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Abstract

Insufficient data are available to fully understand the effects of metal additive manufacturing (AM) defects for widespread
adoption of the emerging technology. Characterization of failure processes of complex internal geometries and defects in metal
AM can significantly enhance this understanding. We aim to demonstrate a complete experimental measurement process and
failure analysis method to study the effects of AM defects. We utilized simultaneous implementation of tensile tests with high-
resolution X-ray computed tomography (XCT) measurements on 17-4 stainless steel dog-bone samples with an intentional
octahedron-shaped internal cavity included in the gauge length and also containing much smaller lack-of-fusion (LOF) defects,
all generated by a Laser Powder Bed Fusion (LPBF) additive manufacturing process. The LOF defects were introduced by
intentionally changing the LPBF default processing parameters. XCT image-based linear elastic finite element (FE) simulations
were used to interpret the data. The in-situ tensile tests combined with simultaneous XCT measurements revealed the details of
the failure process initiated by additively manufactured rough internal surfaces and porous defect structures, which experienced
high stress concentrations. Progressive collapse of ligaments leading to larger pores was clearly observed, and the resulting
porosity evolution until failure was quantitatively analyzed. The high stress concentrations were also directly confirmed by the
FE simulations. The experimental methods described in this paper enable the quantitative study of the complex failure mecha-
nisms of additively manufactured metal parts, and the image-based FE simulation method is effective for identifying and/or
confirming possible failure locations and features.

Keywords Artificial defects - Intentionally-seeded defects - Additive manufacturing - Effect of defects - In-situ mechanical test -
X-ray computed tomography

Introduction

Additive Manufacturing (AM) is becoming an increasingly
viable alternative manufacturing technique. While various
materials (polymer, ceramic, and metal) are used for AM,
metal AM has a greater potential to impact a wide range of
industries including aerospace, biomedical, and automobile
by producing load-bearing structural components with a more
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efficient functional design and reduced overall mass.
Feedstock materials are generally in the form of powder, wire,
or sheet, and energy sources such as lasers, electron beams,
electric arcs, or ultrasound are currently utilized in different
metal AM processes [ 1-3]. Although AM processes are still at
a relatively early stage, the laser powder bed fusion (LPBF)
AM process has already been used to produce parts for real-
world applications such as fuel injection nozzles for airplane
engines [4]. In order to qualify the part, however, many test
samples had to be empirically tested. A different qualification
framework to reduce the time and expense of such efforts can
be realized by understanding fundamental failure mechanisms
in these complex parts.

One of the major concerns of metal AM is the formation of
defects that are different in size and characteristics from those
of conventional manufacturing processes (e.g. casting). These
defects are currently being categorized by international
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standards organizations, but their effects are not yet well-un-
derstood. These defects include gas pores, lack-of-fusion
(LOF) pores, keyholing pores, and cracks, which are all po-
tential failure initiation sites [5—8]. Another concern of an
AM-produced part is the inherently-rough surfaces, in the case
of LBPF is on the scale of the median powder size, which can
be critical for fracture and fatigue. These surfaces may be
improved with post-manufacturing operations, but internal
surfaces are often difficult to access for post-manufacturing
operations. Furthermore, near-surface pores were found in
several mechanical test samples produced with AM processes
[9-11], which may be connected to the surfaces through micro
cracks. AM-produced parts are not always perfectly built to
the original computer-aided design (CAD), depending on the
surface orientations (e.g. overhang or downward facing sur-
face) [12], so as more custom and complex parts are designed
and built using AM, the effect of this type of imperfect build
quality also needs to be taken into account.

As medical and aerospace industries have great interest in
using AM for their parts experiencing complex loading con-
ditions [13], it is critical to detect defects prior to part instal-
lation. However, when a part is built containing complex ex-
ternal and internal geometry, almost all other non-destructive
evaluation techniques fail to inspect the part, leaving X-ray
Computed Tomography (XCT) the only viable option [14].
XCT provides a unique opportunity to inspect these types of
parts non-destructively [15], and determining the probability
of detection (POD) is a critical aspect of qualification [16].
AM is expected to be used in industries targeting a low vol-
ume production of highly customized parts, and individual
inspection of custom parts may be needed to ensure the quality
of the part. Coupon tests may not be representative of
actual part geometry due to differences in thermal histories.
Therefore, a direct test on the actual AM-produced
parts may be needed, and a method to predict mechanical
performance would significantly enhance the qualification
process.

