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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

est

Intgrnational Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Pa
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ablished has the right to be represented on that committee. International organizations
-governmental, in liaison with ISO, also take part in the work. ISO collaborates closel
rnational Electrotechnical Commission (IEC) on all matters of electrotechnical standardization;

b main task of technical committees is to prepare International Standards. Draft\International
bpted by the technical committees are circulated to the member bodies for voting. Publica
brnational Standard requires approval by at least 75 % of the member bodies casting a vote.

other circumstances, particularly when there is an urgent market requirement for such dog
hnical committee may decide to publish other types of normative document:

an ISO Publicly Available Specification (ISO/PAS) represents-an agreement between technica
of the parent committee casting a vote;

an ISO Technical Specification (ISO/TS) represents’an agreement between the members of
committee and is accepted for publication if it is approved by 2/3 of the members of the commit
a vote.

ISO/PAS or ISO/TS is reviewed after three-years with a view to deciding whether it should be co
Urther three years, revised to become an‘International Standard, or withdrawn. In the case of g
D/PAS or ISO/TS, it is reviewed agaim after six years at which time it has to be either transpos
brnational Standard or withdrawn.

ention is drawn to the possibility that some of the elements of this document may be the subjeq
nts. 1SO shall not be held responsible for identifying any or all such patent rights.

D/TS 21432 was prepared by the European Committee for Standardization (CEN) Technical

N/TC 138, Non-destructive testing, in collaboration with Technical Committee ISO/TC 135, Non-
fing, Subcommittee’ SC 5, Radiation methods, in accordance with the Agreement on technical G
ween 1ISO and’CEN (Vienna Agreement).
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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 for establishing applied stresses. The procedure can be employed for
determining stresses within the interior of materials and adjacent to surfaces. It requires specimens or

engineerin
which are
reliably de

Vi

then converted to stress. The purpose of this document is to provide the technical specification
ermining stresses that are relevant to engineering applications.

g components to be transported to a neutron source. Measurements of elastic strain _are obtained

for
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Non-destructive testing — Standard test method for
determining residual stresses by neutron diffraction
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sociated with its use. It is the responsibility of the user of this Technical Specification.t
bropriate safety and health practices and determine the applicability of regulatory-limita
Lise.

Scope

Th
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s Technical Specification gives the standard test method for determiningesidual stresses in pol
terials by neutron diffraction. It is applicable to homogeneous and inhomogeneous materials
es containing distinct phases.

The principles of the neutron diffraction technique are outlinedAdvice is provided on the diffrag
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es on which measurements should be made for different{cateégories of materials. Guidance

abgut the directions in which the measurements should be\ebtained and of the volume of mats
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meg
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Th

uld be examined, in relation to material grain size\and the stress state envisaged, whg
asurements.

cedures are described for accurately positioning and aligning test pieces in a neutron beg
cisely defining the volume of material that is sampled when individual measurements are being r

b precautions needed for calibrating neutron diffraction instruments are described. Techniques fg

a stress free reference are presented.

Th
Prq
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to
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Th
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e methods of making individual elastic strain measurements by neutron diffraction are describe]
cedures for analysing the results and for determining their statistical relevance are presented
vided on how to determine ‘reliable estimates of residual (or applied) stress from the strain data
bstimate the uncertainty-in-the results.

Normative‘references
following) referenced documents are indispensable for the application of this document.

rences;-only the edition cited applies. For undated references, the latest edition of the
cumeént (including any amendments) applies.
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Part 3: Instruments?)
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To be published.

© I1SO 2005 — All rights reserved

aterials —


https://standardsiso.com/api/?name=4c436d2c44c0ee6d63e9f9b756a88106

ISO/TS 21432:2005(E)

3 Terms and definitions

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

3.1

absorption

neutron ca

NOTE

3.2

pture by an atomic nucleus

Tables of nuclear capture cross sections can be found under e.g. http://www.webelements.com and links.

alignment
adjustmen
strain mea

3.3
anisotrop
dependen

3.4

attenuatign

reduction ¢

NOTE
and differen
neutron inte

3.5
backgrou

of position and orientation of the specimen and all components of the instrument such thattelia
surements by neutron diffraction can be performed at the desired location in the specimen

y
e of material properties on orientation

f neutron intensity

Attenuation can be calculated by using the so called “total neutron cfoss section”, which comprises absorp
t nuclear scattering processes. The attenuation length is the distance within the material for which the prim
nsity is reduced by 1/e.

nd

intensity considered not belonging to the diffraction signal

NOTE
the peak po

3.6

Background dependence on scattering angle arjtime-of-flight is not uncommon and can have an influencg
Sition resulting from data analysis.

beam defining optics

ble

ion

on

nd

to

arrangemgnt of devices used to deterfine the properties of a neutron beam such as the wavelength 3
intensity distributions, divergence and'shape

NOTE These include devices-stich as apertures, slits, collimators, monochromators and mirrors.

3.7

Bragg edge

sudden change in_ngdtron intensity as a function of wavelength or diffraction angle corresponding
A=2d, ..., Where k¥ indicates a diffracting lattice plane

3.8

Bragg peak

intensity distribution of the diffracted beam for a specific %kl lattice plane

3.9

peak height

maximum intensity of the Bragg peak above the background

3.10

peak function
analytical expression to describe the shape of the diffraction line

© I1SO 2005 — All rights reserved
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1

peak position
single value describing the position of a Bragg peak

NO

31

TE The peak position is the determining quantity to calculate strain.

2

diffraction
scattering based on interference phenomena

31

3

dif

3.1
ful

raction elasticity constants

idth of the diffraction line at half the maximum height above.the background

6
pattern analysis

determination of crystallographic structure and/or-microstructure from a measured diffraction p

scattering

httern of a

also single

parameters

polycrystalline material

NQTE In general the full pattern analysis.is termed after the method used (e.g. Rietveld refinement) Segq
pedk analysis.

347

gauge volume

volume from which diffraction-data are obtained

NOTE This volume is-determined by the intersection of the incident and diffracted neutron beams.
3.18

lattice parameteérs

lingar and angular dimensions of the crystallographic unit cell

NQTE Most engineering materials have either cubic or hexagonal crystal structures. Hence the lattice
usyally enly refer to the lengths of the unit cell edges.

3.19

lattice spacing

d-spacing

spacing between adjacent crystallographic lattice planes

3.20

macrostress

type | stress

mean stress in a volume containing a large number of grains

NOTE Also called stress of type I.

© I1SO 2005 — All rights reserved
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3.21

microstress
mean stress deviation in a restricted volume from the macrostress level

NOTE

— theme

There are two classes of microstress:

an deviation from the macrostress determined over a grain or phase dimension (also called type Il);

— the mean deviation from the type Il stress determined over a volume of several atomic dimensions (also called

type 1l

3.22

).

monochrd
neutron ins

3.23
monochrg
neutron be

3.24
orientatio
quantitativ

NOTE

3.25
polychron
neutron be

3.26
reference
centroid of

NOTE

3.27

reproduci
closeness
changed c

[VIM: 1993
NOTE 1
principle of]

conditions g

NOTE 2

matic instrument
trument employing a narrow band of neutron energies (wavelengths)

matic neutron beam
lam with narrow band of neutron energies (wavelengths)

n distribution function
b description of the crystallographic texture

The orientation distribution function is necessary to calculate the elasticity constants of textured materials.

natic neutron beam
am containing a continuous range of neutron energies (wavelengths)

point

the instrumental gauge volume
See 6.5.

pility

of the agreement between the results of measurements of the same measurand carried out un
bnditions of measurements

|
A valid statement)of reproducibility requires specification of the conditions changed. These can incl
measurements;~method of measurements, observer, measuring instrument, reference standard, locat

f use and time~

Reprodueibility can be expressed quantitatively in terms of the dispersion characteristics of the results.

