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Abstract

Tensile stress in selective laser melted (SLM) stainless steel 316 (SS316) bars was studied with neutron
imaging methods for measurement of attenuation, scattering, and diffraction. The hypotheses for stress fail-
ure includes modifications to both the grain structure and residual porosity. Neutron Bragg edge imaging
showed a change in crystallographic structure and/or texture at a pre-existing fracture, but did not provide
evidence for presumptive crack formation. A Talbot-Lau grating-based neutron interferometer yielded bet-
ter than 100 um spatial resolution for the attenuation images and was tuned to an autocorrelation scattering
length of 1.97 um for the dark-field (scattering) images. The interferometry imaging was performed with
samples parallel and perpendicular to the linear grating, allowing assessment of scattering along and perpen-
dicular to the additive manufacturing build direction. In the 3D tomography dark-field volume of a tensile
stressed bar, features were observed that suggested possible sites of crack formation. The features were
quantified with line probes and found to be reproducible over three tomography experiments. After imaging,
the half-stressed bar was pulled to failure; the fracture point is correlated with a feature in the line probe
having enhanced neutron scattering. Neutron interferometry, particularly the dark-field imaging modality,
emerges as a powerful non-destructive method for detecting early crack formation in additive manufactured
components.

Keywords: additive manufacturing, neutron interferometry, Bragg edge spectroscopy

1. Introduction

Selective laser melting (SLM) is a powder bed fusion additive manufacturing (AM) technology as per
ISO/ASTM 52900 that is under rapid development and offers many challenges and opportunities [1]. Due
to the lack of optimization with laser scans and solidification processes, as-fabricated SLM parts usually

contain many defects, which can lead to poor mechanical strength and a shortened service life. Extensive
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literature is available on the study of microstructure and failure/crack growth mechanisms in SLM parts
[2H11]]. It is well known that SLM processing parameters such as laser power, scanning speed, chamber
atmosphere, powder layer thickness, and powder size distribution will impact the microstructure and thus
mechanical properties in SLM parts [12H20]. Although common microscopy results (TEM, EBSD, or SEM)
can reveal the detailed microstructure [21} [22]], these characterization methods are destructive in nature and
usually involve lengthy sample preparation stages. Also, these common microscopy methods are unsuitable
for in-situ testing under mechanical loadings. With no current non-destructive evaluation (NDE) techniques
standardized for AM materials, this study searches for a method to detect the point of failure in AM stainless
steel (SS) 316 samples.

There are several X-ray and neutron imaging and diffraction methods applicable for tensile and fatigue
measurements. In-situ X-ray tomography at a voxel size of (1.6 um)> of SS316 bars under tensile stress
showed an increase in detectable voids [23]. However, electron microscopy showed voids produced by
damage can have dimensions less than a micron [24]]. In-situ crystallography can be highly informative [25],
yet the gage volumes are large and scanning across an object is rarely performed [26]. Recent advances in
neutron grating-based interferometry [27] offer a route to sub-micron inspection of damage features over a
large field-of-view. The imaging modality is called dark-field imaging and is closely related to small angle
neutron scattering [28]]. Related X-ray imaging experiments have been used to measure sub-micron defects
in aluminum welds, both conventional and friction-stirred [29) [30]. Another large field-of-view imaging
experiment is neutron Bragg edge imaging, which has been used for mapping torsional strain [31H33]] .

Neutron Bragg edge imaging provides one method for obtaining crystallographic information in AM
samples. In Bragg edge imaging, a series of monochromatic images are collected at varying wavelengths.
At wavelengths defined by Bragg’s law, there is an abrupt change in attenuation. In the case of AM SS316
samples, probing the phases of internal components can reveal phase transitions from martensite to austenite
under strain and also on a pixel by pixel basis [32} 34, 35]]. In combination with neutron dark-field imaging,
Bragg edge imaging can explain the crystallographic phase transitions in AM samples.