In addition to non-destructive inspection, XCT is also very
useful for investigating the structure of various materials and
any changes under applied loads (not just mechanical) [17],
including geomaterials [18-23], composite materials [24-27],
and metals [15, 28]. Advanced XCT systems can provide
micrometer to sub-micrometer resolution with acquisition
time of a few minutes to hours depending on applications
(e.g., sample size, voxel size, X-ray power, source-to-
detector distance, and number of projections required).
Synchrotron imaging facilities provide similar resolution (=
1 um or less) but at a much faster acquisition rate (= minutes
or less per scan) due to significantly higher flux of the X-rays
[29]. While most XCT experiments are ex-situ, in-situ exper-
iments, with simultaneous loading and imaging, where one
can monitor intermediate steps of the failure process, are being
increasingly used at both synchrotron facilities and laboratory

SEM

XCT systems [30, 31]. State-of-the-art synchrotron imaging
beam lines are usually over-booked, and access to the facility
is often limited. On the other hand, a laboratory system can be
accessed more easily. An advanced laboratory XCT system
provides similar resolution (= 1 um or less) to that of a syn-
chrotron facility, but it generally requires much longer acqui-
sition time (minutes to hours), which does not allow a true
dynamic study. In the case of a mechanical test, pseudo-static
tests (interrupted tests) are generally conducted at different
load increments. It is possible to perform dynamic XCT
experiments at a synchrotron facility by rotating the sample
at a high rate [32], but this requires a very small sample
with low attenuation and a slower loading rate. The image
quality may not be optimal for image thresholding and a
quantitative analysis, as the exposure time is made as small
as possible.

In this paper, in-situ mechanical tensile tests were carried out
during XCT imaging to study the effects of defects and internal
geometry with rough surfaces on the failure mechanism. We
demonstrated the capability of in-situ mechanical tests and the
ability to predict failure locations through image-based Finite
Element (FE) simulations, focusing on uniaxial tensile loading.
The effect of these defects in cyclic loading is also a critical
problem [33], and it has recently been studied for AM materials
[34, 35]. Interrupted in-situ mechanical tests were performed to
directly visualize the material state under the applied load. Pore
growth and crack formation were found. One of the strengths of
XCT is the ability to resolve actual material structure and defect
distribution, which provides an opportunity to directly perform
FE simulation, with the actual voxels serving as the finite ele-
ments. We present a methodology to validate the FE simulation
results with the experimental results of in-situ mechanical tests.
This paper provides the entire workflow and associated results
for the selected tests. The technique presented here is a power-
ful method to carry out a more systematic failure analysis by
logically relating the actual defect geometry, location, and dis-
tribution to estimated stress concentrations and the failure pro-
cess in the sample.

Materials and Methods
Sample Preparation

Cylindrical stainless-steel tensile samples were produced
using a LPBF AM process with the EOS M270" system
followed by a conventional machining process to refine and

! Certain commercial equipment, instruments, or materials are identified in
this paper in order to specify the experimental procedure adequately. Such
identification is not intended to imply recommendation or endorsement by
the National Institute of Standards and Technology, nor is it intended to imply
that the materials or equipment identified are necessarily the best available for
the purpose.
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polish the external shape. Surfaces produced with the LPBF
process are generally rough enough so that they can dominate
mechanical testing that was designed to interrogate internal
defects, not external roughness. Two sample types were pro-
duced: One with a designed internal feature (Sample 1) and
another with LOF pores generated by changing the LPBF
processing parameters (Sample 2 and 3) from the vendor’s
default settings. The sample geometry is shown in Fig. 1(a),
which was designed based on ASTM E8/E8M standards [36].
The samples were initially built 500 pm larger in radius to
accommodate the final machining process. The tensile
strength of the material and X-ray penetration were considered
in determining the final size of the sample. A computer nu-
merical control (CNC) machining process was applied to ma-
chine the samples to the desired final dimensions with smooth
surfaces, along with grooves for the sample grips. An image of
the final sample is shown in Fig. 1(b). Additional hand
polishing with a fine-grit sand paper was performed on the
gauge section. The samples were produced with the default
LPBF processing parameters (Table 1) except for the regions
of interest (ROIs) of Samples 2 and 3. Samples 2 and 3 incor-
porated LOF defects generated due to unoptimized LPBF pro-
cessing parameters within the ROIs. The default processing
parameters generally provide a nearly fully dense structure.
Sample 1 has an internal designed feature, which is a hollow
octahedron shape (Fig. 1(c)). Due to the LPBF process, pow-
der particles are trapped inside the void. The angled surfaces
were shown to be built closer to the original design, avoiding
generation of dross on the top surfaces [12]. The ROI in
Sample 2 was built with setting 1 (laser scan speed doubled
from the default setting), and the ROI in sample 3
(hatch spacing doubled from the default setting) was built with
setting 2 in Table 1. The theoretical energy densities
associated with the different processing parameters were
computed by using equation (1), and the energy densities of
the two modified settings were identical as shown in Table 1.
The energy density generally influences the part
global density [3], but the actual pore structure may be
different depending on the AM processing parameters
as shown by XCT images [15]. Additional information on
sample preparation may be found in a NIST internal report
[37].

