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ARTICLE INFO ABSTRACT

Keywords: The printing of Inconel 625 via wire-fed laser directed energy deposition is required for the near net
Inconel 625 shape fabrication of large scale components. In this study, an array of processing parameters was tested
MlcrOStr.LlCtlll'e ' to identify a defect-free low-travel-speed and high-travel speed parameter for wire-fed laser directed energy
gﬂec}la‘ﬁlcal properties deposition of Inconel 625. Samples printed using these parameters were subject to characterization in terms
uperalloys

of grain morphology and tensile properties. Results showed that the high-travel-speed parameter had a refined
columnar+equiaxed grain structure, whereas the low-travel-speed parameter had a columnar grain structure.
The experimentally observed microstructure is correlated to the processing parameters by calculation of the
solidification rate and thermal gradient. When tested perpendicular to the build direction, both parameters
exhibited a similar yield strength. When tested parallel to the build direction, the high-travel-speed parameter
exhibited a higher yield strength than the low-travel-speed parameter. For both parameters, samples pulled
parallel to the build-direction showed a lower yield strength than samples pulled perpendicular to the build
direction. The differences in yield strength for differing parameters and orientation are attributed primarily to
dislocation strengthening.

Wire laser directed energy deposition

1. Introduction et al. [4]. Syed et al. [5] showed that a better bead quality is achieved

when the wire is fed to the front of the melt pool as compared to the

In recent years, the additive manufacturing (AM) method of wire
laser directed energy deposition (wire-LDED) has been increasingly uti-
lized over traditional manufacturing methods to fabricate high perfor-
mance metal components. A comprehensive review of this AM process
is provided by Ghanadi and Pasebani [1]. Compared with other AM
methods, wire-LDED is characterized by high material utilization, a
large print envelope, high print speed and the ability to fabricate near
net shape parts. A popular material within the aerospace, chemical,
and nuclear industries which can be printed using wire-LDED is Inconel
625. This alloy is noted for its high temperature strength coupled with
excellent corrosion and fatigue resistance, making it the material of
choice for applications such as rocket exhaust chambers as reported
by Preis et al. [2,3].

A fundamental difficulty in net shape wire-LDED printing lies in
the anisotropy that comes with wire feed direction. First approaches
to wire-LDED systems consisted of an axial laser beam which creates
the melt pool by melting a laterally fed wire as reported by Harwell

back. Therefore, to achieve a consistent bead quality, multi-layer part
printing is constrained to beads deposited in one direction (e.g. +x).
This means that parts which require orthogonal placed beads (for
example, in the +/— y direction) are difficult to fabricate, severely
hampering wire-LDED design freedom and print speed. In recent years,
direction independent printing has been achieved by use of an axially
fed wire which is melted by symmetrically placed lasers angled towards
the wire, as reported by Nowotny et al. [6] and Kelbassa et al.
[7]. Bambach et al. [8] used such a wire-LDED system equipped with a
hexagonal laser setup to study the multi-layer printing of Inconel 718.
The fabricated samples were free of process induced defects, indicating
that axially-fed wire systems constitute a path forward for multi-layer
wire-LDED printing.

Inconel 625 has been fabricated using the AM processes of laser
powder bed fusion (LPBF), powder-LDED, and Wire Arc AM (WAAM),
and the resultant microstructures and mechanical properties have been
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Composition of the Inconel 625 wire. C and S were analyzed using the combustion method. All other elements were determined by optical emission spectroscopy. All values in

weight percent.

Ni Cr Mo Nb+Ta Ti Fe Al Si A% Mn C P Cu Co Others
64.4 22.3 8.7 3.79 0.22 0.2 0.12 0.044 0.04 0.035 0.01 0.006 0.004 0.002 0.129
Table 2

extensively studied. However, the fabrication of Inconel 625 using
wire-LDED has been primarily investigated within the context of steel
cladding, with relevant work published by Zhou et al. [9] and Abioye
et al. [10]. This is mainly due to the lack of direction independence
in wire-LDED systems with a latterly fed wire, as discussed previously.
One exception lies in a study published by Gamon et al. [11], where a
defect free wire-LDED Inconel 625 sample was printed and character-
ized in terms of grain size and microhardness as part of a comparison
with other AM processes. However, no detailed microstructure charac-
terization or mechanical property testing was conducted, and the study
was not focused specifically on the wire-LDED process. Recently, Su
et al. [12] fabricated Inconel 625 using wire-LDED to compare samples
produced without wire preheating (cold wire-LDED) and with resistive
wire preheating (hot wire-LDED). The researchers [12] reported a re-
fined grain structure along with higher yield strength and elongation in
samples printed using hot wire-LDED. However, the effect of processing
parameters such as travel speed and laser power on the wire-LDED
Inconel 625 was not studied. In addition, the authors used a wire-LDED
system with an axial laser and laterally fed wire, therefore hampering
the ability of the system to deposit material in all directions.

AM processing parameters have been shown to have an effect on
the solidification rate (R) and thermal gradient (G) at the solidification
front. Since the solidification rate and thermal gradient have been
shown to govern the solidified microstructure, control of microstructure
and corresponding mechanical proprieties of AM parts can be exercised
by selectively altering processing parameters. A comprehensive review
of the relationship between microstructure and both the solidification
rate and thermal gradient is provided by Kou [13]. Raghavan et al.
[14] developed a heat source model which was used to correlate
processing parameters to the solidification rate and thermal gradient
for electron beam AM Inconel 718. The researchers [14] reported that
a greater beam-spot-on time and beam current results in a decreased
thermal gradient, leading to a greater amount of equiaxed grains. Li
et al. [15] fabricated Inconel 625 using WAAM, and reported a higher
current parameter results in a lower thermal gradient, leading to a
greater quantity of equiaxed grains. The sample fabricated using the
higher current was shown to exhibit a 36% increase in yield strength.
However, the influence of processing parameters on the solidification
rate and thermal gradient for the wire-LDED process remains a gap
within the prevailing literature.

