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ABSTRACT

Scanning 3D x-ray diffraction is a non-destructive synchrotron technique for mapping the 3D
microstructure of polycrystalline materials where a focused hard x-ray beam is scanned across the
sample to obtain spatially-resolved microstructure information. We demonstrate a new approach to
such an experiment which extends the capabilities of existing techniques to be able to handle more
complex and highly deformed microstructures. We demonstrate this by mapping the formation of
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sub micro meter sized deformation twins in-situ and in the bulk at deformation levels up to 20% in

an as-built additively manufactured steel sample.

1. Introduction

Predictive modeling of deformation mechanics of poly-
crystaline materials on the meso scale involving grain-
grain interactions, deformation twinning, and the devel-
opment of sub-grains remains a challenge. Validation
of these models mainly relies on macroscopic proper-
ties and comparison with either surface measurements
or destructive 3D maps made by serial sectioning. In-situ
datasets where the evolution of the microstructure can be
followed at the grain-level are needed to test the accuracy
of existing models and guide ongoing development.
Synchrotron x-ray techniques for microstructure
imaging such as three dimensional x-ray diffraction
makes such measurements possible and has proven to
be a useful tool for investigating a range of phenom-
ena in polycrystalline metals. The range of 3D x-ray
grain-mapping techniques can be split into four groups.

(1) Far-field techniques, that utilize a large field of illu-
mination and achieve high orientation and strain
resolution. However, they do not recover the shape
of the grains nor the inter-granular variation [1,2].

(2) Near-field techniques that use the shape of Bragg-
peaks and extinction contrast of the transmitted
beam to reconstruct the shape of the grains, and to
some degree inter-granular misorientations [3-5].

(3) Methods that use optical components inserted
downstream of the sample to achieve better both

spatial and orientational resolution, such as differ-
ential aperture microscopy [6] and dark-field x-ray
microscopy [7].

(4) A new approach based on scanning a micro-focused
x-ray beam over the sample(s3D-XRD) [8,9] has
become popular thanks to improvements of x-ray
sources and detectors that allow ever faster scanning.

s3D-XRD has in recent years been used to study a
range of phenomena such as grain growth [9], dissolution
and sintering [10], and plastic deformation [11]. A major
limitation of the existing algorithms is the need to be able
to do peak-segmentation on the recorded the diffraction
patterns, which limits the application to small inter gran-
ular misorientation and large grains, relative to the x-ray
beam size. Recent improvements to the reconstruction
algorithms have made it possible to map volumes with
larger inter granular misorientations [12] and a higher
number of grains [13]. Similarly, efforts have been made
in the techniques utilizing a wide field of illuminations by
utilizing the shape of diffraction peaks in the far field to
determine per-grain orientation distributions [14] and by
combining this with near-field measurements to achieve
intragranular orientation resolution [15]. Nevertheless,
the methods still remain largely limited to studying fully
recrystallized microstructures or samples containing a
small number of moderately deformed grains.

To overcome this issue, it has recently been suggested
to use texture tomography(TT) [16,17] as an alternative
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approach to reconstruct s3D-XRD data. The main advan-
tage of TT that it is able to handle samples with grains
smaller than the size of the focused x-ray beam. This is
possible as TT allows multiple orientations to be present
in a single reconstruction voxels. This however comes at
the cost of reduced orientation resolution.

To demonstrate the viability of this approach, we use a
sample that is challenging for the existing grain-mapping
techniques. Additively manufactured metals commonly
contain a mix of very large columnar grains with large
inter granular misorientation, and regions with small
equiaxed grains [18,19]. The twinning induced plastic-
ity(TWIP) effect results in the creation of sub-micron
sized crystalline domains adding another complication to
the reconstruction of the microstructure. The character-
ization of such a sample with the established algorithms
would therefore require a sub-micron x-ray beam and a
large number of scan-points. With TT these restrictions
are loosened allowing large samples to be mapped with a
coarser resolution.

