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Abstract

Purpose — There is recent emphasis on designing new materials and alloys specifically for metal additive manufacturing (AM) processes, in contrast
to AM of existing alloys that were developed for other traditional manufacturing methods involving considerably different physics. Process
optimization to determine processing recipes for newly developed materials is expensive and time-consuming. The purpose of the current work is to
use a systematic printability assessment framework developed by the co-authors to determine windows of processing parameters to print defect-free
parts from a binary nickel-niobium alloy (NiNb5) using laser powder bed fusion (LPBF) metal AM.

Design/methodology/approach — The printability assessment framework integrates analytical thermal modeling, uncertainty quantification and
experimental characterization to determine processing windows for NiNb5 in an accelerated fashion. Test coupons and mechanical test samples
were fabricated on a ProX 200 commercial LPBF system. A series of density, microstructure and mechanical property characterization was conducted
to validate the proposed framework.

Findings — Near fully-dense parts with more than 99% density were successfully printed using the proposed framework. Furthermore, the mechanical properties
of as-printed parts showed low variability, good tensile strength of up to 662 MPa and tensile ductility 51% higher than what has been reported in the literature.
Originality/value — Although many literature studies investigate process optimization for metal AM, there is a lack of a systematic printability
assessment framework to determine manufacturing process parameters for newly designed AM materials in an accelerated fashion. Moreover, the
majority of existing process optimization approaches involve either time- and cost-intensive experimental campaigns or require the use of
proprietary computational materials codes. Through the use of a readily accessible analytical thermal model coupled with statistical calibration and
uncertainty quantification techniques, the proposed framework achieves both efficiency and accessibility to the user. Furthermore, this study
demonstrates that following this framework results in printed parts with low degrees of variability in their mechanical properties.

Keywords Nickel-niobium Alloy, Laser powder bed fusion additive manufacturing, Printability maps, Statistical calibration, Density, Microstructure,
Mechanical properties

Paper type Research paper

and intricate features, among many other benefits it offers
(Cotteleer and Joyce, 2014; Ngo ez al.,2018). To unlock AM’s full
potential, however, more developments are yet to be conducted

1. Introduction

Additive manufacturing (AM) is a well-established manufacturing
technology capable of producing parts with complex geometries
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especially in the areas of materials design and process optimization
to enable successful printing of defect-free parts and reduce
variability in the properties of fabricated parts (Fayazfar et al.,
2018; Arisoy ez al.,2017; Song et al., 2012).

Determining processing recipes for newly designed AM
materials can be time- and cost-intensive before a successful
print (i.e. a part with near-full density and the minimal amount
of macroscopic defects) is realized. One approach reported in
the literature is through parameter sweeps or Taguchi-based
design of experiments, which require printing sufficiently large
numbers of samples under different experimental settings
(Hanzl ez al., 2015; Mingear er al.,2019). Another approach
that aims to reduce the number of experiments is to use
optimized processing parameters that have been previously
established for a material with comparable elemental
composition. However, the similarity in elemental
constituents does not necessarily guarantee that the same
optimized processing parameters would result in successful
prints. For example, a nickel-niobium alloy (NiNbs,
5.08Wt.% of Nb) has been recently used as a binary
approximation for Inconel 718 (Karayagiz ez al., 2020). The
optimized processing parameters of Inconel 718 did not
work for printing NiNbs. This is due to the effect of other
constituent elements (e.g. Cr, Fe, Mo, Al) in Inconel 718,
which affect physical properties of the material and, in turn,
influence quality of as-printed parts.

In contrast to the above experimental-based approaches,
other efforts have followed a modeling-based approach to save
experimental costs. Both finite element models and analytical
models have been applied to simulate the complex melting-
solidification processes involved in metal AM (Schoinochoritis
et al., 2017; Krol et al.,2013). Robust design has also been
applied to account for unknown thermo-physical material
properties through modeling them as noise factors into the
simulation model (Wang ez al., 2019). Although these model-
based approaches can potentially save some experimental
burden, in reality these simulation models exhibit uncertainty
that need to be first accounted for to ensure their predictions
agree are representative of the manufacturing process (Hu and
Mahadevan, 2017). Moreover, the majority of these models are
not readily accessible for all AM practitioners. Needless to say,
they are typically computationally expensive which limits their
practicality for process planning and optimization.