This work addresses the prevailing research gap by utilizing a
axially fed wire, six-laser wire-LDED system investigate the influence
of processing parameters on microstructure and mechanical properties
of Inconel 625. To do this, a defect-free parameter space for both
single-tracks and multi-layer samples is first outlined. The impact of
process parameters on microstructure is then investigated in terms of
morphology and grain size. Corresponding mechanical properties are
measured as a function of processing parameters and direction of load
application relative to the build direction. This study links process-
structure—property relationships for Inconel 625 components fabricated
using wire-LDED.

2. Experimental methodology
2.1. Materials and LDED process
Inconel 625 wire feedstock with 0.889 mm diameter was provided

by Arcos Industries. The elemental composition of the Inconel 625 wire
used for this study is provided in Table 1.

Parameters used for single-track wire-LDED of Inconel 625.

Values

Laser power [W] 200, 400, 500, 600, 700, 800, 1000, 1200
Travel speed [mm/min] 200, 400, 600, 800, 1000, 1200
Wire extrusion ratio [—] 1-1.3

Parameter

A Meltio M450 wire-LDED machine was used for all sample fab-
rication. This system is equipped with six lasers which are angled at
25° relative to the Z-axis and placed symmetrically around an axially-
fed wire. Each laser has a max power of 200 W (system max power is
1200 W), and emits a wavelength of 970-980 nm. Due to the angle of
the lasers, distance from the wire nozzle tip to the deposition location
(the working distance) corresponds to the overlap of the lasers with
each other and with the wire. In this study, a working distance of
6 mm was used. This results in a spot size of approximately 2 mm.
A schematic of the Meltio M450 system along with the laser-wire
alignment at the 6 mm working distance is provided in Fig. 1a. Nitrogen
was used as shielding gas with a flow rate of 10 L/min. A Meltio
print head such as the one used for this study can be mounted onto
subtractive CNC machines for dimensional accuracy and robots for
large scale printing as shown in Fig. 1b and c, respectively.

Table 2 outlines the printing parameters tested for single-track
deposition of wire-LDED Inconel 625. All samples were printed onto
a 304 SS substrate of dimension 105 x 120 x 30 mm. Investigated
laser powers range from 200 W to 1200 W, with increments of 100 W
except for extremities where 200 W increments were tested. Travel
speeds ranging from 200 mm/min to 1200 mm/min were tested at
increments of 200 mm/min. The chosen increments and ranges of
tested parameters allowed for the parameter space to be thoroughly
explored. The wire extrusion speed to travel speed ratio varied from
1-1.3 as necessary to achieve stable deposition (e.g. continuous bead).
Defect free single-track parameters were then used to fabricate multi-
layer samples for further microstructure and mechanical properties
investigation. The multi-layer samples used a hatch pattern rotation of
90° as shown in Fig. 1d and were fabricated to dimensions of 20 x 20
x 10 mm. A dwell time of <10 s occurred between each layer as the
build plate was lowered for subsequent layer deposition. A bead-width
to hatching-distance ratio of 0.7 was used based on previous research
by Akbari et al. [16].

2.2. Microstructure characterization

Density was measured by Archimedes method according to ASTM
B311-17 [17]. For microstructural characterization, samples were cut
to dimensions of 10 x 10 X 5 mm from fabricated samples using
wire electronic discharge machining (EDM) to expose the surface both
parallel and perpendicular to the build direction (BD). They were
then mounted and ground using SiC papers from 180 to 1200 grit.
The samples were polished using a 1 pm alumina slurry, a 0.05 pm
alumina solution, and a 0.05 pm silica solution. Lastly, the samples
were subject to vibratory polishing for 12 h in a 0.02 pm silica solution.
A similar polishing procedure has been previously shown to provide
optimal electron backscatter diffraction (EBSD) micrograph quality by
Wynick and Boehlert [18]. To reveal the microstructure, the samples
were electroetched with Kalling solution (5 g of CuCl2, 100 mL of
Hydrochloric acid and 100 mL of Ethanol) etchant using 10 V for 3 s.
The microstructure morphology was investigated using a Zeiss Axiotron
optical microscope.
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Fig. 1. (a) Picture of Meltio M450 print head with laser configuration at a working distance of 6 mm and (b) picture of Meltio print head mounted on a Tormach CNC, (c) picture
of Meltio print head mounted on a Kuka robot, (d) schematic of printing showing a 90° hatch rotation every layer.

Two sets of EBSD scans were conducted: (1) a low-magnification
scan with a step size of 1.1 pm for investigation of grain morphology,
and (2) a high-magnification scan with a step size of 0.5 pm for
calculation of dislocation density using kernel average misorientation
(KAM). An FEI Quanta 3D dual beam scanning electron microscope
(SEM) was used for both scans. For the low-magnification scans, the
EBSD micrographs were cleaned using grain dilation in AMETEK OIM
software with a minimum grain size of 1 and a grain tolerance angle of
5 (these are dimensionless parameters in the software). For the high-
magnification scan, all points with a confidence index less than 0.03
(this is a dimensionless parameter in the software) were not considered
because they are assumed to be erroneous solutions. This was done to
filter out noise from the KAM measurements.

