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Synchrotron energy-dispersive X-ray diffraction experiments on
station 16.3 at the SRS for residual strain mapping are reported. A
white beam with an energy-discriminating detector allows measure-
ments to be made through 3 mm Al, Ti, Fe and Cu alloys with
acquisition times of ~30s per 0.3 mm’ sampling volume. The
collected profiles were analysed using single-peak fitting and whole-
pattern Pawley refinement, and produced strain accuracy better than
107, This configuration is therefore highly efficient for fast strain
mapping in thin components using a second-generation synchrotron
source.
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1. Introduction

The use of neutron diffraction for bulk lattice strain measurement in
engineering materials is well established, with many mature instru-
ments available in Europe and around the world. In contrast,
synchrotron X-ray beam instrumentation for strain scanning in
engineering materials and components is less mature, and its devel-
opment has been the subject of active research over the last decade.
The UK teams from Oxford and Manchester have contributed to the
engineering application development of high-energy monochromatic
beams on station 16.3 at the SRS, Daresbury, and beamlines BM16
and ID11 at the ESRF, Grenoble (Korsunsky et al., 1998; Webster et
al., 2001).

In simple terms, the higher the energy of a monochromatic beam,
the lower the diffraction angle and the higher the penetration. At the
medium energy of 50 keV, the one-third attenuation length varies
from about 10 mm in Al down to 0.5 mm in Fe and Ni. It follows from
this observation that synchrotron X-ray beams are best suited to
near-surface strain measurement, or transmission studies in light
materials. However, the total photon flux on the sample, and hence
the counting efficiency, can be greatly improved (potentially by a
factor of 10* or more) if a white (polychromatic) beam is used. This is
due to the combined effects of using a very much larger bandwidth to
collect several reflections simultaneously, and eliminating any
inefficiencies associated with the monochromating optics. The set-up
requires the use of a fixed solid-state detector capable of discrimi-
nating the radiation wavelength, and is known as the energy-disper-
sive configuration. The configuration is highly attractive to an
engineer, because no displacement of detector arm is required during
data collection, and focus can be firmly placed on sample translation
and manipulation. Also, the detector records simultaneously a large

Table 1
Detector resolution as a function of pulse shaping time for beam energies of
5.89, 22.10 and 122 keV.

Detector energy resolution (eV)

Shaping time (ps) At 5.89 keV At 22.10 keV At 122 keV
0.1 350 540 660
0.5 290 420 530
1 240 380 500
3 180 340 480

section of the diffraction profile containing many peaks, allowing
improved insight into the average engineering strain within the
sample, in the same manner as time-of-flight neutron diffraction
(Korsunsky e al., 2000). It also allows the assessment of intergranular
strains between the phases and grains of different orientation, which
are thought to be contributing factors determining ductility and
fatigue durability (Daymond et al., 1997). Studies aimed at devel-
oping successful use of energy-dispersive synchrotron X-ray diffrac-
tion for strain measurement have been reported (Pyzalla, 2000;
Reimers et al, 1999). However, the strain error of the order of
4 x 107* reported by Reimers et al (1999) is too high for most
engineering purposes, so serious questions remained about the ulti-
mate strain accuracy that can be achieved by this technique.

The Bragg equation can be written in the form that relates the
photon energy and lattice spacing, as follows,

Ed = he/(2sin ). 1)

In the energy-dispersive set-up, the right-hand side of this relation-
ship is fixed, so a simple analysis shows that, for small changes of the
lattice parameter, Ad/d = AE/E.

The strain is calculated from the change in the lattice spacing with
respect to a strain-free lattice parameter, dy, from

& =(d —d,)/d,. )

The usual desired strain accuracy for engineering strain measure-
ments is of the order of Ad/d =107, or 100 pstrain. This suggests that
a comparable energy resolution will be required. However, modern
solid-state detectors at best produce energy resolution widths of the
order of AE/E =2 x 1072 depending on the photon energy (see
Table 1), raising serious doubts about the feasibility of using this
configuration for strain measurement. Recently, an exploratory
experiment (SRS 37116) was carried out by the authors with the aim
of investigating the possibility of overcoming this apparent limitation
of the energy-dispersive set-up by optimizing the optics set-up and
data-collection configuration. The principal outcomes of the
exploratory study were as follows:

(i) Accurate fitting of diffraction peak shape allows the centre
position to be determined to an accuracy better than 1/100th of the
detector energy resolution;

(ii) Strain measurements can be performed in transmission on
samples of plate and sheet form, or similar geometry;

(iii) Measurement accuracy better than 50 pstrain can be achieved
for both single- and multiple-peak fitting procedures;

(iv) To achieve this strain accuracy, measurements less than 10 s
long are required;

(v) Spatial resolution of 100 um perpendicular to the beam and
1 mm along the beam can be achieved simultaneously.

