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obliged to publish the official English Language text unchanged as a British Standard and to withdraw any conflicting -
standard. -
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UK Vote
l'_-
Please indicate whether you consider the UK should submit a negative (with reasons) or positive vote on this draft.
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Submission
The guidance given below is intended to ensure that all comments receive efficient and appropriate attention by the —
responsible BSI committee. Annotated drafts are not acceptable and will be rejected.
"
All comments must be submitted, preferably electronically, to the Responsible Committee Secretary at the address
given on the front cover. Comments should be compatible with Version 6.0 or Version 97 of Microsoft® Word for -
Windows™, if possible; otherwise comments in ASCII text format are acceptable. Any comments not submitted =
electronically should still adhere to these format requirements. -
All comments submitted should be presented as given in the example below. Further information on submitting ——
comments and how to obtain a blank electronic version of a comment form are available from the BSI web site at: =
http://www.bsi-global.com/Standards+Development/Drafts/index.xalter g
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Foreword

This document (prEN 15305:2005) has been prepared by Technical Committee CEN/TC 138 "Non-destructive
— testing”, the secretariat of which is held by AFNOR.
— This document is currently submitted to the CEN Enquiry.




prEN 15305:2005 (E)

Introduction

Residual strains in crystalline materials can be determined by X-ray diffraction analysis. Assuming linear
elastic distortions, the related residual stresses are calculated.

In this document the principles of the measurement procedure and the analysis technique are described.
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1 Scope

This European standard describes the method for the determination of macroscopic residual or applied stresses non-
destructively by X-ray diffraction analysis in the near-surface region of a polycrystalline specimen or component.

All materials with a sufficient degree of crystallinity can be analysed, but limitations may arise in the following cases (brief
indications are given in clause 12):

— Stress gradients;

— Lattice constants gradient ;

— Surface roughness;

— Non-flat surfaces (see 5.1.1);

— Highly textured materials;

— Coarse grain material (see 5.1.3);
— Multiphase materials;

— Overlapping diffraction lines;

— Broad diffraction lines.

The specific procedures developed for the determination of residual stresses in the cases listed above are not
included in this document.

The method described is based on the angular dispersive technique with reflection geometry-as defined by EN
13925-1.

The recommendations in this document are meant for stress analysis where only the diffraction line shift is
determined.

This document does not cover methods for residual stress analyses based on synchrotron X-ray radiation and
it does not exhaustively consider all possible areas of application.

Safety aspects related to the use of X-ray equipment are not considered in this document. During the
measurements the adherence to relevant safety procedures as imposed by law are the responsibilities of the
user.

2 Normative references

The following referenced documents are indispensable for the application of this document. For dated
references, only the edition cited applies. For undated references, the latest edition of the referenced
document (including any amendments) applies.

EN 13925-1, Non-destructive testing - X-ray diffraction from polycrystalline and amorphous material - Part 1.
General principles.

EN 13925-2, Non-destructive testing - X-ray diffraction from polycrystalline and amorphous materials - Part 2:
Procedures.

prEN 13925-3, Non destructive testing - X-ray diffraction from polycrystalline and amorphous materials - Part
3: Instruments

ISO 5725-1, Application of statistics - Accuracy (precision and reliability) of the results and methods of
measurement — Part 1: General principles and definitions

ISO 5725-2, Application of statistics - Accuracy (precision and reliability) of the results and methods of
measurement — Part 2: Basis for the determination of the repeatability and the reproduction from a standard
method.
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e
3 Terms, symbols and definitions .
For the purposes of this standard, the following terms, symbols and definitions apply -—
3.1 Symbols and abbreviations —
— 20 The diffraction angle, this is the angle between the incident and diffracted X-ray beams. —
— 0 The Bragg angle, this is the angle between the diffracting lattice planes and the incident beam. -
— @ The angle between the incident X-ray beam and the specimen surface at y =0. e
— ¢ The angle betyveen a fixed direction in the plane of the specimen and the projection in that plane of -
the normal to the diffracting planes.
— Y The angle between the normal of the specimen and the normal of the diffracting planes. —
— x The angle y rotates in the plane perpendicular to that containing  and 26. The rotation axis of y is r—
orientated perpendicular to both the w and the ¢ axis
— {hkl}  Family of crystalline planes defined by the indices h, k and |. -
— E4y Strain measured in the direction defined by the angles ¢ and . -
— dy Interplanar distance (d spacing) of a strain free specimen. —
— d,, Interplanar distance (d spacing) of strained material in the direction of measurement defined by the o
angles ¢ and w.
s
— (S84, S5, S3) Specimen coordinate system.
— (L4 Ly L) Laboratory coordinate system. =
—  '1,8,™", 8, Elasticity constants of the family of lattice planes{hkI}. —
— G Normal stress components (i=1,2,3). v
— 1T Shear stress components (izj; i,j=1,2,3). =
— £ Distance to the surface of the specimen. -
— z  X-ray penetration depth. -
— LP The Lorentz Polarization factor.
— A The Absorption factor. ¢
—  ILQ Inter-Laboratory Qualified (used in connection with stress-reference specimen). =
—- LQ Laboratory Qualified (used in connection with stress-reference specimen). -
—  Ocen Certified normal stress value of the ILQ stress-reference specimen. —-—
—  Teen Certified shear stress value of the ILQ stress-reference specimen. —
—  ©Orer Normal stress value of the LQ specimen. .
—  Trer Ohear stress real value for the LQ specimen. —
— L Average width of the diffraction lines for the LQ specimen. —
=
6 -
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—  Odetermined Determined Normal stress value of the stress-reference specimen.
—  Tyetermined 2N€Ar stress value determined for the stress-reference specimen.

—  Lgetermined The average width of the diffraction line determined for the stress-reference
specimen.

— u(o)Standard uncertainty in the normal stress.
— u(1) Standard uncertainty in the shear stress.

—  Tocerts Tz certy REpeatability of the normal stress, shear stress, and line width respectively of the
certified ILQ stress- ricenn  reference specimen

—  Tgrefs Feref s Repeatability of the normal stress, shear stress, and line width respectively of the
LQ stress-reference rs Specimen

—  Rgeerts Ricert  Reproducibility of the normal stress and shear stress.
— A Wavelength of the X-rays used.
— Tr(o) Trace of the stress tensor : Tr(o) = Zo;.

— | Net integrated intensity of the hkl diffraction line

— XECs X-ray elasticity constants

— s.and sy Standard deviations of the repeatability and reproducibility

— B
_ﬁ¢

Integral breadth
Normal stress value in a direction defined by the angle ¢

Shear stress value in a direction defined by the angle ¢

3.2 Terms and definitions

3.2.1

Residual stress

Self-equilibrating internal stresses existing in a free body which has no external forces or constraints acting on
its boundary.
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4 Principles

4.1 General principles of the measurement

Key
S1, S Axes in the plane of the specimen; S, is defined by the operator
S; Normal axe to the specimen surface

Ly, Ly, Lj Laboratory coordinate system; L is normal to the diffracting{hkl} lattice planes and it is the
bisector of the incident and diffracted beams

b The angle between a fixed direction in the plane of the specimen and the projection in that plane

of the normal to the diffracting planes
Y The angle between the normal of the specimen and the normal of the diffracting planes

Sd The direction where the o¢ and 14 stresses are measured

Figure 1 — Orthogonal coordinate systems.