2.3. Calculation of solidification rate and thermal gradient

To understand how processing parameters effect solidification con-
ditions, the solidification rate R and thermal gradient G were cal-
culated. The R for a given melt pool was found using Eq. (1) [19]:

R:T (€9)

where V is the travel speed, D is the melt pool depth (orthogonal
distance from the surface of the melt pool to the deepest point), and
L is the melt pool length (distance from the center of the melt pool to
the trailing edge). To find melt pool depth D and melt pool length L for
a parameter of interest, a wire-LDED coupled thermo-fluid model was
used. Further details of this model are provided in section 2.2 of Lawson
et al. [20]. The thermal gradient G was then found based off the cooling
rate C; using Eq. (2).

G= G ()

R

To find C;, a type C thermocouple was placed under a Inconel 625 wire-
LDED single track given a parameter of interest. The C; was calculated
as the slope of the temperature-time curve at liquidus temperature to
capture the cooling rate during solidification.

2.4. Mechanical testing

Micro-tensile samples were cut using wire EDM to test mechanical
properties as shown in Fig. 2 (gauge dimensions: thickness 1.5 mm,
length 5.7 mm, width 2 mm). Micro-tensile samples have been in-
creasingly used to test the strength of AM components while limiting
required print size [21]. The micro-tensile bar used in this study
is specifically designed so that the gauge width and thickness are
large enough to encompass multiple voxel elements (i.e. dimensions
of single-track deposition), ensuring that inter-bead microstructure and
defects are reflected in the tensile results. A preliminary study com-
paring mechanical properties as tested by standard ASTM E8 sample
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Fig. 2. Schematic showing dimensions of micro-tensile bar. All dimensions are in mm.

Table 3
Itemized DIC setup.

Camera FLIR blackfly S
Image size 5472 px x 3548 px
Lens Kowa LM25FC24M

Focal length 25 mm
Aperture f/15
Field-of-view 57.6 mm X 37.3 mm

Image Scale 95 px/mm
Image acquisition rate 1 Hz

geometry and the micro-tensile geometry is provided in Appendix A.
The samples were cut both parallel and perpendicular to the BD. A
minimum of three tensile samples were tested for each processing
condition and orientation relative to the BD.

The micro-tensile samples were tested on a Testing Resources 140
series frame at a strain rate of 2 x 10~3 s~1. Images of the tensile
samples were collected using a pair of cameras to allow for 3D strain
measurement using digital image correlation (DIC). Prior to testing,
the gauge length of the tensile samples was coated in white paint
after which a black speckle pattern was applied using spray paint. DIC
camera specifics are provided in Table 3. LED light sources with polar-
ization filters installed were mounted next to the cameras to reduce
reflection through cross-polarization. The DIC setup was assembled
based on DIC best practices outlined by Jones et al. [22]. Strain was
extracted from the images using Vic-3D software, with a subset of 39
pXx, step of 3 px, and filter size of 7 data points. The strain data was
matched to the load cell data by timestamp to generate stress—strain
curves.

2.5. Calculating grain boundary strengthening and dislocation strengthening

To correlate microstructure to mechanical properties, grain bound-
ary strengthening and dislocation strengthening were calculated.

2.5.1. Grain boundary strengthening
A difference in yield strength due to grain boundary strengthening
was modeled using the empirical Hall-Petch relationship, provided
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Fig. 3. Single-track and multi-track defect map (red shows defective parameter space, green shows defect-free parameter space) showing (a) balling, (b) stubbing, (c) wire dripping,
(d) unstable multi-track, and (e) defect free regions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Optical micrographs showing (a) lack of inter-layer adhesion in Parameter G (700 W, 1200 mm/min) and (b) pores at the roots of the bead in Parameter E (600 W,

1000 mm/min).

in Eq. (3) [23]:
Aoy = Akd ™0 3)

where Aoy is the change in yield strength due to grain size effects,
and k is a constant called the Hall-Petch coefficient (which has been
reported as 750 MPa pm'/? for Ni-based superalloys such as Inconel
625 [24]). d is the average grain diameter, and was calculated from
the low-magnification EBSD scans.

2.5.2. Dislocation strengthening
The difference in yield strength due to dislocation strengthening was
modeled using the Taylor relationship, provided in Eq. (4) [15]:

Aoy = AMaGby/p 4

where M is the Taylor factor, « is a constant, G is the shear modulus
(72 GPa for Inconel 625 [25]), b is the burgers vector (0.267 nm
for Inconel 625 [25]), and p is the dislocation density. The Taylor
factor M captures the influence of crystallographic texture on yield
strength given a macroscopic stress state [26], and was calculated based
on the low-magnification EBSD micrographs using the AMETEK OIM
software. The a constant captures the effect of the dislocation pattern
on dislocation slip, and in this study was set equal to 0.15 [27].

The dislocation density p was calculated by considering geomet-
rically necessary dislocations (GND) derived from KAM as shown

in Eq. (5) [28].