In order to determine the limits of the technique’s applicability, a
range of structural alloys from Al to Cu were studied. These included
unreinforced aluminium alloy (Al2124) and Al-alloy matrix compo-
site (Al2124 and A18090 with 20 vol% SiC particles), Ti-6Al-4V two-
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phase aerospace alloy, ferritic steel, austenitic stainless steel, and
brass.

An important observation was that the data-collection rates and
the attendant strain accuracy were almost uniformly high for all of
these materials. This finding does not support the conventional view
that synchrotron X-ray beams are primarily useful for the analysis of
near-surface stresses and/or light materials, but broadens the field of
interest to include all polycrystalline structural materials. It appears
that thin sections (up to 5 mm) of the heavier structural materials,
such as steels, and nickel and copper alloys, can also be successfully
studied using the white-beam technique, opening up a new range of
opportunities for applications in the automotive, power generation
and other industries.

2. Experimental

The set-up of the instrument used for residual strain scanning using
the white beam is illustrated in Fig. 1, which shows the view parallel to
the incident beam. Small test samples (e.g. a bent 6 x 3 x 100 mm
Ti-6-4 bar shown) were mounted on the assembly of translation and
rotation tables and scanned across and/or along the beam. The
diffracted signal was collected using a liquid-N,-cooled solid-state
germanium detector. The sampling volume depth was defined
through two pairs of crossed slits, located near the sample (front) and
the detector (back). The detector position was fixed to form a small
angle with the incident beam, in most cases in the range 10-15°. The
choice of the angle was dictated by the crystal structure of the sample
and the energy spectrum of the incident beam.

Figure 1

A view of the experimental set-up along the incident beam. Residual strain
scanning was performed by translating the bent Ti-6-4 bar horizontally across
the beam, and collecting the diffracted signal using a liquid-N,-cooled solid-
state detector. The sampling volume depth was defined through two pairs of
crossed slits, located near the sample (front) and the detector (back).

Prior to the experiment, the detector energy resolution was char-
acterized as a function of the pulse shaping time, as shown in Table 1.
A shaping time of 1 ps was found to give an adequate compromise
between counting efficiency and pulse height accuracy. The energy
spectrum of the diffracted beam was collected using a multichannel
analyzer configured to produce 2048 output channels, and stored in a
data file. The energy calibration of the detector was performed using
an NBS Si 640 reference powder, and was found to be linear. The
collected spectra were treated to obtain the diffraction patterns in
terms of the number of counts versus photon energy or lattice
spacing.

The shape of all peaks was very well approximated by the Gaussian
peak function, allowing fast and reliable fitting to be performed. The
data were also exported into GSAS (Larson & Von Dreele, 1994) for
a so-called Pawley refinement. This differs from a true Rietveld
refinement (Rietveld, 1969) in that the peak heights are allowed to
vary freely. This limits the use of the data for texture or phase volume
measurements, but is useful for strain measurements since it avoids
the requirement of a description of the wavelength and material-
dependent absorption, which would be required for full analysis of
such white-beam X-ray data. Best-fit average values of lattice para-
meters were obtained, and strain values calculated.

3. Results and discussion

In the present report we focus attention on the capabilities of the
experimental set-up developed here, and the instrument’s perfor-
mance in the task of residual strain scanning, rather than on the
deformation modelling or microstructural aspects of the engineering
materials studied. Fig. 2 shows the strain profiles recorded from a
plastically bent bar, following unloading, of Al2124 alloy, produced
by the powder metallurgy route. Typical strain errors on a single-peak
fit are below 100 pstrain. The strain difference between reflections
signifies the presence of intergranular stresses (Korsunsky et al., 2000;
Daymond et al., 1997). Note also the excellent agreement observed
between the 111 and 222 peak strains. The bold solid line shows the
average residual strain profile computed using all peak data weighted
by the multiplicity of the corresponding crystal direction. The use of
information available from multiple peaks leads to a much more
reliable estimate of the average macroscopic, or engineering, residual
strain (Daymond et al., 1997).

