peak analysis (3.31).

3.18
gauge volume
volume from which informatien is obtained

3.19
lattice parameters
linear and angulafzdimensions of the crystallographic unit cell

3.20
lattice spacing

d-spacing

latticeplane spacing

distance between adjacent parallel crystallographic lattice planes

3.21

Type I stress

macrostress

stress that self-equilibrates over a length scale comparable to the structure or component, thereby
spanning multiple grains and/or phases

3.22
Type Il stress
stress that self-equilibrates over a length scale comparable to the grain size

Note 1 to entry: Stresses of Type Il and Type III are collectively known as microstresses.

© IS0 2019 - All rights reserved 3
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Type Il stress

stress thats

elf-equilibrates over a length scale smaller than the grain size

Note 1 to entry: Stresses of Type Il and Type III are collectively known as microstresses.

3.24

monochromatic instrument
instrument employing a narrow band of neutron energies (wavelengths)

3.25

monochromatic neutron beam

monochro
neutron be

3.26
orientation
quantitative

Note 1 to ent]
materials.

3.27
polychrom

aticbeam
m with narrow band of neutron energies (wavelengths)

distribution function

description of the crystallographic texture (3.32)

ry: The orientation distribution function is necessary to calculate the elasti¢ constants of tex

htic neutron beam

neutron beam containing a broad band of neutron energies (wavelengths)

3.28
reference p
centroid of

Note 1 to ent

3.29

oint
he instrumental gauge volume (3.18)

Fy: See 7.5.

reproducibiility

closeness of]
measureme
and replicat]

Note 1 to enf

agreement between indications\or measured quantity values obtained under conditiqg
ht, out of a set of conditions thatincludes different locations, operators, measuring syst
e measurements on the same or similar objects

ry: A valid statement of \réproducibility requires a specification of the conditions changed.

can include the principle of measurements, method of measurements, observer, measuring instrument, refe

standard, loc

Note 2 to ent
results.

Note 3 to ent

Note 4 to ent

htion, conditions of isé and time.

Fy: Reproducibility can be expressed quantitatively in terms of the dispersion characteristics

Fy: Results are here usually understood to be corrected results.

Fy-This definition combines ISO/IEC Guide 99:2007, 2.25, 2.15, and 2.24.

tured

ns of
ems,

[hese
rence

bf the

3.30
incoherent

scatterer

material scattering neutrons in an uncorrelated way thus giving rise to a strong background (3.5) signal
and no Bragg peaks (3.8) or only some with low amplitude

3.31

single peak analysis
statistical procedure to determine the characteristics of a peak and the background (3.5) from the
measured diffraction (3.13) data

© ISO 2019 - All rights reserved
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3.32

texture

preferred orientation of crystallites, referred to as crystallographic texture, or other microstructural
features, referred to as morphological texture, within a specimen

3.33

surface scan

wall scan

intensity scan

procedure to determine the position of a specimen surface or interface with respect to the reference
point (3.28)

Note

3.34
time
time
dete

3.35
unce
non-

1 to entry: The resultis often called an entering curve.

-of-flight
needed by a neutron of a given speed to cover the distance from a defined starting
Ctor

rtainty in a measurement
negative parameter characterizing the dispersion of the quantity values being att

point to the

ributed to a

meagurand, based on the information used
Note|1 to entry: Measurement uncertainty includes components arising from systematic effg¢cts, such as
components associated with corrections and the assigned quantity values of measurement standards, as well

as th
assod

Note
uncel

Note
evalu
value

e definitional uncertainty. Sometimes estimated systématic effects are not corrected for
iated measurement uncertainty components are incerporated.

but, instead,

2 to entry: The parameter may be, for example, a standard deviation called standard

ated by Type A evaluation of measurement uncertainty from the statistical distribution of]
s from series of measurements and.can be characterized by standard deviations. The other

easurement

tainty (or a specified multiple of it), or the halfswidth of an interval, having a stated coverage probability.

3 to entry: Measurement uncertainty>éemprises, in general, many components. Some of these may be

the quantity
components,

which may be evaluated by Type B evaluation of measurement uncertainty, can also be characterizedl by standard

devidg

Note
assod

tions, evaluated from probability density functions based on experience or other information,

4 to entry: In general, for'a“given set of information, it is understood that the measurement y
iated with a stated guantity value attributed to the measurand. A modification of this valu

ncertainty is
e results in a

modification of the associated uncertainty.
[SOURCE: ISO/IE€)Guide 99:2007, 2.26, modified — The term has been changed from "uncertainty of
meagurement’; @lternative terms "measurement uncertainty" and "uncertainty" have been removed.]

4 $ymbols and abbreviated terms

4.1 Symbols and units

a,b,c Lengths of the edges of a unit cell, here referred to as lattice parameters nm

B Background at the peak position —

d Lattice plane spacing nm

E Macroscopic elastic modulus GPa

Epy Elastic modulus associated with the (hkl) diffracting lattice planes GPa

g Strain gradient mm-!

© IS0 2019 - All rights reserved 5
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hkl

hkil

3

=

QO

Vhki

Qu

Oy
20
oY

Planck’s constant Js

Indices of a crystallographic lattice plane

NOTE In the remainder of the document (hkl) will be used bearing in mind
that each plane of the family {hki} will diffract under the same conditions.

Alternative Miller index notations of a crystallographic lattice plane for hexag-
onal structures

Peak height above the background —

Inkegrated neutron intensity of a Bragg peak above the background

Whve vectors of the incident and diffracted neutrons niy L
Pdth length from the neutron source to the detector m
Neutron attenuation length mm
N¢utron mass (1,67 x 10727 kg) kg

Tqtal number of neutrons counted

Sdattering vector (k; - k;) nm-!
Time of flight of neutrons from source to detectors S
Tgmperature °CorK

Standard uncertainty —
Axes of the specimen co-ordinate system

Cqefficient of thermal expansion K1
Vdriation of, or change in, the'parameter that follows

Elpstic strain —
Cqmponents of the-€lastic strain tensor —
Normal elastie/strain associated with the (hkl) diffracting lattice plane —
Whvelength of neutrons nm

P@isson’s ratio

Elastic constant corresponding to Poisson’s ratio associated with the (hkI)
diffracting lattice plane

Stress MPa
Components of the stress tensor MPa
Yield stress MPa
diffraction angle degrees
Orientation angles Degrees

© ISO 2019 - All rights reserved
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4.2 Subscripts

hkl, hkil ~ Indicate relevance to crystallographic (hkl) or (hkil) lattice planes

X,V,Z Indicate components of the quantity concerned along the x-, y-, z-axes

RV Indicate the normal component, in the (¢ ) - direction of the quantity concerned
0 (zero)  Indicates stress-free value of the quantity concerned

ref Indicates reference value of the quantity concerned

4.3 | Abbreviated terms

PSD Position sensitive detector
TOF Time-of-flight

IGV Instrumental gauge volume
NGV Nominal gauge volume

SGV Sampled gauge volume

5 S$ummary of method

5.1 | General

This{document is concerned with the determination of residual stresses that are needed infengineering
analyses. The stresses are determined from neutron diffraction measurements of lattice spacings. From
chanjges in these spacings, elastic strainsioan be derived, from which stresses can be calculated. By step-
wise|translation of a specimen or component across the reference point, stresses at differ¢nt locations
inside the specimen can be determined. In this clause the measurement process is summarjized.