E=—— (1)

Pre-alloyed 174 stainless steel powders (GP1) [38] were
used to produce samples with the chemical composition of typ-
ical 174 stainless steel. The powders were atomized in nitrogen
gas, and the powder size, as measured by laser diffraction, was
between 5 um and 80 um with a peak around 40 pm [39].
While wrought 174 stainless steel material is known to be fully
martensitic, a GP1 powder-based 17-4 stainless steel

component produced with the LPBF process was found to be
composed of both austenitic and martensitic phases due to the
retained nitrogen in the gas-atomized powders [40]. Phase trans-
formation of the austenite to martensite was observed after a
heat treatment or after applying some stress [41, 42]. For the
samples in this experiment, a residual stress-relief heat treatment
(650 °C for 1 h followed by quenching in nitrogen) was per-
formed before removing the samples from the build plate [40].
The mechanical test results for the same materials and material
characteristics are provided in other publications [40, 42].

Mechanical Testing

A load frame (Deben CT5000) designed for in-situ mechani-
cal tests in XCT systems was used. The loading system
mounts on the rotary stage of the XCT system as shown in
Fig. 2(a), and the entire setup can rotate 360° for an XCT scan.
The loading system is equipped with a 5 kN load cell for both
tension and compression tests. A glassy carbon window al-
lows high X-ray penetration while providing structural sup-
port. The sample is not optically visible through the glassy
carbon window, and the operation of the mechanical loading
must be monitored through X-ray imaging. The top of the
sample is fixed to the top cover of the load frame, and the
bottom of the sample is loaded toward the bottom of the load
frame when loaded in tension as shown in Fig. 2(b). The
sample is mounted between the grips as shown in Fig. 2(c).
Copper wires were glued to the sample to help identify spatial
locations within the XCT images.

XCT Acquisition

XCT is a non-destructive 3D imaging technique visualizing
internal material structures. For a typical cone beam XCT
scan, multiple radiographs (projections) of the object are ac-
quired for a 360° rotation with a small angular increment. The
acquired 2D projection images are combined using a recon-
struction algorithm after completing the acquisition to produce
a 3D reconstructed image volume representing attenuation
values of the materials within this scanned volume. For this
experiment, a ZEISS Versa XRM500 system was used as
shown in Fig. 3. The loading system is mounted on the rotary
stage. The desired geometric magnification was achieved by
changing the ratio of the source-to-object distance and the
source-to-detector distance, for a given lens. The detector is
a lens-coupled charge coupled device (CCD) camera, which is
a configuration typically used for synchrotron and neutron
imaging [43, 44], unlike flat panel detectors of typical XCT
systems. The X-rays produce visible light photons in the scin-
tillation material coating the lenses, which then focus the light
on the CCD camera. In addition to adjusting the geometric
magnification, optical magnification can be adjusted by
changing the lens with different magnifications. This feature
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not only allows flexibility in achieving high spatial resolution,
but also eliminates the need to place the sample too close to the
X-ray source to achieve the highest resolution, which is impor-
tant in case a bulky experimental setup needs to be installed on
the rotary stage such as the load frame. A cable management
system allows an easier manipulation of load frame cables
during rotary stage movement. Two imaging settings were
used: one at approximately 12 pm/voxel, and the other at about
3 um/voxel. The voxel size and spatial resolution are related,
but they are not identical. We denoted different XCT measure-
ment settings in this paper using voxel size for simplicity,
which should not be confused with spatial resolution. The spa-
tial resolution of an imaging system is experimentally deter-
mined based on the Modulation Transfer Function (MTF) typ-
ically at 10% MTF [45, 46]. MTF is modeled as a Fourier
transform of a system’s comprehensive impulse response,
which is a mathematical convolution of impulse responses of
system components including geometric/optical magnifica-
tion, effect of source spot size, scintillator light blooming ef-
fect, and detector pixel sampling rate [47, 48]. The spatial

(a)

(d)

resolution is at least twice the voxel size, which is theoretically
based on the Nyquist sampling theorem [49]. The maximum
X-ray focal spot size is about 5 pm, and both geometric and
optical magnification were adjusted such that geometric
unsharpness did not exceed the effective pixel pitch of the
detector. An XCT scan was acquired by measuring multiple
projections of the sample by rotating the sample for a 360°
rotation with discrete angular steps. The number of projections
were chosen to be more than the theory required [47], which is
approximately 7t/2 times the number of pixels spanning the
sample width. Details of the acquisition parameters are provid-
ed in Table 2. A filter was used to screen out lower voltage X-
ray photons, so that at least 10% of the incident photons were
transmitted through the sample.