In this proof-of-principle project, two neutron imaging and one microscopy method are applied to SS316
tensile bars prepared by SLM AM. Prior to imaging, some bars were stressed to 75% to fracture (here
referred to as half-life). To examine crystal grain structure at fracture and stress regions, neutron Bragg
edge imaging and scanning electron microscopy (SEM) were performed. To examine the microcracks at the
fracture and stress regions, neutron dark-field interferometry imaging was performed at one autocorrelation
scattering length. A preliminary examination was performed on the effect of plastic deformation in the
SLM parts with respect to dark-field imaging direction. Following the neutron imaging studies, scanning
electron microscopy was performed at regions of interest identified in the Bragg and dark-field images. The
results show, in broad terms, that neutron imaging can be utilized to examine stress fracture in SLM AM.
In particular, dark-field interferometry at auto-correlation lengths near 2 yum may show the initial formation
of cracks for tensile fracture. Of course, in situ neutron interferometry experiments are needed to confirm
the correlation of growth of imaging features with eventual fracture. The results also help to define the
sample parameters, i.e., composition, building parameters, and thickness, needed for compatibility with the

interferometry experiment, in particular, adequate neutron transmission and avoidance of dark-field image



saturation.

2. Experimental

2.1. Selective Laser Melting

A Concept Laser Mlab-cusing-R SLM system was used in this study to prepare rectangular shaped
plates with a thickness of 2 mm. Austenitic stainless steel (SS) 316L powders (compositions in Table (1)
from Concept-Laser (CL 20ES) were used with Concept-Laser’s “Speed-cusing” processing parameters.
Upon creation of a computer aided design model of the desired geometry, two-dimensional slice and support
structure information is created by AutoFab software for input into the Mlab system. During the build
process, the Mlab system is purged with argon (Ar) down to an oxygen level less than 0.7%. For each layer,
after lowering the building platform by 25 microns, a re-coater blade moves across the build platform and
deposits an even layer of SS 316L powders onto the build platform. After the rectangular plates were built,
a Mitsubishi wire EDM machine (MV series) was used to cut out the samples per ASTM E8/ESM-16a

(Fig.[I).

Table 1: Compositions of SS316 Powders

Element| Cr Ni C Mn | Mo Si S P Fe
Symbol
% 16.5-18.5/10.0-13.0/0-0.030{0-2.0|2.0-2.5|0-1.0{0—0.030|0-0.045 |Balance

80

15

Figure 1: Schematic illustration of a flat tensile bar specimen. All dimensions are in millimeters. The bar thickness is 2 mm.

2.2. Tensile Testing of 2 mm SLM AM Bars

For tensile testing, tensile bar samples with 2X2 mm cross section were tested on an ADMET dual
column universal testing machine equipped with a PC based controller at a strain rate of 10™* s~!. The load
cell has a capacity of 1000 Ibf (model 1210AJ-1K-B). This load cell has a measurement accuracy of +/- 0.5%
of reading down to 1/100 of load cell capacity and meets/exceeds ASTM E4, BSENIS 7500-1: 2004, DIN
51221 and JIS B7721 standards. The strain measurement accuracy is +/- 0.5% of reading down to 1/50 of
full scale with ASTM ES83 class B extensometers, meeting/exceeding ASTM E83 and BSENISO9513: 2002
standards. Mechanical properties of the samples are shown in Table



The sample has a total length of 80 mm, with a uniform test section length of 25 mm. For samples which
were pulled until broken, the elongation was found to be around 23% and the tensile strength was larger than
570 MPa (Fig. [2|1eft). Multiple samples were tested and the elongation at fracture was found to be constant
at 23%. A second set of samples were pulled to about 75% elongation before fracture (stressed), Fig. 2] right,

and a third type of samples were left in their pristine state.
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Figure 2: Stress analysis of 2 mm SLM AM tensile bars stressed to failure (left) and stressed to 75% of failure (right).

