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Executive summary

The formulation ofa harmoniseddata analysis workfloya dataoutput structure andthe format for
residual stress determination in largeale research infrastructe instrumentsis reported This
structureis beingused as thdoundationsfor the development of a common softwafer residual
stress analysjsvhichfacilitatesthe traceabilityfrom the experiment(metadata)and datareduction
(data)up to thestrain/stressanalysigresult) Thisoutput will further promote an easier exploitation
of the measured datdor comparison withlaboratory X-ray characterization andéhdustrial finite
element modelling activities. A detailed @scription is presented forthe different diffraction
techniques, including technical drawings and diagramdgscribing coordinate systemsof the
equipment usedOriginal onception of the common software includimgneral structureyariables,
workflows for data processingnput daa formats and mathematical formalisms are described.
Furthermore a dandardised format for the data output in each stage of the data processing is
proposed
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1. Introduction

Residual stress determinatiaran beaccomplishedhroughthe measurement of kstic lattice strains

at the crystalline levelising Xray or neuton radiation. These nasurements can be carried oirt
polycrystalline materialdased on their diffraction signah laboratories(Xray) and athigh-energy
synchrotron or neutrordacilities. The lattertwo are consideredsLargescale Research Infrastructure
(LR); all of the abovemethods have been used for around three decadfs internal stress
characterizatiorj1-5]. Sandards are already availalier laboratoryX-ray methods as well aseutron
methods[6-10]. Despite previous rountbbin exerciseso demonstrate the feasibility and precision

of respectivemethods, conducted either as part of or supporting the developmengutielines and
standards knowledge residing dtRIsof these techniquefias not yetbeenwidely adopted by the
industry (or not even known)Additionally,while there is a European standard for laboratorya)}{
measurementsthere are currently no general stredgterminationguidelinesusingsynchrotron X

ray radiation let alone a hrmonised guideline which encompasses the different techniques. The
project EASETRESS aims to address some of these gaps through its work packages (WPs): industrial
confidence in the methods is enhanced by validation and benchmarking of neutron, synch¥et
ray, andlaboratorybasedtechniques with predictive numerical modekith benchmarksamplesin
WP2; residual stress determination using different methods at the LRIs are harmonised in terms of
measurement protocoland ontologiegWP3) andharmoni®d metadata and residual strearalysis
algorithmsin a commorsoftwareare addressed iWP4. Hence, a setup of industrial service functions
for residual stress is initiated through a series of rouobin measurements of industrial cases in WP5
Finally,WP6 aimgo produce atechnical specification for synchrotronrXy stress measurement®

bring the method closer to a standardized technique.

This documentdescribes the steps which are partt@Ermonisinghe data analysis workflosat LRIs
This vork serves as the bastr the development ofa common software forresidual stress
determinationand standardisation othe data output format.General principles of residual stress
measurementsusing neutroms, synchrotron X-ray radiation, and laboratory -May radiation are
described. This is followed by a brief descriptidithe current state othe instrumental setug, data
analysis algorithm software, and data output format Thepresentedinformation was provided by
the instrument scientistsand reseachers involved iWWP4 Furthermore, thereport describesthe
proposed data analysis harmoadsworkflowas well ashe description of thelata output format and
the mathematical formalism.The outlined informatioris guidng the development of the common
software for residual stress determination.

2. Principles of residual stress determination

2.1 Specific equations foneutron and synchrotron radiatiorbased diffraction techniques

2.1.1 Strain

When harnessing diffraction methods for determinirggidual stresdn (poly)crystalline materials
NJ 3 JiQusedf | &

¢QO B+ )

which states that the lattice spacinbetweenparallelcrystallographiplanesin a crystalline material
can be precisely determined by knowing thawelength< of the radiation used, and the scattering
angle 2. While notexplicitlypointed outin the subsequent sectionallof the subsequent equations
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and its variablecorrespond to a specific hkl valugigure 1 illustratethe most importantparameters
to describea diffraction peakwvhich include thegpeak heightand intensity position(Braggangle 2i)
andfull width at half maximumRWHM)

3
Peak position 26
.
=
w
g
E !max S
2 Integral Peak area /,;
5 breadth : Background
4
AOOOODOOOIONONNNNNNGKRN

Bragg angle 20

Figurel.Most important features of a diffraction peakgbire adapted from [11].

