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FOREWORD

The International Organisation for Standardisation (ISO) is a worldwide federation of national
standards bodies. It is responsible for preparing International Standards through ISO
technical committees in association with other international organisations and national
governmental and non-governmental agencies.

The Versailles Project on Advanced Materials and Standards (VAMAS) supports trade in
high technology products through international collaborative projects aimed at providing the
technical basis for drafting codes of practice and specifications for advanced materials. The
scope of the collaboration embraces all agreed aspects of enabling science and technology
which are required as a precursor to the drafting of standards for advanced materials. The
VAMAS activity emphasises collaboration on pre-standards measurement research,
intercomparison of test results, and consolidation of existing views on priorities for
standardisation action.

ISO Technology Trend Assessment (ISO/TTA) documents are published under a
memorandum of understanding concluded between ISO and VAMAS. They enable the
technical innovations and developments emerging from a VAMAS activity to be published at
an early stage prior to their incorporation into a Standard. Whilst ISO/TTAs are not
Standards, it is intended that they will be able to be used as a basis for standards development
in the future by the various existing standards agencies.

This particular ISO/TTA reports the findings of a comprehensive ‘round-robin’ study which
was carried out by VAMAS Technical Working Area (TWA) 20 to investigate the feasibility
of measuring residual stresses in crystalline materials by neutron diffraction. It was supported
by a European (EU) project RESTAND (Residual Stress Standard using Neutron Diffraction)
aimed at demonstrating that the techniques developed can be applied to real components.

\; © ISO 2001 - All rights reserved
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EXECUTIVE SUMMARY

Neutron diffraction is a relatively new method for determining residual (and applied) stresses
in crystalline materials. It is similar to the X-ray technique for surface determinations.
However because neutrons are not charged, neutron diffraction can be used to obtain residual
stresses non-destructively to a depth of several centimetres in most materials of practical
interest. No standard is currently available for making these measurements.

An international project, under the auspices of VAMAS (Versailles Agreement on Advanced
Materials and Standards), Technical Working Area 20 (TWA 20) was initiated in January
1996 to carry out the under-pinning research necessary to develop a standard. The
investigation involved most of the neutron sources worldwide which are capable of making
the measurements. A series of ‘round-robin’ specimens including a shrink-fit aluminium
alloy ring and plug assembly, a ceramic matrix composite, a nickel alloy shot-peened plate
and a ferritic steel weldment were examined. This study was supported by a European (EU)
project RESTAND (Residual Stress Standard using Neutron Diffraction) which was started in
December 1997 to demonstrate the usefulness of the technique to a range of practical
applications and to develop confidence in the method for industry.

This document gives the background to the VAMAS TWA 20 and RESTAND projects. It
outlines the main findings and indicates the precautions that are required to achieve accurate
positioning and alignment of specimens (and components) in the neutron beam and the
analysis required to obtain reliable results. It also shows that special attention is needed in
dealing with near-surface measurements because of surface aberration effects. It is
demonstrated that, provided the recommended procedures are followed, a positional tolerance

of +0,]1 mm can be achieved with an accuracy in strain of +10™ to give a resolution in
residual stress of + 7 to 20 MPa in most materials of practical interest.

© ISO 2001 - All rights reserved v
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BACKGROUND

Neutron diffraction is a technique that can be applied for determining residual (and applied)
stresses in crystalline materials [1-3]. With the method, elastic strain is measured and stress
calculated using the elastic properties of the material. The depth to which these
measurements can be made non-destructively within specimens or components depends on
their size and shape. It is also dependent on the neutron scattering and absorption
characteristics of the materials of which they are made. Typically the depths to which these

measurements can be obtained are up to a few centimetres in most materials of practical
interest.

No standard or code of practice is available for making residual stress measurements by
neutron diffraction. As a consequence VAMAS TWA 20 (Versailles Agreement on
Advanced Materials and Standards, Technical Working Area 20) was set up in January 1996
with the aim of carrying out the under-pinning research necessary for preparing a standard.
The specific objectives of TWA 20 were to:

- establish accurate and reliable procedures for making non-destructive residual
stress measurements by neutron diffraction,

- examine a selection of samples in which residual stresses had been introduced
by different techniques,

- conduct inter-laboratory comparisons to establish reproducibility,

- assemble the necessary information for preparing a draft standard for making the
measurements.

A European (EU) project RESTAND (Residual Stress Standard using Neutron Diffraction)
was also started in December 1997 to demonstrate the application of the technique to
industrial situations. This ISO/TTA presents the findings of these two investigations. It
includes a draft procedure which can be used for making the measurements until a standard

has been developed. Relevant committees concerned with the preparation of this standard are
ASTME 28.13, CEN/TC 138 AHG 7 and ISO/TC 135/8C 5.

Both the VAMAS TWA 20 and RESTAND investigations involved a series of ‘round-robin’
experiments. These were carried out by making measurements on the same samples at a
number of neutron sources. Most of the sources world-wide that are capable of making the
measurements participated. A list of the participants contributing to VAMAS TWA 20 1s
given in Table 1. Those participating in RESTAND are included in Table 2.

For the VAMAS TWA 20 project, four types of ‘round-robin’ sample were examined. These
were a shrink-fit aluminium alloy ring and plug, a ceramic matrix composite, a nickel alloy
shot-peened plate and a ferritic steel weldment. These examples were chosen to establish the
range of application of the technique. They were investigated in the order mentioned. In each
case a protocol was specified which each participating group was required to follow.
Measurements were made at each neutron source independently. The results were then
collected together and statistical analyses carried out to determine the reliability of the

Vi ® 1SO 2001 - All rights reserved
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measurements. Data were collected on steady state instruments which used a monochromatic
beam of neutrons and also on time-of-flight instruments which employed a pulsed
polychromatic beam. With a monochromatic source, measurements are made on specific
crystallographic planes; with the time-of-flight method the entire spectrum can be analysed
using profile refinement [4] to obtain strains. It has been found that comparable results are
obtained from each type of instrument.

The ring and plug assembly was the first specimen to be measured because residual stresses
had been introduced into it elastically, a discontinuity is obtained at the ring/plug interface
and comparisons can be made with theory. The ceramic matrix composite was chosen to
determine the feasibility of making measurements in a dual phase system containing fine
fibres. The shot-peened plate was selected to establish whether steep stress gradients (of the
order of 2000 MPa/mm) can be measured close to external surfaces and the ferritic weldment
to determine whether reliable results can be obtained through regions of different
microstructure (and possibly chemical composition).

The studies on the ring and plug assembly established the basic procedures that should be
followed. The findings are contained in VAMAS report no. 38 [5]. It has been found that it
is essential to ensure accurate positioning and alignment of a specimen in the neutron beam
for reliable results to be obtained. A suitable shape and size of ‘gauge volume’ over which
individual measurements should be made to achieve adequate resolution in regions of strain
gradients has been identified. It is recommended that a minimum size of 8 mm” is adopted to
encompass sufficient grains and to give neutron counting times which are not too long. In
some cases cube-shaped sampling volumes are required. When there is no strain gradient in
one direction a ‘match-stick’” shape, with the axis aligned along the direction of zero strain
gradient, can be employed. If there is no strain gradient in two directions a plate-shaped
volume can be used. For the shot-peened plate it has been established that steep stress
gradients approaching 2000 MPa/mm can be measured with a 1xI1x10 mm’ ‘match-stick’
sampling volume with its axis aligned in the plane of the plate. In regions away from
interfaces and steep gradients a 3x3x3 mm° volume can be used. In the absence of stress
gradients, such as may exist in the presence of uniform applied loads, the entire specimen
may be bathed.

From statistical analysis of the data, it has been established in most cases, that a positional
accuracy with a standard deviation of 0,1 mm can be achieved provided proper alignment
procedures are adopted. It has also been ascertained that strains can be recorded away from
surfaces to a tolerance of +10™ corresponding to a stress of + 7 to 20 MPa in most materials.
Close to surfaces (or interfaces) and regions of variable microstructure, greater errors can be
expected. Where the volume from which neutrons are being counted 1s traversed through a
surface, there is the possibility that compensation is needed for the change in shape and size
of the volume of material being sampled affecting the position at which the strain measured
should be recorded. This is particularly important in the presence of steep stress gradients in
highly absorbing materials where there are significant differences in neutron path lengths
through different regions of the volume of material being examined. In this case, it is
necessary to establish the neutron intensity weighted centroid of the material cross-section
being measured and record the strain at this location. In traversing regions of variable
microstructure and/or chemical composition it may be required to make allowance for a
change 1n stress-free crystal lattice spacing with position.

© 1SO 2001 - All rights reserved Vil
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A main aim of the RESTAND project was to develop industrial confidence in the application
of the neutron diffraction technique for residual stress measurement. Measurements have
been made on felt and fibre-reinforced composites for heat insulation and thermal shock
resistance, on deep-rolled crankshafts to represent complex shapes, a quenched component
and through fusion, linear-friction and friction-stir welds for power generation and aerospace
applications. For composites, with fibre and matrices of similar composition, it has been
found that it is sometimes necessary to separate out the effects of overlapping peaks. With
complex shapes such as crankshafts, care is needed to avoid orientations which involve long
neutron path lengths to minimise attenuation.