5.2 | Outline of the principle — Bragg’s law

Wheh the lattice of a Erystalline material is illuminated with penetrating neutron radiation with
wavélength(s) simila¥to the interplanar spacings, this radiation will be diffracted as distinct Bragg
peakis. The angle at\which such a peak occurs is given by Bragg’s law of diffraction, see Formnula (1).

where
A is the wavelength of the neutrons;

dp is the spacing of the (hkl) lattice planes responsible for the Bragg peak;
0,  isthe Braggangle.

The peak will be observed at an angle 26,,, from the incident beam direction, as shown schematically
in Figure 1.

5.3 Neutron sources

Neutron diffraction uses beams of neutrons generated by either fission or spallation; the former is
predominantly employed in steady-state nuclear reactors and the latter in pulsed spallation sources.

© IS0 2019 - All rights reserved 7
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In both cases the neutrons produced are moderated to bring their energies to the thermal range, i.e.
A= 0,09 nm. At reactor sources, a monochromatic neutron beam is usually extracted by using a crystal
monochromator to select a given narrow neutron wavelength band from the originally polychromatic
beam. At spallation sources, the neutron beam usually consists of a series of short pulses each
containing a wavelength spectrum. The velocity (and therefore wavelength in accordance with the
de Broglie principle) of each neutron can be determined by measuring the distance it has travelled to
the detector and the time it has taken to travel this distance, called the TOF. TOF measurements are,
therefore, wavelength dispersive, with the entire diffraction pattern being recorded at all available

detector positions.

5.4 Strai

n determination

5.4.1 Gen

It is evident
determined

lattice spacing,

by Formula

d

eral

from Bragg’s Law that if A and 8 are known experimentally, the lattice spacing, d, c3
We define the lattice strain as the relative change in d with respect)to*the stress
d,. Thus, for the lattice planes identified by Miller Indices hkl, the lattice strain is

(2):

it =0, nki _Adpy

Epkl =

By virtue of

, which bise
planes as sh|

5.4.2 Monochromatic instrument

When a spe
spacing cap

Formula (1)

directly from the corresponding Bragg angles; 6,,,, and 6, ,,;, and given by Formula (3):

S
€kl =

5.4.3 TOH

At a TOF instrument_the incident beam contains neutrons spanning a range of velocities

wavelength
vector will ¢
by different
the form as

pwn in Figure 1.

J lnehkl

do hii do hii

"ts the angle between incident and diffracted beams*and is perpendicular to the diffra

cimen is illuminated by a monochromdtic neutron beam of a fixed wavelength, its I3
be determined from the observed-Bragg angle, 6, by substituting Bragg’s Law
| into the strain equation [see Formula (2)]. Thus, elastic lattice strains can be detern;

no
Onkl 4

instrument

5) arrivingyat the sample in pulses. In this case all lattice planes normal to the scatt
iffractnettrons to the detector. The diffraction corresponding to each hkl peak is prod
families of grains. By using the de Broglie relationship and Bragg’s Law [see Formul
forya particular wavelength, crystal plane and a detector positioned at angle 26, tak

the diffraction process, the measurement direction is along the scattering vector, Q =k}

in be
-free
riven

ttice
[see
lined

(3)

(i.e.
Pring
uced
(1]

ES On

giverr im Formuta {43

— mn :
thkl —ZTXLxsmG xdhkl

(4)

Solving for dy;; and d, y,; and substituting into the strain equation [Formula (2)] for a fixed angle 26,
the elastic strain can be calculated from flight time change using Formula (5):

Epkl =

_ thia ~tona _ Mia ~ Ao i

}‘O,hkl

to,nki

6)

or by averaging over all planes using a full pattern analysis such as the Rietveld refinement procedurel2]
(see 7.3.2 and A.7.3).
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5.5 Neutron diffractometers

2:2019(E)

A monochromatic instrument typically used for strain determination at a steady state source is shown
schematically in Figure 2. The polychromatic neutron beam is first monochromated to a chosen

wavelength by diffraction from a suitable monochromator. This monochromatic beam
defined by appropriate beam-defining apertures to produce a beam of controlled dime

is spatially
nsions. The

neutrons in this beam are diffracted from the specimen volume illuminated and captured by a neutron
detector. An example of a diffraction peak from a monochromatic instrument is shown in Figure 3.

At TOF diffractometers, typically used at pulsed sources, each pulse produces a diffraction profile
across a range of lattice spacings. A typical TOF diffractometer used for strain determination in two

direqtions simuitaeousty ata putsed SOUTTe 1S STOWIT 1T FIgUTe % AS a [IXed SCattering a

1gle is used,

mosf instruments at spallation sources use radial collimation. This allows neutrons to be-dgtected over
a wider solid angle than would be possible using a slit, yet ensuring that most of the-detectled neutrons
come¢ from a defined gauge volume (see 7.5). The signals from the individual elements of the detector
array are combined taking into account their different angular positions. Two,6rmore detectors with

radigl collimators can be used to enable the simultaneous measurement of more than on
diredtion. A typical diffraction pattern from such an instrument is shown.in Figure 5, whic

Q (strain)
also shows

the rlesult of a Rietveld profile refinement where a crystallographic model of the structurg is fitted to

the diffraction data using a least squares analysis (see 7.3.2).

Additional information concerning the fitting of the diffraction data is provided in 9.5.

5.6 | Stress determination

Streqs and strain are second rank tensors that are related through a solid’s elastic cong

tants. Since

by means of neutron diffraction elastic strains within a defined volume in a crystallipe solid can
be determined, it is possible to calculate the meait stress in that volume provided that the relevant

matdrial elastic constants are known. Deriving-the full strain tensor requires the deter

mination of

elastfic strains in at least six independent directions. If the principal strain directions within the body

are known, measurements along these thréee orthogonal directions are sufficient to de
pringipal stresses. For plane stress or-plane strain conditions, a further reduction to two

possjble. Measurement along one direction is sufficient in the case of uni-axial loading. Clau
provjde further details on the caleulation of stresses from derived strains.

Stregses and strains in a specimen are usually direction and position dependent. This leads
to obtain strains at a number: of locations in more than one direction. This in turn requires
positioning of the specimen with respect to the collimated neutron beam and the detec
usually accomplished’by mounting the specimen on linear translation and rotation tables.

By a| step-wise_movement of the specimen in relation to the volume in the space ident
interjsection ofthe incident and diffracted beams (termed a gauge volume, see 7.5), the spat
in elpstic strain and, following measurements in other directions, stress can be mapp
specimen o component.

termine the
lirections is
se9and A9

to the need
the accurate
tors. This is

ified by the
ial variation
ed within a
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one-half|of the diffraction angle

Figure 1 — The Bragg diffra¢tion geometry
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Figure 3 —+ Example of a Bragg peak from a reactor (steady state source) based diffractometer
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Figure 5 — Example of a diffraction pattern from a pulsed source

6 Purpopse, geometry and matetial

6.1 General

The design ﬂ;fan experiment.depends upon the purpose of the measurement, the dimensions and ghape
of the specimen, the materials’from which it is made and how it has been fabricated and used.