XCT Reconstruction, Image Processing, and
Segmentation

The acquired 2D projection images were reconstructed with a
vendor-supplied cone beam filtered backprojection algorithm

Table 1 Processing parameter

sets used for the AM builds Power, P (W)  Scanspeed,  Hatch spacing,  Layer thickness, t (mm)  Energy density,
v (mm/s) h (mm) E (10° J/m®)
Default 195 1000 0.1 0.02 97.5
Setting 1~ 195 2000 0.1 0.02 48.75
Setting2 195 1000 0.2 0.02 48.75
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glassy carbon window

direction
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Fig. 2 (a) Load frame installed in the XCT system, (b) load frame with the cover off, and (¢) a sample mounted in the load frame

[50], which is based on the Fourier slice theorem [51]. The
algorithm is generally implemented by applying a filter on
log-normalized projection signals in Fourier space, and the
filtered signals are backprojected in the spatial domain to cre-
ate reconstructed volume. The data were additionally
corrected for beam hardening during the reconstruction pro-
cess, which makes the image intensity more uniform. A non-
local means filter was applied to the reconstructed images to
reduce the noise level while minimizing blurring of the images
[52]. VGStudioMax 3.1 was used to segment the data based
on the advanced surface determination algorithm where appli-
cable, and the VGEasyPore local thresholding algorithm was
used to threshold pores in the samples for a quantitative anal-
ysis [53]. For smaller pores with lower grayscale contrast, the
surface determination algorithm alone does not always suc-
cessfully threshold the pores. Local thresholding algorithms
such as Bernsen’s method, which is very similar to the method
implemented in VGStudioMax 3.1, significantly improves the
possibility of detecting and thresholding pores [54]. A meth-
od, described in a recent paper [15], was used to find local
contrast threshold values based on the noise level statistics of

Fig.3 XCT system setup with the X-ray Source
in-situ loading system V

the images. An average of local standard deviation values
within different homogenous locations of the volume was
used as a basis to estimate an optimum local contrast threshold
value larger than image noise level to avoid thresholding noise
particles.

Interrupted Loading Experiments

Due to the relatively long acquisition time of an XCT scan
compared to the strain rate of a typical mechanical test, dis-
crete load increments were applied for the in-situ mechanical
test. Aside from the applied rotation, it is crucial that the sam-
ple does not move during the XCT scan so as to avoid blurring
the images. In this experiment, the sample was displaced at a
constant crosshead speed (0.01 mm/min) until the load
reached the target load, and then the load was held constant
at this level. Due to the lack of programmable features in the
control software, the crosshead movement stopped once it
reached the load, and a manual command was implemented
to hold the load at this level. During the initial stop of the
crosshead movement, some load drop was experienced.

CCD Camera

4

Loading System Lens
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Table 2 XCT measurement settings

Sample 1 Samples 2 and 3

Setting Setting 1 Setting 2
Voltage (kV) 140 160 160
Power (W) 9 10 10
Geometric Magnification 5.68 5.62 223
Optical Magnification 0.4 04 4
CCD camera pixel (pum) 13.5 13.5 13.5
Binning 2 2 2
Exposure time (s) 4.2 5 23
Number of projections 300 300 1600
Effective Image Pixel (1m) 11.95 12.08 3.02

About 30 min to 1 h of equilibration time was required to
stabilize any displacement change at a fixed load before
starting an XCT scan. During this process, some displacement
occurred in the sample. We described the phenomena creep in
this paper as displacement occurred during a constant loading.
Figure 4 shows the amount of creep, which is the displace-
ment change occurring at a constant load until the displace-
ment stabilizes over time. The rate of creep, which is the slope
of the curve, decreased significantly over the stabilization
time. After 1 h of stabilization time, any additional creep dis-
placement was minimal, and the XCT scan was acquired. The
amount of displacement change before and after the XCT scan
was confirmed to be less than one voxel length, which did not
affect the XCT scan results, as the reconstructed images were
sharp in quality. An in-situ Synchrotron X-ray diffraction
study confirmed the stress-induced phase transformation be-
havior of this material [55], and the creep was considered to be
mainly due to this stress-induced austenite to martensite phase
transformation as only a very small amount of creep was ob-
served on a separate test performed on an equivalent wrought
specimen geometry, not AM-built. Except for the section of
glassy carbon window, all other parts of the of the load frame
is made of 316 Stainless steel as the material. Based on the
reported stiffness and strength of glassy carbon [56], compli-
ance of less than 10 pum is estimated for 5 kN tensile loading.
A complete understanding of this creep behavior would re-
quire a new study, since the origin of the creep was not the
objective of the current study.

