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Two sets of “theta’-shaped specimens were additively manufactured with Inconel 718 powders
using an electron beam melting technique with two distinct scan strategies. Light optical
microscopy, mechanical testing coupled with a digital image correlation (DIC) technique, finite
element modeling, and neutron diffraction with in situ loading characterizations were
conducted. The cross-members of the specimens were the focus. Light optical micrographs
revealed that different microstructures were formed with different scan strategies. Ex situ
mechanical testing revealed each build to be stable under load until ductility was observed on
the cross-members before failure. The elastic moduli were determined by forming a correlation
between the elastic tensile stresses determined from FEM, and the elastic strains obtained from
DIC. The lattice strains were mapped with neutron diffraction during in situ elastic loading; and
a good correlation between the average axial lattice strains on the cross-member and those
determined from the DIC analysis was found. The spatially resolved stresses in the elastic
deformation regime are derived from the lattice strains and increased with applied load, showing
a consistent distribution along the cross-member.
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I. INTRODUCTION

tooling, extensive part inventories, long lead times; and

ADDITIVE manufacturing (AM) techniques enable
the manufacture of engineering components layer-
by-layer from raw feedstock materials such as powders,
wires/rods, and tapes.' ¥ Over the past decade, AM
techniques have been advanced to the point that some
predict a ‘renaissance in manufacturing’® which will
enable the manufacturing of specialized high-value,
high-performance products. The underlying idea of
these novel techniques is to be able to manufacture
fully functional complex structures housing embedded/
enclosed features, which are either not possible or too
expensive to obtain with subtractive manufacturing. The
widespread application of such techniques can poten-
tially revolutionize the way many engineering compo-
nents are made today; eliminating the need for legacy
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minimizing waste generation.

Currently, the AM processes are more suited for
relatively high-value alloys such as the Ti-6Al-4V®™!
and nickel-base superalloys,!'®'” mainly due to the
substantial financial benefit of reduced material waste
and minimized machining processes, both associated
with conventional subtractive manufacturing tech-
niques. For instance, Dehoff er al!”’ has reported
reducing the “buy to fly”’ ratio from 33:1 to nearly 1:1
for a Ti-6Al-4V bleed air leak detect bracket used in
aircraft when manufactured with AM. Among the
nickel-base superalloys, Inconel 718 (IN718) is known
as a ‘work-horse’ alloy?®” especially for critical aero-
engine and space applications. IN718 is an fcc y matrix
precipitation-strengthened alloy with the primary
strengthening bct y” phase (NisNb, DO0,,); and it
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possesses excellent high temperature strength, creeP
resistance, and corrosion/oxidation resistance.''!*17:2

Particularly, the powder-based AM technologies have
gathered significant attention!'-?%%-12718: 2223 wherein a
fine layer of the metal powder (typically ~50 to 100 um
thick) is raked on the build table and a heat source such
as an electron!!"®?141622 o Jager beam!! % 131517181 fipg¢
preheats the powder and then fuses it by melting the
material locally in a pattern. This sequence continues on
a build elevator which incrementally lowers the build
piece down b 2/ an amount equal to the height of the last
fused layer.”

A majority of the previous research of AM materials
has utilized conventional mechanical characterizations,
such as tension, compression, and flexure,!'® with stan-
dard shaped test samples, either as-built or extracted out
of the as-built blocks.'*!”! Further, much of AM-
reported work involved simpler geometries such as
rectangular or cylmdrlcal blocks as well as thin-walled
shapes. [ 11:13715.18.19.22.26] while such studies are neces-
sary for a fundamental understanding of these processes,
many real world engineering components are not in the
form of simple shapes. Therefore, testing of more
complex structures is crucial for progression to a more
mature understanding of value and limitations of AM
techniques and future development strategies for the
uptake of these technologies.