20
=7 6))
where 6 is the misorientation angle (KAM) between given points, u is
the unit length, and b is the burgers vector. The unit length u is the
product of the step size used in the EBSD scan and the nearest neighbor
choice (i.e. second nearest neighbor means that the misorientation is
calculated based on points two points away from the target point), both
of which can alter the p calculation. To eliminate this ambiguity, Ka-
maya [29] showed that the 5 term in Eq. (5) can be replaced by the
slope %. In this study, the average KAM was calculated for the first
5 nearest neighbors based off the high-magnification EBSD micrograph
(as will be shown in Fig. 7a-d). The linear trendline slope was used for
the g value, thus allowing for the calculation of the dislocation density
p to plug into Eq. (4) for calculation of dislocation strengthening.

p

3. Results and discussion
3.1. Defect-free wire-LDED parameter space

Single-track and multi-track defects as a function of travel speed and
laser power are shown in Fig. 3a-e. Defect-free parameter combinations
are shown in green, while defect-inducing parameter combinations
are shown in red. Defects are categorized as balling, stubbing, wire
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Fig. 5. Optical micrographs of the (a) Parameter A (low-travel-speed), (b) Parameter F (high-travel-speed) sample. A columnar dendritic structure is observed in (a) while

non-dendritic regions along with equiaxed dendritic regions are observed in (b).

dripping, and unstable multitrack. Balling (Fig. 3a) occurs at low speeds
and high laser powers, and results from the lasers melting the wire
prior to creating a melt pool. Stubbing (Fig. 3b) occurs due to low
laser power, leading to insufficient energy to melt the wire. Wire
dripping (Fig. 3c) occurs at high speeds and high laser power. Research
by Akbari et al. [16] and Bozeman et al. [30] shows that this is caused
by premature wire melting. High-travel-speeds result in unstable multi-
tracks due to the wire being pulled out of the melt pool as the table
direction is changed (Fig. 3d). While a large area within the parameter
space was found to contain defects, defect-free parameters (Fig. 3e)
were identified in laser powers ranging from 500-700 W and travel
speeds of 400-1200 mm/min. The parameter space was outlined in a
way that clearly outlines the defect-free combinations for wire-LDED of
Inconel 625.

Defect-free parameters shown in Table 4 were used to print multi-
layer samples for density measurement and microstructure characteri-
zation. All samples have a relative density of >0.998 as measured by
Archimedes method [31] except for the sample printed using parameter
G. The relatively lower density of the parameter G sample is attributed
to the lack of adhesion which occurred between layers due to high-
travel-speed. This resulted in unstable deposition as shown in Fig. 4a.
In a majority of the samples, pores were observed at the bead roots as
shown in Fig. 4b.

3.2. Grain morphology, grain size, and KAM

The microstructure of parameters A, B, C, and D is characterized
by a columnar dendritic morphology as shown in Fig. 5a. A similar
morphology was observed in powder-LDED Inconel 625 by Rombouts
et al. [32], and indicates that the wire-LDED fabricated samples experi-
ence a similar thermal history as powder-LDED. In higher travel speed
parameters E, F, and G an equiaxed dendritic morphology is observed
towards the top and bottom of each bead and non-dendritic regions are
observed towards the middle of each bead as shown in Fig. 5b.

Table 4
Wire-LDED process parameters of multi-layer Inconel 625.

Parameter Laser power Travel speed Hatch spacing
w mm/min mm

A? 500 400 0.96

B 500 600 0.93

C 600 600 1.05

D 600 800 1.01

E 600 1000 0.96

F? 700 1000 0.94

G 700 1200 0.83

2 Throughout this paper, wire-LDED process parameter A is used subsequently for
characterization as the low-travel-speed parameter, while Parameter F is used as the
high-travel-speed parameter.

For subsequent investigation, Parameter A was selected as represen-
tative of a slow-travel-speed parameter, while Parameter F was selected
as representative of a high-travel-speed parameter. To characterize
grain structure, low-magnification EBSD was performed on low-travel-
speed and high-travel-speed samples as shown in Fig. 6a-d. The grain
size distribution for each EBSD micrograph is provided in Appendix B.
The low-travel-speed sample consists of epitaxial columnar grains elon-
gated in the BD as shown in Fig. 6a. The grains were notably smaller
when viewed perpendicular to the BD (Fig. 6b). In the high-travel-
speed sample, a bimodal grain size distribution was observed with
columnar+equiaxed grains towards the top and bottom of each bead
and randomly textured ultra-fine grains towards the middle of the bead
(Fig. 6¢ and d). The columnar+equiaxed grains in the high-travel-speed
sample (Fig. 6¢) towards the top and bottom of the bead have a visibly
smaller diameter than the grains observed in the low-travel-speed
sample (Fig. 6a).

The randomly textured ultra-fine grains in the high-travel-speed
sample EBSD crystal orientation maps (Fig. 6¢ and d) were observed
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High-travel-speed |

(d)

Fig. 6. Low-magnification EBSD crystal orientation map of (a, b) low-travel-speed sample, and (c, d) high-travel-speed sample. Dashed lines specify bead outlines.

in the same location as the non-dendritic region in the optical mi-
crographs (Fig. 5b). Similar ultra-fine grains towards the middle of
the bead have been previously observed by Bambach et al. [8] in hot
wire-LDED of Inconel 718, and were attributed to incomplete melting
of the wire along with recrystallization. Due to the cold work wire
drawing process, the wire has high residual stress in its unmelted
state. This is confirmed by EBSD micrographs of drawn wire reported
by Bambach et al. [8], which show highly deformed grains. Because
the high-travel-speed parameter has a relatively low energy density,
and the lasers are positioned around the axially fed wire, the middle
of the wire does not completely melt. However, because of the high
temperature, recrystallization occurs with residual stress acting as the
driving force. Zouari et al. [33] has shown that recrystallization of
Inconel can occur in as little as a few seconds. This indicates that the
wire could undergo recrystallization both upon deposition and from the
heat of the subsequent layer deposition.