Finite Element Simulation

FE simulations were performed on the segmented 3D digital
images using a custom-developed linear elastic simulation
(FEM) code [57, 58]. In this code, each voxel is a tri-linear
finite element and periodic boundary conditions are applied.
The code is also parallel, so that hundreds of processors can be
used to handle the hundreds of millions of finite elements used
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Fig. 4 Displacement curve vs. time showing equilibration of the
displacement of sample 2 at load step 2

for a typical image stack. The FEM code captures all elastic
displacement aspects inside and across voxels, and a complete
solution is obtained, under linear elasticity, for any loading
situation, with respect to the voxel size/feature size ratio.
The 3D digital images that were created by stacking segment-
ed image slices showed the cylindrical sample surrounded by
air, so that the periodic boundary conditions were really only
applied in the z-direction. Since there was no constraint on the
x and y directions, a tensile strain applied in the z-direction
determined the effective Young’s modulus of each sample,
similar to the experimental loading arrangement. The code
applies a displacement in the loading direction, and outputs
the stresses and strains averaged over each voxel.

The stress tensor elements in each solid voxel were com-
bined into the von Mises stress, hydrostatic stress, and stress
triaxiality factor quantities and stored in a file for the solid
voxels. The triaxiality factor is the ratio of hydrostatic stress
to von Mises stress [59]. The linear elastic simulation result
does not track how the material voxels would fail, but high
stress concentrations show areas where failure is likely to oc-
cur. The accuracy of the FE simulation depends on the ability
to resolve and threshold small features and defects. While
features below spatial resolution may not have been resolved,
this is considered acceptable as larger defects are generally
more critical to failure.

The FEM computation was run on the images from various
strain steps, considering each image set to be under zero strain
and stress before computational loading. The reason for this is
the following. If image 2 was strained further from an already
strained image 1, for example, then one cannot simply start
with the strain field determined for image 1, add to the overall
applied strain the extra applied strain between image 1 and
image 2, and then determine the new strain field for image 2,
since the voxels will not be precisely the same between the
two image sets, due to the extra applied strain. On the other
hand, one does not want to start with the zero-strain sample
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Step 1

Fig. 5 Progression of failure of Load:0 kN

sample 1 through the loading
steps

yz cross-section

Xy cross-section

Step 6
Load: 4.1 kN

yz cross-section

Xy cross-section

and keep on straining it linearly, since the FEM is only linear
elastic and any actual pore changes, etc. at local high-stress
sites are probably a non-linear effect. That is why a strain-free
assumption was made for each image set, so that we could
incorporate any non-linear effects on the pore structure from
the actual experiment. This seemed like the best approach to
incorporating the non-linear aspects of high-stress points
while still using a linear elastic code.

Expected stress (GPa)

Fig. 6 Expected stress profile at
1514 13 1.2 11 1.0

step 8 in comparison to fractured
surface of step 9 revealing |
fracture initiating features

Step 2
Load: 2 kN
DISp 0 mm_ Disp: 0.183 mmDisp: 0.284 mmDisp: 0.323 mmDisp: 0.381 mm

p
Load: 4.2 kN
Disp: 0.384 mmDisp: 0.387 mm Disp: 0.391 mm

Step 8 (4.3 kN)

Step 3
Load: 3 kN

Step 4
Load: 3.5 kN

Step 5
Load: 4 kN

p
Load: 4.4 kN
Failure

p
Load: 4.3 kN

Results and Discussion

Failure of an Internal Feature

Based on an ordinary tensile test of a similar specimen, seven
different load steps were chosen and applied for testing
Sample 1: 0 N, 2000 N, 3000 N, 3500 N, 4000 N, 4100 N,
4200 N, 4300 N, and 4400 N (failure). A loading rate of

Step 9 (4.4 kN)
[ |
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Von Mises stress (GPa)
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Step 1 Step 8
Hydrostatic stress (GPa)
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Do

Step 1 Step 8
Triaxiality Factor

<« Fig. 7 FE simulation results of step 1 and step 8 of sample 1 showing

high stress concentrations. A-A and C-C are the horizontal cross-sectional
images of vertical cross-sectional images B-B and D-D, respectively