On the basis of elasticity theory, for a macroscopically isotropic crystalline material the formula to express the
strain in the direction defined by the angles ¢ and w(see Fig.1) is:

1

| , : ,
Ei?f} = S]{W}[G'“ Ll s 533]"'55?”533 cos’ i +-£Sg{hﬂ}[ﬂll cos’ @+ 0,, sin® P+, sin 2{3‘1']:?-.111E W+

l : :
;> > Sih”}[’rlj coS @+ T,, sin @|sin 2
(1a)

The stress components o, and 1, are defined respectively as the normal stress and the shear stress in the S¢
direction (see Fig. 1):

O, = lu::r“ cos’ ¢+ 0,, sin’ @+ 7,, sin 2:;3)] (1b)
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T, = [ru cos @ +7,, sin & (1c)

where the symbols of formulae (1a), (1b), and (1c) are

gp' " is the strain in the direction defined by the angles ¢ and  for the family of lattice planes {hkl};

thﬂ} and %Sf'“} are the X-ray elasticity constants for the family of lattice planes {hkl}:

O11, 022, O3 are normal stress components in the directions S;, S; and S;

T12 is the shear stress within the plane defined by S, and S;;

T3 Is the shear stress within the plane defined by S; and S;;

To3 is the shear stress within the plane defined by S; and S;.

i) the angle between a fixed direction in the plane of the specimen and the projection

in that plane of the normal to the diffracting planes.

V] the angle between the normal of the specimen and the normal of the diffracting
planes.

O Is the normal stress value in a direction defined by the angle ¢

C11, O - are normal stress components in the directions S;, S».

Ty Is the shear stress value in a direction defined by the angle ¢

d,, is the spacing of the family of lattice planes {hkl} in the direction defined by ¢ and y and d, is the strain-
free lattice spacing of the same family of lattice planes {hkl}, thus the strain &, is given by the formula:

d sin &
Epy A} ln[ﬂ] = ln[ - (2a)
d, sin g,
or alternatively by the approximate formulae:
d, —d J
{hki} _ Py U
£ = (2b)
P
[ dﬂ
or
{nki} _
£, =-cot(6,)Al,, | (2¢)
where:
dyy is the spacing of the family of lattice planes {hkl} in the direction defined by ¢ and vy
do is the strain-free lattice spacing of the same family of lattice planes {hkl}
B is the Bragg angle associated to d,
By the Bragg angle defined in the direction ¢ and y according to Bragg Law (see EN13925-1,
pag.6)
9
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The formula (2c) is far too approximate (errors in the order of a few percent are introduced), thus it is
deprecated and therefore it should not be used. In the calculation using (2b) the value du can be estimated

by interpolation on the fitted d vs. sin“y curve (for details see Annex B). A practical estimation of d, is given

by the d value measured at sin“y = 0.4. Using formula (2a) the d, and 6, values do not need to be accurately
known.

Since the penetration depth of X-rays in most materials is in the order of tens of micrometers, 633=0 can often
be assumed. Care should be exercised in the case of large penetration depths or multiphase materials (see
clause 12).

Thus, the equation (1) can be simplified:

E

1 : . ;
w{hﬂ} = 51{%‘}[511 T0p ]+ Esz{w}[ﬂ-n cos’ ¢+ O sin” ¢ + 7y, SIn 2;{?]51111 v+

(3)
+ % Sz{hﬂ}[’ru coS @ + T,; Sin ¢ |sin 2y

Where the symbols are as for formulae (1a), (1b), (1c).

For the usual methods (w and x method, see clause 6.1) the rotation angle ¢ is equal to the rotation applied to

the specimen around the surface normal. Other methods exist in which the relations between the angles ¢, v
and the specimen rotations are more complex (see Annex E). '

Note that the elasticity constants of the {hkl} planes may be significantly different from that of the macroscopic
bulk values (see clause 10).

4.2 Biaxial stress analysis

From X-ray diffraction experiments on polycrystalline materials €,, values at different y and ¢ angles are

obtained. If the stress state is biaxial (143 = 123 = 633 = 0), then it follows from (3) that the dependence of g,, on
sin“y is linear:

e = 112 S,(™ gy sin® y+ S{ ™. Tr(0)  (4)
where:

Tr(o) =(011+022).

If the stress state is biaxial then experimentally a straight line should be obtained (see Figure 2).
The stress in the ¢ -direction, o, is calculated from the slope of the straight line:

BEW{M}
dsin vy
., = (4a)
¢ {hki}
75,

10
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£y (X1076)
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-2500

Key

o strain measured in the direction defined by the angles ¢ and
Y The angle between the normal of the specimen and the normal of the diffracting planes

Figure 2 — Example of ¢, versus sin’y plot in case of biaxial stress at constant ¢.
Eyo y

In figure 2 the material undergoes a stress state with sF = -400 MPa, tF = 0. The X-ray elasticity constant of
the material is %2 S2{hkl}= 6.8 10-6 MPa-1. The negative and positive y values are superposed and denoted
by squares. The lines correspond to the least square fitting by equation (4).

Due to the insufficient accuracy of dy, the stresses obtained from Tr(c) should not be used for further
calculations.

4.3 Triaxial stress analysis
If shear stresses acting |n the planes perpendicular to the specimen surface are present (ty3 # 0 or Ty 0)
then the plot of £, vs. sin “y is an ellipse, shr::wmg the so-called “y-splitting” for w=0 and y<0 (see Figure 3). If

033 IS not equal to zero then the slope of sin w plot is proportional to g,—0os:. In these cases, equation (4)
becomes:

oy =112 S, (g, —aup)sin® y+ 112 S, 7 sin2y + 1/2.8,™ 55,4+ 8,(™ Tr(o) ©
where

Tr(c) =(0411+022 +033)

11
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Key
Eqy strain measured in the direction defined by the angles ¢ and v
W The angle between the normal of the specimen and the normal of the diffracting planes
+ positive y values
A negative y values

Figure 3 — Example of ey¢ versus sin’y plot in case of triaxial stress (y splitting) at constant ¢.
In Figure 3 the material undergoes a stress state with o¢ = -400 MPa, t©®» = -50 MPa. The X-ray elasticity
constant of the material is % S,{hkl} = 6.8 10° MPa". The lines correspond to the least square fitting by
equation (5).

At a fixed ¢-angle, the o, and 7, values are obtained by fitting the strain data in equation (5). By measuring at
least three different ¢ directions the stress tensor can be derived (see clause 7.4) and at least three y angles.

5 Specimen

5.1 Material characteristics

To measure and calculate the residual stress the following parameters are required:
— the crystallographic data of the material,
— the X-ray elasticity constants.

A possible source of significant systematic error is the use of incorrect values of the X-ray elasticity constants

(1/2 S,'™ and S,™™") in the stress calculations, because the calculated residual stress is proportional to the
values of the X-ray elasticity constants, which may differ by as much as 40% from the bulk values. Thus,
whenever possible, the X-ray elasticity constants should be experimentally determined (see clause 10).

When values have not been determined experimentally, it is recommended to use X-ray elasticity constants
calculated by models taking into account single crystal elastic anisotropy and the coupling conditions between
the crystallites (see clause 8.3.1.2).

Prior knowledge of the specimen history and its microstructure can indicate if problems might occur as listed
In clause 1.

For details see clause 12.

12
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5.1.1 Shape, dimensions and weight

For any specimen, a suitable flat region should be chosen for residual stress measurement. The shape and
size of the specimen is not critical, although for laboratory systems, it shall fit onto the specimen stage such
that the various tilts can be performed. For portable systems, there is no upper limit in theory to the size of

specimens that can be examined.

Specimen weight is an important consideration for laboratory systems, because the specimen is subjected to
various tilts during the measurement and therefore needs to be firmly attached to the specimen stage and
because there is a maximum allowable weight for the goniometer. Careful consideration as to how the
specimen is to be mounted and held onto the goniometer is required. The specimen can be clamped to the
stage only if this does not lead to additional stresses being induced into the specimen.

The necessary flatness of the specimen depends on the irradiated area. It is recommended that the local
radius of curvature of the specimen should be large enough (see clause 12).

