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Abstract

The ENGIN-X beam-line is mainly used to determine residual strains/stresses deep
within the interior of bulk engineering components. It is mainly used by scientists
and engineers for the development of modern engineering processes and structural
integrity investigations. However, the instrument is also used by scientists with
archeological interests who are constantly looking for nondestructive methods to
discover the past, by relating to the manufacturing and working conditions of the
investigated object. ENGIN-X diffraction and transmission mode can be a very
useful tool to measure in high spatial resolution strains, phase transitions, material
composition in bulk material and surface coatings as well as in archeological
artifacts.

The complexity of the shapes and sizes of the samples measured on ENGIN-X
varies significantly between experiments, and this required the development of
better planning, simulation and control software, SScanSS. In this paper an
overview of recent developments in strain scanning on ENGIN-X and a highlight of
current scientific research are presented.
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1. Introduction

Residual stresses can have important consequences on the performance of
engineering components [1]. There are several ways of measuring residual stresses in small
volumes. The most common ones involve mechanical invasive methods (e.g., hole drilling
or cutting [2,3]) and non-destructive methods using radiation such as x-ray (laboratory or
synchrotron) or neutron diffraction [4-8]. Neutron diffraction is outstanding in the ability to
obtain residual stresses non-destructively within the subsurface and deep within the bulk of
the components. Neutrons can evaluate the weld structure in three directions, with spatial
resolution of 1 mm (or less) to a depth of many millimetres below the weld surface (up to
50 mm for steel). An international standard ISO/TS 21432-2005 [9] for measuring
residual strain/stress using neutron diffraction is being developed on a ring-plug fit to

, , achieve reproducible and reliable stress measurements. For diffraction techniques, the
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reference sample. Thus there is a requirement for the preparation of a zero-stress reference
sample from a “look alike” sample or destructively from the sample itself after the
measurements.

ENGIN-X [7,10] is the dedicated materials engineering neutron beamline at ISIS. The
primary function of the beamline is the determination of residual strain, and thus stress,
deep within crystalline materials using the atomic lattice planes as an atomic 'strain gauge'.
Internal stresses in materials have a considerable effect on material properties including
fatigue resistance, fracture toughness and strength. A second important function of the
beamline is studying of fundamental material behaviour, such as composite and rock
mechanics, the basic deformation mechanisms [11-13] of metals, and phase transformations
in shape memory alloys and ferroelectrics.

Complementary to the diffraction technique is transmission mode, also available on
ENGIN-X. In this mode one can also study strain, phase transitions, texture and material
composition with very high spatial resolution [14-18]. The position of Bragg edges is
measured in each pixel of a transmission detector. Providing the detector resolution and
neutron statistics are sufficient, 2-dimensional maps of sample characteristics can be
reconstructed from the measured transmission data. One of the limitations of this technique
is the fact that the measured transmission is obtained for the integral through the sample
resulting in the averages values along the beam propagation in the sample. As the
instrument is multipurpose, it is very popular and highly oversubscribed. Effective
procedures to maximize the usable neutron measurement time are vital. To optimize strain
scanning experiments on ENGIN-X, particularly for complex shaped samples, virtual
laboratory software, The Strain Scanning Simulation Software (SScanSS) [19,20] was
implemented.

In this paper an overview of recent developments in strain scanning in diffraction
and transmission mode on ENGIN-X are reported. Additionally, current scientific research
highlights in strain scanning for modern and archeological objects are presented.