The lattice spacinfpr a specificcrystallographic planean be used as a strain gaugeaistressed
material(externally and/or internally), wherthe strain €2 in the direction of thescatteringvector can
be calculated as:
Q Q

- )
whereQ is theaccordingattice spacing for thetressfree state of the materialthe so called stress
free reference valueln practice, ti could be obtained from thesame materialn whichstresseshad
beenminimizedasmuch as possiblésuch as cutting small coupons and/or applying stress relief heat
treatments) The reference could also be taken in a far field point from the stress gradient to compare
the intensity of this one vs base material such as in welds. Tdrerehis methodallows absolute
stressvaluesdetermination Forthe angledispersivg AD)diffraction method, the change dhe lattice
spacing is reflected in the shift of tipesition of theBraggangle2q relative to theone of thereference
sample InsertingBraggdaw (equation 1) in equation 2, hkl specificstrain can be determined directly
from the measureddiffraction angles as follows

OB+
- - A 3
61 P )
For Time-of-Hight (TOF) neutron difactionand energydispersivg[ED) Xay diffraction methods,the
change of lattice spacing is obtained from the difference in photon enErgyneutron TOFwith
respectto the referencevaluek and TOF, respectivelyUsing theDeBrogle equation whichrelates
I LI NI A Ot §Qa Sy, quaién(2)ican ba réndittersas: St Sy 3 G K

2n literature strain is sometimealso denoted ag
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" o P are® @

where the subscript O refers to the stressfree reference material. Generally, neutron TOF
diffractometers haveawo detectors or2D position sensitive detectors and after data reduction the
collected intensity is shomwasa function ofd. In thiscaseequation2 can be used. Sinceeutron TOF
measurements give a diffractogramwith a large 2— range compared to monochromatic
measurements LeBail, Pawley, or Rietweldrefinements can be used toobtain basic lattice
parameterswith high accuracylhe same is true for eghrotronradiationmeasurements where large
¢—ranges can be collected simultaneously. The range can be even incitttsedampledetector
distances are reduced.

2.1.1 Stress

In a generathree-dimensionalcase assuming infinitesimally small deformat®stress andstrain
can bewritten in the Cauchy tensor form:

"G n (D » G0
hOD DD G )
i G nl G v G

©)

Theindices refer to the stress and strain componeagshown in Figre 2. The diagonal components
of the tensor {=]) representstres®sand strairs normalto the surface of the samplsvhile the off
diagonal components ( j) represent shear stresses astearstrains(in-plane)

TKZ
/[* ) r},:'} 0,

o

Figure2. Representation of the stress tensor in an infinitesimal body.

Foran elasticallyisotropic material (equal stiffness ivery direction)the stress tensor is symmetric
(i.e.,si=sj). This is also the case for the strain tensor. Therefbexletermination ofsix componerd
of the stress tensor in @articularpoint can beachievedby measuringix strain componerst given

ek This project has received funding from the European @hidarizon 2020 11
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that the elastic properties of the materiare known[1]. The relation between the stress tensor and
strain tensorin the elastic regimeanbewk G G Sy | OO 2 NR Afof Specifiehkialgeg 1 SQa f I ¢

~ T H Y v v n n n re. 1
vhoa . v p . v v s T n all Iyl
e @) ) 0O p U T T m all N 7
WA p U p CONIT T T p QUL g T n M
o 1o T 18 T P qL ¥¢ LS T S
u U u T T 18 T Tt P QO TUg-

where E and v are the materia® , 2 dzy 3 Q& Y2 Rdzf dza , IregpRctively2Neuirén2 y Q& N
diffractionand highenergy synchrotron Xay diffraction haveanadvantage over other residual stress
measurement meéhods becausehey can, in theory, measurthe strain in any directionHowever,

since the principle of strain measurement using diffraction me#isdhe comparison between inter

planar distane of atomic lattice, the diffraction method can only be used to measlinectly normal

(but not shear)attice strains.

This problem can be solvdady measuringthe specific strain componentsim, in the |, m, and n
directionswhich are thalirectionalcosineswith respectto the orthogonal sample coordinate ax€s,
Oy, and O.. The normal strainimnisrelated to the six componesf the strain tensorike this

- a- a4 - £- cad& ca&  cat ©

The measurement ofhe normal strain components(ls, m, r¥) in six { = 1X &) or more different
directions leads to a system of linear equations with six unknocemponents of the strain tensor
which can bevritten as:

4 ala B . & @ & cad ca & cae
y S0 o ) - L .
g e . @ a g caa co e COE oo
yoaf BB owo 6 & cad ca & cakan !l
abd RBOTOld 4 & cad cd & qaE Ui n
[ I SN B B , . . Lo - |’|d N (9)
" ah e - a & c¢cad c¢ca & c¢cage , 1T 0
L Ee | 1
a R - . , \ \ o oy I+ n
B ' LT G o € caa ca € CaeE p 0
11 ve _ 1 L é I W
u ahc ke O g @ & cad cad & cai

A areful selection of directiond:(m, r¥), which provide linearly independent strain componerits
required to ensure the accuracy thfe stress tensor determinationflhemeasurement of more than
6 strain component&m, creates & overdetermined system froraguation (9), and the strain tensor
can be solved bthe leastsquares method. From this strain tensor determinatiotthe stresstensor
can be calculated usiregjuation (7).

The choice of measuring directions is mostiypstrainedoy material orexperimental restrictions [12].

A material@ properties such as coarse grain size and/or texture, andhe other handlimited beam

time in the case of neutron and synchrotron facilitiesce the experimenteito optimizethe number

of orientationsand/or points. Therefore, the characterization and resolution of strain gradients in the
sample is adapted to only critical regions and/or or di@ts before the experimentFor these
reasonsmostlythree orthogonal strain components are measured to determine the corresponding
three athogonal stress componentsr a specific hk(equation10).

