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Neutron Bragg-edge-imaging for strain mapping under in situ tensile loading
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Wavelength selective neutron radiography at a cold neutron reactor source was used to measure
strain and determine (residual) stresses in a steel sample under plane stress conditions. We present
a new technique that uses an energy-resolved neutron imaging system based on a double crystal
monochromator and is equipped with a specially developed (in situ) biaxial load frame to perform
Bragg edge based transmission imaging. The neutron imaging technique provides a viewing area of
7 cm by 7 cm with a spatial resolution on the order of ~ 100 um. The stress-induced shifts of the
Bragg edge corresponding to the (110) lattice plane were resolved spatially for a ferritic steel
alloy A36 (ASTM international) sample. Furthermore it is demonstrated that results agree
with comparative data obtained using neutron diffraction and resistance based strain-gauge
rosettes. © 2011 American Institute of Physics. [d0i:10.1063/1.3582138]

. INTRODUCTION

Besides traditional neutron imaging (based on attenua-
tion contrast) of materials several additional methods have
recently evolved, e.g., phase contrast,' differential phase
contrast,*”” dark-field imaging,®*'® and imaging with polar-
ized neutrons.''™'* Energy selective neutron imaging opens
possibilities to exploit the Bragg-edges of crystalline materi-
als and reveal microstructural information related to the lat-
tice spacing, such as phase, texture and strain.'>'® Neutron
diffraction instruments at spallation sources have been used
to investigate the transmission spectrum and the observed
Bragg-edge was used for strain mapping.'” > A new tech-
nique to evaluate elastic strain components, using an estab-
lished neutron imaging instrument at a reactor source in
combination with a monochromator device, will be presented
in this paper. The method has the potential to be a powerful
tool to perform spatially resolved 2-D phase or strain map-
ping and opens up possibilities of phase/strain tomography
and texture studies as well.?*%>

The transmission spectrum of neutrons in the thermal to
cold energy range through a (poly-) crystalline sample shows
a sharp increase at certain wavelengths. The position of these
so called “Bragg Edges” is directly related to the lattice spac-
ing dyy, and therefore the method is suited for strain meas-
urements.'”"” Compared to the well established diffraction
technique, this imaging method can provide data for large
areas simultaneously, while measured strains are integrated
over the sample thickness. According to Bragg’s law,

nA= 2dpsind, (D)

neutrons at a wavelength 4 are coherent-elastically scattered
from lattice planes with distances dy;, which are aligned at
an angle 0 to the incoming neutron beam, in directions with
scattering angles of 26. For a particular hkl, the scattering
angle increases as the wavelength is increased until
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20=180° (backscattering toward the source). This is
reached at A=2dy and for wavelengths larger than this
value, no more scattering from this plane can occur, resulting
in a sharp increase of transmitted intensity. Strains can be
determined as

0
€= (dhkl_dgkl)/ g )
with dohkl as the unstrained or reference state lattice
parameter.
Several dedicated neutron radiography/tomography

instruments at steady state sources can readily provide spa-
tial resolutions on the order of or smaller than 50 ,um,26_29
and therefore implementation of energy selective Bragg-
edge imaging techniques could open many new applications.
Current improvements at the Helmholtz Zentrum Berlin
(HZB) will lead to much higher spatial resolutions using
cold neutrons and, therefore, even microstructural features
such as phase differences and/or precipitates could possibly
be visualized in the future.

In principle there are two possibilities to do such energy
dependent measurements at a reactor source: (1) using the
time-of-flight information in distance from the source using
a specifically designed chopper system or (2) selection (or
suppression) of neutrons from specific spectral parts. In the
latter case the wavelengths can be selected by a velocity se-
lector, the “slit method” or a wavelength tunable device,
e.g., a double crystal monochromator.'>%! Using different
settings or crystals allow selection of a very narrow spectral
part, but one should keep in mind that the flux decreases as a
narrower wavelength band is selected. In this case a double
crystal monochromator is used and has been reported previ-
ously by Treimer et al."

Il. EXPERIMENTAL APPROACH

The CONRAD instrument at HZB was used to obtain
the location and stress induced shifts of the Bragg-edge cor-
responding to the (110) lattice plane of a BCC steel sample
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FIG. 1. (Color online) (a) Portable loading system. (b) Specimen dimen-
sions in mm.