6.2 Purppse of the measurement

The purpos¢ and\scope of the measurements shall be defined as this determines many decisiong that
have to be nllade.

6.3 Geometry

The as-made dimensions and shape of the specimen shall be known and considered in the preparation
of the measurement.

6.4 Composition

Standard material designations that indicate the chemical composition and processing route shall
be used to enable appropriate experimental conditions to be chosen. Furthermore, for multiphase
materials, including composites, the chemical composition, fraction, orientation and morphology of
each phase shall also be considered for their influence on the stress determination.
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6.5 Thermal/mechanical history

The processing route used to shape, form or join the specimen, including heat treatment, shall be
considered in designing the experiment. In the case of parts removed from service use, the previous
operating conditions may also be relevant.

6.6 Phases and crystal structures

The phases in the material to investigate shall be known. The crystallographic structure of phases used
in the measurements shall be known.

6.7 | Homogeneity

Infojmation about any spatial variation in the composition, microstructure or phase distribution is
relevant to the experiment. This may affect the confidence in the measurements gbtained at{a particular
locatfion in a specimen or component and whether it is valid in taking the results to be representative
of thie specimen or component as a whole. In particular, inhomogeneitiescin ‘the microstpucture and
composition can lead to variations in the stress-free lattice spacing withposition in the $pecimen or
component (see 7.6).

6.8 | Microstructure

Large dimensions of grains or composite reinforcements _can result in point-to-point flugctuations in
diffraction peak intensities, which may indicate that an insufficient number of grains are beJng sampled.
Consequently the grain size in relation to the gauge volume employed and to the stress distributions
shall|be established in such cases.

6.9 | Texture

The presence of crystallographic texture affects the diffraction peak intensity and the cpnversion of
straip to stress. If the material is known(to possess a texture, as a result of processing or use, it should
be characterised and possible implications reported.

7 Preparations for measurements

7.1 | General

Priof to an actual.meéasurement it is necessary to carry out or verify the instrument aligliment. Then
apprppriate conditions for the diffraction measurement shall be chosen and the specimen shall be
accurately positioned on the diffraction instrument. Also the dimensions of the volume from which the
diffraction data will be collected shall be chosen.

7.2 | Alignment and calibration of the instrument

It is necessary to align and good practice to calibrate the diffractometer being used (see A.5.2). When
using a monochromatic beam instrument, it shall be ensured that a constant wavelength is maintained
throughout the entire set of measurements and that the detector angular response has been calibrated
in accordance with EN 13925-3:2015, Annex C. At a TOF-diffractometer, both the flight path and
detector angular response should be calibrated. For both types of instrument, calibration is performed
using a standard specimen typically silicon, ceria or alumina powders. Such specimens are chosen
because they diffract neutrons strongly, have known and well-defined lattice parameters and have
small intrinsic peak widths. If intensity information is required at a TOF instrument it is necessary to
determine the incident neutron flux and the detector efficiency as a function of the wavelength. One
way of doing this is to use an incoherent scatterer, such as vanadium.
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7.3 Choice of diffraction conditions
7.3.1 Monochromatic instruments

7.3.1.1 Choice of the wavelength

At monochromatic instruments the user shall choose the neutron wavelength for a particular
experiment from the range of wavelengths available. The wavelength and diffraction plane should
be selected such that an efficient execution of the experiment is achieved for a diffraction angle near
90°. However, if the chosen wavelength is close to twice the d-spacing of any diffraction plane in the
specimen, "Brage-edge—related-spectrumdistortion-canoceur-thateancatse-pealeshiftswhich-ean be
falsely interpreted as strains. These "problematic" wavelengths have been tabulated in Referénde [3]
for several Jommon metals. For cubic materials, in particular, diffraction angles too close to. 99° should
be avoided since for all (hkl) diffraction planes there is an alternate (h'k'l") which can cause a Bragg

edge related effect.

The efficiency with which a measurement can be performed depends on parameters such as spatial
resolution, incident beam intensity at the chosen wavelength, diffracted neutron intensity, peak width
and separatiion of the peak under investigation from adjacent peaks. With respect to these factprs a
diffraction gngle quite different from 90° can be more efficient than one close to 90°.

7.3.1.2 Choice of the diffracting lattice plane

In the presefce of elastic and plastic anisotropy in a material, different (hkl) planes may exhibit different
responses t a macroscopic stress field[4l. This can be demonstrated by loading and unloading a tgnsile
bar, in situ, |n a neutron diffractometer whilst measurementsof the stress and strain are recorddd, as
indicated in|Figures 6 and 7. In these figures, the stress recorded by a load cell in series with a tegt bar
is plotted against the elastic strain derived from neutrof‘diffraction measurements.

Figure 6 shgws that a linear response is obtained‘in-the elastic region irrespective of the set of Igttice
planes used|to make the measurements. This demonstrates that any (hkl) reflection can be employed
for determining the stress in this region, provided that the appropriate diffraction elastic constants
are chosen. [Generally, these are neither the macroscopic elastic constants nor the single crystal v3lues,
but a polycrystalline aggregate value associated with a particular (hkl) plane. These constants can be
obtained either experimentally as Figure 6 demonstrates, or calculated (see Clause 9). The calculation
methods in¢lude the Reussl®], Voigtlél, Neerfeld-Hill[ZI[8] and self-consistent methods, e.g. Krénerl2l.
Normally thie Neerfeld-Hill methoed provides reliable approximations and is much simpler to implement
than the self-consistent approaches. Regardless of the method used, the crystallographic texture of the
specimen sHall be taken intgaccount. See references [10] and [11] for discussions on the importarice of
texture.

Plastic defofmationbegins at different stresses recorded by the load cell in differently oriented grains,
as illustrateld in Figure 7. This is demonstrated by a non-linear response on loading followed by ljnear
elastic unloadifig.'The consequence is that a different residual elastic strain may be observed for|each
(hkl) plane upen unloading to zero applied stress. These strains are usually called intergranular stijains.
After complete unloading of the test bar, the engineering (macroscopic) residual stress shall be zero
to satisfy equilibrium conditions. The stress will be calculated from the observed residual strains at
zero applied load. However, this can be a superposition of Type I and Type Il stress. Therefore, if Type I
stresses are to be determined, it is important to use crystallographic planes that do not bear significant
Type II (intergranular) strain [e.g. plane (220) or (311) in Figure 7].