Deformation studies, such as the one presented in this
paper were one of the early successes of the original far-
field techniques [20-22] where the reorientation of indi-
vidual grains could be tracked over large plastic deforma-
tion. Studies with inter granular resolution have also been
demonstrated with s3D-XRD [11,12] with fully recrys-
tallized initial microstructures. Studies involving more
complicated micro structures, such as is present in addi-
tively manufactured metals, are rare [23-26] and have
relied on heat-treating the sample to study annealed or
recovered grains, rather than the as-built microstructure.

We perform an interrupted tensile-loading of a tensile
specimen up to 20% reduction of the cross-section and
track the evolution of individual grains and the develop-
ment of twin lamella. The sample is an additively manu-
factured 304L stainless steel sample that was produced by
laser powder bed fusion(LPBF).

2. Method
2.1. Sample synthesis

The sample is a dog bone shaped tensile specimen
of 304L stainless steel that was produced by LPBF
using a custom-built machine [27]. For the 304L stain-
less steel alloy, gas-atomized powder (supplied by Car-
penter Additive, United Kingdom) was used that had
a mean particle size of 45 microns and a compo-
sition of Fe-18.4Cr-9.8Ni-1.4Mn-0.61Si-0.1Cu-0.07N-
0.030-0.015C-0.012P-0.004S. Using this powder, a 12 x
12 x 12mm cube was printed with a laser spot size of
45pm and a power of 250 W using a TruFiber 500 P
compact (FD44-W) fiber laser (TRUMPF Schweiz AG,

Switzerland). The cube was printed with a scan speed
of 600 mm/s, a hatch spacing of 45um, and a layer
thickness of 30 jum, where the scan-lines were rotated by
90° between each layer. During processing, the cham-
ber of the LPBF machine was filled with high purity
argon gas (99.998%) to maintain an oxygen level below
0.2% After printing, the produced cube was electrical
discharge machined (EDM) to make the tested tensile
specimens that had a nominal cross section 1 x 2 mm.
Following EDM, the samples were polished using P4000
SiC grit paper to remove surface damage caused by EDM.

2.2. X-ray experiment

The experiments were performed at the beamline P21.2
at the synchrotron source PETRA IIT at DESY in Ham-
burg, Germany. The experiment utilizes a focused x-ray
beam of approximately 5um vertical and 6 wm hori-
zontal full width at half maximum at a photon energy
of 82keV. The sample was scanned in steps of 6 um
horizontally and under continuous rotations with 360
measured diffraction patterns spaced out over a 180°
rotation.

The diffraction patterns were measured using a flat
panel detector(4343CT, Varex Imaging, USA) and the
sample was deformed using an open frame deforma-
tion rig(CT20K, Deben, UK). The deformation was per-
formed in steps up to a certain plastic elongation of the
sample and the measurements were performed while the
sample was unloaded.

The tomographic measurement of each slice consists
of 401 such 180° rotations for a total of about 72,000
diffraction patterns which took 5 hours to measure. The
measurement speed was limited by the time-resolution
of the x-ray detector at 15 frames per second as well as
significant overheads from motor movements.

2.3. Texture-tomography reconstructions

From the measured diffraction patterns, the radially inte-
grated intensities of the eight observed Bragg peaks
were computed for 720 azimuthal bins using the open-
source software-package pyFAI [28] giving a total of 5760
diffraction sinograms.

The sample is modeled by a pixel-map where a full
orientation distribution function(ODF) is represented in
each pixel [17]. The forward model involves computing
the diffraction intensity from each ODF and summing
over the intensity from each voxel along a line, using
standard algorithms from texture analysis and computed
tomography respectively. The model is then fitted to the
data using gradient descent. The texture is represented
with radial basis functions using a grid with about ten



thousand orientations in the asymmetric zone of the
cubic lattice. The gradient descent algorithm was run for
200 iterations. The converged solutions are highly sparse,
with respectively 0.6% and 1.0% non-zero coeflicients for
the initial and final strain steps respectively.