2. Experimental procedure for strain scanning on ENGIN-X

2.1 Diffraction Mode

The ENGIN-X diffractometer has a flux distribution peaking at a neutron
wavelength of around 2 A. The sample position is at 50.0 m from the moderator. The
instrument uses a 33.5 m long curved super-mirror guide followed by a 10.5 m long straight
guide ending 1.5 m before the sample position. For the measurements on the prophet head,
the instrument was operated at frequencies of 17 Hz and 25 Hz, using two sets of
counter-rotating disk choppers to avoid frame overlap. The corresponding measurement
frames have 40 ms between successive neutron pulses. The time delay of the chopper
openings with respect to the neutron generation at ‘time-zero’ determines the neutron
wavelength band that can pass through to the sample, and thus determines the associated
d-spacing range that can be measured. Scattered neutrons are recorded in two 90° detector
banks (Figure 1) containing 1200 detectors, on either side of the sample position, and
positioned at a distance of 1.5 m from the sample. On ENGIN-X, one can define a small
measurement volume (gauge volume) in the sample in the order of a few cubic millimetres.
This is achieved by collimating the incident beam (width x height), and by using a radial
collimator in front of the detectors to accept only neutrons from a certain length along the
incident beam direction (Figure 1). Hence the diffraction pattern only contains neutrons
scattered from the gauge volume, which needs to be fully immersed in the sample in most
cases to avoid pseudo strain. For surface coatings a partially submerged gauge volume is
generally necessary for vertical mode for strain measurement [21]. The sample can be
systematically scanned in front of the beam to establish chemical variation or strain maps.
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To extract the information, such as strain or chemical composition, the data from
each detector bank is focused and normalized by the incoming flux distribution. Two
diffraction patterns, one for each 90-degree detector bank, are generated during
measurements and represent two principal stress directions. This data can be used for either
single peak fitting or full pattern analysis through the Rietveld method with the General
Structure Analysis System (GSAS) [22] which is used by the Open Genie calculation
routine available on ENGIN-X.
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Figure 1: Schematics of the data collection on ENGIN-X

For a neutron source with a neutron-flux time structure (as in the case of pulsed sources like
ISIS), the time-of-flight (TOF) is measured. From the TOF it is possible to determine the
neutron velocity, and therefore its wavelength. The well known Bragg’s law can thus be
re-written as a relation between the TOF of neutrons scattered from a set of planes in the
sample and the spacing between these planes, d;y, as:
(TOF)uy = 2my/h)L dyy sin Oy (1

where m, is the neutron mass, L is the flight length of the pulsed beam from the moderator
to the sample and Oy is the fixed scattering angle.

2.2 Transmission Mode

ENGIN-X is also equipped with a Bragg edge transmission detector, which is a 2D
pixellated area detector with an array of 10 x 10 scintillation detectors, each 2 x 2 mm® with
a 2.5 mm pitch. It utilises the abrupt and well-defined increase in the transmitted intensity
that occurs at certain neutron wavelength when no scattering can occur (at 26=180°). The
step-like increases in transmitted intensity, referred to as Bragg edges for particular hkl
reflections, appear in the TOF spectrum of the transmitted neutrons. Similar to diffraction
peak analysis, a shift in the centre position of a Bragg edge corresponds to a change in the
lattice spacing and hence enables the determination of strain in the direction of the incident
beam. The transmission mode defines a sampling volume, which is the intersection of the
incident beam and the sample, similar to neutron radiography. The transmission geometry
opens up the possibility of using a 2D detector to produce strain maps.

A new approach to strain tomography based on Bragg edge measurement has
recently been developed to analyze the residual strain fields by the de-convolution of
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unknown distributions of residual elastic strains [14]. Recent applications of using Bragg
edge transmission detectors for texture measurement can be also found in [15].

Currently, ISIS collaborates with the group from Space Sciences Laboratory
University of California at Berkeley on the development of the next generation of
transmission detector with high spatial resolution for the new engineering beamline on
Target Station 2 (TS2) IMAT [23]. The progressive developments have been tested on
ENGIN-X. A high spatial (~55 um) and temporal (~1 Ws) resolution neutron counting
detection has been achieved [16,17], which enables measurement of Bragg edges within
each 55x55 um’ pixel simultaneously with conventional neutron transmission radiography.
Our previous proof-of-principle experiments performed on the same samples both in
diffraction and transmission mode [18] confirmed the accuracy of the transmission mode
technique. The capability to measure strain maps with ~100 pstrain accuracy and ~100 um
spatial resolution was demonstrated at the ENGIN-X beamline, providing unique
measurement capabilities for engineering samples.