In some cases it is necessary and appropriate to employ (hkl) planes that are sensitive to intergranular
strains. In such cases compensations shall be made for the intergranular strains. One suitable approach
is to obtain the d value from coupons that are taken from the specimen under investigation and are
sufficiently small not to contain macrostressesl12ll13], Examples of (hkl) planes with high and low
sensitivity to intergranular strains for a range of materials are listed in Table 1. These data are based
on intergranular strains developed in plastically deformed uniaxial loading specimens. In general, the
deformation history of a particular material or component may be more complicated.
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Table 1 — Examples of planes exhibiting high and low sensitivity to intergranular strains for

materials of different symmetry

Planes with low sensitivity

Planes with high sensitivity

Material to intergranular strains to intergranular strains
fcc (Nill4], Fells], Cullel), fec (AILZIME), Nil4] (111), (311), (422) (200)
bee (Feli8l) (110), (211) (200)

hcp (zircaloy[19], Til20])

(1012),(1013) (Pyramidal)

(0002) (basal)
(1010),(1210) (prism)

hep (Betz (20213, (115;’) Zud order (1012310433 basa], prism and
pyramidal) 1storder pyramidal)
Y
1000 —
900
800 —
700 —
600 —
500 —
400
300 —
200 —
100
0 W | | | |
-0,001 0 0,000 0,002 0,003 0,004 0,005 X
Key
O (111) planes
A (200) planes
e} (311) planes
e profile refinement
A load cell indication
X recorded lattice strain
Y applied:stress (MPa)
Figure 6 — Elastic response of different crystallographic planes for nickel allpyl4]
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0,002 0,004 0,006 0,008

300) planes
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320) planes

Fofile refinement
hload
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Figure 7 —

7.3.2 TOHK

When a full
from changg

For cubic m

Effect of yielding on the response of different crystallographic planes to the loa
and unloading of a tensile bar of a nickel alloy [4]

instruments

pattern analysis such asthe Rietveld refinement procedurel?l is used, the strain is obt:
s in the lattice parameters defining the unit cell dimensions.

hterials with lattice parameter a, the strain is given by Formula (6):

0

ling

1ined

(6)

g istl

€ StTailT;

a isthe lattice parameter value under strain obtained from the full pattern analysis [it replaces

the

lattice spacing d in Formula (2)];

a, isthe stress-free lattice parameter.

For non-cubic materials it is necessary to identify a suitable strain parameter, e.g. in hexagonal
materials free of texture, an appropriate expression for the strain is given in Formula (7):

2€
e=—42

+8C

3

where

18

(7)
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¢ isthe strain;

€, isthe strain determined from the a lattice parameter in the same way as in Formula (6)[21];

€, isthe strain determined from the c lattice parameter in the same way as in Formula (6)[21].
7.4 Positioning procedures

The initial alignment procedure requires the determination of the location of the centroid of the IGV, see
7.5 and Figure 9. This location is defined as the reference point to which all measurements are referred.

It sh

An
depe
impg
inter]

Aligy
(see
poin

Exp¢g
such
isaf

7.5

The
neut
incid|

For &
colli

The
takin
detel

can 4
shall

1 11 with th frotation of th le.

curate specimen positioning is required, as described in A.3. The level of acéurd
nds to some extent on the objectives of the measurements to be made. Positioning-accy
rtant in the case of large strain gradients and where measurements are made close tdg
faces. It is important that the uncertainty in positioning is declared.

cy required
racy is most
surfaces or

ment can be carried out for example by optical or mechanical means, lor by using slirface scans

A.3.4). All three methods can determine the position of a specimen ‘edge relative to t
to an uncertainty of 0,1 mm.

riment planning and control software that model the sample and the instrument exi
systems are used in concert with data acquisition, the resulting uncertainty in position
inction of the instrument, the model and the computationr — shall be established and

Gauge volumes

NGV is defined as that volume of space that-is' occupied by the intersection of paral
ons, which are transmitted through the defining apertures (e.g. slits, collimators)
ent and diffracted neutrons (Figure 8). The centroid of the NGV is the geometric centre of]

| system which incorporates radial collimators the concept is identical, except that

:lnator slit contributes to the NGV.
G

he reference

st[22], When
ng — which
Feported.

el beams of
for both the
this volume.

each radial

V is the volume of space defihed by the actual neutron beam paths through the defining apertures,

g into account the beam )divergence and the beam intensity profile (Figure 9).

'mining the IGV by probing it with a scattering element are presented in A.5.1. The IGV|
Iso be defined in terms of the FWHM of the beam intensity profile. Whatever practic
be specified.

The dlifference between the IGV and the NGV may be particularly evident when small volum

samy
NGV

Final

led due to\a-relatively more significant contribution from the penumbra. Note that
are properties of the diffractometer itself.

ly,/the SGV is the intersection of the IGV with the specimen phase under invest

Methods of
dimensions
e is adopted

es are being
the IGV and

igation (see

Figu

e10). That is, a spatially dependent sub-volume weighted by the scattering o

[ the phase

investigated. Consequently it is the volume over which the average strain is obtained.

Additionally, the centroid of the SGV (i.e. the intensity-weighted centre of the scattering) can be at a
different position from that of the IGV as shown in Figure 10 due to several factors:

— partial filling of the IGV with the specimen phase under investigation;

— attenuation of the neutron beam within the specimen;

— wavelength and intensity distribution in the neutron beam.

The SGV and its centroid should be determined for each measurement. It is important that the derived
strain be reported at this position.

© ISO

2019 - All rights reserved

19


https://standardsiso.com/api/?name=34a588dff9bd78ef6fcb4066c18aea87

ISO 21432

:2019(E)

The effect of the weighting can become significant in cases such as at surfaces and interfaces, in
highly attenuating materials, large grained materials, and at texture or microstructure gradients. The

asymmetric

presence of a strong incoherent scatterer can also affect results.

The consequences of the SGV centroid being offset from the reference point are discussed in A.5.5 and
A.6. Additional information can be found in Reference [23].

7.6 Methods for establishing the macroscopically stress-free or reference lattice spacing

Since diffraction measurements allow the determination of lattice spacings (see 5.4 and 7.3.2), in order
to determine elastic strains it is necessary to obtain a reference value, relative to which the strains can

be determin
only a referg
is possible.
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tresses or modification of the microstructure or of the chemical composition.

ry to centre the reference sample accurately at the IGV centroid.
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Figure 8 — Plan view of thethominal gauge volume.
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Figure 9 — Plan view of the instrumental gauge volume
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Figure 10 — Plan view of the sampled gauge volume.

8 Measurement and recording requirements

8.1 Genefal

Three pararpeters shall be determined with appropriate accuracy:
a) the strajin,

b) the direction of the strain component, and

c) the position in the specimen’at which the measurement is made.

Sufficient irfformation shalV'be recorded such that the experimental approach and data analysi$ can
be understpod, evaluated and reproduced. Measurement and analysis methodologies as wgll as
experimental considerations are presented in Annex A. Discussion of the determination of uncertainties
in a measurand isprovided in Annex B.

8.2 Recordingrequirenrents

8.2.1 General

In general, the project title, persons involved in the investigation and the dates of the measurements
shall be provided together with the following information.

8.2.2 General information — instrument
Instrument related information:
a) individuals responsible for the instrument;

b) neutron source and location, name and type of instrument;
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c) temperature * variation;

d) optics components in incident and diffracted beams; for slits, height, width and distance to the
reference point shall be specified; for radial collimators, focal length, foil length and thickness,
angle between foils, all aperture dimensions and collimator oscillation parameters shall be quoted.