Some recent studies in the literature indicate that AM process
parameters can be determined via single-track experiments and/
or melt pool modeling approach. Bosio et al. developed laser
power-scan speed processing maps using single-track
experiments for the laser powder bed fusion (LPBF) process
(Bosio et al., 2019). A simplified analytical melt pool model and
single-track samples of the LLPBF process are used to create a
novel density control algorithm (Letenneur ez al., 2019). In that
paper, an energy density-build rate processing map is numerically
generated and experimentally calibrated to support the
optimization of printed samples’ density.

The current work aims to utilize a systematic framework
developed by the co-authors in previous work (Seede er al.,
2020) to determine processing windows for a binary nickel-
niobium alloy NiNbs using LPBF metal AM processes. The
processing windows will enable the fabrication of as-printed
parts free of porosity due to the following:

« lack of fusion (LOF);
+ keyholing; and
+ balling.

An underlying hypothesis is that through the fabrication of as-
printed parts with more than 99% density, good quality parts
with low degrees of variability in mechanical properties and
consistent microstructures can be achieved, as will be
demonstrated in the validation case study. The processing
windows obtained using the proposed framework will be
referred to as printability maps in the remainder of the paper. A
printability map essentially divides the processing parameters
space defined by laser power “P”, laser scan speed “I””’, and hatch
spacing “/%” into regions indicating the outcome of printing a part
using different combinations of these parameters. An example of a
printability map is depicted in Figure 1.

The systematic framework proposed to construct printability
maps is described in Section 2. Microstructural and mechanical
properties characterization of printed samples guided by the
printability map are reported in Section 3. The paper is
concluded with discussion and insights in Section 4.

2. Printability map development for NiNbs

2.1 Nickel-niobium alloy (NiNbs)

To simplify the modeling of Nb segregation during rapid
solidification of Ni-based alloys, a newly developed binary
NiNbs alloy has been proposed as a surrogate in previous works
(Karayagiz et al., 2020; Johnson et al.,2019). In the current
study, gas atomized NiNbs powder produced by Nanoval
GmbH & Co. KG is used. The exact composition of the
powder was determined using inductively coupled plasma
atomic emission spectroscopy (ICP-AES) with 5.08 (= 0.91)
Wt.% of Nb and the remaining being Ni. NiNbs powder
particles were characterized using a scanning electron

Figure 1 An example of a printability map for a generic alloy with
different regions corresponding to outcomes of the printing process
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microscope (SEM), as shown in Figure 2. The particle size
distribution and density of the alloy were determined by the
supplier, reporting that 80% of the powder particles are smaller
than or equal to 30 um (d80 = 30 wm) and that the bulk density
“p” of the material is 8909 kg/m’ (at room temperature). The
melting temperature of this alloyis 7,, = 1703 K.

Other unknown material properties were estimated as
follows: thermal conductivity “k”, specific heat capacity “c”
and boiling temperature “7},” were approximated using the rule
of mixture for Ni and Nb, and computed as 70.4 W/(m * K),
636.19 7/ (kg * K), 3103 K, respectively (Chase, 1996; Valencia
and Quested, 2013; 2021; Zhang et al., 2011). These
properties were selected at the melting temperature in the solid-
state as an approximate reference point. The absorptivity “A4”
of the material was approximated using the calculated value for
a Gaussian distributed laser beam with 1 um wavelength
melting of Ni powder which has an average powder particle
radius of 13.5 wm and the value is 0.51 (Boley ez al., 2016).