2.4. Analysis of texture-tomography
reconstructions

The pixel wise ODFs were first subjected to a clus-
tering algorithm to find a number of distinct texture-
components in each voxel. For each such component a
mean orientation and a density is computed. In most pix-
els, a single texture component was found with density
above the chosen threshold, but at grain boundaries and
regions with small-grains, multiple texture component
were found.

For each pixel with multiple texture components, an
intra-pixel misorientation was computed between the
orientations with the highest and second-highest densi-
ties. In the final deformed reconstruction, voxels display-
ing a misorientation less than 7° from the spinel twinning
law (60° rotation about a (111)-axis) were considered to
display TWIP. The cutoff of 7° was chosen to capture
the full width of the peak in a histogram of the mis-
orientation magnitude and is somewhat larger than the
grid-resolution of the texture model (nearest neighbor
distance of 5°). Texture components in neighboring pix-
els with less than 3° misorientation were then grouped
into grains.

2.5. Grain tracking

To follow the evolution of individual grains, it is neces-
sary to identify the same grain across the different recon-
structions. To do this, first a number of recognizable fea-
tures, such as sample edges, pores in the interior (caused
by lack of fusion defects), and certain large grains were
identified in all three reconstructions manually. From
this set of points, a two dimensional deformation-field,
modeled by a second order polynomial, was fitted. Fol-
lowing this, a search was performed for each grain in
the initial structure at the corresponding positions after
deformation in the deformed reconstructions. Any grain
with its center-of-mass in this region and with a misori-
entation relative to the initial grain of less than 15° and
a similar size is considered a match. 52 such grains were
matched between all three tomograms.

2.6. EBSD measurements

The in-situ sample was investigated after deformation
by electron back-scattering diffraction (EBSD). Prior to
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EBSD measurements, specimens were initially sectioned
using a wire-saw and subsequently hot mounted in con-
ductive resin using a SimpliMet 1000 machine (Buehler,
USA). These specimens were subsequently ground using
SiC paper from a grit of P320 down to P4000 before being
polished down to a 1 pm diamond suspension using a
LaboForce-100 machine (Struers, Denmark) before final
polishing using OPS solution. EBSD measurements were
carried out using an Ultra 55 SEM (Zeiss, Germany)
scanning electron microscope (SEM) that was equipped
with an EDAX EBSD detector (Hikari, Japan). EBSD
analysis was done on the OPS polished specimens using
an accelerating voltage of 20 kV and at step sizes of
100 and 800 nm to examine deformed and undeformed
regions. The collected EBSD data was analyzed using TSL
OIM Analysis 8.1.0 software.

3. Results

We have obtained three texture tomography measure-
ments of a cross section near the middle of the tensile
specimen with 6 jum resolution, corresponding to the ini-
tial structure, and deformed samples at 10%, and 20%
reduction of the sample cross section. The cross section
of the undeformed sample was measured to be 1.9 x
0.9 mm and was oriented with the build direction(BD)
of the sample along the longer dimension of the cross
section. (See Figure 1(a))

For each scan, an averaged powder diffraction pat-
tern was generated by integrating the 2D diffraction data
over all orientations and scan points. The resulting pro-
files were analyzed using the modified Williamson-Hall
(mWH) method [29], where dislocation contrast factors
are employed to account for the anisotropic broadening
of the diffraction peaks. Figure 1(b) shows the corre-
sponding mWH plots for the undeformed sample and
after the first and second deformation steps. In all cases,
the data align well along straight lines, indicating that
the anisotropic broadening can be consistently attributed
to the presence of dislocations. The increasing slope
clearly reflects a rise in dislocation density with strain.
Additional anisotropic broadening effects expected from
deformation twins, as described by Warren’s theory [30],
were not observed—presumably due to an insufficient
twin density to measurably impact the diffraction pro-
files.

