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The position of the surface of a reference specimen is often adjusted using a mechanical micrometer device,
in which case a thin metal plate of accurately known thickness can be put between the powder and the device

to facilitate accurate positioning of the surface.

11.2.2 Method of measurement

The measurement angles 20 and y used for the reference specimen should be comparable to those used In
the subsequent experiments. The measurement time can be increased to reduce counting statistical errors.
The acceptance of the obtained values shall be made following the criteria stated in clause 8.4

11.3 Stress-reference specimen

11.3.1 Laboratory qualified (LQ) stress-reference specimen

If a laboratory creates a reference specimen which contains a known level of stress it is called a laboratory
qualified (LQ) stress-reference specimen.

11.3.1.1  Manufacturing

The manufacturing process of the reference specimen shall insure a high homogeneity of microstructure and

a time-constant value of stress.
A simple geometry of the specimen is recommended to insure quality of the measurement (flatness, low

roughness, etc.). The stress level should be high enough to minimise errors in the measurement. A number of
measurements should be performed by the laboratory on the goniometer which has been carefully aligned
(see clause 6.4.1). The reference values G, Trer @nd Les Of the specimen are defined as the averages of these

results. The repeatability roref, Fwer @Nd i erare equal to 2.8 Sgrer, 2.8 Sqer, 2.8 Sirer, where Sgrer, Sqver aNd Si e are
the standard deviations on Gref, Tret aNd Lyer.

11.3.1.2 Evaluation of characteristic parameters

The characteristic parameters are:
— the normal stress value oo and its repeatability ryres
— the shear stress value 1. and its repeatability ryer

— value of the average width L. and its repeatability rirer

The values of these parameters are obtained according to the 1ISO 5725-1 standard.
The repeatability is obtained according to ISO 5725-2 standard and the values shall be recorded.

11.3.2 Inter-laboratory qualified (ILQ) stress-reference specimen

An inter-laboratory qualified (ILQ) stress-reference specimen is physically similar to LQ stress-reference
specimens but shall be analysed by several laboratories in order to increase the chances of detecting

systematic errors or improper measurement protocols.

It shall fulfii the basic assumptions of the standard method described in the present document: weak
crystalline texture, fine grains, flat surface, low roughness, negligible stress or composition gradients in the
depth and along the surface. Furthermore, the mechanical state shall be stable with time. The stress level

should be as high as possible, at least %500 % S;hﬂ})

It is not necessary to know the chemical composition or the microstructure precisely. The reference values of

the specimen: normal stress o, Shear stress 1. and reproducibility Rs, R. and repeatability r,, r. values can
be obtained by inter-laboratory round robins involving at least 5 laboratories. Until certified specimens are
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commercially available, groups of laboratory can be constituted freely in order to manufacture and
characterise the specimens. Information on the organisation of inter-laboratory round robins can be found in
ISO §725-2 standard. The computation of repeatability and reproducibility is also described in 1ISO 5725-2
standard. These are defined as 2.8 s,and 2.8 sg where s,and sg are standard deviations of the repeatability
and reproducibility respectively.

In the certificate of the specimen the reference values of the specimen shall be indicated along with the
experimental conditions (lattice plane family, radiation, approximate spot size, location of the measurement

area, the y values used, XECs, S, direction, oscillations or masking if any).
12 Limiting cases

12.1 Introduction

The limiting cases are:

— Stress gradients;

— Lattice constants gradient;

— Layer removal (see 5.2.2.1);

— 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.

12.2 Presence of a subsurface stress gradient

A strong stress gradient will lead to a curvature of the plot of the lattice spacing (or diffraction line position)

versus sin‘y (see clause 8.4). This curvature is independent of the sign of the y values used.
If stress gradients are present, the X-ray diffraction measurement can be used for stress calculations only if:

do 1 1 I

—_— : (19)
0z, . Z 8 500
where
do e . .
-gi the stress gradient with respect to the distance to the surface of the specimen
z penetration of the x-rays

'1,8,'™" Elasticity constant of the family of lattice planes{hkI}
The penetration of x-rays can be calculated by formulae reported in clause 6.2

It is possible to correct the data for the errors caused by the penetration of the X-ray beam, if no depth
measurements are performed and the stress profile is accurately calculated. To minimise gradient effects, and
thus to improve the measurement quality, it is suggested:

— to reduce the X-ray penetration by using a more suitable wavelength,
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—_  to choose a more suitable diffraction angle,

— to use low incidence angles.

12.3 Surface stress gradient

In several cases, regions with high plastic strains may be very confined (plastic strains around inclusions,
cracks or holes, edges of laser treatment or welding, sharp contacts, etc.), and strong gradients are generated.
Thus. in this case the residual stress evaluated by X-ray diffraction depends on the size and the position of the
irradiated area and the assumption of uniform stress holds only if the irradiated area is sufficiently small.
Indeed, if the stress values measured within an area are very different, choosing a large enough irradiated
area may provide a useful “average” surface stress, even if large fluctuations of its local value are present.

But, with the use of a too small diffracting area, an insufficient number of crystallites diffracts and the coarse

grain diffraction difficulties may appear [7].

12.4 Surface roughness

12.5 Non-flat surfaces

Curved surfaces lead to too low absolute values of the stress.

The irradiated area should be smaller than 0.4 times the radius of curvature of the analysed surface in the
direction of the stress component to be determined. Beyond this limit, corrections shall be performed [8,9].

12.6 Effects of specimen microstructure

12.6.1 Textured materials
Texture effects are moderate if the variations of integrated intensity over the whole set of the data fulfil:

{hkl}
Max I,

] < (19a)
Min IW

where

| i Net integrated intensity of the hkl diffraction line

Otherwise, two effects have to be considered:
— FElastic anisotropy: the relationship between stress and measured strains becomes:

B = 2 Fij Oy (19b)
L,j=1tod

where
el is the strain in the direction defined by the angles ¢ and y

Fi are called Generalised XEC.

The F;; depend on the Orientation Distribution Function of the material. They can be calculated or determined
experimentally (For details see e.g. [10]).

— Plastic anisotropy: in addition to the effect of macroscopic stresses, the elastic strain of the diffracting
volume contains a term E;; related to the accommodation of the local plastic anisotropy:
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2l m
v =k, O HEL . (19¢)

The term E:w can cause non-linearity in the £, vs. sin’y plots. At this time there is no general method to
handle the problem.

Measurements on several reflections taking an average of the stress values obtained or establishing the ¢,,,-
sin” y curve from &,, values obtained on different reflections may be used.

12.6.2 Multiphase materials

If several phases are present in the specimen, the calculated residual stresses can be attributed, as a first

approximation, to the phase to which the chosen reflection belongs. When the phase is a small percentage or
when its elastic-plastic behaviour is different from that of the pure material, the stress can be greatly different
with respect to the macroscopic stress.

Usually, in these cases there are two ways to obtain the macroscopic stress:

- to measure the strains in all phases;
- to adopt other methods to evaluate the macroscopic stress (by strain gauge, etc...).

With the strains in all phases, the determination of macroscopic residual stresses may present several
difficulties.

