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An ISO (International Organization for StandardizatidmA (Technology Trends Assessmgmias
published in 2001 for the determination of residual stress using neutron diffraction which identifies
sample alignment and positioning as a key source of strain measurement error. Although the
measurement uncertainty by neutron and synchrotron x-ray diffraction for an individual
measurement of lattice strain is typically of the order of 10-4006, specimens commonly
exhibit strain gradients of 100010°® mm™ or more, making sample location a potentially
considerable source of error. An integrated approach to sample alignment and positioning is
described which incorporates standard base-plates and sample holders, instrument alignment
procedures, accurate digitization using a coordinate measuring machine and automatic generation of
instrument control scripts. The methodology that has been developed is illustrated by the
measurement of the transverse residual strain field in a welded steel T-joint using neGt2HG5
American Institute of Physic§DOI: 10.1063/1.1896726

I. INTRODUCTION An ISO (International Organization for Standardization
TTA (Technology Trends Assessmgwnias published in 2001

The determination of the magnitude and distribution of\\ich describes standard protocols for the measurement of

residual stress in engineering components is important fOfaqjqy ) stress using neutrérd work on an equivalent for
many safety-critical applications. During manufacturing of

. ) the synchrotron x-ray technique has startethndardproce-
these components, thermomechanical mismatches occ

which lead to the existence of locked in or “residual” res are necessary to ensure that residual stress measure-
. - ments are reliable and repeatable. Standards are common in
stresses. These stresses may be compressive or tensile. In, ", " ) ) o
. . . ruatenals inspection and their adoption is important to estab-
general, tensile stresses are detrimental, supporting cra(]:

: . ish academic and industrial confidence. One of the principal
propagation for example, whereas compressive stresses ar

considered beneficial, limiting crack propagatfoBecause ogservanons of these projects is the importance of accurate

residual and applied stresses combine it is very important tgPecimen location with respect to the measuring volume on

know the residual stress field to accurately predict the total’® Peamiine. For an individual measurement of strain at a

stress field and hence be able to determine component lif@@MPple location, the specified uncertainty is oftert50
times and their creep behaviors. X 107, This is typically the value obtained for a neutron

The use of synchrotron x-ray and neutron facilities formeasurement whereas+10x 107 is achieved for a syn-
the investigation of residual stresses in advanced engineeriffgifotron x-ray measurement. In a welded regidor ex-
materials is increasing rapidly. This powerful technique esample, the strain gradient may be as high &4000
sentially utilizes the crystal lattice of a polycrystalline mate- X 107° mm™ so that it is necessary to position the sample
rial as a 3D strain gauge. Various types of neutron or x-rayvithin £50 um to achieve the specified uncertainty. In the
sources are available worldwide. In the case of neutrons;ase of steep strain gradients the principal source of uncer-
sources are either reactor or acceleragmallation sources tainty is therefore often due to positioning errors. The need
whereas intense high-energy x rays are provided by synchrder efficient protocols for sample alignment and positioning
tron sources. was a key recommendation of the ISO/TTAHere we de-
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e substantial time delays. Various solutions have been pro-

posed to overcome these issues at neutron and synchrotron
FIG. 1. Typical arrangement of neutr@top) and synchrotron x-raybot- x-ray facilities. These generally involve a reliable sample
tom) diffractometers for residual strain analysis. . .

fixturing system such as a large accurate breadboard at the
sample positioﬁ,kinematic sample mountor the use of a

scribe an integrated direct approach to sample alignment ardviM for sample metroIog?.A further problem is that al-
positioning including a sample mounting system, instrumenthough the gauge volume is defined using beam optics, its
alignment procedure coupled with accurate sample digitizaposition relative to the reference point of the diffractometer
tion using a coordinate measuring machi@M) and au-  pas often not been established accurately. In these circum-
tomatic generation of instrument control script. stances, a sample surface is located through the use of “en-

trance and exit scans” in which the sample is traversed
Il. EXPERIMENTAL ISSUES through the gauge volume and the diffracted intensity is re-