In a two-phase material, such as a powder-reinforced metal matrix
composite, diffraction peaks belonging to each of the phases can be
studied separately. Alternatively, the entire diffraction pattern can be
predicted using a crystallographic model, and optimized to achieve
the best agreement. An example of such a fit for A18090 reinforced
with 20 vol% SiC powder is shown in Fig. 3. The whole-pattern fitting
procedure was also used in order to determine accurately the a and ¢
lattice parameters of the dominant hexagonal a-phase in Ti-6Al-4V
alloy.

Fig. 4 shows the plots of residual strain variation across the Ti-6Al-
4V bent bar, following unloading, calculated on the basis of the a and
¢ lattice parameters separately. The typical peak-fitting accuracy was
better than 100 pstrain, so that the error bars are comparable with the
marker size. Remarkably close agreement is observed between a and
c¢ strains on the side that has experienced plastic compression, and has
been left in residual tension. However, it is interesting to note that the
situation is drastically different on the tensile side of the bar. Here the
residual strain according to the a parameter value is highly tensile,
while that according to the ¢ parameter is very close to zero. This
phenomenon is also observed if individual peak strains are calcu-
lated, and is likely to be indicative of the severe asymmetry of
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Figure 2

(a) Schematic diagram of the experimental procedure adopted, and (b) the
bent bar profile of residual strain calculated using different peaks, and hence
crystallographic orientations, in an Al2124 alloy. Note the strain difference
between reflections, signifying the presence of intergranular stresses, and also
the nature of agreement between the 111 and 222 peak strain. The bold solid
line shows the average residual strain profile computed using all peak data
weighted with the multiplicity of the corresponding crystal direction.
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Figure 3

A GSAS Pawley two-phase fit (line) to the diffraction data (crosses) obtained
from the Al/SiC composite. The marks below indicate the predicted positions
of diffraction peaks, and the bottom line is the difference between fit and data.

yielding and twinning in this material with respect to the sign of
loading. Data of this kind are extremely valuable for the purpose of
developing and validating deformation models of polycrystals of
major structural materials.

In the set-up described above, the translation assembly holding the
sample was mounted on the diffractometer x-circle, allowing a 90°
rotation to be applied. Elasticity analysis of the stress state in thin
plates, as well as direct diffraction measurements of the three-
dimensional strain states, confirm that the generalized plane stress
assumption can be used with good justification, except when local
concentrators such as cracks, notches or boreholes are present. Two
mutually perpendicular components of elastic strain, ¢,, and ¢, were
measured. Under the conditions of generalized plane stress
(assuming that out-of-plane stresses may be neglected), the corre-
sponding stresses can be found from Hooke’s law,

Oy = (1 _ Uz) [SXX + I)S,VY]’

E
Oyy = m [Syy + V‘?xx]'
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(a) Schematic diagram of the experimental procedure adopted, and (b)
variation of the strain across a bent bar of Ti-6-4, calculated on the basis of a
and c lattice parameters obtained from a full-pattern fit.
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Furthermore, the method allows the complete residual stress state in
thin structural members to be reconstructed from two measurements
of in-plane elastic strains, provided the two mutually perpendicular
directions are principal, or that at least three components of strain are
measured at each point (Korsunsky er al, 2002). The configuration
described in the present article can therefore be used efficiently to
measure engineering residual stress states in plates and shells.

However, our study demonstrates that the method is even more
powerful than that. Stronger collimation of the diffracted beam
allows good spatial resolution (<1 mm) to be achieved in the direc-
tion parallel to the beam (e.g. Fig. 5a). We used the measurement
configuration described here to study the strain gradient between the
sample surface and the bulk.

It is a well known fact that deformation experienced by the
elements of a solid lying close to the surface is significantly different
from that of the deep-lying elements within the bulk. In order to
describe these conditions within the framework of two-dimensional
continuum mechanics, the concepts of plane stress and plane strain
are usually introduced. Material surfaces are often free from applied
tractions, so that only in-plane stress components must be considered.
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Figure 5
(a) Schematic of the experimental procedure adopted, and (b) Al strain
profiles recorded at the surface and in the centre plane of an Al/SiC bent bar.