In a single phase material, with the domain size, shear stresses in the planes perpendicular to the specimen
surface may be present (043 # 023 # 0). In the same way, in multiphase materials, accommodation may induce
o33 # 0 in each phase, especially, when several phase transformations have occurred in the material.

So for the determination of the macroscopic stresses with the classical X-ray method applied on each phase
the volume fraction and the free stress lattice spacing d, of each phase is required.

In multiphase materials if the grain size is smaller than the penetration depth of the X-rays, then the through
thickness residual stress (o33) should be taken into account [more precise ref.10].

12.7 Broad diffraction lines

The position of broad diffraction lines is determined with low precision and systematic errors, which may arise
from truncation effects.

In particular, problems can arise when:

— the line width is greater than 1/3 of the angular range of the measurement;

— the difference between the intensities after LP and absorption corrections on the right and left-hand side
of the line is greater than 20% of the intensity of the maximum (see Figure 10).
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Figure 10 — Example of a broad diffraction line that may cause problems of truncation because AH >
20% H

In these cases it is suggested:
— -to collect a wider 26 range;

— - to change the {hkl} planes;

— - to optimise the diffraction line treatment.
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Annex A
(normative)

Sources of Residual Stress

Residual stresses are generated by any process (mechanical, thermal, chemical), which leads to
inhomogeneous deformation, inhomogeneous volume changes, etc.

A.1 Mechanical processes

— Surface treatments

— Drawing

— Rolling

— Grinding and mechanical polishing
— Machining

— Assembling

A.2 Thermal processes

Residual stresses may arise from thermal gradients as well as from phase transformations, e.g. in the case of
heat-treated steel.
Examples: quenching, casting, butt welding, tempering, ageing, etc.

A.3 Chemical processes

Chemical processes, like oxidation, corrosion, electroplating, etc are sources of residual stress.
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Annex B
(normative)

Determination of the stress state - General Procedure

B.1 General

The mathematical definition used for evaluating deformations is:

d :
gk} ln[ﬂ] = [n| -2 % = In|sin 8, |- ln[sin Bw] (B.1)

i d, 5in 0,

The general formula used for the stress tensor calculation in a triaxial stress state is:

2 . : . 2

L 20— 1

E&fm}zlsghkt}. (“3"11"3"3jS ¢+0,, "*f“ q)":le sin 2¢ ‘333)5'“ Wy +S}h”}.rl“r(;') (B.2)
2 + (T3 cOS O+ T3 Sin §).5in 2y + 055

where for formulae (B.1) and (B.2)

Bl ) is the strain in the direction defined by the angles ¢ and y for the family of lattice planes {hki};
do Interplanar distance (d spacing) of a strain free specimen.
dyy Interplanar distance (d spacing) of strained material in the direction of measurement defined by

the angles ¢ and .

B the Bragg angle associated to d;

Boy the Bragg angle defined in the direction ¢ and y according to Bragg law (see EN13925-1, pag.
6)

8. Elasticity constant of the family of lattice planes{hkI}

Gy, On, O3y  are normal stress components in the directions Sy, S; and Sg;

T13 is the shear stress within the plane defined by S; and S;
Ty3 is the shear stress within the plane defined by S; and S,
Lo% is the shear stress within the plane defined by S, and S,
Tr(o) Trace of the stress tensor : Tr(o) = Zg;

Assuming o33= 0.
Combining these two relations, it is possible to define a procedure to calculate the stress tensor components.

Biaxial and uniaxial stress states are particular cases of the calculation. The procedures to calculate these
stress states are the same, replacing some components o;; by a zero value.
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B.2 Using the exact definition of the deformation

B.2.1 General

Replacing the exact definition of Eﬁ (B.1) in relation (B.2), we obtain an expression of Bragg angle 6 values
as a function of the stress state.

ln[sin BW]: nfiin s ] %Séhkf}li[nﬁ cos? ¢+ Gy s?nz ¢ + Tq2 sin 2¢]sin2 "\U} i Si{hﬂ}'ﬁ(;j (B.3)
+(T43 cos§ + Tog sin ¢ ).sin 2y

where

B the Bragg angle associated to dg

gq}m the Bragg angle defined in the direction ¢ and y according to Bragg law (see EN13925-1, pag.

1!;52{"”} Elasticity constant of the family of lattice planes{hkl}

Ci1, Oa3, 033 are normal stress components in the directions S, S; and S;;

T17 " is the shear stress within the plane defined by S, and S;;
T13 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..
Tr(o) Trace of the stress tensor : Tr(o) = Xo;

B.2.2 Determination of the stress tensor components

Using
1
— aj= —-553“” Lo (B.4)
and
K = In[sin 0, |- sV }.Tr[;J (B.5)
and with (B.6)

fiy=cos*@-sin’y; f,=sin’@-sin’y; f, =sin2¢-sin’ ¥ fi3 =cosd-sin2y; fo3 =sin¢-sin2y

relation (3) can be written
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3
— Inlsingy, =k +Y £, a; (B.7)
y

Knowing 6,, values versus f; (5 functions of w and ¢ angles), we can determine the 5 g; constants values and
the constant K value. Linear regression calculation is the most suitable tool for this determination.

Then, the stress is calculated by values which do not depend on 6, value:

HI"
e (B.8)
& Séhﬂ}
2

ﬁ&'=

where the symbols in formulae (B.4), (B.5), (B.6), (B.7), (B.8) are:

Cii Normal stress components (i=1,2,3)
11,8, Elasticity constant of the family of lattice planes{hkl}
Tr(o) Trace of the stress tensor : Tr(o) = Zg;

f11, fzz, f12, f13. f23 are the strain coefficients

Oy the Bragg angle defined in the direction ¢ and y according to Bragg law (see EN13925-1, pag.
6).

B.2.3 Determination of #and d,

If

— Tr(gjﬁﬁﬂ + G99 is known, we can determine &,, using relation (5). From &, d, is obtained using Bragg's

law.

The determination of Tr(u] depends on the type of analysis.

This value cannot be determined from a single direction analysis. But, if we consider the stress tensor to be

isotropic (641 = G55 ), We can write TF[G] =2-011.

This calculation is not necessary for the determination of stress tensor components, using the general
definition of deformation.

B.3 Using an approximation of the definition of the deformation

B.3.1 General

For historical reasons, a deprecated approximation of the deformation definition may be used:
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B —0
hil - 0 Py {BE‘)
¥ = anBo)

E

with b, =tan(6g ) a; (B.10)

and using the same notations as previously, one can write ;

3
— Opy =K-) f;-b; (B.A1)
i.f

with K =6q-si}. T{E]

B.3.2 Determination of the stress tensor components

Knowing 8,,, values versus £ (5 functions of y and ¢ angles), one can determine the 5 b; constants values
and the constant K value. Linear regression calculation is the most suitable tool for this determination.

Then, stress tensor components are calculated with:

b,
) (B.12)

—;—Séﬁﬂ}.tan(ﬁﬂ)

These values depend on 6, value, which is necessary to calculate the stress tensor components.

This approach induces a systematic error in the stress values.