NOTE 3

Reésults are here usually understood to be corrected results.

Her

Lide

3.28

scattering

coherent scattering
scattering of neutrons from ordered scattering centres producing constructive and destructive interference of
the particle waves

3.29

incoherent scattering
scattering of neutrons in an uncorrelated way

© I1SO 2005 — All rights reserved
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3.30

single peak analysis

statistical procedure to determine the characteristics of a peak and the background from the
diffraction data

3.31
texture

measured

preferred orientation of crystallites (crystallographic texture) or reinforcements (morphological texture) within a

specimen

3.32

thrjough surface scan
prdcedure to determine the position of a specimen surface or interface

ungertainty of measurement

pafameter, associated with the result of a measurement, that characterises the dispersion of the
couild reasonably be attributed to the measurand

[VIM: 1993]

NQTE 1 The parameter may be, for example, a standard deviation (or a given multiple of it), or the half
intgrval having a stated level of confidence.

NQTE 2  Uncertainty of measurement comprises, in general, many components. Some of these compone
evdluated from the statistical distribution of thevresults of a series of measurements and can be charg
exgerimental standard deviations. The othernlcomponents, which also can be characterized by standard de
evdluated from assumed probability distributions based on experience or other information.

NQTE 3 It is understood that the.result of the measurement is the best estimate of the value of the measur
all components of uncertainty, including those arising from systematic effects, such as components ass
corfections and reference standards, contribute to the dispersion.

NOTE 4  Uncertainty needs to be distinguished from accuracy of a measurement, which can be influ
systematic bias.

rve.

a defined

alues that

width of an

nts may be
cterized by
iations, are

ed, and that
ciated with

enced by a

4 Symbols and abbreviated terms

41 Symbols

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

Background at peak position

d Lattice spacing
e energy
E Elasticity modulus

© I1SO 2005 — All rights reserved

nm

nm

GPa


https://standardsiso.com/api/?name=4c436d2c44c0ee6d63e9f9b756a88106

ISO/TS 21432:2005(E)

En Elasticity modulus associated with the (hkl) diffracting lattice planes GPa
g strain gradient mm-"
h Planck’s constant Js
hkl Indices of a crystallographic lattice plane

hkil Alternative indices of a crystallographic lattice plane for hexagonal structures

H Peak height —
1 Integrated neutron intensity of a Bragg peak above background

. ave vector of the incident and scattered neutrons A1
L Ppth length from neutron source to detector m
/ Neutron attenuation length mm
m, Neutron mass (1.67 x 1027 kg) kg
N, Tptal number of neutrons counted

0 Skattering vector (k; — ;) nm-1
t T|me of flight of neutrons from source to detectors

T Temperature °CarK
u Standard uncertainty —
X,¥,Z Akes of the specimen co-ordinate system

a efficient of thermal expansion K1
A Vhriation of, or change in, the parameter that follows

£ Elastic strain —
g mponents of elastic strain tensor —
Enkl Niormal elastic strain associated with the (hkl) diffracting lattice plane —
A avelength of neutrons hm
v Ppisson’s ratio

Vhk Ppisson’s ratio associated with the (hkl) diffracting lattice plane

o Sfress MPa
G mponents of stress tensor MPa
o, Yjeld stress MPa
20 diffractiomangle degrees
&, v, ® Qrientation angles denges
42 Su

hkl, hkil Indicate relevance to crystallographic lattice planes

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

oy Indicate the normal component, in the (¢ y) — direction of the quantity concerned
0 (zero) Indicates strain free value of the quantity concerned

ref Indicates reference value of the quantity concerned

6 © I1SO 2005 — All rights reserved
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4.3 Abbreviated terms

PSD Position Sensitive Detector

TOF Time of flight

IGV Instrumental gauge volume

NGV Nominal gauge volume

SGY—Sampted-gatge-votume

5 | Summary of method

5.1 Preamble

This Technical Specification is concerned with the determination of residual and/or applied stress

neg¢ded in engineering analysis. These are determined from neutron diffraction measurements of]
spacing between crystallographic planes. From changes in these spacings, elastic strains can &
fro
str
cla

psses at different locations can be determined, provided enoughrstrain measurements are obtai
use the strain measurement process is summarized.

5.2 Outline of principle — Bragg’s law

WH
rag
diff

en illuminated by radiation of wavelength similar {6 interplanar spacings crystalline materials
iation as distinctive Bragg peaks. The angle at which a diffraction line occurs is given by Bra
raction.

2dhk|.5in 9hk| = A

where 1 is the wavelength of the radiation, dyy is the spacing of the 4kl lattice planes responsible fo
peak and 6y is the Bragg angle The peak will be observed at an angle of 24, from the inciden
sheown schematically in Figure A.

5.3 Neutron sources

Neptron diffraction.useés neutrons generated by fission or spallation; the former is predominantly e
steady-state nuclear reactors and the latter in pulsed spallation sources. In both cases the neutrons
argd moderated>to bring their energies to the thermal range, i.e. 4 > 0.09 nm. At reactor
mdnochromatic beam of neutrons is usually produced by using a crystal monochromator to selg
nelitron wavelength from the polychromatic beam. At spallation sources, the neutron beam usually
a geries, of short pulses each containing a spectrum of wavelengths The energy (and therefore wav

bs that are
the lattice
e derived,

M which stresses can be calculated. By translating a specimen or<component through a neufron beam,

hed. In this

Hiffract this
yg’s law of

(1)

the Bragg
[ beam, as

mployed in
5 produced
sources, a
ct a given
consists of
elength) of

eagh’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 time of flight (TOF). TOF measurements are, therefore, wavelength
dependent (sometimes termed energy dispersive), with the entire diffraction pattern being recorded at any
particular scattering angle. Short pulses of polychromatic neutrons can also be produced by one or more

choppers at continuous sources or from long pulses.

5.4 Strain measurement

When a specimen is illuminated by a monochromatic parallel beam of neutrons of known wavelength, its

lattice spacing can be determined from the observed Bragg angle using Bragg's law (1). If the
contains no strain, the lattice spacings correspond to the strain free (stress free) values for the m

© I1SO 2005 — All rights reserved
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are denoted as dj - In a stressed specimen lattice spacings are altered and a shift in each Bragg peak
occurs allowing the elastic strains to be given by:

bt — ot _ Adpg _ SN0
do,hki dohki SNy

()

Ehkl =

At a TOF instrument, pulses, containing neutrons spanning a range of velocities, and therefore wavelengths,
are directed at the specimen. From the measured flight time ¢ of detected neutrons, their wavelength is
calculated using the de Broglie relationship to give:

PR LA (3)
m,-L

By substitiiting (3) into Bragg’s law (1), the time of flight for a particular wavelength and ’crystal plane
becomes :

thkl 22%'L'Sin9'dhk| (4)

for a detegtor positioned at angle 26.

As the inc|dent neutron beam is polychromatic, the reflections of all lattice: planes normal to the direction in
which the [strain is measured are recorded. Each reflection is produced from a different family of grdins
oriented suich that a specific ikl plane diffracts to the detector. The Elastic strain can then be calculated from
the flight time shifts in any of the observed reflections in a manner‘@nalogous to that described in equation|(2)
so that for ja fixed angle 26

Adyyg  thki—tonkl  Ahki—40,hki
€ hkl 7 = =
d o hii 10, hkI A0,hki

©®)

It should be noted that simultaneous recording, of) reflections of various lattice planes can facilitate analysjing
the data by multi-peak fitting or full pattern analysis (see 6.3.2).

