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Mechanical surface treatment technologies such as laser peening and cavitation peening require detailed
characterization, including residual stress analysis, to optimize their processing parameters. Recent devel-
opments at neutron facilities allow non-destructive 2-dimensional residual strain mapping through Bragg
edge imaging, which provides specific advantages over more established methods. The present work high-
lights the application of Bragg edge neutron imaging for the study of mechanical surface treatments,
through determination of lattice spacing distributions by energy-resolved radiography. Through three dif-
ferent examples, the unique capabilities of the method are demonstrated, particularly for providing near
surface residual strain maps within samples with complex geometries with relatively high spatial resolu-
tion. By providing a comparison with X-ray diffraction and neutron diffraction results, the present work
emphasizes the potential of Bragg edge neutron imaging as a tool for surface treatment research.

© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Improvement of mechanical and fatigue performance of engi-
neering components can be achieved through different mechani-
cal surface treatment methods (e.g., [1-3]). A classic example of
such a method is shot peening for which controlled impingement
of solid shot media (e.g., glass, metallic, or ceramic spheres) gen-
erates plastic deformation on the surface which leads to a mate-
rial response in the form of compressive residual stress fields [4].
More recently, laser peening has become an attractive surface pro-
cessing technology, that uses a laser-induced shockwave to gener-
ate similar effects to shot peening but with deeper compressive
stress fields and better surface finish [5]. Novel peening methods
such as cavitation shot-less peening that uses cavitation bubble
impacts have been developed [6]. Among other beneficial effects,
these treatments generate compressive residual stress near the sur-
face of components, which counteracts the applied forces and leads
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to extension of service life. Since the introduction of compressive
residual stress is one of the key factors in improving fatigue per-
formance by mechanical surface treatments, the quantitative eval-
uation of residual stress generated by the process is integral in the
design and development of these technologies.

In the past, slitting and hole drilling has been used for peening
research [7,8], both of which are destructive methods. Laboratory
X-ray diffraction, via the sin?1/, cosa, and 2D methods [9] can be
used non-destructively for surface stress measurement, but require
electrochemical polishing to determine the depth-wise stress dis-
tribution. Full non-destructive methods such as synchrotron X-ray
diffraction [10-12] and neutron diffraction [13,14] have been ap-
plied to resolve the full stress tensor near the surface and through
the bulk of components, although they have limitations in terms
of spatial resolution in one or more directions, and require many
measurement points. The combination of these complementary X-
ray and neutron measurement techniques has provided essential
insight into residual stress profiles, e.g., within laser peened com-
ponents [15].

Opportunities have arisen for neutron imaging of residual strain
in engineering components [16-22], rapidly (in a few hours) and
with high spatial resolution (few hundred microns), as a result of
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recent developments in energy-resolved imaging [23] and new de-
tector technologies [24], as well as access to dedicated time-of-
flight (TOF) neutron imaging instruments [25,26]. The technique
analyses Bragg edges which refer to pronounced rises of trans-
mission at certain wavelengths due to neutrons being removed by
Bragg diffraction. The neutron wavelengths of Bragg edges relate
directly to the lattice spacings of the corresponding hkl-planes, and
the variation of these spacings across the bulk sample can be re-
constructed into two-dimensional maps, which in some cases can
be translated into maps of strain given a suitable reference. Rela-
tively large strain maps across many millimeters can be obtained
in a single exposure in a transmission geometry, which is a con-
siderable advantage compared to direct scanning of diffraction sig-
nals by other non-destructive techniques (e.g., neutron and X-ray
diffraction) [22]. The information is however averaged through the
sample thickness and the measured strain direction is always along
the incident beam direction. Consequently, the technique lends it-
self mainly to determine strain for one strain components, assum-
ing that the strain does not vary along the neutron path within a
sample or that an averaged value through the sample thickness is
acceptable (e.g., can be interpreted using computer simulations of
3-dimensional stress distributions).

Two-dimensional strain information for one component is use-
ful in many cases, particularly when gathered faster, easier, and
with higher resolution than for complementary techniques. For ex-
ample, surface strains can be studied within the spatial resolu-
tion limits of typically several hundred micrometers. Bragg edge
imaging also does not suffer from the pseudo-strains problem of
neutron diffraction for near-surface or near-interface strain mea-
surement due to partial immersion of a gauge volume in a sam-
ple [27]. Meanwhile, thickness-dependant pseudo-strains were ob-
served in Bragg edge transmission [28,29] but could not yet be
fully explained. In the present work, the specific advantages and
pitfalls of Bragg edge neutron imaging for surface peening research
are demonstrated through the method’s application in three study
cases. Correlations between strain measurements by neutron imag-
ing and more established methods are examined. The demonstra-
tion of these cases may encourage further development of Bragg
edge neutron imaging as a surface analysis tool for materials and
engineering research.

2. Methods and instruments
2.1. Basic concept

A Bragg edge transmission pattern is characterized by a se-
quence of sudden jumps as a function of neutron wavelength A.
Bragg edges occur due to coherent backscattering (Bragg angle
6 = 90°) of neutrons into the incoming beam direction at a criti-
cal wavelength of A = 2d;,y by a family of (hkl) planes perpendic-
ular to the beam, assuming random grain orientations of a suffi-
cient number of grains. Above this critical value, a corresponding
(hkl) set of planes no longer contributes to the coherent scatter-
ing, hence the sudden increase in transmission. Therefore, the spe-
cific wavelength localization of a Bragg edge can be used to pre-
cisely determine the average lattice spacings of the properly ori-
ented grains. Lattice spacing information from a carefully selected
single or from multiple (hkl) planes can reflect the macroscopic
mechanical behavior of a specimen under applied and/or internal
stresses. Bragg edge analysis is analogous to Bragg peak analysis
in diffraction measurements. Fig. 1(a) compares Bragg edges and
Bragg peaks for an aluminium alloy 2024 (AA2024) powder.