0.01 mm/min was used, and the sample was held at these load
levels during the XCT scans. Since the voxel size of the XCT
image was 12 pm, we expect the spatial resolution to be ap-
proximately 25 um. For this reason, small gas pores are not
likely to be resolved in this setting. Larger LOF pores and the
designed internal cavity are more likely to affect the tensile
failure due to their size and morphology. The progression of
the mechanical test is shown in Fig. 5. The sample is pulled
toward the bottom while the top of the sample is fixed, and the
vertical (yz) and horizontal (xy) cross-sectional images are
tracked at approximately the same locations. The XCT images
of the original condition (step 1) shows the rough surfaces of
the octahedral internal feature, which has some deviations
from the designed shape. Such internal features cannot be
improved with post-machining, and it is important to under-
stand the effect of these imperfect rough surfaces on mechan-
ical behavior. In step 2, a pore was observed close to the
internal feature ahead of the crack tip in the horizontal (xy)
cross-sectional image. This pore was not visible in step 1 prior
to loading, and it is possible that this pore was smaller than the
resolution limit prior to loading. As the load was applied, this
pore grew in size and merged with the crack initiated from the
internal rough surface, which is a typical ductile crack growth
process. In step 4, the pore clearly coalesced with the internal
feature. Due to the LPBF process, the interior of the large
octahedron internal feature is filled with unmelted powder
particles, which may be slightly sintered. As the internal fea-
ture deforms and cracks grow around the internal feature, the
contrast around the boundary is improved. A darker region
(example areas shown in step 8 of Fig. 5), which represents
gas, is visible next to the internal surface instead of the
unmelted solid powders. The darker region indicates addition-
al crack growth and deformation of the internal feature. In step
4, the region of crack growth became even larger. Smaller
load increments were applied until the final fracture with an
attempt to capture the onset of failure and possible crack
growth. Instead of a gradual crack propagation, the failure
suddenly occurred at step 9. The sample broke at an angle of
approximately 45°, indicating high shear stress.

Over the height of the sample at step 8, the cross-sectional
area of the solid part was measured from XCT images in
Fig. 6. The applied load (4.3 kN) at step 8 was divided by
the cross-sectional areas to estimate the expected stress profile
across two points along the height of the sample at step 8 as
shown in Fig. 6. Due to the general geometry of the internal
feature, we have the smallest cross-sectional solid area at the
center of the internal feature, which is expected to have the
highest stress and therefore fail at the center plane. When
compared to the actual failed surfaces (step 9) from the XCT
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Top

Bottom

Fig. 8 Fractured surface SEM images of the top (LEFT image) and bottom (RIGHT image) of the octahedral defect. The highlighted features on the top

and bottom surfaces are the same feature highlighted in step 9 of Fig. 6

images in Fig. 6, the sample failed at a little lower than the
mid-height of the feature where a crack-like feature is present.
A linear elastic FE simulation on the initial structure was per-
formed, and von Mises stress, hydrostatic stress, and triaxial-
ity factor are shown in Fig. 7 for every solid voxel — pore
voxels have a von Mises and hydrostatic stress of zero, and
triaxiality factor is undefined. A modulus of 200 GPa and a
Poisson’s ratio of 0.3 was used for each solid voxel, and a
10% linear strain was applied. As a linear elastic simulation
was performed, the actual magnitude of the applied strain was
not important, and we are only interested in the relative

differences of stress experienced within the structure. A high
correlation of failure-initiating locations from the experiment
to the FE simulation was found as shown in Fig. 7, as follows.
In the Step 1 part of Fig. 7, three high stress areas are shown in
red. The same three high-stress areas are shown in the Step 8
part of Fig. 7, and one of these regions was the failure origin
location. Therefore, even in Step 2 the FE correctly identified
the true failure region as being a possible failure origin region.
While there are some other locations experiencing similar
stress concentrations, we believe the sample failed at the lo-
cation identified in Fig. 6 as it has smaller root notch radius,

. . 4500 T T 4500 T T
Fig. 9 Load-displacement curves FraAc/ture
of sample 2 (a) and sample 3 (b)
4000 g 4000 F i
3500 - Loading 8 3500 Loading N
stopped stopped
Fracture
3000 i 3000 ~ 1
Loading Scan 3
g 2500 [ Loading g g 2500  stopped 4
= stopped * >

8 3 ~

S 2000 AN 1 S 2000 Scan 2 1
Scan 2
1500 [ 1 1500 1
1000 [ 1 1000 1
500 - 1 500 1
Scan 3 Scan 1 Scan 4
Scan 1
0 2 L 1 0 | L L

0 0.5 1 1.5 2 0 0.5 1 1.5 2

Displacement (mm)

Displacement (mm)

(a) (b)
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12.08 um/voxel

3.02 pm/voxel

Step 1

Step 2

Step 3

Fig. 10 XCT images at load steps of sample 2 and comparison of
resolution

and higher stress was expected as the crack grew. Stress tri-
axiality is related to void growth inside the material, which
was observed during the failure process [60, 61]. The local

triaxiality factor image at step 8 shows a pore that grew in the
region of high stress triaxiality. The trapped powders are not
considered in the FE simulation, since they were taken out of
the images via image analysis before the FE code was applied.
These powders are lightly-sintered, and so they would con-
tribute little to mechanical performance, even if included, es-
pecially in tension. SEM images of the fractured surfaces are
shown in Fig. 8. The highlighted features on the top and bot-
tom surfaces are the same features highlighted in step 9 of Fig.
6. The top surfaces of the octahedron internal feature have
rougher surfaces compared to those of the bottom surfaces
because they are downward facing. The unsintered trapped
powders were removed after fracture.