Parameters for monochromatic instruments:

a) the type of monochromator, its crystal and reflection used, the type of detector, the distance from
the monochromator to the reference point, the distance from the detector to the reference point;

b) the wavelength and how it was determined;

c) the vertical and horizontal gauge intensity profile if critical to the measurement;
d) the resolution of the detector.
Parameters for TOF instruments:

a) the total flight path length L, the distance from the detector to theveference point|the type of
detector, the angular range of the detector;

b) the wavelength range and how it was determined;

c) the vertical and horizontal gauge intensity profile if critiecahto the measurement;
d) the number of Bragg peaks used or d-spacing range uséd in the analysis of data;
e) the time resolution or channel width;

f) the incident intensity as a function of the wayelength.

8.2.3 General information — specimen
Specjmen related information:
a) gpecimen material, chemical gomposition, crystal structure;

b) diagram of the specimenshowing dimensions, fiducial marks or reference locations and specimen
¢o-ordinates.

8.2.4 Specific information required for each diffraction measurement

All original data.shall be recorded and available. The methods by which the data have been processed
shalljalso be regorded and available.

Inforjmation-related to specific measurements:

For horfochromaticinstrumaentc:

ToT o c oot rc ot o e oo

a) the peak position 26, + uncertainty;

b) the peak position for the lattice planes in the stress-free condition 26, (or reference peak
position 26 ¢ /) * uncertainty.

For TOF instruments:
a) the times of flight ¢, or lattice parameter(s) in the case of full pattern analysis + uncertainty;

b) the times of flight for the lattice planes in the stress-free condition, ¢, (or reference times of
flight ¢,..¢ i) or reference lattice parameter(s) in the case of full pattern analysis + uncertainty.
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For any type of instrument:

a) the specimen orientation relative to the scattering vector Q * uncertainty;

b) the specimen and the gauge volume positions relative to the reference point + uncertainty;
c) the strain + uncertainty;

d) the d-spacing measurement + uncertainty (if absolute values are required).

For single peak analysis:

a) the angjeortimmeicrenTent;
b) the peak profile function used and the parameter values obtained, including:
1) the[FWHM # uncertainty;
2) the|peak height H or integrated intensity I + uncertainty;
3) thelbackground B * uncertainty.
For multiplq peak fits or full pattern analysis (e.g. Rietveld refinement):
a) the peak profile(s) used and relevant parameters including:
1) the{width, as a function of the wavelength or diffraction angle;
2) thelpeak profile asymmetry;
b) the background fit used;

c) adescription of how texture, elastic and plastic anisotropy are taken into account.

8.3 Specimen co-ordinates

The co-ordipate system used to define the.location and direction within a specimen shall be clearly
specified and shall relate to the shape oftthe specimen and/or to the principal stress directions, ifknl:)wn.

NOTE Far most applications on regular-shaped specimens or components, rectangular or polar co-ordinates

aligned with respect to symmetry.features are appropriate.

8.4 Positjoning of thespecimen

The positiop of a specimen shall be defined relative to the instrument reference point (see 7.4] The
orientation pf the specimen co-ordinate system shall be defined in relation to the co-ordinate syjstem
used to define @ \The reference point position shall be defined as accurately as is practicable. D¢tails
are given in|AL3,

8.5 Measurement directions

Measurements along at least six independent directions are generally required in order to determine
the strain/stress tensor. Nevertheless, three measurements along any three mutually orthogonal co-
ordinate axes (e.g. the specimen co-ordinate system) yield the respective normal components of the
stress tensor. Therefore important information can be obtained without knowing the principal stress
directions and without making measurements in more than three independent orientations (see 5.6).

8.6 Number and location of measuring positions

The number and locations of measurements shall be related to the strain detail that is required, to the
shape and dimensions of features of interest of the strain profile and to the size of the gauge volume used.
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For test locations that require a long neutron path length within the specimen, it may be necessary to
remove some material to make the measurement possible.

Care shall be taken in such cases because material removal results in a redistribution of the stresses
inside the specimen, which can affect the stress at the location of interest.

More details are given in A.4.

8.7

Gauge volume

Gauge volumes are defined by appropriate beam-defining optics in the incident and diffracted beams,

and thediTections and divergences of those beals: T e choice of gauge vorure dimensiony shall relate
to the shape and the dimensions of features of interest of the strain profile and to material|parameters
such(as grain size and attenuation lengths. Details are given in A.5.

8.8 | Gauge volume centroid considerations

The [SGV centroid position shall be determined taking into account instrdmental aberrations and
atterjuation. Special attention is required when scanning through surfaees or interfaces| Details are
given in A.6.

8.9 | Temperature

The $pecimen temperature shall be monitored and controlied such that changes in lattice{dimensions
eithdr are small relative to the uncertainty specified for\the obtained strain or can be adcounted for.
Detajls are given in A.8.

9 Calculation of stress

9.1 | General

With neutron diffraction elastic strains can be determined and stresses calculated from tlese strains.
Only|normal strains can be derived from the measured data; shear strains can be calculatef, if needed.
Esseptially all diffraction investigations of stresses and strains are based on continuunp mechanics
using Hooke’s law for stpess calculations. As discussed in 7.3, the only major alteration is the use of
specific diffraction elastic constants rather than the overall aggregate average. Hence, [the average

elastfic constants in the generalized Hooke’s law are simply exchanged with the appropriat
elastlic constantsAEy;;, vi,)- When these diffraction elastic constants are calculated from the single
crysf

shall

9.2

al elastic constants C;; using suitable models or measured by means of in-situ uniaxig
be taken, The procedure for calculating stresses in isotropic materials is described in

Normal stress determinations

b diffraction

1] tests, care
9.2 to 9.4.

The normal stresses at a point can be determined from strain components along three mutually
orthogonal co-ordinate axes, x, y and z, at that point. In this case the stresses are given in

Formulae (8), (9) and (10):

o - Epg
XX (1+th1)(1—2thl)

o - Epga
=
(I+vp ) (1=2vy)

[ (A=) + Vi (€ 4y +€ 1) |

[(1_thl)8yy Vi (€ xx +E 4, ]
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Epa

O =

[(1_thl)gzz ikl (gxx+€yy)]

where the indices

XX,Vy, a

nd zz
obtained.

(10)

indicate the co-ordinate axes, along which the normal strains and stresses are

When the co-ordinate axes are coincident with the principal directions of deformation, these stresses
are the principal stresses.

For plane stress conditions, where one of these stresses (say o,,) is zero these formulae redufe to
Formulae (1f1) and (12):
E
— hkl
O, = —]T[eXX Ve, ] (11
(3 =Viu
E
_ | Ehki
wy = d-v [syy +VE, | (12)
[ " hkl
For plane strain conditions with ¢,, = 0, the corresponding expressionsfor o,, and o,y are obtaingd by
substituting ¢,, = 0 in Formulae l8) (9) and (10), and o, becomes asgiven in F ormula 113)
0,, =Viki (GXX +0oyy ) (13)
For the case|of strong macroscopic anisotropy see A.9.
9.3 Stress state determinations
9.3.1 General
When the principal directions of the stress state are not known, determination of strain in at leagt six
independent orientations is in general heeded to identify the complete strain state at a given locgtion.
The full strgss tensor components canbe derived from these normal strains €, using Formula (14):
2 in2 ; in2
. _( 1+v,, J (Oyy COST@ +0,, SIn“ D +0, sin2¢)sin” ¥
oY . . . 2
Enn +0 g cosPsin2¥ +0y, sin®@sin2¥ +o,, cos“¥ (14)
T ey &
E XX VY zZ
hkl
where

@ and ¥ are the orientation angles (see Figure 11), and

Epy

is the normal strain in the direction defined by the orientation angles @ and .