Bragg edge transmission measurements require a wavelength-
resolving setup, which is achieved with sufficient AX/A resolution
using a polychromatic beam on a time-of-flight instrument on a
pulsed neutron source [26]. Furthermore, for Bragg edge imaging
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Fig. 1. (a) Diffraction and transmission spectra of AA2024, measured on ENGIN-
X and IMAT [30] beamlines at ISIS, respectively. The feature in the transmission
spectrum at 1.7 Angstrom is an artefact of the data collection and data processing
procedures; (b) Illustration comparing neutron diffraction and Bragg edge neutron
transmission setup. For neutron diffraction a pencil beam is used; for Bragg edge
imaging the whole camera sensor is illuminated.

a spatial- and time-resolving neutron detector is required. Bragg
edge transmission is preferably performed using a wide neutron
wavelength range, extending beyond neutron wavelengths A >
2dp of the lowest index (hkl) of materials which for most metal
crystal structures are below 5 A.

The sample is placed between the neutron source and the de-
tector, Fig. 1(b), so that the spatial information is preserved. The
Bragg edge information can be extracted pixel-by-pixel, therefore
the physical size of the detector pixel affects the spatial resolution
of the measurement. Furthermore, the temporal widths of neutron
pulses (spectral component) and the divergence of the neutron
beam (spatial component) contribute to the AA/A resolution. The
latter is usually controlled by a collimator in the incident beam,
often referred to a as a ‘pinhole’ or beam aperture. The size of
the pinhole D, the distance of the pinhole from the detector L, and
the distance between the detector and the sample I thus are major
contributors to the spatial resolution. The wavelength-dependent
effects of these parameters to the effective spectral and spatial
resolution for neutron imaging were characterized elsewhere [20].
Such a pinhole setup effectively creates a low-divergent neutron
beam, which is suitable for neutron Bragg edge radiography with
sub-millimeter spatial resolution.

The positions of Bragg edges are determined by fitting adequate
Bragg edge functions which yields high-precision d-spacings often
two orders of magnitude below the AA/A instrumental resolution.
Several models are available for fitting a Bragg edge and accurately
determining its position [28,31-34]. From the Bragg edge positions
of the sample A; and a stress-free reference Ay, strain & can be
derived (Eq. (1)). Given the measurement geometry, the strain in-
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formation is averaged through the thickness of the material in the
beam propagation direction, with the measured strain direction
being parallel to the beam. This renders the determination of 3-
D stress or strain tomography through this technique improbable
for general cases. While some have demonstrated the possibility
for special geometries [35-37], the ill-posed problem of strain to-
mography has been highlighted [38]. Tomographic reconstruction
of 2D strain fields, i.e. resolution of strain in the beam direction,
has been demonstrated by Gregg et al. [29] by imposing equilib-
rium conditions at test points.

_Ai—Ao
£= "

(1)

2.2. Neutron imaging instruments and detectors

Bragg edge neutron imaging is available at several large-scale
research facilities around the world. This work was performed on
the IMAT beamline at ISIS, UK [30,39], and on the RADEN beamline
at J-PARC, Japan [25]. IMAT is installed on the ISIS second target
station, which operates at 10 Hz and provides a liquid hydrogen
moderator at 18 K that produces a spectrum which peaks at 2.6 A.
The flightpath of IMAT is around 56 m, with the aperture to detec-
tor distance L = 10 m. The beamline has a range of available pin-
holes, for variable settings of the beam divergence L/D. Usually, an
aperture D is selected so that the geometric blur matches the tar-
geted spatial resolution given by the pixel size of the detector and
the requirements for pixel binning during the analysis (see below).
The sample positioning stage of IMAT includes two perpendicular
tilt alignment axes and a rotation stage.

Meanwhile, RADEN is the world’s first dedicated neutron imag-
ing instrument using pulsed neutrons, launched into operation in
November 2014. It is installed at beamline number 22 (BL-22) in
the Materials and Life Science Experimental Facility (MLF) of J-
PARC. RADEN views the decoupled hydrogen moderator which is
located at 18 m from the ‘near sample position’ and 23 m from
the ‘far sample position’. RADEN provides about four times smaller
widths (AA/A ~0.2%) of neutron pulses compared to IMAT (AA/A
~0.8%) for wavelengths > 3 A and for a similar L/D. At the time
of the experiments, the neutron flux levels on both instruments,
and hence the collection times, were comparable. The sharper neu-
tron pulses, and consequently sharper Bragg edges, are a charac-
teristic feature of RADEN which is relevant if high strain resolution
and separation of overlapping Bragg edges is required. Beam optics
comprises a heavy shutter, two rotary collimators, and beam slits
that are installed to provide various L/D values and beam sizes.
For the case study in this work, the samples were mounted on the
medium sample stage at the near sample position (flightpath of
18 m). An aperture with D = 50.1 mm, which is placed 3.1 m from
the source, was used. The proton beam power was 500 kW at the
time of experiments.