For both monochromatic and TOF insttuments, the direction in which strain is measured is along the
scattering |vector, O = k - k, which_bisects the angle between incident and diffracted beams and is
perpendicdlar to the diffracting planes’as shown in Figure 1.

5.5 Neutron diffractometers

A monocHromatic instrument typically used for strain measurement at a steady state source is shgwn
schematically in Figure'2. The polychromatic neutron beam is first monochromated to a chosen wavelength| by
diffraction [from assuitable monochromator. This monochromatic beam is then given spatial definition by the
use of appropriate beam defining optics to produce a beam of controlled dimensions. This beam is then
diffracted from the specimen and captured by a neutron detector. An example of a diffraction peak from a

monochromeatie-instramentis—shown-in r;yuuc 3-

At TOF-diffractometers typically used at pulsed sources, each pulse provides a diffraction profile across a
large range of lattice spacings. A typical TOF-diffractometer used for strain measurement in two directions
simultaneously at a pulsed source is shown in Figure 4. As a fixed scattering angle is used, most instruments
at spallation sources use radial (focussing) collimation. This allows neutrons to be detected over a wider solid
angle than would be possible using a slit, yet ensuring that most of the detected neutrons come from a defined
gauge volume (see 6.5). The signals from the individual elements of the detector array are combined taking
into account their different angular positions. Two or more detectors with radial collimators can be used to
enable more than one Q (strain) direction to be measured simultaneously. A typical diffraction pattern from
such an instrument is shown in Figure 5 which also shows the result of a Rietveld profile refinement where a
crystallographic model of the structure is fitted to the diffraction data using a least squares analysis (see 6.3.2).

8 © I1SO 2005 — All rights reserved
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5.6 Stress determination

Stress and elastic strain are second rank tensors that are related through a solid’s elasticity constants. Since
neutron diffraction can measure the elastic strain within a defined volume in a crystalline solid, it is possible to
calculate the mean stress in that volume provided the relevant material elasticity constants are known. Full
determination of the strain tensor requires measurements of the elastic strain in at least six independent
directions. If the principal strain directions within the body are known, measurements along these three
directions are sufficient. For plane stress or plane strain conditions, a further reduction to two directions is
possible. Measurement along one direction only is needed in the case of uni-axial loading.
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asure strains at a number of locations in more than one direction. This in turn requires accurate
he specimen with respect to the collimated neutron beam and the detectors. This is usualty~acq
N linear translation and rotation tables, on which the specimen is mounted.

sequentially moving the specimen through the volume (termed a gauge volume, seeClause 6.4
ntified by the intersection of the incident and diffracted beams, the spatial variation in elastic
pwing measurement in other directions, stress can be mapped within a specimien or component.

2
A
1 3
PN
20 [
\
Y
L
y
diffracted wave vector k¢ 3  scattering vector Q
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Figure 1 — Schematic illustration of Bragg scattering geometry
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Key
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beam defining optics for the incident beam and shielding

beam defining optics for the diffracted beam and shielding

Figure 2 — Schematic illustration of a steady state source based diffractometer for strain
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Figure 3 — Example of a Bragg peak from a reactor (steady state source) based diffractometer fitted
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6 Preparations for measurements

6.1 Preamble

Prior to an actual strain measurement it is necessary to align the instrument and/or verify its alignment. Then
appropriate conditions for the diffraction measurement have to be chosen and the specimen has to be
positioned accurately on the diffraction instrument. Also the size and shape of the volume from which
diffraction will be observed have to be determined, and the value has to be assessed of the d-spacing with
respect to which the strain will be determined.

6.2 Alidnment and calibration of the instrument

It is necespary to align and calibrate the diffractometer being used (see A.4.2). When using a monochromatic
beam instument, it is necessary to ensure that a constant wavelength is maintained throughout the entire jset
of measur¢ments and that the detector angular response has been calibrated (see EN 13925-3:==2) Annex [C).
At a TOF{diffractometer, both the flight path and detector angular response should beccalibrated. In bpth
cases this|is done using a standard stress free specimen typically silicon, ceria or alumina powders. S:LCh
specimeng are chosen because they diffract neutrons well, have known and well definéd lattice parameters
and have gmall 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 wavelength. One way of dojing
this is to ugse an incoherent scatterer, such as vanadium.

6.3 Chaice of diffraction conditions
6.3.1 Monochromatic instruments

6.3.1.1 Choice of 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
efficient execution of the experiment is achieved_for a diffraction angle near 90°. However, if the chogen
wavelength is close to twice the d—spacing of\any diffraction plane in the specimen, “Bragg edge” related
spectrum |stort|on can occur which can cause artificial peak shifts. These ‘problematic’ wavelengths have
been tabulated in I"! for several common.metals over a range commonly used for strain measurements. fFor
cubic matgrials, in particular, scattering angles of 90° should be avoided since for all {#k{} diffraction plapes
there is an|alternate {/ 'k’l’} which would’'cause a Bragg edge related effect.

cy with which a measdrement can be performed depends on parameters such as incident bepm
intensity af the chosen wayelength, diffracted neutron intensity, peak width and separation of peak unfler
investigatipn from adjaceqt)peaks. With respect to these factors a diffraction angle quite different from p0°
may be mqre efficient than-one close to 90°.

6.3.1.2 hoiceof diffracting lattice plane

In the presénce of elastic and plastlc anlsotropy in a materlal drfferent hkl planes may exh|b|t d|fferent
responses 10 a macr ' ' ’ ' ’ ’

situ, in a neutron diffractometer whilst measurements of stress and stra|n are recorded as indicated in
Figures 6 and 7. In these figures, stress recorded by a load cell in series with a test bar is plotted against
elastic strain measured by neutron diffraction.

It is evident, within the elastic region as shown in Figure 6, that a linear response is obtained whichever set of
lattice planes is used to make the measurements. This demonstrates that any 4kl reflection can be employed
for determining stress in this region, provided the appropriate diffraction elastic constants are chosen.
Generally, these are neither the bulk elastic constants nor the single crystal values, but a polycrystalline

2) To be published.
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aggregate value associated with a particular #kl plane. These constants can be obtained either experlmentall?/
as Figure 6 demonstrates, or can be calculated (see clause 9). The calculat|on methods include the Reuss |
Voigt “l Neerfeld-Hill !, e and self-consistent methods, e.g. Kroner U Normally the Neerfeld-Hill method
prowdes reliable apprOX|mat|ons and is much simpler to implement than the self-consistent approaches.
Regardless of the method used, the crystallographic texture of the specimen needs to be taken into account.
See references ® and ™ for discussion on the importance of texture.

Plastic deformation begins at different stresses recorded by the load cell in differently oriented grains, as
illustrated in Figure 7. This is demonstrated by a non-linear response on loading followed by linear elastic
unloadlng The consequence is that a dlfferent residual elastlc strain may be measured on each Akl plane on
unloading to ‘ll-lll nad on the
itions. Non-
zeno re3|dual strains at zero load for any crystallographic plane will translate into a cresidpal stress.
Cohsequently it is important, for engineering residual strain measurements, that a crystallographjc plane is
chgsen which gives essentially zero residual strain on unloading [e.g. plane (220) or (311) inFigure|7].

If & suitable Akl plane is not known, or a new material is being examined, ancappropriate plahe can be
defermined by loading a tensile bar into the plastic region as shown in Figure 7.