(0]
_—— 0 - 0 - - 10
50 o v P (10)
ek This project has received funding from the European @hidarizon 2020 12
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© 0 - 0 -
p 0p c P

© U - v -
p 0p c P

2.2 Specific equations for laboratory-Kay radiation

The equation for expressing the strainthe direction defined by the angle (Psi) andéo(Phi) in its
general form is as follows:

- Yo, . ., -y, ATO =Y, Al @ , OE%o
t OKWOElI -3 t A% t OBGOE( (11)

Where™Y and"Y  are theXray elastic constants for the family of lattice pladél} further
defined as:

Y = avY —_
o @ o)
, h, hand, are the normal stress components in the directions$and S, andt ht At are
the shear stresses within the plane defined bl S, S and S, and $and S, respectively. In most
materials the penetration depth of-¥ays is in the order of tens of micrometres. Therefore, it can often

be assumed that 11, which simplifies equation (11) to

- Y oo, , -y , Al @ , OE% t OKW OE(

-3 1 Al% t OB&OE( (12)
2.2.1 Biaxial stress analysis

- are obtained for different combinatins off and%o.anglesfrom experimental measurements.
If the stress in the material is biaxidl (T " 1), then, based on equation (12}t can be
deducedthat the dependence of onOEfl is linear.

- -y Q3 OEi Y Jvi, (13)

where:"Yi , " ”

Plotting- vs.O E[i for the biaxial case yields then a straight line. For a spé&ifimlue, the
corresponding, value can be obtained by calculating the slope of the straight line.

2.2.2 Triaxial stress analysis

Asmostlaboratory-based(low-energy)X-ray setupsare only able to assess biaxial stress states, this
sectioncommonlyapplies tolaboratory instrumats with high energyX-ray sourcegi.e. rotating or
liquid-anode) synchrotron Xray beamlines, or neutron sourcel there are shear stresses present in

the planes perpendicular to the sample surfate ( mand /or t m) then the plot of- VS.
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OEq is ellipticalwith a[ -splitting atf =0. In addition, if, is not equal to zero, then thslope of
the OE(l plot isproportional to, » . This changesquation (13) to the following

- -y o, , OEi -Y oi@ -Y Q3 Y Ovi, (14)
where:"Yi ,, " ” "

At a specific angl%, thevalues for, andt canbe obtained bydast square fitting of the strain data
usingequation (14)Subsequently, the stress tensor can be derived by measuring three diffésent
angles at a minimum of thredifferent] angles.

3. Desciption of instrument setufs, parameters and current data analysis workflos/

This section briefly describes a selection of neutron, synchrotiod laboratory Xay instruments
used for residual stress measurements. The LRI instruments involved in tR 8 HESS project are

Tablel. LRI instruments in the EASIRESS project.

Institution | Instrument Type Country | Website

ILL SALSA Neutron France | https://www.ill.eu/users/instruments/instruments
AD list/salsa/description/instrumentayout
ESRF ID15A Synchrotron| France | https://www.esrf.frrlhome/UsersAndScience/
ED Experiments/StructMaterials/ID15A.html
PETRA Il | PO7 Synchrotron| Germany| https://photon-
AD science.desy.de/facilities/petra_iii/lbeamlines/
p07_high_energy materials_scienasdex_eng.html
PETRA Il | P61A Synchrotron| Germany| https://photon-
ED science.desy.de/facilities/petra_iii/lbeamlines/

p61_high_energy wiggler_beamline_lvp/
p6la_white_beam_engineering_materials_
science_hzg/

index_eng.html

BNC ATHOS Neutron Hungary | https://www.bnc.hu/?g=athos

AD

Within the EASSTRESS project, laboratorya)t measurements are performed at CETIM, DTI, EDF,
Siemens Camessand the University of Manchester. The descriptions below comprise the
AYailuNdzySyidaQ YIAy O2Y tdanagsi weakiows dumehtly &dildodB = | Y R

3.1 Laboratory Xray measurements

Laboratory Xay diffraction measurements arsormally carried out using the angular dispersive
method with diffractometers which are usually commercially produced. These sysieenprovided

by many different companies which included, but are not limited to, Bruker, PANalytical, PROTO,
stresstech, Pulstec, and MRXrays.

The instrumental setup and equipment specifically used by the EBHRESS partners is described in
detail below.

1 CETIM
Three XRaybots from MRXays

f DTl
X-Raybot from MRXays

This project has received funding from the European @hidarizon 2020 14
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1 UoM
PROTO

. EDF
X-Raybot from MRXays
PROTO

i Siemens Camessa
>-X360s Portable-¥ay Residual Stress Analyzer from Pulstec

Table2 presents the main characteristics of thedle instruments used in the EASTRESSo0ject as

the tension, current, Psi angles or configurations, etc... The available angle and wavelénwtto

study peaks with high multiplicity (e.g. for the alloy 600, crystallographic plan study is (311) with Mn
G1dz6 S I'h m™p T @phevesan instrdntental se@mioNtBe-Raybot.