For the present work, micro-channel plate (MCP)/Timepix imag-
ing detectors [24] were installed and used on the two instruments.
The detector has 512 x 512 pixels, each with 55 pm size, provid-
ing 28 x 28 mm? of active area. The detector was synchronized to
the neutron source for the time-of-flight measurements. The time-
of-flight range for the measurements was chosen to cover several
Bragg edges of a sample, with corresponding wavelengths between
1 and 5 A. About 3000 time bins were used, with time bin widths
between 20 and 40 ps depending on the given spectral resolution
functions of the two instruments IMAT and RADEN. For each time
channel a quasi-monochromatic radiograph was obtained, and thus
each data collection yielded a stack of up to 3000 radiographies. In
other words, each TimePix chip pixel provided a Bragg edge spec-
trum with up to 3000 wavelength channels.
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3. Samples, surface treatments and measurement details
3.1. Study cases

Different aspects of peening research, i.e., peening methods,
peened surface geometry, and peening coverage were studied in
this work. Three different materials were investigated, namely ]IS
SKD61 ferritic steel, 12%Cr martensitic stainless steel, and alu-
minium AA7050. The chemical composition of each material can
be found in Table 1.

The first case study concerns the effect of different peen-
ing methods of JIS SKD61 steel samples: water jet-accelerated
shot peening, submerged laser peening, and cavitation peening,
all without applying sacrificial/ ablation layer on the treated sur-
face. Schematics showing the mechanism of each peening method
is presented in Fig. 2. Naito et al. [40] developed a shot peen-
ing system accelerated by a water jet, Fig. 2(a), where shots, i.e.,
500 3.2 mm diameter steel balls were accelerated and circulated
by water jet and impinging a specimen surface. The study shown
generated residual stress distributions similar to those from con-
ventional shot peening. The development aimed to reduce the risk
of dust explosions and health hazards which was reported for con-
ventional shot peening [41]. Submerged laser peening, Fig. 2(b),
produces peening impacts from both the plasma generated by the
laser ablation of the sacrificial layer and the collapse of cavitation
bubbles generated after laser ablation. Elevated compressive in-
plane residual stress can be achieved in the sub-surface, but ten-
sile stress out-of-plane stresses on the surface may be present de-
pending on the use of sacrificial layer [42]. In cavitation peening,
Fig. 2(c), a component’s surface is peened by cavitation impacts
generated by a submerged high-speed water jet, i.e., a cavitating
jet. It has been employed for several applications [43,44] and can
be used to peen relatively hard steel [45]. Since the mechanism
of the impact force differs depending on the peening method, it
was worthwhile to investigate the introduced compressive residual
stress for each peening technique.

The size of the specimens used for Bragg edge neutron imaging
and X-ray diffraction was 15 mm x 15 mm x 6 mm. To exam-
ine the effect of the peening methods on the introduced residual
strain or stress under the same conditions, the peening intensity
of each peening method was evaluated using the arc height of the
Almen strip. An Almen strip is commonly used to quantify the in-
tensity of a peeing process, where the peening intensity is corre-
lated with the deflected arc height in the Almen strip processed
with the same parameters [46]. A Type A Almen strip was used
in the present experiment. The arc height was measured using a
standard-compliant test strip gauge. The change in the arc height
hs = 0.2 mm was used as the common intensity unit for the differ-
ent peening methods, which corresponds to a specific peening in-
tensity value for each method (f, = 0.167 s/mm for shot peening,
tp = 10 s/mm for cavitation peening, and d; = 5 pulse/mm? for
laser peening). Three peening intensities (low, medium, and high)
were applied using each peening method, giving a total of nine
treated specimens and one non-treated sample (see Fig. 3(a) and
Table 2).

The second study case was on the application of laser peen-
ing on complex geometries. Laser peening has been proposed to
improve the fatigue life of highly stressed turbine blade compo-
nents for power generation purposes, specifically the fir-tree root
of the turbine blade, see Fig. 3(c). While shot peening is com-
monly used for this application, there are some concerns over the
effectiveness of that process, especially after a catastrophic failure
of one of these blades at a South African power station, resulting
in loss of production and considerable financial damages. Residual
stress measurement in a typical blade attachment profile has been
a challenge due to the complex shape and nature of the material.
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Table 1
Chemical compositions of the tested sample materials (mass%).
C Si Mn P S Cu Ni Cr Mo \Y
JIS SKD61 0.38 0.95 0.43 0.023 0.03 0.11 0.15 5.30 1.22 0.80
12Cr SS 0.08-0.15 0.17-037  0.40-0.70 - - - - 0.30-0.60 0.25-0.35 0.15-0.30
Fe Si Mn Mg Zn Cu Zr Cr Ti Others
AA7050 max. 0.15 max. 0.12  max. 0.1 19-26 5.7-6.7 2.0-2.6 0.08-0.115 max. 0.04 max 0.06 0.05-0.15
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Fig. 2. Schematics showing the mechanism of different surface peening techniques: (a) water jet-accelerated shot peening, (b) laser shock peening, and (c) cavitation shotless

peening.

Table 2

Summary of the processing time per unit length or pulse density for the residual strain and stress measurements of JIS SKD61 samples.

Peening intensity Peening method

Unit ¢, or d; - — - -
(hy = 02 mm) Shot peening (SP) Cavitation peening (CP) Laser peening (LP)

tp = 0167 s/mm t, = 10 s/mm d, = 5 pulse/mm?
Low (x 2) t, = 0.333 s/mm (SP-LOW) t, = 20 s/mm (CP-LOW) d; = 10 pulse/mm? (LP-LOW)
Medium (x 4) t, = 0.667 s/mm (SP-MED) t, = 40 s/mm (CP-MED) d; = 20 pulse/mm? (LP-MED)
High (x 8) t, = 1.333 s/mm (SP-HIGH) t, = 80 s/mm (CP-HIGH) d; = 40 pulse/mm? (LP-HIGH)