5.1.2 Specimen composition/homogeneity
The phase composition and volume fractions should be constant within the irradiated volume. Since the

penetration depth of the X-rays as well as irradiated area depend on w tilt, consideration shall be given to
compositional changes that may be present within the surface and the depth (see clause 6.2).

In multiphase materials the measured residual stress is determined from the diffraction line of a specific phase.

ooverall z X, 0 (6)
phases
where
sacs residual stress of overall specimen
X is the volume fraction of the i phase
Oi the stress in the i/ phase

It is therefore mandatory that the phase from which the diffraction line originates be known.

5.1.3 Grain size and diffracting domains

The grain size in the irradiated volume can also affect the residual stress value found. In many crystalline
materials grain sizes are in the range 10-100um. As grains often consist of many diffracting domains, these
values are usually suitable for X-ray stress measurements. For larger grain sizes, it is likely that only a few
diffracting domains contribute to the diffraction line. This can lead to large variations in the peak shape and

intensity with ¢, v directions. In addition, the presence of micro/intergranular strains may also affect the resulits.
In some cases it is possible to overcome this problem by oscillating the specimen (for details see clause 7).

5.1.4 Specimen X-ray transparency
In some materials the penetration depth of X-rays can be large enough to lead to errors In stress

measurements due to the offset of the irradiated volume with respect to the surface (see annex D). In addition,
the effect of stress gradients and significant stress o33 will be more pronounced.

13
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5.1.5 Coatings and thin layers

Residual stresses in coatings can be determined provided that the diffraction lines associated with the coating
itself can be identified and isolated from the diffraction lines associated with the substrate. |

Measurement in thin layers may lead to the following problems:
— low diffracted intensities and/or insufficient grain statistics:
— additional diffraction phenomena from multilayers;

— overlap with a diffraction line from the substrate:

—  steep stress gradient;

— strong texture.

See also clause 12.

Finally, the values of the elasticity constants for the coating may be significantly different from the ‘bulk’ values.

5.2 Preparation of specimen

5.2.1 Surface preparation

Surface preparation should be avoided. However, if the surface is oxidized, painted or varnished, it can be
cleaned by electro polishing or by using chemicals to preserve the stress field as much as possible. Be careful
with chemicals which may weaken the grain boundaries or which may preferentially etch one of the phases
present as it can lead to local stress relaxation.

5.2.2 Stress depth profiling

The stress can be determined as a function of depth by subsequent electro polishing and stress analyses. In
some cases also a variation of the penetration depth of the X-ray, e.g. by using different wavelengths or by
tilting of the specimen, can furnish depth profile stress data.

9.2.2.1 Removal of surface layers

Any mechanical or electro discharge machining (EDM) method to remove surface layers induces residual
stresses, altering the stress field of the surface. Thus, such methods should be avoided. Chemical attack or
electro polishing is suggested to remove layers without introducing new stresses on the surface. However
chemical attack or electro polishing may cause relaxation of the residual stresses due to increased roughness
or grain boundary attack. When necessary, thick layers can be removed using a combined machining or
grinding procedure, followed by electro polishing to remove the layer strained by the machining or grinding. If
the volume of the removed material is large compared to the total volume of the specimen, stress

redistribution effects shall be considered in the calculation of the original stress field. Simple cases are treated
in [2].

5.2.2.2 Evaluation of the thickness reached after removal of the material

The thickness of the layer removed shall be determined. It is suggested that the shape and the roughness of
the surface are verified because problems may arise from non-flat and/or rough surface (see clause 12).

14
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5.2.3 Large specimen or complex geometry

Generally it is recommended to avoid the sectioning of samples. If sectioning of the sample is necessary then
this should be carried out with care to avoid changes in the existing residual stresses. The measured region
should, if possible, be far enough from the edge of the specimen to avoid any effect of relaxation of residual
stress perpendicular to the edge. It is recommended that the distance to the edge is at least equal to the
thickness of the specimen.

In addition, one should avoid overall relaxations which may occur, e.g., when cutting pipes in the axial

direction. If relaxations are expected, methods such as strain gauging [3] should be used to monitor any
changes during or after cutting.

6 Equipment

A general description of the equipment used for residual stress analysis can be found in prEN 13925-3. In this
chapter some specific aspects of the equipment that relate to the analysis of residual stresses are discussed.

6.1 Choice of equipment
In the general case two rotations are required (see Figure 1); y rotation is strictly necessary while ¢-rotation

can be useful in some experiments. The general arrangement of a laboratory goniometer measuring at high
20 angles, as used in residual stress analysis, is shown in Figure 4.

% w rotation

.

specimen

e e

,/\ f=la "1y

etector

Sz v
Key
S1, S2 S;  Specimen coordinate system
0 The Bragg angle, this is the angle between the diffracting lattice planes and the incident beam
20 The diffraction angle, this is the angle between the incident and diffracted X-ray beams

o rotation  rotation along the m axe
¢ rotation  rotation along the ¢ axe

x rotation  rotation along the y axe

Figure 4 — Goniometer at ¥ = 0 for x and @ method (o = 0, x=0).
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The  tilt can be performed in two classical geometries (called @ and x method) shown in Figure 5-6, other
geometries can also be used.

Laboratory goniometers achieve a good precision in the measurement, permitting generally an extensive

choice of 20 angles; they are often used in other applications of X-ray diffraction (texture, profile analysis,
phase analysis, (see EN 13925-1)). However, generally only non-cumbersome specimens can be analysed.

In the case of a portable system, the ¢ and vy rotations are performed by moving the source and the detector
with respect to the surface area to be investigated. Therefore the object investigated can remain in a fixed
position implying almost no limit on its size and weight.

6.1.1 The w»-method

In this method (also called iso-inclination method) the specimen is rotated (tilted) about the w axis. Both @ and
20 are in the same plane. To obtain ® values, y values are algebraically added to 6. Absolute values of y are
added to 6 for positive y or subtracted for negative y. Most conventional powder diffractometers, with a de-

coupled o drive (where w and 20 axes are able to move independently) can make measurements using this
method. The geometry is shown schematically in Figure 5.

Note that the S¢ direction lies in the plane of diffraction (see also Annex E).
&

E 7 w rotation
k“

specimen

S5 detector

Key

S1, 82, S3  Specimen coordinate system .

0 The Bragg angle, this is the angle between the diffracting lattice planes and the incident beam
20 The diffraction angle, this is the angle between the incident and diffracted X-ray beams

o rotation  rotation along the @ axe

¢ rotation  rotation along the ¢ axe

Figure 5 — The w-method : y angle is achieved through o rotation. Here g =0 and ¥ = » - 6 = - 45° (y
remains equal to zero)
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Positive and Negative Offsets

Figure 7a shows a specimen with a positive y-offset, for the w-method, where y has been added to 6. Figure
7b shows a negative y-offset where y has been subtracted from 6.

w=110° FoN w=30°
/ y =40° ; f "\ w =-40°
¥ L Fs - o ¥ ! W o = &
/Diffcting *, /" \g e ! Diffincting , \ 26=140
! lathice planes ; 5 '
_____ e S, [ncident Incident
! X-ray beam X-ray beam
i
Sample at !
w=4g
Diffracted Diffracted
X-ray beam X-ray beam
Figure 7a — Positive y-offset (0 =0 + y) Figure 7b — Negative y-offset (o = 6 + y, with y<0)

Key for Figures (7a) and (7b)

20 The diffraction angle, this is the angle between the incident and diffracted X-ray beams.
The Bragg angle, this is the angle between the diffracting lattice planes and the incident beam.
® The angle between the incident X-ray beam and the specimen surface at y =0.

® The angle between a fixed direction in the plane of the specimen and the projection in that plane of the
normal to the diffracting planes.

v The angle between the normal of the specimen and the normal of the diffracting planes.