2.2 Analytical thermal model

The first step in constructing a printability map is through
establishing a relationship between AM process parameters and
melt pool geometry. This can then be used to define sub-
regions within the process parameters space that correspond to
different modes of printing (LOF, keyholing, balling and good
prints). To generate such a map, a full sweep within the
parameters space must first be performed. To achieve this in a
practical fashion, a relatively low fidelity analytical model
developed by T. W. Eagar and N. S. Tsai (E-T) is used to
simulate melt pool geometry across the “P — I’ parameter
space (Eagar and T'sai, 1983). Although the model is known to
have simplifying assumptions that exclude some physics related
to convection and keyhole modes, it represents a reasonable
approximation for a starting step. Furthermore, an integral part
of our systematic framework involves subsequent statistical
calibration to adjust the model predictions such that they agree
with experimental observations as described later in section 2.5
(Kasperovich ez al., 2016).

The input parameters of the E-T model include NiNbs
thermo-physical material properties stated in section 2.1,
process parameters (in particular, laser power and scan speed)
and laser beam size. The laser beam size of the commercial
LPBF AM system used in the current study (ProX200 DMP by

Figure 2 SEM micrographs of NiNbs powder particles

@)

Notes: (a) A high magnication image showing the surface
morphology of powder particles; (b) a low magnication image
showing the powder size distribution

3D Systems) is 80 um in diameter. E-T model simulations are
used to define sub-regions in the printability map according to
defect criteria that are discussed in the next section.

2.3 Criteria for establishing the printable region

Using the E-T analytical thermal model, the melt pool width
and depth can be simulated for any processing parameter
combinations. Our first goal is to reduce the parameter space
from a theoretically infinite space in the positive quadrant to a
finite space. As a first step, upper and lower bounds for the laser
power and scan speed, respectively, are established. The upper
bound on the scan speed, “V,,.”, is set to the maximum
attainable speed by the laser optics on the AM system while the
lower bound, “V/,,;,”, is set to an arbitrarily small value slightly
above the theoretical minimum (i.e. zero). Because the E-T
model requires a moving heat source. 0.05 m/s is taken as the
lower bound on the laser speed. The upper bound on the laser
power, “P,,..”, is set as the maximum power attainable by the
AM system (i.e. a machine limitation). The lower bound on the
laser power, “P,,;,”, is set as the minimum laser power needed
to cause melting at a speed of “V,,;,”. This value can be
computed using the E-T model. The bounds were determined
as P, =65 W, P,..=260 W, V,,.,=0.05m/s and V,,,,,. = 2.5 mls.

Next, the E-T model is used to further split this space into sub-
regions corresponding to different printing modes that could
result in porosity; namely, LOF, keyholing and balling, as
depicted in Figure 3. LOF porosity is due to voids that create
among unmelted or incompletely melted powder particles.
Theoretically, LOF occurs when melt pool depth is smaller than
powder layer thickness, ?< 1. To be more conservative, the
threshold of % < 1.5 is also considered for our study. Keyhole
porosity occurs when the deposited laser power is sufficient to
cause evaporation of the metal and formation of plasma which
leads to the development of a vapor cavity. This enables the laser
beam to “drill” to a far deeper depth forming a key shape than is
possible in general conduction mode. Literature reported that
keyhole mode can be characterized by an aspect ratio of % which
is material dependent (King et al., 2014). Here, two thresholds
for determining keyholing % < 2.5 and % < 2.2 are considered.
Balling is a phenomenon where the molten track shrinks and
breaks into a row of discontinuous segments to reduce the surface
energy by the surface tension if the molten material does not wet
the underlying substrate (Brandt, 2016). Balling is likely to
happen when the melting-solidification process takes place under
low energy density and very fast scan speed (Zhou ez al., 2015;
Yadroitsev ez al.,2013). In order to classify the balling sub-region,
a support vector machine (SVM) machine learning algorithm is
used to fit the characterized balling singles based on their
morphology. This will be discussed in section 2.6 and later
updated in the revised printability map.