In this study, measurements were performed on test specimens
representing complex-shaped fir tree samples. Three coupons
made of 12%Cr martensitic stainless steel commonly used in steam
turbine blade applications, were prepared. The coupons were es-
pecially manufactured and peened to resemble the peening pro-
cess on a fir-tree shaped turbine blade root containing convex and
concave features. Samples T1-convex and T2-concave are square-
shaped coupons having a width of 20 mm and a thickness of
10 mm, with corners machined to have a convex and concave
shapes, respectively. Laser peening was applied on two corners of
the samples, see Fig. 3(d). The peening was carried out by the CSIR
National Laser Centre, South Africa, using a peening system with
peen spot size of 0.6 mm, peening coverage of 60 peen spot per
mm?, and a peening intensity of 5-6 GW/cm?2. Sample T3-groove
has dimensions of 20 mm x 20 mm x 15 mm. For sample T3-
groove, a half-round groove with a radius of 2.5 mm was machined

on the top surface of the sample, Fig. 3(d). Laser peening was ap-
plied to the top surface, including the half-round groove and some
part of the flat surface, using an upgraded peening system with a
peen spot size of 0.8 mm, peening coverage of 60 peen spots per
mm?, and peening intensity of 11-12 GW/cm?,

The third study comprised five aluminium blocks made
of 7050 aluminium. The samples have dimensions of
75 mm x 17 mm x 15 mm and are offcuts from an actual
wingtip device or 'winglet’ of an aircraft. The purpose of this mea-
surement was to study the residual strain in samples, which are
peened with high peening intensity and coverage. Such parameters
were experimentally applied to compensate undesirable bending
of aircraft structures while also introducing beneficial residual
stresses. Four samples were peened on one side with the width of
the peened area of 10 mm along the length of a sample, Fig. 3(f).
The peening was carried out by CSIR National Laser Centre, South
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Fig. 3. Photos and schematics of the Bragg edge neutron transmission measure-
ments on (a) and (b) JIS SKD61 tool steel specimens; (c) and (d) 12% Cr stainless
steel specimens, and; (e) and (f) AA7050 specimens. Incident beam from the neu-
tron source and transmitted beam directions into the transmission detector are in-
dicated by red arrows. The measured strain components are parallel to the trans-
mission direction and indicated in the schematics.

Africa, using a circular peen spot with diameter of ~1.45 mm,
power intensity of ~11.1 GW/cm?2, and pulse duration of ~5 ns.
The peening coverage for different samples was varied with values
of 2.5, 5, 10 and 20 spots per mm?2 for samples S2.5, S5, S10, and
S20, respectively. Sample SO was not peened and was used as the
reference.
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3.2. Measurement details

Bragg edge neutron imaging was applied alongside more es-
tablished stress determination methods. Using Bragg edge imaging,
each sample was aligned in front of the detector, visually using a
laser pencil beam and then followed by fine-tuning of the sam-
ple orientation using neutron radiography scans. Accurate sample
alignment was essential with regard to averaging of parameters
along the beam direction and direction uncertainty of the mea-
sured strain component. For all samples in this study, the mea-
sured strain is parallel with one of the sample edges (see Fig. 3).
Thus, angular alignment in two directions using neutron radio-
grams aimed at minimizing the blur of the sample edges, so that
the front face of the sample was as perpendicular to the main
beam direction as possible. For the Bragg edge image collections,
the sample was positioned close to the detector to minimize the
geometric blur due to the divergent beam. Detector readout times
and channel widths were configured for a given material. The data
collection times varied between 2 and 8 h. For each detector set-
ting (different shutter settings determining which part of transmis-
sion spectra is not measured due to detector readout deadtime), an
‘open beam’ data set was collected, with the sample removed.

For the JIS SKD61 tool steel samples, the residual strain in
the peened surface was measured by Bragg edge neutron imag-
ing, while the residual stress was measured by X-ray diffraction
using the 2D XRD method, and the results from both techniques
were compared. Bragg edge neutron imaging was performed on
the IMAT beamline at ISIS, UK, using a pinhole size D = 40 mm
(L/D = 250). The samples were placed between the neutron source
and the detector, where the distance between the middle of
the sample and the neutron-sensitive MCP of the detector was [
~35 mm. Three specimens were measured at once in one expo-
sure, with a counting time of 8 h for the treated specimens. The
counting time was halved for the non-treated specimen due to
limited beam time. The measured strain component is illustrated
in Fig. 3(b).

X-ray diffraction was carried out on a duplicate sample set. The
2D XRD method was used, since it was shown to provide good
accuracy for investigation of peened specimens [42]. CrKa radia-
tion was used at 35 kV and 40 mA. The diameter of the collimator
was 0.8 mm, and the diffraction from a 4 x 4 mm? area on the
surface was obtained by moving the specimen perpendicularly to
the X-rays. The «-Fe(211) plane was used for the measurement at
a diffraction angle of 156°. Twenty-four diffraction rings from the
specimen at various angles were detected, for an exposure time of
20 s per frame at each position. To determine the change in the
distribution of the residual stress with the depth from the surface,
electrochemical polishing was used.

12%Cr SS complex geometry coupons were measured on IMAT
using D = 80 mm (L/D = 125). The samples were placed between
the neutron source and the detector, with middle of sample-to-
detector distance of | ~35-40 mm. The counting time for each
sample was 4 h, and the direction of the measured strain com-
ponent is illustrated in Fig. 3(d). Neutron diffraction measurement
was also performed on the sample T3-groove on the SALSA beam-
line, ILL [47]. A scan was performed vertically along the radius of
the groove (see later Fig. 7(a)), using a gauge volume of 0.6 mm
vertically and 2 mm horizontally. Using the incident beam wave-
length of 1.67 A, the detector was positioned at 26 = 47° to mea-
sure the Fe(110) reflection. To measure the near-surface residual
strain profile, an entry-scan procedure (i.e., gradual immersion of
GV into the sample and correcting pseudo-strain with separate cal-
ibration measurement) [48] was performed. 43 points were mea-
sured with a total counting time of 3.5 h for one strain component.