Table2. Main characteristic of the labotary Xray devices.

Instrument | Tension| Current | Angular | Psiangle| Portable | Available H' Positioning | Configur
(kV) (mA) range of | range (°) wave available ation
detector length
dCH' (K)
Xraybot 253 1 ~25 -40 to 40 yes Cr, Mn, 140 to By contact | Psior
Cu 156 or laser Omega
Proto 25 20 10 -351t0 35 yes Cr, Mn 79°- By contact | Omega
160°
>-X360s 30 1,5 yes Cr, Cu, By laser [ 2a N
Co, Mn.

Usually, before each analysis or at least once a month if no change of tube occurs during the month,
a powder of tle alloy of the part is measured in order to chéle&k measurement device (verification

that the powder is at zero residual stresses) and a standard reference sample in compression
(produced by shot pining) representative of the alloy studied to verify the maters and
measurement chain.

Figure3.Instrument setup of the-Raybot

General description of laborator)-ray measurements:

Residual stress measurements using laboratémay sources are usually done using either the
OET YSUK2R 2NJ 0KS ySgSNI O02a0h 0 YOEK?2methoddwki&r Y2aild
willbeinthe¥ 2 Odzda KSNB® LYy GKS 02a0h0 YSUK2RSBchérrern5 RSO

3 This represents the maximum value. The recommended tensioh k&/2
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ring in one single exposure from which bptiormal and shear stregscan be extracted, eliminating
the need for the pstilts. The method is hence faster than teE T method. More details about
the latter technique can be founid [13].

The instruments using th® E T method fall ino two categories where either the sample is static
with the source and detector moving to the different psi angles, or the reverse where the source and
detector are static, and the sampile is titled to reach the different psi tilts. The latter can beudine

a conventional powder diffractometer where the sample can be titled, while the first requires
specialised setups. There are different instrument configurations working with 0D, 1D, and 2D
detectors.

The measurement techniques done on these laboraténay systems follow the EN 15305:2009
standard:Test methods for residual stress analyses-bgyXdiffraction The choice of-Xay tube and

filter is dictated by the material to be characterised and the analysis parameters will be adapted
according to he diffraction properties of the material and geometry of the analysed area. The method
tracks the shift in g of a single peak as the diffraction vector is tilted away from the surface normal.
The measured stress direction is parallel to the psi tilt dioec

Y (Psi)

Z A

tangent plane to
the analvsis area

X

SAMIPLE

Figured. lllustration showing the main measurement axes of laboratory XRD setups.

Measurements are taken at equal steps of, for instance, 0.G5En[  from -0.5 to +0.5 (+45° in psi),

at %= (®, 45°, and 90°. Ehso obtained diffractogram (counts vs—angle) show a single diffraction
peak for each measurement taken at a given psi angle. Typically, arou2@ dfigles are collected
and fitted according to equation 13. The gauge volume depends on the penetdsijath, which is
given by the wavelength of the usedray source and the material being probed (and to a smaller
degree the incident psi angle), but is estimated to be on averdgaxdt has to be notedhat both

the area and depth probedharges during the measurement when the psi angleclisnged.
Therefore we are actually not measuring the same volume during the entire measurement consisting
of a tilt series Typical beam sizesn the sampleare in the range of 0.4 4 mm. The beam size is
determined by the collimatorsThe available collimators for theRaybot ared.5, 1,and2 mm The
PROTO instrument does not only have different sizes (0.5, 1, 2, and d4ubmalso in addition to
cylindrical collimator rectangular collimatorsn& thebeam is divergent, the size of the beam on the
sample cannot be directly based on the collimator beam size. For exaDifileascollimators witha
diameter between 0.5 and 2 mm, but due to the sample to detector distance of approximately 125
mm, there isa divergence after the collimatowhich increases the beam size on the sample by an
estimated 1 mm Similarly, the multiplication factor applied at EBFroughly 1.5Hence,if the
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collimator size i€ mm, the spot on the sample will be 3 mmn another variald that needs to be
considered is the incident angle of the radiatidhthe beam is perpendicular to the suda of the
sample, its shape w@rcular, but becomes distorted or even ellipsoidal upon variations of the incident
psi angle. The positioning tife gauge volume can be done manually or by using a laser profilometer
which can achieve a precision up t6 G

A general dta analysis workflow for residual stress determination using laboratoinayX
diffractometersis illustrated inFigureb.

Data aquisition

Powder
reference
sample

F

Diffractograms

Y

Raw data integration

Peak fitting

Fitting of sin?() curve

Fitted data

v

assans

Surface stress
in measured direction
& metadata

A 4

Figureb. Data analysis workflow for residual stress determination using laboratoay Hiffractometers.