2.2 SScanSS — Virtual Instrument

The time spent with the routine tasks associated with sample positioning and machine
control in particular for complex shaped samples were considered likely to take up a
disproportionate amount of beamtime. To optimize strain scanning experiments ENGIN-X
is equipped with virtual laboratory software named The Strain Scanning Simulation
Software (SScanSS) [19,20]. The SScanSS software, which was developed by the
Materials Engineering group at the Open University in close collaboration with the
ENGIN-X instrument scientists, utilizes Virtual Reality (VR) computer techniques to
provide tools for planning, optimizing and executing experiments. This software helps
scientists and users to: i) visualize the instrument features and better understand the
measurement procedure, ii) accurately and quickly position and orientate samples of
arbitrary complexity, and iii) provide options for automatically optimizing other important
experimental parameters, such as the measurement count time and collision prevention. The
software generated interest at a number of other facilities and a comprehensive
re-formulation was undertaken to enable implementation of other instruments and their
positioning systems from within one code (such as Kowari, ANSTO and Vulcan, SNS).
Additionally, the ENGIN-X instrument is equipped with two laser scanning inspection arms.
The samples are scanned using the laser arm and the virtual model is created as input for
SScanSS. The SScanSS software is used to specify the measurement points inside the laser
model and it produces the x, y, z, ® coordinate values of measurement points with respect to
the reference system of the instrument. This precise coordinate measurement set-up enables
the definition of the measurements points inside the sample with high precision (order of 10
pm) and plan the diffraction scans in advance.
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Figure 3: Steps in applying tomography driven diffraction. (a) 3D model of the statue with
defined plane; (b) selected measurement points in SScanSS; (c) sample on the ENGIN-X [24].
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Recently, the complementarity between neutron tomography and neutron diffraction
was exploited in the new technique, “Tomography Driven Diffraction” (TDD) [24] and the
SScanSS software was enhanced by this capability. The TDD has the advantage that the
tomography dataset replaces the laser data and consequently useful information about
internal and external geometry of the sample (Figure 3) is acquired. This method can be
suitable for other combined imaging and diffraction instruments.

3. Results and discussions

3.1 Current design and structure investigations

The ENGIN-X beam-line has successfully been used to investigate residual
strain/stress in various modern materials [7,10,15-16,18,21,24,26,27,29].

3.1.1 Investigation of hydroxyapatite coatings for orthopaedic implants

The structure property relationships of biomaterials such as hydroxyapatite coating
(HAC) play an important role in the response of artificial implants [25]. The failure of an
orthopaedic implant can be initiated by residual strains inherent to the HAC. Experiments
was performed on ENGIN-X to improve current knowledge of the through-thickness
residual strain profiles in the thermally sprayed hydroxyapatite coating/substrate system.
Such investigations are important in the development of a new generation of orthopaedic
implants [26,27]. This study utilizes neutron diffraction for non-destructive through
thickness strain measurements in nanostructured hydroxyapatite plasma sprayed coatings on
a titanium alloy substrate (as-sprayed; heat treated; and heat treated then soaked in
simulated body fluid (SBF)). The hydroxyapatite coatings (HAC) were 220 pm thick and
were deposited on a substrate disc of 30 mm diameter and 6 mm thick commercial titanium
alloy (Ti-6Al-4V). The experiments were conducted in vertical scan mode to measure
through thickness residual strain profile of the coating-substrate system. The typical results
of residual microstrain are shown in Figure 4. The results showed that the through thickness
residual strains in all three coatings were different for different crystallographic planes but
were overall tensile. It was also concluded that the heat-treatment and simulated body fluid
exposure had a significant effect on the residual strain profiles in the top layers of the HAC.
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Figure 4: a) SEM image of nanostructured hydroxyapatite (n-HAp) powder and b) residual
stress profile of HA coatings and Ti-6Al-4Vsubstrate [26]

3.2.1 Large scale welded pipe components

Ferritic-martensitic steels containing 9-12 wt. % chromium have been identified as the
most promising class of materials for some of the key components in ultra-supercritical
power plants. Unfortunately, the potential gains in plant efficiency that were offered by P91
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and other 9-12 Cr steels have in practice been restricted by premature failures in welded
joints through type IV cracking [28]. Research has shown that these failures are of
significant importance because they have occurred at a relatively early stage in component
life (20,000 - 40,000 hours) and at lower operating temperatures than the maximum design
temperature. One of the factors that might contribute to type IV cracking is residual
stresses, since these are known to be large in the vicinity of welds.