Higher magnification EBSD micrographs were collected and KAM
maps were generated for low-travel-speed, and high-travel-speed sam-
ples as shown in Fig. 7a-d. In the low-travel-speed samples (Fig. 7a, b),
high KAM regions are found to be relatively homogeneously distributed

at sub-grain boundaries. A greater amount of high KAM regions were
observed in the low-travel-speed sample when viewed perpendicular
to the BD (Fig. 7b) as compared with parallel to the BD (Fig. 7a). This
aligns with the crystal orientation map in Fig. 6a, which shows that the
low-travel-speed grains are elongated along the BD, resulting in fewer
sub-grain boundaries in the plane parallel to the BD. In the high-travel-
speed samples, high KAM values were found under the recrystallized
region when viewed parallel to the BD (Fig. 7c) and adjacent to the
recrystallized region when viewed perpendicular to the BD (Fig. 7d).
This phenomenon can be attributed to the middle of the wire not
fully melting in the recrystallized region as discussed previously. The
present liquid Inconel 625 solidifies around the recrystallized region;
this results in a high KAM around the recrystallized region because
the relatively smaller recrystallized grains create a large surface area of
grain boundaries with the newly nucleated grains. However, the heat
from the subsequently deposited layer allows for greater atom mobility
at the top of each bead, allowing for dislocation density to decrease
thereby decreasing KAM above the recrystallized region.
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Fig. 7. High-magnification EBSD crystal orientation map with corresponding KAM map for (a) low-travel-speed sample parallel to the build direction, (b) low-travel-speed sample
perpendicular to the build direction, (c) high-travel-speed sample parallel to the build direction, and (d) high-travel-speed sample perpendicular to the build direction. High KAM

regions in the high-travel-speed samples (¢ and d) are circled.
3.3. Solidification rate and thermal gradient

The difference in grain morphology between the low-travel-speed
sample (columnar grains) and high-travel-speed sample (columnar+
equiaxed grains) can be explained by considering the thermal gradient
G and solidification rate R at the solidification front. A higher G/R
ratio is characterized by a columnar dendritic morphology, while a
lower G /R ratio is characterized by an equiaxed morphology [34]. Spe-
cific (G, R) values which lie at the boundary between a columnar and
equiaxed microstructure are referred to as columnar-to-equiaxed transi-
tion points, and are visualized on alloy specific microstructure selection
maps. To understand how processing parameters of the wire-LDED
Inconel 625 fabricated in this study effect the resultant morphology, the
thermal gradient G' and solidification rate R were calculated for low-
travel-speed and high-travel-speed parameters. The method outlined in
Section 2.3 was used.

As detailed in Section 2.3, for calculation of solidification rate R,
melt pool depth D, and melt pool length L are required. A wire-
LDED coupled thermo-fluid model was used to find the melt pool depth
D and melt pool length L for the high-travel-speed and low-travel-
speed parameters. The melt pool temperature distribution for the two
parameters as predicted by the simulation results is shown in Fig. 8.
The calculated solidification rate R values along with the melt pool
depth D and melt pool length L from the simulation are shown in
Table 5. It can be seen that a higher solidification rate R is calculated
for high-travel-speed parameter (V = 1000 mm/min) as compared with
low-travel-speed parameter (V = 400 mm/min).

To calculate G, the cooling rate C; was required as discussed in
Section 2.3. In this study, experimentally measured C; values were
used for the low-travel-speed and high-travel-speed parameters. The
calculated G values along with referenced C,; are provided in Table 5. It
is shown that the high-travel-speed parameter (power = 700 W) has a
lower thermal gradient G than the low-travel-speed parameter (power
= 500 W). This aligns with the general trend that higher laser powers
have an inverse correlation with thermal gradient, as reported by Kou

Table 5

Wire-LDED Inconel 625 melt pool dimensions and melt pool thermal parameters
(D, L are based on modeling, C, was measured experimentally, R and G were
calculated).

Parameter Low-travel-speed High-travel-speed
Melt pool depth (D) [mm] .87 .80

Melt pool length (L) [mm] 2.81 2.17

Cooling rate (C)) [K/s] 723 1249
Solidification rate (R) [m/s] 2.1 x 1073 6.2 x 1073
Thermal gradient (G) [K/m] 3.5 x 10° 2.0 x 10°

[13]. By considering the solidification rate R and thermal gradient G,
a correlation with observed morphology can be made.

Fig. 9 shows the (G, R) coordinates for wire-LDED low-travel-speed
and high-travel-speed parameters superimposed onto an Inconel 625
microstructure selection map developed by Hu et al. [35]. The low-
travel-speed parameter lays within the columnar microstructure region.
For the high-travel-speed parameter, the increase in R and decrease in
G push the coordinate to the mixed columnar+equiaxed region. These
results align with the experimental results shown in Figs. 5a-b and 6a-d,
which show a columnar microstructure for low-travel-speed parameter
and a columnar+equiaxed mixed microstructure for high-travel-speed
parameter, respectively.

3.4. Mechanical properties: Stress-strain relationship

To investigate the influence of processing parameters and build
orientation on mechanical properties, micro-tensile samples were fabri-
cated using the low-travel-speed and high-travel-speed parameters and
cut both perpendicular and parallel to the BD as detailed in Section 2.4.
A summary of the resultant tensile properties is provided in Table 6.
Representative stress—strain curves are shown in Fig. 10. In general, the
measured wire-LDED yield strength and UTS for all samples lie below
those reported for Inconel 625 processed via powder-LDED [36] and
LPBF [37] and above the values reported for Inconel 625 processed via
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Fig. 8. Temperature distribution of melt pool for (a) low-travel-speed and (b) high-travel-speed based on numerical modeling. The bead edges correspond to the solidus temperature

(1305 °C).
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Fig. 9. Calculated (G, R) coordinates for low-travel-speed and high-travel-speed samples superimposed onto the Inconel 625 microstructure selection map developed by Hu et al.

