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Abstract

Many processes are being developed for metal additive manufacturing (AM) which vary by their heat source and feedstock.
The use of directed energy deposition (DED) is growing due to its ability to build larger structures outside of a contained
powder bed chamber. However, the only standard exclusively for post-build heat treatment of AM IN718 is ASTM standard
F3055-14a, developed for powder bed fusion (PBF). This study evaluates the applicability of this current heat treatment
standard to AM IN718 specimens produced using two methods of DED: laser-blown powder (LP)-DED and arc-wire (AW)-
DED. Electron microscopy and X-ray diffraction techniques were used to characterize the specimens in the as-built condition
and after the full heat treatment (FHT) specified in F3055. No evidence of remaining Laves phase was observed in the two
DED specimens after the FHT. Yield strengths for the DED specimens were 1049 MPa for FHT AW-DED and 1096 MPa for
LP-DED, higher than the minimum stated for PBF-LB IN718 of 920 MPa. The size, morphology, inter-spacing, and diffrac-
tion patterns of the y” and y”” strengthening precipitates are found to be similar for both DED processes. Differences were
observed in the microstructure evolution where the F3055 heat treatments resulted in partial recrystallization of the grain
structure, with a higher content of annealing twins observed in the AW-DED. These microstructural differences correlate
with differences in the resulting elongation to failure. Thus, it is proposed that variations in heat treatments are needed for
optimizing IN718 produced by different AM processes.

Keywords Additive manufacturing variants - Directed energy deposition (DED) - Post-process heat treatments - SEM-
EBSD and TEM microscopy - XRD phase analysis

1 Introduction

The use of additive manufacturing (AM) is being explored to
directly print low-volume, complex assemblies, especially in
alloys that are difficult to machine. The aerospace industry,
among others, has a great interest in AM IN718 due to its
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unique properties of retained strength at elevated tempera-
tures, weldability, and fabricability [1-4]. While the metal
AM process of laser-powder bed fusion (PBF-LB/M) has
been studied extensively, less literature is available for the
various directed energy deposition (DED) AM processes
[5-15]. As AM processing is being rapidly implemented in
the industry, DED provides a means to overcome the size
limitations of PBF-LB/M.

The two investigated DED AM processes vary by the
heat source, feedstock, and resulting deposition rates. The
powders used in laser-blown powder DED (LP-DED) are
typically gas atomized with a nominal diameter of 100 pm,
whereas arc wire DED (AW-DED) uses commercially avail-
able wire for fusion welding with a nominal diameter of
1200 pm. All processes use a shielding gas around the melt
pool to minimize oxidation during the rapid and repeated
melting and solidifying of deposited melt pools.

The feedstock size and chemistry are important aspects
of the DED processes, since they have great influence on
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temperature field distributions, residual stress build-up,
and microstructural features [16, 17]. As the feedstock size
increases in the various AM processes, the resulting mass
deposited results in a significant variation in the solidifica-
tion rate. In PBF-LB/M, solidification rates of 10°~10% K/s
are cited as compared with LP-DED rates of 10°~10° K/s
and AW-DED rates of 300-600 K/s [18-20]. This affects
the global temperature profile and resulting residual stresses
in a build [1], in addition to porosity. As these are issues
with all AM processes, stress relief (SR) and hot isostatic
pressing (HIP) post-processing heat treatments are usually
incorporated. In addition to reducing porosity, the HIP pro-
cessing can also serve as a homogenization cycle to reduce
chemical segregation in the as-built part in an integrated
HIP + homogenization (H) cycle [21].

ASTM standard F3301 [22] established a general frame-
work for heat treatment of common alloys produced using
PBF-processing. Subsequently, ASTM F3055 [23] specifi-
cally focused on PBF of IN718 and adopted the post-pro-
cessing heat treatment listed in the ASTM standard F3301
for IN718, in which the post-processing stress relief (1066
°C, 1.5 h) and HIP (1120-1185 °C, 3 h,> 100 MPa) are
dictated. After the SR and HIP conditions, the ASTM stand-
ard F3055 refers back to the AMS standard 2774F [24] for
wrought IN718 heat treatments specifying the times and
temperatures in AMS standard 5664 [25] for solutionizing
(S) at 1066 °C (1950 °F) followed by a double-step precipi-
tation (DP) aging (A) [25].

The precipitation phases in IN718 include y”* (Ni;Nb,
BCT-like DO,,) and v~ (Ni;(Al, Ti), FCC-like L1,). Although
both phases can form in IN718, the primary strengthening
phase is considered to be y”” due to its semi-coherency with
the y solid solution FCC matrix [26, 27]. Since y”” phase
contains Nb, there is a careful balancing act within their pre-
cipitation temperature ranges to obtain the desired amounts,
while avoiding the rather detrimental stable form of 6 phase
(Ni;Nb, orthorhombic DO0,) (e.g., [28]). The & phase typi-
cally precipitates at temperatures less than 900 °C and solu-
tionizes at temperatures above 1010 °C [29]. A primary (Nb,
Ti, Ta)C carbide (cubic B1) is another Nb-binding phase that
is reported to solutionize above 1065 °C [30]. While these
temperatures were developed for the processing of wrought
IN718, their temperatures and associated times can shift in
the case of AM materials due to residual stress, shorter dis-
tances between micro-segregated regions, and dislocation
subgranular structures [12, 31-33].