Failure of Sample with LOF Pores

The samples with LOF defects (samples 2 and 3) were imaged
at two different acquisition settings (12 pm/voxel and 3 pm/
voxel). While the lower-resolution setting shows the entire
gauge length, the higher-resolution setting focuses on the
ROIs with defects. The samples have much smaller features/
pore sizes compared to the relatively large internal feature of
sample 1, and higher resolution was required to fully resolve
the relevant features of interest. At each load step, the coarser
resolution scan (scan time ~ 30 min) was acquired first follow-
ed by the higher resolution scan (scan time = 10 h).
Acquisition of the coarser resolution scan before the higher
resolution scan also provided the benefit of allowing addition-
al time for sample stabilization prior to measuring with the
higher resolution scan, which would be more sensitive to
any drift in the sample displacement. The load displacement
curves (Fig. 9) of the two samples both show an early yielding
at around 2200 N, and a significant strain hardening toward

Fig. 11 Two-dimensional pore structure comparison of sample 2 (a) and sample 3 (b)

SEM
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Fig. 12 Progression of 3-D pore Pore Volume (107um?)

size change and 2-D porosity over 0 3.3
the height of sample 2

Step 1

fracture, which corresponds to previous results on the same
material [42]. While the sample was held at a constant load, a
notable amount of displacement was observed in the load-
displacement curve. This is thought to be due to the stress-
induced phase transformation as explained earlier. Sample 2
failed at the 2nd load step, and Sample 3 failed at the 3rd load
step.

The comparison of the two resolution settings at different
load steps is shown in Fig. 10 for sample 2. The same proce-
dure was also applied for the analysis of sample 3. Both the
geometric magnification and optical magnification were ad-
justed to achieve the desired spatial resolution. The same ROIs
were focused for comparison of resolution in Fig. 10. The
higher-resolution images clearly resolve the defects with im-
proved image contrast and will be used for the following
quantitative analysis. Many times, it is not possible to know
the ROIs prior to the experiment, and features are often hidden
inside the sample. The coarser resolution setting may be used
to quickly identify the ROIs of interest, and the higher

Pore Volume (107um?3)

6.6

0 5 10 15 20

Step 2 Porosity (%)

resolution setting can be used to further investigate these cho-
sen ROIs.

The pore structures of sample 2 and 3 are compared in
Fig. 11. The locations of the reconstructed slices are at the
top of the pore structure, near the region where failure ulti-
mately occurred. The patterns are similar to previous results
[15] presented for a CoCr alloy with the same LPBF system.
The actual scanning parameters of 17—4 stainless steel are
different from those of CoCr, but scan speed and hatch spac-
ing were varied in a similar fashion. Example hatches are
shown with arrows. The system rotates the hatch direction
67°, and the angle between hatches with different direction
is approximately 67°. The individual hatches are more clearly
shown in sample 3.

Connected networks of pores in samples 2 and 3 are la-
belled using different colors based on the size of their total
volume in the thresholded images in Figs. 12 and 13, respec-
tively. The thresholded porosity along the height of the ROI is
also plotted for both samples 2 and 3, and high levels of
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Fig. 13 Progression of 3-D pore size change and 2-D porosity over the height of sample 3
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Fig. 14 SEM images of (a) bottom fracture surface, (b) ROI showing a crack in a ligament (¢) ROI showing shear failure, (d) top fracture surface, and (e)

ROI showing a crack in a ligament of sample 2

porosity are observed at the top region of the LOF defect,
which provides an explanation of the cause of failure at this
location. The thickness of the line represents uncertainty en-
velopes of the porosity measurements due to the chosen local
contrast threshold. The uncertainties were 1.19% for sample 1
step 1, 1.20% for sample 1 step 2, 1.00% for sample 2 step 1,
0.95% for sample 2 step 2, and 0.90% for sample 2 step 3. The
largest connected pore is present at the top region of the LOF
defect for sample 2, but at the bottom region for sample 3. The
largest pore in the bottom of sample 3 has a larger volume
because of smaller pores being connected vertically along the
height, and so did not necessarily reduce the horizontal load-
carrying area in the bottom of the ROIL. The results may indi-
cate a greater effect of the horizontal cross-sectional area for
resisting vertical loads than the pore connectivity. At each
load step, the 2-D porosity level increases, as shown from
the computed porosity plot. The size of the connected pore
increases, as indicated in the colorized pore volume shown for
each set of XCT images. Progressive collapse of the original
LOF defect ligaments that originally connected individual
pores further reduced the cross-sectional areas for structural
support. Failure of ligaments was observed clearly in the SEM
images in Fig. 14(b), (¢). The SEM images also reveal shear
failure of some of the ligaments along with ductile failure in
Fig. 14(c), for example. Other FE simulations were performed

