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Abstract — Pulsed neutron beams available at the ISIS
spallation source offer diverse possibilities for materials
characterization using diffraction and imaging. In this paper we
review a range of applications of the time-of-flight neutron
diffraction for the characterization of phase transformations
and residual stress states in industrially-relevant situations. The
setup of the ENGIN-X instrument at ISIS is described, followed
by a series of case studies based on the recently obtained results.

Index Terms — neutron time-of-flight diffraction, residual
stress, phase transformation, strain tomography.

I. INTRODUCTION

Human creativity often finds material manifestation.
Sculpture and architecture are the examples that are most
obvious, but both haute couture and automobile design also
belong to this list. These creative activities depend crucially
on the choice and knowledge of materials used to ensure
particular properties of the assemblies, from external
appearance to environmental performance. The ability to
control and re-shape the surrounding material world is an
important feature of human civilization. Ideas find their
embodiment in wood or stone, metal or plastic.

All load-bearing structures experience deformation, and
sustain stress. Stress, the measure of force per unit area, is a
central concept in engineering design. In most cases stress is
inhomogeneous, as required by the geometry of assemblies
and performance optimization. Stress is difficult to measure
directly, but can be calculated from measured strains.

Strain, in engineering terms, is defined as the ratio of
elongation to initial length, or the relative change of angle
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due to shear. A variety of strain measurement techniques has
evolved over decades, and is widely employed in
experimental studies of deformation behaviour of materials
and structures. The aim of strain measurement is to
characterise the response to applied loads, particularly such
that correspond to in-service loading, and to observe the
response of objects so as to predict the integrity of various
designs. This is the principal purpose of strain analysis for
structural design [1].

At small applied strains (below about a percent) most
materials respond linearly and elastically, i.e. return to the
original shape and dimensions after load is removed, and in
such a way the observed strain is proportional to the applied
load (linear response). This is described mathematically by
the generalised Hooke’s law. Permanent inelastic
deformation takes place at higher strains and stresses.
Irreversible deformation can be caused by material damage
(associated with the creation of microscopic or macroscopic
discontinuities and voids), or by permanent change of shape
without significant change of volume (associated with the
relative shear of constituent material sub-volumes with
respect to each other, termed “plasticity”). Plastic
deformation can be further described as time-independent
(instantaneous) and time-dependent (creep).

In the most general case, the material’s strain response
to applied load can be described by elastic-plastic
constitutive law with damage. Due to the non-linear nature of
deformation, at each loading step the material response
depends on the previous deformation history, so that
incremental form of constitutive law must be used that relates
strain increment to the applied load and current material state
(strain and damage). The key function of the constitutive law
that describes the material response is to separate the total
strain increment into the elastic and inelastic parts: the elastic
part is reversible and related to stress via Hooke’s law, while
the inelastic part is irreversible and does not induce stress.

Most strain measurement methods are only capable of
measuring total strain increments. This is due to the fact that
strain measurement is usually accomplished by monitoring
the change of distance between reference points associated
with markers placed on the surface or embedded in the bulk
of the material. This distance is affected by both the elastic
and inelastic parts of strain. Examples of experimental
techniques include contact methods, such as clip gauges or
resistive strain gauges [2], and non-contact methods, such as
photogrammetry (measurement of displacements of visible
grids on sample surface), Moiré interferometry methods that
make use of reflective gratings deposited on sample surface
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[3], and Digital Image Correlation (DIC) methods [4].

The particular significance of neutron and x-ray diffraction
methods is that they offer a direct method of measuring the
elastic component of strain deep within crystalline materials
through the precise characterisation of the interplanar crystal
lattice spacing. In contrast with the other methods mentioned
above, diffraction uses the atomic lattice itself as a
deformation gauge. This makes the methods sensitive only to
elastic strains, as inelastic strain mechanisms do not induce
changes in interplanar lattice spacing: plasticity causes lattice
plane shear, while damage causes voiding i.e. lattice plane
separation (to distances that far exceed the original spacing).