In addition to the above three modes, two more thermal-
based criteria are considered in the initial printability map
as displayed in Figure 3: lack of melting and evaporation.
E-T simulations for NiNbs with parameter combinations
resulting in a maximum melt pool temperature 7,,,, less than
T,, = 1703 K means that these combinations’ energy is too low
to melt any of the powder particles. By plotting another
boundary with 7,,,, equal to the boiling temperature 7, =
3103 K, a new sub-region is formed within the finite space.
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Figure 3 Initial printability map for NiNbs generated using the E-T model and defect criteria

200

150

Laser power, P [W]

50

V= 0.05m/s

T .1V R —
250 r 1

Viax = 2.5m/§

H
0.0 0.5 10

H
15 2.0 2.5

Scan speed, V [fn/s]

B Keyhole region: Depth > Width/2.2
Keyhole region: Depth > Width/2.5
Lack of fusion region: Depth < Layer Thickness
Lack of fusion region: Depth < 1.5Layer Thickness

This means that material evaporation occurs above this sub-
region. These two criteria are only included in the initial
printability map as guidance of the design of experiments. For
example, few single tracks need to be conducted within the lack
of melting sub-region.

2.4 Single track experiments

The objective of single-track experiments is twofold:

1. to revise E-T model predictions and ensure they are
agreement with experimental observations; and

2. to validate the relationship between melt pool dimensions
and LOF, keyholing and balling formation mechanisms.

Recall that the E-T exhibits both parameter and model
uncertainties (for example, uncertainty in the thermo-physical
material parameters used as input to the model). Before finalizing
the printability map, it is important to ensure that these
uncertainties are quantified and accounted for such that model
predictions of melt pool width and depth are in agreement
with experimental characterization. This is a process formally
known as statistical calibration which will be described in the
Section 2.5. Single-track experiments were conducted to obtain
experimental data needed for calibration. To initialize the
experiment, 40 processing parameter combinations were selected
based on the initial printability map. Both Latin hypercube
sampling (LHS) and grid sampling methods were used to design
the experiments, as shown in Figure 4. LHS was implemented
in the region ending with the % = 1.5, criterion which is the main
area of interest. In that area, as many processing parameter
combinations as possible are sampled randomly and uniformly.
Using LHS, no two design points (or parameter combinations)
share the same values for any parameter. Grid sampling — the
simplest experimental design method — was applied to the other
two areas with different levels of sparsity split by the ending point
of another LOF criteria ? = 1, as depicted in Figure 4.

The region that powder particles can not melt: Tmax < Tmeiting
The region without material evaporation: Tmax < Thoiling

In conducting single-track  experiments, a NiNbs
70 mm x 40 mm x 3 mm dimension stage was first printed using
200 W laser power, 1 m/s scan speed and 120 wm hatch spacing.
This stage was normalized under argon at 1100 C for 1h and air-
cooled. Next, forty 10 mm long single tracks were printed 1 mm
apart from each other on the stage covered by a layer of powder.
The layer thickness was set to d80 which is 30 wm. Three cross-
sections were cut from each track using wire electrical discharging
machining (wire EDM). Then the specimens were polished down
to 0.25 um, then vibratory polished in colloidal silica. Kalling’s
solution No.2 (5 g CuCl,, 100 mLL. HC; and 100 mL ethanol) was
used to etch the single tracks. Figure 5 depicts representative track
top views and cross sections from single-track experiments. Melt
pool width and depth of each polished and etched cross-section
was measured three times using optical microscopy (OM)
software. Averages of these nine measurements were taken as the
experimental results.

2.5 Statistical calibration of the E-T thermal model

We follow a two-step multivariate Bayesian calibration
framework proposed by Mahmoudi and Tapia in (Mahmoudi
et al., 2018; Kennedy and O’Hagan, 2001; Campbell, 2006).
The interested reader should refer to tis previous work for
details regarding the Bayesian procedure. Here, we mainly
discuss how to apply this calibration framework to calibrate the
E-T model for NiNbs.