The design of tensile bar specimen used in this study is based on the Sheet-Type Specimens standard of
ASTM E8/E8M-16a. This sheet-type test specimen standard is used for testing metallic materials in the form
of a sheet with a nominal thickness ranging from 0.13 mm to 19 mm. The size of the specimen is designed

to suit the neutron dark-field interferometry measurements with a multiple sample setup.

2.3. Electron Microscopy Analysis

The microstructure of the tested samples were examined using field-emission scanning electron micro-
scope FE-SEM (FEI, Quanta 3DFEG) equipped with backscattering electron (BSE) and energy dispersive
spectroscopy (EDS) detector at LSU Shared Instrumentation Facility (SIF).

For SEM, small sections were cut out of the bar samples using a diamond slow-saw and then mounted
into epoxy resin (SamplKwick fast cure acrylic resin, produced by Buehler) for easy handing and retention.
The targeted surfaces were subsequently ground by 320, 400, 600, 800 and 1000 grits of SiC sandpapers in
sequence, before wet-polished with 6, 3, and 1 um Al,O3 suspensions. The polished samples were etched
using aqua regia. After immersing in aqua regia for 20 s at room temperature, the samples were immediately

cleaned with water. Typical SLM solidification microstructures were observed in all samples.

2.4. Talbot-Lau Interferometry Radiography and Tomography
Talbot-Lau grating interferometry and Bragg edge imaging was performed at the HZB CONRAD?2 imag-

ing beamline. The beamline operated a pinhole of 3 cm providing neutron flux of 2.4x10” n cm? s~ at the

Table 2: Mechanical Properties of SLM SS316 AM

Yield Tensile Hardness Modulus of |[Elongation Thermal
Strength |Strength Elasticity Conductivity
470 MPa  |570 MPa|98 HRB (20 HRC)| 200 GPa >15% |approx. 15 W/mK




detector (5 m, L/D value of 167). An Andor Ikon L-936 camera (2048x2048 pixels, pixel size 30 yum) was
used for imaging. The effective pixel size was 30 um for interferometry, 60 um with 2Xx2 binning. A 100 um
thick SLiF/ZnS scintillator was used to convert neutron flux into visible light. The source grating, GO, had a
period of 790 um with 20 um Gd, the phase grating, G1, a period of 7.96 um with 38 um Si for a 7 phase
shift at 3.5 A, and the analyzer grating, G2, a period of 4 ym with 10 ym thick Gd. The distance for GO-G2
was 4500 mm, G1-G2 was 22.7 mm (1st Talbot distance for 3.5 A), and G2-detector was 4 mm [36].
Grating interferometry imaging of the SS316 samples was performed with gratings in a vertical orienta-
tion. 2D and 3D datasets of the 2 mm samples were collected: one with the samples in vertical orientation,
two with the samples horizontal. Exposure times of 15 seconds provided sufficient flux through the thinner
samples. GO was stepped from 0 mm to 1.2 mm over 12 steps. The tomography was performed with 200

projections over 0° to 180°.

2.5. Dark-field Data Analysis

The intensity of the fringe pattern generated by the gratings evolves with the position of the stepped

grating. The intensity can be fitted with a cosine function [37]] or its linear expansion [38]]:

2mxg
I(xg) = A+ Bcos +¢ (D
Pg
. [2nxg 2rxg .
I(xg) = A+|sin Beos cos ¢ + |cos Bgin sin ¢ )
Pg Pg
where B = B2, + B?m (3)

The offset A and amplitude B of Eq.|1|are used to define the the fringe visibility, as visibility = B/A. The
image modality called “dark-field” is the ratio of fringe visibility with the sample in the beam versus out of

the beam:

VISIbllltymmplg Bsample /Asample

dark-field = 4)

VISIBIlity , fprence  Breference!Areference
2.5.1. Autocorrelation Length

The dark-field image intensity has been correlated with scattering theory for non-interacting spheres
[39H42]. The autocorrelation length gives estimates of particle size and volume fraction as a function of the
dark-field signal. The scattering length for the HZB Talbot-Lau interferometer was 1.97 um for the sample
upstream of the G1 grating and is computed by [28 40]:

AL,
i) = (5)
pgl
L
L = (Li+L-L)=
A Ll

where the distances are defined in Fig. 1 in Ref [39] with values of L1=4.5 m, [,=22.7 mm, p,1=4.0 um,
A=3.5 A, and L,=66 mm.