For the AA7050, Bragg edge neutron imaging measure-
ments were performed on the RADEN beamline. An aperture of



RS. Ramadhan, D. Glaser, H. Soyama et al.

D = 50.1 mm and L = 18 - 3.1 m, thus L/D ratio of ~298 was used,
with middle of sample-to-detector distance of | ~60 mm. The di-
rection of the measured strain component is indicated in Fig. 3(f),
while the counting time for each measurement was 4 h, with two
samples measured in each exposure.

3.3. Data analysis

A Bragg edge fitting function described in [31,33] was used in
this study (Eq. (2)). While pixel-by-pixel analysis is possible in
principle, strain maps were reconstructed from Bragg edge infor-
mation averaged from a combination of a group of pixels, a so-
called macro-pixel [49]. The running average of the macro-pixel
with step size of 1 pixel (55 pm) was then applied across the im-
age to reconstruct the strain map. This is performed to improve
the statistics (and thus decreases the counting time) at the ex-
pense of spatial resolution [20]. The Bragg edge fitting and the
reconstruction of Bragg edge parameter maps, i.e., edge position,
height, shape, and corresponding uncertainties, were performed
using TPX_EdgeFit (Anton Tremsin, personal communication, 1 Oc-
tober 2016). For the cases in this study, three Bragg edge param-
eters, i.e., position, edge pedestal, and edge height were fitted for
the sake of robust fits of a multitude of spectra. The edge widths
were fixed to values from calibration data as there was no indica-
tion of Bragg edge broadening, and as fitting the width parame-
ter did not significantly affect the strain results. An exception was
made for the data analysis of AA7050, where the edge width pa-
rameter o was also fitted to observe plasticity. The (hkl) used for
the analysis was Fe(110) for JIS SKD61 steel and 12%Cr steel, and
Al(111) for AA7050. Post processing of the maps, e.g., from edge
position to strain, adjusting scales and applying color maps, was
performed using Fiji [50], a distribution of the open-source image
analysis software ImageJ.

— )\-i_)‘- )\.i—)\. o?
TAM)=C+G [erfc( oo ) — exp <r + 377

)‘i —A o

*erfc< V3o + ﬁf)i| (2)
Fig. 4(a) shows selected Bragg edge transmission spectra exhib-
ited by the materials of the test specimens, i.e., tool steel JIS SKD61,
aerospace-grade AA7050, and 12%Cr stainless steel, taken from the
specimen area equivalent to a macro-pixel size of 30 x 30. The
transmission profiles and the transmission levels reflect the atten-
uations of the materials as well as the thicknesses of the samples.
A modulation of a Bragg edge spectrum by texture is often clearly
visible by comparison with the expected spectrum for randomly
oriented grains, however extraction of the texture is not possible
from such curves in general. The shape of the transmission spectra
and Bragg edges of 12%Cr steel indicate randomly oriented grains.
Meanwhile, those from the JIS SKD61 and the AA7050 specimens
show the presence of crystallographic texture where ratios of Bragg
edge heights deviate from the ones for randomly oriented grains,
indicated by the relatively strong Fe(110) and Al(111) Bragg edges,
respectively. Larger gradient and deviation from linear transmission
slopes for wavelengths lower than the actual Bragg cut-off can also
be observed. Fig. 4(b) and (c) highlight these Fe(110) and Al(111)
edges in more detail while also showing the fitted model curves

(Eqg. (2)) and the Bragg-edge positions.

4. Results and discussion
4.1. Comparison of peening techniques

Fig. 5(b)-(d) show the reconstructed 2D strain maps and the
line profiles of strains extracted from the corresponding maps and
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Fig. 4. (a) Selected transmission spectra of the samples studied in this work plotted
for regions of interest of 30 x 30 pixels; (b) Fe(110) and (c) Al(111) Bragg edges
from JIS SKD61 and AA7050 samples, respectively, fitted with Eq. (2) [31,33], where
the fitted models are shown by the black solid lines. The Bragg edge positions are
indicated by the dotted lines.

from the XRD measurement of the JIS SKD61 samples treated
with different peening methods. A non-treated sample is also pre-
sented for comparison Fig. 5(a). The scale, sample orientation,
and color bar indicative of the strain values applied for all maps
are given in Fig. 5(a). The strain maps were reconstructed from
Fe(110) Bragg edges using a macro-pixel size of 3 x 3 pixels
(0.165 x 0.165 mm?); in comparison, the geometric blur given by
L/D and sample-to-detector distance () is around 140 pm. Refer-
ring to a previous characterization [20], the two parameters yield
a lower limit for the achieved spatial resolution of about 150 pum.
The measured strains &, were averaged through the sample thick-
ness in the y-axis direction. From the XRD measurement, the re-
gion around between 700 and 1000 pm below the surface was
shown to be stress-free. Therefore, the Bragg edge positions from
the corresponding region of each sample was averaged and used
as the dy reference for strain calculation.

The strain maps of the treated specimens show in-plane com-
pressive strains indicated by the dark blue area on the top surface,
which gradually diminishes further away from the surface. This
contrasts with the non-treated (NP) sample, where no such area
is observed. Visual inspection of the strain map can easily inform
the homogeneity of the compressive residual strains generated by
the peening processes. For example, the laser peened region with
a width of ~5 mm is immediately visible as a region of compres-
sive strain surrounded by unstrained, untreated region, Fig. 5(c).
Strain maps of cavitation-peened samples (CP) show an increase of
compressive residual stresses in both magnitudes and penetration
depths as a function of peening intensity, Fig. 5(d).