Three thermo-physical material properties were identified as
calibration parameters: thermal conductivity “k”, specific heat
capacity “c” and absorptivity “4”. A large sampling range of
these parameters was selected to ensure calibration accuracy
(the degree of agreement of the calibrated model predictions
with experimental observations). The sampling ranges of “k, c,
A” are [10, 100], [450, 650], (0,1), respectively. The prior
distribution for each parameter was taken as a non-informative
Uniform distribution defined by these values for the support of
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Figure 4 The initial printability map of NiNbs with 40 selected process parameter combinations for single track experiments
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Figure 5 Representative SEM images of as-printed track top views (top row) and OM images of etched melt pool cross sections (bottom row) for a

balling track, a keyholing track, a LOF track, and a good track

Balling Track Keyholing Track

the distribution. Bayesian calibration was then conducted to
revise these prior distributions using a small number of
experimental data and determine the posterior distributions of
calibration parameters. The mode of each posterior
distribution (the wvalue that corresponds to the highest
probability density function) was then used as the estimated
value of each calibration parameters. These were equal to
42.03 W/(m * K), 457.89F/(kg * K) and 0.77 for “k, ¢, A”,
respectively. Two more important outcomes of the calibration
process are the discrepancy function that accounts and corrects
for model bias and uncertainty and an error term that accounts
for uncertainty in experimental measurements. Finally, the
accuracy of the calibrated E-T model is determined through
conducting 8-fold cross-validation to compute the mean
average error (MAE) of melt pool width and depth predictions:
1.37 um and 1.53 uwm. These correspond to mean absolute
percentage errors (MAPE) of 1.6% and 4.05% for melt pool
width and depth, respectively. The low MAPE values (j5%
error) indicate that the calibrated model yields very reasonable

Lack of Fusion Track Good Track

predictions of melt pool geometry and now be used to revise
and update the initial printability map.

2.6 Finalizing the printability map

The revised printability map generated using the calibrated E-
T model is depicted in Figure 6. Multiple keyholing regions
were plotted on this map with different melt pool width-to-
depth ratios. Forty experimental single tracks were overlaid on
the map according to the experimentally observed melt pool
morphology (from top-view and cross-sectional imaging).
These can now be used to select the correct keyholing ratio for
this specific NiNbs alloy. The keyholing criterion ratio % <1.2
provides the best fit for classifying keyholing single tracks, only
misclassifying 1 track, in contrast to % < 1.5 and % < 2 each of
which misclassified 4 single tracks as having undergone
keyholing. Thus, the keyholing region was finalized as the
% < 1.2 criterion ratio, as shown in Figure 7. The boundary for
the balling region was determined using an SVM classifier with
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Figure 6 Revised printability map for NiNbs with experimental single
tracks overlaid onto the map for validation
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Figure 7 Revised printability map for NiNbs with the finalized criteria
for each defect
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a 3rd degree polynomial kernel applied to the single tracks that
labeled as balled tracks. In the revised printability map, the
SVM-classified balling region is overlapped with the LOF
region. Only a tiny fraction of the tracks are misclassified or
exist in both the balling and LOF defect regions.

The revised printability map in Figure 7 is limited to P— IV
combinations, which are sufficient to print single tracks. To

print coupons (and ultimately parts), one needs to determine
the hatch spacing parameter “4”, which is defined as the
distance between two adjacent passes of the laser beam within
the same layer. An approach for computing the maximum
allowable hatch spacing is proposed by the co-authors in Seede
et al (Eagar and Tsai 1983). This hatch spacing criterion is
geometrically derived to promote full fusion for a given melt
pool width “W”’, melt pool depth “D” and layer thickness “z”.
The maximum hatch spacing “#,,,.” for all processing
parameter combinations in the printability map can be
computed using the following equation, where melt pool width,
W, and depth, D, can be computed using the calibrated E-T
model predictions and ¢ represents the layer thickness:

Figure 8 shows the finalized printability map with maximum
hatch spacing contours. In this case study, the computed
maximum hatch distance was rounded down to the nearest
multiple of five for each processing parameter combination
when printing density coupons and mechanical test samples.

2.7 Fabricating density coupons and mechanical test
blocks

Upon finalizing the printability map, the last step is to print
density coupons and mechanical test blocks to validate it.
The parts were printed on a pure Ni substrate. The scanning
strategy used was bidirectional as depicted in Figure 9. The
laser beam starts melting from the top corner and moves to the
bottom corner at an angle of 45 with a 90 rotation between
successive layers. All parts were printed at a constant layer
thickness 30 wm similar to single-track experiments.