Similarly curved surfaces can exaggerate surface aberrations. In all cases, it has been
determined when using a monochromatic beam of neutrons, that measurements should be
restricted to those planes which give high peaks close to a diffraction angle of 90° and which
represent bulk material behaviour. It is also recommended that a check is made for force and
moment equilibrium, where possible, to provide additional confidence in the results.

The remainder of this document contains the proposed protocol for making the measurements.
It includes the scope of the method, an outline of the technique, the calibration and
measurement procedures recommended, and details of how the strain data should be analysed
to calculate stresses and establish the reliability of the results obtained.

viil © I1SO 2001 - All rights reserved
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Introduction

Neutron diffraction is a non-destructive method 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 matenals and adjacent to surfaces. It
requires test pieces to be transported to a neutron source. Measurements of the lattice spacing
or lattice parameter are obtained which are then converted to strain and stress.
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POLYCRYSTALLINE MATERIALS - DETERMINATION OF RESIDUAL
STRESSES BY NEUTRON DIFFRACTION

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

1.1

1.2

1.3

1.4

1.9

Scope

This Technology Trends Assessment specifies a test method for determining residual
stresses in polycrystalline materials by neutron diffraction. It may be applied to
homogeneous and inhomogeneous materials and to test pieces containing distinct
phases.

The principles of the neutron diffraction technique are outlined. Advice is provided
on the crystalline planes on which measurements should be made for different
categories of materials. Guidance is provided about the directions in which the
measurements should be obtained and of the volume of material which should be
examined, in relation to material grain size and the stress state envisaged, when
making measurements.

Procedures are described for accurately positioning and aligning test pieces in a
neutron beam and for precisely defining the volume of material that i1s sampled when
individual measurements are being made.

The precautions needed for calibrating the neutron diffraction facilities are described.
Techniques for obtaining a stress-free reference are presented.

The methods of determining individual elastic strains by neutron diffraction are
described in detail. Procedures for analysing the results and for determining their
statistical relevance are presented. Advice is provided on how to determine reliable
estimates of residual (or applied) stress from the strain data and of how to estimate the
uncertainty in the results.

© 1SO 2001 - All rights reserved 1
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2. Symbols and abbreviations

2.1  Symbols

Symbol
a,b,c

ag, by, Co
B

X,Y,Z

Aa, Ab, Ac

Definition

Lattice parameter

The value of the lengths of the sides of a unit cell
Strain-free lattice parameter

Background

The value of counts that constitutes the height of the

background on a neutron detector
Lattice spacing

The perpendicular distance between adjacent parallel lattice

planes (crystallographic planes), also called d-spacing
Strain-free lattice spacing

Elastic modulus

Diffraction elastic modulus

Miller indices of crystallographic plane

Peak height

This is the height of the Bragg peak above that of the
background

Integrated neutron intensity above background
Incident and diffracted neutron wave-vectors
Neutron attenuation length

Number of measurements

Total number of neutrons counted

Scattering vector (kg — k)

Time-of-flight of neutrons from source to detector
Standard and combined standard uncertainty
Uncertainty in d and d, respectively

Uncertainty in Aand &, respectively

Measured standard deviation in strain

Elastic compliance constants

Slit width

Coordinate axes (relevant to sample)

Measurand, the quantity being measured.

Change in lattice parameter

Change 1n lattice spacing

Change in time of flight of neutrons from source to detector
Change in Bragg angle

Change in wavelength of neutrons

Strain |

Components of strain tensor

Wavelength of neutrons

Poisson’s ratio

© 1SO 2001 - All rights reserved

Units

nm

nim

GPa
GPa

MPa’!

mim

nm
nm

1S

degrees, rads



Angular rotation about reference point

The angular motion of the goniometer of the diffraction

instrument in the scattering plane
Stress

Components of stress tensor
Yield stress

Bragg angle

Strain-free Bragg angle

@, v, @ Angular rotations

Relevant to lattice parameter
Relevant to crystallographic plane

XX, Yy, zz Relative to Cartesian co-ordinate axis

Relevant to strain axis
Strain-free reference
Reterence value

Reference point
Location in space at which all measurements are made. This will normally correspond

with a point on the axis of rotation of the diffractometer.

Abbreviations

0

o

g

U‘!"

7}

6,

G

Subscripts

a,c

hkl, hkil

o, v

0

ref

2.2
DED
DEC
DSD
DSH
DSW
FWHM
ISD
ISH
ISW
PSD
TOF
IGV
NGV
SGV

Detector to reference point distance
Diffraction elastic constant

Detector slit to reference point distance
The distance from the centre of the exit slit
(or equivalent optic) to the reference point.
Detector slit height

The height of the exit slit (or equivalent optic).

Detector slit width

The width of the exit slit (or equivalent optic).
Full width at half maximum

The width of the diffraction peak at half the
maximum height above the background
Incident slit to reference point distance
Incident slit height

Incident slit width

Position sensitive detector

Time-of-flight

The time-of-flight of neutrons from source to
detection

Instrumental gauge volume

Nominal gauge volume

Sampled gauge volume

© 1S5S0 2001 - All rights reserved
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degrees

MPa
MPa
MPa
degrees, rads
degrees, rads
degrees, rads

mm
GPa
mm

I

min

degrees, pus, nm

mim

mimn

TR

Imim
mm
mim
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3.1

3.2

3.3

Summary of method
Outline of Principle — Bragg’s law

Neutron diffraction can be used to measure components of strain directly from
changes in crystal lattice spacing. When illuminated by radiation of wavelength
similar to interplanar spacings, crystalline materials diffract this radiation as
distinctive Bragg peaks. The angle at which any given peak occurs can be calculated
using Bragg’s law of diffraction,

2dy, sin6, = A (1)

where A is the wavelength of the radiation, d,,, is the lattice plane spacing responsible
for the Bragg peak and &, is the Bragg angle of this diffraction peak. The peak will
be observed at an angle of 28, from the incident beam, as shown schematically in
Figure 1.

Neutron sources

Neutrons can be generated by fission or spallation: the former is predominantly
employed in reactor and the latter in spallation sources. In both cases the neutrons
produced are moderated to bring their energies to the thermal (< 100meV) range. At
reactor sources, a continuous monochromatic beam of neutrons is usually produced by
using a crystal monochromator to select a given neutron wavelength from a “white”
polychromatic neutron beam by Bragg diffraction. At spallation sources, the neutron
beam usually consists of a series of short pulses containing a spread of wavelengths
that arrive at the sample over a very small period of time (of order 20 ms). The energy
(and therefore wavelength) of each neutron can be determined on detection from the
distance it has travelled to the detector and the time taken to do so, called the time-of-
flight (TOF). TOF measurements are, therefore, energy dispersive, with the entire
diffraction pattern recorded at any particular scattering angle.

Strain measurement

If a sample is illuminated by a monochromatic beam of neutrons, then its lattice
spacing can be determined if the incident wavelength of the diffracting neutrons is
known. When a specimen is stressed, its lattice spacing is altered. Any elastic strain
will therefore be apparent as a shift in the value of 28, for a particular reflecting
plane illuminated by a fixed wavelength. Differentiation of equation (1) gives:

Ab = ‘{%{

0

} tan6, (2)
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where A@,, and Ad are the changes in the Bragg angle and lattice spacing,
respectively, from their corresponding values & and d, for the stress-free sample of
the material. The strain in the hkl set of planes 1s therefore given by:

E= (ﬁ—d] = —-Afcotb, (3)
dﬂ

where A@ is in radians. The direction in which strain is measured is along the
scattering vector O, which is perpendicular to the diffracting planes as shown in
Figure 1.

At a time-of-flight (TOF) instrument, neutron pulses, each with a continuous range of
velocities and therefore wavelengths, are directed at a specimen. By measuring the
flight times ¢ of detected (diffracted) neutrons, their wavelengths are calculated and
diffraction spectra recorded. The incident spectra are polychromatic, thus all possible
lattice planes are recorded in each measurement. The scattering vectors for all
reflections recorded in one detector lie in the same direction, and thus measure the
strain in that same direction. Each reflection is produced from a different family of
grains, that are oriented such that a specific hkl plane diffracts to the detector. Strain
can then be calculated from the shift in a given reflection in a manner analogous to
that described in equation (3) to give:

At Ad A2
t, dy A (4)

Ehn =

where a different value of strain will be obtained for each hkl peak.

However, since an entire diffraction spectrum is obtained in each measurement
direction, more usually the strain is determined from the whole diffraction pattern
using a Rietveld [1] style analysis where a crystallographic model of the structure is
fitted to the entire diffraction spectrum. Strain is then given by:

e
a | (5)

0

where Aa is the change in lattice parameter, from the lattice parameter aq of a stress-
free sample of the materal.

34 Neutron Diffractometers |

A typical diffractometer used for stress measurement at a continuous source is shown
schematically in Figure 2. The white neutron beam is first monochromated to a
chosen wavelength by Bragg diffraction from a suitable single crystal monochromator.
It is normal to arrange that this beam passes over the centre of rotation of the sample
table (the reference point for the instrument) about which the neutron detector also
rotates. The beam is diffracted from the sample to a detector. Both the incident and
diffracted beams are given spatial definition by the use of suitable beam optics to

®© 1SO 2001 - All rights reserved 5
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39

produce a beam of controlled, usually rectangular, dimensions. A multi-detector or
position sensitive detector (PSD) may be used instead of a rotating single neutron
detector to detect the whole diffraction peak simultaneously. A typical diffraction
peak from a monochromatic instrument is shown in Figure 3.