To facilitate quantitative assessment and comparison, strain
profiles were extracted from areas of the strain map indicated by
the red-dotted line. As the XRD method provides in-plane residual
stresses, strains were calculated assuming the out-of-plane stress
to be zero (plane stress assumption), and &, were provided for
comparison. In general, the strain plots show a fairly good agree-
ment between Bragg edge imaging and XRD.
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Fig. 5. Strain maps collected on IMAT and line profile of strains extracted from the map vs X-ray diffraction results, for (a) untreated, (b) shot peened, (c) laser peened,
and (d) cavitation peened JIS SKD61 samples. The measured strain components are parallel to the y-axis, &y. The red-dotted lines on the maps indicate the locations of the
plotted strain profiles. The dimensional scale, the sample coordinate axes, and the color scale are indicated in (a), which are applied for all maps. Note that the strain values

are plotted in steps of the MCP pixel size of 55 pm.

For the non-treated sample (NP), Bragg edge imaging provided
maximum compressive residual strain of around —900 pe, gradu-
ally diminishing and reaching zero strain at a depth of ~600 pm
from the surface while XRD showed a much higher compressive
residual strain values of around —2500 pe, albeit diminishing with
a steeper gradient and reaching zero strain within the first 20 pm,
Fig. 5(a). The presence of compressive residual strains in the non-
treated sample are expected to be generated by the grinding pro-
cess, which was applied to the base material. For the shot-peened
samples (SP), Bragg edge imaging and XRD results show simi-
lar trends, where the higher peening intensities (SP-MED and SP-
HIGH, blue and yellow points) exhibit significantly higher compres-
sive strain values near the surface compared to the lowest peening
intensity (SP-LOW, red points), Fig. 5(b). However, the XRD results
are in average around 2000 pe less compressive than Bragg edge
imaging result and reach zero strain faster (at depth of around
300 pm vs. around 600 pm for Bragg edge imaging). For laser-
peened samples (LP), XRD results show low compressive strain val-
ues on the surface followed by maximum compressive strains on
the subsurface within the first 20 pm before gradually diminish-
ing towards zero strain. Bragg edge imaging results do not exhibit
such behavior, where the compressive residual strains were found
on the sample surface.

Meanwhile, both Bragg edge imaging and XRD results agrees
that cavitation peening generated the highest compressive residual
strain values and deepest penetration depths among other meth-
ods. This trend corresponds well with results reported previously
[6] and might have been caused by two reasons. Cavitation im-
pact measured with a PVDF sensor [51] introduced small and large
impacts at the same time. This mimics multiple stage peening,
i.e.,, shot peening with large shots followed by small shots. The
large shots introduce compressive residual stress in deeper regions,
while small shots introduced large compressive residual stress near
the surface. The other reason is the pressure distribution of the in-
dividual cavitation impact [52]. That said, XRD results showed sig-
nificantly lower compressive strains and reached zero strain faster
compared to Bragg edge imaging results.

The discrepancies between Bragg edge imaging and XRD results
can possibly be explained in different ways. Firstly, while the peen-
ing methods and parameters were identical, different sample sets
were used for the two experiments, therefore providing challenges
for a one-to-one comparison. Secondly, the analysis from the two
techniques yields different lattice strains: X-ray diffraction mea-
sured e£-Fe(211) while strain maps from Bragg edge imaging were
reconstructed from Fe(110) (as the statistics of the Fe(211) Bragg
edges were not sufficient for high-resolution strain mapping, which
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Fig. 6. Strain maps of the complex-shaped laser peened 12%Cr steel samples from IMAT, and the line profiles of strains taken from the maps (indicated by the red dotted

lines).

is emphasized in this work). Bragg edge strain imaging analysis
also suffers an averaging both laterally and through-the-thickness,
which is another possible source of the observed discrepancies.
Nevertheless, the relationship between X-ray diffraction and neu-
tron imaging results is generally satisfactory.

4.2. Peening of complex geometries surfaces

Fig. 6 shows the reconstructed strain maps of the complex-
shaped, laser-peened steel 12%Cr SS samples, reconstructed from
the Fe(110) Bragg edges using a macro-pixel size of 10 x 10 pix-
els, averaged through the thickness in x-axis direction. A region
in the middle of each sample was assumed to be stress-free and
therefore was taken as reference (also the case for the neutron
diffraction measurement). Compressive residual strain could be ob-
served below the concave and convex laser peened surfaces. From
the strain maps, the inhomogeneity of the residual strain profiles
below the peened surface is immediately visible. For example, for
both samples T1-convex and T2-concave, treated areas on one side,
i.e,, top left in Fig. 6(a) and (b), are found with higher compressive
strains compared to the treated surfaces on the opposite side (bot-
tom right). This is further indicated by the line profiles of strains
taken from the 2D strain maps, as indicated by the red dotted
lines, Fig. 6(d)-(e). Factoring previous evidences, these differences
are presumed to originate from performance inconsistencies of the
laser peening system. For the two samples, the maximum com-
pressive residual strain was observed at the surface with values
around -1000 pe, and the depth of the compressive strain region
is around 300-500 pm. Sample T3-groove, which was peened us-
ing different peening conditions has a deeper compressive strain
up to a depth of about 500-1000 pm and a maximum compres-
sive residual strain of about -2000 pe on the surface, Fig. 6(f). The
strain profile in the centre of the peened concave surface (line b)
shows deeper compressive residual strains compared to the peened
flat surfaces (lines a and c).