The software packages and data format used depends on the provider of the system. For instance, the

raw data from scans done by therdybot are saved in theixdor.rawF 2 NXY I G & 2 KAt S aw- Q&
(called StressDiff) processes the#esfand gives a list with position and stress with associated errors,

peak widths and other fitting parameters, it can equally be processed by a lot of other commercially
available software packages. Other providers like Bruker use either Topaz or DLIEHHRATLS or some
PANalytical systems use Stress Plus. At CETIM, the standard software package is StressDiff, but for
more complicated materials involving difficulties during the peak fitting procedure, -sparce

software package such adight [14], andMAUD (Material Analysis Using Diffractior),[[b] are used

and have already provided agreeable results. With the aforementioned software, background
determination and fitting of the diffraction peaks is done as well as the stress determination. The fitted
LISF] LlaAidArAzya oLISI] OSyidSNE —yanBHehzybiédverdugd NJ i K S
OET .The slope of the plot of these data is being used to calculate the normal and sheer stress for

a specific hkl value, as outlined under sewti2.2.The error calculation depends on the software

package that is being used. For exampighe standard exported format from the MRXrayR&ybot,

two error valuesare provided

Istar.: Statistical error bar. It is deduced from the uncertaintiethefpeak treatment results.
lregr: Global error bar deduced from least squares fitting residue.

In the first (statistical)only the fitting error from the peak fitting is usebh the second (global), the

fitting error fromtheO E | fitis also includedHowever, hese uncertainties should not be confused

with the measurement uncertainty as defined inthe ISO standard H n ny a DdzZA RS (2 K S
2F | YOSNIFIAyGe Ay aSladnNBYSyidé¢ oD! ameasubemen8 | y R
practice [6]. An in depth description of the evaluation of uncertainties for laboratoryay
measurements (including numerical examples) can be found in Appendix 1 of [6].
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3.2 Neutron Measurements

3.2.1 StressAnalyser forLarge¢ ScaleengineeringApplications SALSA

SALSA is a monochromatic neutsiressdiffractometer located at the InstituMax vonLaue- Paul
Langevin (ILL), Grenoble, Franthe schematic of SALSA is showhigure6. The neutron beam on
SALSA is monochromated tonarrow incident wavelength distribution using an arrangement of
slicon single crystalscut in the S{400) direction. The monochromator provides vertical focalization
of the 200 mm high incoming beam to a 20 mm focus at the sample position. Horizontdllea
curvature of the crystals allavoptimization of angular resolution. Additionally to the Si(400)
reflection, Si(311)Si(422xand Si(511) are accessible thus providing a waveleragthe between 1.3
and 2.4A.

The gauge voluméGV)is defined by thee radially focusingollimators mounted in seriestwo
collimators (coll and col2, see f&).in the primary beam define horizontal and verticelomingbeam
dimensions, a third collimator (col3) between sample and detector defines the remainingitatiz
dimensionof the diffracted beamThe following beam widths are availables,® and 4 mm for the
horizontaland 0.6, 2, 4, 10, 20 mm for the vertical dimensidime distance betweegauge volume

and collimators ranges from 150 mm for high resolntio 411 mm for large gauge volumes, thus
leaving aconsiderable space for sample manipulatio$ie GV is selected according to the
microstructure and the residual strain gradient to resolve, accounting as well for the compromise of
acquisition times andbsorption (region of interest vs beam path).

The sample stage iw@xapodor Stewart platform, a parallel kinematics robotic device with 6 degrees
of freedomfor translation(Tx, Ty, TZnd rotation (Rx, RyR2 movements. The maximum range is
+300 mm h translation andt30 in rotation. To extend the tilt range an Eulerian Cradle can be
mounted on top of the sample tabl&he hexapods linked to the360 . -rotation of the instrument
and can be displacetorizontally for hosting large samplésy 700 mmon the radius of. . The
maximum load capacity is 1000 kg asaimples with dimensiors up to a couple of meters can be
mounted The positioning accuracy lies below b . The hexapod control allows the adaptation of the
working coordinate system to the sample cduorate system. It is therefore possible to pilot a
measurement directly in sample coordinate®re them in metadata and thusvoidingthe necessity

of coordinate transformatiorprior to data analysis.

SALSQ d@letector is a position sensitive®He gadilled proportional neutron detectar Position
sensitivity is achieved through 2D grid of 2x128 wires. Through interpolation, th@umber of
channels is extended to 256 x 256his leads tan averagepixelsize of 0.044at a distance of 1250
mm fromthe centre of the instrumentlt coversarange of~11 . The detector position can be changed
between 0 and 135°ccording tathe materialunder investigatiorandthe net-planehkl targeted A
more comprehensive description tife instruments can be found elsewhereg[1
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Debye-Scherrer cone

T, z/.
‘\] Beam stop

Detector

Monochromator

Figure6. lllustration showing the componentaeasurementand instrument axes ghe SALSMstrument

Theflowchartin Figure7 descriles SALS® data analysis workflonRaw datancludingmetadata are

saved in NeXus format 9, and the raw data reduction (calibratipmtegrationX LIS+ { )®A G G A y 3
performed using an Hmouse data analysis routine called LANMBrge Array Manipulation Program