Since each of the two proposed DED processes imparts
a different heat profile and solidification rate during the
build, this can affect the resulting microstructure and its
response to heat treatments. Currently, only the ASTM
standard F3055 is available to guide post-processing, spe-
cifically for PBF-LB/M IN718 [22, 23]. As the literature
on optimizing mechanical properties of IN718 is based on
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the processing of wrought forms, it is still unclear which
combination of temperatures and hold times can further
optimize the mechanical performance of the unique micro-
structures of AM materials including the DED process.

This study focuses on the process/microstructure/
tensile-performance relationships of two IN718 materi-
als produced using laser-blown powder and arc wire DED
processes. In particular, the objective is to evaluate the
similarity and differences in the microstructural response
and mechanical properties of DED IN718 specimens when
post-processed using the heat treatment developed for the
PBF-LB/M IN718.

2 Experimental procedure
2.1 Material and elemental chemistry

The material used in this study is IN718, an austenitic
(v) nickel (Ni)-based superalloy with chromium (Cr),
iron (Fe), and molybdenum (Mo) added for solid solu-
tion strengthening and aluminum (Al), titanium (Ti), and
niobium (Nb) added to promote precipitation of beneficial
phases.

IN718 powders used in the laser-blown powder direct
energy deposition (LP-DED) process were argon atomized
with a nominal diameter of 100 pm. Typical deposition
rates range from 20 to 200 cc/h [4].

Standard weld wire rod for the arc wire DED (AW-
DED) was obtained from United States Welding Corpora-
tion as Turbaloy 7189, HQ Grade with a nominal diameter
of 1140 pm. The heat source is a commercial metal inert
gas (MIG) welder that deposits the wire in the range of
200 to 1500 cc/h [4].

The composition of the feedstock currently used in AM
processes is based on industry specifications for wrought
IN718 and does not include limits on light elements such
as oxygen or nitrogen [23]. Thus, the chemistry of the
feedstock materials (i.e., powders and wire) used in the
two investigated DED AM processes is evaluated to assess
potential oxidation, as well as the stability of critical alloy-
ing elements.

The starting elemental chemistry of the feedstock was
determined using Inductively coupled plasma (ICP) optical
emission spectroscopy (OES) in accordance with ASTM
E3047-16 [34]. Analysis of the lighter elements was made
in accordance with ASTM E1019-18 [35], using combus-
tion for carbon and inert gas fusion (IGF) for oxygen and
nitrogen. The results were certified from the vendor in
accordance to the standards.
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2.2 DED processing

The specimens were obtained from different vendors for
each DED AM method, based on the vendor’s best prac-
tices. Figure 1 shows the typical geometry of the DED AM
samples as either a box configuration for stability or free-
standing plates. Figure 1a shows the LP-DED box configura-
tion with nominal dimensions of 150 X 100 mm wide by 100
mm tall with 4 mm thick walls. Figure 1b shows the AW-
DED free-standing plate with nominal dimensions of 200
mm wide by 200 mm tall and 13 mm thick walls. Flat tensile
specimens were machined from the center of the plates in
the build direction (Z) orientation. Due to the roughness and
increased thickness of the AW-DED plate, these specimens
were machined to 6 mm thickness. No machining was done
to the surfaces of the LP-DED specimens retaining the as-
built surface finish.

2.3 Post-processing heat-treatment

After machining, the specimens underwent the heat treat-
ment summarized in Table 1, per ASTM F3055 and AMS
5664 [22, 23], and will be referred to as the full heat treat-
ment (FHT). The FHT steps combined the stress relief, fol-
lowed by an integrated hot isostatic press +homogenization
cycle at 100 MPa with slow cooling (SC), and subsequent
solution + quench (ST/Q) and 2-step aging (age 1 and 2)
heat treatments.

2.4 Tensile tests

Nominal dimensions of the tensile bars gage section were
28 mm in length and 6 mm in width. The thickness varied
from 4 mm for the LP-DED to 6 mm for the AW-DED. All
tensile testing was conducted according to ASTM E08 [36]
at a constant crosshead velocity of 1.3 mm/min on a screw-
driven load frame with a 250 kN load cell. The load and
displacement data were used to calculate the engineering

Fig.1 (a) LP-DED box con-
figuration for stability (width:
150 % 100 mm) vs (b) AW-DED
flat panel (width: 200 mm)

Table 1 Summary of the investigated heat treatment parameters (tem-
perature °C/time h) and nomenclature used in this study

Name SR HIP +Homo /SC ST/Q Agel Age2

FHT  1066/1.5 1125 to 1150/3 at 100
MPa

1066/1 760/10 649/10

stress vs strain data for each specimen. The yield strength
(YS) was calculated using the 0.2% offset method, and the
ultimate tensile strength (UTS) was calculated based on the
maximum load the specimen carried. The elongation to frac-
ture was based on the crosshead displacement and the initial
grip face distance.

2.5 Microscopy

After tensile testing, sections were removed from the grip
ends, mounted, and metallographically prepared by manual
grinding using SiC abrasive paper from 320 up to 1200 grit,
followed by polishing down to 1 um using an alcohol-based
diamond suspension, with a final polish of 0.2 um colloi-
dal SiO,. Note that no etching or electropolishing was per-
formed. For each condition, two sets of samples were pre-
pared, corresponding to the XY-plane and Z-direction (i.e.,
parallel to the build direction, BD). Porosity was analyzed
on images obtained on a Zeiss AX10 inverted microscope
with a 10 X objective. Sufficient images were taken for an
average of 100 pores.