B.3.3 Determination of & and d,

Sometimes, an approximation of this value is used, such as Hrsmgwg_#. The definition of Tr(;) implies:
S‘i:hﬂ}

K= +{EJ1-T +.‘_r322]+ Hﬂ {513]

1
T Séﬁﬂ} .tan(0g )

If at least two perpendicular directions are analysed, then the sum b4+ by, is known, and & can be

determined resolving the equation (13) by iterative algorithm. (From & d; is obtained using Bragg's law.) If
this is not the case, only by, is known. But, if we may consider that the stress tensor is isotropic (511 = 625),

we can write b,, =b.,.

This approach is more complex than the one presented in annex B.1 and is always an approximation of the
exact value. It is not to be used.
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Annex C
(normative)

Recent developments

C.1 Stress measurement using two-dimensional diffraction data

If an area detector is used, the basic principle of the w-tilt, x- tilt or a combination of the two can be used. In
order to make use of all the information from an area detector in a simple way, it is useful to define an angle ¥
This angle yis the azimuthal angle on the diffraction cone belonging to a {hkl} reflection as shown in Figure

C.1

Key

Ly Ly L3 Laboratory coordinate system

20 The diffraction angle, this is the angle between the incident and diffracted X-ray beams
X-ray arrow the incident beam

Y Azimuthal angle

Figure C.1 — The geometric definition of diffraction rings in laboratory axes.

The diffraction cone contains far more information than the part of the cone collected in a conventional one-
dimensional measurement.

Diffraction cones from a stress-free polycrystalline specimen are regular cones in which the diffraction angle is
constant. A stress in the specimen distorts the diffraction cones shape so that they are no longer regular

cones. Then the diffraction angle becomes a function of ¥ 243, and this function Is uniquely determined by
the stress tensor and the specimen orientation. This enables stress measurement. The benefit of the 2D
method is that so many data points can be used to calculate stresses that results in a satisfactory

measurement with short data collection time.

The relationship between strain tensor and diffraction cone distortion is defined by the fundamental equation
[11]
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| sin &
- Jﬁlfll +f;2£|2 +f11£22 +_f|23£|3 * J{:’-IEEIE +j;]£33 e ]n{ Sln;] (01]

where

gj's are the strain tensor components in the specimen coordinate system s 5. 5.,

fj's are strain coefficients determined by the simplified equations in Table C.1

J{I‘l= Jﬁi f12= fl’;i: f13= f33=

o |2k, (B2 [2mh [2mh B2

a = sin @ cos @ + sin ¥ cos @ sin @

b=—cos ycos 8

¢ =8SIn @sin @ —sin ¥y cos € cos @

h, =acos¢—bcosysing+csinysing -

h, =asing+bcosy cos@—csiniycos@

h, =bsiny + ccosy

Table C.1 — Equations for Strain Coefficients f;

Where {hl,hj,h]}are the components of the unit vector of the diffraction vector Hy, expressed in the
specimen coordinates.

The stress tensor can be calculated from the strain tensor by using the general Hooke's law

— 0,=Cut, (C.2)

where

ﬂ'#. stress tensor

(. ikl represent the elastic stiffness coefficients in the specimen coordinates. For isotropic materials, there
are only two independent elastic constants, , S;™" and 1/2S,"™"

We have the equation for stresses:

— RO+ B30+ DsOu+ PaOu t PO+ P03 lr{ s Hﬂ] (C.3)

sin &

where
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P;’s are stress coefficients

ikl S
T ps = =J£S£ } fii +51 if 1=] {04)
=154 1 if i+

In(sin @, /sin §) determines the diffraction cone distortion at each y angle which is determined by the
measured function 23 for a particular specimen orientation ( @, v, ¢).

The following alternative expressions can be used for the diffraction cone distortion term.

" [sin 6, ] A
In| — =In :
siné 2d,sin @

Each diffraction frame corresponds to one specimen orientation (@ w and ¢). The diffraction ring on each
frame is integrated and peak-fitted over a selected number of sections along the ring, so as to obtain a set of

(r, 26) data points representing the 2&y) function. The stress tensor can be determined by fitting the data
points to equation (3) with the least-squares method.

For biaxial stress, the above equation becomes

PuOyt POt POy + PpOpn = ]n( ’1_ j (C.5)
\2d,siné

where

P oh =—%—S£hkl}+ SSFM},

O is a pseudo hydrostatic stress component caused by the approximated-spacing d .

For biaxial stress with shear, we have

— PO, T POt a0y P30t POyt Pp0y = ]n[ A. ] (C.6)
2d,; sin 8

—
— 4
—4
-
—4
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-3
. |
4
-
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-4
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-
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—4
£
4
-4
-4
FI

The biaxial stress state (equation 5) corresponds to the straight line of the d-sin’y plot. And the biaxial stress
with shear (equation 6) is the case when there is a split between the data points in +y side and -y side. The
general normal stress (o) and shear stress (7,) at any arbitrary given ¢ angle are given by

-— J¢=J1lcnsz¢+ﬂ'm5in2¢+ﬂ'nsin2¢ (E7)
— 7, =0 ,;,€050 + 0 ,;s8In¢Q (C.8)

— In the Biaxial (2D) and Biaxial + Shear (2D) calculation, it is assumed that oz is zero so that we can calculate
stress with an approximation of d, (or 26o). Any error in dy (or 28o) contributes only to a pseudo-hydrostatic
term oy, If we use d to represent the initial input, then the true do (or 26,) can be calculated from oy, with the

- following equations:
- !
or
- . . 4§
— 0, = arcsin [sm 0o exp( — Py Opn )J (C.10)
L2
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C.2 Depth resolved evaluation of near surface residual stress - The Scattering Vector
Method

The scattering vector method [12, 13] is a special X-ray stress analysis (XSA) technique that was developed
for the

depth resolved evaluation of near surface residual stress fields. In contrast to the sin®y- based XSA methods,
where the penetration depth z is adjusted by the variation of the inclination angle v between the surface
normal and the diffraction vector g nx, the scattering vector method is based on strain depth profiling by a
specimen rotation n around gnw at fixed orientations (¢,wy) of the diffraction vector with respect to the specimen
system. The z -range covered by this rotation corresponds to the difference Az=2z, -z ,between the

penetration depths of the y-and the mw-method of the conventional XSA.

Because vy is kept fixed during depth profiling in the ‘scattering vector-' or ‘'n' method, the individual stress
tensor depth profiles ci(z), which are coupled in the fundamental equation of the XSA, can be analysed
separately.

The evaluation method is based on the extreme sensitivity of the individual strain profiles €4,(hkl, z) with
respect to

thepstrain-free lattice spacing dg(hkl), which can be used as a criterion for a simultaneous determination of
do(hkl)

itself as well as of the Gi(z)- profiles.

Therefore, the scattering vector method can be applied to analyse both, biaxial and triaxial residual stress
fields in the near surface zone of polycrystalline materials. In the latter case it yields self-consistently the depth
profiles of the in-plane stresses, 641(2) and 02,(z), of the stress component ¢33(z) normal to the surface, as
well as

the strain-free lattice spacing dy(hk/). It should be stressed that the method has special preferences for the
analysis

of residual stress gradients in strongly textured thin films, because in this case depth profiling can be
performed in

the intensity poles of the texture and/or at grazing incidence.