When the o-method is used with the negative y-offset, the low incidence angle and “defocusing” effects,
broaden the diffraction lines more strongly and make the intensities lower than those collected with positive
at the same 20. However, both positive and negative y-offsets shall be used when shear stresses shall be
evaluated. In this case measurements at negative v tilts can be avoided by rotating the specimen (around the
¢ axis) by 180° and thus measure using positive y tilts. This avoids problems caused by defocusing and/or the
higher sensitivity to alignment errors with negative v tilts. From the point of view of stress analysis, it is
equivalent to negative y measurements without a ¢ rotation (often referred to as pseudo-negative tilting).

I dUdNUdUdEdUdUUEEdUVEEU N

For focusing optics, measurements applying negative y are more susceptible to misalignments than
measurements applying positive y.

6.1.2 The y-method

o Figure 6 shows the x-method, which is also called the side inclination method. Here the specimen is rotated
about the y axis, which lies in the equatorial plane.

Note that the S¢ direction is perpendicular to the plane of diffraction (see also Annex E).
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Mechanically the x-method is more complex and, for some diffractometers, it requires the incorporation of
additional equipment (such as an Euleran cradle). Negative y can also be reached by rotation around ¢ axis
of 180° and applying positive .

The advantage in using the y-method is that defocusing effects are the same for positive and negative .
Generally the y-method leads to smaller errors related to the specimen centring than for the w-method.

This method is sometimes confusingly referred to as y method.

6.1.3 The modified x-method

The modified y-method is mainly applied in portable diffractometers in conjunction with two position sensitive
detectors. The specimen is rotated about the y axis, which is in a plane normal to that containing ® and 26. At

¥=0 the incident beam is normal to the surface of the specimen which corresponds to w = 90°. Two detectors
are used and these are placed symmetrically with regards to the incident beam.

The basic geometry of the modified x-method is shown in the Figure 6. In the case of the one-detector system

using the y geometry for the ¥ = 0 position the normal on the diffracting planes and on the sample are parallel,
whereas in the case of the two-detector system the incident beam is parallel to the normal on the diffracting
planes.

The vy angle is achieved through y rotation but @ remains equal to 90° instead of 6, i.e. at ¥=0, the incident
beam is normal to the surface of the specimen. Thus, cos v = cosysinf. Starting position (left) and position for

x=50°(right), the measurement is performed for $=90°(the strains obtained from the two detectors shall be
averaged and the appropriate corrections shall be performed)

detector 2

Key

Sq, S2, 93 Specimen coordinate system

Ls is normal to the diffracting {hkl} lattice planes

26 The diffraction angle, this is the angle between the incident and diffracted X-ray beams.

v The angle between the normal of the specimen and the normal of the diffracting planes.

¥ The angle y rotates in the plane perpendicular to that containing @ and 26. The rotation axis of y is
orientated perpendicular to both the w and the ¢ axis

Figure 8 — The modified x-method

6.1.4 Other geometries

The geometries presented in figures 5 and 6 are the more common. Other geometries are possible, but not
considered in detail in this document. A general approach describing some geometries is given in Annex E.
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6.2 Choice of radiation

The choice of X-ray tube anode and therefore the wavelength of the incident X-ray beam is critical for the
determination of residual stress.

If the Koty radiation in the incident beam causes fluorescence from the specimen, the wavelength is not
suitable, because the fluorescence produces a very high background and consequently poor peak-to-
background ratio. This can be dramatically improved by using e.g. a diffracted beam monochromator, which
removes the fluorescent radiation before the detector, or by using an electronic energy discriminating detector.
Moreover, when the incident X-ray beam is absorbed by fluorescence effects, the penetration depth into the
specimen can be very small and insufficient for a stress value representative of the specimen.

Usually, in this case, a longer wavelength can be chosen, which does not have sufficient energy to cause
fluorescence.

The average information depth is defined as:
zﬁsin? @ —sin’ (w— 6)
24 sin @ cos(w— Q)

for @-method (7a)

_sinfcosy
o
2U

for y-method (7b)

| —cotan’@
3 DB L SOl Gl for modified y-method (7¢)

2u

where for formulae (7a), (7b), (7c)
X-ray penetration depth

The Bragg angle
The angle between the incident X-ray beam and the specimen surface at y =0.

2 £ @© N

The angle y rotates in the plane perpendicular to that containing ® and 26.

i The linear absorption coefficient.

For other geometries, adequate formulae shall be used (see Annex E).
Examples of diffraction conditions (wavelength, filter, {hkl} planes, Bragg angle) for common materials are
reported in Table 1.
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Alloy Crystalline | Anode | K; filter {hkl} 26(°) " Multiplicity Average
' system of the information
planes | depth of X-rays
in um at y=0 "
Nickel alloys c Mn Cr {311} From 152 to 162 24 4.9
Ferritic steels c Cr \' 211} 156 24 5.8
Cast iron (matrix)
Austenitic steels C Mn Cr {311} 152 24 7.2
Aluminium alloys C Cr V {311} 140 24 1.5
Aluminium alloys c Cu Ni {422} 137 24 35.5
Cobalt alloys C Mn Cr {311} | From 153 to 159 24 5.6
Copper alloys C Mn Cr {311} 149 24 4.2
Titanium alloys h Cu Ni {213} 142 24 5.0
Molybdenum C Fe Mn {310} 153 24 1.6
alloys
Zirconium alloys h Fe Mn {213} 147 24 2.8
Tungsten alloys C Co Fe {222} 156 8 1.0
Alumina - alpha r Cu Ni {146} 136 12 37.4
{4.0.10} 145 6 38.5
Fe Mn {2.1.10} 152 12 20.0
Alumina - gamma C Cu Ni {844} 146 24 38.5
V Ti {440} 128 12 8.8

1) Indicative values.

2) average information depth is definéd as the depth from which 67% of the diffracted intensity has been
absorbed. It is the depth at which the stress is evaluated if the stress gradient along the depth is linear.

Table 1 — Diffraction conditions for common materials

The radiation source should be selected to give a reflection at a Bragg angle greater than 130° 26. However,
though not ideal, it is possible to use reflections which are as low as 120° 20. Using reflections with 26 angles

of less that 120° is not recommended because of the low sensitivity of strain measurement and in the case of
focusing optics also the high sensitivity to misalignment.

The diffraction line should not be too close to the high 26 limit of the instrument: if possible, the whole
diffraction line down to the background at both sides of the peak shall be recorded.

Depending on the set up of the diffractometer and the treatment of data, large errors can arise if these
conditions are not fulfilled [4].

Residual stresses calculated by using different wavelengths may have different values because of the
different penetration depth of the X-ray beam into the specimen. This is more an issue where steep stress
gradients are present [see clause 12].

6.3 Choice of the detector
Detectors are different in type, size and shape (see 4.3 of prEN13925-3)

The choice of spot, linear or area detector is important to reduce the measurement time and it may influence
some aspects of the setting geometry.

Spatial resolution is generally not an issue in stress analysis.

A good energy resolution helps to reduce the background and thus to obtain good line position repeatability.
Saturation of the detector shall be avoided because it distorts the shape of the diffraction lines.
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6.4 Performance of the equipment

6.4.1 Alignment

Primarily, the alignment shall be in accordance with the requirements of prEN 13925-3. (clause 7.1)
Additional requirements are:

— The surface of the specimen shall coincide with the axis of rotation of the specimen which depends on
whether the o or ¥ method is used. For the @-method the surface of the specimen shall coincide with the
w-axis of the goniometer. For the y-method it shall coincide with the y-axis of the cradle.

— |If several stress components are measured, the ¢ axis shall be coincident with the centre of the irradiated
area.

The incident X-ray beam shall intersect the axes of rotations ¢ and y. Displacement of the beam will introduce
positional errors during rotation and/or translation of the specimen. For the x-method the displacement in the
axial direction is most important to minimize and for the w-method it is the displacement in the equatorial
plane.