The evolution of the grain structure and misorientation
angles in terms of FHT was evaluated via a LEO 1530VP
field emission (FE) scanning electron microscope (SEM).
This device was equipped with a Bruker X-Flash energy dis-
persive X-ray spectrometer (EDS), as well as a Bruker Nano
e-Flash electron backscatter diffraction (EBSD) detector.
The EDS analysis (line scans) was performed in the center
of the grips ends.

Build Plane (XY)

»
'

Build Direction (Z)
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The EBSD operating parameters were 20 kV and
17.6 mm working distance. A step size of 4.49 pm was
used, resulting in a total map size for each condition of
4597 x 3448 me surface area, to cover the maximum num-
ber of grains. Only the y nickel matrix was indexed. The
EBSD data were post-processed using the MTEX toolbox
(version mtex-5.8.2) installed on Matlab. The definition
of a grain follows two criteria: (i) a maximum of 5° mis-
orientation within the grain and (ii) the size needs to be
larger than 10 continuous indexed pixels. Thus, a grain
can be in fact a subgrain, for low-angle grain boundaries
(LAGBs) < 15° are included. EBSD data enables the evalu-
ation of grain parameters such as size, misorientation, and
grain orientation spread (GOS). The GOS parameter com-
putes the mean value of the misorientations between the
pixels within a grain and its mean orientation. This value
is typically used to monitor the evolution of the micro-
structure in terms of deformation and recrystallization. A
grain is considered recrystallized when its GOS value is
lower than 2° [37]. The as-built (AB) and FHT samples
that were metallurgically prepared for EBSD analysis were
removed from equivalent positions in sister samples.

Representative specimens were prepared for transmis-
sion electron microscopy (TEM) imaging. Thin cross-
sectional slices were removed from the center of the grip
section of the tensile samples and ground from each side
to reach 100 um in thickness. Foils with 3 mm in diameter
were then punched out. The foils were thinned to electron
transparency using an electrolyte made of ethanol (950
ml) + butanol (100 ml) + perchloric acid (50 ml), which
was maintained at — 40 °C in a Tenupol-3 electro-polisher
set at 25 V and 18 mA. A JEOL JEM-2200FS TEM was
used, which was equipped with an EX 24065 JGP EDS
detector and an omega-type energy filter with an energy
slit width set to 10 eV. Energy-filtered selected area dif-
fraction (SAD) patterns were obtained to verify crystal
structures and orientation relationships. Different vari-
ants of the y”/ y”* phases were imaged via energy-filtered
conventional dark field (DF)-TEM, while other particles
and precipitates were imaged in scanning (S) TEM mode,
using either high angle annular dark field (HAADF) or

bright field (BF) detectors for atomic-number or diffrac-
tion contrast, respectively.

2.6 XRD analyses

The phase content of the samples was analyzed using a Seif-
ert 3000 PTS X-ray diffractometer (XRD) operated at 40
kV and 40 mA. 2-Theta scans used a Co K, source over the
range of 35 to 55°, with a step scan of 0.02° for a step hold
time of 1200 s. The detector was a multi-channel semicon-
ductor with 50 scans/channel. The sample size was approxi-
mately 25 mm?, where the analyzed surface was metallurgi-
cally prepared. The XRD analysis was conducted at small
angle steps (0.02°) with long scan times in order to favor the
detection of minor phases; therefore, only a small 2-theta
region was investigated, resulting in only one to two peaks
for phase identification.

3 Results
3.1 Chemical analysis and void analysis

The results of the chemical analysis (wt. %) are presented
in Table 2 for the feedstock and as-built DED AM materi-
als, compared to the allowable range from ASTM Standard
F3301 [22]. All samples were within the allowable range
established by the ASTM standard with the exception of
the slightly lower Cr content in the as-deposited AW-DED
(=15.8%, below the 17.0% lower threshold of the standard).
As the iron (Fe) is only listed as the remainder in the stand-
ard, its content is calculated based on the analysis results
forcing the total to 100%. Although the lighter elements of
O and N are not specified in the standard for wrought IN718,
they are evaluated for potential oxidation during deposition.
The LP-DED deposition is noted to contain slightly more
oxygen than the AW-DED deposition.

Optical microscopy analysis of the LP-DED speci-
mens indicates an average porosity content of 0.5 to 1.3%,
with sizes ranging from 14 to 24 pm. The AW-DED samples
had smaller pores, with an average porosity content of 0.2

Table 2 Specifications for IN718 compared with actual measurements for the powder and deposited specimens in weight %, obtained using ICP/
OES and IGF techniques. Fe, not listed, constitutes the remainder. Significant figures given by uncertainties per [34, 35]

Ni Cr Nb Mo Ti Al Co Mn Si Cu C (0] N
(+Ta)
UNS N07718 [38] (Min—-Max)  50.0 17.0 4.75 2.80 0.65 0.20 1.00 035 035 030 008 - -
55.0 21.0 5.50 330 1.15 0.80
LP-DED powder 53.08 1772 5.25 310 097 048 001 001 005 0.02 0.05 001 0.01
LP-DED specimen 53.02 1745 527 310 097 050 001 001 0.04 0.02 004 005 0.01
AW-DED wire 52.80 18.40 4.80 312 081 059 008 024 010 0.08 0.05 0.01 -
AW-DED specimen 52.60 1578 5.56 334 1.14 053 045 031 0.09 0.08 005 0.004 0.012
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Table 3 Tensile properties of the heat-treated AM IN718 specimen