In this study, IN718 theta-shaped specimens?’** (see
Figure 1), named after the physical resemblance to the
Greek letter ““0”, were additively manufactured, as a
model complex geometry, using electron beam melting.
Such samples better represent engineering structures
both in complexity of design (with arches and intercon-
necting beams such as in support structures) and the
character of load distributions, e.g., enforcing built-in
constraints particularly to the cross-member. Further-
more, two sets of distinct build/scan strategies were
employed to investigate their influence on the as-built
microstructures and mechanical behavior. Light optical
micrographs are presented to show the as-built
microstructures of each build. Ex and in situ mechanical
testing was conducted with primary emphasis on the

(a)

cross-member. In this context, ex situ mechanical testing
was coupled with digital image correlation (DIC)
technique to obtain the distribution of strains on the
loaded structure. Finite Element Modeling (FEM) was
used to estimate the macroscopic stresses experienced by
the cross-member during elastic deformation. Finally,
spatially resolved strain/stress mapping was performed
along the cross-member using neutron diffraction during
in situ elastic mechanical loading.

II. EXPERIMENTAL DETAILS
A. Sample Fabrication with EBM

Two sets of five IN718 theta-shaped specimens were
built using the Arcam EBM technique at ORNL’s
Manufacturing Demonstration Facility (MDF) with an
Arcam S12 machine. The rotary atomized powder had
the composition of 18.2 pct Fe, 18.2 pct Cr, 3 pct Mo,
S pct Nb, 1 pct Ti, 0.5 pct Al, 0.1 pct Co, 0.1 pct Mn,
0.05 pct Cu, 0.2 pct Si, 0.05 pct C(max), and balance
Ni, in wt pct. The size distribution of the powder
particles was in the range of 40 to 125 um. The build
plate was preheated to a temperature of 1248 K
(975 °C) and held for 30 minutes to allow the temper-
ature to stabilize throughout the powder bed. A layer
thickness of 50 um was used for the build. One set of
specimens was built with a beam scan pattern that
manipulated the electron beam to result in a point heat
source, i.e., spot source. The second set of specimens
was built using Arcam’s standard commercially avail-
able melt theme for IN718 that treats the electron beam
as a line source. The schematics illustrating the build
sequences for both the Spot and Line Builds are
presented in Figures 2(a) and (b), respectively. The Spot
Build theme consists of melting the powder one ‘spot’ at
a time in a pattern. The Line Build theme on the other
hand, consists of a snake-like raster pattern that is
rotated 90 deg after each layer.

Next, Figure 3 shows (a) comprehensive report of
measured pressure within the column, chamber, and
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Fig. 1-—(a) A 3D drawing of the theta specimen used in this work and (b) the location of the neutron diffraction mapping points along the
cross-member. A.D., T.D., and N.D. refer to the axial, transverse, and normal directions, respectively.
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Fig. 2—Schematics illustrating the build patterns of the (a) Spot and (b) Line build strategies.

backing pumps, rake position, electron beam current,
backing plate temperature, and also the layer height, as
well as, (b) variation of electron beam current for the
Spot and Line Build regions during one layer. The plots
show unique characteristics of the electron beam cur-
rents changing rapidly during the build. The scanning
speed during the processing is defined by the instrument
software which is a function of the electron beam
current and the geometry of the build defined. While the
“speed function parameter’ is given, the speed is not.
However, the scan speeds may range from 800 to
4530 mm/s.'*” The details of the algorithms and instru-
ment details are outlined in a series of patents published
by Arcam AB.PY Additionally, the beam power can be
calculated by multiplying the accelerating voltage
(60 keV) and the currents (see Figure 3).

Throughout the building process, the temperature
stabilized at 1273 K (1000 °C). Additionally, the chamber
and column pressures remained stable throughout the
build process, with fluctuations in the chamber pressure
being within normal variance during the melting process.
Overall, the average layer time was 70 seconds. The
building of the samples took 24 hours followed by a
cooling stage of 7.2 hours. The build was allowed to cool
under vacuum conditions. After the completion of the
build, the parts were separated from the plate using
electric discharge machining (EDM). No additional heat
treatments were performed on the samples.