corded. Typical entrance and exit scans are shown in Fig. 2

The design of neutron and synchrotron x rays diffracto-fo, 4 relatively thin samplé~4 mm thicK. If the gauge is
meters for strain measurement varies, although in most casggy within the sample, the diffracted intensity is constant,
a “gauge volume,” the volume from which strain is mea- e qjeciing attenuation effects due to different path lengths.
sured, is defined using beam optics on both the incident angl o oqge of a sample is defined as the point when half of the
d|ff_racted beams. Figure 1 shows the ogtllne diagrams O&auge volume is immersed in the sample therefore giving
typlc;al neutrgn and sync_hrotron x-ray d|ffr.actometers forhalf the maximum diffracted intensity. This process is time
strain analysis. .The Iocatlon,.shap.e, and size of the gau eonsuming, particularly using neutrons, and is of limited as-
volume are defined by the diffraction angle and the beamsistance when the sample geometry is complex, when a
optics system. In the case of negtron diffractomgters, theample has to be rotated or when the count rate’s are low
ZP(?LIJ?] dbggze&zgthgbigicr:idnegntaa: :ard- gi;ﬁdsgzzzd Iirgzgaslgqrthermore, texture var.iation.s and strain chgnges'can result
tion. The gauge volume is elongatétiamond shapedn the in misleading scattered |ntenS|ty_ entrarioe e_xn) proﬁl_e_s. _
In order to overcome these issues a “direct positioning”

case of synchrotron x rays due to the high energy of the . X L. :
beam, which results in small Bragg angle values. The sampl@PProach has been adopted which provides a significant im-
can be positioned with respect to the gauge volume uXing provement in accuracy as well as minimizes the time needed

Y, Z translators, and a rotation table is used to adjust th&or sample alignment and therefore improves experimental
strain measurement direction. beamtime efficiency. The direct positioning concept is based

For most instruments an area of uncertainty is the interaround the provision of a standard, accurate and reliable
face between the diffractometer and the sample. Often therighysical interface between the sample and beamline, to-
is not a standard or adaptable mounting system that enabl@éther with accurate determination of sample geometries us-
reproducible sample positioning on the instrument. Users ofing a coordinate measuring machine, determination of the
ten have to adopt a temporary system such as sticky tape epatial relationship between sample and gauge volume and
glue. These arrangements increase positioning uncertaintihe implementation of automated script generation for
irreproducibility in sample positioning, and inconvenient andsample stage movement on the diffractometer.
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) . . ) FIG. 4. A weld section under investigation using the SP600 scanning probe.
FIG. 3. View of a rail specimen mounted in a sample holder and attached tg,o sample is mounted in a standard sample holder and a base-plate is

a base-plate. available on the CMM base.

lll. SAMPLE POSITIONING SYSTEM with a CMM prior to an experiment. The FaME38 laboratory

Sample fixturing benches are common in a range of sciis equipped with a Mitutoyo EURO-C-A776 CMM. A Ren-
entific metrology applications. These are often based on @haw TP20 or SP600 ruby tipped probe is mounted on a
threaded or dowelled breadboard such as optical beridhes. motorized Renishaw PH10MQ articulated head that can be
order to implement a direct positioning system, an accuraterientated in any direction over a hemisphéfigy. 4). The
sample positioning system was designed and tested. THEP20 probe is designed for discrete measurements whereas
sample is mounted in a sample holder that matches a basthe advanced SP600 probe is ablestana surface whilst
plate. The base-plates were designed to replace, or attach tmaintaining contact with it with an accuracy sf+2 um. A
the top plate of the diffractometer. The base-plate systenlextec Wizprobe laser measuring system is also available for
consists of 12 mm thick aluminium alloy plates with a ma- non-contact measurements.
trix of 25 mm pitch holes. Each hole is half thread@d6 The direct positioning concept minimizes the amount of
threaded holes on a square matrix at 25+0.005 mm centersxperimental time used for sample alignment and position-
and half reamed@H5) to take a 6 mm{me6) dowel for precise ing, as the majority of procedures for sample setalgn-
positioning, or the straight shank of an M6 screw for routinement and positioningare performed off-line before an ex-
fixing. periment. At the start of an experimental session a pin-