The residual stresses in a P91 pipe girth weld were successfully measured before and
after post weld heat treatment, with 3x3x3 mm’ gauge volume in a 25 mm thick pipe, as
shown in Figure 5a. Detailed residual maps distributions were established. It was found
that, in both the as-welded and post-weld heat treated conditions, the highest tensile stresses
resided near the outer boundary of the heat-affected zone (HAZ) [29], as shown for the
hoop direction in the as-welded condition in Figure5b.
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Figure 5: Pipe circumferential weld (a) measuerements set up on ENGIN-X for axial direction

and (b) contour map of hoop stress in as-welded condition.
3.3 Investigation of the crack propagation in stainless steel

In addition to strain scanning in manufactured components, neutron diffraction is also
useful for studies of fundamental material behaviour, such as fatigue and creep. As part of a
study of how residual stress affects fatigue crack growth in 316 stainless steel, compact
tension specimens incorporating strain misfit at the back face have been investigated using
transmission-mode imaging on ENGIN-X [18]. A strain map around the crack tip was
produced as shown in Figure 6a. Each sample was oriented with its side face normal to the
beam. Strain was thus measured in the direction perpendicular to both the crack opening
(loading) direction and the crack growth direction. Figure 6 shows both a strain map
measured using Bragg edge fits to the neutron data from one sample, together with a finite
element model of a sample in a similar state.
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Figure 6: Out-of-plane strain in the cracked CT sample (a) measured by Bragg edge
transmission within the area shown by the dashed rectangle in (b), FEM of the whole sample
with the mid-thickness plane visible. The same colour scale applies to both the transmission
measurement and the FEM [18].
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The crack growth plane is a symmetry plane in the finite element model, allowing crack
extension to be simulated in the model by releasing the boundary condition that ties the
sample material to this plane. The measured region includes both the tip of the crack (up to
several hundred microstrains) and a balancing residual stress near the back face, and both of
these features show reasonable quantitative agreement with the finite element results. The
spatial resolution of this detection system reveals sub-mm scale asymmetry of that strain
field, not achievable with conventional neutron diffraction methods and not captured by the
model, which assumes the crack opens symmetrically and consequently creates a symmetric
residual stress field. This asymmetry in the measured data may arise from microstructural
heterogeneity or crack surface roughness at this scale.

3.2 Investigations of archaeological samples

The ENGIN-X beam-line has successfully been used to investigate strain and phase
composition in various structures of archaeological samples [30-36].

3.2.1 Investigation of Japanese swords of the Kyoto age

Japanese swords making is probably one of the best examples of skills in the field of
historical metallurgy. A semi-empirical approach has been able to optimize the metallurgical
characteristics of the components of the blade in order to produce the best results for every
single element of the sword. The study focused on two Japanese long swords in order to
determine the composition of the steel, the presence of phases related to the smelting
(fayalite, wuestite, troilite) and the presence of oxides due to the mineralization (goethite,
magnetite, hematite) [37-38]. The two swords investigated pertain to two different traditions
of the Koto Age: the Bizen (Kanesada school) and the Mino (Aoe school) of the Koto
(Ancient sword) Age [30-31]. The former developed as one of the two most ancient and was
born in the southern part of Honshu island while the latter was developed in the Mino
province. Both areas are rich in iron ore mines and developed under the protection of local
nobles. Both the Mino and Bizen traditions were done according to their peculiar forging

procedure.
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Figure 7: a) Swords in supporting frame on ENGIN-X, set for transverse and normal
measurements and b) comparison of axial microstrain near the edge of the two blades [31].