In Formula (14) subscripts xy, xz and yz correspond to the shear components of stress.

It is desirable to choose the six measurement directions so that they are oriented by the largest angular
separations possible.

9.3.2 The sin2y method

When one of the principal directions is known at the location of interest within the specimen, e.g. z,
the sin?y) method may be applied. In such a case the shear stresses o,, and o,, are equal to zero, and
Formula (14) may be simplified. In this instance, it is possible to calculate the difference between the
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normal stress in a given direction in the x-y plane, 04, and o,, from Formula (15), which is the simplified

form of Formula (14):

1+v v 1+v
_ hkl 2 hkl hkl
Epy = Z (op —0,,)sin“¥ ———(o,, +0y, +0,, )+E—GZZ (15)
hkl hkl hkl
since
- 2 in2 ;
Og =0y COS“ @ +0,, sin“ @ +0,, sin2® (16)

Sinc
freq

X-ray

isus

9.4
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singl
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9.5

) )’

) ZZ
ently called "the sin?y method" and is commonly used in stress determination ,ii’d

diffractionl[23]. The wider the range of 1 the more reliable the stress determination. ’
pful when it is not possible to measure in certain directions.

Choice of elastic constants

diffraction elastic constants, Ey;, v, are required by Formula (8} to/Formula (15). 4
p, it is possible only in special cases to use the "macroscopic” values of the elasticity 1
on’s ratio, which have been determined by usual mechanical methods. This is because
iffraction elastic constants are likely to depend on the chenfical composition and the p
tities of other phases and/or lattice defects (e.g. dislocations after plastic deformation
rably, values obtained from diffraction experiments during uniaxial loading should b
ase of crystallographic texture, the diffraction elastic constants are orientation dej
experiments shall be performed in a sufficient nuimber of directions. If no experimen
de available, estimates should be obtained based on appropriate models, see Referen
.3.

b required diffraction elastic constants are not available for the specimen material, {
'mined by a uniaxial loading experiment: Since the chemical composition, phase volun
re, microstructure and even temperature can have an influence on the elastic propertig
ken so that the specimen used inthe uniaxial loading test and the specimen under i
comparable material characteristics. For the same reason, comparable experimenta
Id be applied in both tests,Itis also recommended to use identical data evaluation pro
ke peak analysis).

'macroscopic” values_of E and v can be used for cubic and hexagonal phases in
mens, if the elastic strain is determined by a full pattern analysis.

e case of aspeCimen containing texture, modification of these estimates may be
iger and sharper the texture, the more required is the modification of the elastic
ssible that'texture can be taken into account for all crystal systems by measuring t
tation-distribution function (ODF) and by introducing it into the calculation of the
icconstantsl10],

onventional
[his method

\s explained
nodulus and
he values of
resence and
. Therefore,
e used[4l, In
bendent and
tal data can
res [3] to [7]

hey may be
he fractions,
bs, care shall
hvestigation
| conditions
cedures (e.g.

texture-free

heeded. The
onstants. It
he so-called
diffraction

Diffraction data analysis

9.5.1 General

The position of a Bragg peak is determined by fitting a suitable mathematical function to the
experimental data. This function simulates the peak shape of the diffracted spectrum including the
background. It shall be borne in mind that the accuracy of strain determination can be compromised by
an improper consideration of the items listed below and in the Annexes.

9.5.2 Peak fitting function

When a monochromatic beam is used the peak position is normally determined through single peak
analysis by fitting a Gaussian function to the data.
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At spallation sources, the peak profile is intrinsically asymmetric. The peak fitting function is normally

a convolutio

n of an exponential decay function and a Voigt function.

When a multi-peak spectrum is obtained, a full pattern analysis, such as a Rietveld refinementl2], can
be used to extract strains (see A.7.3).

9.5.3 Background function

The function used to fit the background depends on the instrumental set-up and the types of neutron
source. Because the slope of a background that varies as a function of the diffraction angle or TOF, and
the peak position may be interdependent, care shall be taken in such cases. Unless the background can

be determin
not constan

9.5.4 Pea
As the ratio

the peak po
constant.

9.5.5 Dist

Unless prop|
overlap or s

[, the fitting function and its parameters should be stated.

k to background ratio

orted peak profiles

ed independently of the peak profile, a fixed gradient should be used. If the background is

of the peak height H to the background B decreases, it becomes more difficult to separate
sition from effects caused by fitting the background, particularly if the’background is not

er corrections can be made, reflections with peak profiles’that are distorted due to [peak
hmple effects, such as material inhomogeneities and staeking faults, or due to instrumgntal

effects, shoyld be treated with caution. In the study of multiphase materials, overlapping profiles are

sometimes
procedures

described in A.7.

28

inavoidable. Multiple peak fitting strategies canbe used for the analysis based on the
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Y
X & 22,0 2{
‘ . —
X/ B / £ o7 oy
z
xyzl | e .0
Ve
E xx,0 fx € 9,0 o
Key
Egx normal strain in the direction of X
Oyx normal stress in the direction of X
£y normal strain in the direction of Y
Oyy normal stress in the direction of Y
£, normal strain in the direction of Z
0,, normal stress in the direction of Z
ol orientation angles
Epy normal strain in the directienr defined by the orientation angles @ and ¥
Opy normal stress in the direetion defined by the orientation angles @ and ¥
£p normal strain in th€ direction defined by the orientation angle @ at ¥ = 90°
Oy normal stress in.the direction defined by the orientation angle @ at ¥ = 90°
(0,0,q) origin of cooxdinate system (X,Y,Z)
Figtire 11 -< Stress and strain components at a measurement point (X, y, z) in the spécimen co-
ordinate system (X, Y, Z)

10 Reliability

The difference between a measurement result and the true value of the measurand comprises
contributions from random uncertainties and systematic errors (ISO/IEC Guide 99[4¢l),

The determination of the uncertainty in a measurement is as important as the result itself, and without
it the accuracy of a measurement cannot be estimated. Clause 11 lists the quantities to be reported when
stresses and strains are determined by neutron diffraction. Uncertainties should be determined and
reported in accordance with ISO/IEC Guide 98-3[26], Additional guidelines are given in Reference [27].
An abbreviated summary of the nomenclature and method of calculating the combined standard
uncertainty of a measurement is given in Annex B.
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11 Reporting

11.1 General

The basic reporting philosophy is to describe the experimental procedure adopted, the results of the
measurements and how the data were analysed. Thus, the reader will have sufficient information to
reproduce, understand, evaluate and further interpret the results. A rigid reporting format is not put
forth as there is great variability in materials, available information and objectives of studies. The exact
format and contents of a test report are subject to the agreement between the client and the provider.