Since stress is directly related to elastic strain, with the
knowledge of the material stiffness, diffraction thus provides
a highly precise, spatially and directionally resolved means of
stress evaluation. Thanks to its stress evaluation capability,
diffraction has become an increasingly important tool in
engineering. Since most criteria of integrity and failure in
structural engineering use stress as the key parameter,
diffraction methods have become useful in predicting the
durability of components, optimising design and improving
performance. The unique non-destructive nature of this
measurement technique is particularly beneficial in the
context of engineering design, since it allows the evaluation
of a variety of structural and deformational parameters inside
real components without material removal, or at worst with
minimal interference. Further, the combination of rapid data
collection with good penetration depths allows in situ, real
time, spatially resolved strain measurement (mapping) under
the conditions representative of those that might be
experienced in service.

The principle of diffraction strain measurement in
polycrystalline alloys relies on Bragg’s law that establishes
the relationship between the average interplanar lattice
spacing d within the measurement gauge volume:

2dsinfd =1 (D

where, A is the wavelength; d is the inter-planar spacing; O is
one half of the angle through which the incident beam is
diffracted by a particular family of planes.

When a polycrystalline aggregate deforms elastically, the
interplanar spacing within constituent grains changes. Within
a set of planes that have similar orientation with respect to the
stress direction, the interplanar spacing is similar between
one grain and another. This grain-set-specific strain causes
observable shifts of powder-like diffraction peaks, i.e. peaks
obtained from the superposition of reflections from multiple
grains. The average values of lattice spacing extracted from
diffraction peak analysis are then compared to the spacing of
the same planes measured in an unstressed sample dy.
Average clastic lattice strain € can be found from the
deformed lattice spacing d using the fundamental equation:
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The case studies below represent contributions from
different research groups that make use of the neutron
diffraction capabilities of ENGIN-X at ISIS. The overview

begins with the discussion of the experimental capabilities of
the ENGIN-X instrument.

)
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II. DESCRIPTION OF THE ENGIN-X INSTRUMENT
AT ISIS

The ENGIN-X instrument at ISIS is a world leading
neutron diffractometer purpose-built for stress evaluation in
the context of materials engineering and research. ENGIN-X
is very popular and used extensively by both engineers and
materials scientists. Measurements are carried out in
collaborative experiments between universities, industry and
ISIS to address a wide range of engineering problems: new
welding technologies for airframe manufacturing, fatigue
crack initiation and propagation in composite materials,
thermal cycling of materials used in the power generation
industry, the development of strain measurement standards,
etc. Because the method is non-destructive and ENGIN-X is
able to accommodate large intact objects, archacological
materials scientists, conservators, and technical art historians
also find that the instrument provides them with data on metal
artefacts that they could not acquire by conventional means.
The alternative, traditional methods of microstructure
determination require invasive sampling. Because of this,
strain and tensile tests for example have in the past very
rarely been done on archaeological and historic objects.

ENGIN-X has a sample mounting stage allowing samples
weighting up to one tonne to be accurately positioned within
the measurement point with the accuracy better than 10 pm.
Moving and rotating the sample within the neutron beam
allows spatial and directional maps of strain to be built up.
With the large sample mounting space, ENGIN-X provides
the flexibility for the users to bring their own ancillary
devices, such as welding rigs to perform real-time strain
measurements during joining. ENGIN-X also has an in situ
mountable servo-hydraulic stress rig that can apply up to
100kN tensile or compressive cyclic loads. The rig is
equipped with a furnace and a cryogenic chamber that allow
the sample to be maintained at temperatures from -200°C to
1100°C within normal atmosphere or under inert gas.

With regard to archaeological applications, of course a
sample from an actual ancient or historical object cannot be
subjected to these conditions. Instead, the chemical
composition of metal object first has to be characterised, then
replicas produced of the same composition and dimensions
(in particular, thickness). The replicas must be formed in the
way(s) that the original was likely to be produced, e.g.
casting, hammering, fire-welding. The likely manufacturing
method of an artefact is normally determined by investigative
conservation. The replicas can then be tested under different
environments, and the results used to discuss the probably
properties of the original object. Diffraction measurements
without sample environment can be carried out on the actual
artefact, although it is important to have comparative replica
measurements too, as all early metal objects are effectively
‘unknown’ samples, each made individually in the days
before industrial standardisation. An art or archaeological
object has to be mounted securely, by a conservator, in order
for it to be rotated on ENGIN-X during analysis.