[35].

WAAM [38]. No significant difference was observed between tensile
properties of samples fabricated using low-travel-speed versus high-
travel-speed parameters when tested perpendicular to the BD. However,
samples oriented parallel to the BD exhibited on average a 12% higher
yield strength when fabricated using the high-travel-speed parameter
compared with the low-travel-speed parameter. For both the low-travel-
speed and high-travel-speed parameters, a higher yield strength is
observed for the samples tested perpendicular to the BD as compared
with parallel to the BD.

The principle strain evolution maps for representative low-travel-
speed and high-travel-speed samples tested parallel to the BD are
shown in Fig. 11. The strain distribution visualized using DIC shows
no significant difference based on the orientation and parameter used
to fabricate the sample. Therefore, the recrystallized grain regions in
the high-travel-speed samples do not impact the strain distribution. As

shown in Fig. 11, both the low-travel-speed and high-travel-speed sam-
ples show the development of multiple shear bands that stabilize until
one dominates. Shear bands are commonly observed in ductile alloys,
as reported by Hatherly and Malin [40]. Similar stress distributions and
shear bands have been observed in powder-LDED Inconel 625 by Hu
et al. [35] and Ferreira et al. [41]. After the UTS is reached, samples
exhibit necking resulting in a rapid strain concentration at the point of
fracture.

3.5. Grain boundary strengthening and dislocation strengthening
The strength of an alloy can be modeled by considering solid

solution, precipitation, grain boundary, and dislocation strengthening
(among other strengthening mechanisms). Both low-travel-speed and
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Table 6
Summary of tensile properties of AM Inconel 625. The uncertainty corresponds to three standard deviations about the mean.
Process Orientation Parameter UTS 0.2% yield strength Elongation Source
MPa MPa %
Wire-LDED Perpendicular Low-travel-speed 867 + 9 526 + 43 45 + 11 This study
Wire-LDED Perpendicular High-travel-speed 870 + 29 527 + 33 49 + 17 This study
Wire-LDED Parallel Low-travel-speed 744 + 13 392 + 14 56 + 9 This study
Wire-LDED Parallel High-travel-speed 796 + 15 437 + 12 47 + 18 This study
WAAM Parallel - 658 + 4 373 £ 5 56 + 4 [38]
Wire-LDED Perpendicular 785 + 36 447 + 28 415 +7 [12]
Powder-LDED N/A - 944 + 12 524 + 13 35+ 4 [36]
LPBF Parallel - 1121 + 7 845 + 18 41 + 0.4 [371
Wrought - - 914 + 18 413 +8 70 + 4 [39]
Parallel to BD | -a- High-travel-speed Low-travel-speed ‘ Perpendicular to BD
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Fig. 10. Stress-strain curves for the high-travel-speed and low-travel-speed parameters

tested (a) parallel and (b) perpendicular to the build direction (BD).
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Fig. 11. Principle strain map evolution for a low-travel-speed sample and high-travel-speed sample tested parallel to the build direction. The arrows point towards shear bands.
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Table 7
Calculated influence of grain boundary strengthening. All values relative to the
low-travel-speed parameter, parallel yield strength.
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Table 8
Average Taylor factor and dislocation density as a function of low-travel-speed and
orientation.

Orientation Parameter Average grain size Hall petch (4do5) Orientation Parameter Taylor factor Dislocation density
(pm) (MPa) m-2

Parallel Low-travel-speed 198 0 Parallel Low-travel-speed 2.86 4.13 x 104
Perpendicular Low-travel-speed 81 30 Perpendicular Low-travel-speed 2.97 9.91 x 10
Parallel High-travel-speed 85 27 Parallel High-travel-speed 2.86 5.99 x 104
Perpendicular High-travel-speed 86° 28 Perpendicular High-travel-speed 3.09 6.95 x 104

2 For the high-travel-speed parameter, the average grain size was calculated based on

only the average of the columnar+equiaxed grain region (not the recrystallized grain

region).

Table 9

high-travel-speed samples were fabricated using the same feedstock,
meaning that the solid solution strengthening effect is nearly identical
for all parameters and orientations tested. In addition, XRD results in
Appendix C do not suggest the presence of precipitates in wire-LDED
Inconel 625, indicating the precipitation strengthening effect is not
responsible for the measured differences in yield strength. Therefore,
observed differences in yield strength are analyzed in terms of grain
boundary and dislocation strengthening.

3.5.1. Grain boundary strengthening

Grain boundary strengthening occurs when dislocation movement
is impeded by dissimilarly oriented lattices at grain boundaries, re-
sulting in a higher yield strength. To calculate the grain boundary
strengthening for each parameter and orientation tested, the Hall-
Petch relationship (Eq. (3)) was used. As detailed in Section 2.5.1,
the average grain size d is required; this value was calculated from
the low-magnification EBSD data shown in Fig. 6 (the grain size dis-
tribution for each micrograph is provided in Appendix B). The yield
strength of recrystallized regions has been shown to be far above its
non-recrystallized counterpart [42]. Such recrystallized regions were
observed within the center of the bead in the high-travel-speed samples
(Fig. 6¢, d). Therefore, the yield strength of the high-travel-speed
samples is governed by the strength of the columnar+equiaxed grain
regions rather than recrystallized grain regions. For this reason, the
average grain size from the columnar+equiaxed grain region was used
to calculate d for high-travel-speed parameter rather than the overall
average grain size.