2.6. Bragg Edge Spectroscopy

Bragg edge imaging was performed with monochromatic beam and 100 second exposures from 2 A-
4.5 A by steps of 0.02 A. The monochromator operated with a bandpass of AE/E ~ 3%. The image contrast-
to-noise ratio was increased with 2x2 binning. For the line probes, masks were created in ImagelJ starting
with binarization and erosion of a transmission image, i.e, the line probe for the fractured tensile bars monitor

transmission near the fracture, but omit the air/fracture interface.

2.7. Tomography Reconstruction and Visualization

Tomography reconstruction was done using the Advanced Photon Source TomoPy/ASTRA simultaneous
iterative reconstruction technique (SIRT) [43]. Visualization was done using Avizo and Volume Graphics.
The attenuation volume was used to generate a binary mask which was applied to the dark-field volume. The
visualizations are of dark-field/attenuation. The end points of the fractured sample in the three tomography

experiments were used to mutually align the three dark-field/attenuation volumes.

3. Results and Discussion

3.1. SEM of Pristine and Stressed SLM SS316 AM Tensile Bars

The molten track level macroscopic pores are visible in both the as-printed SLM samples and the samples
after the tensile induced plastic deformation. The size of the macroscopic pores are generally on the order of
a few microns to tens of microns. Using speed-cusing processing parameters, the volumetric percentage of
the macroscopic pores is about 3% to 5%, as shown in Fig.[3] The tensile induced plastic deformation makes
the molten tracks less visible as seen in Fig. [l The tensile induced plastic deformation generates different
orientations in grain microstructures. The tensile induced plastic deformation refines grains, yielding a finer
structure as shown in Fig.[5] Of note is the introduction of 100 nm - 300 nm pores throughout the sub-grain

orientation as a function of tensile stress.

Building plane Cross section

Figure 3: The molten tracks and macroscopic pores on the building plane and cross section of a SLM SS316L part.
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Figure 4: After tensile testing, the macroscopic pores are visible, however, the molten tracks are harder to identify. Due to plastic
deformation, different orientations in sub-grains are clearly visible.
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Before tensile testing After tensile testing

Figure 5: The etched building plane surface of SLM SS316L parts before (left) and after (right) tensile induced plastic deformation.
After tensile induced plastic deformation, the etching pattern shows a finer structure with different orientations.

3.2. Bragg Edge Spectroscopy and Imaging

Neutron Bragg edge imaging is based on wavelength dependent transmission through the sample as
governed by Bragg’s law,
n A= 2dpsing (6)

where neutrons are scattered elastically at various angles, 26, from lattice planes at distances, djt;. Once the
scattering angle reaches 180°, A = 2dp; and backscattering occurs, corresponding to minimal transmission.
At wavelengths longer than 2dy,, the transmission abruptly increases. In the case of AM imaging, the phase
of the SS316 tensile samples was anticipated to be revealed.

Bragg edge imaging results for the SS316 bars are shown in Figs. [fand [7]] Transmission through the
fractured sample is the highest, followed by the stressed and pristine samples. Since the fractured bar was
pulled the longest of the three bars, it was expected to have the highest transmission due to a thinner path
length for the neutrons to penetrate. Also of interest is the region between 3.5 A - 4.2 A where a change in

texture from pristine to fractured can be observed, consistent with the SEM results in Fig.[5] The pristine



sample has a Bragg edge spectrum characteristic of austenite. This could be related to a transition from
y-austenite (111) at 4.17 A to @-martensite (110) at 4.10 A. Previous work has also observed this phase
transition in SS316 [32], confirming the validity of the results.