C.3 Accuracy improvement through the use of equilibrium conditions for
determination of stress profile

The residual stress fields are linked to incompatible strains generated by inhomogeneous plastic deformation and
are self-balanced over the tested piece and should satisfy the equilibrium equations. So, the tension and the compression
existing at the different points (or depths) of the specimen are not independent one of the other. The whole set of X-rays
diffraction data acquired for different points and inclinations (®,%) can be considered as a one single statistical sampling,
and the residual stress and strain profiles can be determined by a global stress evaluation method [15].

That global method offers several advantages:
i) the errors bars of the evaluated stress profile are greatly reduced;

i) for mechanical resistance approach, that global strain profile determination is the only way for
getting the residual stress fields in F.E.M code;

iii) several elements of the residual-stress generation process and elasto-plastic behaviour can be
identified;

iv) in the case of a depth profile, the stress redistribution due to the layer removal is taken into
account directly.
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Annex D
(normative)

Details of treatment of the measured data

D.1 Intensity correction on the scan
For the intensity correction the order of corrections shall be reported. The recommended order is:
1) Divergence slit conversion,
2) Absorption,
3) Background removal,
4) Lorentz-Polarisation,
5) K-a, Stripping.
The corrections are treated here as modifications on the raw data in-the traditional way. Alternatively, in a
more modern way, the corrections (e.g. background and K-Alpha2) can be included in the calculation of profile

functions that are fitted to the raw data in order to determine the diffraction line position.

In the report, all the performed correction steps shall be reported and the omitted corrections should be
mentioned too.

D.1.1 Divergence slit conversion

In Bragg Brentano geometry diffraction patterns are usually recorded using a fixed equatorial divergence slit.
In this case the irradiated area decreases with decreasing diffraction angle. If it is preferred to have a constant
irradiated area, e.g. to ensure that the X-ray beam does not overflow the specimen for all applied angles, then
automatic divergence slits can be used. In data evaluation programs it is usually assumed that the intensities
are measured in Bragg Brentano geometry using a fixed equatorial divergence slit. Consequently, intensities
measured with automatic divergence slits shall be converted to values as if they were measured with fixed
divergence slits under the assumption that the X-ray beam does not overflow the area of the specimen
surface to be probed for all applied angles. This conversion is called a divergence slit conversion.

The conversion formula is
(R S [ (D.1a)
where:
lens = corrected intensity as if measured with Fixed Divergence Slit,
Cqi,= divergence slit correction factor,

laps = measured intensity with Automatic Divergence Slit.

The correction factor C4, shall be re-evaluated for each measured intensity point.

If beam overflow occurs intensity corrections are possible, but give only approximate values. Beam overflow
should be avoided if possible.
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D.1.1.1 o method

In the @ method the intensities are usually measured with a fixed equatorial divergence slit and need no
correction.

C,, =1 (D.1b)

In case automatic equatorial divergence slits are applied without beam overflow the intensities shall be
converted to fixed slits intensities.

tan(3 0
C. =2R an(; ‘FD:;) (D.1¢)
L 51N

where

R = radius goniometer,

Orps = fixed divergence slit angle (full angular range),
Laps = irradiated length,

w = angle of incidence.

D.1.1.2 y method

In the ¥ method, the intensities are usually measured with a fixed axial divergence slit and need no correction.
C, =1 (D1d)

Automatic slits are not common with the ¥ method. In case automatic axial divergence slits are applied without
beam overflow the intensities shall be converted to fixed slits intensities in an appropriate way.

D.1.2 Absorption correction

For the absorption correction the intensities are assumed to be valid for fixed divergence slits (measured or
corrected) and measured on a thick specimen. For a thick specimen the X-ray beam is fully absorbed by the
analysed part for all applied angles. This condition is adequately fulfilled when the thickness of the analysed
part is at least twice the average information depth, z, as calculated for a thick specimen (see Eqs 9b or 9d).

The correction formula is

' g

A,
'I.ﬁihs—mrr ! A (DZE]

Where
l-ns = corrected intensity as if measured with Fixed Divergence Slit,

A= absorption correction factor.
The absorption correction factor A shall be re-evaluated for each measured intensity point.

If for a thin specimen partial absorption of the X-ray beam occurs the intensities shall be corrected in an
appropriate way.

52




prEN 15305:2005 (E)

D.1.21 ® method

For thick specimens the correction factor Is:

A=1- (D.2b)

where
8 = half of diffraction angle

(w-0) = w-offset angle.

D.1.2.2 y method

For thick specimens the correction factor is:

A=1 (D.2c)

D.1.3 Background correction

The background is subtracted with:
(D.3)

fﬂkg—curr = Ima'u.x B !bﬁg

where
lg c@n be  (a) horizontal background (slope = zero)
(b) linear background (slope and offset).

The background function is fitted to a number of intensity data points at the extremes of the measurement
range.

The background function fitted and the numbers of intensity data points fitted shall be reported.

The type of background correction should be mentioned (constant background, linear background, spline
approximation...).

D.1.4 Lorentz-polarisation correction

The combined correction for Lorentz and polarisation assumes that the specimen is a polycrystalline material
with random orientation of the crystallites.

The correction formula for the Lorentz-polarisation factor LFP is:

If.P—curr = Imﬁﬂ (D4a}
LP
where
LP is the combined Lorentz-polarisation factor.

The Lorentz-polarisation factor LP shall be re-evaluated for each measured intensity point.
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G cos’ 20

.2
sin” @cosd

LP (D.4b)

In the above formulas P,,,, describes the extra polarisation owing to the use of a monochromator (in incident
or diffracted beam):

P.o=eos'208. . (D.4c)
where
260, . = diffraction angle of the monochromator.

If no monochromator is used then

P =] (D.4d)

MaA

The LP factor used and the value for P,,,, shall be reported.

The above combined LP factor holds for diffraction peaks with a low structural broadening, which is not
common in the practice of residual stress analysis. According to Warren& Averbach (1950) referenced by
Delhez, Keijser, Mittemeijer and Rozendaal (1977) the LP factor for profiles with a significant structural
broadening should be:

e cos’20

o

LP

sin’0
This last formula should be used for the stress analysis.
D.1.5 K-Alpha2 stripping
The pure K-Alpha1 diffraction pattern is obtained from a K-Alpha1+K-Alpha2 diffraction pattern by means of a

numerical K-Alpha2 stripping procedure. The doublet separation, og, should be calculated as a 26 dependent
parameter. See formulae below:

[,20)=R._1.,(20-5,) (D.5a)
where
R_=0.5 (D.5b)
0, =2arcsin(R,, sinf ,)—28 (D.5c)
A
Ry =2 D.5d
W "1 { }

ol

The value of R, used shall be reported.

