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Abstract A high-resolution neutron tomography system
and a grating-based interferometer are used to explore
electron beam-melted titanium test objects. The high-res-
olution neutron tomography system (attenuation-based
imaging) has a pixel size of 6.4 pum, appropriate for
detecting voids near 25 pm over a (1.5 cm)® volume. The
neutron interferometer provides dark-field (small-angle
scattering) images with a pixel size of 30 pm. Moreover,
the interferometer can be tuned to a scattering length, in
this case, 1.97 um, with a field-of-view of (6 cm)3. The
combination of high-resolution imaging with grating-based
interferometry provides a way for nondestructive testing of
defective titanium samples. A chimney-like pore structure
was discovered in the attenuation and dark-field images
along one face of an electron beam-melted (EBM) Ti-6Al-
4V cube. Tomographic reconstructions of the titanium
samples are utilized as a source for a binary volume and for
skeletonization of the pores. The dark-field volume shows
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features with dimensions near and smaller than the inter-
ferometer auto-correlation scattering length.

Keywords Neutron interferometry - Electron beam
melting - Additive manufacturing - Porosity - Tomography

1 Introduction

Ti-6Al-4V additive manufacturing (AM) has played a key
role in modern scientific exploration, from biocompatibility
studies with mouse fibroblast cells [1] to dental implants
[2]. As the role of AM grows larger, so does the need for
understanding the effects of printing methods on materials.
A recent model comparing the differences between elec-
tron beam melting and selective laser melting of Ti-6Al-4V
serves as a guide as to how the microstructure can be
controlled through AM [3]. While modeling may be
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valuable, it does not reveal any information as to whether a
desired manufactured object was printed correctly.

One simple way to look at this problem is through
imaging. X-ray and neutron imaging provide a way to
visualize 3D printed objects without the need for destruc-
tion of samples. Traditional imaging involves 2D radiog-
raphy, where a wavefront from a source (X-ray or neutron)
travels in a designated path and interacts with a sample
placed in the beam path at a certain distance. Alterations to
the wavefront are detected through attenuation/absorption
images and the object can then be reconstructed.

In comparison to the one dataset provided from atten-
uation-based radiography, grating-based interferometry
generates three datasets: traditional attenuation/absorption,
differential phase contrast, and dark-field (synonymous
with small-angle scattering). With many different methods
of X-ray and neutron interferometry developed over the
years (Michelson, Talbot-Lau [4], and Far-Field [5]), of
interest here is the Talbot-Lau interferometer. In a Talbot-
Lau interferometer, a source grating, GO, adds coherence to
an incoming wavefront (either X-rays or neutrons). The
wave proceeds along the beam path and interacts with a
phase grating, G1, which alters the wave by a certain
period that is then propagated further downstream. Inten-
sity changes of the beam can be detected using an analyzer
grating, G2, after an object is placed in the beam path.

While interferometry is a well-known technique, one
recent hindrance was grating fabrication. Until 2006,
grating fabrication was only well established for X-ray
interferometry (X-ray lithography) [6]. Challenges with
gadolinium sputtering for source and analyzer gratings
limited the production of neutron gratings [7] until Kim/
Lee began filling silicon gratings with Gadox powder to
produce the same optical properties [8]. Interferometry has
now become a valuable tool for neutron imaging of
materials.

With two main types of imaging (X-rays and neutrons),
questions arise as to which is the more viable imaging
option for AM materials. X-ray computed tomography
(XCT) has proven valuable for observing polymer AM
pores [9]. Micro X-ray CT (uXCT) offers very high spatial
resolution (as low as 5 um) for observing Ti-6Al-4V lack
of fusion, keyhole, and gas porosity [10, 11]. While higher
spatial resolution is preferred, the high absorbance of
X-rays by metals and a small sample size requirement for
pXCT limits the reproducibility of imaging large-scale
samples. In comparison, neutron imaging provides bulk
sensitivity and can show strain distribution in Inconel 625
[12]. In the case of Ti-6Al-4V samples with micron-sized
spacing, the interaction of neutrons with the metal results
in an expected phase shift of the beam and an altered signal
in the dark-field. In comparison to attenuation imaging,

@ Springer

where resolution is limited down to 15 microns, the dark-
field signal can reach as low as 1-micron resolution [13].