Figure 8 The finalized printability map of NiNbs generated using
% < 1.2 keyholing criterion, 2 < 1 LOF criterion and SVM classifier for
balling
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Figure 9 Laser scanning strategy for (a) layer N (b) successive layer
N+1

LayerN Layer N+1
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First, fifteen 10mm x 10mm x 10mm coupons were printed
using processing parameter combinations from within and around
the good printability region as illustrated in Figure 10. The coupons
were cut off from the substrate using wire EDM for density (or
porosity) analysis. Three vertical cross-sections (with respect to the
building direction) from the bottom, middle and top of each
coupon were sliced, polished and etched using the same strategy as
single tracks for microstructure evaluation. Compression samples

Figure 10 (a) Fifteen selected processing parameter combinations for
printing density coupons are shown as green dots in the finalized
printability map; (b) The as-printed fifteen coupons
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with dimensions 8 mm X 4mm X 4mm were also cut from the
coupons in both horizontal and vertical orientations (with respect to
the building direction) using wire EDM.

Next, five processing parameter combinations were selected
from the near full density coupons (coupons 3, 7, 8, 13 and 15
as shown in the next sub-section) to print mechanical test
blocks marked in Figure 11(a). Five 10 mm x 10 mm x 34 mm
blocks were first printed in horizontal orientation (with respect
to the building direction) as depicted in Figure 11(b). Three
1 mm thick flat tensile samples were then cut with 26 mm
overall length, 7mm overall width, 8 mm gauge length and
3 mm gauge width from each block by wire EDM, as shown in
Figure 12.

Room temperature monotonic loading tests for compression
and tensile samples were conducted with an MTS 810 servo-
hydraulic test frame at a strain rate of 5x 10" * (s !). And an
extensometer with ceramic extension rods indirect contact with
the gauge section of the samples recording axial strain. Grips
equipped with WC platens were used to load and unload the
samples.

Figure 11 (a) Five selected processing parameter combinations for
printing mechanical test blocks are marked by red circles; and (b) The
as-printed blocks from which tensile samples are cut
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Figure 12 The schematic of the block and the mechanical test sample
cut from it
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3. Results and discussion

3.1 Density Analysis

Two different density measurement techniques were used to
test the as-printed coupons (Spierings et al, 2011): the
common repeatable and non-destructive Archimedes method
according to the ASTM B962-15 (A. S. for Testing, 2009) and
microscopy analysis to gain further insight into the shape, size
and distribution of the pores. Archimedes measurements were
performed in ethanol with the density of each sample being
measured one time. For the latter, three optical micrographs
(OM) from vertical cross-sections of each coupon (with respect
to the building direction) were taken for area percent porosity
measurements. These OM images were processed by the
software ImageJ® in order to calculate the area percentage of
porosity in each image (Image], 2012). The averaged
measurements of each coupon from the Archimedes and OM
methods are listed in Table 1.

Overall, the Archimedes density results are consistent with
OM density results. However, the Archimedes density of
coupons 7, 13 and 15 surpasses 100%. This is likely due to
inaccuracy in bulk density of NiNbs estimate by the material
supplier. On the other hand, the entire Archimedes density
measurement process is manually operated, inevitably there
will be operator errors. Due to these issues, OM density results
were used for subsequent analysis. Figure 13 shows OM images
of the polished coupon cross-sections displaying the porosity
measurements for the fifteen coupons. It can be seen that 14
out of the 15 coupons have OM density above 99%, including
coupon 11 that was selected close to the LOF region. Pores are
visible along the adjacent tracks of coupons 2 and 10 with
relatively lower OM density 94.45% and 99.03%. This is likely
attributed to the proximity of the processing parameter
combinations to the keyholing region and possibly due to large
melt pool geometry prediction error in that P — I area (as the
equation for computing the maximum hatch spacing depends