The alignment of the beam can be checked for example using a fluorescent screen, narrow aperture (glass
slit) or small reference specimen. The alignment shall be verified before performing the measurement. If the
perfect alignment of specimen height and beam is not achieved, the diffraction line positions can be corrected
afterwards by using data coming from either a reference specimen (see clause 6.5 and D3.1) or a thin layer of

fine well crystallised powder deposited on the surface of the specimen itself. A shift of the y origin cannot be
corrected by this procedure.

The weight of the specimen can affect the alignment of the system. Therefore the alignment shall be checked
by using a similar loading condition of the specimen stage.

6.4.2 Performance of the goniometer

Additionally to the demands of the current document, the performance of the goniometer shall follow the
requirements of prEN 13925-3. (clause 5).

6.5 Qualification and verification of the equipment

The qualification and verification of the equipment is performed in accordance with EN 13925-3 (clause 8).

— It is necessary to qualify new equipment or existing equipment after mechanical changes have been
made or if any changes to the electronics have occurred. Qualification is performed by measuring stress-
free and ILQ stress-reference specimens (see clause 11.3).

— |t is necessary to periodically verify the performance of the equipment. This verification is performed with
the stress-free and ILQ or LQ stress-reference specimens (see clause 11.3).

An ILQ stress-reference specimen may be obtained through round robin tests of at least five laboratories in

accordance with ISO 5725-2. If certified specimens are available they should be used as ILQ stress-reference
specimen.

NOTE: Work is in progress on how to define and where to manufacture and buy certified specimens [5].

6.5.1 Qualification

The qualification shall be performed using both a stress-free specimen and an ILQ stress-reference specimen.
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6.5.1.1  Qualification of an instrument with a stress free specimen

The measurement of a stress free specimen (see 11.2) allows the evaluation of the errors related to the
displacement of the beam and of the specimen.

Powder materials are expected to have zero stress: i.e. 20 constant for all w and ¢ angles. If stress values
significantly different from zero are obtained, the system shall be checked, adjusted and then requalified.

Criteria of qualification.
The equipment is certified if the stress free specimen gives the following result:

1 1

aogl=< '
10000 1/2.5.!

10000 1/251

(8a)

o] : L with lu(o)| <

I l

] I ,
’Tl = with ‘H(T)l -2 20000 : 1/252{“'}

20000 1/258

(8b)

where
b elasticity constants of the family of lattice planes{hkl}
u(c) and u(t) are the uncertainties as calculated in 8.3.2.

The value of 1/ ZSE{'M} used should be that of the analysed material, not that of the powder of the stress-free
specimen.

6.5.1.2 Qualification of an instrument with an ILQ stress-reference specimen

When available, the qualification shall be performed on an ILQ stress-reference specimen (see 11.3). If the
obtained values are significantly different from the reference value, the equipment shall be checked, adjusted
and then requalified.

The qualification with a |ILQ stress-reference specimen shall be performed in the following steps:

— Choose the number n (n > 4 is recommended) of measurement to be done on the specimen in
repeatability conditions [see clause 11.3.1.2] for the qualification (or the verification). The choice of n
depends on the quality policy of the laboratory.

— Calculation of the critical difference, CD, for the normal stress and for the shear stress:

CDH=%JRGE-rﬁz(n;1] and CD, =% \}RIZ—L}E (HT_I] (9)

— Realisation of n measurements o; and 1; (i = 1 to n) on the ILQ specimen and calculation of the average
values:

_ 1 _ 1<
ﬂ-_;gl:n; and r_;;r,. (10)

— The goniometer is considered qualified or verified if the two following conditions on the normal stress and
the shear stress are fulfilled:

Tref —7 |<CDr (11)

ﬂ—ref—EJECDﬂ' and
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where for formulae (9), (10), (11)

CDo normal stress Critical Difference
CD 1 share stress Critical Difference
R, R, are the reproducibility values

lo Tx are the repeatability values (see also clause 11.3.2)

o average normal stress on » measurements
o, normal stress of the i measurements

T average share stress on n measurements
T, average stress of the i/ measurements

Cref Normal stress value of the LQ specimen.

Tret Shear stress real value for the LQ specimen.

6.5.2 Verification of the performance of the qualified equipment

The verification shall be performed using both a stress-free specimen and a stress-reference specimen (ILQ

or LQ).

6.5.2.1 Verification of the performance of an instrument with a stress free specimen

Verification with a stress free specimen.
Proceed as in 6.5.1.1
Note: the choice of n can be different for a qualification and verification.

6.5.2.2 Verification of the performance of an instrument with a stress-reference specimen
If a LQ stress-reference specimen is used, the three following criteria shall be verified:

— the determined stress shculd satisfy:

Vo
o I Jd-:t:nninad |£ {12]

N

— the determined shear stress should satisfy:

F
Tn:f _Tcl:ll:rmmed |£ ji

(13)

— the determined width of the line should satisfy:

s Inr—hctcmm]f_:iz (14)

2
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Where for formulae (12), (13), (14)
Oref Normal stress value of the LQ specimen.

3 B Determined Normal stress value of the stress-reference specimen.

Tret Shear stress real value for the LQ specimen.
Tistantined Shear stress value determined for the stress-reference specimen.
L Average width of the diffraction lines for the LQ specimen.

Laserinad The average width of the diffraction line determined for the stress-reference specimen.

P o 13 the repeatabilities obtained by the laboratory on the internal specimen (see clause 11.3.1.2).

If an ILQ stress-reference specimen is used, proceed as in 6.5.1.2.

7 Experimental Method

7.1 General
The following steps should be followed when performing X-ray residual stress measurements:

— Verification of the alignment of the diffractometer (see clause 6.5) and, where appropriate, the calibration
of the detector.

— Positioning of the specimen (see clause 7.2).

— Choice of diffraction conditions (see clause 7.3).

— Choice of measurement conditions and data collection (see clause7.4).
— Visual check of the diffraction lines (see clause 8.4.2 ).

— Data treatment (see clause 8).

— Reporting (see clause 9).

7.2 Specimen positioning

The relationship between the specimen and the incident X-ray beam/tilting direction defines the residual stress
measurement direction.

The specimen to be measured shall be placed at the centre of rotation of the goniometer (see clause 6.4.1),
the specimen should be oriented so that the stress being measured is in the direction of interest (see Fig. 1).

The irradiated surface area should have low curvature and a negligible stress gradient in the plane of the
surface (see clause 12). The position of the irradiated area should be defined precisely. The area can be kept

constant by masking a part of the specimen e.g. using wax. However, at high y angles, the thickness of the
mask may induce a “shadow zone”, thus the y angle range should be limited.

The centre of the investigated area should be in the centre of rotation of the goniometer (see clause 6.4.1)

within 10-100um depending on the setup of the goniometer. An incorrect positioning with respect to the y
origin will lead to an inaccurate shear stress. The position of the specimen surface should be invariant to any

angular movement in ¢ or y. The positioning procedure can be checked with the help of reference specimens

during a verification operation as described in clause 6.5.
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7.3 Diffraction conditions

The phase considered and the indexing of the diffraction line to be used shall be known.

The diffracting planes, the wavelengths and the instrumental conditions shall be chosen in order to have:
— high diffraction angle;

— no overlapping diffraction lines;

— good background definition,

— adequate average information depth.

Commonly used conditions are given in Table 1 (clause 6.2)

The microstructural effects (grain size, texture, multiphase material, etc.) or stress gradients can make it
difficult or even impossible to analyse the diffraction line. In these cases, stress values obtained by
measurements made on different phases or different crystallographic planes may be different (see clause 12).
In textured specimens often measurements on reflections with a high multiplicity are beneficial. If the

specimen has a large grain size it may also help to select the reflection with a high multiplicity and/or a
wavelength with a deeper penetration depth.