Nepertheless, in some cases it is necessary and appropriate to employ 4kl planes that are sensitive to
int¢rgranular strains. In such cases compensation has to be made for the“intergranular strains. Ope suitable
approach is to obtain the dy-value from coupons that are taken from the.specimen under investigatipn and are
sufficiently small not to contain macrostresses fol . Examples of ikl planes with high and low sensitivity to
intgrgranular strains for a range of materials are Ilsted in Table 1.

Table 1 — Examples of planes exhibiting high and low sensitivity to intergranular strains for|materials
of different-symmetry

. Planes:with low sensitivity to Planes with high sensitivity to
Material . . ; -
intergranular strains intergranular strains
[11] [12] [13] [14]
f%‘]’) (s' Fe ™%, Cu ™), fec (Al 111, 311, 422 200
bee (Fe ') 110, 211 200
_ _ 0002 (basal)
hcp (zircaloy [, Ti ') 1012, 1013 (Pyramidal) o
1010, 1210 (prism)
hep (Be '®) 2021, 1122 (2" order 1012, 1013 (basal, prism gnd 1%
pyramidal) order pyramidal)
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Key
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Figure 6 — Elastic response of different crystallographic planes for nickel alloy
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Figure 7 — Effect of yielding on response of different crystallographic planes to loading and
unloading of a tensile bar of a nickel alloy
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6.3.2 TOF instruments

At a TOF instrument many peaks are recorded simultaneously. In this case strains can be determined from
one or more selected individual {#kl} planes as described for monochromatic instruments (6.3.1) or by
averaging over all planes using a full pattern analysis such as the Rietveld refinement procedure 09 In this
latter case, strain is obtained from changes in the lattice parameters defining the unit cell dimensions. It has
been shown that this procedure gives adequately small residual stress in tensile bars after unloading from the

plastic regi
purposesg[z'

Fo

?l(see also Figure 7).

strain is aiven by
7 ~J J

n to several percent plastic strain and is suitable for determining residual stresses for engineering

wh
di

unfextured hexagonal materials an appropriate expression for the strain ¢ is:

wh
as

6.4

T
an
ide

=2

Ac

soime extent on the type of measurements being made, but typically should be within £ 0,1 m

po
bei

Ali
(s¢
the

iy

6.

Th
pa

r cubic materials with lattice parameter 4
= U

_a—ao

ap

ere the lattice parameter a is the value obtained from the full pattern analysis (it replaces the latti
h equation (2)). For non-cubic materials it is necessary to identify a suitable ‘strain parame

2e,+¢,

3

5

ere ¢, and ¢, are the strains determined from the a and c latfice parameters respectively in the
n equation (6) 1'%\

Positioning procedures

E initial alignment procedure requires the determination of the location of the centroid of the IG
i Fig. 8.b). This location is defined as the reference point to which all measurements are referre
ally coincide with the centre of rotation of the specimen table.

curate specimen positioning is requiréd, as described in A.2. The level of accuracy required (

itioning accuracy is most important in the case of large strain gradients and where measure
ng made close to surfaces. Itis‘important that the uncertainty in positioning is known.

jnment can be carried-eutfor example by optical or mechanical means, or by using through sur

e annex A.2.3). All three methods are capable of determining the position of a specimen edge
neutron beam tocan.uncertainty of 0,1 mm.

Gauge volumes

e nominal gauge volume (NGV) is defined as that volume of space that is occupied by the intg

(6)

ce spacing
er, e.g. in

(7)

same way

V (see 6.5
d. It should

epends to
m. Highest
ments are

face scans
relative to

rsection of

allel beams of neutrons, which are transmitted through the defining apertures (e.g. slits, colli

bo|

ators) for

hithe incident and diffracted neutrons (Figure 8.a). The centroid of the NGV is the geometric centre of this

vol

ume (See 6.4).

For a system which incorporates radial collimators the concept is identical, but each radial collimator slit
contributes to the NGV.

The instrumental gauge volume (IGV) is the volume of space defined by the actual neutron beam paths
through the defining apertures, taking into account beam divergence and the beam intensity profile
(Figure 8.b). A common method of determining the IGV involves scanning a small probe through it (see annex
A.4.1 for details). The IGV dimensions can also be defined in terms of the FWHM of the beam intensity profile.
Whatever practice is adopted shall be specified.
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The difference between the IGV and the NGV may be particularly evident when small volumes are being
sampled. Note that the IGV and NGV are properties of the diffractometer itself.

Finally, the sampled gauge volume (SGV) is the intersection of the IGV with the specimen phase under
investigation (see Figure 8.c). It is the volume over which the average strain is obtained. This average is
affected by:

— partial

— attenu

filling of the IGV with the specimen phase under investigation;

ation of the neutron beam within the specimen;

— wavel

It is for th¢ above reasons that the centroid of the SGV will be at a different position to that of, the IGV

shown in A

The SGV

strain in this volume is obtained is then the intensity weighted position of the centfeid of the SGV. |

important
significant
centroid be

6.6 Dete¢rmination of a strain free or reference lattice spacing

bngth and intensity distribution in the neutron beam.

igure 8.c.
and its centroid should be determined for each measurement. The position at‘which the averg
that the measured strain is reported at this position. The effect of the'\weighting will be m

at surfaces and interfaces, and in highly attenuating materials. The-consequences of the S
ing offset from the reference point are discussed in annexes A.4.5 and A.5.

as

ge

is
ost
GV

Since diffraction measurements allow the determination of lattice spagings, in order to measure elastic strdins

it is neces
possible td
lattice spa
values of {
made whe

Lattice spacings are sensitive to a number of causes, apart from stress and instrumental aberrations,

these shal
The optim
Methods in

— measyrement in a material at a_ pesition known to contain negligible stress,

sary to have a reference value, relative to which the strains can be determined. In some cases
determine a strain free lattice spacing 4. In other cases only a reference lattice spacing d, (
Ling to which other measurements will be compared) -will be possible. It should be noted that act
tress can only be determined when strains are -Galculated relative to dj,. Use of d,should only
n values of 4, are not available.

be taken into account. The most important of these are chemical composition and temperaty
im method of determining dj (or d¢g) Will depend on the particular application under considerati
clude

tis
the
ual
be

and

re.
pn.

— measlyirement on a powder, which is representative of the material being examined. This is particularly

suitab

e for multiphase materials,

— meas
multip|

rement on small’coupons, cut from large blocks of material. This is relevant to welds, since usq
e c[oupons allows determination of spatial and directional variations in d; through a weldment to

of
be

ient

variation across that section. It is recommended however that experimental methods are used where
possible, and that equilibrium is employed mainly as a check for consistency, and

— calculation of dj by ensuring zero stress perpendicular to a free surface. This is only suitable when there
is no variation in dy away from the surface and when accurate near surface strain measurements are
possible.

Care shall be taken with the preparation of “stress-free” material to avoid the introduction of residual stresses,
or modification of the microstructure, during manufacture.
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Figure 8 — Plan views of the a) nominal b) instrumental and c) sampled gauge volumes. “O” indicates
the centroids of the NGV and the IGV, and “X” the centroid of the SGV. The centroid of the IGV is the
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7 Mate

rial characterization

7.1 Preamble

A number of factors concerning the thermal and mechanical history experienced by the specimen or
component to be examined can affect the state of residual strain in the material, its measurement, and its
conversion to stress. Those aspects that have bearing on the measurements shall be reported. Most of these
aspects are cited below. In some instances, it may be appropriate to carry out preliminary diffraction
measurements to establish the scope of the investigation. This type of information is required to estimate, for
example, diffraction elasticity constants, beam attenuation, diffracted beam intensity, background intensity,

and possiH

7.2 Con

le Issues with regard to radioactive activation.

nposition

Standard material designations that indicate chemical composition and processing route shall be used

enable ap
composite
considered

bropriate experimental conditions to be chosen. Furthermore, for multiphase materials, includ
5, the chemical composition, fraction, orientation and morphology of each-phase shall also
for their influence on stress determination.