The Ac;p was calculated for each condition relative to the low-
travel-speed, parallel orientation. The results, shown in Table 7, indi-
cate the smaller columnar+equiaxed grain size in the high-travel-speed
parallel orientation results in a 27 MPa increase in yield strength rela-
tive to the low-travel-speed parallel orientation columnar grains. This
value is substantially higher than the 8.6 MPa difference in Hall-Petch
strengthening between an equiaxed and columnar grain microstructure
reported by Li et al. [15] for WAAM Inconel 625, indicating that low-
travel-speed adjustments in wire-LDED can lead to more significant
grain size refinement than WAAM. Hall-Petch strengthening results
in a 30 MPa increase in yield strength for the low-travel-speed per-
pendicular orientation relative to its parallel counterpart, pointing
towards the anisotropy of the low-travel-speed grain morphology. Hall-
Petch has been previously shown to be responsible for differences
in strength relative to the build direction in high entropy [43] and
316L samples [44] fabricated using LPBF. The strength increase for the
high-travel-speed parallel and perpendicular orientations was relatively
similar (27 and 28 MPa, respectively), indicating a relatively isotropic
grain morphology.

3.5.2. Dislocation strengthening

When a large number of dislocations are present in a material, the
dislocations tend to impede motion due to difficulty of dislocation glide
through lattice imperfections [45]. This results in dislocation strength-
ening. Dislocations can be introduced into a material both through
rapid solidification and thermal stress [46,47]. To calculate dislocation
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Calculated influence of dislocation strengthening. All values relative to the low-travel-
speed parameter, parallel yield strength. All values relative to the low-travel-speed,
parallel yield strength.

Orientation Parameter Dislocation strengthening (4c )
MPa

Parallel Low-travel-speed 0

Perpendicular Low-travel-speed 105

Parallel High-travel-speed 52

Perpendicular High-travel-speed 70

strengthening for each parameter and orientation tested, the method
outlined in Section 2.5.2 was used. As discussed in Section 2.5.2, for
calculation of dislocation strengthening the Taylor factor M and dislo-
cation density p are required. The Taylor factor was calculated based
on the low-magnification EBSD micrographs shown in Fig. 6a-d, and
was found to be relatively similar for all parameters and orientations
as shown in Table 8.

Dislocation density was calculated using the method discussed in
Section 2.5.2 by using average KAM values from the high-magnification
EBSD data in Fig. 7a-d. For the high-travel-speed samples, the average
KAM values used in Eq. (5) were calculated from the columnar+
equiaxed grain region sufficient distance away from the recrystallized
region where a lower average KAM was observed (Fig. 7c, d). This
is because (per Egs. (4) and (5)) a higher KAM region will have
increased strength. Because overall strength of a material is governed
by strength of the weakest region, using the lower KAM region is
representative of the overall strength. The results of the dislocation
density calculation are provided in Table 8, and show that significantly
different dislocation densities are observed between all parameters and
orientations.

Ao, was calculated for each condition relative to the low-travel-
speed, parallel orientation. The results, shown in Table 9, suggest that
dislocation strengthening contributes significantly to the difference in
strength observed between the high-travel-speed, parallel yield strength
and the low-travel-speed, parallel yield strength. Table 9 also shows
that dislocation strengthening, driven by a difference in dislocation
density (Table 8), is largely responsible for the increase in strength
observed between the low-travel-speed parallel and perpendicular ori-
entation. This result aligns with results published by Mukherjee [48],
where a higher average KAM was measured on the plane perpendicular
to the BD as compared with parallel to the BD in powder-LDED printed
316L stainless steel. Due to a similar dislocation density and Taylor fac-
tor, a relatively small difference (18 MPa) in dislocation strengthening
was observed between the high-travel-speed parallel and perpendicular
samples.

The total calculated difference in strength Aoy, using Eq. (6) is
given in Table 10. The calculated increase in strength between the low-
travel-speed perpendicular and parallel orientations is remarkably close
the experimental value (135 MPa calculated, 134 MPa experimental).
The calculated increase in strength for the high-travel-speed parallel
yield strength is significantly higher than the experimental result. Con-
versely, the increase in strength for the high-travel-speed perpendicular
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Table 10

Calculated influence of grain boundary and dislocation strengthening on experimental
differences in values of yield strength. All values relative to the low-travel-speed,
parallel yield strength.

Orientation Parameter Total calculated (o)  Experimental results
MPa MPa

Parallel Low-travel-speed 0 0

Perpendicular ~ Low-travel-speed 135 134

Parallel High-travel-speed 79 45

Perpendicular ~ High-travel-speed 98 135

yield strength is significantly lower than the experimental result. The
discrepancy between the calculated and experimental values for the
high-travel-speed parameter can be explained by the fact that the rele-
vant factors for dislocation and grain boundary strengthening (KAM,
Taylor factor, grain size) were approximated based on a 2D cross
section. For low-travel-speed samples, this is a valid approximation
since the in-plane microstructure is shown to be relatively constant
relative to the plane scanned (Fig. 6a, b). On the other hand, the
bimodal grain size distribution of high-travel-speed samples results in
a significantly different microstructure depending on the cross-section
scanned (Fig. 6¢, d), resulting in the observed erroneous calculated
yield strength. More accurate modeling of the strengthening in highly
complex bi-modal microstructures such as the one observed in the
high-travel-speed samples serves as motivation for the development of
three-dimensional characterization techniques.