The build direction was parallel to the long axis of the
cross-member (see axial direction in Figure 1(b)). In
order to obtain the axial strain components from the
cross-member during the in situ neutron diffraction
experiments, these theta-shaped specimens were designed
housing four beam windows (see Figure 1(a)), two of
which are necessary to enable uninterrupted access of the
incident beam to the cross-member and the diffracted
beams to the detectors; and the other two to induce a
symmetric distribution of load. Additionally, flat loading
regions were built onto the theta specimens for easier
alignment of the samples between the compression
platens and to prohibit sample slip during loading (see
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Figure 1, at the 9 and 3 o’clock positions). The surfaces
of these loading regions were machined flat and checked
for parallelism before actual loading. The cross-member
was designed to have a 4 x 4 mm? area with a total
length of 40.4 mm and gage length of 28.4 mm. The
samples had outer and inner ring diameters of 60 and
44 mm, respectively. The beam windows were 9 mm long
and 6 mm wide, and the ring thickness was 15 mm to
accommodate the beam windows. The samples were
designed to initiate the failure in the cross-member.

B. Ex situ Mechanical Testing

The loading scheme of the theta specimen involves the
application of compressive forces on the flat loading
regions (Figure 1) which translate into a tensile stress
along the cross-member. In order to obtain the macro-
scopic deformation response, one of the theta samples
from each build was loaded ex situ under compression,
using an electromechanical uniaxial load frame with a
cross-head displacement rate of 5 x 10~ mm/s, until
failure of the cross-member. The samples were coated
with a speckle-pattern, and the DIC technique was used
to obtain the distribution of the strains on the cross-mem-
ber and the ring of the samples during the loading/
deformation. The Correlated Solutions VIC-3D™* image

*Correlated Solutions VIC-3D™ “image analysis software, Corre-
lated Solutions, Inc., Columbia, SC, USA, 2010.

analysis software was used for the processing of DIC
data.

C. Neutron Diffraction Measurements

In situ loading-neutron diffraction measurements
were performed at the Second Generation Neutron
Residual Stress Mapping Facility (NRSF2), beamline
HB-2B, at the High Flux Isotope Reactor (HFIR),
ORNL. A monochromatic wavelength of 1.53917 A was
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Fig. 3—Theta specimen build EBM process information (¢) Temperature and pressure variation throughout the build process and (b) Represen-

tative electron beam current profile for a single layer.

obtained using the (422) planes of a Si monochromator.
The detector was set at a 20 angle of ~90 deg to detect
the (311) reflection of the y phase, which also allowed us
to obtain a cubic gage volume inside the scanned area. A
gage volume of 2 x 2 x 2 mm® was defined for these
measurements to ensure full burial of the beam inside
the cross-member and obtain good counting statistics.
Mapping along the cross-member was performed at 14
points, each 1 mm apart (=7 mm to +6 mm from the
center), as shown in Figure 1(b). The measurements
were performed for two sample directions, i.e., axial/
build and the normal directions (see Figure 1(b)).
The in situ loading setup is presented in Figure 4 with
the sample positioned to obtain the axial strain compo-
nent; also showing the functionality of the beam
windows.

D. Finite Element Modeling

A static analysis was performed using the ABAQUS
FEMP! package with a tetrahedral mesh as shown in
Figure 5 to determine the elastic tensile stresses experienced
by the cross-member. The mesh was defined using Tetgen’s
10-node tetrahedral mesh generation.*? A mesh sensitivity
study was performed for the FEM analyses with 82,883
elements, 128,406 elements, and 301,717 elements. The
solution was judged to be converged between the calcula-
tions, and the analysis was continued with 301,717 ele-
ments. The final mesh consisted of 301,717 tetrahedral
10-noded elements and 475,525 nodes. The material model
assumed an isotropic, linear-elastic constitutive response.
The ABAQUS nonlinear solver was implemented, but no
nonlinearities developed within 1 mm displacement. This
was considered the linear-clastic regime of interest.

Figure 5 shows the coordinate system and boundary
conditions. The boundary on the left-most flat was given
a prescribed displacement in 150 to 300 um increments up
to 1 mm. The resultant load, F, was calculated as the sum of
reaction forces on the nodes on this surface. The
cross-member stress was calculated as the average axial
stress in the y-direction, ie., oy,. The stress, oy, as a
function of the applied load, F, was determined to be solely
dependent upon geometry. These results generated a
measure of stress in the cross-member as a function of the
applied load and geometry for the linear-elastic deforma-
tion regime in the absence of an analytical solution.

III. RESULTS AND DISCUSSION

A. As-Built Specimens

The as-built theta specimens still attached to the build
plate are shown in Figure 6. Both sets of beam param-
eters are observed to produce structurally stable builds
without any sign of cracking, warping (especially along
the cross-member and around the beam windows), or
de-bonding from the build plate. Additionally, the Line
Build was found to produce a slightly smoother surface
finish compared to the Spot Build.