7.3 Thermal/mechanical history

The proce
in designin
also be rel

5sing route used to shape, form or join the specimen, including heat treatment, shall be conside

to
ing
be

red

g the experiment. In the case of parts removed from service,the previous operating conditions npay

bvant.

7.4 Phases and crystal structures

The phase
used in the

7.5 Hon

s in the alloys, ceramics, and composites shall be' known. The crystallographic structure of pha
measurements shall be specified.

nogeneity

Informatio about any spatial variation in composition or phase distribution is relevant to the experiment. T|

may affec
whether it
particular,
lattice spa

7.6 Mic

The numb
dimensiong
intensities,)
size in reld

confidence in making measurements at a particular location in a specimen or component
is valid in taking the results\10 be representative of the specimen or component as a whole
inhomogeneities in the microstructure and composition can lead to variations in the stress-f|
ting with position in the"specimen or component (see 6.6).

rostructure

br of grains in-the gauge volume is important in determining the quality of a diffraction pattern. La

peS

his

and

In
ree

rge

5 of grains jor composite reinforcements can result in point-to-point fluctuations in diffraction pg¢ak

which_may indicate that an insufficient number of grains is being sampled. Consequently the gn
tion‘to'the gauge volume employed and to the stress distributions measured shall be known.

ain

7.7 Texture

The presence of crystallographic texture will affect diffraction peak intensity and the conversion of strain to
stress. If the material is known to possess texture, as a result of processing or use, it shall be characterised.

18
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Recording requirements and measurement procedure

8.1 Preamble

Three parameters shall be determined with appropriate accuracy: a) strain, b) direction of the strain
measurement, and c) the position in the specimen at which the measurement is made. Sufficient information
shall be recorded such that the experimental approach and data analysis can be understood, evaluated, and
reproduced. Supplementary details for this clause are provided in annexes A and B.

8.2__Recording requirements

In
p

=

[

8.2.

Instrument related information:

vided together with the following information.

1 General information — instrument

individuals responsible for the instrument;

neutron source and location, name and type of instrument;
temperature =+ variation;

optics components in incident and diffracted beams; for slits height and width, and distance tg
point shall be specified; for radial collimators focal length, foil length and thickness, angle bet
all aperture dimensions and collimator oscillation parameters shall be quoted.

fameters for monochromatic instruments:

type of monochromator, its crystal and.reflection used, type of detector, monochromator tg
point distance, detector to referencepoint distance;

wavelength and how it was determined;

vertical and horizontal galige intensity profile if critical to the measurement;

resolution of the detector.

rameters for TOR instruments:

total flight'path length L, detector to reference point distance, type of detector, angular range of

wavelength range and how it was determined;

jeneral the project title, persons involved in the investigation and the dates of the measurements shall be

reference
ween foils,

reference

detector;

vertical and horizontal gauge intensity profile if critical to the measurement:

number of Bragg peaks used or d-spacing range used in analysis of data;
time resolution or channel width;

incident intensity as a function of wavelength.

© I1SO 2005 — All rights reserved

19


https://standardsiso.com/api/?name=4c436d2c44c0ee6d63e9f9b756a88106

ISO/TS 21432:2005(E)

8.2.2 General information — specimen
Specimen related information:
a) specimen material; chemical composition, crystal structure;

b) diagram of the specimen showing dimensions, fiduciary marks or reference locations and specimen co-
ordinates.

8.2.3 Specific information required for each strain measurement

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

Information related to specific measurements:
For monodhromatic instruments:

a) peak position 24, + uncertainty;

b) peak position for the lattice planes in the strain free condition 26, , (or réference peak position 26 fy)
+ uncértainty.

For TOF instruments:

c) times pf flight #,,, or lattice parameter(s) in the case of full pattern analysis + uncertainty;

d) times pof flight for the lattice planes in the strain free condition, 7 1, (or reference times of flight 7 p,) or
referepce lattice parameter(s) in the case of full pattérn analysis + uncertainty.

For any type of instrument:

e) specimen orientation relative to the scattering vector Q + uncertainty;

f)  specimen and gauge volume positions relative to the reference point + uncertainty;
g) strain |- uncertainty;

h) d-spaging measurement+'uncertainty (if absolute values are required).

For single peak fits:

i) angle or timesinerement;

j)  peak ;|>roﬁle function used and parameter values obtained, including:

1)  FWHM  uncertainty;
2) peak height H or integrated intensity / + uncertainty;

3) background B + uncertainty.
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For multiple peak fits or full pattern analysis (e.g. Rietveld refinement):

k)

peak profile(s) used, and relevant parameters including:
1) width, as function of wavelength or diffraction angle;
2) peak profile asymmetry;

background fit used ;

decerintion-of-haw-taxtira _alactic and Aloctin ony fropmag ara talean tnta S~y it
T

Th

shall relate to the shape of the specimen and/or to the principal stress directions, if knewn.

NO

with respect to symmetry features are appropriate.

8.4
Th

of
Th

8.9

Me

strain/stress tensor. Nevertheless, three measurements along any three mutually orthogonal coord

(e.
Th
mg

8.6

Th
an

Fo

mdgterial to make’the measurement possible.

De

8.1

0 0
CCSTTTPtIOTT OT oW tCATOTr o Crastoat ProsStC oSOt op y arc ke T toaCTourt

Specimen co-ordinates

b co-ordinate system used to define location and direction within a specimen shall be'clearly sp

TE For most applications on regular-shaped specimens or components rectangular or polar co-ordin

Positioning of the specimen

b position of a specimen shall be defined relative to the instrument reference point (see 6.4) The
he specimen co-ordinate system shall be defined in relatiofy to the co-ordinate system used t

e reference point position shall be defined as accurately as.is practicable. Details are given in A.4.

Measurement directions
asurements along at least six independent.directions are generally required in order to det
j. the specimen co-ordinate system) yield the respective normal components of the strg

prefore important information can be obtained without knowing the principal stress directions g
king measurements in more than three-independent orientations (see 5.6).

Number and location ef measuring positions

b number and locations of_measurements shall be related to the strain detail that is required, to
I dimensions of features)of interest of the strain profile and to the size of the gauge volume used.

test locations, which require long neutron path length within the specimen, it may be necessary

fails are-given in A.3.

beified and

btes aligned

orientation
define Q.

ermine the
inate axes
ss tensor.
nd without

the shape

to remove

Gauge volume

Gauge volumes are defined by appropriate beam defining optics in the incident and diffracted beams, and the
directions and divergences of those beams. The choice of gauge volume dimensions 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.4.

8.8 Gauge volume centroid considerations

The SGV centroid position shall be determined taking into account instrumental aberrations and attenuation.
Special attention is required when scanning through surfaces or interfaces. Details are given in A.5.
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8.9 Temperature

The specimen temperature shall be monitored and controlled such that changes in lattice dimensions are
either small relative to the uncertainty specified for the strain measurement, or can be accounted for. Details
are given in A.7.

9 Calculation of stress

9.1 Preamble

With neut%n diffraction elastic strains are measured and stresses calculated. As in X-ray diffraction) gnly
normal str@ins are measured; shear strains shall be calculated, if needed, along with stresses.