11.2 Straimorstressvatues

11.2.1 Genleral

The strain

the loc
the SGV|

the size

the soul

11.2.2 Stre

The values,
unit cell par

stress values resulting from the measurements shall be reported, as follows:

the stralin or stress components and the values determined, including their uncertainties;

tions at which the measurements were made, i.e. the centroid ofthe IGV or the centrg
as appropriate;

and shape of the IGV or SGV;

‘ces of uncertainties and the way in which they affect the reliability of the results.

ss-free or reference lattice spacing

uncertainties and method used to obtain the reference or stress-free lattice-spacing(|
ameter values for use in determining the relative or absolute strains, shall be describe

11.2.3 Conyversion of strain to stress

The relation

11.2.4 Ela{

If the detert]
shall be pro

11.2.5 Pos

The uncertd
stress value

s and assumptions used to convert strain to stress shall be reported.

tic constants

hined strains are converted to stresses, the values of the diffraction elastic constants
yided and their source stated.

jtioning

inty in the positioning of the specimen shall be reported and its influence on the strg
5 shallbbe estimated.

id of

5), Or

used

in or

11.3 Neut

oI source amdinstrunrent

The following information shall be provided:

the neutron source;

the instrument at the source;

range (TOF instrument);

30

the instrument calibration procedure and the calibration measurement results.

the wavelength and the monochromator description (monochromaticinstrument) or the wavelength
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11.4 General measurement procedures

The following aspects of the measurements shall be reported:

the methods used to translate and orientate the specimen;
the method used to locate the surfaces and other reference positions;
the manner in which the gauge volume(s) is determined;

the diffraction peak fitting function and the procedure used;

he methods USed to process the data, €.8., SMoothing, outHer etiminatiorn;

tthe method used to demonstrate the reliability of the results.

11.5 Specimens/materials properties

The following aspects of the material being studied should be reported whenlavailable:

tthe specimen geometry;

the composition;

the thermal/mechanical history;

the phases and crystal structures;

the homogeneity;

the sizes and shapes of grains, second phase @articles or reinforcements;

the texture.

11.4 Original data

Orig

procgdure, to which the original)data have been subjected, shall be described as such.

11.7 Uncertainties and-errors

Thos

in acfordance with-€Clause 10 and as illustrated in Annex B.

In ad

taken to mitigate their impact.

nal data shall be included in\the report if required. Reported data resulting from anj

dition, identified sources of systematic errors should be reported together with ar

y smoothing

e factors contributing to the uncertainties in stress and strain should be quantified ajnd reported

y measures

© IS0 2019 - All rights reserved

31


https://standardsiso.com/api/?name=34a588dff9bd78ef6fcb4066c18aea87

ISO 21432

:2019(E)

Annex A
(informative)

Measurement and analysis methodologies

A.1 General

This annex
with this do|

Many of thg
(VAMAS TW

A.2 Spec

A.2.1 Gen

For most ap
respect to sj

A.2.2 Spe

Most compg
features. Fo
follows:

a)
b)

rectang

hoop (tangential) directions;

c) extenddd constant cross-sectionl specimens: rolled, drawn and extruded components may
constarft but sometimes caimplex cross-sections. For extended specimens, co-ordinates paral
the long axis and along the‘orthogonal axes are appropriate.

EXAMPLES

Railway railsf longitudinal, transverse and normal.

Rods and pipps: axial, radial and hoop (tangential).

presents procedures that are used by experienced practitioners to facilitate compl
cument.

jmen co-ordinates

eral

plications on regularly shaped specimens, rectangular ot polar co-ordinates aligned
becimen symmetry features are appropriate.

cimens with elements of symmetry

nents have significant elements of symmétry. Many have rectangular, circular or
Ir such specimens, co-ordinates should bé-defined relative to the symmetry directio

ular specimens: along the orthogonal symmetry directions x, y, z normal to the faces;

cylindrical specimens: a cylindricaltco:ordinate system that is aligned with the axial, radia

se procedures were clarified within two international pre-normative reSearch prd
A 20[28][29] and RESTANDI39]), Further information is available in Referencés [31] to [}

ance

jects
B4].

with

axial

1S as

and

have
lel to

R 1 1 1 L P ] L 1o il lio € Nl €
egular polygotareross-sections trangturat;, sqtuatre;nexagoiareteaxtarn nmorfrartoractes; patramnertoraces.

A.2.3 Spe

cimens of an irregular shape

In the general case of a specimen with an irregular shape, co-ordinates should be along three suitable
directions, preferably orthogonal. It may be appropriate to employ one co-ordinate system throughout
or several systems that are suitable for a series of local scans.

A.3 Positioning of the specimen

A.3.1 General

The specimen should be positioned relative to the reference point of the instrument.

32
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A.3.2 The reference point

The reference point position shall be determined as accurately as is practicable, preferably to within
10 % of the minimum dimension of the gauge volume that is to be used.

A.3.3 The gauge volume

It is good practice to position the centroid of the IGV, the reference point, at the centre of rotation of the
specimen table. The positioning should be as accurate as is practicable, preferably to within 10 % of the
applied gauge volume dimensions. The location of the gauge volume in the measurement plane may be

determined from the intensity distribution (wall scans) of scattered neutrons as described in A.5.1.

A.3.4

The
and
posit
may
(see
indid
posit
accu

I The specimen

ocation and the orientation of the specimen should be described relative to,the refé

ioning accuracy should generally be similar to that of the reference point. The specin
be determined optically, mechanically, by wall scans, by virtual models,/or by combin
also 7.4). To define the specimen position, it is helpful to have a‘fiducial mark an
ated on the specimen. The fiduciary mark should be sufficiently fine‘and sharp so that 1
ioning accuracy can be achieved. If orthogonal translators are ased for positioning, th
Fately orthogonal, preferably to < +0,1° (#1,7 mrad). Specimen alignment is particular]

when scanning through steep strain gradients and interfaces;surfaces, or when large trang

are 1

If it

metH
(wal
trang
relat

equired.

is not possible to position the specimen to the required accuracy using optical or
ods, the position of the IGV relative to the speeimen surface should be determined u
) scans. These provide a peak intensity profile;icalled an “entering curve”, as a specim
lated through the gauge volume that gives:an experimental measure of the position o
jve to the gauge volume. It is necessary te,repeat wall scans for each measurement orig

at a number of locations along a surface where there is significant translation parallel to {

Care
prob
abse

NOTH

should be taken when surface treated, textured, large grained or highly absorbing n
ed. In these cases, the entering ourve can be substantially different from that exp
nce of these features.

1  Thelimit of alignmentby unaided eye of a skilled experimenter is #0,5°, optical or mech{

are therefore essential when a more precise alignment is needed.