The automation of experimental setup for complex shape
samples can be addressed via the use of the coordinate
measurement machine (CMM), laser scanning inspection
arms, a robotic arm and the Virtual Laboratory (SScanSS
[5]). The procedure for preparing a complex experiment at
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ENGIN-X consists of the following steps: 1) generate a 3D
model of the sample using the CMM or the laser scanning
arm; 2) position the sample on the sample stage using either
the positioning table or the robotic arm; 3) locate the sample
model in the virtual laboratory using SScanSS and specify
the measurement position on the model; 4) carry out the
measurement sequence using an automatically generated
machine control script.

When the gauge volume is rastered across the sample, then
one-, two- or three-dimensional representations of the
measured quantities can be created, i.e. the neutron
diffraction is used for imaging in the scanning or mapping
mode, or for 3D tomographic reconstruction. In the case of
strain mapping, the quantity being imaged is not a scalar, nor
even a vector, but a second order tensor. This presents
interesting challenges both in terms of the elaboration of the
reconstruction algorithms, and the representation of the
results. A technique referred to as strain tomography [6-7] is
being actively developed at present.

Advanced measurement tools achieve greatest utility when
they are closely coupled with interpretation and modelling.
The design of experiments at ENGIN-X and the
interpretation of the data obtained is closely linked to the
advanced modelling capabilities of collaborating groups,
including such techniques as finite element modelling,
discrete dislocation dynamics, and atomistic simulations.

A key interpretation capability at ENGIN-X is the use of
diffraction pattern refinement (Rietveld or Pawley) [8], that
allows the determination of the average macroscopic elastic
strain. The fundamental principle of this approach is
model-based matching of the predicted diffraction pattern to
the measurement. This kind of inverse problem methodology
is effective in many applications. One development of
particular relevance to residual stress analysis in engineering
structures is the use of inverse eigenstrain methodology [9], a
kind of “continuum mechanics Rietveld refinement” for
residual stress analysis. It allows the reconstruction of the
complete residual stress state on the basis of a finite number
of strain measurements at discrete points.

A comprehensive introduction to the neutron strain
scanning technique can be found in Hutchings et al.[10]. A
description of the state-of-the-art in stress measurement
using neutron and synchrotron radiation is contained in
Fitzpatrick and Lodini [11]. More information about
ENGIN-X can be found in Santisteban et al.[12].

Measurement arrangements and experimental studies
described below are selected from the wide range of
investigations carried out on ENGIN-X over the past year.
The selection demonstrates the capabilities of ENGIN-X in a
variety of different contexts and areas of research.

III. CASE STUDY — HIGH TEMPERATURE
DEFORMATION-INDUCED FERRITE TRANSFORMATION IN LOW
ALLOY STEELS

Ultrafine grained steels are one of the most important
research topics because of their good strength-toughness
balance, wide potential applications and excellent material
recyclability [13-14]. The deformation-induced ferrite
transformation is well known as one of the most economical
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ways to refine the microstructures of modern high strength
low alloy steels. The effects of deformation temperature,
strain and strain rate on dynamic ferrite transformation
during hot deformation have been investigated in the last
decade indirectly, whereby the microstructure is examined
after interrupting hot deformation at different strains, and
quenching deformed specimens [15-16]. However, no direct
or quantitative crystallographic data has been reported on the
in situ microstructure evolution during hot deformation.
Since neutron beams possess strong penetration ability due
to the direct interaction with the atomic nuclei, the neutron
diffraction technique is a powerful in situ material
characterization tool even for relatively large samples of
heavy elements. This property of neutron beams enables us to
investigate the microstructure evolution behaviours in a
non-destructive way under different environments involving
phase transformations [17-18], bulk texture evolution [19],
heterogeneous elastic/plastic deformation [20], dynamic
recrystallization [21-22], etc. In the case study described here
the in situ Time-Of-Flight (TOF) neutron diffraction was
applied directly to investigate the dynamic ferrite
transformations at a low strain rate during hot deformation at
different temperatures, and to clarify the difference in static
ferrite transformation and dynamic ferrite transformation
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Fig.1 Schematic illustration for the temperature control
and hot deformation process [23].
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The sample material was a low alloy steel (2% Mn and 0.2%
C by weight) in the as-quenched condition. The temperature
control and the hot deformation processing history are shown
in Fig.1. The first sample was heated to 900°C for 20 minutes
(stage 1), and then rapid gas cooling was used to achieve the
cooling rate of 1 K s™ to the desired temperature, e.g. 600°C
(stage 2). Finally, the specimen was compressed at the strain
rate of 1x10-3 s (stage 3). Diffraction patterns were
recorded throughout this processing history. The second
sample first followed the same heat treatment procedure
(stages 1 and 2), but then in stage 3 the sample was
isothermally held without being compressed. Three different
samples were subjected to this kind of processing history,
with different holding temperatures in stage 3. The ferrite
volume fraction was calculated by using the Rietveld method
taking into consideration the effect of deformation texture.