One sample from each build was sectioned using
EDM. The sectioned parts were then ground, polished,
and examined using optical microscopy. The effective
dimensions of both builds were taken just below the
surface discontinuities, i.e., beneath the rough as-built
surface. Accordingly, the effective cross-member widths
were measured to be 4.13 and 3.62 mm on average for
the Spot and Line Builds, respectively. The effective ring
thicknesses, on the other hand, were measured to be 14.7
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Fig. 4—(a) The in situ loading setup used at NRSF-2 (beamline HB-2B), HFIR, ORNL. (b) A close-up view from above of the theta specimen
inside the compression fixture with the load frame positioned to obtain the axial strains along the cross-member. Note that the incident and dif-

fracted beams pass through the beam windows of the specimen.

Fig. 5—The theta specimen mesh and the loading scheme used for
FEM calculations, where F is the applied load. Notice that the
nodes are more heavily concentrated around more complicated re-
gions such as areas of curvature and the beam windows.

and 14.23 mm for the Spot and Line Builds, respec-
tively. The biggest differences between the as-seen and
the effective dimensions were observed in the Spot Build
due to its rougher surface finish.

Additionally, optical micrographs from the
cross-members are presented in Figures 7(a) and (b)
for the Spot and Line Builds, respectively. Due to the
highly corrosion resistant nature of IN718, the samples
were hard to etch. Nevertheless, in the micrographs
certain features and differences between the builds are
visible. Both samples show porosity in the as-built
microstructures which is not uncommon in AM-built
parts in their as-built states. Most importantly, distinct
grain morphologies are observed in which the Spot
Build is characterized with large columnar grains
extending along the build direction while the Line Build
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Spot Build Line Build

Fig. 6—The as-built theta specimens on the build plate; built with
two different scan strategies: Spot Build (left) and Line Build (right).

shows a finer microstructure with “more close to”
equiaxed shaped grains. However, further discussion of
the microstructures remains out of the scope of this
work and will be discussed in much greater detail in an
upcoming publication.

B. Ex Situ Mechanical Behavior

The macroscopic mechanical behaviors of both
builds are presented in Figure 8 in terms of applied
cumulative loads vs the engineering strains experi-
enced by the cross-members until they fail. The
engineering strains on the cross-members are obtained
from DIC, using a virtual extensometer. The theta-
shaped samples were observed to be stable under load,
and the cross-members were able to withstand a total
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Fig. 7—Light optical micrographs obtained from the cross-members of (¢) Spot Build and (b) Line Build along the build direction which is par-
allel to the horizontal axis of the images. The scale bar corresponds to 1 mm.
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Fig. 8—The macroscopic deformation responses of the builds: the
cumulative load as a function of the measured engineering strain on
the cross-members of the theta specimens. In the inset is a close-up
view of the elastic deformation zone studied with in situ neutron
diffraction.

~7 to 7.5 pct engineering strain in tension before
failure. No additional failure such as cracking
occurred near the beam windows or other sections of
the specimens.

The mechanical response at lower levels of applied
loads (<20 kN) is observed to be similar for both builds.
However, the deformation curves start to deviate from
each other as the cumulative load levels increase above
~25 kN; with the Spot Build bearing higher cumulative
loads for a given strain increment on the cross-member.
For the purposes of the current work, the emphasis is
focused on the elastic deformation up to a total load of
15 kN. Although not discussed further here, a large
portion of the differences in the two curves is expected to
result from the fact that the ring and the cross-member
dimensions of the Spot Build sample were slightly
thicker.

In order to visualize the strain distributions, the major
principle strains, ¢;, (determined from DIC) are pre-
sented in Figure 9 (in terms of Lagrange strains) as a

function of position on the sample and applied engi-
neering strain on the cross-member, from the Spot Build
as an example. Figure 9 shows that as the load is
increased the strain is maximum in the cross-member
while the ring remains in a relatively low state of strain.
Failure occurs on the cross-member first without the
presence of heavy strain concentrations on other sec-
tions of the sample. The strain concentrations were
found to be mainly sample geometry related and a
similar strain distribution was observed in the Line
Build (not presented here).