At pulsed sources, each pulse provides a diffraction profile across a very large range
of lattice spacings. As a fixed scattering angle is used, most instruments at spallation
sources use radial focussing collimation that allows neutrons to be detected over a
wider solid angle than would be possible using a traditional slit, yet ensuring that all
collected neutrons come from the defined sampling volume. The signal from the
individual elements of the focussing collimator i1s combined by software taking into
account the slightly different diffraction angles. Multiple radial collimators are often
used to enable more than one Q (strain) direction to be measured simultaneously. A
typical diffractometer used for strain measurement in two perpendicular directions
simultaneously at a pulsed spallation source is shown in Figure4. A typical
diffraction spectrum 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.

Stress determination

Stress and elastic strain are second rank tensors which are related through the elastic

constants of a solid. Since neutron diffraction can be used to determine the elastic
strain within a defined volume in a crystalline solid, it is possible to calculate the

stress in that volume provided the relevant material elastic constants are known.
Determination of the full strain tensor requires measurements of the elastic strain
along at least six independent directions. If the principal strain directions within the
body are known this can be reduced to three orthogonal directions. For plane stress or
plane strain conditions, a further reduction to two directions is possible. For uni-axial
loading measurement along one direction is sufficient.

The need to measure the strain in a given volume along a number of directions leads to
the requirement that the specimen is accurately positioned with respect to the neutron
beam collimation and the detectors. This is usually accomplished by mounting the
specimen on motorised linear translation and rotation tables. By sequentially moving
the specimen through this volume, which is fixed in space by the intersection of the
incident beam and detector collimation, the spatial variation in elastic strain and,

following measurement in other directions, stress can be mapped within a specimen or
component.
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Figure 1 Schematic illustration of Bragg scattering geometry
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Figure 2 Schematic illustration of a reactor based diffractometer for stress
measurement
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Figure 3 Typical Bragg peak from a reactor based diffractometer fitted with a Gaussian
distribution
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Figure 4 Schematic illustration of a spallation source diffractometer for stress
measurement
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Figure S Typical diffraction spectrum from a pulsed spallation source showing the
Rietveld (calculated) fit to measured data
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4.1

4.2

Calibration procedure

A number of steps shall be carried out prior to experimental measurements being
made on a sample.

Calibration of diffractometer

It is necessary to align and calibrate the diffractometer. At a monochromatic source,
the detector angular response should be calibrated. At a time-of-flight source, the
combined flight path and detector angular response should be calibrated. In both cases
this is done using a typically stress-free sample with a known and well defined lattice
parameter, typically silicon, ceria or alumina. These materials are chosen because
they scatter neutrons well, and produce sharp diffraction peaks since they have small
intrinsic sample peak widths. At a time-of-flight source it is also necessary to
calibrate the detector efficiency as a function of wavelength. One way of doing this is
to use a sample which predominantly scatters neutrons by a diffuse process such as
vanadium. Quantification of the uncertainty in strain measurement 1S 1mportant.
Repeated measurement on a reference sample is a method of quantifying the
uncertainty in strain measurement.

Choice of diffracting plane

For the determination of macroscopic elastic strains, consideration shall be given to
intergranular anisotropy. Due to the anisotropy of individual crystallites in a matenal
the different lattice reflections exhibit a range of responses to a macroscopic stress
field. In the macroscopically elastic regime these effects are linear. This means that
any lattice reflection can be chosen for macroscale stress determination within this
region. The stiffness of the plane (i.e. the diffraction elastic constant for the particular
lattice plane) will not be the single crystal stiffness, but some polycrystalline average
(see also clause 7). In essentially randomly textured materials the Kroner approach is
often used [2]. A good approximation to the Kroner value is frequently the average of
the Reuss [3] and Voigt [4] values. A description of these approaches 1s given 1n [3].
In non-randomly textured materials, a self-consistent approach to stiffness
determination can be used, see for example [6].

In the plastic regime, a non-linear elastic strain to stress response can occur with
certain diffraction peaks introducing more anisotropy between the behaviour of
different crystallographic lattice planes. When determining macroscale stresses it may
be desirable to minimise such effects, in others cases they may be the subject of study.
Therefore for various classes of symmetry materials, advice 1s given as to the most
appropriate lattice reflections to choose to provide small intergranular strains', and
therefore good representations of the macroscale stress field. In general a linear
elastic strain response with macroscopic applied stress is desired for the measurement
plane when macrostresses are to be determined. If a suitable plane is not known, or a
new material 1s being examined, this linearity can be determined by in situ

' Intergranular strain is defined as the difference in the strain obtained from a particular hkil diffraction peak with that strain

due solely to the plane specific elastic modulus (diffraction elastic constant). In a material deforming purely elastically,
intergranular strains are thus zero [10, 11].

10
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measurements on a tension (or compression) sample at a selection of applied loads
which extend into the plastic regime. Examples of the test method that can be applied
are described in the references given in Table 1.

Table 1 Behaviour of diffraction planes for different symmetry materials, with specific

examples

Material

Recommended planes —
small intergranular strains

Problematic planes —
far,ge intergraﬂu!ar strains

fec (N1 [7], Fe [8], Cu [9])

111,311, 422

200

fce (A1[10], [11)) 111, 311, 422,220 200
bee (Fe [11]) 110, 211 200
hep (zircaloy [13], Ti [12]) | Pyramidal (10-12, 10-13) | basal (0002) and

prism (10-10, 1-210)

hcp (Be [14))

2nd order pyramidal
(20-21, 11-22)

basal, prism and 1st order
pyramidal (10-12, 10-13)

4.3

4.4

In the case of highly textured samples, the chqice of plane may be different. Plastic
deformation caused by highly tri-axial stress histories will also affect intergranular
strains. Where intergranular strains are felt to be of concern, consideration should be
given to carrying out measurement on several diffraction peaks.

Full pattern analysis

At a time-of-flight instrument entire diffraction patterns can be obtained. It is
therefore typical to carry out a Rietveld [1] analysis on the entire pattern, to obtain a
smaller uncertainty in lattice parameter for a given neutron count time. For cubic
materials the lattice parameter obtained from such fits has been shown to be
independent of intergranular effects [15] to several percent plastic strain, i.e. it is
linear as a function of stress. The modulus appropriate for such a fit is the
macroscopic Young’s modulus. For non-cubic materials it 1s necessary to identify a
suitable linear parameter e.g. in some hexagonal materials it has been found that an
appropriately linear parameter is (2 & + &)/3, where ‘g’ and ‘g’ are the strains
determined in the ‘a’ and ‘¢’ lattice parameters respectively [14]. It is also possible to
carry out single peak analysis in the same way as occurs at monochromatic neutron
sources.

Positioning procedures

The initial diffractometer calibration procedure requires the positioning of the centroid
of the nominal neutron measurement gauge volume (see 4.5) at a known position,
which is defined as the reference point. This reference position is normally along the
centre of rotation of the positioning table.

Accurate positioning is required, as described in clause 6. The level of accuracy
required depends to some extent on the type of measurement being made, but typically
should be within + 0,1 mm. Highest positioning accuracy i1s most important in the
case of large strain gradients and where measurements are made close to surfaces. It
is important that the uncertainty in positioning is known.
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4.5

Alignment can be carried out for example by optical or mechanical means, or by using
neutron scans (see clause 6). All three methods are capable of determining the
position of a sample edge relative to the neutron beam to an uncertainty of 0,1 mm.

Gauge volumes

The nominal gauge volume (NGV) is defined as that volume of space that is occupied
by the intersection of parallel beams of neutrons, which are transmitted through the
defining apertures for both the incident and diffracted neutrons [Figure 6 a)]. The
centroid of the NGV is the geometric centre of this volume, and is usually coincident
with the reference point (see 4.4).

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 incident beam intensity profile [Figure 6 b)]. The IGV can be
defined by experiment or by simulation calculations, and will typically be expressed in
terms of the neutron intensity distribution. Traditional methods of measurement of the
instrumental gauge volume involve scanning a small probe e.g. a thin (0,25 mm) wire’
through the instrumental gauge volume. The dimensions can also be defined in terms
of a FWHM; whatever practice is adopted should be specified. The difference
between the instrumental and nominal gauge volumes may be particularly evident
when only small volumes are being sampled. The centroid of the IGV i1s the centre of
this volume, weighted for the beam intensity profile. For most instruments it is
coincident with the centroid of the NGV. Note that the IGV and NGV are only
properties of the diffractometer itself.

Finally, the sampled gauge volume (SGV), sometimes called the sampling gauge
volume is that part of the instrumental gauge volume from which measurements are
obtained in an actual experiment (see Figure 7). It is the volume over which the strain
measurement is averaged. It is affected by:

- partial filling of the instrumental gauge volume,

- attenuation of neutrons within a specimen,

- the wavelength distribution of neutrons across the incident beam.

If the IGV is filled by a non-absorbing material the SGV and IGV are equivalent. The
centroid of the SGV is the centre of the gauge weighted by the above effects. When
the IGV absorption is strong, or if the IGV is not fully filled, the centroid of the SGV
will be at a different position to that of the IGV as shown in Figure 7.