Alpha2 stripping should not be performed if it introduces instabilities in the treatment program, in particular if
there is not enough background available on each side of the line.
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D.2 Diffraction line position determination

D.2.1 Centre of Gravity methods

D.2.1.1 Classical Centre of Gravity

The centre of gravity (also called centroid) is calculated to determine the diffraction line position. The centroid
of the profile <2&> above a threshold value is defined as:

28 max

22{:}1’;{ (29:)
¢ =t (D.6)

28 max

>'1,(26))

i=2¢ mun

where
20 The diffraction angle, this is the angle between the incident and diffracted X-ray beams

I(x) is the net intensity

The threshold value is given as a percentage of the net peak height (i.e. peak height after subtraction of the
background) and marks the starting angle and the end angle at each side of the peak. A too low threshold
makes the method unstable. The recommended threshold is 20%.

D.2.1.2 Centred Centre of Gravity

This is a variant of the classical centre of gravity method.

The iterative sliding centre of gravity method calculates the centre of gravity position using intensities within an

angular range. After the first calculation this range, in terms of a range in 28, is centred on the diffraction line
position found in the first step and calculates a new centre of gravity. This step Is repeated in an iterative way
until the diffraction line position does not change any more according to a given accuracy value. The initial
angular range is given in terms of an intensity threshold. A too low threshold makes this method unstable. The

recommended initial threshold is 20%.
D.2.1.3 Sliding Centre of Gravity

This is another variant of the classical centre of gravity method. The iterative Sliding Centre of Gravity method
calculates the centre of gravity positions using intensities thresholds between 20% and 80%. For each

Threshold a
stress value as well as a corresponding standard deviation is calculated. In a second run, the centre of gravity

positions are weighted with the standard deviation of the corresponding stress value and averaged. From the
final

centre of gravity positions a final stress value is calculated.

This method allows to easily detect doubtful measurement and calculation conditions as those conditions

generally cause a large standard deviation of the stress value or a systematic dependency of the stress
values from the intensity threshold. In addition the method provides the automatic refinement of the evaluation

parameters from a statistical point of view [14].
D.2.2 Parabola Fit

The 3-point parabola fit is not recommended.

It is recommended that the parabola function is fit to intensity data points above 85% of the maximum intensity
with a minimum of 5 points.
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D.2.3 Profile Function Fit

The definitions of the profile functions are given in prEN 13925-2 “Procedures” Annex D.

When using a fitting procedure, it shall be remembered that the more parameters are used, the better the line
description but the greater the risks of instability of the algorithm. Stability problems shall be thoroughly
investigated.

It is recommended to fit a residual background contribution simultaneously with the profile function.

It is recommended to disable the following fit parameters when they show unstable behaviour: slope of
residual background contribution, asymmetry parameter, and profile shape parameter. In case the profile
shape parameter of the PearsonVIl or Pseudo-Voigt function behaves unstable then it is recommended to use
the best fitting profile function with a fixed shape: Gauss, Lorentz, Modified Lorentz, or Intermediate Lorentz.

D.2.4 Middle of width at x% height method

The width of the diffraction line is determined at x% height of the peak maximum. Straight lines are fitted to the
left and right flank of the peak to determine the width. A smoothing by a sliding polynomial (Stavitsky-Golay...)
can also be used. The midpoint of the width is taken as the diffraction line position. The most commonly used
method determines the midpoint of the FWHM (x=50%). Another common variant uses 2/3 of the height
(x=67%). Other variants are also possible.

D.2.5 Cross-correlation method

The diffraction line position of a diffraction line (/;) is given relatively to a reference diffraction line (/). It is
recommended to use the strongest line of a series of stress measurements as reference line. The cross-
correlation function is defined as:

F,,,(826) = [I,,(26)] (A20—-26)d(26) (D.7a)

where the maximum of the function F.(426) gives the diffraction line shift A26,¢. The function F{(426) is
evaluated for all measurement points of the evaluated diffraction line (/) above an intensity threshold. The
recommended threshold is 20% of the net maximum intensity.

The cross-correlation method gives diffraction line shifts only. It is recommended to evaluate the absolute
position of the reference diffraction line with one of the other diffraction line determination methods.

Then the diffraction line position of diffraction line /;is:

20, =20, +A20, .. (D.7b)

The method used to determine the diffraction line position of the reference diffraction line shall be reported
unambiguously, together with the function fitted (if any) and the values of the parameters implied.

D.3 Correction on the diffraction line position

The diffraction line positions can be optionally corrected for diffraction line shifts caused by remaining
misalignments or the transparency effects. The corrections can be performed on the basis of measured
diffraction line shifts or on the basis of calculated diffraction line shifts. The order of the corrections is not
relevant. The applied corrections shall be reported.

D.3.1 Remaining misalignments

The diffraction line shifts due to small remaining misalignments shall be measured on a stress-free reference
specimen. The corrections can be applied on the basis of measured diffraction line shifts or on the basis of
calculated diffraction line shifts.

Two misalignment errors are relevant in analysing residual stress measurements: specimen displacement and
incident beam misalignment (equatorial for @-method and axial for y-method).
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The corrections shall be applied on the diffraction line positions according to the formula:

20, =26, . —A20, —A20, —A20,, (D8)

with for the w-method:

180 24, sin@

A28 = o D8
=g R sino = -
2h, sin(@ —
A20,, = S bm(fi} 9) cos® (D8b)
gk smo
A28, =0 (D8c)
and for the y-method:
2h
A20,, = ey | cos® . (D8d)
" R cos(y)
A20, =0 (D8e)
A28, = g cosé . (D8f)

r R cos(y)

where

20 = corrected diffraction line position

20...2s = measured diffraction line position

A20,,= specimen displacement

A20.,= equatorial beam misalignment (only for w-method)

A26,,= axial beam misalignment (only for x - method).

D.3.2 Transparency correction

The diffraction line shift due to the transparency effect is usually calculated. It requires first the calculation of
the information depth (=weighted mean penetration depth) for each tilt.

The correction shall be applied on the diffraction line positions for each diffraction line according to the
formula:

20, =26

fEas

_A26, (D.9a)

D.3.21 omethod

For thick specimens the information depth is:

+ 7 ac 2
LS J'S'm sin”(w—6) (D9b)
2usin @ cos(w—6)
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Then the diffraction line shift (in degrees) is:

—180 2z sin(&)cos(H)

A28 = _ (D9c)
gl Sin @
where
1l linear attenuation coefficient,
0 Bragg angle, this is the angle between the diffracting lattice planes and the incident beam.
(wv-0)  offset angle,
Z information depth,
R diffractometer radius.
D.3.2.2 y method
For thick specimens the information depth is:
sin & cos
= £ (D.9d)
2u
Then the diffraction line shift is:
—180 2z cosé
A206 = (D.9e)

T R cosy

where

u linear attenuation coefficient,

0 Bragg angle, this is the angle between the diffracting lattice planes and the incident beam
¥ tilt angle,

Zz Information depth,

R diffractometer radius.