Sample holders with a matching 6 mm hole pattern haveshaped specimen is placed in a standard pin holder. The
been designed to hold flat samplssich as slices of railway direct positioning procedure starts by setting the top-center
sections, welds,.), complex-shaped sampledturbine  of the pin specimen as the origin of the measurements on the
blades,..) and pin-shaped specimens which allow for gaugeCMM. The orthogonal coordinate system on the CMM is
volume position definition. A modular set of sample holderschosen so as to be inverse of tgY, Z translator system on
was designed in which two similar units may be combined tathe beamline. In effect, the axes on the CMM are the same as
form an “L-shaped” sample holder. The interest of this de-those used on the instrument but in thepositedirection.
sign is that it enables the user to accurately rotate the sample

through 90° steps without dismounting it. This rotation is CMM COORDINATE BEAMLINE
useful for stress determination. Figure 3 shows a view of a SYSTEM : TRANSLATOR AXES
rail section mounted in an “L-shaped” sample holder. The X | z

. ) ! !
holder is shown mounted upon a small base-plate. Thest 7 : L x
sample holders are compatible with the base plates and en Common
able accurate and repeatable positioning of the sample on th Oﬁlgi" [CMM
base plate. It enables samples to be rapidly positioned tc e

within £100 microns and oriented to within £0.1°, and to
within 10 microns and +0.02° with cafeDiffractometers
at the ILL-ESRFGrenoble, Frangdeand the coordinate mea-
suring machine at the FaME38 l&Brenoble, Frangehave
been equipped with this positioning system. ' ‘ |

[ ]
Motor translations required to bring

IV. BEAMLINE PREPARATION AND SAMPLE . measurement location to coincidence
DIGITISATION with gauge volume are -Xi, -Z.

Coordinate measuring machinéEMM) are routinely FIG. 5. Simplified 2-axis representation of the transposition of CMM coor-

.. . . . . dinates into motor translations on the beamline. Through the adoption of an
used in industry as quality control equipméimispection or inverse coordinate system, a sample locatiofi,-Zi) can be located at the

less commonly used for model creatitdigitization). After  gauge volume through a beamline motor translation of -Xi,-Zi. The position
mounting on a standard base plate, samples are digitized the pin and pin holder is shown by dashed lines.
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Standard base plates are used as a reference to align the
coordinate systems on the diffractometer and on the CMM.
The top centre of the pin is used as@mmon reference point
on the beamlinécoincident with the center of the gaygend ~ the sampleand not thegauge volumevhich is fixed in space
on the CMM(origin of the measurementsThe sample to be at the reference point. Therefore, the coordinates obtained
studied is mounted in a standard sample holder and is thefiom sample digitization on CMM can directly be used as the
digitized in the coordinate system on the CMM. input motor positions to place a measurement point in the
The next stage of the procedure is to position the gaugéample at the centre of the gauge volume.
volume at the top centre of the pin. This can be achieved in  Most of the stages of this procedure are performed off-
different ways depending on the design of the instrumentline. The only preliminary neutron measurement needed is
For the neutron case, the pin is often placed at the centre dhe positioning of the gauge at the top centre of the pin,
rotation of the goniometer and the gauge volume is mad&vhich is done just once at the start of an experimental ses-
coincident with the tip of the pin by translating the primary sion. Digitized samples in standard holders can then be di-
and secondary optics across the incident and diffracted beafactly aligned and positioned with respect to the reference
respectively® Variations in the intensity of the scattered point on the beamline.
beam are used to locate the beam with respect to the pin. For
the synchrotron x-ray case, the pin is tranglated across ﬂ"\? AUTOMATED MACRO GENERATION
beam and the variations in scattered intensity enable the tip
of the pin to be positioned at the gauge volume. In both  Experiments to measure residual strain profiles usually
cases, when the tip of the pin and the gauge volume argeequire many measurements over an area or volume. For
coincident, the translation axe§ Y, andZ of the diffracto-  large numbers of measurement points it is unreliable and
meter are set to zero. time-consuming to input by hand the commands to move the
At this stage the gauge volume and the top center of théranslators. By manipulating the coordinates obtained by
pin are coincident with the reference point on the beamlinedigitization of the sample via software, it is possible to au-
Coordinates obtained from a real sample using the CMM camomatically write the scripfseries of commands sent to the
now be used to drive th¥, Y, Z translators and position the translation and rotation axes and to the detegtiorsarry out
desired sample location at the center of the gauge volumehe neutron or synchrotron x-ray strain mapping within the
During the sample transfer from the CMM to the beamline,volume of the sample. The time spent on the beamline to set
the relative position of the sample holder with respect to theup the strain mapping experiment is then reduced to a mini-
pin holder position on the base plagnd the sample within - mum and the possibilities of errors are reduced.
the sample holdémust remain fixed or the coordinates are A program namedtasyscriptwas developed for beam-
not correct. Figure 5 shows a simplified 2D drawing of thelines at the ILL and ESRF using the Matlab computing lan-
transposition of CMM coordinates into motor translations onguage. CMM data are used to generate the series of points
the beamline. If we consider one required measurement pointhere neutron or synchrotron x-ray measurements are to be
i in the sample, the coordinates of this point in the CMM performed in the bulk of the sample according to the require-
coordinate system(Xcum=-Xi,Zcum=-%) and beamline ments of the user. A script for the experiment is then gener-
coordinate systeniXgeamine=Xi:Zgeamine=2Zi) are opposite. ated. This includes the motor movements needed to place the
The motor translations required on-line to make this pointdesired location in the sample at the gauge volume and the
coincident with the centre of gravity of the gauge volumeacquisition commands for the detector. The software takes in
(Xgeamiined=0:Zgeamiine=0) correspond to translator dis- account the translation limits of the motors and removes the
placements of Xgeamiined Xgeamiine= =Xi s Zgeamiined- Zeeamine ~ POINts that are outside these machine limits. An option is
=-Z;). It must be remembered that in order to locate theavailable which prevents measurements which straddle a sur-
gauge volume at a sample location it is necessary to moviace to prevent possible surface aberratitns.