[20] that will soon be replaced by anoth software package calleMlantid [21]. The raw data
integration is performed byintegrating the neutron counts over the detectdreight, while a
calibration routine converts the detector channels into the angular positionsing a lookup table
generatel from a separate calibration measurementhe data reduction routine produces a
diffractogram showing the Bragg peaks appearing in the selected angular region. Bragg peaks are then
fitted using an analytical model describing the peak shape (e.g., Gauksi@mtzian, or Pseudo
Voigt). The fitting results are then compiled togetharcluding selectedmetadata (Tx, Ty, Taw,

format. After the transition to Mantid these data will be stored in th&leXusStressformat,
implemented for the EASSTRESS project between neuteard synchrotron partners

| Data acquisition |

Metadata —_
Data output
Raw data

Calibration file

‘ll

[ Raw data integration Diffractogram

[ Peak fitting Fitted data —

Sorting of
measurement point

e

Strain & stress
calculation

Figure7. Data analysis workflow for residual stress determination using neutron diffraction on SALSA.
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The next step is téilter the peakfitting results by examination of the fitted cunssand/or ingection

of the fitting parameters (i.e., peak height, width, gtandtheir uncertainties.The quality of the fit is
influenced by the measurement conditions under which daere collected. Difficulties and higher
levels of error in fitting could be badeon factors such amsufficientcounts, partiallyfilled gauge
volume, large grainsompared to the gaugeolumeetc., which have been documented extensively
in literature[22-26]. The influence of some of these factans the final stress valuesan becorrected
with specific algorithmsThe irhouse developed program H® is used for corrding pseudo strain
affected data specifically for near surface/interface stress determination.

The measurement positions atken sorted, transferred into sampleaordinatesand interpolated
Usingthe result from the greference measurement, performeat the exact same experimental set
up, strains and stresses atalculated asutlinedin equations 37 or 10.

3.2.2 ATHOS

ATHOS is a monochromatic neutron diffracger at the Budapest Neutron CentBNCpptimised
for residual stress analysis of engineering components. The schematic of ATHOS is shown8n Figure
followed by a brief description of the main components.

Projection of the
Debye-Scherrer cone

Beam stop

Monochromator Detector

Figure8. lllustration showing the components and instrument axeADHOS

The neutron beam isnonochromaticwith an arrangement opyrolytic graphite single crystals to
select the incident wavelength used in the instrumenhismonochromator is a verticalpcusing
type with pyrolytic graphite crystals. It has a variable radius of curvature, orientation, and tilt to
optimise the incident beam according to the specimen to cover a range of wavelengths fém, 2
and 1- 3v using the second order reflectiofihere are three different table options for mounting the
sample AXY tableanmove the sample in two horizontal directianEheOmega tableallows torotate
the sample around the vertical axi& XZ tablefunctions asan alternativeto the XY tableand allows
to move the sample in a vertical planEhereis apre-samplecollimator, the beam optis, which
regulates the vertical and horizontal dimension of the incident be@he der samplecollimator is
the beam optis which regulates the vertical and horizontal dimension of di#acted beam. It is
mounted on the detector shieldind.he detector at ATHOSomprisesa 2-D delayline type®He PSD
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with an active area of 180 x 180 mneovering 12° in 2—at a distance of 900 mm from the sample.
The resolution is 1.6 mm. The data are stored in a 1024 x 1024 matrix.

I FE260KINI RSAONAROGAY3I ! ¢l h{ Qa RI9iThe blagk lbdx&sa A &
connected by vertical apws describe sequential stages of the data analysis workflow. Each box is
connected to a blue rounded box indicating the output of the analysis stagerdthmeled box
connected bya horizontal red arrow to the analysis workflow are input which originatééom
calibration measurements, which are separated from the main experiment.

On ATHOS, the data analysis workflow up to the peak fitting stages is handled using the Zsamo
software developed at BNC and written Bgthon. A detailed description regarding eh stage is

L -
g z

provided belowHere, thed NEFAYSYSYy G 2F LRAANARYAQPAANBORA # YVI& S

described.
Data acquisition
Data output | Meta & raw data |
 Calibration
Data integration | Diffractogram | : ZsaMo
Peak fitting | Bragg peak positions \
Data filtering | Bragg peak positions \
Sorting of
g t Peak positions in the
measu.remen system of the sample
points h :

i ZsaMo_data

Strain and stress

. Strain and stress map
calculation -

Figure9. Data analysis workflow for residual stress determination using neutron diffraction on ATHOS.

For the raw data acquisitioneach measuremenis programmed (single point: cnt, scanniimgone

motor angle: scan, scanning in one line from a specified position of 2D table at a given direction). Each
measurement point is saved under a unique run numBeess determination on each point requires

at least three separate measurements and thus three separate run nurabelfdes.

For the raw data outpubn ATHOSthe count data is saved in two formats: TDC and J&e¥TDC
format is the native format of the OC card of the detector. The raw data matrix with the motor
position is saved by the Zsamo program isegialized Rthon data file The programalso performs
the basic data reductiariThe transformation of theerializedfile to a NeXus file igurrently under
development Each measurement point is stored andifferent file and the result of the scan and
different scans are merged at the later data treatment steps.