The prior knowledge of these problems helps with the choice r:-f the best operating conditions to better
facilitate the treatment of the data.

For accurate comparisons with previous data/measurements it is useful to check the planes and the
wavelengths previously used and, if possible, select the same ones.

For details see clause 12.

7.4 Data collection

The main parameters for data collection are:

Acquisition time and measurement step size:

The counting time required to obtain a sufficiently accurate diffraction pattern (see clause 8.4.2) will vary
depending on the tube, the optics, the detector (see prEN 13925-3 clause 4.3), and specimen

characteristics.

Sufficient data points should be collected to describe the upper part of the line. The step size shnuld be
between FWHM/20 and FWHM/10.

The measurement range should be, if possible, chosen in order to have enough background on each
side of the peak. A measurement range larger than four times the FWHM of the peak is usually adequate.
Care should be taken if another diffraction line is close to the measured peak: the diffraction range should
be limited so that the background subtraction is not perturbed. Sometimes not subtracting the
background gives better results than subtracting a poor estimation of the background.

Choice of & and v angles:

If there is no shear stress 1, i.e. in the plane normal tﬂ the specimen surface in the investigated ¢
direction, at least 4 - 5 measurements in a range of sin w values as large as possible (typically 0.5 or
more) and constant sin“y steps are recommended. Due to defocusing problems or beam overflow there
is a practical limit to the maximum y value. For example in focusing geometry it is usually taken 15° less
than the theoretical limit ( yl = 90° for the x -method and | yl = 6 for the w-method).
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26

If a shear stress normal to the specimen surface in the investigated ¢ direction seems to be present, at
least 7 measurements in the sin“y range are necessary with negative and positive values of y in order to
analyse the y-splitting. More than 9 measurements are recommended.

For the w-method, pseudo-negative angles (i.e. positive v with additional 180° ¢ rotation) are
recommended when negative v tilts are required for the analysis of y-splitting. In this case, true negative
v angles (i.e. 'glancing'/small incident angle; large deflected angle) should be avoided because of the
strong sensitivity to specimen displacement and equatorial beam misalignment (even when these errors
are small).

If the principal directions are not known, full stress/tensor determination requires at least three
independent ¢ directions. The usual way to choose these directions is 0°, 45° and 90°. However it is
advisable to use a larger ¢ range and/or more independent ¢ angles. To obtain the uncertainties for the
stress values at least four ¢ values are required. The difference between the ¢ angles should be chosen
according to:

Ap =180°/n
where
Ad The difference between the ¢ angles
n is the number of independent ¢ angles.

For each ¢ at least 7 y directions in the Asin“y range are necessary with negative and positive values of

.
In contrast to the determination of stresses in particular directions ¢, determination of the full stress tensor
requires the knowledge of the unstressed |attice spacing value, do, with at least the precision needed to

calculate the stress normal to the specimen surface (A€ about 1 part in 10°).

Oscillations:

This method can be applied to materials that have large domain sizes (such as castings, forged goods,
welds, etc.) with the aim of increasing the number of domains that contribute to the diffracted signal.

Generally the options are:

« oscillate the specimen around any axis (x, v, ¢, ®) to increase the number of grains meeting the
criterion for diffraction. The oscillations can be very large + 10° or more [6]. However, oscillations
greater then 10° are not recommended. When specimen oscillations are used, the acquisition
time per step shall allow an integer number of complete oscillation.

For linear detectors. when used in the scanning mode, an integration takes place over a range of
w-angles which is equivalent to w oscillation.

For area detectors, when the y-integration is used to generate the diffraction profile, it actually
integrates the data collected in a range of various diffraction vectors (see Annex C) resulting in a
virtual oscillation.

« the specimen can be translated along S; and/or S; directions during the measurement in order to
cover a larger area of the surface. Translation during a measurement in both S; and S, directions
can give a marked improvement in the diffraction line profile.

X-ray Tube Power

The X-ray tube should in general be operating near its maximum recommended power output, so that the
diffraction line can be recorded in the minimum time possible.
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7.5 "Normal Stress Measurement Procedure” and "Dedicated Stress Measurement
Procedure"

7.5.1 General

Two stress measurement procedures are defined and described that conform to this standard and that yield
results (stress values) of which it is allowed to be denoted as "stress measurements according to this

standard":

a) the Normal Stress Measurement Procedure that shall be applied to specimens with an unknown
stress state and to specimens where the stress state is not assessed or proven;

b) the Dedicated Stress Measurement Procedure that can be applied to series of very similar specimens
(routine analyses) e.g. with the purpose to reduce the measurement effort.

The Dedicated Stress Measurement Procedure is introduced to enable qualified and standardized stress
measurements for e.g. quality control and stress mapping, and it shall guarantee a proven and tractable one
to one relationship between the results obtained with the Normal Procedure and the Dedicated Stress
Measurement Procedure.

7.5.2 Normal stress measurement procedure for a single specimen

The normal stress measurement procedure is described in clauses 7.1 to 7.4

7.5.3 Dedicated Stress Measurement Procedure for very similar specimens

Specimens are regarded here as "very similar’ if the differences between their stress states (not the stress
values), their chemical and phase compositions, their texture, their microstructure are expected to be
insignificant for the stress values to be determined.

For a series of such specimens a laboratory can define and describe a Dedicated Stress Measurement
Procedure. In order to conform to this standard such a Dedicated Stress Measurement Procedure shall be
validated through the execution of the Normal Procedure as described in clause 7.5.1 as well as the
Dedicated Stress Measurement Procedure. The validation procedure requires that:

1) the validation measurements shall be performed on several specimens of the series to establish
the allowable range of stress values.

2) the equipment shall be aligned and validated/qualified according to clauses 6.4 and 6.5 before
starting the validation of the Dedicated Stress Measurement Procedure as well as before starting the
measurement on the series of specimens.

3) it proves that the value obtained by the Dedicated Stress Measurement Procedure is appropriate
and sufficient for the purpose, i.e. that the reduction of measurement effort is justified.

The procedure shall define (i) quantitatively the acceptable deviations from the expectations of the

intermediate results (e.g. the linearity of ¢, versus sin“y plots, the shear stress value, the peak width) that are
relevant to the stress determination and (ii) the procedure to be followed if unacceptable deviations are

observed.

If the Dedicated Stress Measurement Procedure obeys the above, then the stress results obtained using that
procedure are accepted as conforming to this standard.
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8 Treatment of the data

8.1 General

In what follows the treatment of the data is described.

Analysis of the diffraction lines and calculation of the stress may be performed using proprietary software
supplied with the particular diffractometer being used, or other software. It shall be verified that the software

used provides adequate tools for performing the data treatment as described in this clause and for reporting
as described in clause 9.

The complete treatment of the measurement data is subdivided into three stages:

i) Treatment of the diffraction data to obtain peak positions;
) Stress calculation from peak positions;

i) Critical assessment of the results.

8.2 Treatment of the diffraction data

8.2.1 General

General treatments of diffraction data and analysis are reported in EN 13925-1 “General F’nn-::lples clause 6
and EN 13925-2 “Procedures” subclause 6.3, Annex D and Annex E.

8.2.2 Intensity corrections

A precise determination of the position of a diffraction line can be obtained after applying the appropriate
corrections to the intensities. The following corrections are commonly used:

Divergence slit correction.

If automatic (or variable) divergence slits have been used a separate correction shall also be applied in order
to convert the intensities to 'fixed slit' intensities.

Absorption factor A.

The absorption factor quantifies the influences of the absorption of the radiation by the material of the
specimen on the intensity profiles of the diffracted beams. It can depend on the 6, %, and ® angles.

Background removal

Subtraction of the background intensity contribution

Lorentz-polarisation factor LP.

The Lorentz-polarisation factor quantifies the influences of geaﬁetrical factors on the intensity profiles of the
diffracted beams.