Fig. 2 shows the effect of compressive deformation on the
isothermal ferrite transformation at different temperatures. If
no hot deformation is applied, the ferrite volume fraction
increases gradually with increasing isothermal hold time, and
the static ferrite transformation is accelerated evidently by
lowering the holding temperature. In the case of hot
deformation, it is found that it promotes the ferrite
transformation in the dual phase region (600°C, 640°C, and
680°C) as well as in the single phase austenite region
(720°C), i.e. the occurrence of dynamic ferrite transformation
has been confirmed at different transformation temperatures.
In addition, an interesting phenomenon about the isothermal
ferrite transformation is that at the beginning of hot
deformation, the accelerating effect of hot deformation on
ferrite transformation at 640°C is more remarkable than that
at 680°C. At the end of hot deformation, the increase in ferrite
amount at 640°C becomes smaller than that at 680°C.

Such changes in the dynamic ferrite transformation
kinetics are believed to be related to the carbon concentration
and the volume fraction of austenite, the transformation
driving force, and the heterogeneity of plastic deformation.
In order to achieve clearer understanding, dynamic
crystallographic orientation analysis during hot deformation
was thought to be necessary. Orientation analysis based on
the inverse pole figure showed that the {110}<001> and
{001}<110> preferred orientations of austenite and ferrite
grains, respectively, is  gradually formed during hot
deformation, and that the austenite grains of the {110}<001>
orientation preferentially transform to ferrite. The observed
decrease in the transformation rate at 640°C at higher strain is
mostly related to the fact that carbon enrichment of the
austenite leads to its hardening, so that the amount of plastic
deformation in austenite is decreased, and the above effect is
attenuated.

The case study considered above demonstrates how the
exceptional capabilities of ENGIN-X allow extensive
characterisation of the complex material system in situ during
thermo-mechanical processing. TOF neutron diffraction was
found to be particularly well-suited for simultaneous analysis
of quantitative phase composition and preferred orientation
(texture), and also their evolution. This combination
provided the basis for developing improved insight into a
material of great importance to applications and industry.
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IV. CASE STUDY— ANALYSIS OF RESIDUAL STRESSES AT
CRUISING ALTITUDE TEMPERATURE IN HYBRID AEROSPACE
STRUCTURES

Until recently, there has been a little capability for in situ
diffraction studies of mechanical behaviour at temperatures
below ambient [24]. Due to the recent marked progress in
cryogenic technologies, there has been a growing demand for
investigations of material mechanical behaviour at cryogenic
temperatures. Applications include cryogenic texture
processing of zirconium nuclear alloys, strain sensitivity of
superconducting magnet wires, cryogenic structural steels
and low temperature shape memory alloys for space
applications. To address this area, a novel cryogenic
experimental device has been developed and implemented on
ENGIN-X, consisting of a vacuum chamber with cooling
provided by a closed cycle refrigerator (CCRs) down to
—200°C in samples under applied loads of up to 100kN [25].
In the case study described here, the measurement was at
-50°C, the temperature representative of the cruising altitude
conditions for large civil aircraft, to investigate the
adhesively bonded reinforcement in order to improve the

damage tolerance characteristics of hybrid aerospace
structures.
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Fig. 3 Residual stress in the CT(S) 3.5 mm below the
bonded interface

New designs of integral metallic structures for aircraft will
lack the inherent ‘crack stopping’ features as bolting and
riveting is replaced by welding technologies. New methods
to ensure the fatigue damage tolerance of such structures
include the bonding of selective reinforcement patches to act
as crack retarders. Crack retarders have been shown to be
effective, but the mismatch of coefficient of thermal
expansion between the reinforcement and the aluminium skin
causes tensile residual stresses in the metal parts which might
decrease the overall fatigue resistance.