The transparency correction is usually negligible. It plays a role when the linear absorption coefficient, y, Is
smaller than 200 cm™. For ceramics, oxides, light metals and polymers using Cr, Co or Cu radiation this is the
case and for metals and hard metals too when Mo radiation is used.
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Annex E
(informative)

General description of acquisition methods

E.1 Introduction

In the main text of the normative, only three acquisition methods are described, the w method, the  method

and the modified ¥ method. The two first because they are widespread in both industrial and university
laboratories and the third one because it is often used on portable goniometers. However, other methods exist
that can be used for specific purposes. The aim of the present annex is to provide a general description of
acquisition methods followed by applications to various methods used for X-ray stress analysis.

An acquisition method is defined by the set of orientations taken by the specimen with regard to the incident
beam and the diffracted beams during the acquisition. The orientation of a solid is defined by a set of three
angles that correspond to its three rotational degrees of freedom.

In X-ray stress analysis, the most fundamental set of three angles is (@, ¥, n) where ® and ¥ define the

measurement direction n and 1 is a rotation angle around n. However, this set of angle is not always
convenient because, in general, they do not correspond to the angles of the goniometer. The purpose of the
present annex is to give the relation between the two sets of angles in the case of a Euler cradle using the

angles (@, ¢, ®). A similar approach can be given for any other kind of cradle such as a kappa cradle.

E.2 Definitions

Two orthonormal reference systems are defined :

(§1?§25§3)

The first one, called specimen reference system, is noted by :

S

® 3 is taken normal to the surface of the specimen and directed towards the outside

—a

. S is in the plane of the surface and freely chosen by the operator. It is customary to choose it
parallel to a physically meaningful direction such as the rolling direction, the machining direction, the

welding direction,etc.

. S: is taken so that the (S'*SE’S?-) system is direct.

= |f the surface of the specimen is curved, the system is chosen with respect to the tangent plane at the
point of measurement.
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Diffracted beam (y=0)
for (y=0)
G, |
B - Incident beam
Si L fory=0
26 1Y tacied b e (y=0)
1IE’I
'f@z
Key
Sq, S5, 55 Specimen coordinate system.
L4, Lo, L Laboratory coordinate system.
D 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.
L 4 The angle between the normal of the specimen and the normal of the diffracting planes.

Figure E.1 — Definition of the specimen reference system and of the extensimetric angles ‘¥, ® (left).
Definition of the diffraction angles 26 and vy (right).

(note: Figure E1 (left) is equivalent to Figure 1 in the text of the of the body of the document. It should be omitted. If it is retained, the
symbols shall be the same as for the text in the body of the standard. In particular the symbol @ instead of ¢ can be misleading. If they
have a different meaning such a meaning shall be defined.

The second one, called the goniometer reference system, is noted by : (G, , st G 3)

—

= @, is taken parallel to the incident X-ray beam and directed in the propagation direction of
the photons
= G, is taken parallel to the axial direction of the goniometer

= —

= @, is taken so that the (Gl,GE,G 3) system is direct.

In the reference (starting) position, the two systems are superposed. The data acquisition is defined
completely by the orientation of the two systems. Three groups of angles can be defined :

The first group is called the sampling angles, noted @, ¥, 5 (capital phi, psi, eta) and is related to the
mechanical state of the specimen at a given penetration depth. These angles define completely the orientation

of the specimen and are useful if one works in the system (S, jz,gg )
=  @and Yare the extensometric angles and they are called respectively azimuth and tilt angles.

They define, in the system (§,,82,§3), the direction of measurement of the elastic strain €, .

This direction is described by a unit vector noted n. For a given crystallographic plane
family, @ and ¥enable to sample different crystallites that produce the diffraction peak.

» 7 defines a rotation around n. A variation of 1 will cause a variation of the penetration depth
(information depth). It will also cause a variation of €4, only if there are stress gradients

along the depth of the specimen. For given diffraction conditions and extensometric angles, M
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enables to sample different depths below the surface of the specimen.

The second group is called the 3 goniometer angles ¢, . @ (small phi, chi, omega) and they are used to

—

orientate the specimen on the goniometer, they are useful if one works in the system (GI,GE,GJ. From the

reference position, the specimen is brought into its measurement orientation by three successive rotations. It
should be noticed that the order of the three rotations is important.

* A rotation by @around —G,
= A rotation by yaround G,

= A rotation by waround -G,

source de

b

(@1 , §2 : §3) reference system

X The incident beam
open circle diffracted beam
black dot bisector of the two beams

Figure E.2 - Reference position (x = ¢ = © = 0) the incident beam is parallel to the surface of the

specimen and the two reference systems (‘Sl V. 8 S 3) and ((1 ,Gg, G 3) are superposed. Perspective
drawing (left) and stereographic representation for 20 = 156° (right).

Note: The caption should be modified and the explaining part of the caption put in texts

The third group is called the diffractometric angles ¢ and y (theta, gamma) and they define the direction of the
diffracted beam :

= @is called the Bragg angle and the angle betv;feen the incident beam and the diffracted beam is 20.

—

« In a polycrystalline specimen, the diffracted beams form a cone of axis G, and y defines the position

of one diffracted beam in the cone. The measurement direction is the bisector of the incident and
diffracted beams.

In the following section, an acquisition method is described by giving the expressions of ¥ and @ as a function
of the goniometer angles (¢, , ®) and of the diffraction angles (6, 7). The expressions of the penetration depth
is given as a function of the diffraction angles and either with the sampling angles (n, ‘P, 8, y) or with the
goniometer angles (x,®, 6, ¥). It can be noted that the penetration depth does not depend on angles ¢ or @ for
a specimen with a flat surface.
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A particular acquisition method is obtained from the general method by setting some angles at a given fixed
value.

E.3 Description of the various acquisition methods

E.3.1 General method

The expressions of ¥ and @ are :

Y = ArcCos(cosycos O cos x cos @+ siny cos Bsin ¥ + sin Ocos ¥ sin ) (E1)
and :

D=p+Ag

A= ArcTun[_Sin ycos @ cos y+cos ycos@sin y cos @+ sin @sin ¥ sin m} (E.2)

cos Y cos @sin @—sin € cos @

\

where:
@and ¥ are respectively the azimuth angle, the tilt angle.
y Iis the azimuthal angle on the diffraction cone belonging to a {hkl} reflection.