Specimens subjected to FHT Yield strength (MPa) Ultimate tensile Elongation to failure n (number
strength (%) of sam-
(MPa) ples)
LP-DED (Z-build direction) 1096 +13 1157 +26 13.1+23 12
AW-DED (Z-build direction) 1049+24 1184+39 232455 7
PBF-LB/M (Z build direction) [25, 39] 920 1240 12 -

to 1.2%, with sizes ranging from 4 to 12 pm. The slightly
smaller pores and porosity content in the AW-DED mate-
rial are attributed to the increased mass and resulting higher
heat input of the process.

3.2 Tensile testing

Table 3 and Fig. 2 summarize the tensile properties for the
DED specimens as compared to the reference PBF-LB/M
properties listed in the ASM standard F3055 [23] for class
D specimens. As compared to PBF-LB/M fabrication, the
yield strengths of the DED samples are > 100 MPa higher,
and the ultimate tensile strengths are < 100 MPa lower.
Thus, all values except the ultimate tensile strength are
higher than the minimum listed in ASTM standard F3055
for PBF-LB/M specimens. The largest variation in the DED
samples occurred in the elongation to failure, with the AW-
DED specimen having higher values (by Ae = 10%) than the
LP-DED specimens. This may be related to the underlying
microstructural differences in the response of the two DED
processes to the FHT, as will be elaborated in Sect. 3.3.

1400
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- //‘

800

F3055 Class D UTS (min)
F3055 Class D YS (mn

AW_DED
Z build direction

LP -DED
600 Z build diredtion
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400

200

F3055 Class D Elong. (min)

0

0.00 0.05 0.10 0.20 0.25 0.30

0.15
Strain (mm/mm)

Fig.2 Strain—stress curves of the LP- and AW-DED materials tested
along the building direction (Z)

3.3 Scanning electron microscopy and X-ray
diffraction analyses

Figure 3a and b show the EBSD orientation maps for the
LP-DED material in the as-built (AB) and FHT conditions,
respectively. Low angle grain boundaries, i.e., those with
less than 15° misorientation (MO), high angle grain bounda-
ries (HAGB, 15°<MO <30°), and annealing twins (at MO
~ 60°, between 30° and 70°), are respectively distinguished
with blue, green, and red. The highest misorientations cor-
respond mostly to the grain boundaries delimiting the differ-
ent laser tracks, as well as the annealing twins for the case
of the FHT condition (Fig. 3b). The annealing twins may be
interpreted as forming mostly at the expense of LAGBs (cf.
Figure 3c and d). The FHT induces a partial recrystallization
(grains with GOS < 2° are considered recrystallized) that
seems to be promoted from the scan track toward the interior
(cf. Fig. 3e and f).

The AW-DED material shows a wide range of grain sizes
from clusters of small grains (< 100 um) to considerably
large grains of about 1 mm length (Fig. 4a). The HAGBs
are primarily concentrated around the small grains (Fig. 4b).
The as-built microstructure indicates a significant degree
of recrystallization during processing, mostly leading to
the formation of fine-sized equiaxed and defect-free grains
(Fig. 4a and e). These regions of fine grains grow and coa-
lesce during the FHT, whereas some of the large original
grains remain (Fig. 4f). In this case, the in situ recrystal-
lization sets the ground for faster growth of HAGBs grains,
leading to the large formation of annealing twins (higher
content than for the LP-DED material). The relative den-
sity of LAGBs associated with the original large grains
consequently grows after FHT (Fig. 4d) with respect to the
AB condition (Fig. 4c), for the total density of HAGBs has
diminished.

Figure 5a and b shows regions of chemical micro-segre-
gation in the as-built microstructure of the two investigated
materials. The light regions in the backscattered electron
(SEM-BSE) images correspond to intercellular regions,
where heavy elements such as Nb and Mo concentrate.
Increased content of Nb leads to the formation of long-
chained Laves particles. The primary arm spacing of the
dendrite cells is on average larger for the AW-DED material,
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as expected from slower cooling rates [18]. Based on quali-
tative evaluation over several SEM-BSE images, the pres-
ence of spherical Al,O5 particles is observed both at the
interior and boundaries of the cells in both materials. EDS
analysis resulting from line scans in the interior of some
cells along the primary dendrite arm indicate that Fe (2.2%
for AW-DED) and Ni (1.7% for AW-DED) are the elements
showing the highest variation between the two DED tech-
niques (Fig. 5c and d, Table 4). The values of the rest of the
elements vary by about 0.2%.