Figure 13 OM images of the polished cross-sections for the fifteen
coupons displaying porosity measurements
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Table 1 Processing parameter combinations and corresponding density measurement results for NiNbs coupons
Laser Scan Speed Hatch Spacing Layer Thickness Linear Energy Archimedes
Coupon # Power (W) (m/s) (um) (um) Density (J/m) Density (%) OM Density (%)
1 85 0.25 100 30 340 99.79 99.40 +0.33
2 125 0.25 165 30 500 96.58 94.45 +1.42
3 100 0.5 70 30 200 99.73 99.83 = 0.11
4 120 0.5 95 30 240 99.59 99.78 = 0.03
5 140 0.5 110 30 280 99.63 99.68 = 0.14
6 160 0.5 125 30 320 99.14 99.42 +0.22
7 130 0.75 65 30 173 100.11 99.85 + 0.05
8 160 0.75 90 30 213 99.98 99.91 = 0.08
9 190 0.75 110 30 253 99.87 99.78 = 0.15
10 220 0.75 125 30 293 99.95 99.03 £0.75
11 130 1.0 55 30 130 99.87 99.82 = 0.04
12 160 1.0 70 30 160 99.67 99.79 = 0.04
13 190 1.0 80 30 190 100.51 99.84 = 0.06
14 220 1.0 95 30 220 99.95 99.87 = 0.05
15 250 1.0 105 30 250 100.08 99.80 = 0.11
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on accurate melt pool dimensions). Lack of calibration of
experimental data can lead to larger prediction errors for P— 1/
combinations. Prediction errors can result in larger hatch
spacing parameter values being used for printing, resulting in
porosity formation in as-printed coupons.

3.2 Microstructure Analysis
Figure 14 shows SEM micrographs of the NiNbs coupons’ top
surfaces. All fifteen coupons exhibit flat surfaces with

Figure 14 SEM micrographs of top surfaces for coupons 1-15

reasonably low roughness. As shown in the figure, Coupon 2 has
gaps between tracks with powder particles inside which agrees
with the OM density result. Indeed, 10 measurements of track
widths were taken from the top surface for Coupon 2 and resulted
in an average track width of 149.83 um, which is considerably
smaller than its maximum hatch spacing parameter 165 pm.
For Coupon 11, it is difficult to distinguish the tracks at the top
surface. This indicates low deposited energy within (as indicated
by the linear energy density for Coupon 11 in Table 1).

Figure 15 shows the optical micrographs of each polished
and etched vertical cross-section (with respect to the building
direction) displaying the grain structure. Long and thin
columnar grains are dominated with mixed small equiaxed
grains in the as-printed coupons. The grain size of each coupon
was calculated by taking the average of six measurements at
the bottom, middle and top vertical cross-sections using the
intercept method. Due to the relatively high cooling rates at the
bottom of the vertical cross-section, grains are stretched
towards the cooling direction. The average grain size is larger at
the bottom of the vertical section than at the middle which is
close to the top. For example, coupon 4 has the average grain
size 42 um, 31 wm and 29 pum at the bottom, middle and top
section, respectively. We also observe a larger grain size at
higher scan speed when laser power is the same. For example,
coupons 6, 8 and 12 with the same laser power and increasing
scan speed, having an increasing grain size 26 um, 32 wm and
35 um.

3.3 Mechanical Properties

The fifteen horizontal and vertical compression samples (with
respect to the building direction) as described in Section 2.7 were
loaded and unloaded at around 14% strain before failure. The
testing results are listed in Table 2 and the strain-stress curves are

Figure 15 OM images of each polished and etched NiNbs coupon vertical cross-section displaying the grain structure
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plotted in Figure 16. There is a minor variance in the yield stress
of these 15 coupons from same building direction. The difference
between testing results in the horizontal and vertical samples is
due to the microstructure and porosity difference.