SEM

on the initial pore structure of the sample, and high stress
concentrations were observed at some of the ligaments on
the top interface for both sample 2 and 3 as shown in
Figs. 15 and 16, respectively. The average von Mises stress,
hydrostatic stress, and triaxiality factor were plotted over the
height of the specimen, and they were calculated by dividing
the sum of the quantity (von Mises stress, hydrostatic stress, or
triaxiality factor) over each solid voxel in the cross section by
the total number of such voxels. The average von Mises stress,
hydrostatic stress, and triaxiality factor were found to have
high values at the locations of failure for both samples.

An interesting aspect of sample 3 is that there happened to be
a subsurface pore unintentionally produced close to the surface
as shown in Fig. 17. The nature of formation of this pore is
unclear, and it could be an end-of-track pore or LOF pore re-
maining after the post surface machining process. At step 1
prior to loading, the pore was clearly not connected to the
surface. As the sample was loaded to step 2, the subsurface pore
grew close to the surface. At step 3, the pore is finally connected
to the surface. However, this surface connected crack did not
initiate the failure for this particular sample and loading condi-
tion. While such subsurface or surface connected pores may be
critical for failure in cyclic loading conditions, a static tensile
test is probably more sensitive to the cross-sectional area of
material resisting the load, plus internal defects.
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Fig. 15 FE simulation results of
sample 2 and average von Mises
stress, hydrostatic stress, and
triaxiality factor over height of the
sample
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Fig. 16 FE simulation results of
sample 3 average von Mises
stress, hydrostatic stress, and
triaxiality factor over height of the
sample

Von Mises Stress (GPa)

50

40

30

20

10

0
\ |—©—Step 3
~ 20 2

Step 1 Step 3 Avg. VM Stress (GPa)

Hydrostatic Stress (GPa)
—o—Step 3

25
20
15
10
5
0
05 67 8 9 10

Step 1 Step 3 Avg. Hydrostatic Stress (GPa)
Triaxiality Factor

075. .
g o
—&A—Step 1
—6—Step 3

- 0 - 2
025 0.3 0.35 04
Step 1 Step 3 Avg. Triaxiality Factor

5

Height (mm)

0.6
0.45
3

0.
0.15

0




Exp Mech

Fig. 17 Surface crack
development originating from a
subsurface defect in sample 3

Conclusions

We investigated the mechanical effects of a large AM-
produced internal defect and LOF defects, produced by vary-
ing the optimal laser scan parameters, on the failure process by
carrying out in-situ tensile tests during XCT measurements on
AM 174 stainless steel samples. The internal LOF defects
and designed features were embedded in the test samples
through the LPBF AM process. The in-situ tensile tests

o

revealed the 3D damage progression evolution, and FE anal-
ysis directly applied to the correctly-thresholded XCT images
(elements = voxels) identified locations of high-stress concen-
tration. While fracture of the sample with an octahedron-
shaped internal feature initiated near the region with lower
solid cross-sectional areas, the exact initiation location was
slightly below the region, where a rough surface feature was
present, causing high stress concentration. LOF defects gener-
ated at the center of the gauge length of the tensile samples
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failed at the top interface of the corresponding defect region.
The quantitative analysis revealed higher 2-D porosity at this
location, which also resulted in higher stress concentration
when loaded. Struts separating disconnected pores progres-
sively collapsed, which increased the overall porosity and pore
sizes as the failure progresses. The process further increased
stress concentration in the remaining struts resisting the failure
until final fracture occurred. A sub-surface pore was observed
in sample 3 that grew towards the surface as the load increased.
This, however, was not the failure initiation point but could
play a significant role in fatigue failure. The experimental
methods described in this paper are promising methods to
study complex failure mechanisms of additively manufactured
parts, and the image-based FE simulation method is a promis-
ing predictive simulation tool to identify and/or confirm pos-
sible failure locations and features. AM allows greater
manufacturing flexibility for developing unconventional com-
plex structural designs. General understanding of the new ma-
terial and effects of AM defects is still limited. It is important to
understand the mechanical effects of AM defects and internal
features, and the methods and results of the current study are
expected to improve our overall understating of the subject.
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