NOTH
syste
the c
gaug(
parti

2 Any inaccuracy_in positioning the specimen with respect to the reference point wil
matic error in the<location where the strain is determined. If the reference point does not
bntre of specimen’ rotation, a rotation of the specimen will also result in an effective displa
b volume position relative to the specimen. This can introduce significant errors in stress d
tularly inccases of steep strain or composition gradients. For example, an uncertainty in positig

brence point

[0 the direction of the scattering vector using appropriate co-ordinates (see“A.2). The specimen

hen position
ed methods
1 directions
he required
by should be
y important
lation scans

mechanical
sing surface
bn surface is
Fthe surface
ntation, and
hat surface.
laterials are
bcted in the

nical devices

introduce a
roincide with
ement of the
ttermination,
ning Ax leads

to a systematie-Uncertainty in strain Ae at that point given by Ae = (d¢/0x)Ax. Thus, a positioning uUncertainty of
+50 |fm in aTegion with a strain gradient ds/dx of 2 000 x 10-6 per mm will result in a systematic yncertainty of
+100|x(10°® in strain.

A4

Number and location of diffraction measurement positions

A.4.1 General

The number and location of data points within a specimen should be sufficient to enable significant or
specified strain changes to be resolved. The specific number and locations of points will depend upon
the detail that is required, the variation in the strain pattern and the size of the gauge volume.

A.4.2 Measurements at one location

In some cases, measurements only at one location may be specified. These measurements are reliable
in regions of material and strain uniformity. However, in cases of non-uniformity, interpolation from
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additional measurements in close proximity of the specified location will be needed to assure the
reliability in the results.

A.4.3 Strain mapping

For an efficient strain mapping it may be useful to obtain an outline pattern using first a coarse matrix
of regularly distributed points and then to increase the point density in the vicinity of the specific
features that may be of interest. When the strain gradient or its variation is large along a measurement
direction, it may be necessary to increase the mapping density in that direction in order to obtain an

adequate sp

atial resolution.

A.4.4 Material removal to facilitate measurements at difficult locations

The specim

particular I¢cations of interest due to beam attenuation or the specimen not fitting on the instru

used. In sud
such limitat|
region of in{
checking by
finite eleme

in the region of the intended measurements.

A.5 Gaug

A.5.1 IGV

Because of
should be d¢

Complete I(
section. At e
an intensity

The wire c4
monochrom
polychroma
beam shall |

These scang
the position
angle. Therd
as close as

probe shoul

The IGV int

bn geometry or shape may make it difficult or impossible to perform measutemer

h cases the user could consider removing the material from the specimen to over
ions. Any modification of the specimen or component can alter or introduce stresses i

experimental techniques, such as strain gauges, and/or mathematical methods, su
ht analysis, to establish to what extent the material removal processcauses stress alter

e volume

determination

beam divergence and other inevitable uncertainties of the experimental set-up, thg
termined experimentally as described in Z5-

V parameters can be obtained by scamming a fine-wire probe through the gauge ¢
ach scan position, the integrated intensity scattered by the probe is recorded. This is ©
profile.

n be a Bragg-scatterer (e.g..steel or copper) or an incoherent scatterer (e.g. nylon).
atic instrument, it is beSt)to use the former, whilst the latter works very well w
tic beam as on TOF instruments. While scanning through the primary beam, the secon
e sufficiently wide,-and vice versa, not to influence the intensity profile of the former.

yield the intensity profiles and the dimensions, shape and position of the IGV and ther
of the referencepoint (see Figure 9). The shape of the gauge volume depends on the det
fore, the Bragg angle of the reflection used for the gauge volume determination shou|
possible to the angle of the reflection used for the measurement. The dimensions ¢
H be sufficiently small; otherwise attenuation corrections are required.

phsity profile may be illustrated by means of three 1-dimensional intensity profiles

ts at
ment
come
h the

erest. Significant care shall be taken when alterations are required~This requires cajreful

th as
htion

IGV

ross-
alled

On a
ith a
dary

cfore
pctor
Id be
f the

or a

3-dimensional intensity contour map. Such plots also illustrate the level of beam uniformity across the
beam width. However, for most practical purposes, the IGV may be described by three dimensions and
the diffraction angle. The dimensions quoted should correspond to the FWHMSs of the intensity profiles
of the incident and diffracted beams. The full widths of the intensity profiles should be provided to give
an indication of the sharpness of the IGV boundaries.

A thin metal sheet can be used to map the gauge volume in the scattering plane. It is scanned through
the gauge volume, once with its surface normal being parallel to the scattering vector and once with it
being perpendicular. The scan direction is given by its surface normal.
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A.5.2 Alignment of beam-defining optics

The beam-defining optics should be aligned such that the reference point will be in the desired position.
To this end the above-described scans and other techniques[32] can be used to perform the necessary
corrections in the positioning of the beam-defining optics.

Alternatively, a cylindrical scatterer of the dimensions of the gauge volume can be placed at the preferred
gauge volume position and each beam-defining optics component be scanned across its respective
beam while recording the intensity profile. The centroid of the profile determines the correct position

of the optics component.

The p
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ssed while
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cing the scatterer by a narrow slit and placing a detector behind it.

tIre—rrrecrrotro—ory

listances of the incident and diffracted beam-defining optics from the reference poi
5 appropriate. In the case of slits, these distances should be as small as is practicablg
ts of divergences are minimized, whilst still permitting movement of the \specimen w
pf collision when scanning. When radial collimators are used, they should be aligng
focus coincides with the reference point.

e beam positioning reproducibility cannot be guaranteed after @ gauge volume chang
ioning procedure shall be repeated.

B Gauge dimensions

e dimensions should be chosen so as to permit the. detail to be resolved as necess:
nsions exceed the size of or distance between featitres of significance, the detail is lost
rns.

mportant to describe the beam-defining optics in order to be capable to reproduce the n
o estimate the IGV[3€l,

L Grain size

h the size of the grains becomes large relative to the SGV, the statistical sampling can
| for a reliable determinatjern:of an average lattice spacing of grains within the volume

b scattering. For example, at one location in the sample a large grain can make a dispro
)g contribution to the\nieasured intensity, but if incorrectly oriented, the peak cen
de a correct measurement of the lattice spacing, skewing the SGV average. Conversely
ion, the portion 6fthat grain in the SGV may become small resulting in a negligible cor

'y large single-grain within the gauge volume can make a very strongly biased con
fraction ppeak. This can result in large point-to-point variations in the intensity alg
urements’that are significantly greater than the calculated uncertainty in the ints
idual\measurement. Likewise, for a given measurement location, rotation of the samp
ehtre will also lead to large angle-to-angle intensity fluctuations if the grains are lar

ht should be
b so that the
ith minimal
td such that

e, the gauge

iry. If gauge
in the strain

easurement

become too
contributing
portionately
tre will not
at a nearby
tribution.

tribution to
ng a line of
nsity of the
le about the
be, while for

suffi

ctettty stratt graims; the ftuctuations witt be comparabte to the imtensity uncer tainty a

1d therefore

appear smoothly varying, even for a sample with a moderate crystallographic texture.

The solution is to increase the number of contributing grains for good statistical sampling. This can
be achieved with a larger SGV, by angular oscillation of the sample about the IGV centre, or spatial
oscillation. Normally other factors drive the choice of the IGV, and angular oscillation is more efficient
than spatial oscillation.

The angular scan test noted above can be repeated with increasing mitigation measures until the
intensity fluctuations are comparable to the uncertainty in the intensity of the individual measurement
thereby confirming good statistical sampling of the grains.

Another example of a mitigation technique is the use of a 180° rotation, which can significantly reduce
the effectl37Z],
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