Essentially| all diffraction investigations of stresses and strains are based on continuum mechanics usjing
Hooke’s Igw for stress calculations. As discussed in 6.3, the only major alteration is the“use of spedific
diffraction |elasticity constants rather than the overall aggregate average. Hence, the average elastigity
constants [in the generalized Hooke’s law are simply exchanged with the appropriate diffraction elastigity
constants {Ep vh)- The procedure for calculating stresses in isotropic materials is'described in 9.2 to 9.4.

9.2 Normal stress determinations

The normdl stresses at a point can be determined from strain measurements made along mutually orthogonal
co-ordinate axes, x, y and z at that point. In this case the stresses become:

E
7o (1+ v )h(k1|-2vhk|)[(1_vhkl )exx + ik (Eyy T 2 )] ©
Tyy J S [(1—th| Jeyy + Vit (655622 )] ®

(1+vh) (1-2vp)

Enki
O,y = (T=vh) €22 F Vi (Exx+Ew) (no)
“ (1 vhi) (1-2th|)[ K " Y ]

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

For plane $tress conditions, ‘where one of these stresses (say o,,) is zero these equations reduce to:

Ehki
Oy 3 &y, +vE n1)
XX XX yy

(1—vﬁk|>[ ]

Brw [ 1 (
Oyy = Sk t2)
Yookt

For plane strain conditions with ¢, = 0, the corresponding expressions for o,, and o, are obtained by
substituting &,, = 0 in equations (8), (9) and (10), and o,, becomes

T2z = Vil (Oux+0yy) (13)

Measurements of strain in sufficient orientations at any location are required for stresses at that location to be
determined.
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9.3 Stress state determinations

When the principal directions of the stress state are not known strain measurements in at least six
independent orientations are needed to identify the complete strain state over a selected gauge volume
representative of a given location. The stress components can be obtained from measured normal strains &,
using the formulation:

2 .2 . . 2
1+ Vi (04x COS” @+ oy SIN“ @+ 0y SiN2¢p)sin” v
(ﬂllJ_( E ) i . . 2 _E [O‘XX+O'yy+o'ZZ:| (14)
hkl | +0y, COS@SIN2y + oy, SiNPSIN2y + 05, COS™ Y hk

In equation (14) subscripts xy, xz and yz correspond to the shear components of stress. The angles are
indjcated in Figure 9.

It is desirable to choose the six measurement directions so that they are oriented tby’the larggst angular
separations possible.

9.31 The sin?y method

When one of the principal directions is known at the location of interest within the specimen, e.g. 7, the sin?y
mgthod may be applied. In such a case the shear stresses o,, and o are equal to zero, and eqpation (14)
mgy be simplified. In this instance, it is possible to calculate the difference between the normal ptress in a

given direction in the x-y plane, o, and o,, from the simplified forfn of equation (14):
1+v .2 V) 1+ v
Epy = — Nkl — (0, —0z)sin I/I—M(O'XX +aw+azz)+Jazz (15)
Epki Epki Enki
since

Op =0y c032¢ + Oy sin? P+ onfy sin2¢

Sirjce in equation (15), the desired value, (a(p 0'zz) is a linear function of sinZy, this approach is frequentl}/
called “the sin?y method” and is commionly used in stress determination in conventional X-ray difffaction. 2

The wider the range of w the more reliable the stress determination. This method is useful when it is not
possible to measure in certain(directions.

9.4 Choice of elasticity constants

The diffraction elastic-Constants, Ey,,, v, are required by equation (8) to equation (15). As explained in 6.3, it
is possible onlydn-special cases to use the 'macroscopic' values of the elasticity modulus, and Poispon’s ratio,
thgt have been~determined by usual mechanical methods. This is because the values of the| diffraction
elasticity constants are likely to depend on the chemical composition and the presence and quantities of other
phases ‘and/or lattice defects (e.g. dislocations after plastic deformation). Therefore preferably, values
ob alned from d|ffract|on expenments durmg unraxral Ioadlng should be used ¥ In case of crystpllographic
prformed in
suffrcrent number of d|rect|ons If no experlmental data can be made avallable estimates should be obtained
based on appropriate models [3-7, cf. 6.3].

If the required diffraction elastic constants are not available for the specimen material, they may be
determined by a uniaxial loading experiment. Since chemical composition, phase volume fractions, texture,
microstructure and even temperature can have an influence on the elastic properties, care shall be taken so
that the specimen used in the uniaxial loading test and the specimen under investigation have comparable
material characteristics. For the same reason comparable experimental conditions should be applied in both
tests. It is also recommended to use identical data evaluation procedures (e.g. single peak fitting).

The 'macroscopic' values of E and v can be used for cubic and hexagonal phases in texture free specimens, if
the elastic strain is determined by a full pattern analysis.
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In the case of a specimen containing texture, modification of these estimates may be needed. The stronger
and sharper the texture, the more required is the modification of the elasticity constants. It is possible that
texture can be taken into account for all crystal systems by measuring the so-called Orientation Distribution
Function (ODF) and by introducing it into the calculation of the diffraction elasticity constants 8],

9.5 Data analysis

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 in strain determination can be compromised by improper consideration of the items
listed beloWwandimthe appendices:.

9.5.1 Peak fitting function

When a mpnochromatic beam is used the peak position is normally determined by fitting a Gaussian funciion
to the datal

At spallatipn sources, the peak profile is intrinsically asymmetric. The peak fitting<function is normally a
convolution of an exponential decay function and a Voigt function.

When a mfilti-peak spectrum is obtained a full pattern analysis, such as a Rietveld refinement ', can be usged
to extract gtrains (see A.6.3).

9.5.2 Batkground function

The functi;tn 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 ef-diffraction angle or TOF and the peak posifion
may be interdependent, care shall be taken in such cases: Unless the background can be determined
independehtly of the peak profile, it is recommended that a fixed gradient should be used. If the background is
not constapt the fitting function and its parameters should*be stated.

9.5.3 Peak to background ratio

As the ratio of the peak height H to the background B decreases, it becomes more difficult to separate the
peak positjon from effects caused by fitting.the background, particularly if the background is not constant.

9.5.4 Digtorted peak profiles

Unless prgper corrections can-be made, caution should be adopted in dealing with reflections with pe¢ak
profiles that are distorted~due to peak overlap or sample effects, such as material inhomogeneities and
stacking fqults, or due {o.instrumental effects. In the study of multiphase materials, overlapping profiles pre
sometimeq unavoidable: Multiple peak fitting strategies can be used for analysis based on procedufes
described [n annex-A.6.
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Figure 9 — Stress and strain components at a measurement point-(x, y, z) in the specimen c¢-ordinate
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Reliability of results

ability of a measurement cannot be estimated. Clause 11 lists the quantities to be reported for

e determination of the uncertainty in a measurement is as important as the result itself, and without it the

A stress or

strain measurement. For all these quantities theUnicertainties shall be reported. It is recommended that such

un

certainties are determined and reported in accordance with the ISO ‘Guide to the expression of

in neasurement’ “3. Additional guidelines are-given in 23 An abbreviated summary of the nomen

meg

11

11

Th

meg

un

thod of calculating the combined standard uncertainty of a measurement is given in Annex B.

Reporting

1 Preamble

b basic reporting~philosophy is to describe the experimental procedure adopted, the res
asurements and how the data were analyzed. Thus the reader will have sufficient information to
lerstand, evaluate, and further interpret the results. A rigid reporting format is not put forth as th

incertainty
tlature and

eproduce,

Ilts of the
re is great

valfiability indmaterials, available information, and objectives of studies. The exact format and conterts of a test
regort willbe subject to the agreement between client and provider.