The specimen analysed in this work was an aluminium
alloy compact tension (CT) specimen. The specimen was
adhesively reinforced with a 2-mm-thick titanium strap. The
adhesive was cured at 120°C. The measurements at
ENGIN-X were carried out both at room temperature and at
—50°C. For the measurement at —50°C the specimen was
placed in a cryochamber on top of the positioner table. The
residual strain in the specimen was also modelled with an
elastic finite element representation of the specimen.
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The measurement and modelling results of the strain in the
direction of the notch can be seen in Fig 3. It was found that
linear model could accurately be used to assess the residual
stresses at both room temperature and at —50°C. The residual
stresses were found to be about 40 MPa at room temperature
and about 70 MPa at —50°C. ENGIN-X has once again
proved to be an excellent tool in the assessments of new
material concepts. Further details of this work can be found
elsewhere [26].

V. CASE STUDY — THE INFLUENCE OF WELDING PROCEDURES
ON RESIDUAL STRESS STATES

Welding is an important industrial joining process, and
over the years many different “flavours” of this method have
been proposed. During the welding process, the joint
undergoes a complex thermomechanical cycle during
cooling. Of particular concern is the formation of tensile
residual stress in the weld, which results mainly from thermal
contraction as the filler metal cools and hardens. Where
several passes are made, a pass may partially relieve the
stress in previous passes, creating a complex stress state.

Ramped
stop-start

Abrupt
stop-start

I I
| 5 pass: Longitudinal Strain

I Microstrain

o

80 100 120 1140 1(_50

40 60 1 80 100 120 1140 160
I

Longitudinal position / mm

Fig. 4: Strain in the Ilongitudinal direction of a
conventional austenitic steel weld made with 5 passes and a
similar weld made with 8 passes.

Fig. 4 shows longitudinal strain in two grade 304 stainless
steel welds. One weld comprises five passes of weld bead to
partially fill a groove in a plate [27], the other weld having
eight such passes to completely fill the groove. Additionally,
the welding process was stopped and restarted twice during
the fifth pass in each sample. First was a ‘ramped’ stop-start,
where the welding power was reduced to zero over a 10 mm
length, which was covered again when the welding
continued. Secondly, an ‘abrupt’ stop-start was made by
immediately stopping and later restarting the weld.

Although the 8-pass weld was thicker, it was expected that
the elastic strains would be lower than in the 5-pass weld, as
the final passes would anneal the effect of previous passes.
Away from the abrupt stop-start, this is found to be the case.
The 8-pass weld has relieved the strain at the ramped
stop-start but intensified the strain at the abrupt stop-start.
This is attributed to the additional thermomechanical cycling
at this point making the material harder, and more resistant to
the annealing from subsequent passes that occurs elsewhere.
The results highlight the need to rigorously specify welding
procedures. With experimental results for a given weld, these
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could predict the effect of changing welding parameters such
as the number of passes or the start and stop rates.

VI. CASE STUDY — ANALYSIS OF WELDS IN AEROENGINE
STRUCTURES

In aeroengine manufacturing welding is used widely for
the fabrication of shell-like structures such as casings and
liners, and in the assembly of compressor and turbine
components. Alongside conventional TIG welding, laser
welding and friction welding are increasingly used, due to the
ability of these methods to join dissimilar materials and to
avoid material melting, thus reducing the probability of
creating defects that may promote crack initiation and
propagation. When post-weld heat treatment is applied, there
is also the possibility of reducing the “frozen-in” residual
stresses usually associated with the bond region and the
thermo-mechanically affected zone (TMAZ). Quantification
of the residual stresses is an important requirement for
improving the design and reliability of the components being
joined.

a)

Weld line

b)

50 mm

Fig.5: (a) Schematic diagram of the inertia friction welded
high pressure compressor drum — drive cone (DDC)
assembly. The circumferential weld line is indicated by the
arrow. (b) Illustration of the residual stress map in the DDC
in the final post-weld heat treated condition.

An illustration of an aeroengine assembly fabricated by
inertia friction welding (IFW) is shown in Fig.5a. Neutron
diffraction strain measurements were carried out on a
representative sample to obtain strain maps in the vicinity of
the bond line. The maps were then interpreted using inverse
eigenstrain methodology to obtain an approximate
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reconstruction of the complete residual stress state within the
sample [28]. The knowledge of the underlying eigenstrain
distributions then allows the solution to be scaled up to obtain
a representation of the residual stress state in the full scale
assembly. Furthermore, subsequent stress relaxation due to
creep during post-weld heat treatment can be readily
modelled using finite elements. Fig.5b illustrates the
computed residual stress state in the full scale assembly
following post-weld machining and heat treatment. The
predictions have been validated by comparison against
various means of residual stress evaluation, including
diffraction and hole drilling.