The possibility exists for one imaging method, such as
attenuation, to measure defects in AM samples undetected
with another imaging modality. Due to the chance of
porosity defects occurring at multiple length scales
(nanometer and micrometer), the need exists for perform-
ing high-resolution attenuation imaging and grating-based
interferometry. The interferometry can detect changes in
the small-angle scattering (dark field) while high-resolution
imaging can magnify noticeable features through attenua-
tion. For a several cm thick AM Ti-6Al-4V sample, bulk
properties regarding the shape, size and location of porosity
defects can be detected on the micron scale.

2 Experimental

2.1 Additive manufacturing- ORNL MDF 3D
printing of the titanium cubes

Samples of interest were electron beam-melted (EBM) in
2015 and 2016 from Ti-6Al-4V gas atomized powder. The
build setup is shown in Fig. 1.

The powder is estimated to have a diameter ranging
between 45 and 150 um. Composition of the Ti-6Al-4V
includes a majority titanium (90%), aluminum (6%), and
vanadium (4%), with trace amounts of iron, nitrogen,
carbon and oxygen. An Arcam Q10 EBM machine printed
layers from used powder in 0.05 mm height increments. A
symbol, such as M3 or M5, is incorporated into one face of
each cubic sample to distinguish samples. The beam spot
size was not measured. For batch 4.2.75, the speed function
of the Arcam Q10 system is 46 mm/s and the focus Offset
is 32 mA. For batch, 4.2.87, the speed function is 30 mm/s
and the focus offset is 15 mA. Hatch spacing of the system
is 0.2 mm. After the EBM printing is complete, the non-
sintered powder is kept under a vacuum atmosphere, so that
it can be used in future builds. Printing parameters for Ti-
6AI-4V samples are shown in Table 1 below. Similar AM
printing procedures can be seen in [14-16].

2.2 HZB CONRAD-2 imaging beamline

Grating interferometry and high-resolution neutron imag-
ing experiments were performed at the HZB BER II reactor
neutron imaging instrument (CONRAD-2) [17, 18]. High-
resolution imaging was performed without grating inter-
ferometry due to absorption of the beam by the gratings
and to achieve higher resolution. A sample setup of the
grating-based interferometry is shown in Fig. 2.
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Fig. 1 Build fabrication of Ti-6Al-4V samples. Large rectangles
measuring 105 mm x 18 mm x 23 mm (Length x Width x
Height), cylinders of 2 mm diameter and 105 mm height, and cubes
of (15cm)® were printed using this setup  of
200 mm x 200 mm x 110 mm. Of interest in this neutron experi-
ment are the cubic samples due to the small field of view at the
neutron beamline (6 x 6 cm)

Table 1 2015 and 2016 Ti-6Al-4V Printing Parameters

Year EBMC Powder batch Ti-6Al-4V pieces

2015 4.2.75
2016 4.2.87

Po42 52, H34-32, M1, M5
TEKNA Ti6Al4V M3

The beamline operated a pinhole of 3 cm, allowing
sufficient neutron flux (2.4 x 10’ ncm?s™") at the
detector (5 m, L/D value of 167). An Andor Ikon L-936
camera (2048 x 2048 pixels, pixel size 30 um) was used
for imaging. The effective pixel size was 6.4 pm for high-
resolution imaging and 30 um for interferometry. A 100
pm thick °LiZnS:Ag scintillator was used to convert neu-
tron flux into visible light.

In the grating interferometry setup, the source (GO),
phase (G1) and analyzer (G2) gratings were placed at their
respective first Talbot order distances. Grating position,
alignment, and stability is critical for maintaining inter-
ferometer performance, as measured in percent visibility of
a moiré pattern at the detector. In this experiment, the
gratings were placed horizontal to the neutron beam to
observe horizontal microstructure sensitivity in the sam-
ples. Alignment of the gratings began by observing the
neutron beam with GO (period of 790 um) and G2 (period
of 4 um), where horizontal moiré fringes were observed.
G2 was aligned close to the detector to eliminate high-
angle scattering from the sample. During the initial setup
and alignment, G1 was the last grating to be installed; the

measuring position 3 cm pinhole

< 5m

Fig. 2 Grating setup showing L1 of 4.78 m (G0-G1 distance), L2 of
2.27 cm (GI—E}Z distance, first fractional Talbot distance for wave-
length of 3.5 A), and LS of 5 cm (sample—detector distance)

GO, G2 gratings and the detector were mutually aligned to
give a low-frequency moiré pattern. The interferometer
was operated in a stepped-grating mode, typically with
twelve G1 positions evenly spaced over 12 pum, slightly
more than the 7.96 pm G1 period.