The next step is to obtaiadiffractogram from the raw data. This is done by integratimg neutron
counts over the height of the detector. Thergection for curving of the Dale-Scherrer ring and the
tilt angle of the detector can be done by using a different data reduction sghijath is currently being
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tested. The two data reduction medkls givethe same center position and differ only in the width of
the fitted Gaussian function even if the scattering angle of the sample€.i€@8h data saepresens

a detector channel, i.e. channel number D023.First, he Zsamo program integratéisis data into a
25256 matrix to decrease the problem with error calculation (i.e. at low counts the Poisson
distribution differs highly from the Gaussian one). With this matrix size the numbeixels in the
active area are close to that the numbofwires in the detector.

During theraw data reduction stepZsamo desnot convert the pixel number ta scattering angle.
Subsequentalculationsare donewith the scattering angle differences. The calibration measurement
produces a lookup table whigrovideghe relationshipbetweenthe position change in the detector
and the angular difference between each of two channgd®, dj)( i ,

Once the diffractogram is obtained, the next step is to accurately determine the Bragg peak position

by fitting the peak profile usingn appropriate model The default fitting routine fits a Gaussian

function on the whole reduced data, thenditigain the peak within theegion of interest (ROWyhich

is centered at the peak position and has the width of two FWHM where the center and the FWHM

value is the result of the first fit. There is an option to skip the second fit as well as changsigethe

of the ROI in the second fit. The fitting results (peak height, position, FWHM, fitting uncertaintigs, etc

are then compiled together with the measurement metadata ath@ instrument metadata (e.g.,

omega, 2theta), and reported as the fitted dataamegularPython list. The next step is to evaluate

the fitting result, by visual examination of the fitted curve and/or inspecting the fitting parameters

(i.e., peak height, width, efcandits uncertainties In the fitted data output, the fitting pamaeters

are saved as a function tife measurement position in the instrument coordinate system. Presently

the transformation from the instrument metadata to the coordinates in the safipgle 02 2 NRA YV I (i
system is done manually (using different siptitside the Zsamo package)helattice straintp is

OF £ OdzZf F ISR FTNRY (GKS FAGGSR W' LR-fGek/ieferenge vallie (G KS Y
using equation (B Subsequentlystressesare i KSy OF f Odzf 6 SR F2NJ SI OK LR
(equation 10) Codes written in Mathcad and in Python are available on ATHOS to facilitate the data
analysis stage from data filtering to straindstress calculation

Currently, there is no automatic process in place that writes the processed data according to the
NXstress format into a NeXus file. A first example for a data sets meagittedTHOSvas converted
manually

33 SynchrotronX-ray Measurements
3.3.1 ID15A

ID15A is a beamline at ES&ddicated to applications of high energyra¢ radiation to materia
chemistry and engineeringThe materials engineering ersfation is dedicated foistrain/stress
mapping in the bulk of thick component$here are two available setups: @mergydispersive
diffraction (EDD¥etup and an ande-dispersive diffractionADD) seup. Based on what method is
selected different detector and optics setupare to be used. EDD uses two 1D solid state detectors
with a white beam while ADD use a 2D area detector with a monochromatic beam. The EDD and ADD
setups are shown in grire 10 and Figurell, respectively. In the EDD the incident white beam is
shaped horizontally and vertically by the set of beam slits. The instrument is equipped with a sample
stage providing three translations (Tx, Ty, and Tz) and two rotations (RyzandinREulerian cradle,
equipped with a translation stage, is mounted on the rotation stage. This altoprecisely orientate

the sample around the beam and to probe different directions. The two Germanium solid state
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detectors are used to measure the difition patterns as a function of the energy. These two
detectors are fixed to a diffraction angte[ v Jdn both horizontal and vertical directions of the
DebyeScherer ring. Therefore, diffractograms are acquired in the two orthogonal directions at the
sane time, allowing for two strain components being measured at the same time. Front and back slits
are used to define a gauge volume in the sample for each detector.

Vertical Front &
detector back slit

) Diffraction

-~ cone )
Eulerian cradle
Horizontal
detector

Figurel0. Schematic showing the components as well as the measant and instrument axes of the EDD setup at ID15A
using a two 1D detector setup.

P
2D detector

Diffraction

Eulerian cradle

Figurell. Schematic showing the components as well as the measurement and instrument axes of the ADD setup with a
monochromatic beam at ID15A ngia 2D detector setup.

A flowchart describing the data analysis workflow of the EDD setup on ID15A is presented in Figure
12. The boxes present the different tasks of the workflow. At each task a NeXus file containing the
results is generated. All the gie are executed automatically usimython scripts which were
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developed during the EASITRESS project. The raw data are written in a NeXus file which can contain
multiple scans oflifferent types (e.gpoint scan, line scant different times during thexperiments,

the fluorescence lines of a known radioactive source, usually Ba, are acquired. These lines are used
for the energy calibration allowing the conversion of channels into energy. The function used for the
conversion is a twalegree polynomial unction. The conversion from channel to energy is not
necessary for the fitting procedure. The fitting routine is carried out on channels and at the end the
fitted positions are converted for strain calculation. An asymmetric Ps&(adght function is usetbr

peak fitting. The background is estimated using a linear function. Other functions could be added in
the future for both peak modelling and background estimation. One peak or multiple peaks can be
fitted. The strains in the measurement direction ardaulated using equation (4), followed by the
calculation of the respective stress values.