Alpha2 stripping

The pure Ko, diffraction pattern is obtained from a Ko+ diffraction pattern by means of a numerical Ko,
stripping procedure.

The details of diffraction data treatment are given in Annex D
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8.2.3 Determination of the diffraction line position

Several methods exist for the determination of the diffraction line position. The parameters of the chosen

method shall be specified. The most commonly used are:

— Centre of Gravity method
— Classical Centre of Gravity
— Sliding Centre of Gravity
— Threshold Centre of Gravity
— Centred Centre of Gravity (Centred Centroid)
— Polynomial fit
— 3-point parabola
— Multiple-point parabola
— Higher order polynomial
— Profile function fit
—  Gauss
— Lorentz also called Cauchy
— Modified Lorentz (Pearson VII with m=2)
— Intermediate Lorentz (Pearson VIl with m=1.5)
—  Pearson VI
— Pseudo-Voigt
—  Voigt
—  Pearson IV
— Middle of width at % height method
— Middle of FWHM (50% height)
— Middle of 2/3 height (67% height)

— Cross correlation method

Other methods are also possible. Refer to Annex D for details and recommendations.

The chosen method shall ensure good repeatability.

8.2.4 Correction on the diffraction line position

In the case of a low absorbing material, transparency introduces a shift of the diffraction line position (see

clause 5.1.4). The data shall be corrected (see Annex D.3.2).

In the case of any remaining misalignments, further corrections can be performed (see Annex D.3.1).
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8.3 Stress calculation
8.3.1 Calculation of strains and stresses

8.3.1.1  Strain calculation

Formulae are given in 4.1.

8.3.1.2  Stress calculation
1) Choice of X-ray elasticity constants (XECs)
The XECs (S;"™" and 1/2S,!™") of the material under analysis should be experimentally obtained (see
clause 10). They may also be calculated from mechanical models e.g. Kréner, Mori-Tanaka, Hill models

or taken from the literature. The use of the Voigt or Reuss models is not recommended.

The use of macroscopic elasticity constants is not recommended if the X-ray elasticity constants are
available

Note that the use of wrong XECs in the calculation of stress will introduce systematic errors proportional
to the stress (but may be acceptable for comparative measurements).

The XEC's used and their origin shall be reported.
2) Stress calculations
a) Analysis in a single direction.

A straight line (equation (4)) can be fitted to the data if no shear stress is present. Otherwise an ellipse
(equation (3)) shall be fitted.

b) Tensor analysis.

An appropriate fitting procedure shall be used to fit equation (5).
8.3.2 Errors and uncertainties

8.3.21 General

Guidelines for the expression of uncertainty can be found in the ISO 1993 Guide to the Expression of
Uncertainty in Measurement (Geneva, Switzerland: International Organisation for Standardisation), L. Kirkup
A guide to GUM, Eur. J. Phys. 23 (2002) 483—487)

Sources of errors and uncertainties can be:
— Material: microstructure, chemical homogeneity, stress homogeneity, etc.

— Experimental parameters: diffraction parameters (see EN 13925-2), specific choices of ¢, 20, x and ®
angles, etc.

— Assumptions of the chosen mechanical model: biaxial, triaxial, anisotropic model, etc.

In the report information shall be given on the method used to estimate uncertainty.

8.3.2.2 Errors

Errors should be kept as low as possible.

In addition to the issues mentioned in clause 12 at least the following points shall be considered:
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— beam misalignments,

— detector calibration (in the case of 1D or 2D position sensitive detectors),
— beam divergence,

— specimen displacement,

— models used for diffraction data treatment,

—  mechanical models used for stress calculation.

Some of these errors are smaller at high 26 angles.

8.3.2.3 Uncertainties

The uncertainty is composed of several contributions. The most commonly considered contributions are:

- Counting statistics: the repeatability of the diffraction line position is mainly influenced by the height of the
peak, by the height to background ratio, and the height to noise ratio.

- Dispersion on strain values: it can be calculated from the standard deviation of the strain values by least

squares fitting.

Generally, standard deviations shall be given. A confidence interval can also be quoted.

8.4 Critical assessment of the results

8.4.1 General

All the criteria listed in 8.4.2 and 8.4.3 shall be verified. If the criteria mentioned there are not fulfilled, one

shall:
1) verify not to be in a limiting case (see clause 12);

2) reprocess the data (see clause 8),

3) perform a new measurement.
8.4.2 Visual inspection

8.4.21 For asingle diffraction line

Check for overlaps with neighbouring diffraction lines, truncations, irregular shape of the diffraction line and
the background.

8.4.2.2 For the complete set of diffraction measurements

The data shall be inspected by following all these steps:

: 4 . : hk
— plot one of the following quantities versus sin“y : A20,,™" | 20,,M™",  dp" P en!

Check for non-linear or non-elliptic behaviour (see Figs. 2 and 3).

— the net integrated intensities 1™ after applying the corrections in Annex D.1 shall be plotted versus

siny. These intensities are likely to be the same for all y-angles recorded for a random, non-
textured specimen. Large changes in intensity are indicative of a highly textured material or coarse
diffracting domains (see clause 12 and 8.4.3.2).

— plot the line width versus sin®y. Usually an increase is observed due to defocusing effects. Check for
sudden changes.
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8.4.3 Quantitative inspection

8.4.31 For a single diffraction line

Diffraction lines can be considered for further analysis if at least the following conditions are fulfilled:

— 0.8 times the mean of the experimental peak widths < peak width < 1.2 times the mean of the
experimental diffraction line widths;

— maximum intensity of the diffraction line > 300 counts above background.

Comparison with previous experiments on the same or a similar material is suggested.

84.3.2 Forthe complete set of diffraction measurements

The complete set of diffraction measurements can be considered for further analysis if at least the following
conditions are fulfilled:

Ma:{ I{hk] }

Py

— ) shall be smaller than 3 to
Min L},

— - for the complete dataset the ratio of the integrated intensity

exclude strongly textured materials (see 12.4.1).

— - the standard deviation of the diffraction line widths shall be less than 10% of the average width.

Criteria on the uncertainty of the normal stress:

| ]
a) |if P then |u(o)| shall be < ' (15a
Mg (400-1/25*1) . (1600-1/2511) ey

1

) then |u{n}|shail be < (5000-]1’25%“’“}) or < E|o1 whichever is the largest.

| 1
. X s (40017250
(15b)

Criteria on the uncertainty of the shear stress:

1
|Hm|{(10000-l;’25‘2“‘“}) e

where for formulae (15a), (15b), (16)

u(a) Standard uncertainty in the normal stress

u(t) Standard uncertainty in the shear stress

s Elasticity constant of the family of lattice planes{hkl}
9 Report

The experimental conditions, analysis procedures and results shall be recorded.

In particular the following information shall be recorded:

— A reference to this document.
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Details of any treatment applied to the specimen prior to stress measurement, which may have altered
the condition of the surface. Examples are grinding, polishing (mechanical or electrochemical) and
chemical treatments. If a depth profile of stress is being measured using material layer removal, details of
the method by which material is removed should be reported.

Sufficient information about the specimen, e.g. schematic drawing, to locate points and to identify
directions of the measurements

Type of equipment including the type of specimen tilting.

Technical parameters: current and tension of the X-ray generator, KP filter if used, the values of A,
{hki},1/2 S,'™and S,!™, the reference specimen used, the irradiated area dimension, 26 range, 20 step,
step counting time, values of ¢ and .

Main information about the fitting routine used, or, if not known, the name and version of the software
package used to analyse the data (method of diffraction line position determination). Any variable
parameters used in the peak fitting routine: e.g., constant or sloping background selected, percentage of
the peak used for a centre of gravity calculation, etc.

Method used for residual stress analyses (e.g. biaxial or triaxial method).