The results of the axial strains are shown which shows clear evidence of a change
from negative strain values close to the tang to positive values in the upper parts of the
swords along the axial direction (Figure 8). The Aoe blade has a less pronounced change
that is instead very abrupt in the Kanesada one. This is induced by the quenching of the
blade that is responsible for a modification of the curvature. The upper part is the one
usually employed to strike blows which apply a pulsed force that is positive along the axial
direction and negative along the transversal one. Since the residual strain distribution is
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already positive (tensile) for both blades in the axial direction, the structure is in a
permanent tensile state in a direction that is opposite to the one induced by the pulsed force
of the blow. In this way the resilience of the edge along the axial direction is enhanced. This
phenomenon, was induced by quenching. The improved mechanical characteristics of the
blade were probably achieved by a trial and error process. The strain profiles in the other
two directions (transversal and normal) behave exactly in the opposite way as the axial one
and this is induced by the elasticity of the material since an expansion in one direction
usually implies a compression in at least another one. A negative or low positive value of
the transversal strain in the monouchi area is an added value as it also increases resilience
since the pulsed force is again applied in the same direction.

3.2.1 Investigation of gilded bronze relief from “The Gates to Paradise”

A gilded bronze relief, part of the East monumental Door located at the Battistero di
Firenze, manufactured by Lorenzo Ghiberti and named by Michelangelo as The Gates of
Paradise, was studied by neutron diffraction at ENGIN-X. The doors are one of the greatest
masterpieces of the Florentine Renaissance. The aim of this study was to perform a
characterization of the bulk phase composition and residual strain distributions, in small
areas at critical locations of the bronze relief. Moreover, the object presents a re-melting in
the lower part that was suspected to be a repair due to possible defects during primary
casting. Previous investigation using the neutron radiography method revealed a lighter area
in the images. This fact supported the hypothesis that there is a cavity or a region with
unknown inhomogeneous material, for example clay. These measurements helped to answer
this intriguing question. The experimental setup for this investigation is shown in Figure 8
[36]. Results suggest that such a volume, located in the area from the base of the neck to the
occipital lobe, is hollow thus excluding the presence of fusion clays.

A set of measurements was also devoted to the study of the bronze peak-broadening
and its strain trends (Figure 9b). Results suggested that, near the base, the primary fusion is
extended only 7 mm under the gilding. Strain analysis additionally revealed a similar trend
in re-melting and primary fusion. Along the axis of the cylinder-shaped base, a widening of
crystal planes is present while along the radius a compression of the planes is present.
Results demonstrated the presence of a dendritic segregation of the bronze alloy in the
re-melting area which is typical of as-cast alloy with higher cooling rates. This may suggest
that the re-melting was only a filler material without any particular treatment. Primary
melting, on the contrary, showed the sign of heat treatments, such as annealing, and
re-crystallization: clues for a homogenization process.
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Figure 8: a) Relief in supporting frame on ENGIN-X, set for a measurements in re-melting

region and b) strain scan through the thickness of the relief [36].
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4. Conclusions and future plans

Engin-X beamline is well equipped to study residual strains/stresses in complex shaped
engineering components. The high resolution of the measurements allowed the detailed
measurements in thin coatings, in front of crack tips, as well as in heavy sections of pipe
components and archeological artifacts.

The ISIS team is constantly working on further improvements of our materials
characterization capabilities. In order to enhance the neutron imaging capabilities at ISIS
and to complement the existing materials analysis facilities, the first neutron tomography
instrument at a pulsed neutron source is being designed for the ISIS Target Station 2 (TS2).
The new instrument for materials science & engineering imaging, IMAT will be a
state-of-the art combined instrument for cold neutron radiography and diffraction analysis
for materials science, materials processing, and engineering studies. The instrument will
provide the largest possible neutron flux available for imaging at ISIS and will allow
medium-resolution neutron “colour” imaging and diffraction (strain scanning and texture
during one experiment). The ability to perform imaging and diffraction studies on the same
beamline with a single sample set-up will offer unprecedented opportunities for a new
generation of neutron studies.
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