(A36 ASTM international) under well-known 2-D stress con-
ditions. A portable mechanical loading system (Fig. 1) has
been designed for the purpose of these experiments, specially
suited for transmission imaging and tomography. The system
offers an axial force capacity of 0-50 kN and a torque range
of 0—12 Nm. The system offers a custom developed Graphi-
cal User Interface with stress, strain and deformation
controls.

Because of the selected sample dimensions (gauge
length: 21.72 mm, gauge width: 10 mm, thickness: 1.46 mm;
Fig. 1(b)), a 2-D state of stress and hence strain can be
assumed. This has been verified calculating the principal
strains using a rosette strain gauge and applying uni-axial
loading in tension (in z-direction, hence y,, = 0) and torsion
(éx = &,=0). Strain in the measured direction using Bragg
edge shifts can be therefore attributed purely to Poisson
strain. The average grain size of the sample was 25 um.

The energy selectivity at the CONRAD instruments was
achieved by using a double-monochromator consisting of
one pyrolytic graphite crystal (PCG) monochromator in the
upper and lower position, each with a mosaic spread of 0.8°.
The wavelength band has an approximate resolution of
AA/2=3% and can be tuned freely between 2.0 and 6.5 A
while the beam position remains unchanged. The approxi-
mate flux at the sample position is 2 x 10* cm™"' s~'. The
position of the Bragg-edge at ~4.05 A, corresponding to the
(110) lattice plane (d;;9=2.02695 A), was investigated as it
is the most pronounced and the neutron flux is still reason-
ably high (peak flux at~3 A).

Transmission measurements were performed at four dif-
ferent states of stress: (1) unloaded as reference measure-
ment to determine the unstressed lattice parameter d% (S1)
(2) elastic deformation at 90% of yield strength, i.e.,
200MPa (S2) (3) plastic deformation (S3), (4) unloaded after
previous plastic deformation (S4). (Fig. 2)

The tensile test was performed in deformation (PID)
control to not introduce any creep behavior over the mea-
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FIG. 2. (Color online) (a) Recorded stress-strain curve of tensile test. (b)
Schematic sketch of CONRAD (inset).

surement time, using a maximum deformation rate of 0.5
mm/min. At each state of stress, 21 transmission measure-
ments between 3.8 and 4.2 A with a step size of 0.02 A were
performed. The exposure time for each transmission mea-
surement was chosen to be 15 min (+ 15 min for Flat-field
measurement) to minimize signal to noise ratio, resulting
in approximately 10.5 hs count time for one stress state.
Figure 2 shows the stress-strain curve recorded during the
experiment at CONRAD, and due to the long holding time
some relaxation (“stress drop”) is visible at stress state S3
(and also very minimal at stress state S2).

The exact same type of sample (machined from the
same batch) was used for measurements undertaken at the
E3 Diffractometer (HZB). The tensile test has been per-
formed with the same equipment and same parameters as at
the CONRAD instrument, only but with more stress states
being measured (12 stress states total, while the stress state
at 90% of yield strength was measured twice). Several spa-
tial locations along the specimen axis have been measured
with a gauge volume of 2 x 2 x 2 mm® while the count time
for one point was 20 mins. The reader should note that the
data presented herein was obtained for the (220) lattice
plane, which represents lattice strains for the (110) lattice
plane.

lll. RESULTS

The (macroscopic) Poisson strain at the yield point
(250 MPa) for the investigated material is 325 ue, which cor-
responds to a Bragg peak shift of 0.0013 A, while for engi-
neering applications it is important to quantify strain with a
precision of 50 to 100 pe. To obtain the position of the Bragg
edge for each pixel or spatial location, a curve routine was
implemented using the nonlinear least-squares method. The
derivative of the transmission profile was taken and a Gaus-
sian fit applied, where the center of the Gaussian (A1) repre-
sents the location of the Bragg edge. (See Eq. (3))

Flx) = Age I6mA/AF2 4 4, 3)

In this notation, A corresponds to the height of the Gaussian
while A, is the width (standard deviation) of the Gaussian
and A3 stands for the constant term.