_ 0.90
i}

38

g \,‘ ) — Pristine
= 0.85 V — Half-life
‘|__ — Fractured

0.80
2.0 25 3.0 35 4.0 4.5

Wavelength (A)

Figure 6: Bragg edge spectra of 2 mm thick SLM SS316L AM samples. The samples subjected to tension, fractured and half-life,
show greater neutron transmission, implying the stressed samples are thinner than the pristine sample. The crystal texture change
near 4 A is consistent with the SEM results presented in Fig.

In Fig. [7, the image is obtained by division of the average signal for two wavelength regions, (3.8 A -
41A)/ @43 A-45A). While the scattering is concentrated along the edges of all the samples, the most
scattering in the fractured sample can be observed near the crack. In the half life sample, there is a concen-
trated signal around the x = 12 mm - 15 mm range, the region of the eventual fracture as shown in Fig.
However, the signal-to-noise ratio for crack detection is extremely low in this Bragg edge experiment. For
this reason, the focus shifted to neutron interferometry and attempts at achieving better contrast from the

sample.

0.98

tension, 75% 0.96

0.94

0.92

0. 10. 20. 30.
x/mm

0.90

Figure 7: Bragg edge image generated from the same data set presented in Fig. @ Here, the mean (3.8 A - 4.1 A) is divided by mean
(43 A-45A); the pixel size is 60 um. Bragg transmission shows a somewhat heterogeneous pristine sample at the sub-mm scale,
larger scale changes are seen for the 75% stressed sample, and definite changes are noted near the fracture. The site of presumptive
crack formation is not identifiable in the 75% stressed sample.



3.3. Talbot-Lau Interferometry and Tomography

The 2 mm SS316 AM tensile bars were sized to be compatible with interferometry/tomography, in par-
ticular, to avoid dark-field saturation with long autocorrelation lengths. The HZB CONRAD?2 Talbot-Lau
interferometer was configured for é=1.97 um. In search of the optimal sample/interferometer orientation
for observation of crack formation, the sample was imaged both parallel and perpendicular to the scattering
plane (as defined by the Talbot-Lau gratings). The experiment at the parallel orientation was repeated due
to an anticipated low signal-to-noise ratio for the presumptive crack formation. In Expt. 1, the stress axis is
perpendicular to the scattering plane (Fig.[8). In Expts. 2 and 3, the stress axis lies in the scattering plane.

Figure 8: The pristine, stressed, and fractured samples before the interferometry/tomography experiment #1. The G1 grating is
visible behind the samples. The sample lengths are: pristine (left)- 80 mm, stressed (labeled 3/630)- 83.6 mm, and fractured-
31.45 mm (back) and 54.64 mm (right), 86 mm assembled.

When looking at the reconstructed volumes of the samples, several interesting features were observed
(Fig.[9). In the fractured sample, a high amount of scattering (red) can be seen on both sides of the fractured
area. In the half-life sample, this scattering occurs along the edges of the neck region. When the sample is
rotated 90°, evidence of scattering along the neck edges is minimal. This is indicative of directional scattering
from porosity along the print layers. Also of interest is the high amount of scattering at a 45° angle in the
half-life sample. The crack in the fractured sample occurs at a 45° angle and although crack formation is
expected to occur close to this angle, visualization of this event in a half-life sample before fracture has not

been observed until now.

o bo AL IODN - PN
Fractured Sample

Stressed sample

Figure 9: Volume renderings of the fractured (left) and half-life (right) samples. In the image on the right, the top view shows the
half-life sample with the build planes horizontal while the bottom view shows the sample sample rotated 90°.

To understand if the scattering at a 45° angle in the half-life sample was accurately represented in the



visualization, line probes for the three experiments were generated (Fig. [10).
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Figure 10: Line probes of the stressed bar from interferometry/tomography experiments #2, #6, and #8. The line-probes use a mask
to exclude surface roughness. The horizontal marker at x=48.36+0.7 mm denotes the fracture point of the stressed sample where
the uncertainty in position is due to the 1.4 mm stretch between imaging and tensile failure.