The static loading analysis with FEM was used to
obtain the fraction of the cumulative load that is
transferred to the cross-member as tensile stresses, in
the elastic deformation regime. When plotted against the
elastic strains obtained from DIC, this stress—strain
relation (see Figure 10) reveals the elastic moduli to be
~162 and 168 GPa for the Spot and Line Builds,
respectively; suggesting the Line Build to be slightly
stiffer. This value is, however, well below the value of
~200 GPa reported for conventionally manufactured
IN718 alloys.**) This could, nevertheless, be expected
since the specimens were tested in their as-built condi-
tions without any precipitation hardening heat treat-
ments. Lower values of elastic modulus in additively
manufactured IN718 parts have also been previously
reported by others.?*!

Additionally, although it will not be discussed
further in this work, both builds are characterized with
very strong (200) preferred orientations along the build
directions with textures being slightly weaker in the
case of the Line Build. A heavy presence of (200) (the
most compliant planes for an FCC material) along the
build/axial direction would support the lower modulus
than the conventionally reported bulk value of
200 GPa. The elastic modulus of the (200) planes,
E>g, of IN718 is reported to be 158 to 166 GPa.l*®
Such results are found to agree with the bulk elastic
moduli of 162 to 168 GPa obtained from the stress
(FEM)-strain (DIC) response presented in this study.
The preferred orientations are still part of ongoing
investigation and will be presented in a future publi-
cation in detail.
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Fig. 9—The distribution of the principal strains (¢;) on the cross-member and the ring of the theta specimens as a function of the applied macro-
scopic engineering strains (pct) experienced by the cross-member and obtained from the DIC analysis. Spot Build is presented as an example.

C. Evolution of Lattice Strains During In Situ Loading

The in situ loading experiments were performed in the
elastic regime. An electromechanical load framel®” with
a maximum 20 kN load capacity was used to apply
cumulative load levels of 0.4 (Holding Load), 3.7, 7.5,
11.2, and 15 kN, corresponding to macroscopic tensile
strains of 0.0054 pct at the holding load and 0.272 pct at
15 kKN on the cross-member, according to the load-
strain correlation revealed by the DIC analysis. The
lattice strains, ey, were calculated using Eq. [1][38] from
the d-spacings, d"™!, measured in situ with neutron
diffraction

Akl _ gkl
ehkl = Tlo, (1]
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where &9, is the reference or stress-free interplanar
spacing. In this work the strains are calculated with
respect to the unloaded state (holding load), i.e., the &,
value corresponded to the d-spacing at the holding load.
The (311) reflection was selected for the measurement of
the strains as it is reported to be weakly affected by the
intergranular strains for an FCC material.®® These
calculations were performed on a point-by-point basis
for all the load levels, i.e., for the mapping point of, e.g.,
—3 mm at any load (see Figure 1), the d, value is taken
from the same point (—3 mm in this case) at 0.4 kN
load, etc. The mean axial and normal lattice strains (i.e.,
averaged over the mapped area) in the cross-members
are presented in Figure 11(a) as a function of applied
cumulative load for both builds. A linear load-strain
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The data from the Spot Build are presented as an example.

relation is observed where the data points from both
builds show an almost perfect overlap. These results are
also consistent with the macroscopic ex situ deformation
response (see Figure §), where both builds showed
similar behavior up to the studied in siru load levels.
Next in Figure 11(b), the correlation between the mean
axial lattice strains obtained from neutron diffraction
and the macrostrains obtained from the DIC analysis
during ex situ deformation is presented for the Spot
Build, as an example. The relation is observed to be
linear and a very good fit with a slope of 0.96 (i.e.,
showing a 96 pct agreement) is achieved. The slight
discrepancy observed between the DIC and ND strains
is expected considering that the rough surface finish of
AM parts can influence DIC. The good agreement
between the DIC and ND data also helps to verify that
the use of the (311) reflection to estimate the bulk elastic
response (for an FCC material) remains appropriate for
the current work, for the studied load levels.