We obtain a tomographic reconstruction of the local
texture consisting of an ODF in each pixel of the tomo-
gram. Throughout most of the sample, the grains are
well-resolved allowing us to compute an orientation field
which is plotted as an load direction (LD) inverse pole
figure(IPF) map in Figure 1(c-e). As a result of the defor-
mation, the sample becomes macroscopically warped and
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Figure 1. Texture tomography reconstructions of 2D cross sections. (a) Sketch of the sample geometry with the approximate location
of the measured cross-section. (b) Modified Williamson-Hall plots for the three measurements showing increasing peak-broadening due
to dislocations. K refers to the magnitude of the diffraction vector, AK is the peak-width and C is the dislocation contrast-factor. (c—e)
reconstructed main orientation for (c) the initial structure, (d) after the first, and (e) after the second strain-step plotted as LD IPF maps.
In (c) areas with lack-of-fusion defects and small equiaxed grains are marked with (1) and (2) respectively. (f-h) show EBSD maps of the
sample in (f) an undeformed region and (g) a deformed region (h) shows a zoomed in view of a region displaying twinning.

grains are visibly reoriented. The measurement is only of
a single 2D cross section with a height defined by the
height of the x-ray beam of 5pum. Because the sample
warps, the slices measured in the three scans are not iden-
tical, but several sample features such as lack-of-fusion
defects, regions with fine equiaxed grains, and individual
large grains can be recognized across the three tomo-
grams, suggesting that the offset between the slices is less
than the LD size of the larger grains of around 50 pm.
Despite this complication, a number of larger grains
can be tracked across all three tomograms. Figure 2(a,b)
shows two such grains. From these tracked grains, certain
average trends are observable. Mainly, a large reorienta-
tion of grains initially aligned with (110)||LD towards
(111)||LD, which is common for FCC metals [20-22],
including austenic TWIP steel [31,32]. Although internal
defects such as lack-of-fusion pores are known to create

local stress concentrations and strain heterogeneity [33],
these defects were relatively sparse within the analyzed
volume. Conversely, the orientation changes observed
during loading were widespread and not confined to
regions adjacent to defects, suggesting that the deforma-
tion behavior is not dominated by these features. Further-
more, as-built LBPF samples are known to contain large
residual stresses due the high cooling rates during solid-
ification [34]. Such residual stresses could influence the
lattice reorientation during early stages of deformation.
While we do not recover the lattice strain in the present
reconstruction workflow, such a strain reconstruction
has been shown to be possible with peak-segmentation
based methods [35].

We also observe TWIP occurring between the second
and the third scan. While the narrow twin lamella are not
spatially resolved by the experiment, we can observe the



Figure 2. Orientation changes in tracked grains. (a,b) LD IPF-
maps of two tracked grains in the initial, 1st strained, and 2nd
strained reconstructions from left to right. (c) Mean orientation
changes of all tracked grains plotted as arrows on the TD IPF. The
two grains in (a,b) are highlighted in green. (d,e) Magnified view
of regions in (c).
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twinning as intra-pixel misorientations by reconstructing
several orientations within a single voxel. Figure 3(a-c)
shows histograms of the misorientation magnitude for
all pixels with multiple orientations present. In all three
cases, the histograms are dominated by pixels close to
grain boundaries, where the orientations of neighboring
grains blur together. The first two histograms follow a
random distribution except for an over representation of
low angle grain boundaries. In the histogram from the
final scan, there is furthermore a peak at 60° which cor-
responds to the spinel twin law given by a 60° rotation
about a (111) axis.