The XRD analysis of the as-built conditions indi-
cates higher texture in the case of the AW-DED material,
expressed by a 34 higher intensity of the (111) peak (Fig. Se).
Nevertheless, the width of the peak is narrower, in agree-
ment with the finding that the AW-DED material is partially
recrystallized. The presence of a Laves phase is detected in
the two materials by the peaks (110) at 44° and (013) at 48°.
Note that the position of these peaks is slightly shifted from
the theoretical ones (green vertical lines in Fig. 5e), most
likely due to interphase stresses with the matrix. A shift to
the left indicates that the Laves particles are in tension. The
AW-DED material shows additional Laves peaks at 52.25°
for (112) and 53.5° for (021) peaks, in agreement with the
fact that the slower cooling rates induced by the AW-DED
process lead to an increase in the amount of Laves phase.
The presence of the Al,O; phase seems to be detected in
the LP-DED material by the (104) peak at 41°, whereas the
AW-DED material does not show any presence of the Al,O;
phase. Finally, the peak observed at 46° in the AW-DED
could correspond to (002) of the 6 phase, although this phase
was not identified in SEM images.

Figure 6a and b (note different magnification) show that
after the FHT, evidence of the micro-segregation and Laves
has mostly vanished. Both materials exhibit micrometric
(> 1 um) MC particles mainly sitting in the interior of grains,
although the LP-DED material does show a clearer decora-
tion of the grain boundaries. The lesser pinning effect of
MC particles in the AW-DED material may have enhanced
grain growth kinetics, which in turn facilitated annealing
twin formation [40]. The LP-DED material (Fig. 6a) pos-
sesses two different sizes of MC and Al,O; particles: micro-
metric homogeneously distributed particles are observed
in combination with some mesoscale Al,O; particles that
are encircled by larger MC particles. Two peaks (located at
20=40.8° and 47.5°), corresponding to the (111) and (200)
reflections of the MC phase, are detected in the two materi-
als and show similar intensities (Fig. 6¢). Again, these peaks
are shifted to the left, most probably due to micro inter-
phase residual stress with the matrix. Note that the MC (111)
could be overlapping with the Al,O5 (104) reflection, which
explains why the presence of this phase is undetected in the
XRD analysis of the FHT condition. The small fluctuation
at 53° of LP-DED material could correspond to the d phase
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(since Laves is considered to completely dissolve), although
this phase was not distinguished by microscopy.

3.4 Transmission electron microscopy analysis

Figures 7, 8, 9, and 10 correspondingly show TEM results
for the two DED AM processes in the as-built vs. FHT con-
ditions. Figure 7 shows zone-axis (ZA-) BF-STEM images
with similar dislocation densities in the as-built materials
for LP-DED (a, b) and AW-DED (c, d). A remarkable dif-
ference is the presence of large stacking faults in the AB
AW-DED material (cf. red arrows in Fig. 7c, d), which could
not be found for the AB LP-DED material in that size. Blue
arrows in Fig. 7c and d additionally mark closely and regu-
larly spaced straight dislocation arrays. These dense dislo-
cation arrays were only scarcely found for the AB LP-DED
material, even though many of the dislocations found in both
materials are contained within a few {111} planes (cf. sche-
matic lattice and straight dislocation traces in Fig. 7a and b),
a signature for planar slip and associated short-range order
in concentrated solid solutions [41]. This behavior is repli-
cated in the AB AW-DED material (although not clear in the
ZA =[001] shown in Fig. 7c and d). The dense arrays, how-
ever, are probably polygonized incipient LAGBs, such as
seen in Figs. 3 and 4 for AB LP-DED and AW-DED, respec-
tively. All but one of these arrays are contained in one of
two {111} planes in this small region, which coincides with
the {111} plane containing the two stacking faults (cf. blue
and red arrows pointing down vs. one arrow pointing up).
Some larger secondary-phase particles (cf. white arrows) can
be observed pinning the dislocation lines in both material
states. These are most likely the solidification phases of MC
and Al,O;. From different grains investigated, the AB LP-
DED state shows always similar dislocation arrangements
and densities, while the AB AW-DED state varied between
configurations as in Fig. 7c and d and grains, with signifi-
cantly lower dislocation densities.

EDS analysis and SAD were done on several of the
distinct particles observed by TEM to confirm at this scale
the SEM-BSE imaging and EDS analysis as guided by
the XRD analysis. Figure 8a shows a low-magnification
HAADF-STEM image with a representative grain bound-
ary in the FHT LP-DED specimen. Here, a range of globu-
lar particles is observed. Figure 8b shows a close-up of two
representative particles that have a cored appearance (BF-
TEM image in Fig. 8c). EDS spectra in Fig. 8d acquired at
the regions of the cored particle marked at the bottom of
Fig. 8b agree with the chemistry of a 8-Al,05 core (point
1, red) with MC shell being (Nb, Ti)C (point 2, green).
Two SAD patterns from regions labeled “e” and “f” in
Fig. 8c on the MC shell are presented in Fig. 8e and f. The
SAD patterns are indexed as MC in the [011] zone axis
(ZA), both giving rise to satellite intensities around the
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As-build LP-DED XY
As-built LP-DED Z

HAGBs

Density /%

10 20 30 40 50 60
Misorientation /degree

Fig.3 Representative EBSD orientation maps with respect to the
building direction (Z-axis) for the LP-DED samples showing (a) AB
and (b) after FHT conditions. Corresponding histograms based on

main reflections, typical of double diffraction from either
the 6-Al,0; particle or the Ni solid solution. However,
they additionally show ~ 70° rotation from each other, as
marked in red in Fig. 8f (see continuous and dotted white