The study described provides an example of a validated
experimental stress analysis approach for structural design of
aeroengine assemblies. The combination of experimental
strain measurements by TOF neutron diffraction with
eigenstrain reconstruction allows complete characterization
of the residual stress state, and simulation of subsequent
system response to heat treatment and mechanical loading.

VII. CASE STUDY — THE USE OF STRAIN ANALYSIS TO
IDENTIFY MANUFACTURING TECHNIQUES IN ETRUSCAN
BRONZE ARTEFACTS

Siano et al [29] studied five archaeological copper alloy
objects dated from the 8th to the 4th centuries BC from the
Marches National Museum of Archaeology, Ancona, Italy,
using X-ray radiography and neutron diffraction (texture and
phase analysis on the ROTAX instrument at ISIS) and
microstrain measurement on ENGIN-X. The objects, shown
in Fig.6, were 1. a double handle from a situla (bucket); 2. a
torc (an object-type that can be interpreted as a neck
ornament or a trade-ingot); 3. & 4. bow-fibulae (dress
fasteners) and; 5. a bracelet.

Soldering

Fig. 6: The objects under investigation, from the Marches
National Museum of Archaeology, Ancona

ENGIN-X microstrain measurements were performed at
points on the situla handle and on the torc, using diffraction
and transmission set-ups. The radial scans on the situla
handle revealed broad peaks with a flat top and a marked
texture effect, as evidenced by irregular peak intensities. The
peak intensity ratios were fairly constant throughout the scan,
which indicated that the preferred orientation was the same.
This is compatible with a cube texture that is associated with
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the typical columnar structure that occurs perpendicularly to
the surface of the mould into which the metal is cast. Such a
feature was not present in the brazing zone of the handle,
which showed random crystal orientation.

In transmission, the handle displayed very distorted
spectra, which were composed of several ‘single-crystal’-like
contributions, confirming again the presence of a preferred
orientation. The brazing on the other hand showed ‘normal’
Bragg edges. In the case of the torc, all pixels in the
transmission set-up showed the characteristic Bragg edges
that appear in polycrystalline specimens, with only minor
departures from an isotropic theoretical transmission. This is
indicative of only a very small (or negligible) degree of
preferred orientation.

A strain map of a selected region around the middle of the
torc was calculated by analysis of the Bragg edge shifts (Fig
7). An inhomogeneous microstrain distribution was found,
that is clear evidence of residual stresses originating from
cold deformation of the torc during the final working
manufacturing step. Two microstrain profiles along
orthogonal directions were also measured where the
contribution of eventual plastic deformations due to use was
probably negligible. The ‘powder’- like spectra seen in this
case allowed the derivation of the microstrain profiles.
Opposite double-phase modulations were observed along the
axial and hoop directions. This is a typical indication of cold
bending.

Strain (us)
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Fig. 7: Residual stresses in the necklace bar: (a) a map of
the average microstrains through the bar (site T2),
determined by analysing the Bragg edge shifts (transmission
set-up); (b) two orthogonal microstrain profiles in a lateral
zone of the bar (T3), determined by analysing the shifts of the
diffraction peaks [29]

The ENGIN-X scans of the situla handle demonstrated a
typical columnar structure, which was clear evidence, along
with the broad Bragg peaks, that the object was as-cast and
did not undergo thermal homogenisation or mechanical
treatment. The development of the columnar structure was
favoured by the high tin content, which corresponds to a
relatively low solidification temperature. Conversely, the
complex geometry of the brazing and its fast cooling
(induced by the metal contact) resulted in the disordered
microstructure revealed by the diffraction scan. The strain
map and scans for the torc demonstrated that it was produced
through multiple thermal and mechanical treatments,
including a final bending. This suggests that the
manufacturing of the object began with the casting of a
straight rod, which was then cut and modelled to fit a given
diameter (e.g. neck diameter). The final material is elastic
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rather than plastic. This contrasted with the result for the
bracelet. Thus the outwardly similar curved shapes of the
handle, the torc, and the bracelet were produced by the
ancient metalworkers employing three different sets of
procedures.