Figure 3(d) shows the spatial distribution of pixels dis-
playing twinning and the orientation of the major texture
component as LD-IPF color. Figure 3(e,f) show these
orientations as scatter plots in an LD-IPE. The major tex-
ture component is concentrated around (111)||LD while
the minor component is concentrated near (100)||LD.
The volume fraction of the minor component displays a
distribution around 20%-30% while the pixels with mis-
orientations attributed to grain boundaries have volume
fractions around 50% (Figure 3(h,i)). Volume fractions
lower than about 20% are not identified by the analy-
sis due to the threshold used to identify texture com-
ponents from the ODFs. This means that we do not

111
e) ( ,

('i i5)
H 11)

6110)

0- 0
0% 10% 20% 30% 40% 50% 0% 10% 20% 30% 40% 50%
Volume fraction Volume fraction

Figure 3. Observation of TWIP. (a—c) histograms of intra-pixel misorientations (a) in the initial state, (b) after the first deformation, and (c)
after the second deformation. (d) spatial distribution of the grains displaying TWIP (e) major- and (f) minor texture components shown
as a scatter plot on the LD IPF. (g) pole figures of the misorientation axis. Histograms of the volume fraction of the minor component in
(h) pixels displaying two orientation but not close to the twin law and (i) close to the twin law.
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find volumes with only a small volume fraction of twin
lamella and therefore likely underestimate the area that
displays twinning. We can also observe the direction of
the misorientation axis relative to the sample coordi-
nates. Figure 3(g) shows that twinning primarily occurs
along [111] planes that have an angle at around 60° rel-
ative to the LD and 90° relative to the build direction.
While the orientation relative to the load direction is
explained by the mechanical criteria for twin formation,
the preferred orientation relative to the build direction
can only be explained by the preexisting microstructure.
We note that the preferred 90° orientation observed cor-
responds to twin lamella parallel to the long direction
of the grains, while the avoided 0° orientation would
give twin domains roughly orthogonal to the long direc-
tion. Consistent with the understanding that deformation
twinning occurs more readily in larger-grained materi-
als [36]. This is also observed in the EBSD maps shown
in Figure 1, where the twins appear as stripes close to
parallel with BD (vertical).

Where the twinned grains can be identified with one
of the tracked grains from the earlier scans, it appears in
all cases that an (111)||LD exists beforehand (in the ini-
tial structure and after the first deformation step) and the
orientation (100)||LD appears as a result of twinning in
line with the prevailing understanding [31,32]. One such
tracked grain, that displays both slip and TWIP is shown
in Figure 4.

4. Conclusion

The results presented in this paper show promise for
texture tomography as an alternative approach to recon-
structing s3D-XRD data sets for samples with large inter
granular misorientation and unresolved micro structural
features. We have demonstrated the feasibility of such an
experiment by performing an interrupted tensile load-
ing experiment on a sample of LBPF 304L steel up to
20% reduction of cross section. We observe the expected
reorientation of lattice towards LD||{111} and the devel-
opment of deformation twins preferentially in grains at
LD||{111} orientation.

The large deformation of the sample between each
measurement and the resulting uncertainty in the posi-
tion of the measured cross section along LD leads to
difficulty in analyzing the results. The experiment would
therefore benefit from a full 3D measurement, which
can be achieved by translating the sample along LD and
repeating the measurement. While the present experi-
ment was limited by the speed of the flat-panel detector
used, we estimate that by using a faster detector and
eliminating overheads, it should be possible to get mea-
surement times of similarly sized samples down to below

1.0
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0.2
g T 0.0 (100) (110)

Figure 4. Close up of a single grain displaying both slip and TWIP
effects. (a—d) LD IPF maps of the selected grain in the (a) initial
state, (b) after the first deformation, and (c,d) after the second
deformation highlighting respectively the primary and secondary
orientations. (e-g) ODFs in Rodriguez-vector representation for
the (e) initial, (f) first, and (g) second deformed measurements.
The ODFs correspond to the single voxels marked by a cross in the
corresponding maps (a—c). (h) Load direction IPF representation of
the texture components in (e-g). The arrows represent the lattice
reorientation due to slip (blue and red) and TWIP (orange).

10 minutes per cross section, allowing full 3D measure-
ments within acceptable experimental time.
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