FIG. 7. Transverse residual strain data for steel T-welded sample.
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e Fop ot sttwgn ||| [Topeenim oo | e ment matrix that extends past the limits of a.complex she}ped
Getnon" ™ 1] i gocgevorams | sample. These developments are now available for residual
measurements ONLINE strain experiments at the ILL and ESRF beamlines in
Serm || Sl dgn | ,! e } ’{P'ﬁff’@i'? :m:"l CGorgpd?gfté Fnr]e;r;c;i.ri;]rhis dire_ct positioning copggpt }Jsing a
I l system g machine for sample digitization and
alignment is likely to be adopted for residual strain measure-
OFFLINE ment at international neutron and synchrotron x-ray sources.
.......................... ] ] Run Seriet However the methodology is more widely applicable to any
neutron, synchrotron x-ray or lab-based source where the
——» Beamiie nitiazstion accurate location of specimens is an important consideration.
S —— Although the source of many errors has been reduced,

there are further issues which are currently being addressed.
FIG. 8. Principal operations of the direct sample positioning procedure. The space around a sample is often limited: this is particu-

larly the case with neutron measurements as the beam defin-
VI. APPLICATION OF DIRECT SAMPLE POSITIONING ing slits are placed close to the sample. It is important to

The protocols and software were tested using a fusioﬁli_minate sample_collisions with the beqm defining optics as
welded T-joint made of ferritic steésee Fig. 4. The experi- this often necgssnates a comple_te reahgnme_nt. _The concept
ment was performed using the strain diffractometer D1A athat the experiment should be simulated offline is currently
the ILL neutron source in Grenoble, France. The welded sed?€inNg pursued. By using the CMM we can essentially obtain
tion was digitized on both sides using the CMM with a high @ CAD knowledge of the sample and by combining this with
resolution measurement pitd.2x 0.2 mn?). An iron pin & QAD_rr_mdeI 01_‘ the beamllne.and the de§|red measurement
was used to define the reference point on the beamlingCriPL it is possible to createwartual beamline In this way
Easyscriptwas then used to generate a square grid of point¥ 1S Possible to predict and prevent collisions. This type of
at mid-thickness in the sample where neutron measuremengénulation will further enhance the experimental efficiency
were to be undertaken. Figure 6 shows the resulting maf residual strain experiments.
where neutron measurements were taken. The coordinates of
these points were used to automatically write the series OLCKNOWLEDGMENTS
commands that were sent to the motors/detector controlling
units during the strain mapping experiment. The authors would like to thank Giovanni Bruno, Alex

The sample was then mounted on the diffractometeEvans, and Thilo Pirling at the ILL for fruitful discussion and
table using the standard positioning system. Data analysissistance. Many thanks also are extended to Greg Johnson
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