0@ is the Bragg angle

x  is the specimen orientation in the direction G’l :

—

® is the specimen orietation in the direction — G, .
¢ is the specimen orientation in the direction — Gj of the goniometer system.
A

All the acquisition modes with a 0D (punctual) or 1D (position sensitive) detector can be described by y= 0.
When a 2D detector is used, angle y is necessary to describe the variations of ® and ‘¥ along the portion of
the Debye ring captured by the detector. The penetration depth can be given with the sampling angles :

B cos’ ¥sin’ B—sin® W cos” Osin’ M

zZ= . (E.3)
2usin Ocos 'Y
or with the goniometer angles :
Z_cﬂsxsinm sin 20.cos ycosy cos W+ sin 20sin ysiny — cos 20 cosy sin ® (E.4)
L sin 20cos‘ycos cos @+ sin 20sinysiny — cos 20 cosy sin @+ cos’y sin ® |

Where

Zz isthe penetration depth.
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E.3.2 Omega (w) method

This is an acquisition mode that can be achieved with a basic 2 circles (o ; 26) powder diffractometer and a
0D or 1D detector. In this case y= 0, x = 0 and n=n/2. From formulae (E.1) to (E.4), it gives :

¥Y=wp-0
{¢:$ (E.5)
with a penetration depth :
sin”@—sin’ ¥ sin’ O—sin’(m—0)
I - (E.6)

o = —
2usinBcosY 2 sinBcos(w—0)

Key

(‘3,,@2,53) and (G,,GE,GE) superposed reference systems

L, is normal to the diffracting {hkl} lattice planes

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

v The angle between the normal of the specimen and the normal of the diffracting planes
X The incident beam direction

° (open circle)  The diffracted beam

* (black dot) The bisector of the incident and diffracted beams

Figure E.3 : Perspective drawing of the omega method for ®=0 and ¥=0 or ¥=-45° (left). Stereographic
representation for ®=0 and three values of ¥ : -45°, 0, +45° (right).
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E.3.3 Chi (x) method

This mode is obtained by using the y rotation of a Eulerian cradle to achieve the W tilt and a 0D or 1D
detector. In this case y= 0, ® = 8 and n = 0. From formulae (E.1) to (E.4), it gives :

Y=y
(E.7)
O=0+m/2

with a penetration depth :

sinBcos'¥ sinBcosy
g =

(E.8)

Key
Elj?,i) and (G,,@E,G 3) superposed reference systems

L; is normal to the diffracting {hkl} lattice planes

20 The diffraction angle, this is the angle between the incident and diffracted X-ray beams
® The angle between the incident X-ray beam and the specimen surface at ¢ =0

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 w and 26.

A

The incident beam direction
° (open circle) The diffracted beam

* (black dot) The bisector of the incident and diffracted beams

Figure E.4 - Perspective drawing of the chi method for ®=90° and ¥=0 or ¥=+60° (left). Stereographic
representation for ®=90° and 8 values of ¥ : —45°, 0, 15°, 30°, 45°, 60°, 75° et 90°. (right).
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E.3.4 Combined tilt method (also called scattering vector method)

These are general acquisition modes that give penetration depths and optical aberrations that are in between
the omega and chi modes. From arbitrary values of %, ¢ and o, the expressions of ¥ and @ are given from
formulae (E.1) and (E.2) :

(W =sign(®— 8) ArcCos(cos y cos(w— 0))

y i =%
O=p+A¢ with Ag@=ArcTan ol =)
k tan(m— 0)

For given values of ® and ¥ there is an infinite set of (y, ¢, ®) values which can be obtained by rotating the
incident and diffracted beams around the measurement direction n by an angle n. The penetration depth is
given from formulae (E.3) and (E.4) with y=0 :
cos’ Wsin? 0—sin’ ¥ cos’ Osin’ 1
Z= . (E.10)
21 sinBcos O

e cosy sin(20 — ) sinw (EA1)

21L sin B cos(B — )

By varying 1 from zero (y method) to 90° (w method), the penetration depth can be varied without changing ®
and V.

Key
(@,,52,§3)and (61,62,63) superposed reference systems

L, is normal to the diffracting {hkl} lattice planes

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

@ The angle between the incident X-ray beam and the specimen surface at x =0

v The angle between the normal of the specimen and the normal of the diffracting planes
¥  The angle x rotates in the plane perpendicular to that containing @ and 26.

X The incident beam direction

° (open circle)  The diffracted beam
* (black dot) The bisector of the incident and diffracted beams

Figure E.5 - Perspective drawing of the combined method for ® =70°, ¥ = 60° and n = 22.5° (left).
Stereographic representation for ® = 70°, ¥ = 60° and 5 values of 1 : 0, 22.5°, 45°, 67.5° and 90°..
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E.3.5 Modified chi method

This mode is used on some portable goniometers with two detectors placed symmetrically on each side of the
incident beam. Angle w is set equal to w2 so that at ¥ = 0 the incident beam is normal to the specimen
surface. The x and ¢ rotations are used to vary the measurement direction. The use of two detectors allows to
compensate for the A¢ so that ¥ = yx with minor systematic errors on the sin“y slope (which can be easily
corrected). For detector 1, angle yis equal to zero and for detector 2, angle y is equal to «.

(¥ = ArcCos(cosy sin 0)
Detector 1 : <4 T - =y | (E.12)
O=¢p+— +A¢@ with A@=ArcTan| —
) 2 siny tan O
(P = ArcCos(cossin 8)
Detector 2 : < T i 1 (E.13)
O=p+— +A@ with A@=ArcTan| —
L 2 sin ¥ tan 6

As can be seen, the two A¢ compensate each other. Thus, when the strains measured by the two detectors
are averaged they disappear. The measured strain (equation (5) of main text) can thus be written :

€4, =1 S8 sin? Bsin? ¥ (0, — 05, )+ £ SE sin? Bsin 2 T, + K (E.14)

Where:

K =St4iTr(6) + L S8(sin? 0 6., + cos> 00, , ) (E.14bis)

This equation can be used exactly like equation (5) by replacing ¥ by g, and, in the end divide the obtained
normal stress and shear stress values by sin“0. The penetration depth is identical for the two detectors :

mcnsw(Zsinz B—l)_cnsx(l—cﬂtanzﬁ)
2usin” 21

Z (E.15)

It should be noted that the diffracting crystallites sampled by the two detectors are not the same. This can
cause some problems in the case of textured specimens or large crystallite size specimens.
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detector 2
I F

(§l,§z,§3)and (GI,GE,E';E) superposed reference systems

L, is normal to the diffracting {hkl} lattice planes

20 The diffraction angle, this is the angle between the incident and diffracted X-ray beams
x  The angle x rotates in the plane perpendicular to that containing and 26.

¥ The angle between the normal of the specimen and the normal of the diffracting planes.
X  The incident beam direction

° (open circle)  The diffracted beam

e (black dot) The bisector of the incident and diffracted beams

Figure E.6 - Perspective drawing of the modified chi method (left). Starting position (up) with © = 90°,
¢ =% = 0. Position for y = 60° et ¢ = 0 (down), which corresponds to a measurement in direction 5‘;1 i.e.,

after averaging the strains obtained from the two detectors, to the direction @ = 90°. Stereographic
representation for 20 = 140°, ® = 90°, 9 = 0 and 7 values of x : 0, 15°, 30°, 45°, 60°, 75° and 90° (right).

It can be noticed in Figure E.6 that the values of ¥ are always greater than the corresponding values of . For
detector 1, ¥ varies from 20° to 90° while @ varies from 0 to 50°. Fir detector, ' varies from 20° to 90° while @

varies from 180° to 130°.