The SGV and its centroid should be determined for each measurement. The position
at which the average strain in this volume is obtained is the centroid of the SGV. It s
important that the measured strain is reported at this position. The effect of the

? This wire may be of nylon in situations where the diffracted beam is well collimated: In configurations using a single slit
in front of a position sensitive detector arrangement, the wire shall be one producing intensity by elastic scattering (Bragg
scattering). In this case a stainless steel or copper wire may be used. It is also possible to scan a thin metal sheet through the
beam, with its normal parallel to the diffraction vector. The dimensions of the probe object shall be sufficiently small,
otherwise attenuation corrections will be required. Plotting of the integrated scattered intensity as a function of position gives

a measure of the instrument gauge volume. Such a map will also illustrate the level of beam uniformity across the incident
beam width.

12
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weighting will be most significant close to surfaces 1n highly absorbing materials. If
the difference in the IGV and SGV centroid positions is significant in comparison to
the size of the IGV, it may be necessary to make corrections to the lattice parameter

obtained. The appropriate correction can be determined by experimental or theoretical
means.

Slits

- o] |

Nominal gauge volume

Incident
neutrons

Neutron intensity

/ profile

Incident ﬂ
neutrons _» /
i

O
/ |
Instrumental gauge volume \
Neutron intensity

JL / profile

b)

NOTE  The centroid of each volume 1s indicated by the “O’. Intensity profiles along the central cross
sections are also shown.

Figure 6 Schematic showing plan views of the nominal and instrumental gauge
volumes for a) parallel neutron beams and b) divergent beams
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NOTE The ‘O’ indicates the centroid of the instrumental gauge volume, the ‘X’ the centroid of the sampling
gauge volume; these are displaced relative to each other.

Figure 7 The sampling gauge volume for incomplete filling of the instrumental gauge

4.6

14

volume, in the case of a high absorption material

Determination of a strain-free or reference lattice spacing

Since diffraction measurements give the lattice spacing, in order to determine strains it
1s necessary to have a reference lattice parameter, relative to which the strains can be
determined. In some cases it may be possible to determine a strain-free lattice spacing
do (the lattice spacing in which the material experiences no strain). In other cases only
a reference lattice spacing d,. (the lattice spacing to which other measurements will be
compared) will be possible or necessary. It should be noted that absolute values of
stress can only be determined when strains are calculated relative to dy. Use of ds
should only be made when values of dj are not available.

The lattice parameter is sensitive to a number of effects, apart from macroscopic load
and instrumental aberrations, and these shall be taken into account in the measurement
of reference values. The most important of these are chemical composition and
temperature. The optimum method of determining dp or dr will depend on the
particular application under consideration. Methods include:

- measurement in a material at a position/time known to contain negligible
stress.

- measurement on a powder, which is representative of the material being
examined. This is suitable for multiphase materials.

- measurement on small coupons, cut from large blocks of material. This is
relevant to welds, since use of multiple coupons allows determination of
spatial variations through a weldment to be obtained.
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E calculation of dy by imposing force and moment equilibrium. This is possible
when sufficient measurements across an appropriate section have been made in
a component, or when measuring individual stresses in multi-phase materials.
It is recommended however that experimental methods are used where
possible, and that equilibrium is employed mainly as a check for consistency.

- 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 should be taken with the preparation of ‘stress-free’ material to avoid the
introduction of residual stresses during manufacture.
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Materials characterisation

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 the possibilities are cited
below. In some instances, it may be appropriate to carry out preliminary diffraction
measurements to establish the scope of the investigation.

Composition

Metals, alloys and ceramics

Standard alloy or material designations that indicate chemical composition and
processing shall be cited. This information is required to estimate beam attenuation,
diffracted beam intensity, background intensity, and possible issues with radioactive
activation.

Composites

The matrix and reinforcement phases, indicating the alloy/composition of the matrix
and the amount, form, and orientation of the reinforcement, shall be cited.

Thermal/mechanical history

Processing used to shape, form or join the specimen, including heat treatment, shall be

cited. In the case of parts removed from service, the previous operating conditions
should be given.

Phases and crystal structures

The phases in the alloys, ceramics, and composites shall be cited. The crystallographic
form of phases used in the measurements shall be specified, if multiple forms exist.

Homogeneity

If information is known about any spatial variation in composition or phase
distribution, it shall be cited. This may affect confidence in making measurements at
a particular location in a specimen or component and whether taking the results to be
representative of the specimen or component as a whole is valid. In particular,
inhomogeneities in the structure and composition can lead to variations in the stress-
free lattice spacing, as a function of position in the specimen (see 4.6).
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5.5 Sizes and shapes

5.5.1 Grains

The number of grains in the gauge volume is important in determining the quality of
the diffraction pattern. A grain size is considered too large when it leads to point-to-
point fluctuations in diffraction peak intensity that is greater than the counting
statistics; i.e. an insufficient number of grains are being sampl«ﬂ:{l3 . The grain size in
relation to the gauge volume employed and the stress distributions measured shall be
given.

5.5.2 Second phases and reinforcement

The shape, size, and orientation of second phases or composite reinforcements shall be
cited. Large particle or reinforcement dimensions can result in point-to-point
fluctuations in diffraction peak intensity and non-random orientation of second phases
or reinforcements can lead to texture effects, as discussed below.

5.6 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 cited and, 1f possible, characterised.

* An effective way to determine if the grain size is sufficiently small is to repeatedly record the diffraction peak of interest,
with 1-2° rotations of the sample about an axis that is normal to the plane of diffraction (the @ or @ axis) between recordings.
The desired outcome is a diffraction peak intensity variation that is within counting statistical uncertainty. Grains that are too
large will produce large intensity variations, i.e. variations that exceed those expected from counting statistics. Texture, on
the other hand, causes a gradual change of peak intensity over small ranges of sample rotation.

© ISO 2001 - All rights reserved 17



ISO/TTA 3:2001(E)

6.1

6.1.1

6.1.2

6.1.3

18

Recording and measurement procedures

Informative supplementary comments to all parts of this section are provided in
annex A.

Recording recommendations

The following information shall be recorded, and data archived, and be available, so as
to enable conformity with the standard to be verified.

General Information — Instrument

Instrument related information:

a) project title, individual responsible, affiliation, date;

b) neutron source and location, name and type of instrument;

¢) fixed source and instrument parameters that have relevance to strain measurements;
d) adjustable instrument parameters that have relevance to strain measurements;

e) nominal and instrumental gauge volume parameters;

f) Bragg peak parameters;

g) temperature + variation.

General Information — Specimen

Specimen related information:
a) specimen material;
b) specimen shape and dimensions;

¢) fiduciary marks or reference locations and specimen co-ordinates.

Specific information required for each strain measurement

Information related to specific measurements:
a) specimen orientation relative to the scattering vector Q £ uncertainty;

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

d) d-spacing * uncertainty (if an absolute calibration is required).

For monochromatic instruments:

¢) strained peak position 26+ uncertainty;

f) unstrained reference peak position 26, + uncertainty;
g) peak shift A28+ uncertainty;

h) relevant peak parameters + uncertainty.

For time-of-flight instruments:

1) strained time of flight ¢ + uncertainty;

J) unstrained reference time of flight #y + uncertainty;
k) time of flight shift Ar + uncertainty;

1) relevant peak parameters + uncertainty.
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Definition of co-ordinates

The co-ordinate system used to define location and direction within a specimen shall
be clearly specified and should relate to the shape of the specimen and/or to the
principal stress directions.

NOTE For most applications on regular-shaped specimens or components, rectangular or polar co-
ordinates aligned with respect to symmetry features are appropriate.

Positioning

The positions of a specimen and the gauge volumes shall each be defined relative to
the instrument ‘reference point’ (see 4.4). The reference point position shall be
defined as accurately as is practicable.

Measurement directions

If the principal strain directions are not known, measurements in a minimum of six
independent orientations are required for full definition. If the three principal
directions are known, three sets of measurements, usually one along each of the
principal directions, are sufficient to define the strain/stress state.

Number and location of measuring positions

The specific number and locations of measuring positions shall be related to the strain
detail that is required, the shape and dimensions of features of interest of the strain
profile and the size of the gauge volume used.

The gauge volumes

Gauge volumes are defined by collimating optics in the incident and diffracted beams,
and the directions and divergences of those beams. The choice of gauge volume
dimensions should 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.

Near-surface precautions

Corrections for sampling gauge volume centroid position shall be made when
scanning through surfaces (or interfaces). Where appropriate, corrections for
instrumental aberrations and attenuation should also be made.

Temperature

The specimen temperature shall be kept stable within a restricted range chosen so that
changes in lattice dimensions due to temperature variations are small relative to the
uncertainty specified for the strain measurement.
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7.1
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Calculation of stress

With neutron diffraction elastic strains are determined and stress calculated. As in
X-ray diffraction, only normal strains 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 using Hooke’s law for stress calculations. The only major alteration is the
use of specific diffraction elastic constants rather than the overall aggregate average.
Hence, for materials without preferred orientation the average materials constants in
the generalized Hooke’s law are simply exchanged for the appropriate diffraction
elastic constants (Eny, W) In this case the compliance constants Sy and S, are related
to the diffraction elastic constants through,

S =—
Ey
(6)
S, _ (1 + "’hkl)
2 Epy

These can be measured from simple uniaxial calibration experiments or they can be
calculated [2-4].

The procedure for calculating stresses in isotropic materials is described in 7.1 to 7.3.

For anisotropic or highly textured materials the choice of elastic constants required is
described in 7.4.