Fig. 7(b) shows reasonable agreement between neutron diffrac-
tion and neutron imaging results in measuring residual strains be-

m
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Fig. 7. (a) Illustration of the neutron diffraction setup for sample T3-groove, for
which the &y component was measured; (b) Comparison between residual strains
measured by neutron diffraction (SALSA) and neutron imaging (IMAT), both mea-
surements using the Fe(110) reflection. The red dashed line on the map indicates
the location of the plotted strain profile.
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Fig. 8. (a) Strain maps of the laser peened AA7050 blocks; (b) energy-resolved radiographs extracted from the data stacks for the neutron wavelength range of 4.72-4.76 A.
The radiographs collected on RADEN are displayed over the same contrast level, with lighter colors indicating higher transmission. Significant difference in transmission
is observed, especially for S2.5 and S5 compared to the rest, most likely due to crystallographic texture. Higher transmission is observed below the peened surface.; (c)
o -parameter map, with threshold of 9 mA applied to indicate region of plastic deformation.

low the peened area of the T3-groove sample. Both methods used
the Fe(110) reflection to determine the residual strain. The near-
surface measurement by neutron diffraction was only made possi-
ble by the high-flux-low-background neutron beam on the SALSA
beamline, enabling the use of a comparatively small gauge size
(0.6 mm). Slight discrepancies between the results are acceptable
since the two methods average the strains from different gauge
volumes. The effective spatial resolution of Bragg edge imaging in
this case is around 300 pm. In comparison, neutron diffraction pro-
vided a spatial resolution of 600 pum in the bulk but higher towards
the surface due to the entry-scan method [48]. This might explain
the better agreement of the strain values close to the surface com-
pared to the bulk.

4.3. Laser peening coverage of aluminium alloys

Residual strain maps of the AA7050 blocks are displayed in
Fig. 8(a), reconstructed from the Al(111) Bragg edges using a
macro-pixel size of 30 x 30 pixels for a running average of 55 pum.

The area in the middle thickness of each sample was averaged
and taken as stress-free reference. Compressive residual strain is
observed below the peened surfaces of the samples S2.5, S5, S10
and S20, in contrast to the strain profile of the unpeened base
material SO. More detailed information was obtained by plotting
line profiles of strain from each of the 2D maps, Fig. 9(a). The
maximum compressive strain increases with the peening coverage.
Samples S2.5 (2.5 spots/mm?2) and S5 (5 spots/mm?2) have com-
pressive residual strains at the surface of around -3000 pe. A max-
imum compressive strain with a value of around -3500 pe can be
found at a depth of 500 um from the surface of sample S5. Higher
compressive residual strains were observed on the surface of sam-
ples with higher peening coverage, i.e., around -3900 and -4200
pe for sample S10 (10 spots/mm?2) and S20 (20 spots/mm?), re-
spectively, Fig. 9(a).

Further to extracting strain profiles along any line from the
maps, the collected MCP image stack allows selecting radiograms
for any wavelength band, as demonstrated in Fig. 8(b). Inspecting
energy-selective radiograms without data processing in the wave-
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selective radiographs in Fig. 8(b). The significant difference in Bragg edge shapes
between the samples indicates different texture, likely due to the samples taken
from different section of the original offcuts.

length range of 4.72-4.76 A (i.e., a range encompassing the Al(111)
Bragg edge of AA7050) higher transmission is observed below the
peened surfaces, Fig. 8(b), albeit to a much lesser degree for sam-
ple S5 (see explanation below). A detailed investigation of the
transmission spectra showed that the change in contrast in the
peened region is due to a significant shift of the Al(111) Bragg edge
position due to the peening, combined with the low transmis-
sion at wavelengths smaller than the Bragg edge position which is
caused by the long neutron paths through the sample. This leads to
a significant difference in transmission near Bragg edges of peened
and unpeened regions of sample S20, particularly in the wave-
length range of 4.72-4.76 A (see dotted lines in Fig. 9(b)). This
effect is less obvious for sample S5, for which the height of the
Al(111) Bragg edges is strongly reduced, likely due to pre-existing
crystallographic texture (i.e., the crystals were aligned to a partic-
ular preferred orientation and coincidentally allowing more neu-
trons with the corresponding wavelength passing through), see in-
set in Fig. 9(b). This crystallographic texture variation along the
height of the sample can also be observed in the bottom half of
S2.5, Fig. 8(b).

Finally, Fig. 8(c) presents maps of the o-parameter (Eq. (2)),
which describes the Bragg edge width. The broadening of a Bragg
edge (larger o-values) can be traced back to the wider distribu-
tion of d-spacing values from each grain family, in this case due to
intergranular/ type-II strain induced by plastic deformation. There-
fore the o-parameter has been used to represent regions of plas-
ticity within a sample [53,54]. In Fig. 8(c), a threshold of 9 mA
was obtained by calibrating the value against the non-peened sam-
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ple SO, where no plasticity is expected. The threshold is then ap-
plied to all samples. A region of plasticity, indicated by the red
zone, is clearly seen under the peened area of sample S2.5, S10 and
S20. This matches with the visual observation of the samples (see
Fig. 3(f)). A noisy o-map, however, can be observed for sample S5
and the lower portion of S2.5. This is due to the effect of crystal-
lographic texture significantly changing the Bragg edge shape, thus
changing the o-parameter and preventing the map to provide rel-
evant information for the corresponding samples.