D. Characterization of Stress Evolution During In Situ
Loading

The stresses for a given direction, g, were calculated
using Eq. [2]P¥

Enyg

6 DL i i)
(1 + vhx)

V
hkl )(811 téy tés3

(1 — 2vhk1 [2]

O'ijz

where Eyy is the Young’s Modulus, vy, is the Poisson’s
Ratio, and ¢; is the measured lattice strain in a given
sample direction. Here, ¢; are the principal strains. For
the nomenclature of the current work, ¢;; is taken as the
loading/build/axial direction, &, as the normal, and &;3
as the transverse directions. Furthermore &, was
regarded as equal to &3, per tensile deformation
symmetry. This is an appropriate assumption as the
loading is applied in known directions coincident with
the sample geometry defined, and the stresses calculated
are defined as only the stresses from an unloaded state.
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Fig. 12—The spatial distribution of the axial stresses along the
cross-members of both builds, as determined using neutron diffraction
from the theta specimens loaded in situ; presented for increasing levels
of applied cumulative loads. As pointed with the arrows, closed and
open symbols correspond to the Spot and Line Builds, respectively.

For the determination of stresses, v was taken as 0.3
whereas E was obtained through the use of the FEM
analysis (162 GPa for the Spot Build and 168 GPa for
the Line Build). The distribution of the axial stresses
calculated using Eq. [2] is presented in Figure 12 as a
function of applied cumulative loads and mapping
position on the cross-members of both builds.
Figure 12 shows that with the increase of the applied
load, the stresses along the build direction increase in
tensile character, and a uniform load distribution is
obtained along the cross-member for both builds.
Overall, both builds behaved as predicted within the
elastic deformation regime. Even though such a conclu-
sion may appear trivial for well-understood sample
geometries and fabrication processes, it holds significant
value for the maturation of AM techniques and their
ability to build complex functional parts. By the same
token, the successful build and testing of this model
complex structure acts as a stepping stone toward
achieving more complicated load-bearing structures with
AM. This work also demonstrates the importance and
versatility of neutron diffraction for nondestructive
characterization of spatially resolved strains/stresses in a
volume of material in fairly complex geometries, which
most other characterization methods may fail to achieve.

IV. SUMMARY

In this work, complex theta-shaped specimens were
additively manufactured from Inconel 718 powders
using the electron beam melting technique. Two differ-
ent build/scan strategies were used to obtain two sets of
samples, i.e., Spot and Line Builds. Both sets of samples
were successfully built and mechanically tested to
observe their stability under load. Light optical micro-
scopy was used to observe the as-built microstructures.
A DIC technique was used to obtain and visualize the
strain distributions on the loaded structure, ex situ.
FEM was used to estimate the loads transferred to the
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cross-member and to determine the elastic moduli of the
builds in conjunction with strains determined from DIC.
In situ neutron diffraction (ND) was used to map the
distribution of strains/stresses along the cross-members
during elastic loading.

Optical micrographs revealed distinct microstructures
between the builds where the Spot Build mainly con-
sisted of large columnar grains extending along the build
direction while the Line Build showed a finer
microstructure with the presence of “more close to”
equiaxed shaped grains.

The ex situ mechanical testing revealed the samples
of both builds to be stable under load with the
cross-members withstanding ~7 to 7.5 pct engineering
strain before failure. The samples failed on the
cross-members without any additional failure on other
parts of the specimens. Even though both builds
showed similar macroscopic deformation behavior in
the earlier levels of deformation (load <20 kN), devi-
ations were observed starting with cumulative loads
exceeding ~25 kN; with the Spot Build accumulating
higher cumulative loads per strain increment on the
cross-member mainly due to having slightly thicker
ring and cross-member dimensions. A correlation
between the elastic strains obtained from DIC and
the elastic stresses obtained from FEM revealed elastic
moduli of 162 and 168 GPa for the Spot and Line
Builds, respectively.

In situ neutron diffraction (ND) was used to map the
distribution of strains/stresses along the cross-members
during elastic loading (cumulative load <15 kN). The
mean axial lattice strains along the cross-member were
found to show a very good agreement with the macro-
scopic elastic strains obtained from the DIC analysis.
The in situ loading experiments further revealed the
stresses experienced by the cross-members increase
steadily in tensile character with increasing load levels
as the theta samples were compressed. The spatial
distributions of the microscopic stresses along the
cross-members of both builds were found to be uniform
for all the studied load levels.
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