VIII. CASE STUDY — NEUTRON BRAGG EDGE STRAIN
TOMOGRAPHY USING

Due to the penetration ability and absorption and
scattering properties of neutron beams, neutron imaging is
now considered an essential tool in many branches of modern
material science and engineering, as well as geology,
archaeology etc. [30]. A new approach based on energy
selective neutron imaging was recently developed using
different experimental setups and was able to gather
information about the material properties that cannot be
obtained in other traditional diffraction modes. Here we
present a brief overview of the concept of strain tomography

using  energy-selective  (Bragg edge) transmission
measurements (Fig. 8a).
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Fig. 8(a) Illustration of the experimental setup for
transmission Bragg edge measurement. (b) The variation of
hoop and radial strain components as a function of the radial
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distance. Strain measured by diffraction are shown by
markers (filled circles and hollow squares); finite element
modelling results are indicated by triangles. Reconstructed
radial and hoop strain distributions are shown by the dashed
and continuous lines. [7]

The principle of this novel approach is to analyze the
residual strain fields by the de-convolution of unknown
distributions of residual elastic strains from a data set
collected over a range of positions and rotations, allowing the
possibility of reconstructing the entire strain distribution
within the interior of an object. Using a model-based
approach, the unknown strain distribution is represented by a
parametric model and solved by minimisation of the
mismatch between the simulated and measured data. This
study illustrates the application of the principle using neutron
transmission  Bragg edge measurements on a
well-characterized VAMAS round robin shrink fitted Al
ring-and-plug sample. The residual strain profiles
reconstructed in this way showed very good agreement with
the known strain fields within the sample, measured
previously via direct use of neutron diffraction [6].

A further development of the neutron strain tomography
approach has been undertaken in a recent study by Abbey et
al. [7]. A cylindrical steel sample was quenched in water to
create a residual stress profile that showed significant hoop
compression near the surface, balanced by moderate tension
in the core of the sample. Residual hoop and radial strains
were first measured using neutron diffraction on ENGIN-X
[31]. This residual stress state was also simulated by FE
modelling using carefully characterized heat transfer
conditions at the sample surface. The residual strains are
indicated by the markers in Fig.8b. The sample was then
investigated by neutron transmission Bragg edge
measurements using the setup illustrated in Fig.8a.

Bragg transmission data were analysed by strain
tomography using model-based adaptive mesh approach [7].
The hoop and radial strain distributions were represented by a
linear superposition of piecewise linear basis functions, and
best match was sought between the predictions and
transmission strain measurements. The results are illustrated
in Fig.8b.

The problem addressed in this study is interesting from
both the practical and fundamental algorithmic viewpoints.
Practically, the ability to reconstruct internal strain states
from transmission data is likely to open new and exciting
possibilities for residual stress analysis, since previously
inaccessible configurations may be analysed.
Algorithmically, the tomographic reconstruction principle so
far has overwhelmingly been used for scalar properties, such
as density. Strain, on the other hand, is a multi-component
tensor quantity. This presents interesting challenges for the
development of this technique. It is important to ensure that
the inverse problem addressed is well-posed, either through
regularization of the formulation, or by combining
transmission data with additional information obtained by
other means.
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IX. CONCLUSIONS

The case studies included in the present paper illustrate
both the diversity of problems that can be successfully
addressed through the use of time-of-flight neutron
diffraction. The excellent penetration and the scattering
characteristics of neutron beam ensure that neutron
diffraction and imaging occupy a special place in the range of
tools available to the modern researcher.

The particular feature of neutron instruments based at
spallation sources is that they provide a relatively high
neutron flux, enabling carrying out experiments involving
area or even volume mapping. Nevertheless, maximum
utilization of the incident beam remains a strong motivation
for researchers in the field. While the current paradigm
consists of collimating the incident beam and using a point or
1D detector, it is clear that further efforts should be directed
at developing experimental setups that whenever possible use
uncollimated beams and large area 2D detectors, thus
maximizing the utilization of flux. In this context,
tomographic reconstruction methods are of particular
interest.

Once the spatially resolved information about the sample
is obtained, the results can be represented in the form of
contour maps, or images. In this respect the approaches
described here are also related to materials imaging.

The proposed IMAT instrument for the second target
station (TS-II) at ISIS is aimed at exploiting the exciting new
possibilities for imaging using neutrons.

The studies presented here demonstrate the versatility of
TOF neutron diffraction, and the broad range of questions
within the science of materials that can be addressed using
this technique.
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