This leads to reduced constraint and lower effective elastic stiffness of
the material. As far as the plastic flow conditions are concerned, the
stress component normal to the surface is often the lowest principal
stress, so that plastic shear occurs on planes inclined at 45° to the
surface. In contrast, the constraint experienced by the bulk can be
approximated by assuming that no strain can develop along the
direction perpendicular to the principal loading plane, so that only in-
plane strains are allowed. In this case, plastic shear is also constrained
to occur within the same plane.

The difference in the deformation constraint is also important in
the process of residual stress generation, for example, during
quenching of the sample from heat-treatment temperature. Not only
thermal gradients give rise to a mismatch in the ‘stress-free’ dimen-
sions of different layers, but their propensity to relieve the mismatch
by plastic deformation is different.

The consequences of the difference in the level of constraint
experienced by the surface and bulk elements are clearly observed
under the conditions of significant plastic deformation. However, the
effect is much more difficult to capture experimentally in the essen-
tially elastoplastic regime, when the elastic and plastic strain contri-
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Figure 6

Strain maps showing residual bending strain transition from the surface to the
centre of a bent Al-SiC MMC bar, for the matrix phase (AI8090 alloy) and the
reinforcement (SiC particulate). The top of the map (0 mm on the vertical
axis) is at the bar side face, while the bottom of the map (—6 mm) corresponds
to the centre plane parallel to the side face.
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butions are much closer in magnitude. The majority of experimental
techniques measure strain at the sample surface, and try to make
inferences about deformation throughout the piece.

In order to highlight the capability of the synchrotron strain
mapping technique and to capture the nature of the plane-stress to
plane-strain transition, a 14 mm-thick sample of particulate SiC-
reinforced Al MMC was solution heat treated, quenched in cold
water, and subjected to bending. In this way a complex residual stress
state was generated within the cross section of the bar, consisting of
the zigzag-shaped plastic bending residual stress profile super-
imposed over the quench stress distribution. The procedure guaran-
tees a significant difference between the surface and bulk residual
stress states due to either process. It is also clear that the variation of
the residual stress state from the bar side surface and towards the
bulk must develop due to the difference in the constraint, while a
more uniform bending stress profile should be established over a
large region within the bulk of the bar.

Measurements of the bending strain following unloading were
performed in transmission, with the sampling volume having the
dimension of approximately 1 mm along the beam. This allowed the
strain profiles near the sample surface and in the bulk to be
compared. Fig. 5 shows these profiles for the aluminium alloy matrix.
The typical strain measurement error was about 50 pstrain, corre-
sponding to the size of the markers on the plots. A clear difference
between the two profiles is observed, suggesting that the transition
can be characterized in detail.

To provide further illustration of the method’s capability, two-
dimensional maps of strain within each of the phases across the
sample section are shown in Figs. 6(a) (matrix) and 6(b) (reinforce-
ment). The pattern for the minority SiC phase (17 vol%) is more
subject to measurement uncertainty and noise, but is nevertheless
sufficiently clear to demonstrate the main features of the strain
variation. The bending axis is vertical, with the right-hand side of the
mapped region subjected to tension and the left-hand side to
compression. After load removal, the sense of residual strain that
arose became opposite to that applied during loading. In the maps,
the top line parallel to the horizontal axis (labelled zero) denotes the
bar side surface, while the horizontal line at the bottom of the map
(—6 mm) corresponds to the centre plane of the bar. A rapid and
significant variation of the residual bending strain profile is observed

in the vicinity of the sample surface. At a depth of about 2 mm the
strain profile becomes largely stabilized and corresponds to that
within the bulk of the sample, although a small variation continues to
be observed.

The results provide compelling evidence of the technique’s
capability to resolve the surface-bulk stress state transition. The
availability of such an experimental technique is of great use for
numerical model validation and fatigue lifing analysis.

4. Conclusions

The paper describes the experimental configuration for synchrotron
energy-dispersive X-ray diffraction strain measurement on station
16.3 at the SRS, Daresbury. The results presented demonstrate the
significant potential benefit of using white beam in combination with
an energy-dispersive detector to record large sections of powder
diffraction patterns from structural engineering materials, allowing
accurate and fast determination of the residual stress state.

The authors express their gratitude to Professor P. J. Withers for his
advice and support for this project.
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