The line probes reveals a point at x=48.36+0.7 mm of increased scattering values in the neck region,
likely indicative where a point of fracture may be forming. To test if this location is the likely point of
fracture, the half-life sample was then stressed to fracture. Figure [IT] shows the original stressed sample

when fractured.

Figure 11: The stressed sample after additional tensile stress to failure. The sample lengths are 36.64 mm and 48.74 mm (85.0 mm
assembled).

Of interest in the now fractured stressed sample is the location of the crack. In comparison to the an-
ticipated fracture location in Fig. [10](48.36 mm), the crack actually formed at 48.74 mm. As the difference
in fracture locations (0.38 mm) is within the standard error, this result indicates the value of neutron inter-
ferometry imaging for detecting cracks in stressed samples prior to fracture. With a lack of non-destructive
evaluation techniques for additive manufacturing, interferometry serves as a novel method towards visualiz-
ing fatigue.

As confirmed in the SEM images, the introduction of 100 nm - 300 nm pores from tensile stress gives a
reasonable estimate of what sized features to look for using interferometric imaging. While the autocorre-
lation length of the instrument, & = 1.97 um, was larger than the SEM features (100 nm - 300 nm), neutron
interferometry was still able to show small scattering features that were the location of fracture in large,
centimeter sized bars. As the field of AM is focused on observing smaller and smaller defects, new additions

like interferometry to traditional CT techniques can shape how AM standards are driven.
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4. Conclusions

The first non-destructive neutron imaging experiments of additively manufactured, tensile stressed SS316
bars were performed using Talbot-Lau interferometry and Bragg edge imaging. While the bars were left in
their pristine, half-life or fractured states, scattering (dark-field) images from the interferometry experiment
showed crack location in a stressed sample before fracture. When the stressed sample was pulled to fracture,
the actual crack location was confirmed to be the same as obtained from the imaging experiments. With
few non-destructive evaluation techniques for AM parts, this is the first known experiment using neutron
interferometry imaging to predict and observe crack location before occurrence.

While there are clear advantages to grating-based interferometry, there are also several limitations.
Gadolinium sputtering to produce neutron source and absorption gratings is not easy, resulting in limited
grating availability around the world (roughly 10 sets of neutron gratings for Talbot-Lau interferometry).
Neutrons are more costly to use than X-rays, hence the trend of higher energy X-ray CT systems capable
of penetrating thick metal samples. In the case of several centimeter thick metal samples like SS316, the
dark-field signal can saturate at low X-ray energies. Of the pristine SS316 samples studied so far, 2 mm to
3 mm is an optimal thickness. With hot isostatic processing, larger samples may be imaged but there is no
data as of yet. With all of these problems in mind, a new approach to interferometry uses a far-field design
[37], where only two phase gratings are utilized, meaning a reduction in exposure time due to a decrease in
beam absorption. The far-field interferometer can also probe a wide range of autocorrelation lengths, from
roughly 50 nanometers up to 5 micrometers. If an AM user knows a rough estimate of a fracture location or
pore size, they can tune the instrument to their benefit.

Although particle size information is valuable for neutron interferometry and SEM, there is a need for an
analytic chemical method like Bragg edge imaging to provide a detailed analysis of the SS316 AM parts. In
comparison to interferometry, Bragg edge imaging revealed a gradual phase change from 3.8 A-4.1 A for the
pristine, stressed, and fractured samples. The pristine sample appears to be of the austenite phase, however
after pulling of the samples to 75% elongation and fracture, there were indications of a crystallographic phase
change towards the a-martensite phase. With the neutron interferometry, Bragg edge, and SEM images
presented here, information regarding particle size, phase, and pore location in SLM samples can all be
achieved non-destructively. With no standards currently set for the additive manufacturing field, new non-
destructive imaging techniques like Talbot-Lau interferometry show promise towards future crack formation

prediction and observation before fracture.
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