Interferometry and tomography imaging of two Ti-6Al-
4V cubes was performed with 20 s exposures, with one
sample from 2015 (MS5) and one from 2016 (M3). High-
resolution attenuation tomography was performed on the
2016 cube, M3, after porosity was discovered with the
gratings. An exposure time of 6 s provided good visibility
(5%) over 500 image projections. For tomography experi-
ments, 181 steps from 0° to 360° were used.

2.3 Neutron interferometry analysis

A vectorized least squares algorithm was used for pro-
cessing the raw images of the stepped-grating interfero-
gram into projections of absorption, differential phase
contrast, dark-field, percent visibility of the reference
image, and %2 of the sample images [19]. Across most of
the sample interferograms, x> averaged near 2, indicating
an acceptable fit. The interferometer visibility in the ref-
erence images averaged 5% over the field of view, with the
exception of a few damaged regions in the gratings. For
regions in the reference visibility image with less than 3%,
a mask was generated and used to guide an inpainting
correction to the projection [20]. Inpainting has charac-
teristics similar to a median filter, but when guided by a
visibility mask, it offers a more targeted image correction.

The tomography projections for attenuation and dark field
were reconstructed with SIRT (ASTRA toolbox) [21]. The
dark-field projections were reconstructed as (1 — dark-field)
to set the air-region around the sample to zero. The recon-
structed differential phase contrast volume was found to be
essentially featureless. With some tomography runs pro-
ducing 2534 projections, a dataset could result in well over

@ Springer
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17 GB. Binning of 2 or 4 was originally utilized for faster
image processing. Cropping resulted in projections of
1.8 MB per image, or 4.7 GB per dataset.

2.4 Visualization

Three volumes were obtained and compared pairwise. Two
volumes show neutron attenuation while the dark-field
volume shows neutron small-angle scattering. The attenu-
ation volume with pixel size of 6.4 um is regarded as the
benchmark for feature detection; this volume is labeled
A6.4. The attenuation volume collected simultaneously
with the dark-field image has a pixel size of 60 um after
binning of 2 and is labeled A60. The dark-field volume is
labeled DF60.

Control points in the A6.4 and A60 volumes were
manually selected in Avizo™ and used to generate a rigid-
body affine transformation for the A60 and DF60 volumes.
The high image contrast in A6.4 supported segmentation
and morphological component analysis to provide a label
field of the porosity structure (not shown). This label field
was visualized as a skeletonization, Fig. 5.

3 Theory

To properly analyze the raw attenuation and dark-field
datasets for the AM cubes, theory regarding the properties
of materials and imaging must be understood. Attenuation
images detect the sample composition based on neutron
scattering and absorption. The dark-field image has a high
connection with small-angle neutron scattering (SANS)
and shows the microstructure of samples. The interferom-
eter can be tuned to an auto-correlation length, {, and the
dark-field image can show the effect of features with
dimensions at or smaller than {. The theory behind quan-
titative neutron dark-field imaging has recently been pub-
lished [22, 23]. A condensed explanation is presented here.

The real component of the neutron refractive index, n, is
determined by

J2Nab. 72

=1- =1—-—(NSLD 1
n . ~(NSLD), (1)

where / is the neutron wavelength, N, is the number
density, b. is the coherent neutron scattering length, and
NS LD is the neutron scattering length density as tabulated
by NIST.!

The dark-field intensity (DFI) is dependent on the visi-
bility of the beam, showing how intensity changes of the
beam are generated by the phase grating, G1.

! NIST Neutron activation and scattering calculator; http://www.
nenr.nist.gov/resources/activation/.
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V= Imax — Inin (2)
I max T I min
When a sample is introduced into the beam path, mod-
ulations to the beam intensity can be detected at specific
Talbot distances. The dark-field signal is a determination of
sample visibility, V', over open beam visibility, V, as
shown in Eq. 3.

/

Vv
DFI = — 3
- ()

DFI is dependent upon several factors: period of the
phase grating, p,, sample-to-detector distance, LS, and
auto-correlation length, (.

- A X Lseff
P2

{ (4)

To include sensitivity changes in the scenario of a
sample being placed in front of Gl in the grating inter-
ferometer, the real sample-to-detector distance, LS., must
be accounted for. L1 is the GO-to-G1 distance and L2 is the
Gl1-to-G2 distance. A large sample-to-detector distance
implies the scattering angles probed are larger than those if
the sample was placed close to the detector.