Normal stress determination

The normal 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 hkl

H'{I =
| (1 Vi ){1 - 2V

}[(1 = Vi Sx + Vi (5 yy T € )] 7

T = Ev
o (l * Vi }(l -2V

)[(1 ~ Vi )ﬂy T Vi (Exx TE, )] (8)

g = Ep
¥
(1 + Vi Xl -2V

)[(1 ~ Vi )‘gzz T Vi (Eu tE,, )] )
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When the co-ordinate axes are coincident with the principal directions of deformation,
these stresses are the principal stresses.

For plane stress conditions when one of these stresses (say o) is zero these equations
reduce to,

— Ehl-:l
O = (1 B Vifki )[E“ + FE}'}' (10)
E .
Ty = ( -Tﬁm )[E:r}' 4 "f-‘xx] (11)

For plane strain conditions with &; = 0, the corresponding expressions for oy, and gy,
are obtained by substituting &, = 0 in equations (7) and (8), respectively, and o,
becomes,

o, =vio, + ﬂ'},},) (12)

i

Calculations of stress are required for all locations where strain measurements have
been made.

Stress state determinations

When the principal directions are not known strain measurements in at least 6
orientations are needed to identify the complete strain state over a selected gauge
volume representative of a given location. For this case it is recommended that
measurements are made along coordinate axes X, y and z at the point and along a

separate set of coordinate axes X y “and z’at the same point. This second set of axes
should be rotated as far as possible away from the first to optimise the sensitivity of
the stress calculations. The normal stresses in each set of coordinate axes can then be
calculated from equations (7) to (9) and transformation equations employed to
determine the corresponding shear stresses and the magnitudes and directions of the
principal stresses if required.

The sin’ w method

An alternative formulation, often used in X-ray diffraction investigations of stresses
and strains [5], is based on a definition of the direction in which the strain is measured
through the two angles ¢ and i as shown in Figure 8. Using this coordinate system,
for the case when the z direction is one of the principal axes of deformation, i.e., the
shear stresses oy, = oy, = 0, the expression relating the measured elastic strain &, as a
function of the stress components in the sample coordinate system is given by,

L+ Vg .2 Vhi I
.y = o4 —0 sin —— T ee T |+ — |OT
" [ E hii )( ! H) g Ehkl[ = ﬂ] Evg ) (13)
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from which the stress difference o, — 0, can be deduced, as 1t is directly related to the
slope of the measured strain data &, versus sin® i plot.

Z

O-T'L}{ g}{]{ X
Figure 8 Coordinates for sin’y method of determining stress state

Choice of elastic constants

Ideally, experimental values should be available, otherwise estimates should be
obtained based on appropriate models. In the case of strong texture, modification of
these estimates may be needed.

Data analysis

The position of a Bragg peak is determined by fitting the experimental data with a
mathematical function, which corresponds to the peak shape of the diffracted
spectrum, including a background.

Peak fitting function

At reactor sources, a monochromatic beam is normally used and the peak position is
normally determined by fitting a Gaussian to the data.

At spallation sources, the peak shape is intrinsically asymmetric. The peak fitting
function is normally a convolution of an exponential decay function into a Gaussian.
Background function

The background function used in the fits depends on the instrumental set-up and the
types of neutron source. If the background function is not a constant, the parameters
of the function should be calibrated and should be fixed in the fits.
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Because the gradient of a sloping background and the peak position are correlated
during curve fitting, care shall be taken with sloping backgrounds. Unless the

background can be determined independently of the peak profile, a fixed gradient
should be used.

Peak to background ratio

If the ratio of the peak count (background subtracted) to the background is less than
twice that of the fitted peak position, it may be difficult to separate the peak position
from effects caused by fitting the background.

Overlapping or asymmetrical peaks

Reflections with peak profiles containing overlapping asymmetric peaks should be
avoided wherever possible. Asymmetry in a peak profile may arise due to sample
dependent effects such as inhomogeneities and stacking faults, as well as for
instrumental reasons. Where the origin and behaviour of this asymmetry i1s not
understood, the use of asymmetric peaks should be avoided for strain measurements.
In the study of multiphase materials, overlapping peaks are sometimes unavoidable.
Double peak fitting strategies can be used for the analysis, but these can lead to large
numbers of fit parameters and a large increase in their uncertainties. In such cases, the
following strategies are often employed.

Truncated peak fit

The overlapping peak effect is eliminated by performing a single peak fit to an
incomplete peak profile with the side of the tail that is influenced by the interfering
peak truncated.

The optimum “cut-off” point on the contaminated side for a truncated peak fit is 0,5
FWHM from the peak position. The feasibility of this method depends on the peak
separation, width and intensity ratios of the two peaks. Table 2 provides a guideline
for the case where a truncated peak fit is valid.

Table 2 Guideline limit of applicability for a truncated peak fit. f/, FWHM and
20 denote the peak amplitude, width and peak position

H./H, FWHM, | (26-26,)/FWHM, | HJH, | FWHM, | (28-26)/FWHM,
/FWHM, [FWHM,
0,1 0,1 >0,5 0,3 0,1 >0,5
0,1 0,5 >0,5 0,3 0,5 >0,5
0,1 1,0 >0,5 0,3 1,0 >0,5
0,5 0,1 >0,5 1,0 0,] >0,7
0,5 0,5 >1,0 1,0 0,5 >1,0
0,5 1,0 >1,5 1,0 1,0 >1,5

Subscripts 1 and 2 refer to the peak of interest and the interfering peak respectively.
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7.5.6 Double peak fit
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A double peak profile is fitted to the whole diffracted spectrum. In some cases, some
of the fitted parameters can be fixed or related to each other. For instance, if the
volume fraction of a two phase material is known, the intensity ratio of the two peaks
can be calculated. A double peak fit is more likely to succeed if it is valid to apply
constraints to some of the parameters.
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8 Reliability of results

The determination of the uncertainty in a measurement is as important as the result
itself, and without it the reliability of a measurement cannot be estimated. Clause 9
lists the quantities to be reported for a stress or strain measurement. For all of the
quantities the uncertainties should be reported, most noticeably strain and
measurement position. It is recommended that such uncertainties are determined and
reported in accordance with the ISO ‘Guide to the expression of uncertainty in
measurement’ [16,17]. An abbreviated summary of the nomenclature and method of
calculating the combined standard uncertainty (u.) of a measurement is given in
annex B.
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Reporting

The basic reporting philosophy is that sufficient information be presented to enable the
measurements and subsequent data processing to be reproduced. In this way the
information necessary to understand, evaluate, and further interpret the results will be
provided. A rigid reporting format is not put forth as there is great variability in
materials, available information, and objectives of studies.

Strain and/or stress values

The strain or stress values resulting from the measurements, and their associated

uncertainty estimates, shall be reported, as follows:

- the strain and/or stress components and the values determined;

- the locations at which measurements were made, i.e. the weighted centroids of
the instrumental or sample gauge volumes;

- the size and shape of the instrumental or sample gauge volume; |

- the uncertainty estimates shall delineate the types of uncertainties included;

Strain-free or reference lattice spacing

The values 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.

Conversion of strain to stress

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

Elastic constants

It the measured strains are converted to stresses, the elastic constants used shall be
provided.

Neutron source and instrument

The following information shall be provided:
- neutron source,
- instrument at source,

- wavelength and monochromator description (reactor) or wavelength range
(pulsed source).

General measurement procedures

The following aspects of the physical measurement shall be reported:
- methods used to translate and orientate the specimen;

- method used to locate surfaces and other reference positions;
- manner in which the gauge volume is achieved;

- uncertainties in positioning;

- diffraction peak fitting function and procedure used.
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9.7 Materials characterisation

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

- composition;

- thermal/mechanical history;

- phases and crystal structures;

- homogeneity;

- sizes and shapes of grains, second phase particles or reinforcements;
- texture.
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Annex A
(informative)

Recording and measurement procedures

[f the spatial variation of strain is required, three parameters shall be determined with
appropriate accuracy:

a) strain, from the shift of the peak A28 or the change in the time of flight Ar;

b) the direction of the strain measurement; '

¢) the position within the specimen at which the measurement is made.

This annex gives details of parameters that should be measured and recorded. It also

presents the procedures that are used by experienced practitioners to comply with this
TTA.

Recording requirements

The following types of instrument, specimen and measurement information should
normally be recorded to ensure conformance with the standard.

General information — Instrument

Parameters for monochromatic instruments:

a) monochromating crystal/reflection, type of detector, monochromator to reference
point distance (DED), detector to reference point distance;

b) absolute or nominal wavelength and calibration procedure;

c) neutron optical parameters such as incident slit width (ISW), detector slit width
(DSW), incident slit height (ISH), detector slit height (DSH), incident slit to reference
point distance (ISD), detector slit to reference point distance (DSD);

d) vertical and horizontal gauge intensity profile;

e) Bragg peak parameters; number of points in peak, angular increment or bin size
between points in peak;

f) temperature * variation.

Parameters for time-of-flight instruments:

a) moderator to reference point distance, detector to reference point distance, type of
detector, angular range of detector;

b) wavelength range, calibration procedure;

¢) neutron optical parameters such as incident slit width (ISW), incident slit height
(ISH), incident slit to reference point distance (ISD), mechanism and characteristics of
mechanisms for defining diffracted beam volume (e.g. radial collimator);

d) vertical and horizontal gauge intensity profile;

e) number of Bragg peaks used in Rietveld refinement or d-spacing range used in
refinement. Size of bin in time-of-flight.

f) temperature + variation.
With both types of instruments, alternative beam defining optics other than slits may

be used. In these cases the equivalent values for (ISW), (DSW), (ISH), (DSH), (ISD)
and (DSD) shall be quoted.
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A.1.2 General information — Specimen

Specimen material:
a) chemical composition, crystal structure, grain size and texture, neutron attenuation
length;

Specimen shape and dimensions;
a) diagram of the specimen showing dimensions, fiducial marks or reference locations
and specimen co-ordinates.