5-15°
—_ 15°-30°

FHT LP-DED XY
FHT LP-DED Z | |

HAGBs

Density /%

Annealing twins

10 20 30 40 50 60

Misorientation /degree

e A S

Grain orientation s

the grain misorientation for (¢) AB and (d) after FHT. GOS maps are
shown for (e) AB and (f) after FHT conditions

lines). This rotation leads to a twin boundary (marked by a
white arrow on the inset in Fig. 8c), which can be rational-
ized by the fact that (1 1 1)y;c in Fig. 8e (continuous white
line) is parallel to (11 1)y in Fig. 8f (dotted white line).
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As-build AW-DED XY
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Fig.4 Representative EBSD orientation maps with respect to the
building direction (Z-axis) for the AW-DED samples showing (a) AB
and (b) after FHT conditions. Corresponding histograms based on the

Figure 9a shows a HAADF-STEM image in the FHT
AW-DED specimen. Similar to Figs. 8b and 9b also shows
a cored particle structure, on which EDS (points 1 and 2)
and SAD analyses were conducted. As compared to Fig. 8,
the inner core of 8-Al,0Oj; is smaller with a larger shell. The
shell was indexed in the SAD pattern in Fig. 9d as MC with
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grain misorientation for (¢) AB and (d) after FHT. GOS maps for (e)
AB and (f) after FHT conditions

ZA =[011], in agreement with the EDS chemical analysis
for (Nb, Ti)C in Fig. 9c. As in the SAD patterns shown in
Fig. 8e and f for the FHT LP-DED specimen, additional
spots, especially visible at the (11 1) y,¢ reflection and
aligned with the (3 1 1) ¢ diffraction vector, are probably
due to double diffraction associated to the 8-Al,05 core. The
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Fig.5 Representative SEM-BSE images for AB (a) LP-DED and (b) AW-DED samples. EDS plots corresponding to line analyses in the den-
dritic region for as-built (¢) LP-DED and (d) AW-DED conditions. (e) Corresponding XRD analysis of the two DED materials

chemistry of the matrix + nanoprecipitates is shown by the =~ homogenization effect of the solid solution in the two inves-
blue spectrum in Fig. 9c, from the squared region 3 marked  tigated materials.

in Fig. 9a. The similarities in the element ratios between the Figure 10 shows close-up DF-TEM images and their cor-
matrix chemistries indicate that the FHT route has a similar ~ responding SAD patterns of the y matrix 4+ semi-coherent
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Table 4 Summary of the mean of molar fractions of elements (%) obtained via EDS on the y phase shown in Fig. 5¢ and d corresponding to the
two as-built conditions

Al Nb Cr Fe Mo Ni Ti
LP-DED 25+04 1.5+0.4 21.5+0.7 17.6+0.5 2.3+0.3 399+1.0 1.6+0.2
AW-DED 2.8+0.2 1.5+0.2 21.6+0.5 18.9+0.3 22+0.2 41.5+0.7 1.5+

(c) 100,000 - _ .
= —— AW-DED A~ =
*  =—— LP-DED e =
e ro
75,000 — ks m ALO,
= E
3 - S m MC
2 = W Laves
§ 50,000 of " S
2 o - = —
z = S NS t
5 S = m IN7I8
E 25000 ,
= Y
S
o
0 2 3 s
40 425 5 475 50 525 55

20 /degrees

Fig.6 Representative SEM-BSE images for FHT (a) LP-DED and (b) AW-DED samples. ¢ Corresponding XRD analysis of the two DED methods

(a) (b)

Fig.7 Zone-axis (ZA) BF-STEM images of AB (a), (b) LP-DED and secondary-phase particles, dislocation arrays on {111}, and stacking
(c), (d) AW-DED specimens showing similar dislocations. Schematic faults, respectively
lattices indicate the orientation white, blue, and red arrows point at
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1000 —

—AlKa

Counts
NiLa
Ti Ka
Ni Ka

Fig.8 TEM images with marked regions for EDS and SAD analysis
of the FHT LP-DED specimen. (a) HAADF-STEM image of grain
boundary region showing globular particles, (b) close-up of globu-
lar particles showing cored structure. Colored numbers mark regions
for EDS spectra shown in (d); (¢) BF-STEM image of cored particle

precipitates for the LP-DED (Fig. 10a) and AW-DED
(Fig. 10b) in their FHT conditions. Here, all variants of the
expected y”~ and y”” precipitates are observed. The corre-
sponding superlattice reflections that belong to the y” and y**
precipitates can be seen in the SAD patterns for ZA=[001],
[42]. Similar size, morphology, inter-spacing, and diffraction
patterns are observed within the y-Ni matrix for both DED
processes after the FHT.

The most relevant differences between the conditions
investigated obtained via EBSD, EDS, elemental analysis,
and XRD are summarized in Table 5, which emphasizes
a relation between crystallographic texture and the ability
to induce annealing twins. Interestingly, when comparing
the elemental content of Fe and Cr obtained via EDS and
ICP/OES, it is observed that the results are contradictory.
Considering the qualitative nature of EDS analysis on small
areas, caution is advised when comparing the results of these
two techniques.

in (b) with inset enlargement by 2 X where the white arrow on inset
points at a twin boundary. (d) EDS spectra of regions marked in (b).
(e) and (f) Indexed SAD patterns of respective regions marked “e”
and “f” in (c)

4 Discussion
4.1 Influence of elemental chemistry

Chemical analyses of the starting feedstock and as-built
deposited material, listed in Table 2, were performed to
evaluate the stability of the alloying elements and potential
oxidation. Samples produced using two DED techniques
show compliance with the ASTM allowable range for IN718
[22]. Only the AW-DED exhibits a slightly lower content of
Cr in the as-built condition that could be attributed to the
higher build temperatures, which can favor the vaporization
of lighter elements such as Cr [43].