(L1412 —1S) x L2

LSetr =
ff 1

(5)

For this experiment, A= 3.5 A, LS =5 cm,
LSess = 2.257 cm, and p, = 4 pm, giving a calculated
autocorrelation scattering length of { = 1.97 um. The
dark-field image gains intensity for features of this size or
smaller.

4 Results and discussion
4.1 Grating interferometry of Ti-6A1-4V cubes

From the grating interferometry experiment, it was dis-
covered that one of the AM cubes was not as uniform as
expected. In both the attenuation and dark-field projections,
a pore-like structure was observed in the 2016 cube (M3)
but not in the 2015 cube (MS5). Figure 3 shows the change
in sample uniformity from 2015 to 2016 in attenuation and
dark-field slices. In principle, the attenuation image can be
used to measure the material density in the pores through
the composition-weighted attenuation values, X%, (see
Table 2) and the dark-field can measure pore sizes through
Eq. 4, the autocorrelation scattering length.

In determining the quality of the data, histograms
revealed a slightly higher degree of correlation in the
uniform cube (Fig. 4). While the porous cube has a similar
range of attenuation values from 0.0028 to 0.0038, the
dark-field values are more obscure in the defective cube as
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seen by the lighter shade of orange above values of 0.001.
For the defective cube, the dark-field signal is much
broader across the full attenuation range as compared to the
concentrated intense signal in the good cube. This could
indicate that even though the pores are microns in size (as
compared to the 1.5 cm sample size), they greatly reduce
the amount of sample scattering to behave more similarly
to the environment.

4.2 High-resolution imaging

The main benefit of high-resolution attenuation imaging is
obtaining roughly twice the resolution compared to grating
interferometry. With an increase in effective pixel size
from 30 to 6.4 pm, the pore structure of an AM sample can
undergo further evaluation through segmentation and
skeletonization. Skeletonization was found to be a valuable
tool for observing porosity, where the connectivity of pores
relates to the design parameters of the material. Figure 5
shows a skeletonization of the pore structure, ranging from
radius sizes of 5-50 pum.

Once a skeletonization showed the pore structure, it was
necessary to visualize this structure in the sample. Figure 5
(right) shows the combination of skeletonization with the
porous M3 cube. One great feature is the ability to observe
the M3 symbol on the cube, indicating which face hosts the
defects. In this case, the bottom face hosts the chimney

|
| 0.0036

0.0034
0.0032

0.0030

Fig. 3 a Attenuation and b dark-field slices from the grating
interferometry A60 and DF60 volumes of Ti-6Al-4V cubes. The left
cube is the 2016 M3 sample and the right cube is the 2015 M5, both
1.5 cm in length, width and height. Since attenuation and dark field
are represented by visibility fractions in Eq. 3, there are no units for
either term. Both the attenuation and dark-field images show the

pore structure and shows how the pores build vertically
across the sample. This information is highly valuable to
the AM field to help alleviate any potential porosity issues
during the printing or relaxation process.

Since the pore structure became more pronounced with
high-resolution imaging, a new challenge arose to register
Ti-6Al-4V cube volumes from differing experiments. With
three known registration options (auto, manual, and land-
marks), the best choice for the cubes was to utilize seg-
mented data with correlation. The resulting Fig. 5 (left)
shows a successful registration from the grating interfer-
ometry attenuation volume with the high-resolution atten-
vation volume. The two bounding boxes indicate the
transformation applied to the interferometry dataset to
register with the high-resolution dataset. The porous vol-
ume rendering of the high-resolution data is in white with
the interferometry in yellow.

4.3 Pore structure

The attenuation and dark-field images provide comple-
mentary information about the pore structure. The attenua-
tion image can have a high contrast to noise ratio, which
allows binarization, segmentation, and skeletonization. The
skeletonization defines the internal pore structure, yet makes
the erroneous assumption that the pore/matrix interface is

0.00150
0.00125
| 0.00100
0.00075
0.00050
0.00025

0

features of interest in the lower portion of the M3 sample. The white
rectangles denote the regions analyzed with the histograms shown in
Fig. 4. The color bars above are the same as the XY dimensions of
Fig. 4. The ring artifacts are due to wear in the grating and detector
system

Table 2 Ti-6Al-4V

Scattering (barn)

Absorption (barn) Weighted attenuation (cm™")