A.1.3 Specific information required for each strain measurement

Relevant peak parameters for monochromatic instruments, or time-of-flight
instruments carrying out single peak fits:

a) FWHM = uncertainty;

b) peak height H + uncertainty;

¢) background B % uncertainty;

d) peak height/background ratio f/B;

e) number of neutrons counted in peak N,,.

Relevant peak parameters for time-of-flight instruments using Rietveld refinement:
a) peak shape used, and relevant description parameters including,
i width, as a function of wavelength, and
. peak shape anisotropy
b) background fit used;
¢) level of description of strain anisotropy in Rietveld refinement;
d) model of texture used in Rietveld refinement.

A.2 Definition of co-ordinates

For most applications on regular-shaped specimens, rectangular or polar co-ordinates
aligned with respect to specimen symmetry features are appropriate.

A.2.1 Specimens with elements of symmetry

Most engineered components have significant elements of symmetry. Many have
rectangular, circular or axial features. For such specimens, co-ordinates should be
defined relative to the (usually three) symmetry directions as follows.

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

b) Cylindrical specimens: a combination of rectangular and orthogonal co-ordinates

aligned along and perpendicular to the axis in the axial (a), radial (r) and hoop (0)
directions.

NOTE In this case the axial direction is unique for all locations within the specimen. The radial and
hoop directions are respectively along and perpendicular to the particular diameter on which the points
are located and consequently rotate around the axis for points located on other diameters.

¢) Extended constant cross-section specimens: Rolled, drawn and extruded
components may have constant but sometimes complex cross-sections. For extended
specimens co-ordinates parallel to the long axis and along orthogonal axes are
appropriate.
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EXAMPLES

Railway rails: longitudinal, transverse and vertical.

Rods and wires: axial, radial and hoop.

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

Distorted specimens

Many engineered components are made from originally rectangular or circular
sections that have been distorted during manufacture or in service, often as a result of
residual stresses. It may be appropriate to employ one co-ordinate system throughout
or several systems that are suitable for a series of local scans. In these latter cases
locally appropriate co-ordinate directions in distorted regions are normal to surfaces
and in the most symmetrical in-plane directions.

The general case

In the general case of an irregular specimen for which the triaxial stress state is

required, co-ordinates should be along the three most symmetrical, preferably
orthogonal directions.

Positioning

The specimen and the gauge volumes should be positioned relative to the ‘reference
point’ of the instrument. The reference point is usually a point on the central axis of

the instrument about which the detector is rotated or upon which it is focussed if it is
fixed 1in position.

NOTE An approved standard base-plate and sample mounting system designed for the accurate and
efficient mounting of locating devices and samples is described in Annex C.

The reference point

The reference point position should be defined as accurately as is practicable,
preferably to within 10 % of the minimum dimension of the gauge volume that is to be
used. The position of the reference point may be determined by optical or mechanical
means using the rotation of a small-diameter cylinder or wire to define the axis.

The gauge volume

The geometrical centre of the instrumental gauge volume should be positioned at the
reference point. 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
neutrons scattered from the small-diameter cylinder or wire used to define the plane
axis or from an alternative cylindrical crystalline or incoherent scatterer.

NOTE Positioning efficiency is generally optimised if the cylinder has a diameter equal to or less than
the gauge volume width.

For slit-defined systems the intensity profile may be recorded for the incident beam
with the cylindrical scatterer positioned on the axis as the incident slit is translated

across the incident beam. The detector should preferably be at a near 90° diffraction
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angle and the detector slit should be wide open. The incident slit should then be
centred at the position corresponding to the central maximum of the intensity profile,
allowance being made where necessary for beam attenuation. Alternatively the
scatterer may be translated across the fixed incident slit and the slit then re-positioned
so that the intensity is at the maximum when the scatterer is on the axis. After the
incident beam has been positioned, the detector slit is usually set to the same width as
the incident slit and a similar positioning procedure is adopted. The centre of the
gauge volume is usually set to near the mid-height of the incident beam; the vertical
location may be determined by vertically translating a horizontal rod with its axis
along the scattering vector and determining the centre of the scattered intensity profile.
Alternatively a horizontal slit may be vertically traversed through the reference point
and the centre of the transmitted beam derived from the intensity profile of the
straight-through or diffracted beams.

NOTE 2 Instruments should preferably be designed and constructed so that gauge dimensions may be
varied automatically and precisely without the need for re-calibration. If the beam positioning
repeatability cannot be guaranteed after a slit change, the gauge positioning procedure should be
repeated.

The specimen

The location of the specimen should be described relative to the reference point and to
the direction of the scattering vector using appropriate co-ordinates. 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 necessary to have a fiducial mark or reference point and
directions marked on the specimen. The fiducial mark should be sufficiently fine and
sharp so that the required positioning accuracy can be achieved. If orthogonal
translators are used for positioning they should be accurately orthogonal, preferably to

<+ (0,1° (£ 1,7 mrads). The specimen should be aligned to a similar accuracy relative
to the translator directions.

NOTE 1 Alignment is particularly important when long translations are required.

NOTE 2 The limit of alignment by unaided eye by a skilled experimenter is = 0,5° so optical or
precise mechanical devices are essential when aligning translators and specimens.

NOTE 3 Gauge volume and specimen positions are each defined with respect to the reference point
but scattering is from the part of the specimen that is within the instrumental gauge volume. Any
uncertainties in positioning the gauge volume relative to the reference point will produce corresponding
systematic uncertainties in specimen relative to gauge volume positions. If the gauge volume is not
precisely centred at the reference point, rotation of the specimen about the reference axis will also result
in an effective displacement, as well as rotation, of the gauge volume position relative to the specimen.
If the instrument design cannot guarantee gauge volume and specimen positioning to the required
accuracy using optical or mechanical methods, the position of the gauge volume relative to the
specimen surface should be verified using ‘wall scans’. Wall scans can provide a peak intensity profile
as a specimen surface is translated through the gauge volume that gives an experimental measure of the
position of the surface relative to the gauge volume. It should be noted that it is necessary to repeat
wall scans for each measurement orientation, and at a number of locations along a surface, when area
scanning or if there is significant translation parallel to that surface. Care should be taken when wall
scanning surface-treated, textured and large grained and absorbing materials as the through-surface
intensity profile for such materials can be substantially distorted from that expected from simple
occupied volume considerations.
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Positioning accuracy

The positioning accuracy required will depend upon the specimen being scanned and
the strain gradient at the point and direction being measured. Uncertainties in
positioning Ax lead to systematic uncertainties in strain A¢ at a point given by Ag=
(0g/0x)Ax. Positioning accuracy should be adequate to ensure that any systematic
uncertainty in strain resulting from a positioning uncertainty should be less than or
equal to the maximum statistical uncertainty specified for the measurement resulting
from uncertainties in determining the position of the peak.

EXAMPLE

For a specified statistical uncertainty = 100 x10™ in a region of strain gradient 2 000 x 10 per mm the
positioning uncertainty should be < + 50 um.

Measurement directions

Specimens with elements of symmetry

For specimens with significant elements of symmetry, measurements made in the

(usually three) symmetry directions can be sufficient in practice, though not
absolutely, adequately to describe the stress state.

EXAMPLES

Rectangular specimens: Along orthogonal symmetry directions X, y, z
Cylindrical specimens: Along axial (a), radial (r) and hoop (0) directions.
Extended constant cross-section specimens: Parallel to the long axis and along orthogonal axes.

Distorted specimens

For distorted specimens, measurements may be made locally normal to the surface and
in the most symmetrical in-plane directions or relative to one uniquely defined co-
ordinate system as appropriate.

The general case

For the general case of an irregular specimen for which the triaxial stress state is
required, measurements may be made in the three most symmetrical, preferably

orthogonal, directions with three more in appropriate other directions well away from
the first three directions.

NOTE Consideration should be taken of the consequences of long path lengths and attenuation when
choosing additional measurement directions.

Number and location of measuring positions

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.

NOTE 1 Sharply varying strain patterns require more data points than smooth patterns with little
significant detail.
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NOTE 2 For efficient strain mapping it may be advisable 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.

Measurements at one location

If strain data are required at just one specified location, they may be obtained from a
single measurement at the specified point but with limited experimental evidence of
statistical and positioning uncertainties. If repeated measurements are made at the
point they will enable an experimental estimate to be made of the statistical data
uncertainty. In regions of steep strain gradient, or near discontinuities in a specimen,
interpolation from short line/area/volume scans about the point will enhance or assure
the experimental assessment of uncertainties or systematic uncertainties in peak and
gauge volume positions.

Location of measuring positions

For initial outline mapping, and when strain gradient variations are small, it is
generally preferable to use a regular scanning matrix with dimensions appropriate to
the strain gradients expected in each co-ordinate direction. When strain gradient
variation is large along any direction, it may be necessary to increase the mapping
density in that direction in order to obtain adequate spatial resolution. In these regions
the mapping density should be greater but preferably should still remain regular so
that any distorting effects that the mapping matrix combined with statistical
uncertainties has on the interpolated strain curve are apparent.