As the ASTM standard is for wrought material, it does not
include limits on oxygen and nitrogen. While DED samples
utilize purge gases around the melt pool, they are built out-
side of the closed environment of PBF-LB/M, which flows
a purge gas over the powder bed. The DED environment
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S ©
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S =
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Counts

Fig.9 HAADF-TEM micrographs of the FHT AW-DED specimen
showing globular particles (a) with a close-up of region in white
square showing a cored structure (b). (¢) Corresponding EDS of par-

potentially raises a concern for oxidation of deposited
material.

Table 2 also shows a slight oxygen content in both the
starting feedstock and deposited samples which corresponds
to the observed formation of 8-Al,05. TEM imaging of both
DED specimens in Figs. 8b and 9b shows a similar cored
particle structure that suggests that the Al,O; inclusions
serve as nucleation sites for the formation of NbC. The 70°
rotation between both parts of the MC shell evaluated on
the SAD patterns in Fig. 8f is in agreement with the type
of twinning that is facilitated by the presence of Al at the
interface [44]. It has been reported that Al,O5 can also be at
the core of TiN particles [45].

The formation of solidification Al,O5 inclusions has
several disadvantages: (i) they deplete the matrix from Al

@ Springer

(d)

ticle positions #1 and #2 in (b) , and matrix, #3 in (a) . (d) SAD
analysis of the cored particle in (b)

element, reducing the amount available for the precipitation
of y” strengthening particles; (ii) they also seem to promote
the formation of MC particles, which reduces the amount
of Nb available for the formation of y”~ precipitates; and
(iii) mesoscale-sized Al,O; inclusions (as the one shown in
Fig. 6a) can act as local stress raisers and reduce the fatigue
life expectancy [46]. In this context, the higher content of
Al,O; inclusions observed in the LP-DED material could
negatively impact its mechanical performances at elevated
temperatures, as compared to the AW-DED material.

Most of the carbides observed in the studied material are
intragranular, as opposed to PBF-LB/M materials, where the
MC particles are reported to be preferentially sitting at the
grain boundaries [47, 48]. While the intergranular MC can
have a stabilizing effect in applications such as creep [49,
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100 nm

Fig. 10 DF-TEM images (left) and corresponding ZA = [001]y SAD patterns (right) of superlattice reflections within a grain in (a) FHT LP-DED

and (b) FHT AW-DED specimens

Table 5 Summary of the major findings obtained via EBSD (Figs. 3c, d and 4c, d), EDS (Fig. 5¢c, d), XRD (Figs. 5e and 6¢), and ICP/OES

(Table 2)

LAGB-Z, mean HAGB-Z, mean Twins-Z, mean Fe content EDS/chemical  Cr content EDS/ y 111

of density (%) of density (%) of density (%) analysis (Table 2) (%) chemical analysis (%) reduction of

intensity

LP-DED AB 22+7 5+3 <1+1 18/20 22/17 —
AW-DED AB 12+3 10+4 2+1 18/20 21/15 —
LP-DED FHT 18+7 6+2 8+1 — — 17%
AW-DED FHT 10+1 8+2 21+1 — — 78%

50], the intragranular MC has been reported to have a del-
eterious effect (by fracturing and debonding) to the tensile
properties at elevated temperatures (> 650 °C) [51].

4.2 Influence of grain structure

Grain structure control has been widely investigated in the
case of PFB-LB/M IN718. Overall, the temperature neces-
sary to induce recrystallization decreases as a function of
increasing dislocation density [52]. In other words, the stor-
age of dislocations induced during the processing (which
is lowest for the AW-DED material) is the driving force for
recrystallization. In addition, it has been observed that the
Al,O5 and MC solidification particles sitting at the subgran-
ular cells have a Zener pinning effect that increases the tem-
perature necessary to initiate recrystallization [48, 53-56].
In fact, full recrystallization of PFB-LB/M IN718 is only
reported only after 7 h at 1080 °C [57]. This explains why
the LP-DED endured very little recrystallization during the
FHT (Fig. 3a and b). The disadvantage of such long soaking
times for applications where recrystallization is desired is
that they could further promote the growth of MC particles,
which are shown to be deleterious for DED tensile appli-
cations [51]. Also note that secondary recrystallization of

small grains nucleating at larger grains, developed during
homogenization, has been reported to occur during the aging
heat treatments for a PFB-LB/M IN718 alloy [58].