Based on the signal-to-noise ratio of intensity versus d-
spacing data, the authors found it necessary to perform
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FIG. 3. (Color online) Bragg-edge transmission profile, derivative and
gauss-fit.

additional spatial binning of pixels in order to determine the
edge position with the required precision. This was necessary
due to (relative) short exposure times implemented in our
experiments to develop the measurement technique. By pixel
binning the edges of the sample are spatially smeared out
and a widening of the edge is introduced when binning pixels
in the y-direction due to small wavelength variations along
the height of the neutron beam. This is a known artifact of
the double crystal monochromator setup and special care
must be taken if the reference lattice parameter is obtained
from a different sample (at a different position in the neutron
beam path). The resulting pixel size was 2.7 mm, but longer
count times and/or higher intensities are expected to lead to
significant improvements of the spatial resolution possible
with our technique. Also the thin specimen geometry, and
therefore resulting thin diffracting gauge volume, should be
noted.

The results show general agreement with expected strain
values from elasticity theory and good agreement with ex-
perimental diffraction-based results, performed at the Resid-
ual Stress Analysis and Texture Diffractometer E3 at HZB,
all within a variation of less than = 60ue. Figure 3 shows the
transmission profile for one pixel in the gauge center (2.7
mm pixel size after binning) as well as its derivative and fit-
ted function for stress state S1. It also shows the fitted Gaus-
sian curve for stress state S2 (dotted line) corresponding to
the same pixel and the reader should note the shift of peak
position (see also inset Fig. 3). The interpreted strain there-
fore is derived from the combination of measured experi-
mental data and the approach identified in Eq. (3) for
locating the peak position of different stress states. As is
common with residual stress mapping facilities one can sig-
nificantly improve the ability to measure d-spacing shifts
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FIG. 4. (Color online) Map of transversal strains obtained by radiography.
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FIG. 5. (Color online) Transversal strains along the specimen height for
investigated stress states.

much smaller than the available wavelength resolution AA/4
with the option of using peak fitting technique. It is now rou-
tine that diffraction based instruments measure lattice strains
smaller than 50 we. The reader should note that detectable d-
spacing resolution is not defined just by wavelength band of
the monochromator, but rather by the detectable diffraction
peak (or shift of diffraction peak) of the sample.

The strain for each pixel, derived from the difference of
the edge position in the stressed (S2, S3) and post-stressed
condition (S4) to the unstressed condition (S1), is visualized
in Fig. 4. One can note easily the differences between the
stress states. The strains within the gauge area are uniform,
while they are lower above and below it, corresponding to
the tapered section. This is to be expected. Figure 5 presents
the strains at the three stress conditions along the height of
the specimen, pixel O corresponding to location at the bottom
and pixel 19 at the top of the sample. Figure 6 compares
transmission and diffraction-based results for the same loca-
tion in the specimen center (while the diffracting gauge vol-
ume was chosen as 2 x 2 x 2 mm3). The error bars of the
reported transmission data included in Figs. 5 and 6 corre-
spond to two standard deviations of all horizontal pixels in
the same line, which are expected to have the same strain
due to plane stress condition. The determined strain values
from both techniques agree with each other within the uncer-
tainties of the experimental errors. A similar agreement was
found in other locations along the specimen’s height. The

350
300
250
200

150

Stress [MPa]

100 | @ Transmission Results
-+-Diffraction Results
50 | --E=200000 v=0.26

0 ---E=210500 v=0.25

-550 -450 -350 -250 -150
Transversal microstrain [pum/m]

50 0 50

FIG. 6. (Color online) Comparison with diffractometer based results.
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dotted black straight line indicates the macroscopic elastic
response (E =200 GPa, v=0.26). It is expected from litera-
ture that the elastic response specific to the (110) plane of
Fe” behaves slightly different from that>? (E=210.5 GPa,
v=0.25; indicated by straight blue dashed line). The experi-
mentally determined values at E3 lie within these expected
values for applied stress magnitudes smaller than 90% of the
yield point. The decrease of strain magnitude for the repeat-
edly measured stress state at 200 MPa could indicate that
relaxation has occurred as more time has passed. This would
also explain why the strain value of the transmission based
result for stress S2 is relatively low, as the holding point has
been even longer.

This work demonstrates first experiments that show
the ability to do quantitative and spatially resolved strain
radiography even with moderate fluxes at a reactor source.
This technique could be useful for investigating typical
plane stress problems using very small gauge volumes cor-
responding to pixel size and/or become a complementary
tool for traditional diffractometers. It should be noted that
the possibility of using very small gauge volumes is of
course not only dependent on the technique itself, but also
on the samples grain size, texture and microstructural prop-
erties. Moreover the technique can be applied to texture
and phase analysis in the future. Future improvements
leading to better spatial resolution and shorter count times
are planned with improved monochromators and brighter
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