The gauge volume

Gauge volume definition

The nominal gauge volume is the projected volume defined by parallel beams passing
through the incident and diffracted beam masks. Because of beam divergence, the
actual boundaries of the instrumental gauge volume will not be parallel and will be
diffuse so that its limits are not precisely defined.

Instrumental gauge volume parameters should be obtained from horizontal and
vertical intensity profiles measured across the principal gauge volume dimensions.
The profiles may be obtained by measuring the diffracted neutron intensity as a fine
wire is traversed across the gauge cross section as described in A.3 for positioning the
gauge volume. Alternatively the profiles may be obtained from measurement of the
intensity variation of neutrons scattered from a powder specimen as a fine slit is
traversed across incident and diffracted beams.

NOTE 1 The instrumental gauge volume intensity profile may best be illustrated by means of three
1-dimensional intensity profiles or a 3-dimensional intensity contour map. However, for most practical
purposes, the instrumental gauge volume may be described by just three linear dimensions and the
diffraction angle. The dimensions quoted should correspond to the widths of the 50 % intensity
contours across the incident and diffracted beams. An estimate of the sharpness of the gauge boundary
should be provided. The basis of the estimate (the distance over which the intensity drops from 90 % to
10 % say) should be stated.

If masks or slits are used, the radial distance of incident (ISD) and detector (DSD)
beam defining masks and slits from the reference point should be as small as is
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practicable so that the effects of divergences are minimised, whilst still permitting
movement of the specimen without risk of collision when scanning. Wherever
possible, the ISD should be such that at least 67 % of the incident neutrons fall within
the nominal gauge volume.

- NOTE 2 Divergence characteristics of instruments vary but as a general rule when crystal

monochromated beams are employed the 67 % criterion requires that ISD < 100 x ISW or 10 x ISH
whichever is the least. |

Gauge dimensions

Gauge dimensions should be chosen so as to permit detail to be resolved as necessary.

In general, if gauge dimensions exceed the size of or distance between features of
significance, the strain patterns are smoothed and detail is lost.

Grain size considerations

Generally, strain determination for polycrystalline specimens assumes that there are a
sufficient number of grains within the subset scattering into the detector to enable a
satisfactory statistical average diffraction peak to be measured. If only a small number
of grains are sampled, significant peak positional uncertainties will be introduced.
Increasing the gauge volume dimensions as much as is practicable, commensurate
with spatial resolution and attenuation considerations, may improve the statistical
averaging but may also increase the angular uncertainty due to coupling between
position and angular sensitivity of the detector.

NOTE Oscillation of the specimen may be a more satisfactory way of increasing the number of
contributing grains to produce a better average rather than increasing the gauge volume size.

Attenuation considerations

Differential attenuation from different parts of the gauge volume caused by different
beam path lengths through the specimen changes the effective intensity scattered from
different points in the gauge volume. When the specimen shape and scattering
configuration combine to cause differential attenuation across the gauge cross-section,
dimensions should be restricted so that the ratio of attenuation from front to back of
the gauge volume is < e (2,718). If gauge volume dimensions exceed this limit, the
effective displacement of the position at which the average strain in the gauge volume

1s measured from the sampling gauge volume centroid should be calculated and used
to record the location of the strain data.

NOTE For measurements normal to a flat surface in reflection geometry, the e ratio limit corresponds
to the condition that the slit widths w < (L/4)sin28, where L is the attenuation length of the material,
which for 26 = 90° reduces to w < (L/4). For in-plane measurements in through-thickness transmission

geometry there is generally no attenuation limit to gauge volume size as the path length is constant for
all locations within the gauge.

Counting time considerations

The statistical quality of the data is a function of the number of neutrons counted
which is related to the size of the sampling gauge volume and the counting time. To
minimise 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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Near-surface precautions

The sampling gauge and its position

When scanning through surfaces (or interfaces) the proportion of the instrumental
gauge volume occupied by the specimen material (or materials) varies, as does the
shape of the occupied portion (or portions) as the surface (or interface) is traversed.
Consequentially the sampling gauge volume centre is not at the instrumental gauge
volume centre. Geometrical corrections for sampling gauge volume position (or
positions) should be made when scanning through surfaces (or interfaces). Where
appropriate, additional corrections for attenuation should be made as described in A.6.

NOTE Strain fields at surfaces and interfaces, especially when thermally or mechanically treated, can
be steep. This has two consequences; positioning has to be correspondingly accurate (see A.5) and the
gauge cross-section has to be correspondingly small (see A.6).

Instrumental surface aberrations

High resolution single-detector instruments are generally angular sensitive with very
small position sensitivity. They may be employed for through-surface scanning
usually with insignificant or small instrumental aberrations but they are relatively
inefficient. Many instruments employ linear or multi-detectors, that have position
sensitivity, in order to improve counting efficiencies. Their position sensitivity can
generate instrumental aberrations that cause apparent peak shifts that can be large in
comparison with strain-related peak shifts. The aberrations arise due to translation of
the effective gauge cross-section horizontally across the incident and detector slits
when the traversed surface 1s vertical.

Instrumental surface aberration reduction techniques

Instrumental surface aberrations should be minimised by making front detector slit
distances DSD as small as is practicable and the reference point to detector distance
relatively large. Aberrations also reduce with slit widths and with peak width.

When specimen surfaces are flat, the aberrations can be substantially eliminated by
mounting the specimen surface horizontal and by scanning vertically. However, this
may introduce additional attenuation constraints and some loss of spatial resolution.

Computational cancellation of instrumental surface aberration effects

In principle, surface aberration effects can be calculated and hence subtracted from
experimentally affected data. However, the effects are sensitive to many parameters
that are steeply non-linear very close to surfaces so that without experimental
verification, computed corrections should not be relied upon.

Surface aberrations are generally antisymmetric at oppositely oriented surfaces. If two
sets of measurements are made through a surface, one with the surface facing the
incident beam and the other in the opposite direction, averaging the peak shifts at the
same locations for the two data sets will in principle reveal the strains and eliminate
the aberrations. Subtracting the two data sets gives the aberrations and eliminates the
strain.
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NOTE The results are subject to the combined experimental uncertainties, so care should be taken to
ensure that the magnitudes of the aberrations are reduced (A.7.3), so as to minimise the statistical
uncertainties which can be large. Likewise, spatial positioning should be accurate to minimise strain
gradient uncertainties.

Temperature measurement and recording

Lattice dimensions are affected by temperature as well as by strain. For many
engineering materials coefficients of thermal expansion are within the range
10-20 x 10® K™'. Specimen temperatures should be kept stable within a restricted
range chosen so that lattice changes due to temperature changes are small relative to

maximum statistical uncertainty specified for the strain measurement. Temperatures
at which measurements are made should be recorded.
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Determination of uncertainties in a measurand

Introduction

This annex provides a short introduction to the determination of uncertainty, and 1s
based on the ISO ‘Guide to the Expression of Uncertainty in Measurement’ [16,17].

The stated value of the uncertainty of a measurand (the quantity being measured) is an
estimate of our lack of knowledge of the true value of the measurand. There are many
possible sources of uncertainty after any corrections for known systematic effects have
been made. For example;

a) instrument resolution or discrimination threshold;

b) non-representative sampling;

c) temperature effects on the measurement or other environmental conditions,

d) bias in reading analogue instruments;

e) inexact values of constants and other parameters obtained from external
sources;

f) approximations and assumptions incorporated in the measurement method and
procedure;

It must be recognised that these sources are not necessarily independent, and that an
unrecognised systematic effect cannot be taken into account in the evaluation of the
uncertainty of the result - but contributes to its error.

In many cases the estimated variance (”1) may be calculated from a series of repeated
observations. The estimated standard deviation u is then the positive square root of o
Where an experimental determination is impracticable #° shall be evaluated using
available knowledge.

The final value of the uncertainty is obtained from the values of all the uncertainties
contributing to the measurement. It is termed the combined standard uncertainty and is
denoted by u.. It is given (for independent uncertainties) by:

HE(Y):Z (g—] u'(x;) (B.1)

i=] ]

where f1s the function:

Y= flxy, x3,..., XN) (B.2)

in the expression for the measurand Y which depends on the number of (N) factors x;
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In the case of neutron diffraction strain measurement three uncertainties need to be
specified in the result:

a) the uncertainty of the magnitude of the strain,
b) the uncertainty of the direction of the strain,

c) the uncertainty of the position at which the strain is measured. This will depend
on the shape of the gauge volume, and its positional uncertainty and the
attenuation of the neutron beam within a material.

Application to calculating the uncertainty of strain

The magnitude of the strain is given by:
e=(d-d,)/d, (B.3)

As described in 4.6, di.r may be used in place of dp in equation B.3 and the following.
From equations (B.1) to (B.3) we have:

p. iy

2

2
2 2| U Uy
ul =(e+1)| —L +— (B.4)
_d d, )
or
9 2
u [
u, =—4 4+ —° (B.5)
d d,

since £1s generally << 1.