4.3 Influence of precipitation state

The mechanical testing results for the two DED processes
are summarized in Table 3 and showed similar strengths,
comparable to those specified for PBF-LB/M IN718 [22].
The main variation in strength observed was the higher yield
strength for both DED specimens as compared to the mini-
mum specified in the standard for PBF-LB/M [22]. While the
elongation to failure for the LP-DED specimens was appre-
ciably lower than for the AW-DED specimens, the strength
of both DED specimens supports the TEM/SAD analysis
of similar formation of y’/y”” precipitates, as reported by
others [59-62]. For coexistence of the strengthening pre-
cipitates during aging, a (Al +Ti)/Nb ratio in the range of
0.6 to 2.3 is reported to promote the precipitation of y” and
v~ (the primary strengthener), with the y”* phase dominat-
ing at a (Al+ Ti)/Nb ratio less than 0.8 [42, 63]. Both DED
AM specimens have a (Al+ Ti)/Nb ratio of less than 0.8 (cf.
Table 6), so it is expected that y*~ dominates. Since these
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ratios are within the reported ranges, effective strengthening
of the aged specimens is expected and observed. Since the
diffraction patterns of the y” and y”” overlap, the predomi-
nance of one strengthening phase over the other cannot be
easily verified. However, the DF-TEM images in Fig. 10 do
show a predominance of elongated plate-like precipitates
that are associated with y”~ over cuboidal y” particles.

The larger AB grain sizes of the DED specimens, as com-
pared to PBF-LB/M specimens, are attributed to the dif-
ferent thermal profiles occurring during the build job [18].
The resulting mechanical properties noted in this study are
similar to those reported in forging studies where the grain
size had a negligible effect on the resulting tensile strength,
affecting only the ductility [14]. Note that uneven grain size
distributions have been also reported in PBF-LB/M IN718
following heat treatments, which leads to anisotropic proper-
ties [3, 4, 64].

Additional research is focusing on the optimization of the
unique microstructures and, hence, properties of DED pro-
cessing. A most recent study investigated the post-process-
ing of a DED IN718 alloy, proposing a heat treatment based
on a pre-aging at 900 °C for 720 min followed by a homog-
enization treatment at 1100 C for 60 min [65]. This study
reports the full elimination of Laves phase and small grain
sizes (79 pm along TD and 117 pm along BD), along with
the weakening of the initial {001} < 100 > rotated cube tex-
ture. Moreover, DED schemes to obtain finer grain sizes
are being pursued, which range from the most straightfor-
ward methods of oscillating the heat source [66] to the more
elaborate approaches where additional processing steps or
factors are introduced (e.g., applying magnetic fields during
printing [67], employing in situ ultrasonic impact peening
[68], using pulsed laser sources [69], or even the use of a
six-beam direct diode laser [70]).

5 Conclusions

This study evaluated the resulting microstructure and
mechanical properties after an ASTM 3055-equivalent
full heat treatment schedule for IN718 deposited using
two different DED AM processes. The results were com-
pared to the existing literature for PBF-LB/M fabricated

Table 6 Ratio of alloying elements (atomic %) between the starting
feedstock and AM specimens

Ratio LP-DED  LP-DED AW-DED AW-DED
powder specimen wire specimen

Ti/Al 1.1 1.1 0.8 1.2

(Al+Ti)/Nb 0.7 0.7 0.8 0.7

@ Springer

samples, for which the ASTM 3055 standard was devel-
oped. Evaluating the elemental analysis combined with
comprehensive microstructural characterization using
electron microscopy (i.e., SEM, EDS, EBSD, and TEM)
and XRD techniques provided insight into the differences
in solidification and secondary phases, in as-built grain
structures and FHT-induced recrystallization, as well as
in the room temperature tensile properties. The main con-
clusions are as follows:

1) The ICP chemical analysis (in wt. %) for the bulk
material indicated that the as-built AW-DED material
had less Cr (15.8%) than the as-built LP-DED mate-
rial (17.5%). However, sampling of the material using
EDS analysis of regions of the y-Ni matrix shows simi-
lar content of Cr for both techniques (22%). This may
indicate some slight inhomogeneity remaining in the as-
built material that was not detectable in the EDS sam-
pling.

2) The FHT scheme was sufficient to homogenize and dis-
solve the long-chained Laves phases within the two DED
materials.

3) The yield strength of the DED IN718 specimens
(1050 MPa in FHT AW-DED and 1100 MPa in FHT LP-
DED) is greater than the ASTM 3055-given minimum
for FHT PBF-LB/M IN718 material (930 MPa). Differ-
ences were noted among the elongation to failure with
the FHT AW-DED material failing at 23%, as compared
to 13% for FHT LP-DED and the minimum reference of
12% (as per ASTM 3055) for FHT PBF-LB/M materi-
als. Differences in elongation to failure are attributed to
differences in grain size after the FHT.

4) The main difference noted between the two DED pro-
cesses was in the grain substructure, both for the as-
built and FHT conditions. WA-DED partially recrystal-
lized already in the AB condition and solutionized the
y-matrix so as to lower its stacking fault energy with
respect to the LP-DED material. FHT led to partial
recrystallization of the two DED materials and grain
growth in the AW-DED material. The latter conse-
quently has a higher content of annealing twins in the
FHT condition, and a higher reduction of texture is
induced, when compared to the FHT LP-DED material.

5) The y” and y”” precipitates possess similar size, mor-
phology, inter-spacing, and diffraction patterns for both
DED processes after the FHT. Thus, the FHT developed
for PBF-LB/M processing is adequate to induce second-
phase strengthening of DED AM materials.

6) Al,O; particles are noted to be nucleation sites for the
MC phase, identified by TEM as (Nb, Ti)C. LP-DED
specimens seem to exhibit larger content of Al,O5 par-
ticles, most probably due to a higher oxygen content
inherited from the powder.
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