The results show that, for some cases, the effect of laser peen-
ing on the materials can be highlighted simply using energy-
selective Bragg edge raw image data with minimum data process-
ing. The contrast of transmission between the treated and non-
treated areas is usually caused by the change in the lattice spac-
ing and/or crystallographic texture in the material due to the sur-
face treatment and can provide information about the coverage of
the laser peening process. Precise determination of Bragg edge pa-
rameters such as position or width, however, is required to accu-
rately quantify the effect of surface treatment in terms of induced
residual strain or crystallographic texture. The results also indi-
cate that the samples have different initial crystallographic textures
(e.g., Sample S2.5 and S5 compared to the other three samples),
most likely because the samples were taken from different section
(thickness-wise) of the wing tip offcuts. This consequently leads to
the samples producing slightly different Bragg edge shapes, which
presents a challenge for the Bragg edge fitting analysis. In this
case in particular, the presence of crystallographic texture signif-
icantly reduces the Bragg edge intensity, thus lowering the signal-
to-noise ratio and reducing the precision (higher uncertainty) of
Bragg edge position determination. However, the results indicate
that the accuracy of the Bragg edge position is in this case pre-
served, as shown by the discrepancies of ~300 pe between the
unpeened area of S5 (textured) and S20 (non-textured), and fitted
Bragg edges shown in Fig. 9(b). Therefore, the strain information
can be recovered, and a strain map can still be reconstructed. That
said, future work will be carried out to investigate in what cases
and how texture does affect the strain measurement.

5. Discussion

Bragg edge imaging presented in this work revealed compres-
sive residual stresses generated by the different types of peen-
ing methods. Previous studies have shown the correlation between
these compressive residual stresses with the improvement of fa-
tigue life. For example, Soyama et al. [55] showed cavitation peen-
ing improved fatigue strength of welded JIS SKD61, while Glaser
et al. [56] demonstrated the improvement of fatigue life of laser-
shock peened aluminium alloy for airframe application. Both stud-
ies used peening methods and materials which are presented in
this work.

More advanced forms of peening require specific consideration
for the target geometry. For LSP, the laser angle of incidence may
affect performance, as well as the application of the inertial con-
finement overlay (water) applied over the surface. For CP the sur-
face geometric features may affect the hydrodynamic phenomena,
and therefore the resulting process. To progress to new advanced
applications for LSP and CP, evaluation and validation of the pro-
cess uniformity over geometric features is therefore crucial. Some
of the reported results in the present work clearly reveal that
for different geometries, the strain uniformity can be poor which
would of course compromise potential performance enhancement.
Existing techniques to confirm application of uniform compressive
strains make this challenging, which can potentially be addressed
by Bragg edge strain imaging. The strain maps can also be used
to inform the optimum peening parameters to obtain maximum
compressive surface stress without reverse yielding and can also
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indicate the location and magnitude of the balancing tensile stress.
For example, the balancing in-plane tensile residual strain can be
observed on the AA7050 samples, especially those on which high
peening coverage was applied, i.e., S10 and S20. The results from
Bragg edge imaging can be correlated and complemented with
data from other tests such as fatigue crack initiation and growth.
Bragg edge imaging can provide other useful information such as
plasticity, demonstrated by the plastic deformation region due to
very high peening coverage, In Fig. 8(c).

6. Conclusions

Examples of the use of Bragg edge radiography for near-surface
residual strain mapping have been presented, particularly for the
application of mechanical surface treatment research. From these
exercises, some conclusion can be drawn as follows:

The wealth of information provided by the strain maps empha-
sises the advantage of Bragg edge neutron transmission for strain
mapping over diffraction-based methods. Most neutron strain
scanners are limited by size of available gauge volumes to resolve
a high strain gradient that is often present within the first few
hundred microns. Partially filled gauge volume effects will also
be an issue for residual strain measurement at sample surfaces.
Synchrotron X-ray diffraction might have sufficient spatial reso-
lution to measure strain in selected components, but it requires
hundreds to thousands of measurement points in order to ob-
tain an overall coverage of a sample, and residual strain profiles
within complex-shaped features. Additionally, positioning accura-
cies of the measurement might present a problem for the two
aforementioned technique, although a procedure to manage the
alignment has been presented elsewhere [57]. Despite only provid-
ing through-thickness averaged strain information in one direction,
Bragg edge neutron transmission can quickly and straightforwardly
determine a multitude of strain profiles. This can help identify re-
gions of interest in the sample, should a full stress measurement
using any other methods be required.

Strain maps produced by Bragg edge imaging show good agree-
ment with the results from the more established methods, i.e., X-
ray diffraction and neutron diffraction. Thus, strains obtained by
Bragg edge neutron radiography can be considered accurate and
representative of the residual stress state of the sample for slowly
varying strain profiles. However, it is clear that the spatial resolu-
tion limits of the Bragg edge methods need to be considered when
interpreting strain values, in order to avoid misinterpretation of av-
eraged, unresolved strain curves.

While the higher transmission under the laser peened region
was previously thought as the contribution of crystallographic tex-
ture change, it was proven that this was rather the effect of con-
siderable shifts in the position (thus strain) of intense Bragg edges.
Therefore, for analysis of energy selective radiographs one should
be mindful of coexisting structural properties of texture, phase,
and strain in a sample, as shown by the presented examples.

This study has shown that strain information can still be ex-
tracted from a highly textured sample. That said, further investi-
gation is still required to determine whether a change in texture,
which changes the height and/or shape of Bragg edges, may in-
troduce false strain reading (pseudo-strain). Among the possibili-
ties to separate strain from the texture effects is sample annealing
at temperatures, where residual strain is relaxed while texture re-
mains unaffected. Consequently, the annealed sample can be used
for the determination of stress-free lattice parameters (spatially re-
solved across the sample), thus allowing separation of measured
strain from texture related effects.
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