11

2 Strain or stress values

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

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

the locations at which measurements were made, i.e. the weighted centroid of the IGV or SGV;

the size and shape of the IGV or SGV;

the sources of uncertainties and the way, in which they affect the reliability of the results, shall

© I1SO 2005 — All rights reserved
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11.2.1 Stress free or reference lattice spacing

The values, uncertainties and method used to obtain reference or strain-free lattice-spacing(s), or unit cell
parameter values for use in determining relative or absolute strains, shall be described.

11.2.2 Conversion of strain to stress

The relations and assumptions used to convert strain to stress shall be reported.

11.2.3 Elasticity constants

If the meagured strains are converted to stresses, the values of the diffraction elasticity constants uséd,shall
be provided and their source stated.

11.2.4 Positioning

The uncerfainty in positioning of the specimen shall be reported and its influence on the strain or stress vallies
shall be estimated.

11.3 Neutron source and instrument
The following information shall be provided:
— neutrgn source;

— instrumment at source;

— wavelength and monochromator description (monochromatic instrument) or wavelength range (TIOF
instrument);

— instrument calibration procedure and calibration'measurement results.

11.4 Gerleral measurement procedures

The following aspects of the measurements shall be reported:

— methqgds used to translate andyorientate the specimen;

— methqad used to locate surfaces and other reference positions;
— manngr in which the'gauge volume(s) is determined;

— diffragtion peakfitting function and procedure used;

— methqgdsZused to process data, e.g., smoothing, outlier elimination;

— method used to demonstrate reliability of the results.

11.5 Specimens/materials properties
The following aspects of the material being studied should be reported when available:
— specimen geometry;

— composition;
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— thermal/mechanical history;

— phases and crystal structures;

— homogeneity;

— sizes and shapes of grains, second phase particles or reinforcements;

— texture.

1

-—

6 Original data

Original data shall be included in the report if required. Reported data resulting from any smoothing|procedure,
to yhich the original data have been subjected, shall be described as such.
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Annex A
(informative)

Measurement procedures

This annex to clause 8 presents procedures that are used by experienced practitioners to facilitate compliance
with the Technical Specification.

Many of tlLese procedures were clarified within two international pre-normative research projects (VAM

TWA 20

A.1 Specimen co-ordinates

For most gpplications on regularly shaped specimens, rectangular or polar co-ordinates aligned with resp
to specimgn symmetry features are appropriate.

A.1.1 Sp

Most components have significant elements of symmetry. Many have-tectangular, circular or axial featun

For such s

a) rectangular specimens: along the orthogonal symmetry directions x, y, z normal to the faces ;

b) cylind

(tanggntial) directions;

®l and RESTAND P ) Further information is available in the following texts ¥’

pcimens with elements of symmetry

pecimens co-ordinates should be defined relative to the symmetry directions as follows:

ical specimens: a cylindrical co-ordinate system that is aligned with the axial, radial and hd

AS

ect

op

c) extended constant cross-section specimens: Rolled, drawn and extruded components may have constant

but sgmetimes complex cross-sections. For extended specimens co-ordinates parallel to the long 3
and along orthogonal axes are appropriate;

EXAMPLE

Railway rail
Rods and p
Regular pol

A.1.2 Sp

preferably

In the genFaI case of a specimen with irregular shape, co-ordinates should be along three suitable directio

that are sujtable for a series of local scans.

5: longitudinal, transverse and vertical.
pes: axial, radial and hoop (tangential).

/gonal cross-sections: triangular, square, hexagonal etc. ; axial, normal to faces, parallel to faces.

pcimens of.irregular shape

rthogonal. It may be appropriate to employ one co-ordinate system throughout or several syste]

Xis

NS,
ms

A.2 Positioning of the specimen

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

A.2.1 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.

28
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A.2.2 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. Positioning should be as accurate as is practicable, preferably to within 10 % of the relevant
gauge volume dimensions. The location of the gauge volume in the measuring plane may be determined from
the intensity profile of scattered neutrons as described in A.4.1.

A.2.3 The specimen

The location and the orientation of the specimen should be described relative to the reference point and to the
dirgction of the scattering vecior using appropriate co-ordinates (Ssee A.T). Specimen positioning accuracy
should generally be similar to that of the reference point. The specimen position may be determined by optical
or mechanical means. The specimen can also be positioned relative to the gauge volume using)wall scans. To
define the specimen position it is helpful to have a fiduciary mark and directions indicated on the|specimen.
The fiduciary mark should be sufficiently fine and sharp so that the required positiohing accurgcy can be
achieved. If orthogonal translators are used for positioning they should be accuratelyrorthogonal, preferably to
<40.1° (£ 1.7 mrad). Specimen alignment is particularly important when scanning through sfeep strain
grddients, interfaces, surfaces or when large translation scans are required.

NQTE 1 The limit of alignment by unaided eye by a skilled experimenter is ~ 0-5%s0 optical or mechanical|devices are
esgential when more precise alignment is needed.

NOTE 2  Any inaccuracy in positioning the specimen with respect to thetreference point will introduce a systematic error
in the location of measured strain. If the reference point does not coincide)with the centre of specimen rotation, a rotation
of the specimen will also result in an effective displacement of the gadge volume position relative to the spgcimen. This
introduce significant errors in stress determination, particularly.itr cases of steep strain or composition grpdients. For
exgmple, an uncertainty in positioning Ax leads to a systematic uncertainty in strain A¢ at that point given by As = (0&/0x) Ax.
s, a positioning uncertainty of + 50 um in a region with'@ strain gradient of 2000 x10™° per mm will result in a
systematic uncertainty of +100 %1078 in strain.

NQTE 3  If it is not possible to position the specimento the required accuracy using optical or mechanical methods, the
pogition of the IGV relative to the specimen surface should be determined using through surface scans. Thege provide a
pedk intensity profile, called an “entering curve”, ‘as’a specimen surface is translated through the gauge volumje that gives
an experimental measure of the position of, the surface relative to the gauge volume. It is necessary to repeat wall scans
for leach measurement orientation, and at“a-humber of locations along a surface where there is significanf translation
pargllel to that surface. Care should be, taken when surface treated, textured, large grained or highly absorbifg materials
are| probed. In these cases the entefing°curve can be substantially different from that expected in the abserce of these
feajures.

A.3 Number and location of strain measuring positions

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

A.3.1 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 additional
measurements about the specified location will be needed to assure reliability in the results.

A.3.2 Strain mapping

For 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 specific features as necessary. 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 adequate spatial resolution.
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A.3.3 Material removal to facilitate measurements at difficult locations

The geometry of a specimen may make it difficult or impossible to perform measurements at particular
locations of interest because of beam attenuation or because the specimen might not fit on the instrument
used. In such cases the user could consider removing material from the specimen to overcome such problems.
This requires careful checking by experimental techniques, such as strain gauges, and/or mathematical
methods, such as finite element analysis, to establish to what extent the material removal process causes
stress redistribution.

A.4 Gauge volume

A.4.1 Instrumental gauge volume (IGV) determination

Because of beam divergence and other inevitable uncertainties of the experimental set-up, the,IGV should|be
determined experimentally as illustrated in 6.5.

Complete |GV parameters can be obtained by scanning a fine-wire probe through the/gauge cross section] At
each scan| position, the integrated intensity scattered by the probe is recorded. This is called an intensity
profile.