The values of the uncertainties for  and dp may in turn be found from the expression
for d:

d = 2/(2sin 6) (B.6)

so that

u; =d*| =% +u} cot* 0 (B.7)
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Thus in determining the uncertainty in the strain it is necessary to understand the
possible sources of uncertainty in A and 6. These will depend upon the exact details of
the instrument used for the measurement, and whether the instrument is a fixed angle

(time-of-flight) or fixed wavelength (reactor based) design. Possible contributions
will arise from:

for A

- monochromator movement (fixed A),

- flight path changes (fixed &),

- clock changes (fixed &),

- primary collimation movement,

- differential absorption in a material,

- non-uniformity (in A) in incident beam.

- primary collimation movement,

- secondary collimation movement,
- absorption in the matenal,

- incompletely filled gauge volume,
- detector movement.

There may also be uncertainties due to the variation of ‘d" itself with temperature, and
this must often be considered. There also exists the possibility of systematic
uncertainty, due to lack of the existence of a stress-free sample (see 4.6).

In the most difficult cases, where for example d is measured on a highly absorbing
sample, with a partially filled gauge volume, and d, is measured on a separate
specimen on another occasion, the uncertainty can only be found by constructing an

adequate model of the instrument and estimating the contributions from each
component of the uncertainty.

However, there are simpler situations where many of the possible uncertainties are
eliminated because they will be the same for both the measurement of d and d.

The simplest strain measurement is one where the following exist:

a) the dp measurement is made in the same sample as the 4 measurand, and is made
without removing the sample from the instrument.

b) both measurements are made with the instrument gauge volume fully immersed in

the sample (i.e. there are no systematic corrections for partially immersed gauge
volumes).

¢) any other systematic corrections (due to sample absorption, etc.) to strain are less
than 30 x 107 for both measurements.

d) the instrument is unaltered between measurements, and has not undergone any
significant temperature change.
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In this case it will be reasonable to assume that the systematic uncertainties are equal
and hence the two uncertainties in equation (B.5) are simply the variances taken from
the least squares fitting of dy and d respectively.

It should also be remembered that while equation (B.5) provides the correct overall
uncertainty for the strain, if the same value of dj is used to calculate a series of strain
measurements, their relative uncertainties are simply given by the expression:

2
2 _ Y

E_dz

U (B.8)

The calculation of the uncertainty described in the above section is not based on
repeated measurement. It is recommended that such calculations be checked from
time to time by experimentation. This may be achieved by using a local standard
sample with well characterised strain values at well defined locations within the
sample. Repeated measurements, taken without the sample being removed from the
instrument, and with similar counting statistics to those used in other measurements,
may be used to establish a determination of the uncertainty. This is simply done by
determining the variance of at least 7 measurements of the strain:

n 2

o .
(& —€) (B.9)

S, =—
£ H-].,-=|

where s, is the standard deviation of 7 measurements.

If no unknown systematic effects are present, and the least squares fitting procedure is
correct, then the variance obtained form equation (B.9) should agree with the

uncertainties reported by equation (B.5) derived from the covariance matrix output
from the least squares fitting procedure.

The local standard may also be used to measure strain values over a long period of
time with removal of the sample between each measurement. This will provide an
experimental estimate of the possible variations occurring on the instrument. It will

not, of course, provide estimates of the uncertainties arising from systematic
uncertainty corrections.

Calculating directional uncertainties

These are generally insignificant, and will invariably be estimated from the known

parameters describing the incident beam, the gauge volume, and the detector
dimensions.
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B.4  Calculating positional uncertainties
These again may be estimated from given information (e.g. the stated positional
uncertainty provided by the manufacturer of the positioning device), or derived from

an experimental measurement.

Thus a fiducial point may be re-positioned and the actual position checked with
theodolites. This should ideally be done at regular time intervals.
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Annex C
(informative)

Recommendations for a standard strain scanner base-plate
In order to facilitate measurement of specimens at different neutron sites it 1s desirable
that a standard base-plate for mounting is available at each site. In this annex a
recommended design 1s specified.
Dimensions of base-plate
The strain scanner standard base-plate is in the form of a breadboard (shown in
Figure C.1) with M6 tapped and 6 mm diameter straight holes on a 25 mm square
matrix, to provide combined precise location and fixing.

A 6 mm dowel should be used for very precise location at any one point.

The shank of an M6 bolt (= 5,9 mm diameter) can be used as a coarse dowel for

adequate initial location, with sufficient tolerance, of routinely machined matching
holders.

Specimen holders can be made (as illustrated in Figure C.2) for clamping to the base-
plate. These holders should have 6 mm diameter straight holes, on a matching 25 mm
square matrix.

Complex specimens may be pre-positioned on the holder off-line.

Simple plate specimens etc. can be mounted directly in the standard holders on-line.
Initial positioning of 8x, dy, 6z = 0,1 mm.

Initial orientation on translator to within of = 0,1°.

Each M6 bolt can act as a dowel, a screw to fix, or as both dowel and screw both to
locate and to fix.

The M6 tapped breadboard with a 25 mm square matrix is a common commercially
available international standard for optical tables.
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Dimensions in millimetres
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Figure C.1 Standard breadboard with M6 screws/‘dowels’
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Note for manufacture

The breadboard base-plate can be manufactured as a single integral unit as shown, or
split into two parts, (a) the threaded fixing part and (b) the straight hole location part.
The two parts can then be precisely aligned and bolted together to form the combined
positioning-fixing system. The latter system allows standard commercially available
screw-only M6/25 mm base-plates to be simply and economically adapted by just
adding the straight hole location plate.

Dimensions in millimetres
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Figure C.2 Small sample holder designed to attach to standard breadboard
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Use of M6 bolts as dowels and screws

The straight shank of an M6 bolt is always very close to 5,90 mm in diameter and
must be between 5,82 mm and 6,00 mm. The radius under the head must be between
0.25 mm and 0,40 mm. Over the last 0,3 mm or so under the head the diameter
typically changes from 5,90 mm to 6,50 mm and at most from 5,82 mm to 6,80 mm.

The straight shank of an M6 bolt can be used as a 5,9 mm dowel in a 6,0 mm straight
hole with a tolerance of 0,1 mm. This tolerance is adequate to position a 6 mm
dowelled holder to within +£0,05 mm which is adequate for many neutron strain
scanning measurements, or at least for initial positioning prior to precise location.

M6 bolts through 6 mm diameter holes in a holder can thus act as inexpensive dowels
that are loose enough to be able to locate the holder on a well made breadboard base-
plate with a matching hole pattern.

The thread of the bolt can be used for fastening.

When carefully tightened, the bolts can act as tapered dowels. The radius under the
head acts as a short curved tapered dowel that centres the shank in the dowel hole thus
reducing the positioning uncertainty to <+0,05 mm in the last 0.3 mm or so of
tightening.

A straight 6 mm diameter dowel can be used to locate precisely in one hole but
machining tolerances may be insufficiently fine to permit two or more dowels to be
located at the same time unless the machining of base-plate and holder are both to a
high accuracy. A combination of one central dowel with several bolts may be an
optimum initial, and possibly satisfactory final, positioning and fixing combination.

A system of tapered dowels alone may be satisfactory to locate at several positions but
may be extremely expensive and limited in application.

The most common hole pattern used internationally for fixing is a breadboard of M6
threaded holes on a 25 mm square matrix.

The breadboard with coaxial 6 mm dowel holes and M6 threaded holes provides
tolerant but precise location and fixing, using components that are readily available
internationally at low cost.

Dowel and thread lengths may be chosen to fit commonly available bolts. A 35 mm
M6 bolt for example has nominally a 24 mm long thread and a straight shank of
10 mm with a 1 mm tapering section between the shank and thread. Such a bolt, with
the thread shortened as necessary may be used as a dowel and fastener for attaching
S mm thick holders to the base-plate.
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Notes on M6 screws: (see BS 3692)

Tolerances for M6 screws Nominal size D: M6

Diameter of unthreaded shank B: Max: 6,00 mm
Min: 5.82 mm
Typical: 5,90 mm

Radius under head R: Max: 0,4 mm
Min: 0,25 mm

Available sizes M6 screws and bolts

Lengths (mm)

Screw Thread Straight shank
L T S

10 10 0

12 12 0

16 16 0

20 20 0

25 25 0

30 30 0

35 24 10+ 1
40 24 15+1
45 24 20 + 1
50 24 25+1
60 24 35+ 1

The thread of an M6 screw extends the full length unless L > 35 mm, when 1t 1s
24 mm long. The remaining length is taken up with the straight shank, the radius
under the head, and a tapering section (=1 mm) between the shank and the thread.

Notes on base-plate and holder thickness

The thickness of the breadboard and holder bases are not specified in the standard in
the standard but the shortest straight shank of a standard bolt is = 11 mm. If such bolts
are used the combined dowel hole length, (holder base thickness + straight section of

breadboard) should be > 11 mm (say 11-12 mm, preferably half in the holder and half
in the breadboard).

A straight hole of length 6mm is sufficient for locating a 6 mm diameter dowel and a
thread 6 mm long is sufficient for attaching most samples. Consequently a breadboard
of nominal thickness 12 mm, with half threaded and half straight holes, coupled with a

holder base thickness of nominal 5 or 6 mm thickness is generally suitable and is
recommended.
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Notes on breadboard and holder areas, shapes and numbers of holes

The breadboard shown in Figure C.1 is 120 mm square, with 25 holes and the small
sample holder shown in Figure C.2 is 70 mm square with 9 holes. The figures are for
illustration only. Both breadboard and holder can be of any size and shape provided
that the 25 mm square 6 mm diameter hole pattern is retained.
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