Tensile testing was performed at room temperature
through loading and unloading until failure. Three tensile
samples were tested in each block and the average
mechanical property values are listed in Table 3. Except for
a higher average ultimate tensile strength (UTS) of 654 MPa
and a greater average tensile ductility of 24% elongation

observed in the samples than the LPBF fabricated pure Ni
(Yap et al., 2021), the test results indicate low variability in
these properties across different mechanical test blocks and
similar ductility level to additively manufactured Inconel
718. By utilizing the printability framework, 51% larger
tensile ductility than the result of the LPBF processed
NiNbs reported in the literature (Atli er al., 2021) was
obtained. Figure 17 shows the almost same strain-stress
relationships recorded under deformation of all tensile
samples.

Table 2 Compression testing results of horizontal and vertical samples for NiNbs coupons

Horizontal Compression Sample

Vertical Compression Sample

Coupon#  Elastic Modulus (Mpa)  Yield Stress (MPa)  Yield Strain (%)  Elastic Modulus (Mpa)  Yield Stress (MPa)  Yield Strain (%)
1 86590.14 573.88 0.86 73344.69 544.24 0.97
2 79971.41 463.89 0.78 72063.43 520.34 0.92
3 86519.50 584.95 0.88 85954.67 567.12 0.86
4 116365.94 628.12 0.74 119016.62 593.92 0.70
5 119456.90 614.40 0.71 120739.98 576.05 0.68
6 100731.86 583.53 0.78 109265.36 553.97 0.71
7 114987.34 616.22 0.74 125612.73 559.33 0.65
8 125954.77 625.90 0.70 124153.98 560.76 0.65
9 118828.53 604.32 0.71 90860.96 582.54 0.84
10 118697.41 582.00 0.69 94658.33 573.37 0.81
11 125194.34 604.98 0.68 101140.89 525.65 0.72
12 129512.16 628.68 0.69 118604.22 561.88 0.67
13 129116.18 612.02 0.67 117183.81 583.69 0.68
14 107177.32 608.22 0.77 99875.00 564.70 0.77
15 97895.69 622.53 0.84 98247.88 569.28 0.78

Figure 16 (a) Compression testing results of 15 coupons tested in the horizontal direction. (b) Compression testing results of 15 coupons tested in the

vertical direction
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Table 3 Mechanical properties from tensile testing of as-printed NiNbs
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Laser Scan Hatch Layer Ultimate Tensile
Block # Power (W) Speed (m/s) Spacing (um) Thickness (um) Strength (MPa) Elongation (%)
1 100 0.5 70 30 652.2 = 4.0 248+1.0
2 130 0.75 65 30 646.8 = 2.6 22.8+0.6
3 160 0.75 90 30 662.4 = 3.2 249+ 0.5
4 190 1.0 80 30 656.7 = 2.7 25.4+0.2
5 250 1.0 100 30 652.6 = 1.6 22.7+1.0
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Figure 17 Strain—stress curves for the five mechanical test blocks
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Mechanical testing results indicate that through adequately
avoiding LLOF, keyholing and balling (guided by the printability
map) to print near-full density coupons and samples, variations
in P, V and 2 do not have significant influence on the
mechanical properties. By employing the proposed printability
framework, NiNbs parts with good quality and repeatability
were successfully produced.

4. Conclusion

This study reports the fabrication of defect-free NiNbs parts
using LPBF AM with excellent mechanical properties and low
degrees of variability through following a systematic printability
assessment framework. The framework integrates analytical
thermal modeling, uncertainty quantification and experimental
characterization to determine processing windows for printing
near-full density parts through mitigating LOF, balling and
keyholing defects.

Through utilizing this printability framework, 99.3% of as-
printed coupons guided by the printability map achieved >99%
density (with some coupons achieving up to 99.9% density).
Mechanical testing of samples fabricated using the five process
parameter combinations with highest density resulted in good
mechanical properties with very low degrees of variability.
Tensile strains 20% larger than values reported in the literature
were achieved. Hence, results indicate that porosity defects
have significant influence on the mechanical properties and
repeatability of as-printed samples. By minimizing these defects
via the proposed printability framework, high ductility and
strength of binary NiNbs alloy were achieved. Furthermore,
this framework enables determining processing windows for
newly developed AM alloys in an efficient and accelerated
fashion and wusing readily available resources for AM
practitioners without relying on proprietary models and codes.
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