The results; a) relevant tables and diagrams,

b) values of the residual stress determined,

c) type and values of uncertainties for the stress values as defined in 8.3.2 and confidence level, if
required.

The report shall at least contain:

A reference to this document

Sufficient information about the specimen, e.g. schematic drawing, to locate points and to identify
directions of the measurements;

Information about the conformity of the measurement with respect to the standard;

X-ray elasticity constants;
The results:
a) relevant tables and diagrams,
b) values of the residual stress determined,

c) type and values of uncertainties for the stress values as defined in 8.3.2 and confidence level, if
required.

The report should also contain:

The d-sinzw or E-Eil"‘lzlj! - curves and one observed profile. If the diffraction lines recorded are atypical
(because of texture, for example), it may be appropriate to report all diffraction lines along with the results.

General information concerning chemical composition, thermal history and any processing performed on
the specimen.

If a depth profile of stress is being generated, the depth of each measurement should be recorded relative
to the initial surface position. If depth variation is obtained by changing the incident X-ray wavelength or
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intensity, the position of the diffracting gauge volume centroid below the surface should be reported,
along with an indication of how its position has been calculated.

10 Experimental determination of XECs

10.1 Introduction

For the correct calculation of residual stresses the X-ray elasticity constants (XECs) S;!™" and 1/2 S,!"™ shall
be used. These constants can be found in the literature, calculated through micro/macro mechanical models
or obtained by experiment, as described in this chapter.

The values obtained by experiment are correct for single phase materials. In the case of multiphase materials
a mechanical model is required for an interpretation of the results [150].

10.2 Loading device

The measurement of the constants requires a specific device to allow the loading of the specimen inside the
diffractometer.

The device shall be designed to apply uniform loads on the irradiated area, taking into account the
measurement geometry. During the loading, the diffractometer measurement area of the loaded specimen
shall be always in the centre of the goniometer.

The load can be pure tension, shearing or bending. Usually four-points bending is recommended.

In order to know the stress, force measurement devices shall be used or strain gauges shall be applied on the
specimen_ The logdinn Aavira ehall hawva haan nravinniehs ralihratad (eaa 1N N

Incident beam

Ls

S :
Applied force ] Diffracted beam
I i
m;ai'--:?%; e 5
SEEiﬂEﬂEEE

Key
8.5 Specimen coordinate system
Ly Laboratory coordinate system
17 The angle between the normal of the specimen and the normal of the diffracting planes.

Figure 9 — Example of 4 points bending test to determine the X-ray elasticity constant (XEC).

In figure 9 the stress is tensile and the measurement is done in w method

10.3 Specimen

The specimen used for the determination of the XECs should be made of the same material (chemical composition,
microstructure, etc.) as the specimen for residual stress measurements.

It is necessary to accurately control the strain and/or the stress applied. If strain gauges or an extensometer
are used, the macroscopic elasticity constants E and v are required. If strain gauges are used, one or more
strain gauges shall be applied on the specimen. At least one strain gauge shall be applied parallel to the
specimen longitudinal axis. It is advisable to apply the strain gauges as near as possible to the measuring

drea.
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10.4 Loading device calibration and specimen accommodation

The device (for the specimen instrumented with strain gauges) shall be calibrated with a traction standard
testing machine (i.e. a tensile testing machine) or by means of calibrated dead weights. The stresses in the
measurement zone are determined as a function of applied load and geometry. The calibration steps are:

— to perform at least two cycles of loading and unloading from zero to 75% of the yield load (load that would
cause in the specimen a stress equal to the yield limit), in order to verify that the strain-gauge electrical

signal returns to zero at the end of each cycle;

— and then to perform three cycles of loading and unloading between 5% and 75% of the yield load.

10.5 Diffractometer measurements

The device should be placed at the centre of the diffractometer such that the specimen can be positioned
according to clause 7.2. Different loads should be applied and for each one the measurement shall be
performed with the specimen oriented in the longitudinal direction.

The applied stress or strain in the measured area shall be evaluated for example by strain gauges.

The measurements shall start from high loads, with measurements performed for decreasing loads to avoid
effects caused by inelastic deformation of the specimen. The minimum number of loading steps shall be five,
regularly distributed between 70% and 5% of the yield load.

10.6 Calculation of XECs

For each step of loading, the average applied stress shall be calculated in order to determine &, :

R

Eoy= 112 S;“‘”} {crl.H —ogf +4:r1.‘ﬂ‘)sir'.12 w+1/2 Sg{hk"".'rﬂ, sin2y +
+12:5,™ 63" +8," [Tr(d") +au," ] . (17)

The elliptical curve (see EqQ. 5) &4 = a-sin® y + b-sin(2y) + ¢ for each load shall be drawn. The slope ‘a’
splitting ‘b’ and intercept ‘c’ are evaluated by the least squares method.

— a=12S;™ a6 - +a) (18a)
— b=1/2 8™ 4,R, (18b)
and

SRRD eI o R g™ 1 Tr(d") +0i" ] (18¢c).

Where for formulae (17), (18a), (18b) and (18c)

Ew*""'} is the strain in the direction defined by the angles ¢ and vy for the family of lattice planes
{hkl};

11,8, Elasticity constant of the family of lattice planes{hkl}

, applied stress,

R = :
O11 . UnR and 013 residual normal stresses

R residual shear stress,
Tr(c") trace of residual stresses.

The plot of the slope ‘a’ against the applied stress, gives a straight line of slope 1/2 S,i™H,
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The plot of splitting ‘b’ values against the applied stress, shall give a horizontal line of slope O.
The plot of intercept ‘c’ values against the applied stress, gives a straight line of slope S,™".
Uncertainties shall be estimated for instance through least squares method and given with the resuits.

11 Reference specimens

11.1 Introduction

Incorrect alignment of the equipment leads to displacements of the diffraction line.

To verify the alignment the use of a flat specimen without stresses, for example a powder, is suggested.
Measurements on a stress-reference specimen give an indication of errors due to the misalignment of the
goniometer or to electronic or mechanical drifts.

11.2 Stress-free reference specimen

The reference powder used shall have a diffraction line with a similar position to that of the specimen under
study (see prEN 13925-3).

The powder shall have fine grains and have sufficient intensity of the reflection in all directions. Annealing
treatment of the powder is sometimes useful to improve the line definition.

11.2.1 Preparation of the stress-free specimen

The stress-free reference specimen can be prepared by covering a flat, non-crystalline substrate (e.g. a glass
plate) with a layer of powder by:

a) sedimentation from a liquid (e.g. propanol-2):

b) smearing grease in a layer as thin as possible, depositing the powder onto it, pressing it gently, and
carefully shaking off the surplus;

c) deposition on a double sided adhesive film and pressing it gently, and carefully shaking off the surplus;

d) mixing it with grease, depositing the mixture on the glass plate, and levelling it in order to get a flat
surface.

e) Mixing it with greasy, liquid glue (without crystalline components) and solvent, depositing the mixture on
the glass plate, and levelling it in order to get a flat surface.

Attention shall be paid to avoiding dissolution of the powder or the substrate, or chemical interaction (such as
polymerisation), which can introduce stresses.

For the cases a, b, and c:

— Adhesion of the powder shall be checked by turning the specimen upside-down and checking for falling
powder;

— it is advised to use a compound with a high average atomic mass in order to have a sufficiently strong
diffraction pattern of the powder and to reduce the intensity diffracted by the substrate through absorption
by the powder.

The use of a thin slab of a single-crystal (e.g. a silicon wafer) as a flat substrate is not recommended because

of the risk of severe damage to the detector by the very strong diffraction of the substrate at some ¢, vy
combinations.

Grease and double-sided adhesive film can yield a significant undulating contribution to the background of the

pattern of the reference powder. Therefore, the thinner the layer of grease or the double sided adhesive film
the better.
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