. Element wt%
composition, thermal neutron
scattering, absorption, and Ti 90 435
attenuation lengths (p = 4.43 g/
em?) Al 6 1.503
v 4 5.1
S(em™)

6.09 0.524
0.231 0.010
4.49 0.020

0.554

@ Springer
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attenuation attenuation

Fig. 4 Histograms of the M3 Ti-6Al-4V cube (A60 and DF60) for the portion with defects (a) and no defects (b). Defects are observed as

reduced attenuation combined with increased neutron scattering

0.000742 0.00119 0.00284 0.002895

0.000966

Full Sample Half Sample

0.00295

Fig. 5 On the left, the grating interferometry attenuation volume
(vellow, A60) is registered to the high-resolution (white, A6.4)
attenuation volume. Average values for the interferometry attenuation
range from 0-0.00295 to 0-0.00119 for the high-resolution volume.

discrete. The dark-field image more accurately shows the
range of porosity at the pixel-by-pixel level.

Shown in Fig. 6 is a pore observed with both interfer-
ometry and high-resolution attenuation imaging. With the
high-resolution imaging, the pore has been segmented,

@ Springer

6.05

Thickness

On the right, a skeletonization of the pore structure from A6.4. The
pore segments are depicted in tubes scaled and colored by thickness
(thickness min-max: 0.5-12.1, colormap: blue to red) (color
figure online)

skeletonized (Fig. 5) and converted to a label field. The
dark-field image, Fig. 6d, shows the complicated structure
in a pore. As the dark field is synonymous with small-angle
scattering, brighter features are those regions exhibiting



Prog Addit Manuf (2017) 2:125-132

131

A B

f
-
Ry
S

' 4

o

S e ———

Fig. 6 A selected chimney-like structure shown with: a attenuation
from a high-resolution tomography volume, A6.4, b binarized slice,
¢ volume rendering of the binarization, and d the corresponding

strong scattering at the autocorrelation scattering length set
by the interferometer.

Attenuation and dark-field reconstructions of the 2016
M3 sample exhibit a high amount of overlap in the chim-
ney-like structure. Still, the dark field shows evidence of
the feature outside the regions detected by attenuation. This
suggests two different levels within the features. The larger
chimney-like structures are highlighted by both attenuation
and dark field.

The voids were originally treated as spherical, how-
ever, the discovery of the chimney structure helped to
determine that the porosity is either a result of a lack of
fusion or trapped gas. With the composition of Al rather
small (only 10%) in Ti-6Al-4V, it is difficult to determine
if the pores are composed of aluminum or if the pores are
truly voids in material. Pure aluminum could have
attenuation values low enough to show up as a pore (as
calculated in Table 2). However, the dark-field volumes
disagree with this hypothesis as there is scattering from
the pore structure at different locations than the attenua-
tion volume. This likely indicates that the observed pores
are a result of a lack of fusion (irregularly shaped pores)
rather than keyhole or trapped gas (spherical voids). The
attenuation values in the histograms in Fig. 4 are also
above 0, indicating that any voids are likely composed of
material rather than gas.

region from the interferometry experiment imaged with dark-field,
DF60. The pore size is 2.5 mm x 2.1 mm x 5.68 mm

5 Conclusions

A Ti-6Al-4V AM cube was imaged using neutron grating
interferometry and high-resolution imaging. Synergistic
analysis of high-resolution neutron tomography is achievable
with lower resolution neutron interferometry/tomography.
The dark-field image from neutron grating interferometry
reveals sub-pixel scattering features at near micron dimen-
sions. A comparison of neutron attenuation versus dark-field
intensity shows that the chimney-like features attenuate neu-
tron flux nearly as much as the bulk, but contain efficient
neutron scattering sites with an autocorrelation length of
2 um. There are two possibilities for the scattering differ-
ences: small gas-filled pockets present in the sample are less
than 2 pum or micron-scale phase separation of aluminum and
titanium occurs in the material. If phase separation is causing
the difference in scattering, the reduced neutron attenuation in
the chimney-like features suggests this is due to aluminum
enrichment within the chimney. A destructive test, like
scanning electron microscopy, would show the true compo-
sition of the pores; however, further imaging experiments of
the sample could no longer be explored.

This work shows one application of neutron grating
interferometry for non-destructive evaluation of AM.
Unfortunately, we note the HZB reactor is scheduled to
close in 2020. The forthcoming VENUS beamline at the
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Spallation Neutron Source, Oak Ridge National Labora-
tory, USA could be an excellent site for grating
interferometry.
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