©

Ao = Aogp + 4dop
4. Conclusion

In this work, an array of parameters was tested to establish a
processing map for wire-LDED of Inconel 625. Based on this processing
map, a low-travel-speed parameter (Parameter A, 500 W 400 mm/min)
and a high-travel-speed parameter (Parameter F, 700 W 1000 mm/min)
which showed no defects were selected for further characterization in
terms of grain morphology and mechanical properties. Based on the
results of this characterization, the following conclusions can be drawn:

+ The low-travel-speed parameter results in a columnar grains elon-
gated in the BD. The high-travel-speed sample shows refined
columnar+equiaxed grains towards the top and bottom of each
bead. A recrystallized region is observed in the middle of the bead
of the high-travel-speed sample, and is attributed to incomplete
wire remelting.

The low-travel-speed parameter is shown to result in a lower
solidification rate R and higher thermal gradient G than the
high-travel-speed parameter. By coupling the calculated R and G
for each parameter with a existing solidification map of Inconel
625, it is shown that the low-travel-speed parameter exists within
the columnar region, while the high-travel-speed parameter ex-
ists in the mixed columnar+equiaxed region, thus providing a
mechanism for the experimentally observed microstructure.
When tested parallel to the BD, a higher yield strength is observed
in the high-travel-speed parameter than the low-travel-speed pa-
rameter. When tested perpendicular to the BD, a similar yield
strength is observed between the two parameters. For both pa-
rameters, the tensile samples tested perpendicular the BD exhibit
a higher yield strength than the samples tested parallel to the BD.
A comparative analysis of the strengthening mechanisms of the
wire-LDED printed samples was conducted, and indicates that
dislocation strengthening is primarily responsible for the observed
differences in yield strength between the parameters and orien-
tations tested. The differences in dislocation strengthening are
driven by differences in dislocation density.
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Appendix A. Comparing micro-tensile geometry to ASTM E8 geom-
etry

In this study, a micro-tensile geometry was utilized combined with
a relatively high strain rate providing the following advantages: (1)
a shorter fabrication time and (2) less time per test. To allow for a
greater confidence in the measured mechanical properties in this study,
a preliminary investigation was conducted comparing the mechanical
properties of the subsize ASTM E8 specimen tested at a lower strain
rate and the utilized micro-tensile geometry. For the comparison, E8
subsize specimens of dimensions provided in Fig. A.1 were cut at an
orientation perpendicular to the BD from a block printed using the low-
travel-speed parameter. Three tensile specimens with the configuration
of ASTM E8 specimens were tested using an Instron 5982 with a strain
rate of 107* 571,

The results of the study are provided in Table A.1. No significant
difference is observed in the mechanical properties of the two samples.
The UTS, yield strength, and elongation of the micro-tensile geometry
all lie within the three standard deviations of the mean of the ASTM E8
tensile properties. Future studies will use the same load frame, grips,
and strain rate to isolate the size effect of the micro-tensile geometry.
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Fig. A.1. Dimensions of ASTM E8 subsize specimen [49].
Table A.1
Comparison of mechanical properties derived from the ASTM E8 tensile geometry and micro-tensile geometry used for this study.
Geometry Direction Parameter UTS 0.2% yield strength Elongation
MPa MPa %
ASTM E8 Perpendicular Low-travel-speed 805 + 65 541 + 65 47 =7
Micro-tensile Perpendicular Low-travel-speed 867 + 9 526 + 43 45 + 11
Low-travel-speed parameter
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Fig. B.1. Grain size distribution for (a) low-travel-speed sample parallel to the build direction, (b) low-travel-speed sample perpendicular to the build direction, (c) high-travel-speed
sample parallel to the build direction, and (d) high-travel-speed sample perpendicular to the build direction. For the high-travel-speed parameter only the columnar+equiaxed
average grain size is provided because these are the values used in the analysis outlined in Section 3.5.1.

Appendix B. Grain size distribution

See Fig. B.1.

Appendix C. XRD results

XRD was performed using a Rigaku Smartlab XRD with a Cu source
to detect present phases. An aperture width of 5 x 2 mm was used
to select the exposure region. A generator voltage of 40 kV and cur-
rent of 44 mA was used. The 26 from 20° to 80° was measured
with an increment of 0.02° and a time step of 4 s. Previous stud-
ies on power LDED have shown a presence of carbides with vol-
ume fractions high enough to be detected by XRD [32,36]. Carbides
are known to decrease elongation with no increase in yield strength
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because they deplete Cr and Mo at the grain boundaries, and are
therefore undesirable [50,51]. The presence of carbides depends on
whether the deposited material is heated to a sufficiently high tem-
perature (between 750 °C and 980 °C [52]) for enough time to al-
low for precipitation to take place. The wire-LDED XRD results in
Fig. C.1 show that only peaks corresponding to the y FCC phase and no
peaks corresponding to carbides were observed in both the low-travel-
speed parameter (low-travel-speed) and high-travel-speed parameter
(high-travel-speed).

Jackman et al. [50] reported that a carbon content of .008 wt%
in Inconel shows no evidence of carbides and has a higher toughness
relative to Inconel with higher carbon levels. The relatively low carbon
content of the Inconel wire used for this study (.01 wt% C, Table 1)
provides further evidence that carbides should not play a role in
effecting the mechanical properties of the printed wire-LDED samples.
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Fig. C.1. XRD scans of the low-travel-speed and high-travel-speed samples showing only y FCC peaks.

It should be taken into account that XRD has been shown to not detect
phases which occupy a volume fraction less than 0.02 [53].
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