The wire fan be a Bragg-scatterer (e.g. steel or copper) or an incoherent scatterer (e.g. nylon). On a
monochromnatic instrument it is best to use the former, whilst the latter works very well with a polychromatic
beam as qn TOF instruments. While scanning through one beam, thé other beam shall be sufficiently wide,
not to influence the intensity profile of the former.

These scans yield the intensity profiles and the dimensions, shape and position of the IGV and therefore the
position of|the reference point (see Figure 8). In case of a monochromatic instrument, the shape of the gauge
volume dgpends on the scattering angle. Therefore the-Bragg angle of the reflection used for the gayge
volume defermination should be as close as possible to\the angle of the reflection used for the measurement.
The dimenisions of the probe should be sufficiently small; otherwise attenuation corrections are required.

The instrumental gauge volume intensity profile!may be illustrated by means of three 1-dimensional intensity
profiles or|a 3-dimensional intensity contourf.map. Such plotting also illustrates the level of beam uniformity
across thgd beam width. However, for most practical purposes, the IGV may be described by just thfee
dimensions and the diffraction angle..Fhe dimensions quoted should correspond to the FWHMs of the
intensity profiles of the incident and:diffracted beams. The full widths of the intensity profiles should|be
provided t@ 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 vollime, once with(its”surface normal being parallel to the scattering vector and once with it bejing
perpendicylar. The scandirection is given by its surface normal.

A.4.2 Alignment-of beam defining optics

The beam|defining optics should be aligned such that the referrg]nce point will be in the desired position.|To
this end {he above-described scans and other techniques - ° can be used 10 periorm 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 primary beam can also be aligned very efficiently by applying the previous methods by replacing the
scatterer by a narrow slit and placing a detector behind it.
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NOTE 1 The radial distance of incident and diffracted beam defining optics from the reference point should be set as
appropriate. In the case of slits they should be as small as is practicable so that the effects of divergences are minimized,
whilst still permitting movement of the specimen with minimal risk of collision when scanning. When radial collimators are

used they should be aligned such that their focus coincides with the reference point.

NOTE 2 If the beam positioning reproducibility cannot be guaranteed after a gauge volume change
positioning procedure shall be repeated.

A.4.3 Gauge dimensions

Gauge dimensions should be chosen 0 permit de 0 be reso nece
exc¢eed the size of or distance between features of significance detail is lost in the strain patterns:

It i$ important to describe the beam definin

goptics in order to be capable to reproduce the measur
to ¢stimate the instrumental gauge volume

A.4.4 Grain size

the gauge

imensions

ement and

Strpin determination by diffraction methods in polycrystalline materials requires that there is a sufficient

nufnber of grains within the subset scattering into the detector. If only a-few grains are sampled
sygtematic errors in peak position will be introduced. Increasing the gauge-volume dimensions as

significant
much as is

prgcticable, commensurate with spatial resolution and attenuation considerations, may improve th
averaging but may also increase the peak position uncertainty due_to coupling between position a
sensitivity of the detector. Oscillation of limited amplitude of the-specimen may be a more satisfac
incfeasing the number of contributing grains to produce a better average rather than increasing
volume size.

A.4.5 Attenuation

statistical
d angular
ory way of
the gauge

Neptron attenuation can cause shifts in peak pasijtion, which unless accounted for, result in appa
that are not caused by the stress state. With,reference to Figure 8 it is clear that neutrons scat
different parts of the gauge volume can “have different path lengths. For a specimen with
atténuation the centroid of the SGV can,be shifted from the centroid of the IGV because mor
neyitrons come from the parts of the(SGV for which the total path length is shortest. Generally, th
comcern in reflection geometry (Figure 8) unless the specimen shape itself is asymmetric with res
nelitron paths.

Fof monochromatic instruments, as explained elsewhere, there is in fact a spread of wavelength
medan. Furthermore, this\spread of wavelengths is not uniform across the beam in the plane of

rlent strains

ering from
significant
e detected
s is only a
pect to the

5 about its
diffraction.

Cohsequently, the mean-wavelength of the diffracted neutrons for highly attenuating materials can be different

from the mean wavelength of neutrons in the incident beam. This effect leads to an incorrect deter
d-gpacing and thus'strain.

These effects/are of particular concern in the case of measurements, which include surfaces and
(sge A 5:3).

mination of

interfaces

A l_G N mna-time
- -\ A A ~ IRLLLLAZ

The statistical quality of the data is a function of the number of neutrons counted which is related to the size of
the SGV and the counting time. To minimize counting times, and background noise effects, gauge dimensions
should be made as large as is practicable commensurate with spatial resolution, grain size and attenuation
considerations.
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A.5 Other gauge volume considerations

A.5.1 The SGV and its position

When scanning through surfaces or interfaces the proportion of the IGV occupied by the specimen material
(or materials) varies, as does the shape of the occupied portion as the surface or interface is traversed.
Consequently the centroid of the SGV is not at the centroid of the IGV, and erroneous strain values may result.
Geometrical corrections for the offset of the SGV centroid from the reference point should be made when
scanning through surfaces or interfaces.

Where appropriate, the effect of attenuation should be taken into account for the reasons described in A.4.4.

A.5.2 Indtrument induced aberrations

Instrumental characteristics can affect peak shifts. Furthermore, although PSDs record peaks faster than
single detgctors, their use may introduce errors in the strain measured if the observed data ‘are not properly
interpreted. The reason is, that the detected peak position is sensitive to the shift of the-centroid of the SGV.
In contras{, high resolution single detector instruments generally exhibit lower sensitivity to the offset of the
centroid of the SGV from the reference point than that of instruments employing PSDs. This is of particular
concern in|the case of scanning through surfaces and interfaces.

At monocHromatic instruments using crystal monochromators, there is a relation between the angle at which a
neutron enters the gauge volume and its wavelength. When scanning through surfaces or interfaces the
gauge voluyme is not fully immersed in the phase under investigation. Aslit, used as a beam defining devicg of
the inciderjt beam, covers a part of the monochromator and thereforereduces the angular range for neutrpns
to enter tHe SGV. Therefore the wavelength-band and the mean.wavelength in the SGV change with the
measuring| position. This leads to changes in detected peak width’ and peak position. Errors in strain, indug¢ed
by this effdct can be considerable, and exceed the strain present 2.

On the diffracted beam side a slit can truncate the peak\shape, which leads to false detected peak width and
peak position.

A.5.3 Te¢hniques to reduce aberrations

Slits, used|as beam defining optics, should.in general be positioned as close as possible to the gauge volume
in order to|minimize the above described instrumental aberrations. This is not always possible due to sample
size and shape limitations.

A reliable yay to reduce this error is to introduce a radial focusing collimator in the incident beam of a crystal
monochromator instrument.~This collimation ensures the same wavelength band at each point in the IGV.
Thus, for gny measurement/position the same mean wavelength is obtained as if the gauge volume were fully
immersed.| Measurements based on this set-up only suffer from the much smaller geometrical effect, which
depends mainly on the ‘dimension of the diffracted beam width 2.

On the diffracted’beam side, peak truncation can be avoided by using such a radial collimator. This transmits
the diffracte@dpeak on the PSD without distortions and allows peak shape analysis even at surfaces 33,

Another approach to correct for such errors is to simulate the experiment by computer models 38 Although
such models are improving, it is always good practice to reduce instrumental errors as much as possible.

A.6 Data analysis

For monochromatic beam instruments the study of single isolated peaks is sought. In this case fitting the
diffraction line profile with a Gaussian function is generally quite effective. In some cases only overlapping
diffraction line profiles are available. The analysis of overlapping diffraction line profiles should be treated with
care. The following techniques have been used under appropriate conditions with some success.
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