While the technical setup at beamline ID15A allows for ADD measurements with a monochromatic
beam, there is currently no dedicated software implementation at thenbi@se that would allow

these measurements. Furthermore, to achieve depth resolution a conical or a spiral slit has to be used
to define the gauge volume. The development is foreseen in the future. Generally, the workflow for
strain/stress measurements wita 2D detector setup using monochromatic radiationlude data
integration and caking of the Deby&cherrer rings, followed by fitting of the diffraction peaks. Strain
and stress determination can be performed using thé-siZhmethod or the fundamental method

[28].

| Measurement |

Points Coordinate transformation
Gonio reference > Sample reference

|

Calibrated detector | Regrouping of all points |
angle

| Filtering/Deletion of wrong data |
Channel > Energy T

calibration parameters +
Calculation of strain in the
measurement direction

|

Calculation of strain and stress
tensors

Figurel2. Data analysis workflow for residual stress determination using erdspgrsive synchrotron-pdy diffraction on
ID15A with a 1D detector setup.

Currently, there in0 aubmatic process in place that writes the processed dataording tothe
NXstress format into a NeXus fike first example for a data sets measured at beamline ID15A was
converted via a python script specifically written by ESRF for this application.

3.32 PO07-HighEnergy Materials Science BeamlindEM$

The High Energy Materials Science Beamline (HEMS) P07 at PiEBERAdilochromatic beamline for
diffraction with highenergy photons Measurements at P07 include botsimple transmission
geometry ad depthresolved residual stress analysmth conical slits PO7 compises two
experimentalhutcheseH1 and EHEHS is the main experimental hutch and EH1 is a side station that
serves for feasibility tests, detector testing, education of students, @mAdouse researchThe
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schematic of the main components of EH1 and EH3 is shown in ERjlH@ EH3 i.e. the main beam,

the optics consist of two bent i11) Laue crysta(ghe first one watercooled)on Rowland geometry
(35.36 asymmetric cut, triangularly shaped with base 35 mm, length 89 mm and each 1.25 mm thick)
in fixed exit (horizontal deviation 21 mm) keeping the beam at 1400 mm height above the floor. The
energy is tuneablebetween ~ 30¢200 keV with this double crystahonochromator (DCM) in
horizontal scattering geometryf he maximum beam size is 1 x 1 fnithe experimentalhutch EH3

hasa custombuilt hexapod for heavy loadup t01000 kgwith positioning resolutionofm  >Y 6 (i NI @St
ranges tens of cm, tilt anglem to 15). This hexapod provides the spatial sample movements in X, vy,
and z directionsind a separate table allows rotations#180 . Conical slit cells (CSC) can be used for
defining a gauge volume fixed in spagesmall hexapod (identical to the EH1lpsvs the alignment

of the CSCfully orthogonal to the beam and with theem passing through its centte}SC can be
used in both hutches, EH1 and EH3, requiring customized slit radii for their use with material exhibiting
BCC, FCC, and HCP latticesfddsd distance, i.e. the distance between the conical slit and the centre
of the gauge volume, is 100 mm.

Figurel3. Schematic showing the components as well as the measurement and instrument axes of the ADD setup with a
monochomatic beam at beamline P07 using a 2D detector setup. The setup is used in both hutches EH3 and EH1.

The optics for the side statiofEH1) consist of two flat wat@ooled Laue crystals @il11) and Sj220)

15 mm (widex 30 mm (high) x 1.5 mm (thick) erlateral slide, wittanasymmetric angle 35.36The
energy with this mgle bounce monochromatocan thus beswitchedbetween 537 and 871 keV
(scattering angle fixed to horizontally 4.25Themaximumbeam size iapproximatelyl x 1 mm?. The
instrumentationis composedf a minthexapod forthe conical slit adjustment and a stage which
permitsasample movement ithe x and z directions. Additionallyyo stagescan be added fosample
movement in y direction angample rotation aroundhe z axis which facilitates the sample alignment
in the x-y plane respectively

For both hutcheseH1 and EH3ample oscillation is also enabled in x or z directions to increase
statistics during the measurements addition,an inhouse built detector portadllows the use of
various 2Bdetectors (Varex RD 4343, PerkinEIm&RD 1621PILATUS3 X CdTe,2ahd mar345
image platg. Most commonly used are theeRinElmer and Varexletectors with an array of
2048 2048 pixels and pixel size of 20@m and an array of 288®880 pixelsanda pixel size 0150

pum, respectively

A flowchart describing the data analysis workflowP@f7is presented in Figur&4. The 2D images of

GKS t9 RSGSOG2NI I NB NBO2NRSR & G¢ATFE FAESE& ORI
that includes the exposure time, thmimber of exposures summed, the image number, and the time
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