E.3.6 Low incidence method

This mode is used to achieve shallow penetration depth and wide irradiated surfaces. The idea is to set @ at a
fixed value o typically 2 to 5°. The x and ¢ rotations are used to vary the measurement direction. A 0D
detector with long Soller slits is used to reduce optical aberrations so y=0:
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(¥ = ArcCos(cosy cos(o.— 8))

i

51 .16
O=p+A@p with A(pzArcTan( i o ] Lah

tan(ot — 0)

e,

The penetration depth is given directly from equation (E.11) by setting o = o :

B cos’y sin(20 — o) sin o (E.17)

2L sin B cos(0— o)

Another way to define this mode is to keep constant at a given value o the angle between the surface of the
specimen and the incident beam, i.e. to keep constant the value of sina = cosy sinw.

Key
(EI ’ [_“;2 ; §3 )and (@1 ; (ﬁ}z, Gj) superposed reference systems

Ly 1s normal to the diffracting {hkl} lattice planes

20 The diffraction angle, this is the angle between the incident and diffracted X-ray beams
x  The angle y rotates in the plane perpendicular to that containing w and 26.

o Is a fixed value of w tipically comprised beteen 2 and 5 degrees
X The incident beam direction
“(opencircle)  The diffracted beam

e (black dot) The bisector of the incident and diffracted beams
Figure E.7 - Perspective representation of the low incidence mode (left). On top, starting position with

®=ao, x = ¢ = 0. Down, position for y = 60° and ¢ = 0. Stereographic representation for o= o= 5°, 20 =
120°, ¢ = 0 and 7 values of y : -75°, -60°, -30°, 0, 30°, 60°, 75°.

68




prEN 15305:2005 (E)

It can be noticed in Figure E.7 that, in this configuration, ¥ varies from 55° to 82° while ® varies
simultaneously from 146° to 214°.

E.3.7 Modified omega method

This mode is used on some portable goniometers. It is very similar to an omega mode but the ¥, angle that is
set on the goniometer is taken between the normal to the specimen surface and the incident beam.

"]’=‘PH+E—B
9 2 (E.18)

w=9

with a penetration depth given by (E.6).

G,
31*2 =
(
S3 el R HEL3
G,=5
Key
(S, Sz, Sa) Specimen coordinate system.

((3, : GI , Gs) Goniometer reference system

(L4, Lz, L3) Laboratory coordinate system.

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

Figure E.8 - Perspective drawing of the modified omega method.

By comparing with figure E.3, it is clear that the two methods only differ through the origin in '".

E.3.8 Use of a 2D (area) detector

The use of a 2D detector allows to acquire a whole section of the diffraction cone (of the Debye ring), i.e. a

whole range of y values. According to equations (E.1) and (E.2), it corresponds to a whole range of ¥ and @
values. Theoretically, one acquisition is sufficient to obtain enough information for calculating some stress

components, however, in practice, the acquisition range in ' is too small to give reasonable accuracies. At
least a second acquisition for another value of %, @ or ¢ is advised. The relevant equations for this method are
(E.1) to (E.4), i.e. the general equations.
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Key

(§1,§1,§3)and (@1,62,63) superposed reference systems

L; is normal to the diffracting {hkl} lattice planes

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

X The incident beam direction
° (open circle) The diffracted beam
e (black dot) The bisector of the incident and diffracted beams

Figure E.9 -Perspective representation of a possible set-up to work with a 2D detector for =0 =70°
and x = ¢ = 0 (left).

In Figure E.9 a plane detector is shown, but cylindrical detectors also exist. The detector acquires a section of
the diffraction cone for y varying from -45° to +45°. On the right, stereographic representation for o= 8 = 70°
and ¢ = 0 and 9 values of y: -60°, -45°, -30°, -15°, 0, 15°, 30°, 45°, 60°. On top, representation for x = 0 : it
can be seen that W varies from 0 to 20° while @ varies simultaneously from -90° to +90°. Down,
representation for y = 40°, ¥ varies from 22° to 58° while & varies from 90° to 715"

E.4 Choice of ® and ¥ angles

When measurements are performed in only one direction ®, the minimum number of tilt angle ¥ is 2 for a
biaxial stress state and 3 for a triaxial stress state. However, due to sampling effects linked to the
microstructure of the material, it is generally acknowledged that this minimum is actually not sufficient. That is
why the present standard recommends 4 or 5 tilts for the biaxial case and 7 for the triaxial case.

The same question arises for tensor analysis. The minimum number of (®, '¥) couples is 6, taken in, at least,
3 independent @ directions. Several ways are possible to choose the @ directions. One of the most common
is to take :

@ =0, 45° and 90° with positive and negative ¥ values (E.19)

However, as it can be seen on a stereographic representation, this is not the best sampling possible, i.e., the
directions are not spread as uniformly as possible in the whole available solid angle. If three @ directions are
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chosen, a better choice is :
@ =0, 60° and 120° with positive and negative ' values (E.20)

Whether (E.19) or (E.20) is chosen is the same problem as for rosette strain gauges : if the principal stresses
are known before the measurement, (E.19) is easier to use, but if they are not known, (E.20) will be more

accurate.

More than three directions can be chosen. It is necessary to check the consistency of the results, to calculate
the uncertainty on the stress components and it will increase the overall accuracy of the measurement. It is
thus advised to use at least four @ directions. If n is the number of directions, the ® values can be separated

by :
AD = 180°n (EE2T)

For instance, for five @ directions, the ® values can be : 0, 36°, 72°, 108" and 144".

Figure E.10 : stereographic representations of different choices for the @ directions.

In Figure E.10 on the left, three directions are chosen according to (E.19). On the middle, three directions are
chosen according to (E.20) or (E.21). On the right, five directions are chosen according to (E.21).

E.5 The stereographic projection

The stereographic projection is a useful tool to represent accurately directions (crystallographic directions,
measurement directions, diffracted and incident beams...) emanating from a specimen which is assumed

m —

punctual and located at the origin O of the reference system (S s 83)‘ The direction of interest intersects a

sphere of radius R centred on O. The intersection point is then projected on to the (él,gz) plane of the
specimen surface. The projection issues from a centre H which is the south pole of the sphere.
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Key

S1, 52, 93 Specimen coordinate system.

H the south pole of the sphere

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.

: 4 The angle between the normal of the specimen and the normal of the diffracting planes.

Figure E.11 - Example of a stereographic representation of a direction n described by angles ¢ = 60°
and ¥=45° (right).

In Figure E.11 the angle & can be read directly on the projection and angle ¥ can be read along a radius of
the projection circle. On the perspective drawing on the left, only one eighth of the sphere is represented.

For instance, let's take a direction n described by the two angles @ and ¥. The straight line directed by n
intersects the sphere at point N. The line (HN) intersects the plane (§1,§1) at point N’ which is the
stereographic projection of n (black dot on figure E.10). The coordinates of N’ in the reference system
,.8,) are:

x=R cos® tan[gj—]

y=Rsin® tan[%)

L

To make the use of a stereographic projection easier, it is graduated every 10° in ® and every 10° in '¥. The
S, direction (corresponding to '¥=0) is at the centre of the projection circle while the direction for which ¥=90°

are located on the external edge of the circle. Thus, on figure E.10, the values of ® (60°) and ‘¥ (45°) can be
read directly and unambiguously. The incident beam (X mark) and the diffracted beam (white dot) can also be
represented clearly as compared with a perspective drawing that would be confusing.
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